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Roles of host proteases in the entry 
of SARS-CoV-2
Alexandria Zabiegala1, Yunjeong Kim1 and Kyeong‑Ok Chang1*   

Abstract 

The spike protein (S) of SARS‑CoV‑2 is responsible for viral attachment and entry, thus a major factor for host suscep‑
tibility, tissue tropism, virulence and pathogenicity. The S is divided with S1 and S2 region, and the S1 contains the 
receptor‑binding domain (RBD), while the S2 contains the hydrophobic fusion domain for the entry into the host cell. 
Numerous host proteases have been implicated in the activation of SARS‑CoV‑2 S through various cleavage sites. 
In this article, we review host proteases including furin, trypsin, transmembrane protease serine 2 (TMPRSS2) and 
cathepsins in the activation of SARS‑CoV‑2 S. Many betacoronaviruses including SARS‑CoV‑2 have polybasic residues 
at the S1/S2 site which is subjected to the cleavage by furin. The S1/S2 cleavage facilitates more assessable RBD to 
the receptor ACE2, and the binding triggers further conformational changes and exposure of the S2’ site to proteases 
such as type II transmembrane serine proteases (TTPRs) including TMPRSS2. In the presence of TMPRSS2 on the 
target cells, SARS‑CoV‑2 can utilize a direct entry route by fusion of the viral envelope to the cellular membrane. In 
the absence of TMPRSS2, SARS‑CoV‑2 enter target cells via endosomes where multiple cathepsins cleave the S for the 
successful entry. Additional host proteases involved in the cleavage of the S were discussed. This article also includes 
roles of 3C‑like protease inhibitors which have inhibitory activity against cathepsin L in the entry of SARS‑CoV‑2, and 
discussed the dual roles of such inhibitors in virus replication.

Introduction
Coronaviruses are enveloped, single stranded, positive 
sense RNA viruses and pathogens of humans and a wide 
variety of animals (Perlman et  al. 2020). Since the dis-
covery of avian infectious bronchitis virus (IBV) in 1931 
(Seifried 1931), a diverse range of coronaviruses have 
been reported to cause diseases in humans and animals. 
In domesticated animals, coronavirus infections cause 
significant losses to the livestock industry and emo-
tional distress for the owners of critically ill companion 
animals. Examples of coronaviruses that impact the live-
stock industry include transmissible gastroenteritis virus 

(TGEV) and porcine epidemic diarrhea virus (PEDV) in 
swine (Liu and Gerdts 2021), bovine coronavirus (BCoV) 
in cattle (Vlasova and Saif 2021), IBV in poultry (Miłek 
and Blicharz-Domańska 2018) and mink coronavirus 
in mink (Vlasova et  al. 2011). In companion animals, 
feline (Pedersen et al. 2008), ferret (Provacia et al. 2011), 
and canine coronaviruses (Licitra et  al. 2014; Erles and 
Brownlie 2008) infect respective species causing local or 
systemic infections. In humans, four types of respiratory 
coronaviruses are associated with common cold (HCoV-
229E, HCoV-NL63, HCoV-OC43 and HCoV-HKU1). 
Over two decades ago, in 2002, a novel coronavirus, 
severe acute respiratory syndrome-associated coronavi-
rus (SARS-CoV), caused outbreaks in Guangdong, China, 
which then spread to multiple countries (Perlman et  al. 
2020; Feng et al. 2009).

While SARS-CoV outbreak was contained with its last 
known case in 2004 (W.H.O. 2004), In 2012, Middle East-
ern respiratory syndrome virus (MERS-CoV) emerged in 
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Saudi Arabia (Perlman et al. 2020; Lu and Liu 2012) as a 
zoonotic disease acquired from dromedary camels. Per-
son-to-person transmission is not efficient with MERS, 
except for in healthcare settings (Dudas et al. 2018), but 
mortality rates up to approximately 35% was observed 
(W.H.O. 2022). MERS-CoV still circulates today, primar-
ily in the Middle East, Africa and southern Asia, where 
infected dromedary camels transmit the virus to people 
through direct and indirect contact. Seven years later in 
2019, another novel coronavirus, SARS-related coronavi-
rus 2 (SARS-CoV-2) emerged (Huang et al. 2020), caus-
ing very mild to severe respiratory symptoms with an 
elevated mortality in the people with underlying health 
conditions or older age groups (Ma et  al. 2021a; C.D.C.   
2022). Unlike its two novel predecessors, SARS-COV-2 
spread worldwide, resulting in W.H.O. declaring Covid-
19 pandemic in March 2020.

Bat species are considered the major animal res-
ervoir for coronaviruses as well as other viruses that 
infect mammals (Irving et al. 2021; Latinne et al. 2020), 
and many coronaviruses infecting humans and animals, 
including SARS-CoV, MERS-CoV and SARS-CoV-2, can 
be traced back to them (Irving et al. 2021; Cui et al. 2019; 
Hu et al. 2017). The expansion of human populations and 
domestic species has increased the interaction with bat 
populations (Cui et  al. 2019), which is likely to increase 
the risk of interspecies transmission. Thus, there is a 
growing concern that novel coronaviruses would periodi-
cally emerge and cause outbreaks in human populations 
(Hu et al. 2017).

Entry of coronavirus into host cells is the key step 
that determines host susceptibility (Perlman et  al. 
2020). The spike protein (S) of coronavirus is responsi-
ble for viral attachment to the receptor and subsequent 
entry into its host cells (Perlman et  al. 2020). It con-
sists of a trimer and each monomer has two parts, the 
S1 and S2 region. The S1 contains the receptor-binding 
domain (RBD) which mediates viral attachment to the 
host cell functional receptor, while the S2 contains the 
hydrophobic fusion domain that facilitates viral mem-
brane fusion and entry into the host cells (Perlman 
et  al. 2020). Following the release of the virus from 
cells, the RBD alternate between open (‘up’ and recep-
tor accessible) and closed (‘down’ and receptor inacces-
sible), and open RBD binds to the functional receptor 
such as the angiotensin converting enzyme-2 (ACE2) 
for SARS-CoV and SARS-CoV-2 (Starr et al. 2020; Lan 
et al. 2020; Beniac et al. 2007; Yuan et al. 2017). Recep-
tor binding causes a conformational change of the S, 
resulting in exposure of the S2’ site, and the proteo-
lytic cleavage leads to expose the fusion peptide to cell 
membrane (Perlman et  al. 2020; Gallagher and Buch-
meier 2001). The S2’ site and the fusion peptide are well 

conserved among coronaviruses (Perlman et  al. 2020). 
Mutations in S protein are associated with changes in 
susceptible animal host, tissue tropism, virulence or 
pathogenicity (Perlman et al. 2020).

The role of host protease on the activation of SARS‑CoV‑2 S 
protein and virus entry
Proteases are one of the most abundant proteins with 
human and animal genomes encoding approximately 600 
proteases (~ 2% of the genomes) (Puente et al. 2003). Pro-
teases are involved in many physiological processes such 
as digestion, protein activation/turnover, blood coagula-
tion, wound healing, fertilization, cell differentiation and 
growth, cell signaling, immune response, and apoptosis 
(Puente et al. 2003). Moreover, proteases are involved in 
the cleavage and activation of proteins that are produced 
as proproteins, a process that requires tightly regulation 
to protect cells from active (enzymatically or structurally) 
proteins in the wrong places. Therefore, protease activity 
is controlled by naturally occurring protease inhibitors to 
prevent uncontrolled, poorly regulated, or undesired pro-
tease activity (Turk 2006). Several proteases have been 
implicated in the activation (cleavage) of SARS-CoV-2 
S at various cleavage sites. Summary of host proteases 
on their distribution, function, cleavage specificity and 
potential roles in SARS-CoV-2 S activation is listed in 
Table 1. Figure 1 summarizes overall structures of SARS-
CoV-2, SARS-CoV and MERS-CoV S and the cleavage 
sites of various proteases.

Protease cleavage sites in S of SARS‑CoV‑2 and other 
coronaviruses
The S1/S2 site divides S1 and S2, and Fig. 1B shows the 
conservation of arginine/serin at the site among SARS-
CoV, MERS-CoV and SARS-CoV-2. Most betacorona-
viruses except SARS-CoV contain additional arginine 
residue(s) at the S1/S2 site as shown in Fig. 1B which can 
be cleaved by furin (Hoffmann et al. 2020a; Garten 2018; 
Bergeron et  al. 2005; Jaimes et  al. 2020; Bertram et  al. 
2013; Coutard et  al. 2020). SARS-CoV-2 contains more 
arginine residues than other known betacoronaviruses 
with the polybasic cleavage motif (R-R-X-R-R motif ) 
at S1/S2 site (Fig.  1B). The polybasic motif matches the 
minimal basic motif of RXXR recognized by furin (Gar-
ten 2018), a substillin-like protease present in the Golgi 
apparatus and is  involved in the processing of a wide 
variety of proproteins into their active state (Shiryaev 
et al. 2013; Remacle et al. 2008). As furin is ubiquitously 
present in most organs, it has been proposed that the 
presence of the polybasic motif mediates SARS-CoV-2 
entry into different cell types in multiple organ systems. 
The polybasic site was reported to be associated with 
virulence and tropism of various viruses, most notably 
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Table 1 Summary of host proteases on their distribution, function, cleavage specificity and potential roles in SARS‑CoV‑2 S activation

Protein Tissue 
distribution

Cell distribution Function Cleavage P2‑P1 / 
P1’‑P2’

S activation Reference

Furin Ubiquitous Golgi body Cleavage of a wide 
variety of propro‑
teins into active 
mature proteins

RXK/RR S1/S2, RBD (454), 
S2’(812)

Hoffmann et al. 
2020a; Garten 2018; 
Bergeron et al. 2005; 
Jaimes et al. 2020; 
Coutard et al. 2020; 
Shiryaev et al. 2013; 
Remacle et al. 2008

Trypsin Synthesized in 
pancreas, activated 
in small Intestine

Intra‑ luminal Digestion of pro‑
teins in the GI tract

K or R at P1 S1/S2 Woessner et al. 2004; 
Kim et al. 2022b

Pancreatic elastases Synthesized in 
pancreas, activated 
in small Intestine

Intra‑luminal Digestion of pro‑
teins in the GI tract

W, Y, F, L at P1 ? Matsuyama et al. 
2005; Belouzard et al. 
2010

Neutrophil elastase Neutrophils Extra‑cellular Destroys bacteria 
and localizes neu‑
trophil extracellular 
traps

W, Y, F, L at P1 thr795 Matsuyama et al. 
2005; Voynow and 
Shinbashi 2021; 
Kawabata et al. 2002; 
Kaplan and Radic 
2012; Szturmowicz 
and Demkow 2021)

Matrix metal‑
lopeptidase‑12 
(Macrophage 
elastase)

Macrophage Extra‑cellular Breakdown of 
extracellular matrix

L at P1 ? Shapiro et al. 2004; 
Guizani et al. 2021

TMPRSS2 tract Mainly epithelial 
cells of the lung 
and prostate. Heart, 
Liver, and GI tract

Trans‑membrane Digestion, tissue 
remodeling, blood 
coagulation, fertil‑
ity, inflammatory 
responses

K or R at P1 S2’(812) Anonymous. 2022; 
Lam et al. 2015; Koch 
et al. 2021

HAT Ciliary respiratory 
epithelial cells

Trans‑membrane Promotes mucus 
production

K or R at P1 S1/S2 Takahashi et al. 2001; 
Chokki et al. 2004; 
Bertram et al. 2011; 
Evnin et al. 1990

Matriptase Oral epithelium, 
epidermis, Mam‑
mary Epithelium

Trans‑membrane Activation of 
hepatocyte growth 
factor, hair follicle 
growth, terminal 
differentiation of 
oral epithelium and 
epidermis

K or R at P1 ? Baron et al. 2013; 
Oberst et al. 2003; 
List et al. 2006a; List 
et al. 2006b; List et al. 
2002; Béliveau et al. 
2009; Beaulieu et al. 
2013

Corin Cardiac myocytes, 
uterus

Trans‑membrane Converts pro‑ANP 
to mature ANP 
(cardiac hormone)

K or R at P1 ? Yan et al. 2000; Bailey 
et al. 2021; Lindner 
et al. 2020

Cathepsin B Widely distributed Endosome / lyso‑
some

Degrades proteins 
in endosome/lyso‑
some for recycling. 
Degrades amyloid 
beta, activation 
of pro hormone/
enzyme, trypsin 
activation, activates 
cathepsin D

G or F at P1  S1 (542),  and 
suggested other 
cleavage activity

Anonymous. 2022; 
Yadati et al. 2020; 
Biniossek et al. 2011; 
Bollavaram et al. 2021

Cathepsin K Endosome / lyso‑
some

TLR signaling, 
processing of 
B‑endorphin in 
the brain, bone 
remodeling

Hydrophobic 
residue in P2

Suggested cleav‑
age activity

Anonymous. 2022; 
Yadati et al. 2020;  
Bollavaram et al. 
2021; Choe et al. 
2006
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in the hemagglutinin protein of avian influenza (Gar-
ten et al. 1994; Stieneke-Gröber et al. 1992; Decha et al. 
2008; Horimoto and Kawaoka 1995). The polybasic cleav-
age site has been directly linked to severe and systemic 
pathogenesis (Acland et al. 1984; Schrauwen et al. 2012) 
in bird populations, whereas influenza strains lacking the 
polybasic cleavage site are typically limited to the respira-
tory and gastrointestinal tracts (Bertram et al. 2010; Song 
et  al. 2021). The S1/S2 cleavage facilitates more assess-
able RBD to the receptor ACE2 (Berger and Schaffitzel 
2020), and receptor binding causes a conformational 
change of the S, resulting in exposure of the S2’ site, and 
the proteolytic cleavage leads to expose the fusion pep-
tide to cell membrane (Perlman et  al. 2020; Gallagher 
and Buchmeier 2001; Millet and Whittaker 2014; Bestle 
et al. 2020; Papa et al. 2021). The cleavage of the S2’ site 
allows for shedding of the S1 subunit and HR1 in S2 fur-
ther undergoes a dramatic refolding transition, which 
triggers insertion of the fusion peptide into the target cell 
membrane (Walls et al. 2017; Li et al. 2006; Jackson et al. 
2022). In the presence of type II transmembrane serine 
proteases (TTSPs) such as transmembrane protease ser-
ine 2 (TMPRSS2) (Bestle et al. 2020; Glowacka et al. 2011; 
Shirato et  al. 2013; Hoffmann et  al. 2020b; Reinke et  al. 
2022; Belouzard et al. 2009; Vankadari et al. 2022), SARS-
CoV-2 can utilize a direct entry route by fusion of the 
viral envelope to the cellular membrane (Simmons et al. 
2005; Bosch et al. 2008). In the absence of this protease, 
the virus has been shown to utilize an endosomal entry 
route through processing of the S by endosomal cath-
epsins (Simmons et al. 2005; Bosch et al. 2008). In SARS-
CoV, though exogenous trypsin may have activity at the 

S1/S2 site in  vitro (and gastrointestinal track in  vivo), 
there is limited to no activation by host furin in entry 
studies of SARS-CoV (Bergeron et  al. 2005; Belouzard 
et al. 2009; Yao et al. 2004; Watanabe et al. 2008).

TMPRSS2
TMPRSS2 is a transmembrane serine protease pri-
marily expressed in lung and prostate tissue, but is 
also expressed in a lower amount in heart, liver and GI 
tract (Anonymous. 2022). The exact physiological func-
tion of TMPRSS2 is unknown at this time, as knockout 
mice showed no phenotypic changes when the protease 
was not expressed (Kim et al. 2006), though it has been 
linked to various processes through its role in can-
cer pathogenesis (Lam et  al. 2015). Many studies have 
shown that the presence of TMPRSS2 is a major determi-
nant of SARS-CoV-2 entry route into respiratory tracts 
(Koch et al. 2021). The entry of SARS-CoV-2 in various 
tissues occurs through different pathways depending 
on the expression levels of TMPRSS2 and other recep-
tors (Jackson et al. 2022; Koch et al. 2021). While it was 
shown that TMPRSS2 can cleave the S2’ site (Bestle 
et  al. 2020) (Fig.  1), it is uncertain whether other sites 
such as S1/S2 are processed by TMPRSS2. Some stud-
ies indicate that TMPRSS2 acts only on the S2’ cleavage 
site (Bestle et al. 2020), while others reported that it may 
have activity at both sites (Reinke et al. 2022; Belouzard 
et al. 2009). Though the cleavage potential of TMPRSS2 
is still debated, it has been demonstrated in SARS-CoV 
(Glowacka et  al. 2011), MERS-CoV (Millet and Whit-
taker 2014), and SARS-CoV-2 (Koch et al. 2021) that the 
presence of TMPRSS2 is the determining factor for the 

Table 1 (continued)

Protein Tissue 
distribution

Cell distribution Function Cleavage P2‑P1 / 
P1’‑P2’

S activation Reference

Cathepsin L Widely distributed Endosome / lyso‑
some

Degrades proteins 
in endosome/lyso‑
some for recycling. 
Antigen and li 
chain processing, 
pheromone pro‑
cessing,  control‑
ling neutrophil 
elastase activity

Hydrophobic 
aromatic residues 
at P1

259 & 636, 697? Anonymous. 2022; 
Biniossek et al. 2011; 
Bollavaram et al. 
2021; Zhao et al. 2022

Cathepsin S Widely distributed Endosome / lyso‑
some

Antigen processing 
and presentation, li 
chain processing

Cleavage after 
basic or hydropho‑
bic residues

Suggested cleav‑
age activity

Anonymous. 2022; 
Yadati et al. 2020; 
Biniossek et al. 2011; 
Bollavaram et al. 
2021; Choe et al. 
2006

Cathepsin V Widely distributed Endosome / lyso‑
some

Natural killer cell 
and cd8+ cytotoxic 
cell production

? Suggested cleav‑
age activity

Anonymous. 2022; 
Yadati et al. 2020; Bol‑
lavaram et al. 2021; 
Choe et al. 2006
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entry route utilized, and that cells expressing this pro-
tease allow an increased viral entry and replication.

Cathepsins
In the absence of TMPRSS2, SARS-CoV-2, as well 
as MERS-CoV, can utilize endosomal entry route 
(Glowacka et  al. 2011; Koch et  al. 2021; Zhao et  al. 
2021; Huang et  al. 2006; Gierer et  al. 2013). A recent 
report showed that the SARS-CoV-2 Omicron variants 
may rely more on the endosomal entry than TMPRSS2 
mediated cell entry (Willett et  al. 2022), suggesting 

there are variations on the virus entry among SARS-
CoV-2 variants. Cathepsins are mainly localized in 
the endolysosomes and perform a variety of functions 
such as processing proproteins, hormones and antigens 
(Yadati et al. 2020; Scarcella et al. 2022). The key cath-
epsin protease utilized by coronaviruses for cell entry 
is cathepsin L, a cysteine protease which preferentially 
cleaves peptide bonds with nonpolar, aromatic resi-
dues (Biniossek et al. 2011). It is present in most tissues, 
including respiratory epithelium, proximal tubules of 
kidney, cardiomyocytes, and glandular cells of duode-
num and colon (Anonymous. 2022). Cathepsin L is also 
known to activate the entry of various viruses, includ-
ing Hendra virus and Ebola virus (Chandran et al. 2005; 
Pager and Dutch 2005). SARS-CoV (Bosch et al. 2008), 
MERS-CoV (Kleine-Weber et  al. 2018), and SARS-
CoV-2 have the predicted cleavage sites of multiple 
cathepsins including cathepsin L and B in the S protein. 
In SARS-CoV-2 S protein, the cleavage sites are pre-
dicted to be at sites near S1/S2 and near S2’ (Bollavaram 
et al. 2021) (Fig. 2), or cleavage of S protein by cathep-
sin was observed at two sites in S1 (Fig. 2) (Zhao et al. 
2022). While the precise cleavage sites of cathepsin are 
to be determined, cleavage of S protein upstream of the 
fusion peptide would allow priming of S2 for fusion of 
virus and the endosome membrane.

Fig. 1 Experimentally observed host protease cleavage sites in S of 
SARS‑CoV‑2, SARS‑CoV and MERS‑CoV. A. The S is divided into two 
portions: S1 and S2. S1 contains the receptor‑binding domain (RBD) 
where the receptor‑binding motif (RBM) interacts with the functional 
receptor (ACE2 or DPP4). The S2 domain contains the fusion domain, 
which is responsible for viral entry into the cell. In betacoronavirus 
entry studies, two cleavage sites have been observed as S1/S2 
which is cleaved to cause a conformational change to facilitate 
binding to the functional receptor and S2’ which is cleaved to 
expose the fusion domain to allow for viral entry. The S2’ site is highly 
conserved among all coronaviruses and is cleaved by TMPRSS2. (a) 
In SARS‑CoV‑2, the S1/S2 cleavage site can be cleaved by host furin 
and trypsin, and two cathepsin L cleavage sites have been observed 
in S1 region as pictured. (b) SARS‑CoV is unable to be cleaved by 
host furin but has been observed to be cleaved at the S1/S2 site 
experimentally by trypsin (Kim et al. 2022b). In addition to TMPRSS2 
cleavage at S2’ site, human airway trypsin‑like protease (HAT) has 
also been experimentally observed to have cleavage activity at the 
site. (c) MERS‑CoV S is able to be cleaved by the same proteases as 
SARS‑CoV‑2 in the S1/S2 and S2’ sites. B. The multibasic arginine (R) 
resides observed in S of SARS‑CoV‑2 and MERS‑CoV in the S1/S2 
region allow for the cleavage of host furin, which shows a specificity 
for the motif RXXR. S2’ is highly conserved among coronaviruses, as it 
is responsible for exposing the fusion domain to allow for cell entry

Fig. 2 PACMAN prediction of SARS‑CoV‑2 cathepsin cleavage sites. 
A PACMAN predicted cleavage site of SARS‑CoV‑2 near S1/S2 and 
S2’ by cathepsins K, L, S and V aligned with other coronaviruses 
of importance. *Cathepsin L has also been predicted to cleave at 
this site in studies of MERS‑CoV S. B Predicted cleavage site of the 
cathepsins near the S2’ cleavage site



Page 6 of 14Zabiegala et al. Animal Diseases            (2023) 3:12 

One group utilized a Protease-ase cleavages from 
MEROPS ANalyzed Specificities (PACMANS) system 
to predict and rank potential cleavage sites of SARS-
CoV-2 S protein, finding high probability of cleavage at 
sites near S1/S2 and near S2’ (Bollavaram et  al. 2021) 
(Fig.  2). Experimentally, there were two sites observed 
by one group in S1 for cathepsin L cleavage on SARS-
CoV-2 (Fig. 1B) (Zhao et al. 2022). Figure 3 summarizes 
the entry of SARS-CoV-2 in the presence or absence of 
TMPRSS2 on the membrane.

Other cathepsins were also reported to be involved 
in the activation of SARS-CoV-2 S protein. Those cath-
epsins include cathepsin B (CTSB), cathepsin K (CTSK), 
cathepsin S (CTSS), and cathepsin V (CTSV) (Bolla-
varam et al. 2021), all of which cysteine proteases showed 
a similar preference for cleavage site as cathepsin L 
(Fig. 2). Cathepsin B is widely distributed throughout the 
body (The Human Protein Altas. 2022) and is responsi-
ble for activation of various proenzymes, prohormones 
and trypsin (Yadati et  al. 2020). It has fairly nonspecific 
cleavage sites (Biniossek et al. 2011), and had little to no 
effect on SARS-CoV-2 entry when cathepsin B selective 
inhibitors were used (Murata et al. 1991; Ou et al. 2020). 
Cathepsin K is another cysteine protease with a prefer-
ence of branched hydrophobic residues at the cleavage 
sites (Choe et al. 2006) and primarily expressed in osteo-
clasts for bone remodeling but also involved in Toll-like 
receptor signaling and processing of B-endorphin in the 
brain (Yadati et al. 2020). Cathepsin S is present in a wide 
variety of tissues including ciliated cells of the nasophar-
ynx, lung macrophages, and glandular cells in the GI 
tract and gall bladder (The Human Protein Alas.  2022) 
and involved in antigen processing and presentation and 
light chain processing (Yadati et  al. 2020). It has fairly 
nonspecific cleavage activation (Biniossek et  al. 2011) 
but appears to favor branched hydrophobic residues like 
cathepsin K (Choe et  al. 2006). Cathepsin V is widely 
distributed throughout the body (Anonymous. 2022) 
and involved in the regulation of natural killer cells and 
 CD8+ cytotoxic cells (Yadati et  al. 2020). Like cathepsin 
L, cathepsin V appears to prefer aromatic hydrophobic 
amino acids (Choe et  al. 2006). The current data which 
suggest the involvement of these cathepsins on the pro-
cessing of SARS-CoV-2 S protein are mainly based on in 
silico modelling (Bollavaram et al. 2021). Thus, the roles 
of these various cathepsins in the activation of coronavi-
rus S protein remains to be determined experimentally.

Elastase
Elastases are a diverse group of serine proteases that have 
various functions throughout the body and a wide sub-
strate specificity (Bieth 2001; Hedstrom 2002). Of the 
elastases, neutrophil elastase is involved in inflammatory 

lung processes (Matsuyama et al. 2005; Voynow and Shin-
bashi 2021; Kawabata et al. 2002). Neutrophil elastases are 
secreted by neutrophils during inflammation and impli-
cated in the formation of neutrophil extracellular traps 
(NETs), which trap and kill pathogens (Kaplan and Radic 
2012). Neutrophil elastases are a prominent protein pre-
sent in patients’ liung  with respiratory coronavirus infec-
tions and play a role in the pathophysiology of the disease 
(Szturmowicz and Demkow 2021). In vitro, porcine pan-
creatic elastase treatment of cells increased the entry of 
SARS-CoV (Matsuyama et al. 2005; Belouzard et al. 2010), 
which contains an elastase cleavage site in S2 (Belouzard 
et  al. 2010). Our lab reported the adaptation of PEDV in 
the presence of pancreatic elastase in cell culture (Kim et al. 
2017). Macrophage elastase is involved in the breakdown 
of the extracellular matrix during normal physiologic pro-
cesses (Shapiro et al. 2004). Macrophage elastase has been 
evaluated in its role in the pathophysiology of SARS-CoV-2 
in lung tissue inflammation (Guizani et  al. 2021), but the 
potential involvement of this elastase in S protein process-
ing have yet to be evaluated. Currently, research of the role 
of elastases in SARS-CoV-2 infection has primarily focused 
on the inflammatory process following virus infection, 
rather than the S protein processing and viral entry.

Other proteases
There are other proteases that are also implicated in S 
protein processing of SARS-CoV-2 and other corona-
viruses. For example, TTSPs other than TMPRSS2 was 
reported to be involved in the cleavage of coronavirus 
S protein. Human airway trypsin-like protease (HAT) 
is an enzyme that was first isolated from patients with 
chronic lung disease (Yasuoka et al. 1997) and found to 
be most prominently in ciliary respiratory epithelial cells 
(Takahashi et al. 2001). This protease promotes the pro-
duction of mucus in the respiratory epithelium (Chokki 
et al. 2004). HAT was shown to cleave the S1/S2 cleav-
age site of SARS-CoV (Bertram et al. 2011) (Fig. 1) and 
involved in the cleavage of MERS-CoV S protein (Millet 
and Whittaker 2014; Park et al. 2016) and influenza virus 
HA protein (Baron et al. 2013; Böttcher et al. 2006). As 
a trypsin-like protease, HAT prefers basic amino acids 
such as arginine and lysine at the cleavage site (Evnin 
et al. 1990). Thus, this protease may also be able to pro-
cess SARS-CoV-2 S protein, though this has yet to be 
investigated. Other TTSPs that have been investigated 
for SARS-CoV and SARS-CoV-2 include matriptase. 
Matriptase, which is expressed in most human epithe-
lia (Oberst et al. 2003) and plays an essential role in oral 
epithelium, epidermis, hair follicles, and thymic epi-
thelium as a barrier (List et al. 2006a; List et al. 2006b; 
List et  al. 2002), is shown to activate virus proteins for 
entry. Matriptase prefers arginine residue at the cleavage 
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Fig. 3 Attachment and entry model of SARS‑CoV‑2. When SARS‑CoV‑2 is released by the parental cell, some S is cleaved by host furin. Cleavage by 
furin facilitates faster binding to the functional receptor ACE2. The binding of ACE2 to S induces a conformational change which exposes the S2’ 
cleavage site. The presence or absence of TMPRSS2 dictates whether the virus enters through a fast membrane fusion or a slow endosomal route. In 
the absence of TMPRSS2, the virus is taken into an endosome where the pH will drop, activating cathepsin L. Cathepsin L cleaves S to initiate fusion 
to the endosomal membrane before release of viral RNA into the cytosol. In the presence of TMPRSS2, the S2’ site is cleaved and the virus can fuse 
directly to the cell membrane, allowing for a more rapid entry of the viral RNA into the cell
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site (Béliveau et al. 2009) and was shown to cleave mul-
tiple polybasic sites in influenza HA protein (Baron 
et al. 2013; Beaulieu et al. 2013). However, Matriptase-3, 
a related protein that does not cleave influenza HA 
(Chaipan et  al. 2009) did not mediate SARS-CoV entry 
(Glowacka et  al. 2011). Though its substrate specific-
ity implies the potential role of matriptase in cells lack-
ing furin or TMPRSS2, currently there is no data on 
matriptase activity on coronaviruses. Corin, a TTSP pre-
sent in cardiac myocytes and involved in blood pressure 
regulation (Yan et  al. 2000), may play a role in SARS-
CoV-2-associated myocarditis (Bailey et  al. 2021; Lind-
ner et al. 2020), but this has yet to be investigated.

Inhibitors of host proteases as therapeutic agents 
for SARS‑CoV‑2
The involvement of various host proteases in coronavi-
rus entry makes developing therapeutic agents targeting 
host proteases appealing. Several monoclonal antibodies 
targeting SARS-CoV-2 S protein have been licensed as 
preventive or therapeutic antiviral agents for COVID-
19 (Jahanshahlu and Rezaei 2020; Wang et  al. 2020; 
Pinto et  al. 2020), but substantial decrease in their effi-
cacy against newer virus variants has resulted in FDA 
revocation of authorization for treatment. Currently, 
Actemra (Tocilizumab), Molnupiravir and Remdesivir 
are among antiviral drugs that are approved by FDA for 
the treatment of COVID-19. As a viral protease inhibitor, 
Ritonavir-boosted nirmatrelvir (Paxlovid) has received 
Emergency Use Authorizations from the FDA for the 
treatment of COVID-19.

Inhibitors of TMPRSS2 (Hoffmann et  al. 2020b; Her-
nandez-Mitre et  al. 2022) or cathepsin L (Pišlar et  al. 
2020) have been evaluated as therapeutic interventions. 
However, without combination with directly acting 
antivirals, their therapeutic potential needs to be deter-
mined. Even a major protease involved in S processing 
is inhibited, it is possible  that the virus is able to utilize 
other proteases (TTSPs, elastases or cathepsins) for the 

infection, and some of them may be upregulated as a 
result of the inflammatory processes which occur with 
the disease (Belouzard et  al. 2010). Because inflamma-
tion is a main feature of COVID-19, inhibitors of host 
cell proteases associated inflammation have also been 
explored as treatment for COVID-19 in preclinical stud-
ies and clinical trials (Behzadifard and Soleimani 2022; 
Menendez 2022; Kreidieh and Temraz 2021).

Effects of various protease inhibitors on SARS‑CoV‑2 
replication in the replicon and virus entry assays in cells
The SARS-CoV-2 3C-like protease (3CLpro) has been 
a validated therapeutic target with success of Paxlovid 
in COVID-19 patents, and numerous 3CLpro inhibi-
tors have been shown to be effective in the animal 
models (mouse and hamster models) as a single or com-
bination treatment (Kuroda et al. 2023; Quan et al. 2022; 
Abdelnabi et al. 2022; Ma et al. 2021b; Owen et al. 2021; 
Boras et al. 2021; Caceres et al. 2021; Fu et al. 2020; Qiao 
et  al. 2021; Shi et  al. 2021; Vandyck et  al. 2021). Some 
inhibitors of SARS-CoV-2 3CLpro including those from 
our lab (Dampalla et  al. 2021a; Dampalla et  al. 2022; 
Dampalla et al. 2021; Dampalla et al. 2021c; Rathnayake 
et al. 2020) have dual inhibitory effects against cathepsins 
(Steuten et al. 2021; Hu et al. 2021; Zhou et al. 2021; Ma 
et al. 2020). GC376 and calpain inhibitors were shown to 
inhibit both 3CLpro and cathepsin L in the entry assay 
using the pseudovirus assay and enzyme assay (Hu et al. 
2021). To elucidate the potential dual roles of 3CLpro 
inhibitors against SARS-CoV-2, we examined selected 
compounds from our lab on the entry of SARS-CoV-2 
using lentivirus-based pseudotyped virus expressing 
coronavirus S proteins (Kim et  al. 2022). We have pre-
viously reported the antiviral effects of 3CLpro inhibi-
tors 6e and 6j against SARS-CoV-2 in Vero E6 cells and 
primary human airway epithelial cells (Rathnayake 
et al. 2020). In addition to those 3CLpro inhibitors, well 
known cathepsin L inhibitors including MDL28170 and 
Z-FL-CHO and a trypsin inhibitor, Nafamostat (all from 

Table 2 Effects of various protease inhibitors on the 3CLpro and cathepsin L in SARS‑CoV‑2 replication and entry

a  6e and 6j were reported in ref (Rathnayake et al. 2020)

EC50 (μM)
Virus replication assay

EC50 (μM)
Virus entry assay

IC50 (μM)
Enzyme assay

Vero E6 cells HAE (Primary 
lung  cellsa)

293 T cells with 
the replicon

293 Tcells with 
ACE2

293 Tcells with 
ACE + TMPRSS2

3CLpro Cath L

6ea 0.15 ± 0.71  < 0.5 0.01 ± 0.02 0.03 ± 0.05  > 50 0.17 ± 0.06 0.03 ± 0.02

6ja 0.8 ± 0.70  < 0.5 0.03 ± 0.08 0.06 ± 0.08  > 50 0.48 ± 0.08 0.05 ± 0.05

MDL28170 N/T N/T  > 50 0.01 ± 0.02  > 50  > 50 0.01 ± 0.03

Z‑FL‑CHO N/T N/T  > 50 0.02 ± 0.03  > 50  > 50 0.01 ± 0.02

Nafamostat N/T N/T  > 50  > 50 0.001 ± 0.02  > 50  > 50
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Sigma-Aldrich, St. Louis, MO) were tested against SARS-
CoV-2 3CLpro, cathepsin L, and virus entry and repli-
cation. The cathepsin L and 3CLpro inhibition assays 
were done with cathepsin L inhibitor kit from Abcam 
(Waltham, MA) and our established assay system (Rath-
nayake et  al. 2020), respectively. The entry inhibition 
assay with pseudotyped virus expressing SARS-CoV-2 S 
was performed in 293 T cells expressing ACE2 alone or 
ACE2 plus TMPRSS2, which was previously established 
in our lab (Kim et al. 2022). In this assay, the cells were 
incubated with DMSO (0.1%) or serial dilutions of 6e, 
6j, MDL28170, Z-FL-CHO, or Nafamostat, immediately 
after cells were transduced with pseudotyped virus. The 
SARS-CoV-2 replicon (Caceres et  al. 2021; Dampalla 
et al. 2021a) was used for SARS-CoV-2 replication assay. 
The plasmid, pSMART-T7-scv2-replicon (pSMART® 
BAC V2.0 Vector Containing SARS-CoV-2, Wuhan-Hu-1 
Non-Infectious Replicon) (He et al. 2021), was obtained 
from BEI Resources and the experiments were performed 
in a BSL-2 setting. The synthetic SARS-CoV-2 replicon 
RNA was prepared from the pSMART-T7-scv2-replicon 
as described previously (Caceres et  al. 2021; Dampalla 
et al. 2021a) and electroporated into 293 T cells using the 
Neon Electroporation system (ThermoFisher, Chicago, 
IL). After the electroporation, cells were incubated with 
DMSO (0.1%) or each compound at serially diluted con-
centrations at up to 50 μM for 30 h, and luciferase activi-
ties were measured. The dose-dependent inhibition curve 
for each compound was prepared for both enzyme and 
cell-based assays, and the 50% effective concentration 
 (IC50 for enzyme assay and  EC50 for cell-based assay) val-
ues were determined by GraphPad Prism software using 
a variable slope (GraphPad, La Jolla, CA).

Both 6e and 6j were highly potent against SARS-
CoV-2 replicon with  EC50, 0.01 or 0.03  μM, respec-
tively (Table  2). However, neither cathepsin inhibitors 
(MDL28170 or Z-FL-CHO) nor trypsin inhibitor Nafa-
mostat showed any inhibition against 3CLpro in the 
enzyme assay or SARS-CoV-2 replicon in the cell-
based assay at up to 50  μM (Table  2). Both 6e and 6j 
have anti-cathepsin L activity with  IC50 values of 0.03 
and 0.05  μM, respectively, which correlated well with 
inhibition of pseudotyped virus entry in 293  T cells 
expressing ACE2 alone (Table  2). However, neither 6e 
nor 6j showed any inhibitory activity in  pseudotyped 
virus entry assay   in 293 T cells expressing both ACE2 
and TMPRSS2 at up to 50  μM (Table  2). While both 
cathepsin inhibitors, MDL28170 and Z-FL170, were 
highly potent against cathepsin L with  EC50 0.01  μM 
and against pseudotyped virus entry in cells expressing 
ACE2, they did not show any inhibition in cells express-
ing both ACE2 and TMPRSS2 up to 50  μM (Table  2). 
Trypsin inhibitor Nafamostat was highly potent in 

inhibiting pseudotyped virus entry in cells expressing 
both ACE2 and TMPRSS2 with  EC50 0.001  μM, but 
it had little effect on pseudotyped virus entry in cells 
expressing ACE2 alone at up to 50  μM (Table  2). The 
results show these inhibitors have dual actions against 
SARS-CoV-2 3CLpro and cathepsin L-mediated pseu-
dotyped virus entry in cells expressing ACE2. How-
ever, because most susceptible cells in the respiratory 
system express both ACE2 and TMPRSS2, the results 
suggest that cathepsin L inhibition  may not play signif-
icant antiviral roles in the major target tissues of SARS-
CoV-2 in humans.

Acknowledgements
The authors thank David George for technical assistance.

Authors’ contributions
KOC, YK and AZ conceived the idea of the review, and participated in its flow 
and coordinated the draft the manuscript. All authors read and approved the 
final manuscript. YK and AZ performed and analyzed enzyme and cell‑based 
assays.

Funding
National Institutes of Health (NIH) (grants R01 AI130092 and AI161085).

Availability of data and materials
The data that support the findings of this study are available on request from 
the corresponding author (KOC).

Declarations

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 2 January 2023   Accepted: 7 March 2023

References
Abdelnabi, R., C.S. Foo, D. Jochmans, L. Vangeel, S. De Jonghe, P. Augustijns, R. 

Mols, B. Weynand, T. Wattanakul, R.M. Hoglund, J. Tarning, C.E. Mowbray, 
P. Sjo, F. Escudie, I. Scandale, E. Chatelain, and J. Neyts. 2022. The oral 
protease inhibitor (PF‑07321332) protects Syrian hamsters against 
infection with SARS‑CoV‑2 variants of concern. Nature Communications 
13: 719. https:// doi. org/ 10. 1101/ 2021. 11. 04. 467077.

Acland, H.M., L.A. Silverman Bachin, and R.J. Eckroade. 1984. Lesions in broiler 
and layer chickens in an outbreak of highly pathogenic avian influenza 
virus infection. Veterinary Pathology 21: 564–569. https:// doi. org/ 10. 
1177/ 03009 85884 02100 603.

Bailey, A.L., O. Dmytrenko, L. Greenberg, A.L. Bredemeyer, P. Ma, J. Liu, et al. 
2021. SARS‑CoV‑2 infects human engineered heart tissues and models 
COVID‑19 mMyocarditis. JACC: Basic to Translational Science 6: 331–345.

Baron, J., C. Tarnow, D. Mayoli‑Nüssle, E. Schilling, D. Meyer, M. Hammami, et al. 
2013. Matriptase, HAT, and TMPRSS2 activate the hemagglutinin of 
H9N2 influenza A viruses. Journal of Virology 87: 1811–1820. https:// doi. 
org/ 10. 1128/ jvi. 02320‑ 12.

Beaulieu, A., É Gravel, A. Cloutier, I. Marois, É Colombo, A. Désilets, et al. 2013. 
Matriptase proteolytically activates influenza virus and promotes multi‑
cycle replication in the human airway epithelium. Journal of Virology 87: 
4237–4251. https:// doi. org/ 10. 1128/ jvi. 03005‑ 12.

https://doi.org/10.1101/2021.11.04.467077
https://doi.org/10.1177/030098588402100603
https://doi.org/10.1177/030098588402100603
https://doi.org/10.1128/jvi.02320-12
https://doi.org/10.1128/jvi.02320-12
https://doi.org/10.1128/jvi.03005-12


Page 10 of 14Zabiegala et al. Animal Diseases            (2023) 3:12 

Behzadifard, M., and M. Soleimani. 2022. NETosis and SARS‑COV‑2 infection 
related thrombosis: a narrative review. Thrombosis Journal 20: 13. 
https:// doi. org/ 10. 1186/ s12959‑ 022‑ 00375‑1.

Béliveau, F., A. Désilets, and R. Leduc. 2009. Probing the substrate specifici‑
ties of matriptase, matriptase‑2, hepsin and DESC1 with internally 
quenched fluorescent peptides. FEBS Journal 276: 2213–2226. https:// 
doi. org/ 10. 1111/j. 1742‑ 4658. 2009. 06950.x.

Belouzard S, Chu CV, Whittaker GR. 2009. Activation of the SARS coronavirus 
spike protein via sequential proteolytic cleavage at two distinct sites. 
Proc Natl Acad Sci U S A. https:// doi. org/ 10. 1073/ pnas. 08095 24106.

Belouzard, S., I. Madu, and G.R. Whittaker. 2010. Elastase‑mediated activation 
of the severe acute respiratory syndrome coronavirus spike protein at 
discrete sites within the S2 domain. Journal of Biological Chemistry 285: 
22758–22763. https:// doi. org/ 10. 1074/ jbc. m110. 103275.

Beniac, D.R., S.L. de Varennes, A. Andonov, R. He, and T.F. Booth. 2007. Con‑
formational reorganization of the SARS coronavirus spike following 
receptor binding: implications for membrane fusion. PLoS One 2: e1082. 
https:// doi. org/ 10. 1371/ journ al. pone. 00010 82.

Berger, I., and C. Schaffitzel. 2020. The SARS‑CoV‑2 spike protein: balancing 
stability and infectivity. Cell Research 30: 1059–1060. https:// doi. org/ 10. 
1038/ s41422‑ 020‑ 00430‑4.

Bergeron, E., M.J. Vincent, L. Wickham, J. Hamelin, A. Basak, S.T. Nichol, M. 
Chrétien, and N.G. Seidah. 2005. Implication of proprotein convertases 
in the processing and spread of severe acute respiratory syndrome 
coronavirus. Biochemical and Biophysical Research Communications 326: 
554–563. https:// doi. org/ 10. 1016/j. bbrc. 2004. 11. 063.

Bertram, S., I. Glowacka, I. Steffen, A. Kühl, and S. Pöhlmann. 2010. Novel insights 
into proteolytic cleavage of influenza virus hemagglutinin. Reviews in 
Medical Virology 20: 298–310. https:// doi. org/ 10. 1002/ rmv. 657.

Bertram, S., I. Glowacka, M.A. Müller, H. Lavender, K. Gnirss, I. Nehlmeier, D. 
Niemeyer, Y. He, G. Simmons, C. Drosten, E.J. Soilleux, O. Jahn, I. Steffen, 
and S. Pöhlmann. 2011. Cleavage and activation of the severe acute 
respiratory syndrome coronavirus spike protein by human airway 
trypsin‑like protease. Journal of Virology 85: 13363–13372. https:// doi. 
org/ 10. 1128/ jvi. 05300‑ 11.

Bertram, S., R. Dijkman, M. Habjan, A. Heurich, S. Gierer, I. Glowacka, K. Welsch, 
M. Winkler, H. Schneider, H. Hofmann‑Winkler, V. Thiel, and S. Pöhlmann. 
2013. TMPRSS2 activates the human coronavirus 229E for cathepsin‑
independent host cell entry and is expressed in viral target cells in the 
respiratory epithelium. Journal of Virology 87: 6150–6160. https:// doi. 
org/ 10. 1128/ jvi. 03372‑ 12.

Bestle D, Heindl MR, Limburg H, Van Lam van T, Pilgram O, Moulton H, Stein 
DA, Hardes K, Eickmann M, Dolnik O, Rohde C, Klenk HD, Garten W, 
Steinmetzer T, Böttcher‑Friebertshäuser E. 2020. TMPRSS2 and furin 
are both essential for proteolytic activation of SARS‑CoV‑2 in human 
airway cells. Life Science Alliance 3. https:// doi. org/ 10. 26508/ lsa. 
20200 0786

Bieth, J.G. 2001. The elastases. Journal De La Societe De Biologie 195: 173–179.
Biniossek, M.L., D.K. Nägler, C. Becker‑Pauly, and O. Schilling. 2011. Proteomic 

identification of protease cleavage sites characterizes prime and non‑
prime specificity of cysteine cathepsins B, L, and S. Journal of Proteome 
Research 10: 5363–5373. https:// doi. org/ 10. 1021/ pr200 621z.

Bollavaram, K., T.H. Leeman, M.W. Lee, A. Kulkarni, S.G. Upshaw, J. Yang, H. Song, 
and M.O. Platt. 2021. Multiple sites on SARS‑CoV‑2 spike protein are 
susceptible to proteolysis by cathepsins B, K, L, S, and V. Protein Science 
30: 1131–1143. https:// doi. org/ 10. 1002/ pro. 4073.

Boras, B., R.M. Jones, B.J. Anson, D. Arenson, L. Aschenbrenner, M.A. Bakowski, 
M.B. Frieman, et al. 2021. Preclinical characterization of an intravenous 
coronavirus 3CL protease inhibitor for the potential treatment of 
COVID19. Nature Communications 12: 6055. https:// doi. org/ 10. 1038/ 
s41467‑ 021‑ 26239‑2.

Bosch, B.J., W. Bartelink, and P.J. Rottier. 2008. Cathepsin L functionally cleaves 
the severe acute respiratory syndrome coronavirus class I fusion protein 
upstream of rather than adjacent to the fusion peptide. Journal of Virol-
ogy 82: 8887–8890. https:// doi. org/ 10. 1128/ jvi. 00415‑ 08.

Böttcher, E., T. Matrosovich, M. Beyerle, H.D. Klenk, W. Garten, and M. Matroso‑
vich. 2006. Proteolytic activation of influenza viruses by serine proteases 
TMPRSS2 and HAT from human airway epithelium. Journal of Virology 
80: 9896–9898. https:// doi. org/ 10. 1128/ jvi. 01118‑ 06.

Caceres, C.J., S. Cardenas‑Garcia, S. Carnaccini, B. Seibert, D.S. Rajao, J. Wang, 
and D.R. Perez. 2021. Efficacy of GC‑376 against SARS‑CoV‑2 virus 

infection in the K18 hACE2 transgenic mouse model. Science and 
Reports 11: 9609. https:// doi. org/ 10. 1101/ 2021. 01. 27. 428428.

Chaipan, C., D. Kobasa, S. Bertram, I. Glowacka, I. Steffen, T.S. Tsegaye, M. 
Takeda, T.H. Bugge, S. Kim, Y. Park, A. Marzi, and S. Pöhlmann. 2009. 
Proteolytic activation of the 1918 influenza virus hemagglutinin. Journal 
of Virology 83: 3200–3211. https:// doi. org/ 10. 1128/ jvi. 02205‑ 08.

Chandran, K., N.J. Sullivan, U. Felbor, S.P. Whelan, and J.M. Cunningham. 2005. 
Endosomal proteolysis of the Ebola virus glycoprotein is necessary for 
infection. Science 308: 1643–1645. https:// doi. org/ 10. 1126/ scien ce. 
11106 56.

Choe, Y., F. Leonetti, D.C. Greenbaum, F. Lecaille, M. Bogyo, D. Brömme, J.A. 
Ellman, and C.S. Craik. 2006. Substrate profiling of cysteine proteases 
using a combinatorial peptide library identifies functionally unique 
specificities. Journal of Biological Chemistry 281: 12824–12832. https:// 
doi. org/ 10. 1074/ jbc. m5133 31200.

Chokki, M., S. Yamamura, H. Eguchi, T. Masegi, H. Horiuchi, H. Tanabe, T. 
Kamimura, and S. Yasuoka. 2004. Human airway trypsin‑like protease 
increases mucin gene expression in airway epithelial cells. American 
Journal of Respiratory Cell and Molecular Biology 30: 470–478. https:// doi. 
org/ 10. 1165/ rcmb. 2003‑ 0199oc.

Coutard, B., C. Valle, X. de Lamballerie, B. Canard, N.G. Seidah, and E. Decroly. 
2020. The spike glycoprotein of the new coronavirus 2019‑nCoV con‑
tains a furin‑like cleavage site absent in CoV of the same clade. Antiviral 
Research 176: 104742. https:// doi. org/ 10. 1016/j. antiv iral. 2020. 104742.

Cui, J., F. Li, and Z.L. Shi. 2019. Origin and evolution of pathogenic coronavi‑
ruses. Nature Reviews Microbiology 17: 181–192. https:// doi. org/ 10. 1038/ 
s41579‑ 018‑ 0118‑9.

Dampalla, C.S., Y. Kim, N. Bickmeier, A.D. Rathnayake, H.N. Nguyen, J. Zheng, 
M.M. Kashipathy, M.A. Baird, K.P. Battaile, S. Lovell, S. Perlman, K.O. 
Chang, and W.C. Groutas. 2021. Structure‑guided design of conforma‑
tionally constrained cyclohexane inhibitors of severe acute respiratory 
syndrome coronavirus‑2 3CL Protease. Journal of Medicinal Chemistry 
64: 10047–10058. https:// doi. org/ 10. 1021/ acs. jmedc hem. 1c003 19.

Dampalla, C.S., A.D. Rathnayake, K.D. Perera, A.M. Jesri, H.N. Nguyen, M.J. 
Miller, H.A. Thurman, J. Zheng, M.M. Kashipathy, K.P. Battaile, S. Lovell, S. 
Perlman, Y. Kim, W.C. Groutas, and K.O. Chang. 2021. Structure‑guided 
design of potent inhibitors of SARS‑CoV‑2 3CL protease: Structural, 
biochemical, and cell‑based studies. Journal of Medicinal Chemistry 64: 
17846–17865. https:// doi. org/ 10. 26434/ chemr xiv. 14781 567.

Dampalla, C.S., A.D. Rathnayake, A.C. Galasiti Kankanamalage, Y. Kim, K.D. 
Perera, H.N. Nguyen, M.J. Miller, T.K. Madden, H.R. Picard, H.A. Thurman, 
M.M. Kashipathy, L. Liu, K.P. Battaile, S. Lovell, K.O. Chang, and W.C. 
Groutas. 2022. Structure‑guided design of potent spirocyclic inhibitors 
of severe acute respiratory syndrome coronavirus‑2 3C‑like protease. 
Journal of Medicinal Chemistry 65: 7818–7832. https:// doi. org/ 10. 1021/ 
acs. jmedc hem. 2c002 24.

Dampalla CS, Zheng J, Perera KD, Wong LR, Meyerholz DK, Nguyen HN, 
Kashipathy MM, Battaile KP, Lovell S, Kim Y, Perlman S, Groutas WC, 
Chang KO. 2021c. Postinfection treatment with a protease inhibitor 
increases survival of mice with a fatal SARS‑CoV‑2 infection. Proceedings 
of the National Academy of Sciences of the United States of America 118. 
https:// doi. org/ 10. 1073/ pnas. 21015 55118

Decha, P., T. Rungrotmongkol, P. Intharathep, M. Malaisree, O. Aruksakunwong, 
C. Laohpongspaisan, V. Parasuk, P. Sompornpisut, S. Pianwanit, S. Kok‑
pol, and S. Hannongbua. 2008. Source of high pathogenicity of an avian 
influenza Virus H5N1: why H5 is better cleaved by Furin. Biophysical 
Journal 95: 128–134. https:// doi. org/ 10. 1529/ bioph ysj. 107. 127456.

Dudas G, Carvalho LM, Rambaut A, Bedford T. 2018. MERS‑CoV spillover at the 
camel‑human interface. Elife 7. https:// doi. org/ 10. 7554/ elife. 31257

Erles, K., and J. Brownlie. 2008. Canine respiratory coronavirus: an emerging 
pathogen in the canine infectious respiratory disease complex. The 
Veterinary Clinics of North America. Small Animal Practice 38: 815–825, viii. 
https:// doi. org/ 10. 1016/j. cvsm. 2008. 02. 008.

Evnin, L.B., J.R. Vásquez, and C.S. Craik. 1990. Substrate specificity of trypsin 
investigated by using a genetic selection. Proceedings of the National 
Academy of Sciences of the United States of America 87: 6659–6663. 
https:// doi. org/ 10. 1073/ pnas. 87. 17. 6659.

Feng, D., S.J. de Vlas, L.Q. Fang, X.N. Han, W.J. Zhao, S. Sheng, H. Yang, Z.W. Jia, 
J.H. Richardus, and W.C. Cao. 2009. The SARS epidemic in mainland 
China: Bringing together all epidemiological data. Tropical Medicine & 

https://doi.org/10.1186/s12959-022-00375-1
https://doi.org/10.1111/j.1742-4658.2009.06950.x
https://doi.org/10.1111/j.1742-4658.2009.06950.x
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.1074/jbc.m110.103275
https://doi.org/10.1371/journal.pone.0001082
https://doi.org/10.1038/s41422-020-00430-4
https://doi.org/10.1038/s41422-020-00430-4
https://doi.org/10.1016/j.bbrc.2004.11.063
https://doi.org/10.1002/rmv.657
https://doi.org/10.1128/jvi.05300-11
https://doi.org/10.1128/jvi.05300-11
https://doi.org/10.1128/jvi.03372-12
https://doi.org/10.1128/jvi.03372-12
https://doi.org/10.26508/lsa.202000786
https://doi.org/10.26508/lsa.202000786
https://doi.org/10.1021/pr200621z
https://doi.org/10.1002/pro.4073
https://doi.org/10.1038/s41467-021-26239-2
https://doi.org/10.1038/s41467-021-26239-2
https://doi.org/10.1128/jvi.00415-08
https://doi.org/10.1128/jvi.01118-06
https://doi.org/10.1101/2021.01.27.428428
https://doi.org/10.1128/jvi.02205-08
https://doi.org/10.1126/science.1110656
https://doi.org/10.1126/science.1110656
https://doi.org/10.1074/jbc.m513331200
https://doi.org/10.1074/jbc.m513331200
https://doi.org/10.1165/rcmb.2003-0199oc
https://doi.org/10.1165/rcmb.2003-0199oc
https://doi.org/10.1016/j.antiviral.2020.104742
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1021/acs.jmedchem.1c00319
https://doi.org/10.26434/chemrxiv.14781567
https://doi.org/10.1021/acs.jmedchem.2c00224
https://doi.org/10.1021/acs.jmedchem.2c00224
https://doi.org/10.1073/pnas.2101555118
https://doi.org/10.1529/biophysj.107.127456
https://doi.org/10.7554/elife.31257
https://doi.org/10.1016/j.cvsm.2008.02.008
https://doi.org/10.1073/pnas.87.17.6659


Page 11 of 14Zabiegala et al. Animal Diseases            (2023) 3:12  

International Health 14 (Suppl 1): 4–13. https:// doi. org/ 10. 1111/j. 1365‑ 
3156. 2008. 02145.x.

Fu, L., F. Ye, Y. Feng, F. Yu, Q. Wang, Y. Wu, C. Zhao, H. Sun, B. Huang, P. Niu, H. Song, 
Y. Shi, X. Li, W. Tan, J. Qi, and G.F. Gao. 2020. Both Boceprevir and GC376 
efficaciously inhibit SARS‑CoV‑2 by targeting its main protease. Nature 
Communications 11: 4417. https:// doi. org/ 10. 1038/ s41467‑ 020‑ 18233‑x.

Gallagher, T.M., and M.J. Buchmeier. 2001. Coronavirus spike proteins in viral 
entry and pathogenesis. Virology 279: 371–374. https:// doi. org/ 10. 1006/ 
viro. 2000. 0757.

Garten W. 2018. Characterization of proprotein convertases and their 
involvement in virus propagation. Activation of Viruses by Host Pro-
teases:205–248. https:// doi. org/ 10. 1007/ 978‑3‑ 319‑ 75474‑1_9

Garten, W., S. Hallenberger, D. Ortmann, W. Schäfer, M. Vey, H. Angliker, E. Shaw, 
and H.D. Klenk. 1994. Processing of viral glycoproteins by the subtilisin‑
like endoprotease furin and its inhibition by specific peptidylchloroalky‑
lketones. Biochimie 76: 217–225. https:// doi. org/ 10. 1016/ 0300‑ 9084(94) 
90149‑x.

Gierer, S., S. Bertram, F. Kaup, F. Wrensch, A. Heurich, A. Krämer‑Kühl, K. Welsch, 
M. Winkler, B. Meyer, C. Drosten, U. Dittmer, T. von Hahn, G. Simmons, H. 
Hofmann, and S. Pöhlmann. 2013. The spike protein of the emerging 
betacoronavirus EMC uses a novel coronavirus receptor for entry, can 
be activated by TMPRSS2, and is targeted by neutralizing antibodies. 
Journal of Virology 87: 5502–5511. https:// doi. org/ 10. 1128/ jvi. 00128‑ 13.

Glowacka, I., S. Bertram, M.A. Müller, P. Allen, E. Soilleux, S. Pfefferle, I. Steffen, 
T.S. Tsegaye, Y. He, K. Gnirss, D. Niemeyer, H. Schneider, C. Drosten, and 
S. Pöhlmann. 2011. Evidence that TMPRSS2 activates the severe acute 
respiratory syndrome coronavirus spike protein for membrane fusion 
and reduces viral control by the humoral immune response. Journal of 
Virology 85: 4122–4134. https:// doi. org/ 10. 1128/ jvi. 02232‑ 10.

Guizani, I., N. Fourti, W. Zidi, M. Feki, and M. Allal‑Elasmi. 2021. SARS‑CoV‑2 and 
pathological matrix remodeling mediators. Inflammation Research 70: 
847–858. https:// doi. org/ 10. 1007/ s00011‑ 021‑ 01487‑6.

He X, Quan S, Xu M, Rodriguez S, Goh SL, Wei J, Fridman A, Koeplinger KA, Carroll 
SS, Grobler JA, Espeseth AS, Olsen DB, Hazuda DJ, Wang D. 2021. Genera‑
tion of SARS‑CoV‑2 reporter replicon for high‑throughput antiviral screen‑
ing and testing. Proceedings of the National Academy of Sciences of the United 
States of America 118. https:// doi. org/ 10. 1073/ pnas. 20258 66118

Hedstrom, L. 2002. Serine protease mechanism and specificity. Chemical 
Reviews 102: 4501–4524. https:// doi. org/ 10. 1021/ cr000 033x.

Hernandez‑Mitre, M.P., S.Y.C. Tong, J.T. Denholm, G.J. Dore, A.C. Bowen, S.R. 
Lewin, B. Venkatesh, T.E. Hills, Z. McQuilten, D.L. Paterson, S.C. Morpeth, 
and J.A. Roberts. 2022. Nafamostat mesylate for treatment of COVID‑19 
in Hospitalised patients: a structured, narrative review. Clinical Pharma-
cokinetics 61: 1331–1343. https:// doi. org/ 10. 1007/ s40262‑ 022‑ 01170‑x.

Hoffmann, M., H. Kleine‑Weber, S. Schroeder, N. Krüger, T. Herrler, S. Erichsen, 
T.S. Schiergens, G. Herrler, N.H. Wu, A. Nitsche, M.A. Müller, C. Drosten, 
and S. Pöhlmann. 2020. SARS‑CoV‑2 cell entry depends on ACE2 and 
TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell 
181: 271‑280.e278. https:// doi. org/ 10. 1016/j. cell. 2020. 02. 052.

Hoffmann, M., H. Kleine‑Weber, and S. Pöhlmann. 2020. A Multibasic cleavage 
site in the spike protein of SARS‑CoV‑2 is essential for infection of 
human lung cells. Molecular Cell 78: 779‑784.e775. https:// doi. org/ 10. 
1016/j. molcel. 2020. 04. 022.

Horimoto, T., and Y. Kawaoka. 1995. The hemagglutinin cleavability of a virulent 
avian influenza virus by subtilisin‑like endoproteases is influenced by 
the amino acid immediately downstream of the cleavage site. Virology 
210: 466–470. https:// doi. org/ 10. 1006/ viro. 1995. 1363.

Hu, B., L.P. Zeng, X.L. Yang, X.Y. Ge, W. Zhang, B. Li, J.Z. Xie, X.R. Shen, Y.Z. Zhang, 
N. Wang, D.S. Luo, X.S. Zheng, M.N. Wang, P. Daszak, L.F. Wang, J. Cui, and 
Z.L. Shi. 2017. Discovery of a rich gene pool of bat SARS‑related corona‑
viruses provides new insights into the origin of SARS coronavirus. PLoS 
pathogens 13: e1006698. https:// doi. org/ 10. 1371/ journ al. ppat. 10066 98.

Hu, Y., C. Ma, T. Szeto, B. Hurst, B. Tarbet, and J. Wang. 2021. Boceprevir, Calpain 
Inhibitors II and XII, and GC‑376 have broad‑spectrum antiviral activity 
against coronaviruses. ACS Infectious Diseases 7: 586–597. https:// doi. 
org/ 10. 1021/ acsin fecdis. 0c007 61.

Huang, I.C., B.J. Bosch, F. Li, W. Li, K.H. Lee, S. Ghiran, N. Vasilieva, T.S. Dermody, 
S.C. Harrison, P.R. Dormitzer, M. Farzan, P.J. Rottier, and H. Choe. 2006. 
SARS coronavirus, but not human coronavirus NL63, utilizes cathepsin 
L to infect ACE2‑expressing cells. Journal of Biological Chemistry 281: 
3198–3203. https:// doi. org/ 10. 1074/ jbc. m5083 81200.

Huang, C., Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, Z. Cheng, 
T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, H. Gao, L. Guo, 
J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, and B. Cao. 2020. Clinical 
features of patients infected with 2019 novel coronavirus in Wuhan, China. 
Lancet 395: 497–506. https:// doi. org/ 10. 1016/ s0140‑ 6736(20) 30183‑5.

Irving, A.T., M. Ahn, G. Goh, D.E. Anderson, and L.‑F. Wang. 2021. Lessons from 
the host defences of bats, a unique viral reservoir. Nature 589: 363–370. 
https:// doi. org/ 10. 1038/ s41586‑ 020‑ 03128‑0.

Jackson, C.B., M. Farzan, B. Chen, and H. Choe. 2022. Mechanisms of SARS‑
CoV‑2 entry into cells. Nature Reviews Molecular Cell Biology 23: 3–20. 
https:// doi. org/ 10. 1038/ s41580‑ 021‑ 00418‑x.

Jahanshahlu, L., and N. Rezaei. 2020. Monoclonal antibody as a potential anti‑
COVID‑19. Biomedicine & Pharmacotherapy 129: 110337. https:// doi. org/ 
10. 1016/j. biopha. 2020. 110337.

Jaimes, J.A., J.K. Millet, and G.R. Whittaker. 2020. Proteolytic cleavage of the 
SARS‑CoV‑2 spike protein and the role of the novel S1/S2 site. iScience 
23: 101212. https:// doi. org/ 10. 1016/j. isci. 2020. 101212.

Kaplan, M.J., and M. Radic. 2012. Neutrophil extracellular traps: Double‑edged 
swords of innate immunity. The Journal of Immunology 189: 2689–2695. 
https:// doi. org/ 10. 4049/ jimmu nol. 12017 19.

Kawabata, K., T. Hagio, and S. Matsuoka. 2002. The role of neutrophil elastase in 
acute lung injury. European Journal of Pharmacology 451: 1–10. https:// 
doi. org/ 10. 1016/ s0014‑ 2999(02) 02182‑9.

Kim, T.S., C. Heinlein, R.C. Hackman, and P.S. Nelson. 2006. Phenotypic analysis 
of mice lacking the Tmprss2‑encoded protease. Molecular and Cellular 
Biology 26: 965–975. https:// doi. org/ 10. 1128/ mcb. 26.3. 965‑ 975. 2006.

Kim, Y., C. Oh, V. Shivanna, R.A. Hesse, and K.O. Chang. 2017. Trypsin‑independ‑
ent porcine epidemic diarrhea virus US strain with altered virus entry 
mechanism. BMC Veterinary Research 13: 356. https:// doi. org/ 10. 1186/ 
s12917‑ 017‑ 1283‑1.

Kim, Y., N.N. Gaudreault, D.A. Meekins, K.D. Perera, D. Bold, J.D. Trujillo, I. 
Morozov, C.D. McDowell, K.O. Chang, and J.A. Richt. 2022. Effects of 
spike mutations in SARS‑CoV‑2 variants of concern on human or animal 
ACE2‑mediated virus entry and neutralization. Microbiology Spectrum 
10: e0178921. https:// doi. org/ 10. 1128/ spect rum. 01789‑ 21.

Kim, Y., G. Jang, D. Lee, N. Kim, J.W. Seon, Y.H. Kim, and C. Lee. 2022. Trypsin 
enhances SARS‑CoV‑2 infection by facilitating viral entry. Archives of 
Virology 167: 441–458. https:// doi. org/ 10. 1007/ s00705‑ 021‑ 05343‑0.

Kleine‑Weber, H., M.T. Elzayat, M. Hoffmann, and S. Pohlmann. 2018. Func‑
tional analysis of potential cleavage sites in the MERS‑coronavirus 
spike protein. Science and Reports 8: 16597. https:// doi. org/ 10. 1038/ 
s41598‑ 018‑ 34859‑w.

Koch, J., Z.M. Uckeley, P. Doldan, M. Stanifer, S. Boulant, and P.Y. Lozach. 2021. 
TMPRSS2 expression dictates the entry route used by SARS‑CoV‑2 to 
infect host cells. Embo Journal. 40: e107821. https:// doi. org/ 10. 15252/ 
embj. 20211 07821.

Kreidieh, F., and S. Temraz. 2021. Anticoagulation for COVID‑19 patients: 
a bird’s‑eye view. Clinical and Applied Thrombosis/hemostasis 27: 
10760296211039288. https:// doi. org/ 10. 1177/ 10760 29621 10392 88.

Kuroda, T., H. Nobori, K. Fukao, K. Baba, K. Matsumoto, S. Yoshida, Y. Tanaka, 
R. Watari, R. Oka, Y. Kasai, K. Inoue, S. Kawashima, A. Shimba, Y. 
Hayasaki‑Kajiwara, M. Tanimura, Q. Zhang, Y. Tachibana, T. Kato, and 
T. Shishido. 2023. Efficacy comparison of 3CL protease inhibitors 
ensitrelvir and nirmatrelvir against SARS‑CoV‑2 in vitro and in vivo. 
Journal of Antimicrobial Chemotherapy. https:// doi. org/ 10. 1093/ jac/ 
dkad0 27.

Lam, D.K., D. Dang, A.N. Flynn, M. Hardt, and B.L. Schmidt. 2015. TMPRSS2, a 
novel membrane‑anchored mediator in cancer pain. Pain 156: 923–930. 
https:// doi. org/ 10. 1097/j. pain. 00000 00000 000130.

Lan, J., J. Ge, J. Yu, S. Shan, H. Zhou, S. Fan, Q. Zhang, X. Shi, Q. Wang, L. Zhang, 
and X. Wang. 2020. Structure of the SARS‑CoV‑2 spike receptor‑binding 
domain bound to the ACE2 receptor. Nature 581: 215–220. https:// doi. 
org/ 10. 1038/ s41586‑ 020‑ 2180‑5.

Latinne, A., B. Hu, K.J. Olival, G. Zhu, L. Zhang, H. Li, A.A. Chmura, H.E. Field, C. 
Zambrana‑Torrelio, J.H. Epstein, B. Li, W. Zhang, L.‑F. Wang, Z.‑L. Shi, and 
P. Daszak. 2020. Origin and cross‑species transmission of bat corona‑
viruses in China. Nature Communications 11: 4235. https:// doi. org/ 10. 
1038/ s41467‑ 020‑ 17687‑3.

Li, F., M. Berardi, W. Li, M. Farzan, P.R. Dormitzer, and S.C. Harrison. 2006. Confor‑
mational states of the severe acute respiratory syndrome coronavirus 

https://doi.org/10.1111/j.1365-3156.2008.02145.x
https://doi.org/10.1111/j.1365-3156.2008.02145.x
https://doi.org/10.1038/s41467-020-18233-x
https://doi.org/10.1006/viro.2000.0757
https://doi.org/10.1006/viro.2000.0757
https://doi.org/10.1007/978-3-319-75474-1_9
https://doi.org/10.1016/0300-9084(94)90149-x
https://doi.org/10.1016/0300-9084(94)90149-x
https://doi.org/10.1128/jvi.00128-13
https://doi.org/10.1128/jvi.02232-10
https://doi.org/10.1007/s00011-021-01487-6
https://doi.org/10.1073/pnas.2025866118
https://doi.org/10.1021/cr000033x
https://doi.org/10.1007/s40262-022-01170-x
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1006/viro.1995.1363
https://doi.org/10.1371/journal.ppat.1006698
https://doi.org/10.1021/acsinfecdis.0c00761
https://doi.org/10.1021/acsinfecdis.0c00761
https://doi.org/10.1074/jbc.m508381200
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1038/s41586-020-03128-0
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1016/j.biopha.2020.110337
https://doi.org/10.1016/j.biopha.2020.110337
https://doi.org/10.1016/j.isci.2020.101212
https://doi.org/10.4049/jimmunol.1201719
https://doi.org/10.1016/s0014-2999(02)02182-9
https://doi.org/10.1016/s0014-2999(02)02182-9
https://doi.org/10.1128/mcb.26.3.965-975.2006
https://doi.org/10.1186/s12917-017-1283-1
https://doi.org/10.1186/s12917-017-1283-1
https://doi.org/10.1128/spectrum.01789-21
https://doi.org/10.1007/s00705-021-05343-0
https://doi.org/10.1038/s41598-018-34859-w
https://doi.org/10.1038/s41598-018-34859-w
https://doi.org/10.15252/embj.2021107821
https://doi.org/10.15252/embj.2021107821
https://doi.org/10.1177/10760296211039288
https://doi.org/10.1093/jac/dkad027
https://doi.org/10.1093/jac/dkad027
https://doi.org/10.1097/j.pain.0000000000000130
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41467-020-17687-3
https://doi.org/10.1038/s41467-020-17687-3


Page 12 of 14Zabiegala et al. Animal Diseases            (2023) 3:12 

spike protein ectodomain. Journal of Virology 80: 6794–6800. https:// 
doi. org/ 10. 1128/ jvi. 02744‑ 05.

Licitra, B.N., G.E. Duhamel, and G.R. Whittaker. 2014. Canine enteric corona‑
viruses: Emerging viral pathogens with distinct recombinant spike 
proteins. Viruses 6: 3363–3376. https:// doi. org/ 10. 3390/ v6083 363.

Lindner, D., A. Fitzek, H. Bräuninger, G. Aleshcheva, C. Edler, K. Meissner, K. 
Scherschel, P. Kirchhof, F. Escher, H.P. Schultheiss, S. Blankenberg, K. 
Püschel, and D. Westermann. 2020. Association of cardiac infection with 
SARS‑CoV‑2 in confirmed COVID‑19 autopsy cases. JAMA Cardiology 5: 
1281–1285. https:// doi. org/ 10. 1001/ jamac ardio. 2020. 3551.

List, K., C.C. Haudenschild, R. Szabo, W. Chen, S.M. Wahl, W. Swaim, L.H. Engel‑
holm, N. Behrendt, and T.H. Bugge. 2002. Matriptase/MT‑SP1 is required 
for postnatal survival, epidermal barrier function, hair follicle develop‑
ment, and thymic homeostasis. Oncogene 21: 3765–3779. https:// doi. 
org/ 10. 1038/ sj. onc. 12055 02.

List, K., R. Szabo, A. Molinolo, B.S. Nielsen, and T.H. Bugge. 2006. Delineation of 
matriptase protein expression by enzymatic gene trapping suggests 
diverging roles in barrier function, hair formation, and squamous cell 
carcinogenesis. American Journal of Pathology 168: 1513–1525. https:// 
doi. org/ 10. 2353/ ajpath. 2006. 051071.

List, K., T.H. Bugge, and R. Szabo. 2006. Matriptase: Potent proteolysis on the 
cell surface. Molecular Medicine 12: 1–7. https:// doi. org/ 10. 2119/ 2006‑ 
00022. list.

Liu Q, Gerdts V. 2021. Transmissible gastroenteritis virus of pigs and porcine 
epidemic diarrhea virus (Coronaviridae). Encyclopedia of Virol-
ogy:850–853. https:// doi. org/ 10. 1016/ b978‑0‑ 12‑ 809633‑ 8. 20928‑x

Lu, G., and D. Liu. 2012. SARS‑like virus in the Middle East: A truly bat‑related 
coronavirus causing human diseases. Protein & Cell 3: 803–805. https:// 
doi. org/ 10. 1007/ s13238‑ 012‑ 2811‑1.

Ma, C., M.D. Sacco, B. Hurst, J.A. Townsend, Y. Hu, T. Szeto, X. Zhang, B. Tarbet, 
M.T. Marty, Y. Chen, and J. Wang. 2020. Boceprevir, GC‑376, and calpain 
inhibitors II, XII inhibit SARS‑CoV‑2 viral replication by targeting the 
viral main protease. Cell Research 30: 678–692. https:// doi. org/ 10. 1038/ 
s41422‑ 020‑ 0356‑z.

Ma, Q., J. Liu, Q. Liu, L. Kang, R. Liu, W. Jing, Y. Wu, and M. Liu. 2021. Global 
percentage of asymptomatic SARS‑CoV‑2 infections among the 
tested population and individuals with confirmed COVID‑19 diag‑
nosis: a systematic review and meta‑analysis. JAMA Network Open 4: 
e2137257–e2137257. https:// doi. org/ 10. 1001/ jaman etwor kopen. 
2021. 37257.

Ma, C., Z. Xia, M.D. Sacco, Y. Hu, J.A. Townsend, X. Meng, J. Choza, H. Tan, J. Jang, 
M.V. Gongora, X. Zhang, F. Zhang, Y. Xiang, M.T. Marty, Y. Chen, and J. 
Wang. 2021. Discovery of Di‑ and Trihaloacetamides as Covalent SARS‑
CoV‑2 main protease inhibitors with high target specificity. Journal of 
the American Chemical Society 143: 20697–20709. https:// doi. org/ 10. 
1021/ jacs. 1c080 60.

Matsuyama, S., M. Ujike, S. Morikawa, M. Tashiro, and F. Taguchi. 2005. 
Protease‑mediated enhancement of severe acute respiratory syndrome 
coronavirus infection. Proceedings of the National Academy of Sciences of 
the United States of America 102: 12543–12547. https:// doi. org/ 10. 1073/ 
pnas. 05032 03102.

Menendez JC. 2022. Approaches to the potential therapy of COVID‑19: a 
general overview from the medicinal chemistry perspective. Molecules 
27. https:// doi. org/ 10. 3390/ molec ules2 70306 58

Miłek, J., and K. Blicharz‑Domańska. 2018. Coronaviruses in avian species 
‑ review with focus on epidemiology and diagnosis in wild birds. 
Journal of Veterinary Research 62: 249–255. https:// doi. org/ 10. 2478/ jvetr 
es‑ 2018‑ 0035.

Millet, J.K., and G.R. Whittaker. 2014. Host cell entry of Middle East respiratory 
syndrome coronavirus after two‑step, furin‑mediated activation of the 
spike protein. Proceedings of the National Academy of Sciences of the 
United States of America 111: 15214–15219. https:// doi. org/ 10. 1073/ 
pnas. 14070 87111.

Murata, M., S. Miyashita, C. Yokoo, M. Tamai, K. Hanada, K. Hatayama, T. Towatari, 
T. Nikawa, and N. Katunuma. 1991. Novel epoxysuccinyl peptides. 
Selective inhibitors of cathepsin B, in vitro. FEBS Letters 280: 307–310. 
https:// doi. org/ 10. 1016/ 0014‑ 5793(91) 80318‑w.

Oberst, M.D., B. Singh, M. Ozdemirli, R.B. Dickson, M.D. Johnson, and C.Y. Lin. 
2003. Characterization of matriptase expression in normal human tis‑
sues. Journal of Histochemistry and Cytochemistry 51: 1017–1025. https:// 
doi. org/ 10. 1177/ 00221 55403 05100 805.

W.H.O. 2004. China’s latest SARS outbreak has been contained, but biosafety 
concerns remain – Update 7. https:// web. archi ve. org/ web/ 20200 21220 
5529/ https:// www. who. int/ csr/ don/ 2004_ 05_ 18a/ en/. Accessed on 
30 Dec 2022.

W.H.O. 2022. Middle East respiratory syndrome coronavirus (MERS‑CoV). 
https:// www. who. int/ health‑ topics/ middle‑ east‑ respi ratory‑ syndr 
ome‑ coron avirus‑ mers# tab= tab_2, https:// doi. org/ 10. 53347/ rid‑ 39692. 
Accessed  30 Dec 2022.

Ou, X., Y. Liu, X. Lei, P. Li, D. Mi, L. Ren, L. Guo, R. Guo, T. Chen, J. Hu, Z. Xiang, Z. 
Mu, X. Chen, J. Chen, K. Hu, Q. Jin, J. Wang, and Z. Qian. 2020. Charac‑
terization of spike glycoprotein of SARS‑CoV‑2 on virus entry and its 
immune cross‑reactivity with SARS‑CoV. Nature Communications 11: 
1620. https:// doi. org/ 10. 1038/ s41467‑ 020‑ 15562‑9.

Owen, D.R., C.M.N. Allerton, A.S. Anderson, L. Aschenbrenner, M. Avery, S. 
Berritt, Y. Zhu, et al. 2021. An oral SARS‑CoV‑2 M(pro) inhibitor clinical 
candidate for the treatment of COVID‑19. Science 374: 1586–1593. 
https:// doi. org/ 10. 1126/ scien ce. abl47 84.

Pager, C.T., and R.E. Dutch. 2005. Cathepsin L is involved in proteolytic 
processing of the Hendra virus fusion protein. Journal of Virology 79: 
12714–12720. https:// doi. org/ 10. 1128/ jvi. 79. 20. 12714‑ 12720. 2005.

Papa, G., D.L. Mallery, A. Albecka, L.G. Welch, J. Cattin‑Ortolá, J. Luptak, D. Paul, 
H.T. McMahon, I.G. Goodfellow, A. Carter, S. Munro, and L.C. James. 2021. 
Furin cleavage of SARS‑CoV‑2 Spike promotes but is not essential for 
infection and cell‑cell fusion. PLoS Pathogens 17: e1009246. https:// doi. 
org/ 10. 1371/ journ al. ppat. 10092 46.

Park, J.E., K. Li, A. Barlan, A.R. Fehr, S. Perlman, P.B. McCray Jr, and T. Gallagher. 
2016. Proteolytic processing of Middle East respiratory syndrome 
coronavirus spikes expands virus tropism. Proceedings of the National 
Academy of Sciences of the United States of America 113: 12262–12267. 
https:// doi. org/ 10. 1073/ pnas. 16081 47113.

Pedersen, N.C., C.E. Allen, and L.A. Lyons. 2008. Pathogenesis of feline enteric 
coronavirus infection. Journal of Feline Medicine and Surgery 10: 529–541. 
https:// doi. org/ 10. 1016/j. jfms. 2008. 02. 006.

Perlman, S., and P.S. Masters. 2020. Coronaviridae: The viruses and their replica‑
tion. In Fields virology: emerging viruses, 7th ed., ed. P.M. Howley, D.M. 
Knipe, and S. Whelan. Philadelphia: Lippincott Williams & Wilkens.

Pinto, D., Y.J. Park, M. Beltramello, A.C. Walls, M.A. Tortorici, S. Bianchi, S. Jaconi, 
K. Culap, F. Zatta, A. De Marco, A. Peter, B. Guarino, R. Spreafico, E. 
Cameroni, J.B. Case, R.E. Chen, C. Havenar‑Daughton, G. Snell, A. Telenti, 
H.W. Virgin, A. Lanzavecchia, M.S. Diamond, K. Fink, D. Veesler, and D. 
Corti. 2020. Cross‑neutralization of SARS‑CoV‑2 by a human monoclo‑
nal SARS‑CoV antibody. Nature 583: 290–295. https:// doi. org/ 10. 1038/ 
s41586‑ 020‑ 2349‑y.

Pišlar, A., A. Mitrović, J. Sabotič, U. Pečar Fonović, M. Perišić Nanut, T. Jakoš, E. 
Senjor, and J. Kos. 2020. The role of cysteine peptidases in coronavirus 
cell entry and replication: The therapeutic potential of cathepsin inhibi‑
tors. PLoS Pathogens 16: e1009013. https:// doi. org/ 10. 1371/ journ al. ppat. 
10090 13.

C.D.C. 2022. Symptoms. https:// www. cdc. gov/ coron avirus/ 2019‑ ncov/ sympt 
oms‑ testi ng/ sympt oms. html. Accessed on 30 Dec 2022.

Provacia, L.B., S.L. Smits, B.E. Martina, V.S. Raj, P.V. Doel, G.V. Amerongen, H. 
Moorman‑Roest, A.D. Osterhaus, and B.L. Haagmans. 2011. Enteric 
coronavirus in ferrets, The Netherlands. Emerging Infectious Diseases 17: 
1570–1571. https:// doi. org/ 10. 3201/ eid18 08. 111659.

Puente, X.S., L.M. Sanchez, C.M. Overall, and C. Lopez‑Otin. 2003. Human and 
mouse proteases: a comparative genomic approach. Nature Reviews 
Genetics 4: 544–558. https:// doi. org/ 10. 1038/ nrg11 11.

Qiao, J., Y.S. Li, R. Zeng, F.L. Liu, R.H. Luo, C. Huang, S. Yang, et al. 2021. SARS‑CoV‑2 
M(pro) inhibitors with antiviral activity in a transgenic mouse model. Sci-
ence 371: 1374–1378. https:// doi. org/ 10. 1126/ scien ce. abf16 11.

Quan, B.X., H. Shuai, A.J. Xia, Y. Hou, R. Zeng, X.L. Liu, S. Yang, et al. 2022. An 
orally available M (pro) inhibitor is effective against wild‑type SARS‑
CoV‑2 and variants including Omicron. Nature Microbiology 7: 716–725. 
https:// doi. org/ 10. 1038/ s41564‑ 022‑ 01119‑7.

Rathnayake AD, Zheng J, Kim Y, Perera KD, Mackin S, et al. 2020. 3C‑like 
protease inhibitors block coronavirus replication in vitro and improve 
survival in MERS‑CoV‑infected mice. Science Translational Medicine 12. 
https:// doi. org/ 10. 1126/ scitr anslm ed. abc53 32

Reinke LM, Spiegel M, Plegge T, Hartleib A, Nehlmeier I, Gierer S, et al. 2022. 
Different residues in the SARS‑CoV spike protein determine cleavage 

https://doi.org/10.1128/jvi.02744-05
https://doi.org/10.1128/jvi.02744-05
https://doi.org/10.3390/v6083363
https://doi.org/10.1001/jamacardio.2020.3551
https://doi.org/10.1038/sj.onc.1205502
https://doi.org/10.1038/sj.onc.1205502
https://doi.org/10.2353/ajpath.2006.051071
https://doi.org/10.2353/ajpath.2006.051071
https://doi.org/10.2119/2006-00022.list
https://doi.org/10.2119/2006-00022.list
https://doi.org/10.1016/b978-0-12-809633-8.20928-x
https://doi.org/10.1007/s13238-012-2811-1
https://doi.org/10.1007/s13238-012-2811-1
https://doi.org/10.1038/s41422-020-0356-z
https://doi.org/10.1038/s41422-020-0356-z
https://doi.org/10.1001/jamanetworkopen.2021.37257
https://doi.org/10.1001/jamanetworkopen.2021.37257
https://doi.org/10.1021/jacs.1c08060
https://doi.org/10.1021/jacs.1c08060
https://doi.org/10.1073/pnas.0503203102
https://doi.org/10.1073/pnas.0503203102
https://doi.org/10.3390/molecules27030658
https://doi.org/10.2478/jvetres-2018-0035
https://doi.org/10.2478/jvetres-2018-0035
https://doi.org/10.1073/pnas.1407087111
https://doi.org/10.1073/pnas.1407087111
https://doi.org/10.1016/0014-5793(91)80318-w
https://doi.org/10.1177/002215540305100805
https://doi.org/10.1177/002215540305100805
https://web.archive.org/web/20200212205529/https://www.who.int/csr/don/2004_05_18a/en/
https://web.archive.org/web/20200212205529/https://www.who.int/csr/don/2004_05_18a/en/
https://www.who.int/health-topics/middle-east-respiratory-syndrome-coronavirus-mers#tab=tab_2
https://www.who.int/health-topics/middle-east-respiratory-syndrome-coronavirus-mers#tab=tab_2
https://doi.org/10.53347/rid-3969
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1126/science.abl4784
https://doi.org/10.1128/jvi.79.20.12714-12720.2005
https://doi.org/10.1371/journal.ppat.1009246
https://doi.org/10.1371/journal.ppat.1009246
https://doi.org/10.1073/pnas.1608147113
https://doi.org/10.1016/j.jfms.2008.02.006
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1371/journal.ppat.1009013
https://doi.org/10.1371/journal.ppat.1009013
https://www.cdc.gov/coronavirus/2019-ncov/symptoms-testing/symptoms.html
https://www.cdc.gov/coronavirus/2019-ncov/symptoms-testing/symptoms.html
https://doi.org/10.3201/eid1808.111659
https://doi.org/10.1038/nrg1111
https://doi.org/10.1126/science.abf1611
https://doi.org/10.1038/s41564-022-01119-7
https://doi.org/10.1126/scitranslmed.abc5332


Page 13 of 14Zabiegala et al. Animal Diseases            (2023) 3:12  

and activation by the host cell protease TMPRSS2. PloS One. https:// doi. 
org/ 10. 1371/ journ al. pone. 01791 77.

Remacle, A.G., S.A. Shiryaev, E.S. Oh, P. Cieplak, A. Srinivasan, G. Wei, A.Y. 
Strongin, et al. 2008. Substrate cleavage analysis of furin and related 
proprotein convertases. A comparative study. Journal of Biological 
Chemistry 283: 20897–20906. https:// doi. org/ 10. 1074/ jbc. m8037 62200.

Scarcella M, d’Angelo D, Ciampa M, Tafuri S, Avallone L, Pavone LM, De 
Pasquale V. 2022. The key role of lysosomal protease cathepsins in viral 
infections. International Journal of Molecular Sciences 23. https:// doi. org/ 
10. 3390/ ijms2 31690 89

Schrauwen, E.J., S. Herfst, L.M. Leijten, P. van Run, T.M. Bestebroer, M. Linster, T. 
Kuiken, et al. 2012. The multibasic cleavage site in H5N1 virus is critical for 
systemic spread along the olfactory and hematogenous routes in ferrets. 
Journal of Virology 86: 3975–3984. https:// doi. org/ 10. 1128/ jvi. 06828‑ 11.

Seifried, O. 1931. Histopathology of infectious laryngotracheitis in chickens. 
Journal of Experimental Medicine 54: 817–826. https:// doi. org/ 10. 1084/ 
jem. 54.6. 817.

Shapiro, S.D., W.O. Hartzell, and R.M. Senior. 2004. 136 ‑ Macrophage elastase. In 
Handbook of Proteolytic Enzymes, 2nd ed., ed. A.J. Barrett, N.D. Rawlings, 
and J.F. Woessner, 540–544. London: Academic. https:// doi. org/ 10. 1016/ 
B978‑0‑ 12‑ 079611‑ 3. 50144‑0.

Shi, Y., L. Shuai, Z. Wen, C. Wang, Y. Yan, Z. Jiao, F. Guo, Z.F. Fu, H. Chen, Z. Bu, 
and G. Peng. 2021. The preclinical inhibitor GS441524 in combination 
with GC376 efficaciously inhibited the proliferation of SARS‑CoV‑2 in 
the mouse respiratory tract. Emerging Microbes & Infections 10: 481–492. 
https:// doi. org/ 10. 1080/ 22221 751. 2021. 18997 70.

Shirato, K., M. Kawase, and S. Matsuyama. 2013. Middle East respiratory syn‑
drome coronavirus infection mediated by the transmembrane serine 
protease TMPRSS2. Journal of Virology 87: 12552–12561. https:// doi. org/ 
10. 1128/ jvi. 01890‑ 13.

Shiryaev, S.A., A.V. Chernov, V.S. Golubkov, E.R. Thomsen, E. Chudin, M.S. Chee, 
I.A. Kozlov, A.Y. Strongin, and P. Cieplak. 2013. High‑resolution analysis 
and functional mapping of cleavage sites and substrate proteins of 
furin in the human proteome. PLoS One 8: e54290. https:// doi. org/ 10. 
1371/ journ al. pone. 00542 90.

Simmons, G., D.N. Gosalia, A.J. Rennekamp, J.D. Reeves, S.L. Diamond, and P. 
Bates. 2005. Inhibitors of cathepsin L prevent severe acute respiratory 
syndrome coronavirus entry. Proceedings of the National Academy of Sci-
ences of the United States of America 102: 11876–11881. https:// doi. org/ 
10. 1073/ pnas. 05055 77102.

Song, W., X. Huang, W. Guan, P. Chen, P. Wang, M. Zheng, Z. Li, Y. Wang, Z. Yang, 
H. Chen, and X. Wang. 2021. Multiple basic amino acids in the cleavage 
site of H7N9 hemagglutinin contribute to high virulence in mice. Journal 
of Thoracic Disease 13: 4650–4660. https:// doi. org/ 10. 21037/ jtd‑ 21‑ 226.

Starr, T.N., A.J. Greaney, S.K. Hilton, D. Ellis, K.H.D. Crawford, A.S. Dingens, M.J. 
Navarro, J.E. Bowen, M.A. Tortorici, A.C. Walls, N.P. King, D. Veesler, and 
J.D. Bloom. 2020. Deep mutational scanning of SARS‑CoV‑2 receptor 
binding domain reveals constraints on folding and ACE2 binding. Cell 
182: 1295‑1310.e1220. https:// doi. org/ 10. 1016/j. cell. 2020. 08. 012.

Steuten, K., H. Kim, J.C. Widen, B.M. Babin, O. Onguka, S. Lovell, O. Bolgi, B. Ceri‑
kan, C.J. Neufeldt, M. Cortese, R.K. Muir, J.M. Bennett, R. Geiss‑Friedlander, 
C. Peters, R. Bartenschlager, and M. Bogyo. 2021. Challenges for targeting 
SARS‑CoV‑2 proteases as a therapeutic strategy for COVID‑19. ACS Infec-
tious Diseases 7: 1457–1468. https:// doi. org/ 10. 1021/ acsin fecdis. 0c008 15.

Stieneke‑Gröber, A., M. Vey, H. Angliker, E. Shaw, G. Thomas, C. Roberts, H.D. 
Klenk, and W. Garten. 1992. Influenza virus hemagglutinin with multi‑
basic cleavage site is activated by furin, a subtilisin‑like endoprotease. 
EMBO Journal 11: 2407–2414. https:// doi. org/ 10. 1002/j. 1460‑ 2075. 1992. 
tb053 05.x.

Szturmowicz M, Demkow U. 2021. Neutrophil extracellular traps (NETs) in 
severe SARS‑CoV‑2 lung disease. International Journal of Molecular Sci-
ences 22. https:// doi. org/ 10. 3390/ ijms2 21688 54.

Takahashi, M., T. Sano, K. Yamaoka, T. Kamimura, N. Umemoto, H. Nishitani, and 
S. Yasuoka. 2001. Localization of human airway trypsin‑like protease in 
the airway: an immunohistochemical study. Histochemistry and Cell Biol-
ogy 115: 181–187. https:// doi. org/ 10. 1007/ s0041 80000 243.

The Human Protein Atlas. 2022. https:// www. prote inatl as. org/ ENSG0 00001 
35047‑ CTSL. Accessed on 30 Dec 2022.

Turk, B. 2006. Targeting proteases: Successes, failures and future prospects. 
Nature Reviews. Drug Discovery 5: 785–799. https:// doi. org/ 10. 1038/ 
nrd20 92.

Vandyck, K., R. Abdelnabi, K. Gupta, D. Jochmans, A. Jekle, J. Deval, D. Misner, D. 
Bardiot, C.S. Foo, C. Liu, S. Ren, L. Beigelman, L.M. Blatt, S. Boland, L. Van‑
geel, S. Dejonghe, P. Chaltin, A. Marchand, V. Serebryany, A. Stoycheva, 
S. Chanda, J.A. Symons, P. Raboisson, and J. Neyts. 2021. ALG‑097111, a 
potent and selective SARS‑CoV‑2 3‑chymotrypsin‑like cysteine protease 
inhibitor exhibits in vivo efficacy in a Syrian Hamster model. Biochemi-
cal and Biophysical Research Communications 555: 134–139. https:// doi. 
org/ 10. 1101/ 2021. 02. 14. 431129.

Vankadari, N., V. Ketavarapu, S. Mitnala, R. Vishnubotla, D.N. Reddy, and D. Gho‑
sal. 2022. Structure of human TMPRSS2 in complex with SARS‑CoV‑2 
spike glycoprotein and implications for potential therapeutics. Journal 
of Physical Chemistry Letters 13: 5324–5333. https:// doi. org/ 10. 1021/ acs. 
jpcle tt. 2c009 67.

Vlasova, A.N., R. Halpin, S. Wang, E. Ghedin, D.J. Spiro, and L.J. Saif. 2011. 
Molecular characterization of a new species in the genus Alphacorona‑
virus associated with mink epizootic catarrhal gastroenteritis. Journal of 
General Virology 92: 1369–1379. https:// doi. org/ 10. 1099/ vir.0. 025353‑0.

Vlasova AN, Saif LJ. 2021. Bovine coronavirus and the associated diseases. 
Frontiers in Veterinary Science 8.

Voynow JA, Shinbashi M. 2021. Neutrophil elastase and chronic lung disease. 
Biomolecules 11. https:// doi. org/ 10. 3390/ biom1 10810 65

Walls, A.C., M.A. Tortorici, J. Snijder, X. Xiong, B.J. Bosch, F.A. Rey, and D. Veesler. 
2017. Tectonic conformational changes of a coronavirus spike glycopro‑
tein promote membrane fusion. Proceedings of the National Academy of 
Sciences of the United States of America 114: 11157–11162. https:// doi. 
org/ 10. 1073/ pnas. 17087 27114.

Wang, C., W. Li, D. Drabek, N.M.A. Okba, R. van Haperen, A. Osterhaus, F.J.M. van 
Kuppeveld, B.L. Haagmans, F. Grosveld, and B.J. Bosch. 2020. A human 
monoclonal antibody blocking SARS‑CoV‑2 infection. Nature Communi-
cations 11: 2251. https:// doi. org/ 10. 1101/ 2020. 03. 11. 987958.

Watanabe, R., S. Matsuyama, K. Shirato, M. Maejima, S. Fukushi, S. Morikawa, 
and F. Taguchi. 2008. Entry from the cell surface of severe acute 
respiratory syndrome coronavirus with cleaved S protein as revealed 
by pseudotype virus bearing cleaved S protein. Journal of Virology 82: 
11985–11991. https:// doi. org/ 10. 1128/ jvi. 01412‑ 08.

Willett, B.J., J. Grove, O.A. MacLean, C. Wilkie, G. De Lorenzo, W. Furnon, E.C. 
Thomson, et al. 2022. SARS‑CoV‑2 Omicron is an immune escape 
variant with an altered cell entry pathway. Nature Microbiology 7: 
1161–1179. https:// doi. org/ 10. 1101/ 2022. 01. 03. 21268 111.

Woessner JF, Barrett A, Rawlings ND. 2004. Handbook of proteolytic enzymes. 
Elsevier Academic Press.

Yadati T, Houben T, Bitorina A, Shiri‑Sverdlov R. 2020. The ins and outs of cath‑
epsins: physiological function and role in disease management. Cells 9. 
https:// doi. org/ 10. 3390/ cells 90716 79

Yan, W., F. Wu, J. Morser, and Q. Wu. 2000. Corin, a transmembrane cardiac ser‑
ine protease, acts as a pro‑atrial natriuretic peptide‑converting enzyme. 
Proceedings of the National Academy of Sciences of the United States of 
America 97: 8525–8529. https:// doi. org/ 10. 1073/ pnas. 15014 9097.

Yao, Y.X., J. Ren, P. Heinen, M. Zambon, and I.M. Jones. 2004. Cleavage and 
serum reactivity of the severe acute respiratory syndrome coronavirus 
spike protein. Journal of Infectious Diseases 190: 91–98. https:// doi. org/ 
10. 1086/ 421280.

Yasuoka, S., T. Ohnishi, S. Kawano, S. Tsuchihashi, M. Ogawara, K. Masuda, K. 
Yamaoka, M. Takahashi, and T. Sano. 1997. Purification, characterization, 
and localization of a novel trypsin‑like protease found in the human 
airway. American Journal of Respiratory Cell and Molecular Biology 16: 
300–308. https:// doi. org/ 10. 1165/ ajrcmb. 16.3. 90706 15.

Yuan, Y., D. Cao, Y. Zhang, J. Ma, J. Qi, Q. Wang, G. Lu, Y. Wu, J. Yan, Y. Shi, X. Zhang, 
and G.F. Gao. 2017. Cryo‑EM structures of MERS‑CoV and SARS‑CoV spike 
glycoproteins reveal the dynamic receptor binding domains. Nature 
Communications 8: 15092. https:// doi. org/ 10. 1038/ ncomm s15092.

Zhao, M.‑M., W.‑L. Yang, F.‑Y. Yang, L. Zhang, W.‑J. Huang, W. Hou, C.‑F. Fan, R.‑H. 
Jin, Y.‑M. Feng, Y.‑C. Wang, and J.‑K. Yang. 2021. Cathepsin L plays a key 
role in SARS‑CoV‑2 infection in humans and humanized mice and is a 
promising target for new drug development. Signal Transduction and 
Targeted Therapy 6: 134. https:// doi. org/ 10. 1038/ s41392‑ 021‑ 00558‑8.

Zhao, M.M., Y. Zhu, L. Zhang, G. Zhong, L. Tai, S. Liu, G. Yin, J. Lu, Q. He, M.J. Li, 
R.X. Zhao, H. Wang, W. Huang, C. Fan, L. Shuai, Z. Wen, C. Wang, X. He, Q. 
Chen, B. Liu, X. Xiong, Z. Bu, Y. Wang, F. Sun, and J.K. Yang. 2022. Novel 
cleavage sites identified in SARS‑CoV‑2 spike protein reveal mechanism 

https://doi.org/10.1371/journal.pone.0179177
https://doi.org/10.1371/journal.pone.0179177
https://doi.org/10.1074/jbc.m803762200
https://doi.org/10.3390/ijms23169089
https://doi.org/10.3390/ijms23169089
https://doi.org/10.1128/jvi.06828-11
https://doi.org/10.1084/jem.54.6.817
https://doi.org/10.1084/jem.54.6.817
https://doi.org/10.1016/B978-0-12-079611-3.50144-0
https://doi.org/10.1016/B978-0-12-079611-3.50144-0
https://doi.org/10.1080/22221751.2021.1899770
https://doi.org/10.1128/jvi.01890-13
https://doi.org/10.1128/jvi.01890-13
https://doi.org/10.1371/journal.pone.0054290
https://doi.org/10.1371/journal.pone.0054290
https://doi.org/10.1073/pnas.0505577102
https://doi.org/10.1073/pnas.0505577102
https://doi.org/10.21037/jtd-21-226
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1021/acsinfecdis.0c00815
https://doi.org/10.1002/j.1460-2075.1992.tb05305.x
https://doi.org/10.1002/j.1460-2075.1992.tb05305.x
https://doi.org/10.3390/ijms22168854
https://doi.org/10.1007/s004180000243
https://www.proteinatlas.org/ENSG00000135047-CTSL
https://www.proteinatlas.org/ENSG00000135047-CTSL
https://doi.org/10.1038/nrd2092
https://doi.org/10.1038/nrd2092
https://doi.org/10.1101/2021.02.14.431129
https://doi.org/10.1101/2021.02.14.431129
https://doi.org/10.1021/acs.jpclett.2c00967
https://doi.org/10.1021/acs.jpclett.2c00967
https://doi.org/10.1099/vir.0.025353-0
https://doi.org/10.3390/biom11081065
https://doi.org/10.1073/pnas.1708727114
https://doi.org/10.1073/pnas.1708727114
https://doi.org/10.1101/2020.03.11.987958
https://doi.org/10.1128/jvi.01412-08
https://doi.org/10.1101/2022.01.03.21268111
https://doi.org/10.3390/cells9071679
https://doi.org/10.1073/pnas.150149097
https://doi.org/10.1086/421280
https://doi.org/10.1086/421280
https://doi.org/10.1165/ajrcmb.16.3.9070615
https://doi.org/10.1038/ncomms15092
https://doi.org/10.1038/s41392-021-00558-8


Page 14 of 14Zabiegala et al. Animal Diseases            (2023) 3:12 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

for cathepsin L‑facilitated viral infection and treatment strategies. Cell 
Discovery 8: 53. https:// doi. org/ 10. 1038/ s41421‑ 022‑ 00419‑w.

Zhou, Y.W., Y. Xie, L.S. Tang, D. Pu, Y.J. Zhu, J.Y. Liu, and X.L. Ma. 2021. Therapeutic 
targets and interventional strategies in COVID‑19: Mechanisms and 
clinical studies. Signal Transduction and Targeted Therapy 6: 317. https:// 
doi. org/ 10. 1038/ s41392‑ 021‑ 00733‑x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1038/s41421-022-00419-w
https://doi.org/10.1038/s41392-021-00733-x
https://doi.org/10.1038/s41392-021-00733-x

	Roles of host proteases in the entry of SARS-CoV-2
	Abstract 
	Introduction
	The role of host protease on the activation of SARS-CoV-2 S protein and virus entry
	Protease cleavage sites in S of SARS-CoV-2 and other coronaviruses
	TMPRSS2
	Cathepsins
	Elastase
	Other proteases
	Inhibitors of host proteases as therapeutic agents for SARS-CoV-2
	Effects of various protease inhibitors on SARS-CoV-2 replication in the replicon and virus entry assays in cells

	Acknowledgements
	References


