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Abstract

COVID-19 is one of the viral diseases that has caused many deaths and financial losses to humans. Using the available
information, this virus appears to activate the host cell-death mechanism through Calpain activation. Calpain inhibition can
stop its downstream cascade reactions that cause cell death. Given the main roles of Calpain in the entry and pathogenicity
of the SARS-CoV-2, its inhibition can be effective in controlling the COVID-19. This review describes how the virus acti-
vates Calpain by altering calcium flow. When Calpain was activated, the virus can enter the target cell. Subsequently, many
complications of the disease, such as inflammation, cytokine storm and pulmonary fibrosis, are caused by virus-activated
Calpain function. Calpain inhibitors appear to be a potential drug to control the disease and prevent death from COVID-19.

Keywords Apoptosis - Calcium channel - Inflammation - Necrosis - SARS-CoV-2

Introduction

An enveloped virus with non-segmented positive-sense
RNA, SARS-CoV-2, is grouped as a member of the Sar-
becovirus subgenus in the Betacoronavirus genus Orthoc-
oronavirinae subfamily (Qiu et al. 2020). There are sev-
eral unique features to SARS-CoV-2 compared with other
human coronaviruses. SARS-CoV-2 infection mortality rate
approximates 3.06%, which is significantly low compared
to MERS-CoV (37%) and SARS-CoV (10%). The SARS-
CoV-2’s primary reproduction number (RO) is 3.3-5.5, while
2-5 for SARS-CoV and 2.7-3.9 for MERS-CoV, suggesting
SARS-CoV-2 higher transmissibility among other human
coronaviruses (Wang et al. 2020). Angiotensin-converting
enzyme 2 (ACE2) is a well-identified cell surface recep-
tor of SARS-CoV-2 (Qiu et al. 2020). The composition
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of SARS-CoV-2 is structurally well-defined comprised of
14 binding residues which are in direct interaction with
human ACE2. Eight of these 14 amino acids are conserved
in SARS-CoV-2 (Sohrabi et al. 2020). Initially, ACE2 was
recognized as an exopeptidase in vascular endothelial cells
in the kidney and the heart, catalyzing angiotensins’ conver-
sion (Donoghue et al. 2000; Ferrario et al. 2005). However,
it later appeared to function as the receptor for SARS-CoV-2
(Kuba et al. 2005). Knowing that SARS-CoV-2 utilizes
ACE2 as the receptor is a convincing reason to consider
SARS-CoV-2 one of the subgenus of SARS-CoV. In the ver-
tebrates, ACE2 presents a global expression pattern, which
can’t be employed as the SARS-CoV-2 receptor (Wang et al.
2020).

Symptoms of diseases caused by SARS-CoVs are tied to
an immunopathological response regulated by pro-inflam-
matory cytokines, including tumor necrosis factor (TNF)-a,
interleukin (IL)-6, and IL-1p, which the latter is a critical
mediator of the cascade. IL-1p overproduction is associ-
ated with inflammatory features such as those induced by
respiratory syndrome-linked coronaviruses (Nieto-Torres
et al. 2015).

Among the viral open reading frames (ORFs) involved
in inflammation, ORF-7a is responsible for the activation
of nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB); ORF3b induces the expression of several
cytokines and chemokines; ORF-6 downregulates inter-
feron (IFN) generation; ORF-8a initiates cell apoptosis, and
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ORF-8b decrements viral multiplication. Finally, ORF-9b is
selective toward the mitochondrial antiviral signaling protein
(MAYVS) signalosome to activate the breakdown of MAVS,
TNF Receptor Associated Factor (TRAF)3, and TRAF6,
significantly restricting the response of host cell IFN (Yue
et al. 2018). This functional complexity is an alarming sig-
nal to cause lysosomal damage and endoplasmic reticulum
stress, leading to activation of the NLR family pyrin domain
containing 3 (NLRP3) inflammasome (Zhao and Zhao
2020). All S proteins in coronaviruses have three extracel-
lular domains, a transmembrane anchor domain, and a short
intracellular tail. Two active subunits exist in EC called the
receptor-binding subunit (S1) and membrane-fusion subunit
(S2). S1 is composed of two independent domains; one is the
N-terminal domain (S1-NTD), and the other receptor-bind-
ing domain (RBD), which has a crucial duty to recognize
and bind to the receptor. In the course of host—virus mem-
brane fusion, host proteases cleave spike proteins at the S1/
S2 boundary, in turn releases the spike fusion peptide, which
is a necessary component of virus entry. There are a variety
of host proteases responsible for S protein cleavage among
various coronaviruses, determining virus pathological, and
epidemiological attributes such as tissue tropism, host range,
mortality, and transmissibility (Wang et al. 2020).

There are some hypotheses behind SARS-CoV evolu-
tion for targeting the necroptotic pathway and the receptor-
interacting protein kinase 3 (Rip3). One of the concerns
is the criticality of late interferon response in SARS-CoV
pathogenesis (Channappanavar et al. 2016). Interferons are
proteins released initially by those immune cells, which
highly express Rip3. So by targeting Rip3-expressing
immune cells through 3a, SARS-CoV might suppress any
interferon responses, thus, increasing its chances of survival
in the early infection stages. Another possible theory is that
the inflammatory process of immunomodulators (IMMs)
necrotic death can suppress the interferon response. In the
lungs, inflammatory cell death can cause severe lung dam-
age, which pathophysiologically linked with coughing as a
clinical manifestation (Lu et al. 2006). The viral infection
affects the ionic efflux and integrity of the plasma mem-
brane, resulting in apoptosis, thus activating the NLRP3
inflammasome. The viral replication process leads to lytic
cell death and, subsequently, potassium efflux, which pro-
duces the second activation signal for NLRP3 inflammasome
(da Costa et al. 2019).

In this review, we showed that how the SARS-CoV-2
enters the cell and caused cell death by activating a protein
involved in apoptotic (Calpain). The pivotal role of acti-
vated Calpain in causing cellular and clinical damages and
its association with the calcium pathway even in the absence
of a virus is described. In addition, it has been suggested that
Calpain inhibition may provide a promising perspective for
treating COVID-19.

@ Springer

SARS-CoV-2 receptor

Spike (S) glycoprotein of SARS-CoV-2 is capable of bind-
ing to respiratory epithelial cells through ACE2. In the
attachment process, S glycoprotein splits into the subu-
nits of S1 and S2. S1 holds the receptor-binding domain
(RBD) through which the virus binds to the ACE2 receptor
peptidase domain. It has been shown that surface protease
transmembrane serine protease 2 (TMPRSS2) by cleav-
age receptor-binding domain (RBD) of SARS-CoV-2
spike protein increases its affinity to ACE2 receptors and
increases its efficiency in endocytosis the virus into lung
epithelial and lung fibroblast cell lines (Shang et al. 2020).
S2 interferes in plasma membrane fusion (Yan et al. 2020).
ACE2 is active in most tissues, while endothelium, lungs,
kidney, and heart display the highest expression levels of
ACE2 (Tipnis et al. 2000). ACE2 reduces blood pressure
through catalyzing angiotensin II (a vasoconstrictor pep-
tide) and cleavage to angiotensin 1-7 (a vasodilator) (Rice
et al. 2004). Endocytosis occurs when the S glycoprotein
of SARS-CoV-2 is bound to the ACE2 at the site of endo-
cytosis (Baglivo et al. 2020).

Voltage-gated Ca** channels are especially vital in con-
tractile cells because extracellular Ca*™* influx is crucial
for muscle contraction and tension maintenance. Ca*™*
channels have been extensively studied in vascular smooth
muscle (VSM), in which calcium influx influences arte-
rial vaso-relaxation and vaso-constriction and eventually
affects systemic blood pressure (Cribbs 2001).

The chemistry of Calpain

Calpain is a member of the conserved group of intracel-
lular cysteine proteinases of calcium regulation pathways,
which catalyzes the proteolysis of many specific sub-
strates. Among more than ten different members of the
Calpain family, micro (p)-Calpain and milli (m)-Calpain
have been described more commonly. They are universally
expressed and are named after their required amount of
Ca™™ concentration for their activity in vitro (Storr et al.
2011). p-Calpain and m-Calpain are both heterodimers
containing a catalytically active subunit and a regulatory
subunit, 80 kDa and 28 kDa, respectively. The regulatory
subunit is encoded by CAPSNS1 in both isoforms, whereas
the catalytic subunits are encoded by CAPN1 for p-Calpain
and CAPN?2 for m-Calpain (Aoki et al. 1986).

The regulatory and catalytic subunits contain two (DV
and DVI) domains and four (DI to DIV), respectively.
Once Calpains are activated by calcium, DI is autol-
yzed. The protease domain DII is split into Ila and IIb
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subdomains that, upon binding with calcium, protease
domain form a signal domain (II) that holds the catalytic
site. DIII possesses features of C2 domains, engaged in
structural modifications in the course of calcium-binding.
The two carboxy-terminal domains of DIV (catalytic subu-
nit) and DVI (regulatory subunit) comprise five EF-hands.
However, the fifth hand is not involved in binding with
calcium and assists subunits dimerization. At the regula-
tory amino-terminal, DVI holds a chain of glycine residues
that enables interaction with the plasma membrane. These
residues are autolyzed in Calpain activation (Imajoh et al.
1986). Clear roles have been demonstrated for Calpains
in several major cellular processes, such as cell apoptosis
and motility (Saez et al. 2007; Vosler et al. 2008; Ker-
biriou et al. 2009; Mani et al. 2009). Calpain activation
has been implicated in several pathological conditions
such as neuronal death following spinal cord injury (Win-
grave et al. 2003), cataracts, multiple sclerosis, neuronal
ischemia, central nervous system, and Alzheimer’s (Tsuji
et al. 1998), Parkinson’s (Mouatt-Prigent et al. 1996),
and amyotrophic lateral sclerosis (Ueyama et al. 1998).
Reportedly, Calpain is responsible for glial cell apoptosis
(Ray et al. 1999, 2002). Activation of Calpain has been
recently demonstrated in motor neurons of adult mice spi-
nal cord, which indicates a potential role for Calpain in
adult motor neuron apoptosis (Momeni 2011).

While the protease domains (DII) of different Calpains
are alike, other domains might show variations between
isoforms; thus, not all isoforms are calcium-dependent,
nor do they need the regulatory subunit (Sorimachi et al.
2010). Some isoforms in the Calpain family are univer-
sally expressed, like m-Calpain and p-Calpain. Some of
them are expressed in specific tissues, like Calpain 9,
described in the gastrointestinal tract (Sorimachi et al.
2010). Whereas mice with knockout Capnl- demonstrate
the lake of phenotype, Capnsli- and Capn2-knockout mice
die in the embryonic stage, suggesting the critical role
of Calpains in embryogenesis (Dutt et al. 2006). Some
phospholipids facilitate Calpain autolysis in the plasma
membrane, such as phosphatidylinositol, phosphatidylino-
sitol-4-monophosphate, and phosphatidylinositol-4, 5-bis-
phosphate (PIP2). Protein kinase Ci (PKCt) phosphoryl-
ates both m-Calpain and p-Calpain. This process is found
to be linked with an enhancement of the migration of cells
and the attacking of cancerous lung cells via the proteoly-
sis of focal adhesion proteins (focal adhesion kinase and
talin) and cleavage of inhibitors of nuclear factor-kB (IkB)
respectively. Calpain is additionally apoptosis-linked by
cleavage of BCL-2 family members, caspases, and apopto-
sis-inducing factors. ERK is directly involved in the phos-
phorylation of Calpain on a specific serine residue, affect-
ing cellular adhesion and motility. It possibly reduces the
concentration of calcium that is necessary for activating

calpain. The activity of Calpain can be negatively affected
by protein kinase A (PKA) as it can block the binding of
PIP2 in the C2 domain of Calpain (Storr et al. 2011). The
responsible mechanisms for Calpain binding and activa-
tion in the caveolae are known. Structural investigations
might suggest an involvement from domain III of Calpain
(Kifor et al. 2003). Like phospholipase A2, domain III
holds a characteristic C2 region that might bind to phos-
pholipids, for example, phosphatidylinositol 4, 5-bispho-
sphate (Goudenege et al. 2005).

These acidic loops of the C2 domain of phospholipase
A2 might be concerned with targeting the enzyme to the
plasma membrane in an analogous way to ER and Golgi
apparatus (Hood et al. 2004). Because of the C2 region
presence, Calpain might bind to PIP2 in pulmonary smooth
muscle caveolae, where Calpain is positioned in the vicin-
ity of its likely substrates of the cytoskeleton-associated
proteins, such as myristoylated alanine-rich C-kinase sub-
strate (MARCKS), calcium-sensing receptors (CaRs), and
cell signaling molecules (Goudenege et al. 2005) in the
caveolae (Kifor et al. 2003). During the endocytosis pro-
cess, the active Calpain cleaves the Talin-2 (TLN2) pro-
tein, and the p-integrin linkage with the cytoskeletal actin
is disrupted, which causes endocytosis. It has been found
that Angiotensin 2 increases the activity of p-integrin
(Kawano et al. 2000). Therefore, inhibition of Calpain is
by preventing the cleavage of TLN2 and the activation of
B-integrin, and subsequently, endocytosis could eliminate
the effects of activation of Angiotensin 2. Angiotensin 2
actives Calpain (Letavernier et al. 2008), and Calpain inhi-
bition can counteract the impact of its activation. Extra-
cellular space Ca** concentration is 1-10 mM, whereas
cytosol Ca*™™ concentration (Ca** i) is 0.1-1 M. It makes
an inward electrochemical gradient that forces Ca** entry
through the plasma membrane (Nakamura et al. 1999).
Smooth muscle Caveolae has several mechanisms for
increasing Ca**) such as reverse-mode NCX, voltage-
gated Ca™™ channels, and non-selective cation channels),
which all guarantee sufficient transient peak Ca** levels
to be met during activation. Therefore, NCX cleavage by
Calpain might result in Ca*™* efflux inhibition, which can
cause a persistent overload of calcium in the smooth mus-
cle of the pulmonary artery, which leads to pulmonary
hypertension (Ghosh et al. 2009). It has been shown that
by Calpain inhibition, the influx of extracellular into the
cells is also stopped (Waters et al. 1997).
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Calpain key role in COVID-19

COVID-19-induced inflammation and cell death
and its relationship with Calpain

As confirmed for the influenza A virus, the calcium entry
into the cytoplasm via sialic acid occurs by binding an
unidentified viral protein to the calcium channel (Fujioka
et al. 2018). In COVID-19, it has been shown that the
decrease in serum calcium concentration can be a marker
to determine the severity of the disease (Zhou et al. 2020a,
b). Calpain is activated by elevated intracellular calcium,
thereby triggering the viral endocytosis procedure by Talin
cleavage in locations wherein the viral S protein couples
to the ACE2 receptor (Franco et al. 2004). Activation of
Calpain, in turn, leads to the increased entrance of calcium
from the extracellular into the intracellular milieu by acti-
vating calcium channels, including TRPCS5 (Kaczmarek
et al. 2012) and TRPC6 (Verheijden et al. 2018). The acti-
vation of Calpain inhibits calcium efflux NCX1 cleavage
(Bano et al. 2005), resulting in increased intracellular cal-
cium and decreased extracellular calcium concentrations.
A reduction in serum calcium concentrations in COVID-
19 patients is one of the observed events. (Sun et al. 2020).
Blood pressure in COVID-19 patients may decrease sig-
nificantly due to this elevation along with the Ang-II
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factor. Some Calpain-digested extracellular calcium stays
in the extracellular milieu through Calpain suppression.
Extracellular Ca+ + can prevent pressure falls due to the
viral disease in the smooth muscle cells (Scholze et al.
2005). When SARS-CoV-2 enters the cytoplasm and its
proteins are translated, the viral E protein creates a chan-
nel in the ER membrane. Activation of these channels is
caused releasing calcium into the cytoplasm from the ER
lumen, leading to calcium overloading, which causes the
activation of the NLRP3 inflammasome (Fig. 1).

Calpain and SARS-CoV-2 entry

The proteolytic cleavage of coronavirus S proteins by host
cell-originated proteases is critical for entering the virus
in addition to receptor coupling. This procedure includes
cleaving the S1/S2 site by serine protease (the surface
trans-membrane protease serine two or TMPRSS2) which
facilitates viral entrance at the plasma membrane surface.
subsequently, cysteine protease activates SARS-CoV-2
Spike in endosomes (e.g., endolysosomal cathepsin L).
This results in compensation for entrance into cells lack-
ing TMPRSS2, thereby mediating the fusion of virus-cell
membrane at the cell surface and endosomal compartments
in respective order (Harrison et al. 2020). To determine the
role of cysteine protease for the entrance of SARS-CoV-2,
cells underwent treatment with inhibitors of cathepsin and
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Fig.1 Calpain’s role in COVID-19-induced inflammation
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Calpain. According to observations of cells treated with
E64D inhibitors (cathepsin B, H, L, and Calpain), the
entrance of SARS-CoV-2 decreased considerably by 92.5%.
Nevertheless, cells treated with the inhibitor of cathepsin L
and cathepsin B showed a decrease of more than 76% and
the non-significant entrance of the virus in respective order.
Besides demonstrating the crucial contribution of cathepsin
to SARS-CoV-2 entry, the findings indicate the essential
function of Calpain as well (Ou et al. 2020).

Notably, LAMP 2A is a substratum of Calpain 1 at the
lysosomal membrane surface. Activated Calpain, leading to
lysosomal stabilization, disrupts lysosomes, and suppression
of cathepsins prevents cellular death (Villalpando Rodriguez
and Torriglia 2013). Calpain has a significant function in
the viral entrance phase (Fig. 2). Calpain's inhibitors can
contribute to the suppression of viral entrance via plasma
membrane or endocytosis, conversion of the early endo-
some to late endosome dynamics, and viral multiplication
and propagation.

COVID-19-induced cytokine storm and its
relationship with Calpain

Acute respiratory distress syndrome (ARDS) mainly
causes the demise of COVID-19 with cytokine storms
(Fig. 3). A bulk of literature indicates that the acuteness of
COVID-19 is accompanied by elevated levels of inflamma-
tory mediators, such as cytokines and chemokines. Among
the increased inflammatory mediators, the circulatory
IL-6 concentration has a high correlation with the disease

SARS-CoV-2

é

fatality in COVID-19 (Zhou et al. 2020a, b), implying
that lethal COVID-19 is represented as a cytokine release
syndrome (CRS) (Hirano and Murakami 2020; McGona-
gle et al. 2020). Intravascular coagulation is among the
inducers of multi-organ dysfunction where the primary
mediators are inflammatory cytokines, particularly IL-6
(Guillén et al. 2020). The induction of the endocytosis of
ACE2 by SARS-CoV-2 infection and SARS-CoV in tar-
get cells, such as epithelial and endothelial cells, results
in high concentrations of serum angiotensin II (Ang II)
because of reduced ACE2 expressed at the surface. (Li
et al. 2003; Kuba et al. 2005).

Ang II functions in vaso-constriction and as a pro-inflam-
matory cytokine through Ang II type 1 receptor (AT1R).
Thus, it has been hypothesized that a renin-angiotensin
system (RAS) is responsible for the ARDS development
after SARS-CoV-2 infection (Hirano and Murakami 2020).
Treating mice with AT1R inhibitors or exogenic recombi-
nant ACE2 inhibits the development of the ARDS caused
by SARS-CoV infection (Kuba et al. 2005).

Furthermore, reports are available on the likely merit of
RAS inhibitors in patients with COVID-19. The ADAM
metallopeptidase domain 17 (ADAM17) is activated by the
Ang II-AT1R signaling axis, which subsequently absorbs the
membrane types of epidermal growth factor family members
(EGF, TGF, etc.). TNF-a, and the NF-kB route is stimu-
lated by the whole abovementioned factors. The ADAM17
enzyme also processes the membrane-bound IL-6Ra in a
solvable type (sIL-6Ra) along with ADAM10 (Eguchi et al.
2018) (Scheller et al. 2011). Hence, the assumed serum Ang
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II and sIL-6Ra are potential markers predicting the COVID-
19 acuteness.

Upon the generation of sIL-6Ra, the sIL-6R-IL-6 com-
plex through its coupling to gp130 transduces the intra-
cellular signaling. A signal transducer of IL-6, that shows
expression in non-immune cells, such as endothelial cells,
epithelial cells, and fibroblasts, even with no indication
of membrane IL-6R, and the Janus kinase (JAK)/STAT?3
is activated afterward. Ang II-ATIR signaling can form
an IL-6-interceded positive feedback loop of signaling in
NF-«kB, a process recognized as the IL-6 intensifier, in the
course of lung inflammation, after which the occurrence of
ARDS accompanied by multi-organ dysfunction and clotting
(Hojyo et al. 2020).

A crucial stage of rescue from acute COVID-19 has
suggested being cytokine storm treatment. Some of the
cytokines contributed to COVID-19 apply a distinctive intra-
cellular signaling route in which Janus kinases (JAKs) have
a mediatory role. JAK-STAT signaling pathway in cytokine
and chemokine responses is an important immunological
and immunopathological component in pathogenic viral
infections in humans. (Channappanavar and Perlman 2017).
Although the contribution of pro-inflammatory cytokines
and chemokines in pathological studies of COVID-19 has
not been evidenced directly, correlations have been observed
between high levels of serum cytokines and chemokines had
been observed to correlate with the disease acuteness and
complications clinically (Huang et al. 2020). The JAK-STAT
signaling route is critical in transducing the signaling of
Type I IFNs, which are generated in responding to bacterial

@ Springer

contagiousness. They are also the main contributors to pre-
venting viral multiplication at the initial phase of infection
(Mesev et al. 2019) (Perry et al. 2005).

The induction of Type II IFN (IFNy) signaling via the
mediation with JAK1-JAK2 complexes is reported to result
in improved antibacterial immunity and upregulated the
expression level of multiple genes induced by IFN, which
play the primary role in viral clearance (Schoggins et al.
2011) (Decker et al. 2005). JAK suppression can affect these
useful antibacterials and antiviral procedures by mediating
Type I IFN and IFNy.

A recent report by Blanco-Melo et al. indicates that
SARS-CoV-2 induces partial IFN-I and -III responses but a
robust chemotactic and inflammatory response, character-
ized by significant increases in IL-6, IL-1p, ILIRA, CCL2,
and CCLS levels. The authors showed that the decreased
expression of IFN in COVID-19 patients might be an
antagonistic mechanism of SARS-CoV-2, which evades the
response of Type I IFN to prevent the instigation of immune
cells and stimulation of IFN-induced genes (ISG) (Blanco-
Melo et al. 2020).

Furthermore, it is noteworthy that ACE2, the reputed
receptor of SARS-CoV-2, is an ISG with predominant
expression in epithelial cells of human airways (Ziegler
et al. 2020). There is a need for additional studies to clarify
if treating with the IFN-I could result in the upregulated
ACE2 and have the potential to improve infection in reputed
target cells for SARS-CoV-2 or using JAK inhibitors that
target IFN signal transmission would lower the risk of
SARS-CoV-2 disease. Thus, JAK suppression represents
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a fascinating therapeutical modality for CRS, which com-
monly causes unfavorable complications clinically in
COVID-19 (Luo et al. 2020). Slight suppression of IFN by
JAK inhibitors can lead to more positive aftermaths than
severe inhibition of IFN, resulting in other viral and accom-
panying bacterial infections.

The VE-cadherin, an inter-endothelial adhesion molecule,
and inhibitor of cytokine signaling 3 (SOCS3), an endogenic
JAK/STAT cytokine signaling inhibitor, has been recognized
as a substrate of the Calpain system (Calabrese et al. 2020).
It can be said that if Calpain is inhibited, the JAK/STAT
inhibitor will not be subjected to Calpain proteolytic action
and prevents the JAK/STAT system from being over-acti-
vated. Given the function of IL-6 in the induction of pulmo-
nary fibrosis, a strategy is to inhibit it for preventing fibrosis
due to COVID-19 viral infection. The damaging impacts of
IL-6 can be neutralized via inhibiting the JAK with Calpain
inhibitors. Accordingly, Calpain inhibitors can be used as an
effective strategy in (partial) inhibition of the JAK.

ANGII-mediated MMP induction and its
association with Calpain

Angiotensin II is responsible for matrix metalloproteinase
type 2 (MMP2) and the expression and activity of Calpain-1
in the arterial wall. Activated MMP?2 is secreted by the
cross-talk of two proteases, Calpain-1 and MMP2, leading
to ECM remodeling modulation through enhancement of

collagen synthesis and facilitation of vascular calcification
(Fig. 4).

MMP2 transcripts and protein concentrations and func-
tion are induced by overexpression of Calpain-1, partially
by raising the portion of membrane-type 1 MMPs to tissue
inhibitor of metalloproteinase 2. Such impacts of MMP2
activated by overexpression of Calpain-1 have a relationship
with elevated collagen I, III, synthesis and vascular calcifica-
tion. Transformation of growth factor-f1/Smad signaling,
elastin dissociation, alkaline phosphatase activity and the
total calcium level are also induced by the overexpression
of Calpain-1 (Jiang et al. 2012).

Platelet activation in COVID-19 and its
relationship with Calpain

According to a growing body of literature, COVID-19 sen-
sitizes patients to thromboembolic ailments. It indicates
(1) COVID-19 patients undergo elevated activity of in vivo
platelet, as demonstrated by highly activated alIbp3 and
expressed P-selectin; besides, viral RNA detected in the
blood robustly associated with hyperactivity of platelet. (2)
ACE2 and TMPRSS?2 are strongly expressed in platelets.
(3) Platelet activity and forming thrombus are promoted by
SARS-CoV-2 and its spike protein through the mitogen-acti-
vated protein kinase (MAPK) route downstream of ACE2.
And (4) platelet activity and forming thrombus caused by
SARS-CoV-2 can be blocked by recombinant human ACE2
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Fig.4 Relationship between Calpain and vascular calcification and fibrosis following COVID-19 1. Normal state of the vascular system 2. Bind-
ing of SARS-CoV-2 to the ACE2 receptor 3. Development of vascular calcification and fibrosis by Calpain and MMP2
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protein and anti-Spike monoclonal antibody treatments
(Zhang et al. 2020).

A highly combined occurrence of thrombotic cases has
increasingly been evidenced in COVID-19 patients with
critical complications, namely venous and arterial throm-
botic cases, and thrombocytopenia that is associated with
elevated death rate (Klok et al. 2020; Yang et al. 2020). Anti-
coagulation is associated with a low death rate risk with no
risk of bleeding diathesis amongst hospitalized patients with
COVID-19 (Tang et al. 2020).

Platelets, which mainly mediate thrombosis, undergo
hyperactivation in patients with COVID-19. According to
other recently published reports, a variety of platelet-acti-
vating processes, such as aggregation, adhesion, infiltration,
and inflammatory response, have contributed to lung dam-
age and microvascular thrombosis in SARS-CoV-2-related
pneumonia (Poissy et al. 2020) (Li et al. 2020), demonstrat-
ing the function of activated platelet in the pathogenicity of
COVID-19.

Recently, investigations have shown the hyperactivation
of platelets in COVID-19 patients. The biomarkers of plate-
let activation are linked to coagulation malfunction and the
combined consequence of stroke or demise (Zhang et al.
2020). The emphasis of such investigations is the concept
of likely activation of hyper inflammation and hypercoagu-
lability by the cytokine storm.

The phosphorylation of MAPK was detected in SARS-
CoV-2-induced platelets, and phosphorylation of ACE2
occurred sooner than MAPK signaling, suggesting MAPK
activation downstream of ACE2 induction. In support of this
observation, activated MAPK was attributed to ACE2 sign-
aling in lung cells (Chen et al. 2010).

Based on findings, MAPK inhibitors can reserve SARS-
CoV-2-stimulated platelet induction, which supports our
assumption of the MAPK-mediated induction of platelets.
Corresponding to these results, the promotion of throm-
boxane formation by MAPK phosphorylation via trigger-
ing cPLA?2 in platelets has been reported in a recently pub-
lished study (Manne et al. 2018). Besides, platelet secretion
and clot recantation are facilitated by activating MAPK by
inducing myosin light chain phosphorylation (Flevaris et al.
2009).

Furthermore, direct stimulation of releasing Factor V
and XIII by SARS-CoV-2 and its Spike protein occurred at
levels corresponding to thrombin induction and creation of
leukocyte—platelet aggregates (LPAs) (Zhang et al. 2020).

As significant sources of coagulation factors V and XIII in
o granules, platelets act as adhesion positions through expos-
ing their surface phosphatidylserine (PS) (Golebiewska and
Poole 2015). SARS-CoV-2 was found to stimulate platelets
for releasing both Factor V and Factor XIII. Platelets con-
tain a broad array of inflammatory cytokines in a granules
capable of rapid secretion once activated to contribute to the
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immune response (Koenen 2016). PF4, TNF-«, IL-8, and
IL-1p were secreted from platelets by stimulating SARS-
CoV-2 and its spike protein (Zhang et al. 2020).

Consequently, the elevated expression of phosphati-
dylserine and P-selectin results from activated platelets.
Following activated immunity, mitochondrial membrane
depolarization, up-regulation of Bax, down-regulation of
Bcl-XL, moderate induction of procaspase 3, and elevated
Calpain action were biochemical indications of cell death.
In the caspase three induction, the activity of Calpains has
significant contributions to platelet roles, including aggrega-
tion, adhesion, dispersion, and platelet-induced shrinkage of
blood clots (Mordakhanova et al. 2020).

Besides the Calpain inhibition effect on inhibition of
MAPK, Calpain function inhibition confirmed the reversion
of platelet hyperreactivity stimulated by hypoxia (Liu et al.
2016). An in vivo model of hypoxia-stimulated thrombosis
additionally proved a prothrombotic function for Calpain.
Plasma Calpain actions and soluble P-selectin levels rose in
patients who presented thrombosis while at the endmost alti-
tudes. The present research indicates that improved Calpain
function is linked to a high occurrence of thrombosis under
hypoxic settings (Tyagi et al. 2014).

This proves that platelet secretion, aggregation, and
spreading are regulated by Calpain, indicating that Calpain
has an initial contribution to platelet induction after stimulat-
ing thrombin receptors. Other regulative functions have also
been recognized for Calpain in initial cytoskeletal remod-
eling, such as secretion, aggregation, and spreading (Croce
et al. 1999).

The function of Calpain in the PIP2 pathway
in COVID-19

Phosphoinositides have multiple critical functions in endo-
cytosis, one of them is phosphatidylinositol-3,5-bisphos-
phate (PIP2), regulating early endosome to late endosome
dynamics. This indicates that the PIP2 pathway could be
deemed a promising general drug target for CoV infection.
Due to possible Calpain binding to PIP2, this conversion
can be disrupted by suppressing Calpain (Ou et al. 2020).

The main downstream effectors of PIP2 are two-pore
channel subtype 2 (TPC2) and TRPML.1 in lysosomes. TPC2
action is blocked by tetrandrine, an inhibitor for TPC2, and
declined entrance of SARS-CoV-2 S pseudovirions indicates
the importance of TPC2 for SARS-CoV-2 entrance (Ou et al.
2020). PI (3, 5) P2 may contribute to SARS-CoV-2 entry
through its main effectors in lysosomes.

Multiple cytoskeletal regulatory functions are respon-
sible for endocytosis, one of which is talin triggered by
PPIs, among the PIP2 importantly regulates cytoskeletal
and membrane dynamics. The cellular impact of PIP2 level
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manipulation is rather evident in cells: its increased genera-
tion results in highly increased cellular Factin and decreased
PIP2 concentrations or sequestration by overexpressed PIP2
scavengers, leading to diminished actin assemblage and
separation of the membrane from the internal cytoskeleton.
A proposed variant of coincidental induction is that PIP2
contributes to the localization of talin as an actin-mem-
brane linker to the plasma membrane, which is activated
afterward. Talin is a multi-domain protein maintained in an
inactive cytosolic mode by inhibitive interplays amongst its
different domains. Such an auto-inhibition is relievable by
PIP2 for activating talin binding to both the F-actin and the
transmembrane adhesion protein integrin. Talin also cou-
ples to phosphatidylinositol 4-phosphate 5-kinase gamma
(PIPKIy2) upon phosphorylation of the enzyme with AKT.
PIPKIy2 couples to the plasma membrane, wherein it gen-
erates PIP2 from its precursor PIP, after which the freshly
produced PIP2 couples to neighboring talin (Janmey et al.
2018).

According to the abovementioned observations (cases),
PIP2 in lysosomes and endosomes may also involve SARS-
CoV-2 entrance (endocytosis). In animals, selective cataly-
sis of the phospholipid PIP2 hydrolysis by PLC is done on
the glycerol side of the phosphodiester bond (Kuchay and
Chishti 2007). The phospholipase C-p (PLC-p) and protein
kinase C (PKC) have also been identified as Calpain sub-
strates. They have the potential of modulating downstream
signaling routes of secretive procedures in responding to a
variety of agonists (Kuchay and Chishti 2007). Researches
showed, during cell attachment, 32P-labeled phosphatidic
acid and PIP2, products of phospholipase C and phospho-
inositide 3-kinase functions, increases. Adding the Calpain
inhibitor led to substantial reductions in phosphatidic acid
and PIP2. PLC induction regulated with Calpains could be
critical for controlling PtdIns-4,5-P2 and diacylglycerols
synthesis, having significant contributions to regulating
actin-associated proteins (Paulhe et al. 2001).

Calpain’s role in SARS-CoV-2 replication

The SARS-CoV-2’s major protease, crucial to the viral mul-
tiplication and propagation in the host cells, is named Mpro.
The inhibition of this protease blocks the multiplication;
thus, it is an exciting target for antiviral drug innovation.
Among over 13,000 drugs present in the DrugBank,
inhibitive compounds of Mpro were found through a vir-
tual screening by the E-pharmacophore modeling approach
according to an energy-optimized pharmacophore hypoth-
esis. The development of this hypothesis was established on
the crystallographic construct of Mpro in a complex with a
non-covalent inhibitor. Accordingly, 1000 drugs were cho-
sen as the best hits in the uppermost ranks concerning the

fitness score. Later, exploiting molecular docking through
high-throughput virtual screening (HTVS), standard preci-
sion (SP), and extra precision (XP) docking modules, addi-
tional screening of these hits was carried out. Only 30 drugs
were chosen from this pool docked Mpro, for which bind-
ing free energy was estimated by the MMGBSA approach,
with the final selection of eight drugs. Two (DB04653 and
DB02243) of eight potential inhibitors of Mpro among
these experimental drugs are cysteine protease inhibitors.
DB04653, named Calpain inhibitor IV, is a reputed inhibitor
of Calpain, a calcium-dependent cysteine protease (Fitness
score =0.536, Glide core (Kcal/mol) = —8.342, and Binding
Free Energy (kcal/mol)= —81.28). DB02243 is an inhibi-
tor of Cathepsin F, a protease that belongs to the papain
family of cysteine proteases (Fitness score =1.083, Glide
core (Kcal/mol)= —7.281, and Binding Free Energy (Kcal/
mol)= —101.52) (Abhithaj et al. 2020).

Since the Mpro has a vital contribution to coronavirus
multiplication, Chunlong Ma et al. reportedly discovered
inhibitors that target the SARS-CoV-2 key protease (Mpro),
aiming at developing potent Mpro inhibitors as SARS-
CoV-2 antivirals. Amongst a set of examined protease
inhibitors, multiple inhibitors, such as boceprevir, GC-376,
and Calpain inhibitors II, and XII, were detected to active
enzymatic assay figure submicromolar IC50 levels. It is
noteworthy that Calpain inhibitors II and XII characterize
new chemotypes as being distinctive from reputed substrate-
based peptidomimetic Mpro inhibitors.

Uncovering Calpain II and XII inhibitors as potential
SARS-CoV-2 antivirals implies that it was possibly plausible
to develop dual inhibitors against the viral Mpro and the host
Calpains/cathepsins, which both are critical for viral multi-
plication. The inhibition constants (KI) are 1.18+0.10 pM,
1.57+0.13 pM, 0.40+0.02 pM, and 0.13 +0.02 pM for
boceprevir, MG-132, and Calpain inhibitors II and XII,
respectively. The most potent compound was Calpain inhibi-
tor XII, which displayed an EC50 of 0.49 uM in the primary
CPE test and an EC50 of 0.78 pM in the secondary VYR
test. Inhibitors of Calpain and cathepsin such as MDL28170
(Calpain inhibitor III), 33 MG-132, and 34 Calpain inhibi-
tor VI previously have been identified to suppress SARS-
CoV multiplication under in vitro conditions. In addition
to the high potentiality of selectivity toward both Mpro and
Calpain/cathepsin extra advantage of these dual inhibitors
could be their high genetic barricade to drug resistance (Ma
et al. 2020).

Putative Calpain inhibitors
Studies on Calpain inhibitors and knockdown experiments

confirm that inhibition of Calpain inhibits SARS-CoV rep-
lication by MG132 (Schneider et al. 2012). It is reported
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that Calpain-1 is a defensive mechanism in neuronal cell
activation through employing selective inhibitors. Inser-
tion and activation of Calpain-2 on the plasma membrane
are responsible for cell damage (Martines et al. 2017).
Studies have previously shown that viral ORFs generate
proteins that activate the cellular death mechanism. Cal-
pain, activated by extracellular calcium increase caused
by virus contamination, seems to play a regulating role
in apoptosis or, at least, aggravates it. Calpain inhibi-
tion is capable of blocking this pathway to a great extent.
Extracellular space calcium can serve as a vasoconstric-
tor against virus-mediated vasodilation. Calpain inhibition
inhibits endocytosis through which SARS-CoV-2 gains
entry to the host cell.

SNJ-1945 is a metabolically stable and permeable com-
pound demonstrated to reduce in vivo and in vitro retinal cell
death. Another inhibitor of Calpain, MDL28170, has been
shown to serve as a protective factor against excitotoxicity.
E64, leupeptin, and BDA-410 are Calpain inhibitors that
have also been reported to exert protective effects on AD cell
culture. Along with other inhibitors such as SJA6017 and
ALLN, there is a recently manufactured A-705053 that can
be orally administrated and has enhanced pharmacokinet-
ics. It indicates a preventive function against dynamin-1 in
primary hippocampal neurons culture mediated by Calpain,
as well as being an effective preventive, simultaneous, or
curative treatment when used for AB-triggered neurodegen-
eration in nucleus basalis magnocellularis (Mahaman et al.
2019).

BLD-2660 is a new, artificial, orally active, small-mole-
cule inhibitor of Calpain (CAPN) 1, 2, and 9, having selec-
tivity over the cathepsins and other protease families. This
compound is metabolically stable and permeable, orally
bioavailable, besides has low cytochrome P450 (CYP) sup-
pression. Thanks to these properties, it has been developed
for the therapy of COVID-19, wherein there are consider-
able unfulfilled medical needs (ClinicalTrials.gov Identifier:
NCT04334460).

Although various compounds have been proposed for the
treatment of COVID-19, the necessary and appropriate effi-
cacy to combat the effects of this disease has not yet been
achieved. Due to the wide range of symptoms in patients
with this disease, it seems that a compound that can disrupt
various aspects of the virus in the cell has a better chance
of clinical success. This compound can be used as a treat-
ment and front line against this virus along with the use
of vaccines. As mentioned, Calpain has a variety of roles
in the pathogenesis of COVID-19. Thus, inhibition of Cal-
pain leads to a reduction or inhibition of processes such as
SARS-CoV-2 entry into the cell, maturation of the primary
endosome to the secondary endosome, virus replication,
development of ARDS, CRS, MMP induction, inflamma-
tion, and platelet activation. This therapeutic strategy has the
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potential to dramatically reduce the morbidity and mortality
of COVID-19.
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