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ARTICLE INFO ABSTRACT

Keywords: The coronavirus disease 2019 (COVID-19), caused by the SARS-CoV-2 virus, is a current pandemic that has
SARS-CoV-2 resulted in nearly 250 million cases and over 5 million deaths. While vaccines have been developed to prevent
COVID'19' infection, and most COVID-19 cases end up being fairly light, there are severe cases of COVID-19 that may end up
Kl];lzﬁmanon in death, even with adequate healthcare treatment. New options to combat this disease’s effects, therefore, could
ADAMTS prove to be invaluable in saving lives. Adamalysins are proteins that have several roles in regulating different
ADAMTSL functions in the human body but are also known to have functions in inflammation. They are also known to have

roles in several different diseases, including COVID-19, where ADAM17, in particular, is now well-known to have
a prominent role, but also several diseases which include comorbidities that may worsen cases of COVID-19.
Therefore, investigating the functions of adamalysins in disease may give us clues to the molecular workings
of COVID-19 as well as potentially new therapeutic targets. Understanding these molecular mechanisms may also
allow for an understanding of the mechanisms behind the rare severe side effects that occur in response to
current COVID-19 vaccines, which may lead to better monitoring measures for people who may be more at risk of
developing these side effects. This review investigates the known roles and functions of adamalysins in disease,
including what is currently known of their involvement in COVID-19, and how these functions might be
involved.

1. Introduction

The current pandemic that the world is facing known as coronavirus
disease 2019 (COVID-19), has had 247,472,724 confirmed cases
throughout the world, with 5012,337 reported deaths, as of the 4th of
November of 2021, according to the World Health Organization (WHO)
[1].

In this review, we investigate the known roles of the adamalysin
family of proteins, particularly those in COVID-19, and whether other
adamalysins could have roles in COVID-19 progression and be new
therapeutic targets.

1.1. SARS-CoV-2, COVID-19 and Symptoms

COVID-19 is caused by the severe acute respiratory syndrome (SARS)
coronavirus 2 (SARS-CoV-2), an enveloped RNA virus whose genome

* Co-corresponding author.

sequence is 79.5% identical to SARS-CoV, the virus responsible for SARS
[2-4]. This virus is first known to have appeared in December 2019,
when pneumonia cases of unknown etiology appeared in Wuhan, China.
Spreading from there, this disease was officially declared a pandemic by
the WHO in March 2020 [4,5].

After entry into the cell, SARS-CoV-2 utilizes the host cell’s ribo-
somes to replicate and induces cytotoxicity, which may lead to organ
failure [3]. Typically, the virus first infects the upper airways, remaining
restricted there in most infected individuals, causing either asymptom-
atic or mild respiratory disease. Severe disease occurs when SARS-CoV-2
spreads and infects the distal airways, where inflammation and injury to
the gas exchange areas of the lung leads to complications [6]. Upon viral
replication, the production and exocytosis of new viral particles can
induce the host cell to release damage-associated molecular pattern
(DAMP) signals which, in the lung, can be recognized by adjacent
epithelial and endothelial cells and induce activation of nuclear
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factor-kB (NF-kB) and interferon regulatory factor 3 (IRF3), resulting in
production and secretion of pro-inflammatory cytokines. The acute in-
flammatory response that has been observed in severe COVID-19 pa-
tients involves the production and secretion of many pro-inflammatory
mediators such as interleukin-1p (IL-1p), IL-2, IL-6, IL-7, IL-8, interferon
(IFN)-y-induced protein 10 (IP-10), granulocyte colony-stimulating
factor (G-CSF), monocyte chemoattractant protein 1 (MCP1), macro-
phage inflammatory protein (MIP)— 1a, platelet-derived growth factor
(PDGF), tumor necrosis factor (TNF)-a and vascular endothelial growth
factor (VEGF), among others. This cytokine storm appears to correlate
with severity of the disease [7,8].

After infection, it normally takes an average of 5 days for symptoms
to appear, if any, although patients will become infectious an average of
3-4 days after initial infection, creating a period when a patient is in-
fectious for COVID-19 but displays no symptoms. Mild cases may take
approximately 2 weeks to recover, but serious or critical cases average
3-6 weeks until recovery. A study of three independent approaches
calculated that COVID-19 has an infection fatality rate estimated at a
crude range of ~ 0.3-1.3% [9].

Common symptoms of COVID-19 include fever, cough, fatigue,
dyspnoea, chest tightness and sputum production. Less common symp-
toms are anorexia, diarrhoea and myalgia.[4,5] In severe cases, the
disease may progress and develop microvascular thrombosis, acute
respiratory distress syndrome (ARDS) and hypoxic respiratory failure,
the latter being a main cause of death in severe COVID-19 patients,[5,
10] along with acute inflammation and disseminated intravascular
coagulation [11]. COVID-19-induced effects on the lungs include
increased neutrophil and mononuclear cell count, diffuse alveolar
injury, epithelial type II cell hyperplasia, thickened alveolar aorta, hy-
aline formation, thrombosis, fibroblast proliferation and fibrosis. In
some cases, multinucleated giant cells were also found. Thrombosis
cases include deep venous thrombosis and pulmonary embolism [8].

While pulmonary manifestations of symptoms are the most common
in COVID-19, this disease can induce disorders in other organs, such as
gastrointestinal complications (such as abdominal pain, nausea, diar-
rhea and vomiting), cardiovascular injury, coagulopathy (such as
thrombosis), liver damage, renal dysfunction (such as acute kidney
injury) and neurological disorders [5,8,12,13].

In the cardiovascular system, ACE2 has been demonstrated to be
highly expressed in smooth muscle and arterial and venous endothelium
in almost all organs, indicating these tissues are potential SARS-CoV-2
targets, inducing endothelial dysfunction, to which hypoxia resulting
from COVID-19-induced pulmonary dysfunction contributes. ACE2 high
expression in cardiomyocytes makes the heart susceptible to direct
SARS-CoV-2-induced cytotoxicity, as well as further myocardial injury
due to COVID-19-induced cytokine storm and the hypoxic state resulting
from pulmonary dysfunction. Heart disease such as palpitations and
chest tightness have been observed with high incidence in severe
COVID-19. Other COVID-19-induced cardiovascular dysfunctions
include cardiomegaly and mild fibrosis. Early acute myocardial injury is
associated to higher mortality risk in COVID-19 [8].

SARS-CoV-2 infection is known to cause coagulation dysfunction in a
high proportion of COVID-19 patients, such as thrombotic manifesta-
tions like macro- and micro-thrombosis,[8] and thrombotic thrombo-
cytopenia [14-18] Also contributing to these coagulopathies is the
excessive production of pro-inflammatory mediators which leads to
imbalance between pro- and anti-coagulant factors and to induction of
platelet aggregation, along with increased levels of thrombin, tissue
factor V and VIII, fibrinogen and neutrophil extracellular trap (NET)
formation [8].

Neurological dysfunction in COVID-19 manifests in symptoms such
as headache, confusion, loss of smell and taste, and visual impairment.
Autopsies of COVID-19 patients have found cerebral edema, partial
neuronal degeneration, lymphocytic encephalitis, meningitis and
massive intracranial hemorrhage [8].

Inflammatory conditions may also occur due to SARS-CoV-2
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infection, potentially due to the pro-inflammatory overreaction, such as
the cytokine storm, that may occur in COVID-19 and can potentially
trigger autoimmune inflammatory disorders [19-21] Cases of
adult-onset Still’s disease (AOSD), a rare multisystem inflammatory
disorder of as-yet-unknown causes, have been reported after recovery
from COVID-19. It is believed to involve aberrant activation of the
innate immune system [19,20,22] A few cases of anti-citrullinated
peptide antibody (ACPA)-positive rheumatoid arthritis were also
detected post-COVID-19 and associated with having been triggered by
SARS-CoV-2 infection due to the lack of any prior history of inflamma-
tory joint disease and negative testing during the COVID-19 illness
period [21,23]. Furthermore, there have been reports of autoantibodies
being detected post-COVID-19.[21] While aberrant pathogenic B- and
T-cell-activating CD4 + T-cells that co-express IFN-y and G-CFS have
been found in some severe COVID-19 cases, other severe COVID-19
patients display instead lymphopenia, characterized by a significant
reduction of peripheral CD4 + T-cells and CD8 + T-cells.[8].

Asides from virus-induced cytotoxicity, dysregulation of immune
responses and thrombo-inflammation, COVID-19 progression also in-
volves endothelial cell injury, dysregulation of the renin-angiotensin-
aldosterone system (RAAS) and tissue fibrosis [8].

2. Adamylisins

Adamalysins are a zinc protease superfamily characterized by a
multidomain structure that confers their multiple functions. Proteins of
the adamalysin family are subdivided into three categories: A disintegrin
and metalloproteinase (ADAM), ADAM with thrombospondin motifs
(ADAMTS) and ADAMTS-like (ADAMTSL). Of the known adamalysins in
humans, there are 20 ADAMs, 19 ADAMTSs and 7 ADAMTSLs. These
proteins’ multidomain structure is organized into signal peptide, pro-
peptide and metalloprotease, disintegrin and cysteine-rich domains.
ADAMs are further distinguished by the presence of additional
epidermal growth factor (EGF)-like, transmembrane and cytoplasmic
domains, while ADAMTS proteins are characterized by an ancillary
domain containing a thrombospondin type 1 repeat (TSR) domain, a
spacer domain and additional motifs (excepting ADAMTS4) which de-
termines their function as secreted proteins. ADAMTSLs, on the other
hand, lack catalytic and disintegrin domains and are likely to be
involved in ECM assembly and may modulate ADAMTS activity [14,24].
Fig. 1 illustrates generalized diagrams of the structure of the
adamalysins.

A few adamalysin proteins have been demonstrated to have roles in
COVID-19,[5,12,13,19-21,25-27] especially ADAM17 which has been
demonstrated to have a key role in this disease’s pathogenesis [25,26].
Our search of the literature also identified many roles that adamalysins
have in pathogenic processes that are also found in COVID-19,[8,14-21]
and thus could potentially have roles in this disease and prove to be
viable therapeutic targets.

2.1. ADAM proteins

ADAM metalloproteinases, which are typically membrane-anchored
enzymes [28] and closely related to snake venom metalloproteases, [29]
are also known as sheddases due to most of their substrates being
membrane-bound precursors, such as growth factors, chemokines,
adhesion molecules and their receptors and only a very few ECM com-
ponents[24] which, upon shedding, their now soluble ectodomains are
available to perform their functions. The stub remaining on the cell
surface may also be processed further, through regulated intra-
membrane proteolysis (RIP) by y-secretases which releases the intra-
cellular domain of the cleaved protein to function as a signaling
molecule or transcription factor [28,30]. Due to there being no known
ADAM-specific motif that could be used to predict which molecules
might be more likely to be cleaved by ADAM proteins, there is a long and
complex list of potential substrates [28].
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Fig. 1. General structure and domains of ADAM, ADAMTS and ADAMTSL proteins.

Most ADAM proteins have a multidomain structure in common,
specifically an amino-terminal extracellular domain that includes a
chaperone-like prodomain which self-inhibits the ADAM protein, a zinc-
dependent metalloproteinase catalytic domain, a disintegrin domain, a
cysteine-rich domain with a hypervariable region, an epidermal growth
factor (EGF)-like repeat domain, a transmembrane domain and a
carboxy-terminal SH3-binding cytoplasmic domain [28]. ADAM10 and
ADAM17, however, lack the EGF-like repeat domain, instead having

what is referred to as a stalk domain [28]. There are 24 ADAM genes in
humans but 4 of these are pseudogenes [29]. Furthermore, of the 20
ADAM proteins in humans, only 12 have a functional catalytic domain.
These include ADAMS, 9, 10, 12, 15, 17, 19, 20, 21, 28, 30 and 33 [24].
ADAM2, 7, 11, 18, 22, 23, 29 and 32 lack a functional active site and
may instead play roles in protein folding and protein-protein in-
teractions [29]. ADAM1, ADAM3, ADAM5 and ADAM6 are pseudogenes
in humans [30-33]. ADAM27 and 31 are better known by their official
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designation of ADAM18 and 21, respectively [34,35]. The prodomain is
not only important for correct protein folding of the ADAM protein and
intracellular transport through the secretory pathway,[30] but also
responsible for self-inhibiting the ADAM proteins, and it is progressively
cleaved off as the proteins move from the ER and trans-Golgi network to
the cell surface. The ADAM proteins are expressed at the cell surface as
dimers, which causes blockage of the catalytic sites due to the close
packing putting them near the disintegrin and cysteine-rich domains,
causing an auto-inhibitory effect [28].

Expression of ADAMs varies from tissue to tissue and depends on the
ADAM in question. For example, ADAM9, 10, 12, 15, 17 and 19 are
expressed broadly in somatic tissues [29,36-41] while ADAM28 and 33
have a more restricted range [29,42] and ADAMS has been found pri-
marily in hematopoietic cells [29] but has also been found to be
expressed in cartilage, bones, gonads, thymus and the central nervous
system [37]. ADAMS, 9,10, 12,15, 17, 19, 28 and 33 have been found to
be expressed in immune cells, with ADAM10 and 17 being widely
expressed [28,42].

ADAM proteins have a key role in maintaining tissue homeostasis
due to their multiple functions in regulating cell-cell and cell-matrix
communication [24] and regulating cell phenotype via their effects on
cell adhesion, migration, proteolysis and signaling.[29] They are also
well documented to have an important role in regulating the inflam-
matory processes due to their shedding activity which targets key mo-
lecular factors of the immune system [24]. Dysregulation of these
functions is often associated with diseases such as cardiovascular disease
and asthma, among others [24,29].

We discuss the ADAM proteins that have been verified to influence
COVID-19 severity before discussing some that we propose should be
studied in the COVID-19 context to determine if their roles in other
diseases could be involved in COVID-19. These ADAM proteins have all
been summarized in Table 1.

2.2. ADAM Involvement in COVID-19

2.2.1. ADAM17

ADAM17 is a phylogenic neighbor of ADAM10, lacking the EGF-like
domain and shares many substrates with it [24,28,29]. Substrates of
ADAM17 include, for example, cytokines such as TNF-a and IL-6, growth
factors like EGF and other EGF receptor (EGFR) ligands, adhesion pro-
teins such as L-selectin and e-cadherin, and receptors like IL-6 receptor
(IL-6R), TNF receptor 1 (TNFR1), TNFR2, IL-15Ra and EGFR [43].
Further substrates include, but are not limited to, Notch, its ligand
Delta-like 1 (DLL1), the pro-apoptotic TNF receptor CD30 and receptor
activator of nuclear factor k-B ligand (RANKL) [24,29,30].

Phosphatidylserine (PtdSer) is one of the main acidic and highly
negatively charged phospholipid in mammalian cell membranes and its
exposure, that is, its trafficking from the inner side of the cell membrane
to the outer side also plays a role as a docking site for enzymes, such as
protein kinase C (PKC), an enzyme that can induce ADAM17 activity.
PtdSer exposure is an important requirement for ADAM17 to exert its
sheddase activity. ADAM17’s enzymatic activity can be regulated at the
cell membrane through interaction with PKC-induced regulated exposed
PtdSer, which induces a conformational change in ADAM17 that pulls its
catalytic domain closer to the cell surface in order to cleave substrates.
SARS-CoV-2 has been demonstrated to mediate PtdSer exposure, which
could be a mechanism for the cleavage of ACE2, TNF-q, IL-6R and other
pro-inflammatory molecules that are critical components of COVID-19’s
inflammatory processes [11,28].

2.2.1.1. RAAS, ADAM17 and COVID-19. RAAS has a pivotal role in
COVID-19. It normally has a role in maintaining blood pressure ho-
meostasis as well as regulating other important functions dependent on
the cellular context, including inflammation and proliferation [2,26]. In
the classic pathway, renin converts angiotensinogen to angiotensin I
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Table 1
ADAM proteins that are known to have roles in COVID-19 and those that could
potentially be involved in COVID-19 due to their roles in pathogenic processes.

Name Expression (Potential) Functions Known Roles in
COVID-19
ADAMS8 Hematopoietic cells Anti-inflammation ?
such as immune cells,
cartilage, bones,
gonads, thymus,
central nervous
system
ADAM9 Broadly in somatic Inflammation, ?
tissues (including monocyte/macrophage
immune cells such as conversion into
monocytes, multinucleated giant
macrophages and cells, neutrophil
neutrophils, activation,
fibroblasts, preventing recognition
keratinocytes, lungs, by NK cells, shedding
colon, kidneys, ADAM10
vascular smooth
muscle, secretory
organs such as
pancreas, nervous
system such as
hippocampus and the
cerebellum,
reproductive system)
ADAM10  Broadly in somatic Most relevant Notch- ?
tissues (including cleaving protease,
immune cells, ACE2 cleavage,
mesenchymal stem inflammation, cytokine
cells, urinary bladder) and chemokine
processing, antigen-
induced T cell
proliferation,
suppression of T cell
activation in exhausted
T cells, B cell
activation, evasion of
NK cell cytotoxicity,
inhibition of apoptosis,
myeloid cell migration,
neutrophil recruitment
into the alveolar space
ADAM12  Broadly in somatic Inflammation, Lung injury, pro-
tissues (including neutrophil inflammatory
immune cells, recruitment, ephrin-Al
cartilage, bone, liver, endothelial cell upregulation
muscle, uterus, permeability,
placenta, brain) and fibrogenesis-related
mesenchymal stem ECM remodeling, TGF-
cells P signaling activation
ADAM15 Broadly in somatic Inflammation, ?
tissues (including monocyte migration,
immune cells, cytokine and
hippocampus, chemokine secretion
cerebellum,
chondrocytes,
endothelial cells such
as in vasculature,
mesenchymal stem
cells, urogenital
system)
ADAM17  Broadly in somatic Pro- and anti- SARS-CoV-2 cell
tissues (including inflammation, main entry and
immune cells) sheddase of IL-6R, IL-6 inflammation

trans-signaling
pathway, thymocyte
development,
activation and
migration of myeoloid
cells such as T cell
regulation, B cell
activation and
leukocyte
transendothelial

(continued on next page)
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Table 1 (continued)

Name Expression (Potential) Functions Known Roles in
COVID-19
migration, evasion of
NK cell cytotoxicity

ADAM19  Broadly in somatic Inflammation, fibrosis ?
tissues (including
immune cells,
lymphatic system,
heart, lungs, bones,
brain, spleen, liver,
kidneys, testes,
placenta, skeletal
muscle, mesenchymal
stem cells)

ADAM28 Restricted in somatic Inflammation, cell ?
tissues (including adhesion such as B cell
immune cells, adhesion, T cell
epithelial cells, immune response, VWF
lymphoid tissues, cleavage
pancreas,
gastrointestinal
system, respiratory
system, urinary
bladder)

ADAM33 Restricted in somatic Inflammation, airway ?
tissues (including remodeling

immune cells, smooth
muscle cells,
fibroblasts, uterus,
urogenital system,
respiratory system,
gastrointestinal
system, tongue,
endocrine system)

(Ang I), which is, in turn, cleaved into Ang II by angiotensin-converting
enzyme (ACE). Other enzymes are also capable of forming Ang II in
tissue-specific RAAS. Ang II then binds to angiotensin type 1 receptors
(AT1Rs) in order to induce vasoconstriction and reduce renal sodium
excretion via aldosterone stimulation. Ang II is also capable of pro-
moting microvascular thrombosis, coagulopathy, hypofibrinolysis and
pro-inflammatory mechanisms. Another enzyme, ACE2, counteracts
Ang II's effects by converting Ang I into Ang 1-9 and Ang II into Ang
1-7, which then binds to the Mas receptor (MasR) to counteract Ang II's
effects. ACE2 ectodomain is recognized as a cleavage site by the shed-
dases ADAM17 and transmembrane serine protease 2 (TMPRSS2).
ADAM17 cleavage results in a biologically active soluble ACE2 (sACE2),
while TMPRSS2 cleavage results in an inactive form of SACE2. [5,26].
TMPRSS2 is also the main pathway by which SARS-CoV-2 enters the cell,
in conjunction with the TMPRSS2-cleaved membrane-bound ACE2 [2,
26,44]. Thus, the balance between the ACE2 forms likely plays a role in
COVID-19 progression [26]. In fact, the infection progression of
SARS-CoV-2 appears to parallel the ACE2 expression levels in the lungs,
with the upper airways’ cells, which are the first infected in COVID-19,
expressing larger baseline levels of ACE2 than the cells in the distal
airways, such as ATII cells, which have a lower baseline ACE2 expres-
sion [6].

An increase in Ang II has been observed to occur as one of the early
responses during inflammatory processes, inducing chemotaxis and
leading to the massive neutrophilic infiltration seen in the lungs of
critically ill patients suffering from infections while also cooperating in
T-cell activation. AT1R activation leads to IFN-y and TNF-a production,
enhancing Ang II signaling and antiviral mechanisms such as promoting
apoptosis of infected cells. Inflammation is negatively regulated by
SACE2 levels, with Ang II-induced ATIR activation upregulating
ADAM17 and the functional ADAM17-cleaved sACE2, causing sSACE2 to
cleave the pro-inflammatory Ang II and modulating inflammation to
prevent further tissue damage. As an infectious disease, COVID-19’s
inflammatory process in the lungs likely acts in a similar way [26].

Biomedicine & Pharmacotherapy 150 (2022) 112970

Indeed, the spike (S) protein of SARS-CoV-2 induces AT1R-mediated
activation of MAPK, inducing transcriptional molecules NF-xB and
AP-1/c-Fos, resulting in increased IL-6 secretion. Furthermore, S
protein-mediated AT1R signaling also induces ADAM17, which is also
the main sheddase for IL-6R, increasing soluble IL-6R (sIL-6R) that, upon
binding to IL-6, which can also be shed by ADAM17, and gp130 activates
the alternative IL-6 trans-signaling pathway [25,28,43]. This IL-6
trans-signaling pathway induces the acute phase of the
hyper-inflammatory response observed in COVID-19 patients [25].
SsACE2 also binds to SARS-CoV-2 and may either block or promote viral
entry [26].

The S protein of SARS-CoV-2, an envelope glycoprotein that creates a
distinctive corona-like shape,[2] has been demonstrated to decrease
full-length ACE2 protein levels and activity, and increase expression of a
shorter-length ACE2 in cells and of SACE2, as well as ADAM17 activity
[45] and cytokine (such as TNF-a, IL-1p and IL-6) [45,46] and chemo-
kine (such as fibrosis-associated CCL2) levels in alveolar type-II pneu-
mocytes [45]. While apparently not necessary for cell entry, cleavage of
the S protein by TMPRSS2, or, to a lesser extent, by furin proteases or
cathepsins, primes the S protein and may facilitate binding to ACE2 by
exposing the ACE2-binding domain in S protein [2,3].

Xavier et al. (2021) suggested that the RAAS pathway could have a
significant role in modulating the physiological response to SARS-CoV-2
infection and proposed two hypotheses for the molecular mechanisms
and expression changes of the RAAS pathway, based on the available
information: one for the best prognosis observed in COVID-19, related to
an increase in Ang II/AT1R-mediated ADAM17 upregulation due to
increased transmembrane ACE2 shedding by both TMPRSS2 and
ADAM17, resulting in limited viral entry and maintained active sACE2-
mediated Ang 1-7 levels; another for the worst prognosis, related to a
lower Ang II presence and/or AT1R activity due to the presence of a
higher level of transmembrane ACE2, resulting in lower ADAM17 acti-
vation and higher viral entry. Lower Ang II levels may also result due to
use of drug treatments, such as ACE inhibitors, [26] or due to genetic
differences, such as people with the blood group A who exhibit lower
plasmatic ACE levels and consequently lower Ang II levels, and are at
higher risk of developing severe COVID-19 [47].

Despite obesity, diabetes, hypertension, chronic lung disease and
cardiovascular diseases being risk groups for developing the worst
outcomes of COVID-19, the increased sACE2 levels found in patients
with these disorders would seem to contradict the above suggested
patterns [2,4,26,48]. Xavier et al. put forward two hypothesis to resolve
this issue: first, that patients with diabetes and cardiovascular diseases
have been found to have high plasmatic levels of Ang II, indicating that
the RAAS pathway is highly activated and, consequently, it would be
unlikely to produce a new peak of Ang II that would lead to the best case
scenario for COVID-19; second, that the increased Ang II levels may lead
to AT1R downregulation as a compensatory mechanism, thereby pre-
venting the ADAM17 upregulation needed that would lead to the best
case scenario [26]. However, this appears to contrast with studies that
reported a protective role of therapeutic SACE2 in COVID-19 [2].

2.2.1.2. RAS/RAAS, ADAM17 and SARS-CoV-2 cell entry. ADAM17
plays a major role in the entry mechanisms of several viruses, including
SARS-CoV viruses. ADAM17 activation has not only a major role in
ACE2 shedding [45] but also enhances viral entry [49,50].
SARS-CoV-2 is able to enter cells via 2 main uptake pathways:
through membrane fusion and through endocytosis, which could be
receptor-dependent (i.e. ACE2-dependent) or receptor-independent
endocytosis. In both uptake pathways, the SARS-CoV-2 S protein plays
an important role, through either its internal fusion peptide being
revealed upon S protein cleavage (membrane fusion), or through the
ACE2-binding domain (receptor-dependent endocytic pathway) [2]. It
should be noted that another receptor-dependent endocytosis pathway
exists via the S protein binding to CD147 which allows entry of
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SARS-CoV-2 into the cell via ACE2-independent endocytosis. Thus,
CD147 potentially allows viral entry into ACE2-deficient cell types [51].

Rahman et al. suggested a few possible events regarding sACE2-
mediated COVID-19 severity. SACE2 binds to viral S proteins in the
extracellular space, forming a virus-sSACE2 complex. This binding
potentially induces conformational shifting of S proteins, allowing
floating TMPRSS2 or furin catalytic domains to prime the S proteins for
membrane fusion cell entry. A virus-sACE2 complex that is only partially
covered in SACE2 also means that this conformational shifting may also
facilitate the opening of neighboring unbound S proteins to enhance
ACE2 binding when the virus-sACE2 complex randomly rolls over the
membrane and any available transmembrane ACE2. This binding stops
the complex and may either result in membrane fusion or may result in
endocytosis. This primed virus-sSACE2 may also be able to evade host
immune cells, thanks to the SACE2 coating, and travel via the circulatory
system to distant organs, whereupon the viral complex can enter the
organ’s cells, spreading COVID-19 throughout the body. The binding of
SACE2 and membrane ACE2 to the virus and their subsequent entry into
the cell also translates to a rapid decrease in available ACE2 in the RAAS
pathway, potentially leading to an imbalance in RAAS homeostasis.[2].

2.2.1.3. ADAM17 in Immunity and Inflammation. ADAM17 also has
many roles in immunity. For example, asides from the previously
mentioned release of TNF-a receptors, TNFR1 and TNFR2, whether or
not ADAM17 sheds TNF-a regulates the immune system signaling
pathways activated, with TNFR1, which activates inflammatory- and
apoptosis-related pathways, being stimulated mainly by soluble TNF-a,
while TNFR2, which activates anti-inflammatory and protective path-
ways, is mainly stimulated by the membrane-bound form [43]. It is
involved in the shedding of Notch [30] and can also cleave lymphocyte
activating gene 3 (LAG3), preventing LAG3-inhibition of activated T
cells, and Fas ligand (FasL), preventing T cell apoptosis. ADAM17 can
cleave CD40L on the surface of activated T cells, dendritic cells, mast
cells, platelets and stromal cells, leading to prolonged B cell activation,
production of pro-inflammatory factors, increase in the number of Treg
cells and inducing the immunosuppressive indoleamine 2-3-dioxyge-
nase (IDO) pathway. In acute inflammation, ADAM17 sheds enzymes
that control transendothelial migration, cytokine secretion and signaling
cascades that regulate the activation and migration of innate myeoloid
cells, such as macrophages, dendritic cells and neutrophils [28].
Leukocyte transendothelial migration, a process necessary in leukocyte
recruitment to sites of inflammatory stimuli, occurs, in part, via
ADAM17-mediated shedding of L-selectin and via shedding of chemo-
kines[29,52]. ADAM17 causes shedding of the tyrosine kinase receptor
Met, releasing the soluble form (sMet) in HCC, resulting in liver damage
and inflammation [24].

Given its prominent role in shedding of pro-inflammatory factors,
ADAM17 is involved in several human inflammatory diseases, such as
rheumatoid arthritis (a systemic inflammatory autoimmune disease),
multiple sclerosis (an inflammatory autoimmune demyelinating disease
of the central nervous system), alcoholic hepatitis and systemic lupus
erythematosus (an autoimmune disease affecting almost all organs) [24,
30]. In lung diseases like asthma, COPD and cystic fibrosis,
ADAM17-mediated EGFR signaling is aberrantly activated, which leads
to pathological remodeling of the airways. In COPD and cystic fibrosis,
this aberrant EGFR activation results in airway epithelial cell wound
healing, abnormal airway proliferation and progressive lung tissue
scarring.[52] Further mechanisms of ADAM17 action in COPD include
ADAM17-mediated activation of TGF-p and thrombin signaling which
leads to upregulation and enhanced activity of ADAM17 in a positive
feedback loop. Enhanced ADAM17 activity results in cleavage of EGFR
ligands, such as HB-EGF, which leads to a-SMA-mediated ECM pro-
duction and fibrosis. ADAM17-mediated cleavage of IL-6Ra in the lungs
may also lead to pulmonary fibrosis[53]. These roles in fibrotic de-
velopments could possibly be some of the mechanisms by which fibrosis
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develops in COVID-19.

ADAM17 may also have a role in shedding of major histocompati-
bility complex class I-related chain A (MICA) in order to prevent tumor
cell recognition by natural killer (NK) cells, thus evading anti-tumor
immunity [24]. ADAM17 further reduces the antitumor activity of im-
mune cells by shedding T-cell immunoglobulin and mucin domain
containing protein 3 (TIM3), a cell surface receptor of
CD4 + CD8 + T-cells, shedding CD16, which results in a decrease of
expression of IFN-y and other cytokines necessary for immune cell
activation, and shedding PD-L1 from tumor cells, leading to T-cell
apoptosis and compromising the killing ability of CD8 + T-cells [43].
While these immune evasion mechanisms by ADAM17 have been
demonstrated in cancers, it is not out of the question that they may play
a role in SARS-CoV-2’s ability to evade antiviral mechanisms [54].

2.2.2. ADAM12

This adamalysin’s wide expression in several tissues tends to mostly
involve roles in cell adhesion and fusion, ECM restructuring and cell
signaling [41]. ADAM12 interacts and stabilizes TGFBRII receptor,
promoting TGF-f signaling pathways through increased receptor traf-
ficking,[24] which could potentially be involved in COVID-19 fibrosis.

miR-29 suppresses transcription of ADAMI12 but NF-xB activation
represses transcription of miR-29, which in turn upregulates ADAM12
transcription, suggesting that NF-kB-mediated inflammation, such as
occurs in COVID-19, may upregulate expression of this protein. In fact,
ADAM12 has been found to be upregulated in response to TNF-a [41].
ADAM12, as well as one of its substrates, ephrin-Al, are known to be
involved in inflammation, particularly in the lungs for ephrin-Al, and
regulate endothelial cell permeability [27]. In COVID-19, some patients
have been identified to have significant elevated blood serum levels of
ADAM12 and ephrin-Al, which likely play a role in COVID-19-induced
lung injury given their role in inflammation. The clinical outcome of
COVID-19 has been found to correlate with the serum levels of these two
proteins, with the critical patients having the highest serum levels and
the milder patients having the lowest. Ephrin-Al-mediated inflamma-
tion may be an important factor in COVID-19 morbidity and mortality
[27].

Given ADAM12’s role in tissue and ECM remodeling, which are ef-
fects observed in chronic asthma, it is believed that ADAM12 contributes
to bronchial airway remodeling and recruitment and accumulation of
neutrophils in the airway mucosa [41]. Since ADAM12 activity is
already know to play a role in COVID-19, these effects could also
potentially play a part in COVID-19 progression.

2.3. ADAMs with potential roles in COVID-19

Other ADAM proteins have been found to have roles in pathogenic
processes in other diseases that also occur in COVID-19. Therefore, they
could potentially have roles in COVID-19 progression and severity and
may prove to be viable therapeutic targets.

Several ADAMs have been shown to promote inflammation or other
immune responses. Among these is ADAM9, which can mediate con-
version of monocytes-macrophages into multinucleated giant cells as a
response to foreign bodies or bacteria, resulting in granulomatous le-
sions that help to isolate pathogens and enhance phagocytosis. It is
expressed in neutrophils, where, upon neutrophil activation and traf-
ficking of ADAMO to the cell surface, it can promote ECM degradation
and interact with integrins to activate neutrophils, which can lead to
formation of NETs. It also sheds TNF-a and IL-11 receptor, which play a
role in inflammation [36]. Its role in inflammation and the involvement
observed in lung injury and in cardiovascular and lung diseases [36]
indicate a possibility of a role in COVID-19-related similar processes.
ADAM10 is a phylogenic neighbor of ADAM17 [24,28] and thus shares
many substrates in common with it, including Notch, [24,29,30] and has
been observed to have a prominent role in the immune system. In vivo,
ADAM10 is the sheddase most relevant in Notch cleavage, [28,30]
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where, among the many functions ADAM10-mediated Notch shedding
has in the immune system is, for example, antigen-induced T cell pro-
liferation.[28] ADAM10 displays roles in TCR ligation, like ADAM17,
suppresses T cell activation in exhausted CD8 + T cells, regulates T cell
survival and effector function, prolongs B-cell activation via shedding
CD40L (like ADAM17), as well as produces pro-inflammatory factors.
Another role for ADAM10 in immunity that it shares with ADAM17,
specifically in acute inflammation, is in the recruitment and tissue
infiltration of innate myeloid cells, where it is one of the essential
shedding enzymes (along with ADAM17) that controls transendothelial
migration, cytokine production and intracellular signaling cascades in
these cells. ADAM10 is also necessary for recruitment of neutrophils to
the alveolar space [28]. ADAM15 has been observed to mediate release
of pro-inflammatory cytokines, such as TNF-o, IL-6 and IL-15, and
chemokines, such as CXCL12, in rheumatic fibroblast-like synoviocytes,
displaying a role in rheumatoid arthritis [55]. ADAM15 has also been
demonstrated to have a role in impaired endothelial barrier dysfunction,
transmigration of monocytes and inflammation in atherosclerosis as
well as in sepsis, [39] and has also been linked to COPD pathogenesis.
[56] ADAM19 is capable of cleaving KL1 and TNF-a, albeit at a reduced
rate compared to ADAM17, thus suggesting a role in inflammation [37,
40]. ADAM28 sheds TNF-a and growth factors such as IGF binding
protein-3 and connective tissue growth factor (CTGF). It has also been
shown to have a function as an adhesion factor, such as binding to
lymphocyte integrins, [57] and aiding B cell adhesion, [58] has been
reported to promote T cell immune response.[24] Lastly, ADAM33 has
also displayed potential in inflammation by having been demonstrated
to cleave some canonical ADAM substrates such as KL-1 and TNF-«,
albeit this has so far only been observed in vitro [37]. Accumulating
evidence suggests a key role for ADAM33 in the pathogenesis of diseases
that involve airway remodeling, [59] thus it could play a role in pro-
moting COVID-19 progression.

ADAMS also displays a role in inflammation, although instead of
promoting inflammation, this ADAM protein dampens inflammation by
shedding TNFR1 and thus inhibiting the pro-inflammatory TNF-
a-induced signaling. Given that ADAMS is also upregulated by TNF-a,
[37] this adamalysin may already be found to be upregulated in
COVID-19 but is insufficient to stop inflammation. Targeting other
mechanisms that mediate ADAMS8 expression to promote upregulation
may be a potential therapeutic approach, not just in COVID-19, but also
in other diseases where TNF-« plays a major role in their pathogenesis.
Also, much like ADAM17, ADAM9 and ADAMI10 contribute to
ADAM-dependent shedding of MICA, preventing tumor cell recognition
by NK cells and thus evading anti-tumor immunity, [24] which could
play a role in SARS-CoV-2’s immune evasion. ADAM10 is also able to
induce the immunosuppressive IDO pathway [28].

ADAMS is also able to cleave ECM components, such as fibronectin
and the soluble form of its catalytic domain may aid in ECM degrada-
tion, [37] indicating a potential role in ECM remodeling. ADAM19 has
also been associated with fibrosis of the lung and kidney, [40] thus
potentially playing a role in the fibrosis observed in COVID-19 patients.

Given ADAM10’s substrate list significantly overlapping that of
ADAM17 which has a significant role in COVID-19, this indicates that
ADAM10 and its regulation could have significant influence in COVID-
19 progression. ADAM9 and ADAM15 have been observed to be able
to shed ADAM10, [36,37] thus displaying some regulation over it.

Interestingly, ADAM28 has been demonstrated to be able to cleave
von-Willebrand factor (vWF), a protein involved in coagulation that is
produced as large multimeric proteins [42]. Its ability to cleave vVWF
suggests a potential involvement for this ADAM protein in thrombotic
events in COVID-19.

ADAMY9 may potentially be upregulated in COVID-19 patients via
COVID-19-induced IL-6 secretion, [25] as IL-6 enhances ADAM9
expression through activating the JNK pathway [36]. Just as ADAM17,
ADAM10 sheddase activity has been observed to require exposure of
PtdSer, thus SARS-CoV-2-mediated PtdSer exposure likely plays a role in
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ADAM10’s activity during COVID-19 [11]. ADAM10 has also been
correlated to ACE2 cleavage regulation in human airway epithelial cells
and has also been found to be upregulated in several comorbidities
linked to severe COVID-19 [60]. ADAM15 has also been demonstrated to
be upregulated in response to Ang II and protecting against abdominal
aortic aneurysm [39]. Given the increase in Ang II observed in
COVID-19 [25,26], this suggests ADAM15 may be upregulated by this
disease.

2.4. ADAMTS and ADAMTSL proteins

The ADAMTS proteins are a superfamily of proteases that are
secreted, multi-domain matrix-associated zinc metallopeptidases[14,
15] which typically classified according to their substrates. These clas-
sifications include the aggrecanases and proteoglycanases (ADAMTS1,
4,5, 8,9, 15 and 20), the pro-collagen N-propeptidases (ADAMTS2, 3
and 14), the cartilage oligomeric matrix protein-cleaving (COMP) pro-
teinases (ADAMTS7 and 12) and the VWF proteinase (ADAMTS13).
There is also a group of orphan enzymes (ADAMTS6, 10, 16, 17, 18 and
19) [14,24]. However, new substrates have been identified for many of
these proteins, expanding the pool of substrates cleaved by ADAMTS
proteins [24]. The designation ADAMTSI11 is no longer used due to
having been assigned to a gene that was identified to be ADAMTSS5.
ADAMTS expression can be found in a wide variety of tissues and cells in
the body [14,24,61]. The 7 ADAMTSL proteins in humans include
ADAMTSL] to 6 and papilin [15,24,62,63]. Protein expression of
ADAMTSLs appears to differ from protein to protein but mRNA
expression of them has been found ubiquitously throughout the body
[15,64-67].

Along with ADAMTSL proteins, ADAMTS proteins have a critical role
in microfibril formation, stabilization and functions, and therefore ECM
assembly and regulation of growth factors bioavailability.[14,15,24,62,
63] Much like ADAM proteins, ADAMTS proteins also have important
functions in cell-cell and cell-matrix regulation, maintaining tissue ho-
meostasis, tissue remodeling, vascular biology, inflammation and cell
migration [14,24]. ADAMTSL proteins may also have a function in
modulating activity of ADAMTS proteins, which might be related to
their ECM assembly role [14,15].

The structure of ADAMTS is composed of three major domains: a
proteinase domain, which is responsible for the cleavage action of the
protein, a central thrombospondin type 1 sequence repeat (TSR) motif
and the ADAMTS hallmark non-catalytic ancillary domain, which is
responsible for substrate recognition, ADAMTS localization, interaction
partners and shares homology with ADAMTSL proteins [14,15,24]. In
more detail, the proteinase domain is composed of a signal peptide, a
pro-domain of variable length, a metalloproteinase domain and a
disintegrin-like domain, while the ancillary domain is composed of a
cysteine-rich domain and following that a spacer region, which might
then be followed by further modules, including additional TSRs,
depending on the ADAMTS.[14,24] Secretion, localization or activation
of ADAMTS proteins may be further regulated by post-translational
modifications such as, among others, pro-domain excision, glycosyla-
tion or proteolytically processing their ancillary domains and releasing
C-terminal fragments [14,15]. Like ADAM proteins, ADAMTS proteins
display limited susceptibility to inhibition by the four TIMPs, with
TIMP3 being the most effective inhibitor [14]. ADAMTSLs resemble
ADAMTS ancillary domains and lack proteolytic activity, and similar to
ADAMTS proteins, post-translational modifications, such as fucosyla-
tion, regulates ADAMTSL localization, secretion, activity and functions.
[15].

ADAMTSL proteins also have the ability to modulate activity of
ADAMTS proteins, such as papilin being able to inhibit ADAMTS2 [68].
However, it is ADAMTS13’s ability to cleave vWF that has been found to
have a role in COVID-19 [17,18,69].

A summary of the ADAMTS and ADAMTSL proteins with potential
roles in COVID-19 is available in Table 2, while a summary of all of the
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Table 2
ADAMTS and ADAMTSL proteins’ expression in the human body and their
functions, known and potential, in COVID-19.

Name Expression (Potential) Known Roles in
Functions COVID-19
ADAMTS1 Ovaries, placenta, TGF-f ?
uterus, fetal lungs, activation,
bronchial epithelial fibrosis

cells, smooth muscle,
adrenal cortex,
adipocytes, ciliary
ganglions, prostate,
olfactory bulb, breast
stromal fibroblasts,
myoepithelial cells
Adipocytes, skeletal
muscle, smooth
muscle, uterus,
placenta, heart, liver,
lungs, tongue, breast
stromal fibroblasts
Pineal gland,
cartilage, bone,
skeletal muscle,
tendons, endothelial
cells, CD34 + cells,
breast myoepithelial
cells

Trigeminal ganglion,
adrenal cortex,
intervertebral discs, with TNF-a,

liver, heart, skeletal delay of artery
muscle, breast repair

stromal fibroblasts

Superior cervical Pro- ?
ganglion, adrenal inflammation

cortex, skeletal
muscle, heart, liver,
luminal epithelial
cells, breast stromal
fibroblasts

Brain, uterus,

CD8 + T cells, breast
stromal fibroblasts
Lungs, thyroid,

CD71 + early
erythroid cells, breast
myoepithelial cells,
predominantly
expressed in liver
Thalamus,
cerebellum, bone,
bone marrow, fetal
thyroid, skin,
adipocytes,
fibroblasts, breast
myoepithelial cells,
luminal epithelial
cells

Dorsal root ganglion, NF-«kB ?
breast myoepithelial inhibition

cells

Blood plasma, heart
(such as cardiac
myofibroblasts),
adipocytes, eyes,
pancreas, testes,
urine

ADAMTS2 TGF-p pathway ?

regulation

ADAMTS3 TGF-p pathway ?

regulation

ADAMTS7 Positive ?

feedback loop

ADAMTS8

ADAMTS10 TGF-p signaling ?

regulation
Thrombotic events

ADAMTS13 VWF protease,

coagulation such as microvascular
thrombosis and
thrombotic
thrombocytopenic
purpura

TGF-p pathway ?

regulation

ADAMTS14

ADAMTS19

ADAMTSL2 TGF-p pathway ?
negative

regulation

existing ADAMTS proteins and of the ADAMTSL proteins, their known
roles and the diseases they influence can be found in Supplementary
Table 2 and Supplementary Table 3, respectively.

2.4.1. ADAMTS13
ADAMTS13’x main role is cleaving vWF, processing large multimeric
vWF precursor proteins to generate VWF proteins of optimal size to be
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used for blood coagulation[14,15].

Autoantibodies against ADAMTS13 lead to decreased activity result
in acquired thrombotic thrombocytopenic purpura, a rare and rapidly
fatal disorder if left undiagnosed and untreated, which is caused by the
inability to cleave pro-thrombogenic large vVWF multimers in circula-
tion, leading to vWF-platelet aggregation, vessel occlusion and micro-
vascular thrombosis due to endothelial injury [14-16]. This disorder is
also characterized by the levels of ADAMTS13 being less than 10% of
normal [69].

The pro-inflammatory molecules IL-1p and C reactive protein, which
are upregulated in COVID-19 patients, mediate the accumulation of
large vVWF multimers in plasma, likely by these pro-inflammatory mol-
ecules inhibiting activity of ADAMTS13,[11] seeing as in a study no
anti-ADAMTS13 antibodies have been found in COVID-19 patients,
although excess of vVWF has been observed to induce consumption of
ADAMTS13 [13]. This potentially plays a role in the higher thrombotic
risk observed in COVID-19 patients, which is characterized in many
patients by a rise in the vVWF:ADAMTS13 ratio [17,18,69]. This ratio was
also found to correlate with disease severity, being the highest in pa-
tients with the worst severity of COVID-19 or those who died from it [17,
69]. One study revealed that, at least in a subset of COVID-19 patients
admitted to hospital, mortality inversely correlated with ADAMTS13
activity, with the lower the level of ADAMTS13 activity, the higher the
risk of death.[13] Another study, however, detected no significant
change in ADAMTS13 activity in COVID-19 patients although vWF
levels were substantially increased, leading to the suggestion that the
massive amounts of multimeric vVWF lead to a relative deficiency of
ADAMTS13 and to coagulopathy disorders typically observed in cases of
absolute deficiency of ADAMTS13. The massive levels of vWF observed
in COVID-19 is likely as a result of endothelial injury commonly
observed in this disease, as endothelial activation is known to be asso-
ciated with increased production of vVWF [70].

2.4.2. Potential roles of other ADAMTS proteins in COVID-19

ADAMTS?7 appears to work in a positive feedback loop with TNF-a,
thus may contribute to inflammation in COVID-19 in this manner,
although the mechanism behind this feedback loop is not yet understood
[71]. ADAMTSS has also been proven to have a pro-inflammatory role in
nasopharyngeal carcinoma,[61] thus it is not out of the question that it
could also play a role in driving the inflammatory processes of
COVID-19. ADAMTSI19, on the other hand, has demonstrated to be able
to bind to cytoplasmic p65 and decrease nucleus phosphorylation of
NF-kB, one of the key transcription factors in mediating expression of
inflammatory factors,[72] thus it could it have some influence in
COVID-19 if its expression is affected by the disease.

The role that ADAMTS and ADAMTSL proteins play in ECM assembly
could potentially have important relevance in COVID-19,[14,24,68,73,
74] particularly in fibrosis observed in patients. In fact, all the
ADAMTSL proteins have been demonstrated to be upregulated in
fibrotic hearts,[65] suggesting a potential role in fibrosis-related pro-
cesses, although only ADAMTSL2 has been demonstrated to negatively
regulate the TGF-p pathway, and thus possess anti-fibrotic properties
[15,65]. ADAMTS] has also been demonstrated to have a role in TGF-f
activation and fibrosis in the liver while ADAMTS2, ADAMTS3 and
ADAMTS14 are other proteins found to mediate the TGF-p pathway [24]
and ADAMTS10 is a component of a TGF-p-regulating extracellular
network centered in fibrillin microfibrils.[15] It is therefore possible
that these ADAMTS proteins may play a role in fibrosis in COVID-19.

Expression levels of ADAMTS7 have been linked to risk of cardio-
vascular events, such as coronary artery disease [66]. This ADAMTS
could have a potential role in cardiovascular disorder events that may
occur in more severe COVID-19.

Pro-inflammatory cytokines such as TNF-a, IL-1 and IL-6 have been
observed to upregulate expression of several ADAMTS proteins, such as
ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS6, ADAMTS7 and
ADAMTS9, [14,71] and thus it is a possibility that COVID-19-induced



LR. de Seabra Rodrigues Dias et al.

inflammatory cytokines may also cause upregulation of these ADAMTSs
and their function may contribute to the progress of the disease.

2.5. Adamalysin expression in COVID-19 patients

We have performed a search of the GEO DataSets database from the
National Center for Biotechnology Information website for any gene
expression studies performed on human samples derived from COVID-
19 patients that tested for adamalysin expression. For this purpose, we
utilized the keyword ‘COVID-19’ and the filter ‘Expression profiling by
array’, resulting in 11 results, of which only 2 fit our criteria (dataset
series GSE177477 [75] and GSE164805 [76]).

The dataset series GSE177477, part of a study of blood leukocyte
transcriptomes of COVID-19 patients and healthy controls done by
Masood et al., involves a comparison between COVID-19 patients
exhibiting symptoms, asymptomatic (or very mild) COVID-19 patients
and healthy controls. This dataset reveals that, in a comparison between
asymptomatic COVID-19 cases against healthy individuals, ADAM28
was found to be significantly downregulated, while in a comparison
between symptomatic versus asymptomatic cases, ADAM8, ADAM9,
ADAM17 and ADAM32 were found to be significantly upregulated [75].

The GEO dataset series GSE164805 is a microarray analysis of the
whole genome transcriptome of peripheral blood mononuclear cells of
patients suffering from severe COVID-19, patients suffering from mild
COVID-19 and healthy controls. It is part of a study investigating tran-
scriptional signatures of severe COVID-19 by Zhang et al. ADAMTS6 and
ADAMTS16 expressions are elevated in both mild and severe COVID-19
patients compared to healthy controls while ADAM28 and ADAM30
expressions are downregulated. ADAMTS3 and ADAMTS9 are upregu-
lated and ADAMTS13 is downregulated in the mild cases of this study
but the same is not observed in severe cases. ADAM17, ADAMTS7,
ADAMTS15 and papilin are upregulated and ADAM11, ADAM15 and
ADAMTSL3 are downregulated in the severe cases compared to healthy
controls, but this is not observed to a significant effect in mild cases. In
comparing adamalysin expression in severe cases versus the mild cases,
ADAMBS was also found to be upregulated in this comparison, despite not
being found to be significantly upregulated (at least 2-fold according to
the authors of the study’s choice) in comparison against healthy con-
trols.[76].

Both dataset series reveal a downregulation of ADAM28 and an
upregulation of ADAMS8 and ADAM17 in COVID-19 patients, although it
should be noted that the sample pool was relatively small [75,76] (11
symptomatic patients, 18 asymptomatic patients and 18 healthy con-
trols for the Masood et al. study [75], and 5 severe COVID-19 patients, 5
mild patients and 5 healthy controls for the Zhang et al. study [76]) and
involved only leukocytes in the blood.[75,76] Given ADAM28’s ability
to cleave vWF, the downregulation of this adamalysin observed in both
studies could be an indication of higher risk of thrombotic events in
these patients. The observed ADAMS upregulation may be indication of
TNF-a-induced upregulation as an attempt to inhibit inflammation, and,
given ADAM17’s known important role in COVID-19 entry into the cell
and in promoting inflammation, it is unsurprising to find its upregula-
tion detected in both studies.[25,28,37,42,43,75,76] These two studies
also identified modulation of expression of different adamalysins from
each other. In the Masood et al. study, ADAM9 upregulation was
detected in severe patients, which is in agreement with previous sug-
gestion that this upregulation may occur in this disease due to IL-6
secretion seen in COVID-19. This ADAM may also play a role in pro-
moting NET formation and immunity [24,25,75]. In the Zhang et al.
study, the downregulation of ADAMTS13 in mild cases compared to
healthy controls suggests a potential for higher thrombosis events in
these patients, while in severe cases, ADAMTS7, which has been linked
to promoting inflammation and risk of cardiovascular events, has been
found to be upregulated. This could be potential indicators of higher risk
for cardiovascular disorders in these patients. [14,15,24,57,66,71,76].

Biomedicine & Pharmacotherapy 150 (2022) 112970
3. COVID-19, comorbidities and the role of adamalysins

COVID-19 severity increases in patients also suffering from other
comorbidities, such as hypertension, cardiovascular disease, obesity,
diabetes, respiratory disorders and kidney disease [3,4,8,12,48,60].
These comorbidities have a common denominator in the fact that they
induce endothelial dysfunction, which has also been observed to be
caused by COVID-19, a fact that leads to multi-organ immuno-
thrombosis, contributing to severe COVID-19 [5]. Adamalysins also play
several roles in many such comorbidities and in COVID-19 itself [11,13,
17,18,24,27,29,69].

An infection by other viruses, in addition to SARS-CoV-2, is likely to
exacerbate the severity of COVID-19. Indeed, a study on infection of
influenza A virus demonstrated an upregulation of mRNA of ACE2, and
expression of TMPRSS2 and ADAM17, in other words, the molecules
required for SARS-CoV-2 uptake. Expression of ACE2 was found to be
downregulated in the cells but sACE2 expression was upregulated,
which diminishes the available membrane ACE2 to convert Ang II.[6].

Sufferers of cardiovascular disease may also suffer severely from
COVID-19. Estrogen affects RAAS, a critical pathway in cardiovascular
disease. Estrogen increases ACE2 gene expression in the heart in an es-
trogen receptor alpha (ERa)-dependent manner, and in the hearts of
patients suffering from some cardiovascular diseases, such as left heart
valvular disease or ischemic heart disease, ACE2 has been found to
correlate positively with ERa. Through its conversion of Ang II to Ang
1-7, ACE2 protects the body from the pro-inflammatory Ang II. There-
fore, an increase in expression of ACE2 should ameliorate cardiovascular
disease, such as through RAS inhibitors. However, infection with
COVID-19 means that SARS-CoV-2 has a greater amount of ACE2 to
facilitate viral entrance into the cells. In addition to ACE2, ADAM17 and
TMPRSS2 gene expression levels also correlated positively with ERa
gene expression, with TMPRSS2 levels showing the highest level of as-
sociation with ERa levels [77]. In congestive heart failure, a study
identified overexpression of ACE2 and furin mRNA expression in pul-
monary, cardiac and renal tissues, while ADAM17 and TMPRSS2 mRNA
expression was downregulated. The upregulation of ACE2 mRNA along
with the downregulation of ADAM17 mRNA suggests greater levels of
membrane-bound ACE2 on the cell surface, which is potentially a sig-
nificant factor in the increased susceptibility of people with this disease
to SARS-CoV-2. The observed downregulation of TMPRSS2 mRNA is
potentially compensated by the increase of furin mRNA expression [78].

Coagulation abnormalities can also enhance severity of COVID-19.
SARS-CoV-2 induces exposure of PtdSer on the cell membrane. This
exposure of PtdSer in infected cells may be a possible mechanism by
which a coagulation cascade is activated, potentially resulting in
disseminated intravascular coagulation (DIC) and thrombi formation
[11]. As previously mentioned, SARS-CoV-2 can induce immune factors
that inhibit ADAMTS13, [16] and inhibition of ADAMTS13 activity,
which prevents cleavage of vWF, results in thromboembolic complica-
tions, such as microvascular thrombosis and thrombotic thrombocyto-
penic purpura, a rapidly fatal disorder if left untreated [14-18].

COVID-19 patients who also suffer from cancer have been found to
have a higher mortality rate [79]. Cancer patients that contract
COVID-19 must also contend with the effects of their current cancer
therapeutic treatments on the disease. This may be a case of the cancer
treatment having beneficial effects against SARS-CoV-2, such as
anti-androgens used in prostate cancer treatment which inhibit andro-
gens and prevent their consequent upregulation of expression of
TMPRSS2, the latter of which has a key role in prostate cancer. Another
situation would be having prejudicial effects in COVID-19 treatment,
such as the use of anti-EGFR tyrosine kinase inhibitors, like vandetanib,
which prevents EGFR signaling upregulation of ADAM17. Immunosup-
pressive chemotherapies are also problematic when a patient contracts
COVID-19 (or indeed, any other infectious disease) [80]. The tumor
microenvironment has a major role to play in tumor progression,
including growth, invasion/metastasis and resistance to chemotherapy,
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involving a complex number of actors. Proteins of the adamalysin family
play important roles in this space by modulating cell-to-cell and
cell-to-extracellular matrix (ECM) communications [24].

Chronic kidney disease is one of the comorbidities that in COVID-19
may lead to acute kidney injury, which is predictive of mortality and
organ dysfunction in patients. Other comorbidities that may lead to this
kidney dysfunction include diabetes, obesity and hypertension. ACE2 is
found highly expressed in kidney cells, with proximal renal tubular cells
and kidney podocytes not only expressing high levels of ACE2 but also
co-expressing TMPRSS2, which may facilitate SARS-CoV-2 entry into
the cells, driving the RAS system towards its pro-inflammatory branch,
resulting in deleterious effects, such as inflammatory cell infiltration,
Ang II-induced renal lesions, and ADAM17-mediated proteinuria,
tubular hyperplasia and fibrosis. SARS-CoV-2 may also enter the cells via
CD147, resulting in activation of partner proteins of CD147, such as
cyclophilins and integrins, which results in arousing inflammation and
inducing renal tubular damage [12].

Obesity and diabetes are more comorbidities that have been shown
to cause susceptibility to develop severe COVID-19. Obesity has an
impact on pulmonary function, leading to decreased functional capacity
and respiratory system compliance, and may enhance pro-inflammatory
conditions, contributing to the increased morbidity associated with
obesity in COVID-19 cases. Adipocytes and adipocyte-like cells, such as
pulmonary lipofibroblasts, may be the main cells involved in exacer-
bating COVID-19 severity in obese and diabetic patients, seeing as in
these patients the expression of ACE2 is upregulated. Thus, adipose
tissue may turn into a potential viral reservoir. In a study of human
subcutaneous adipocytes, genes that are known to favor viral infection
have been found to be expressed, such as ADAM10, which can play a role
in driving inflammation in COVID-19, FURIN, which is one of the main
proteases responsible for cleaving the pro-domain that is inhibitory in
most ADAMs, including ADAM10 and ADAM17, as well as being capable
of cleaving SARS-CoV-2 spike protein, TLR3, which is important for the
innate response to viral infection and regulates ACE2 cleavage, KDM5B,
which upregulates ACE2, and SIRT1, which has been found upregulated
in the lungs of severe COVID-19 patients with comorbidities [60].

Both current and former smokers, as well as individuals suffering
from chronic obstructive pulmonary disease (COPD), have been found to
overexpress ACE2 in airway cells, explaining, at least in part, the
increased risk of severe COVID-19 in these individuals [8].

There are several reports of skin lesions developed in COVID-19
patients. Symptoms from these include lesions found in other viral and
non-viral infectious diseases which include, in most reports, mac-
ulopapular exanthema, vesicular exanthema and urticarial eruptions.
There can also appear skin lesions possibly related to virus-induced or
indirectly induced vascular dysfunctions, such as livedo reticularis,
petechiae and cutaneous acro-ischemia. Many viral skin lesion symp-
toms from COVID-19 likely appear due to mechanisms of signaling
cascades and immune system activation induced by SARS-CoV-2, how-
ever some skin lesions that appear could potentially occur due to more
direct interaction between the virus and epithelial cells, causing tissue
damage. There is likely overlap between virus-induced symptoms and
drug allergy-induced symptoms from the drugs used in COVID-19
treatment. In children, it has been postulated that there is an associa-
tion between COVID-19 and a Kawasaki-like disease, which is a systemic
vasculitis of medium sized vessels. SARS-CoV-2 might also reactivate or
worsen pre-existing skin diseases including urticaria, psoriasis and
autoimmune diseases [81].

4. COVID-19 therapy

As previously mentioned, reports have claimed that addition of
SACE2 decreases Ang II and blocks viral entry both in vitro and in treated
patients. However, the opposite effect has been observed in comorbid
COVID-19 patients, who have an increased level of sACE2 but suffer the
most severe outcomes. A possible reason for this could be the reports
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themselves, specifically that the experiment parameters applied do not
quite mimic host cell infection. This includes, in cell-based experiments,
pre-incubating SARS-CoV-2 with sACE2 prior to incubation with
selected cell lines, thereby exposing a virus saturated by sACE2 binding
to the cells and preventing its binding to membrane ACE2, which does
not mimic the competition between membrane ACE2, native SACE2 and
therapeutic SACE2 for the virus that would be present in a real case
scenario [2]. Other studies have admitted their own limitations [82,83].
Therefore, the inconsistency observed between reports on therapeutic
SACE2 administration and the clinical data on COVID-19 patients with
comorbidities may be due to, at least in part, the limitations of the re-
ports’ experimental parameters.

Given the role played by RAAS in COVID-19 progression, drugs
targeting this system used as treatment options in other diseases (e.g.
hypertension, cardiovascular diseases, diabetes), such as AT1R blockers
(e.g. candesartan) and ACE inhibitors (e.g. captopril), have the potential
to be problematic in regards to the severity of COVID-19 in the lungs [2,
45,48]. This is especially true when considering the double-edged sword
that is the key protease ACE2, whose activity is important to switch the
RAS pathway from the pro-inflammatory arm to the anti-inflammatory
arm but that is also the entry receptor for SARS-CoV-2. It is therefore
a major question on whether ACE2 levels in tissues should be promoted,
in order to reduce inflammation, or decreased, in order to reduce viral
entry. There is also an issue on whether this may increase or decrease the
severity of COVID-19. There is, unfortunately, a lack of experimental
data regarding this question and what is available is considered
controversial [45].

Pedrosa et al. tested the lungs of healthy control rats treated with
either captopril or candesartan and found they enhance the anti-
inflammatory arm of RAAS. Candesartan and captopril were also
shown to inhibit ADAM17 activation, which may be responsible for
lowering ADAM17-induced shedding of ACE2 and ADAM17-induced
production of TNF-a, IL-6 and CCL2 [45]. However, the effects
observed in rats may not be the same observed in humans. Indeed, pa-
tients with existing comorbidities are likely to be those who also utilize
AT1R blockers and ACE inhibitors and yet still suffer from a higher
severity of COVID-19.[2,84] Despite this, use of these types of drugs has
been shown to be associated with improved clinical outcomes and
decreased mortality in COVID-19 patients compared to those patients
not using these drugs [5,85-87].

Use of other established therapies in order to treat other aspects of
severe COVID-19 may also present problems. For example, when it
comes to managing the inflammatory aspect of COVID-19, utilizing anti-
TNF-o monoclonal antibodies, a standard treatment for autoimmune
diseases, might be an apparently obvious treatment option. However, a
study on this possibility indicated that, at least in some patients that may
already be suffering from inflammatory conditions prior to SARS-CoV-2
infection, this type of treatment could instead increase susceptibility to
infection due to anti-TNF-a antibody treatment decreasing ACE2 and
ADAM17 expression and shedding through Notch-1/IL-6 signaling [88].

Recently, there have been clinical trials of new oral antivirals that
have demonstrated to be effective in treating COVID-19 but only if
administered in the early days post SARS-CoV-2 infection, prior to
hospitalization, [89-91] with two of them recently receiving emergency
approval from the FDA in the USA.[91]. Paxlovid, from Pfizer, inhibits
the activity of the SARS-CoV-2-3-chymotrypsin-like SARS-CoV-2-3CL
protease which is required for viral replication [89,92]. Molnupiravir,
from Merck, is metabolized in the body into a ribonucleoside analogue
(p-D-N*hydroxycytidine triphosphate) which is incorporated into
SARS-CoV-2 RNA and induces lethal mutagenesis during viral replica-
tion. It is significantly more effective than other similar antivirals
already in use for COVID-19 treatment, such as remdesivir which is
administered intravenously instead [90,91].

Despite these new effective therapies, there is still a need to under-
stand the molecular machinery affected by SARS-CoV-2 infection and for
new targets for COVID-19 therapy as the new antivirals are effective
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only if administered early on in SARS-CoV-2 infection. New therapies
that can treat those who develop severe forms of COVID-19 are still
needed. Given their role in many processes affected by COVID-19, such
as cell signaling, inflammation or fibrosis, [24,29] the adamalysin pro-
teins may prove potential new targets for COVID-19 therapy.
Furthermore, as most current vaccines for COVID-19 introduce
either a part of the SARS-CoV-2 virus (usually S protein) [2,93-98] or
the whole (inactivated) virus,[95,99,100] adamalysins may also prove
to influence the serious side effects observed in some rare people [16,
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101]. Many of these vaccines have been linked to at least some cases of
thrombotic events post-vaccination, [16,102-112] and cases of cardio-
vascular dysfunction such as myocarditis and pericarditis [113-116].
Also, cases of renal dysfunction, particularly in the form of glomerulo-
nephritis, [117-127] and autoimmune disorders such as rheumatoid
arthritis and AOSD have been linked to COVID-19 vaccines [19,
128-130]. These are similar to cases that may occur in COVID-19, [8,
19-21] potentially indicating a common link between the vaccines and
COVID-19 and these dysfunctions. In a post-vaccine development of the
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multisystem inflammatory disorder AOSD, the encoded viral S protein
originating from protein translation of the mRNA in the vaccine may be
inducing inflammatory signaling cascades in a similar way to the
SARS-CoV-2 virus itself [19]. One of the adamalysins has been linked
with some of these potentially vaccine-related side effects. The
BNT162b2 mRNA vaccine has been suggested to have a potential link to
increased risk of suffering thrombotic thrombocytopenia purpura due to
extremely low levels of ADAMTS13 and testing for low levels of
ADAMTS13 prior to vaccine administration has been suggested in pa-
tients who previously suffered from this disorder or other thrombosis
[16]. Adenovirus vector-based vaccines may also induce
ADAMTS13-related  thrombotic events as a study on
replication-deficient adenovirus-induced thrombocytopenia identified
that ultra-large vWF multimers played a major role in the development
of thrombosis [131]. If the same is occurring in the COVID-19 adeno-
virus vector-based vaccines, enhancing activity of ADAMTS13 may be a
viable therapeutic avenue for vaccine-induced thrombosis in individuals
who received these vaccines. Vaccine-/S protein-induced inflammation
may also serve as the cause of these thrombotic events by inducing
production of vWF fibers, [132] thus adamalysins involved in inflam-
mation, such as ADAM17, could potentially be involved in promoting
these severe side effects, potentially in a similar manner as to what is
found to occur in COVID-19.

5. Perspective and conclusion

Adamalysins play roles in several different functions, such as
different types of cell signaling and inflammatory pathways, and in
many conditions and disorders, including COVID-19 and some of the
comorbidities that have been observed to worsen the severity and
lethality of COVID-19. As such, identifying the roles of the adamalysins
may provide new therapeutic targets to treat COVID-19. A summary of
the adamalysins known to have roles in COVID-19 and those we have
suggested as having potential roles has been illustrated in Fig. 2.

We suggest in this review some of the adamalysins that could be
involved in COVID-19 and that might serve as potential viable thera-
peutic targets for this widespread, debilitating disease. As has also been
mentioned, COVID-19 vaccines have also demonstrated some rare cases
of severe side effects, some of which have been witnessed in severe
COVID-19 cases, which, together with the fact that these vaccines
involve either coding the SARS-CoV-2 S protein or inactivated SARS-
CoV-2, suggests the strong possibility that the same mechanisms that
involve these events in COVID-19 are also those involved in vaccine-
related severe side effects. These adamalysins may, in some cases,
serve to indicate those who might be at risk of suffering a vaccine-related
side effect or even to help treat these situations. Further study into these
adamalysins and their potential roles in COVID-19 could yield valuable
data and new therapeutic options for treatment of this disease.
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