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N-linked glycoproteins and host proteases are involved in swine 
acute diarrhea syndrome coronavirus entry

Ying Chen,1,2 Xi Liu,1,2 Jiang-Nan Zheng,3 Li-Jun Yang,3 Yun Luo,1,2 Yu-Lin Yao,1 Mei-Qin Liu,1,2 Ting-ting Xie,1,2 Hao-Feng Lin,1,2 

Yan-Tong He,1,2 Peng Zhou,4 Ben Hu,1 Rui-Jun Tian,3 Zheng-Li Shi1

AUTHOR AFFILIATIONS See affiliation list on p. 12.

ABSTRACT Swine acute diarrhea syndrome coronavirus (SADS-CoV) is highly patho­
genic to piglets and poses a major threat to the swine industry. SADS-CoV has a wide 
cell tropism and pathogenic potential in younger animals. Therefore, understanding 
how SADS-CoV enters cells is essential for curbing its re-emergence and spread. Here, 
we report that tunicamycin, an N-linked glycoprotein inhibitor, inhibited the attach­
ment of SADS-CoV to host cells, suggesting that the SADS-CoV receptor may be an 
N-linked glycoprotein but not Neu5Gc or Neu5Ac. Moreover, we found that exogenous 
trypsin, endogenous serine protease, cathepsin B, cathepsin L, and lysosomal acidifica­
tion triggered SADS-CoV entry into cells. These findings improve our understanding of 
the molecular mechanisms underlying SADS-CoV entry and provide insights into the 
development of potential antiviral targets against SADS-CoV.

IMPORTANCE Gaining insight into the cell-entry mechanisms of swine acute diarrhea 
syndrome coronavirus (SADS-CoV) is critical for investigating potential cross-species 
infections. Here, we demonstrated that pretreatment of host cells with tunicamycin 
decreased SADS-CoV attachment efficiency, indicating that N-linked glycosylation of 
host cells was involved in SADS-CoV entry. Common N-linked sugars Neu5Gc and 
Neu5Ac did not interact with the SADS-CoV S1 protein, suggesting that these molecules 
were not involved in SADS-CoV entry. Additionally, various host proteases participated 
in SADS-CoV entry into diverse cells with different efficiencies. Our findings suggested 
that SADS-CoV may exploit multiple pathways to enter cells, providing insights into 
intervention strategies targeting the cell entry of this virus.
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S wine acute diarrhea syndrome coronavirus (SADS-CoV), a novel bat HKU2-related 
coronavirus belonging to subgenus Rhinacovirus and genus Alphacoronavirus, was 

first identified in southern China in 2017 (1–4). SADS-CoV infection leads to acute 
diarrhea, vomiting, and high mortality rates among young piglets, particularly those 
less than 7 days old, but only causes mild or asymptomatic infections in adult swine (2, 4, 
5). Recent studies have shown that SADS-CoV has broad cell tropism and high repli­
cation efficiency in primary human cells in vitro, suggesting its potential for interspe­
cies transmission (6–8). Experimental infection has demonstrated that SADS-CoV can 
replicate in chicken embryos and young chicks, showing multiple tissue tropisms (9), and 
induces lethal infection in suckling mice but limited infection and no symptoms in adult 
mice (10, 11). These results are consistent with the findings in SADS-CoV-infected piglets 
(12), suggesting that SADS-CoV is highly pathogenic in young animals.

The closely related SADS-CoV (98.48% nucleotide identity at the genome level) was 
detected in Rhinolophus affinis sampled in 2016, approximately 200 km from a farm 
experiencing a SADS outbreak (4). In addition, genetically diverse SADS-related CoVs 
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(SADSr-CoVs) have been detected in three other Rhinolophus bats (R. sinicus, R. rex, and 
R. pusillus) from several provinces in southern China (4, 13, 14). These findings highlight 
the risk of potential interspecies transmission of SADS-CoV and related CoVs to younger 
animals. Thus, further characterization of these viruses is urgently required.

Coronavirus receptor binding and membrane fusion are critical first steps in the 
infection cycle (15–17). The coronavirus spike is a member of the class I viral membrane 
fusion protein family that mediates coronavirus entry into host cells (18, 19). The S1 
subunit binds to a receptor on the host cell surface, and the S2 subunit fuses with 
the viral and host membranes, allowing viral genomes to enter the host cells (20, 21). 
Coronaviruses exhibit complex receptor-recognition patterns, with some recognizing 
proteins and others recognizing sugars. For example, severe acute respiratory syn­
drome virus (SARS)-CoV-1, SARS-CoV-2, and HCoV-NL63 recognize angiotensin-convert­
ing enzyme 2; Middle East respiratory syndrome-CoV (MERS-CoV) and HKU4 recognize 
dipeptidyl peptidase 4; mouse hepatitis virus recognize carcinoembryonic antigen-
related cell adhesion molecule 1; HCoV-229E, porcine deltacoronavirus, transmissible 
gastroenteritis virus, and porcine respiratory coronavirus recognize aminopeptidase N 
(22–28); bovine coronavirus (BCoV) and infectious bronchitis virus recognize N-glycolyl­
neuraminic acid (Neu5Gc); and HCoV-OC43 and HCoV-HKU1 recognize N-acetylneura­
minic acid (Neu5Ac) (29–31). Moreover, BCoV and HCoV-OC43 may use HLA-1 as the 
protein receptor (32, 33).

Host proteases that cleave coronavirus spikes also play important roles in viral 
entry (34, 35) by acting at four stages of the virus infection cycle: (i) proprotein con­
vertases (e.g., furin) during virus packaging; (ii) extracellular proteases (e.g., elastase) 
and exogenous trypsin after virus release into the extracellular space; (iii) cell surface 
proteases (e.g., serine protease TMPRSSs) after virus attachment to host cells; and (iv) 
lysosomal proteases (e.g., cathepsin L and cathepsin B) after virus endocytosis into 
targeting cells (21, 35). Some coronaviruses, including SARS-CoV-2, infectious bronchitis 
virus (IBV), and MERS-CoV, possess one or more furin and furin-like protease cleavage 
sites (35–37). Trypsin is a prototype serine endopeptidase that can directly cleave 
the S proteins of many enteric coronaviruses, and most porcine epidemic diarrhea 
virus (PEDV) strains are highly dependent on trypsin (38, 39). Cathepsins are typically 
found in endosomes and lysosomes with both endo- and exopeptidase activities. For 
example, cathepsin L processes SARS-CoV-1, SARS-CoV-2, MERS-CoV, and HCoV-229E 
spike proteins, whereas cathepsin B is involved in feline coronavirus and mouse hepatitis 
virus entry (37, 40–42). TMPRSS proteases are type II transmembrane proteins involved 
in the activation of many coronaviruses, including SARS-CoV-1, SARS-CoV-2, MERS-CoV, 
HCoV-229E, and PEDV (21, 35, 37, 43).

In vivo and in vitro studies have shown that SADS-CoV has broad cell and tissue 
tropism in diverse hosts. However, limited information is available on the viral receptors 
and cell-entry mechanisms of SADS-CoV (44). Accordingly, in this study, we evaluated 
the effects of tunicamycin on the inhibition of SADS-CoV attachment to cells and 
the potential for N-linked glycoproteins to act as SADS-CoV receptors. Furthermore, 
we assessed the roles of trypsin, cathepsin B, cathepsin L, lysosomal acidification, and 
TMPRSSs in SADS-CoV entry.

RESULTS

Tunicamycin inhibited SADS-CoV infection in cells

SADS-CoV has a wide cell tropism (6–8), suggesting that a common molecule is likely to 
affect viral entry. To assess whether sugars were involved in SADS-CoV infection, we first 
performed hemagglutination tests. The results showed that SADS-CoV and SADS-CoV S1 
proteins could not agglutinate mouse red blood cells (data not shown), implying that 
O-linked glycosylation did not affect SADS-CoV entry (29).

Next, to test whether N-linked glycosylation was involved in SADS-CoV infection, 
Vero cells were treated with the N-linked glycosylation inhibitor tunicamycin for 24 h, 
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followed by infection with SADS-CoV. We then used quantitative reverse transcription 
polymerase chain reaction (RT-qPCR) and immunofluorescence assays (IFAs) targeting 
the nucleocapsid protein (N) to assess SADS-CoV replication. Our results showed that 

FIG 1 Tunicamycin inhibited SADS-CoV infection. Vero cells were pretreated with tunicamycin for 24 h, 

washed with phosphate­buffered saline (PBS) three times, and then infected with SADS-CoV (MOI = 

0.1). Cells were fixed at 24 hpi and stained with anti-SADS-CoV NP antibodies by IFA (A), and the 

supernatants were harvested at 0, 12, 24, or 48 hpi for assessment of viral replication dynamics by 

RT-qPCR (B). (C) Dose-response curves of tunicamycin for SADS-CoV infection, as determined by RT-qPCR. 

(D) Vero cells were pretreated with tunicamycin for 24 h, washed with PBS three times, and then infected 

with PEDV or SARS-CoV-2 (MOI = 0.1). Cells were fixed at 24 hpi and stained with anti-PEDV (1:200) or 

SARS-CoV-2 NP (1:1,000) antibodies by IFA. (E) The supernatants were harvested at 0, 24, or 48 hpi for 

assessment of viral replication dynamics by qRT-PCR. All data are shown as means ± standard errors of the 

means (n = 3 biological replicates). Scale bars: 300 µm (A) and 125 µm (D).
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SADS-CoV replication was significantly decreased in Vero cells pretreated with tunica­
mycin. Indeed, virus replication was barely detected in cells pretreated with 2 µg/mL 
tunicamycin (Fig. 1A and B). Tunicamycin displayed inhibition against SADS-CoV with 
half-maximal effective concentration (EC50) values of 66.2 at 24 h post-infection (hpi) and 
25.3 ng/mL at 48 hpi, respectively, (Fig. 1C). These results indicated that N-linked sugars 
were associated with SADS-CoV infection.

To further characterize whether tunicamycin could inhibit other coronavirus 
infections, Vero cells were pretreated with 1 µg/mL tunicamycin for 24 h to inhibit cell 
N-linked glycosylation and then infected with PEDV and SARS-CoV-2, and viral replication 
was assessed using RT-qPCR and IFA (Fig. 1D and E). The results showed that PEDV 
infection was significantly inhibited by tunicamycin at 24 hpi. By contrast, tunicamycin 
treatment had no significant effect on SARS-CoV-2 infection. These data implied that 
tunicamycin was likely an inhibitor of SADS-CoV and PEDV but not SARS-CoV-2.

Tunicamycin inhibited SADS-CoV attachment to cells

To further determine the effects of tunicamycin on different steps of viral infection, we 
assessed the attachment, internalization, and entry of SADS-CoV into cells pretreated 
with different concentrations of tunicamycin (Fig. 2). For viral attachment, SADS-CoV-
infected Vero cells [multiplicity of infection (MOI) =10] were incubated on ice for 1 h 

FIG 2 Tunicamycin inhibited viral attachment, internalization, and entry of SADS-CoV. (A) Vero cells were pretreated with tunicamycin for 24 h and then infected 

with SADS-CoV (MOI = 10) for 1 h on ice. Cells were then washed with cold PBS three times, and viral attachment on the cell surface was detected by RT-qPCR. 

(B) After viral attachment for 1 h on ice, cells were cultured at 37°C for an additional 1 h, and viral internalization was detected by RT-qPCR. For viral entry, 

Vero and Huh-7 cells were pretreated with tunicamycin for 24 h and then infected with SADS-CoV (MOI = 1) for 6 h. Cells were lysed, and virus detection was 

performed using qRT-PCR (C). Additionally, cells were fixed and stained with anti-SADS-CoV NP antibodies for analysis by IFA (D). All data are shown as means ± 

standard errors of the means (n = 3 biological replicates). Scale bars: 300 µm.
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and then washed with cold PBS three times, and the viral attachment on the cell surface 
was detected by RT-qPCR. For viral internalization, virus-attached cells were incubated 
at 37°C for another 1 h, and viral internalization was detected by RT-qPCR. For viral 
entry, Vero and Huh-7 cells were infected with SADS-CoV (MOI = 1) at 37°C for 6 h. 
The cells were then harvested, and RNA copies were detected using RT-qPCR. The 
results showed that viral attachment, internalization, and entry were inhibited in the 
tunicamycin-treated group, indicating that tunicamycin affected viral attachment and 
that N-linked glycosylation was likely associated with the SADS-CoV receptor.

Common N-linked glycans were not involved in SADS-CoV infection

To better elucidate the roles of N-linked glycans in SADS-CoV infection, we first used 
PNGase F to remove N-linked oligosaccharides from cell surface glycoproteins (Fig. 
3A through D). The results showed that viral replication did not significantly change 
the replication efficiency in the infected Huh-7 or Vero cells between the PNGase F 
treatment and mock groups. Next, we assessed whether the SADS-CoV S1 protein 
could bind N-linked glycans by evaluating the binding of the S1 protein with 100 
common N-glycans using glycan microarrays. We found no binding between SADS-
CoV S1 and the 100 N-glycans (Fig. 3E). These results implied that these N-linked 
glycans were not involved in SADS-CoV infection. Moreover, we also tested whether 
the SADS-CoV S1 protein could bind Neu5Gc (an IBV receptor) and Neu5Ac (BCoV and 
HCoV-OC43 receptor); all tests were negative, indicating that Neu5Gc and Neu5Ac were 
not associated with SADS-CoV entry (Fig. 3F). Taken together, these results demonstrated 
that the SADS-CoV receptor was likely an N-linked glycoprotein but not Neu5Gc or 
Neu5Ac.

Trypsin was important for SADS-CoV infection in Vero cells but was not 
essential in Huh-7 cells

Exogenous trypsin cleavage has been reported to facilitate SADS-CoV infection (6, 8). To 
assess whether trypsin-mediated viral entry was essential for SADS-CoV infection, we 
tested viral replication dynamics in cells treated with 4 µg/mL trypsin using an MOI of 0.1 
(Fig. 4A). The results showed that trypsin strongly enhanced infectivity in Vero cells, 
whereas its effect on Huh-7 cells was relatively limited. We then infected Vero and Huh-7 
cells with SADS-CoV at an MOI of 0.1, treated the cells with 10 µg/mL of the trypsin 
inhibitor SBTI and/or 4 µg/mL trypsin, and tested viral replication at 24 hpi using IFA (Fig. 
4B). Similar results were observed; that is, viral replication was strongly enhanced in 
trypsin-treated Vero cells but not in Huh-7 cells. To further explore the effects of trypsin 
on SADS-CoV entry, Vero and Huh-7 cells were infected with SADS-CoV at an MOI of 1 
and then treated with trypsin or SBTI for 6 h. Viral RNA and NP expression in cells were 
detected (Fig. 4C and D), suggesting that viral entry increased significantly in Vero and 
Huh-7 cells following trypsin treatment, with stronger entry efficiency observed in Vero 
cells in the presence of trypsin.

Other host protease cleavage enhanced SADS-CoV entry

Proteolysis of coronavirus spikes triggers membrane fusion during viral entry. Cleavage 
of host proteases, including furin, elastase, type II transmembrane serine proteases, and 
cathepsins, promotes coronavirus entry. To further explore whether another host 
protease cleavage was involved in SADS-CoV infection, we pretreated Vero and Huh-7 
cells with host protease inhibitors (50 µM of the cathepsin B inhibitor CA-074, 50 µM of 
the cathepsin L inhibitor Z-FY-CHO, 500 nM of the lysosomal acidification inhibitor BafA1, 
and 50 µM of the serine protease inhibitor camostat) for 3 h and then infected with 
SADS-CoV (MOI = 0.1). Viral replication was detected at 24 hpi by RT-qPCR and IFA (Fig. 
5A and B). Notably, viral replication in Vero cells was significantly inhibited by treatment 
with Z-FY-CHO, CA-074, and camostat at 24 and 48 hpi, with the most obvious inhibition 
observed following camostat treatment. These three inhibitors also blocked Huh-7 
infection, with CA-074 showing the most significant inhibition.
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To further explore the effects of these protease inhibitors on SADS-CoV entry, we 
pretreated Vero and Huh-7 cells with CA-074, Z-FY-CHO, BafA1, and camostat and then 
infected the cells with SADS-CoV (MOI = 1) for 6 h. Cells were harvested, and viral RNA 
and NP expression were detected (Fig. 5C and D). The results showed that viral entry 
decreased significantly following treatment with CA-074, Z-FY-CHO, BafA1, or camostat 
in Vero and Huh-7 cells. Furthermore, camostat-treated cells showed the most resistance 
to SADS-CoV entry.

Taken together, these data suggested that cathepsin B, cathepsin L, lysosomal 
acidification, and TMPRSSs played important roles in SADS-CoV entry.

FIG 3 Effects of N-linked glycans on SADS-CoV infection. Vero and Huh-7 cells were pretreated with 2000 U PNGase F for 

3 h and then infected with SADS-CoV (MOI = 0.1). Viral replication in Vero cells treated with PNGase F was detected by IFA 

(A) and qRT-PCR (B). Viral replication in Huh7 cells treated with PNGase F was detected by IFA (C) and qRT-PCR (D). (E) Binding 

between SADS-CoV S1 and 100 N-glycans was detected using glycan microarrays. (F) Binding of SADS-CoV S1 with Neu5Gc 

and Neu5Ac was detected using glycan microarrays. All data are shown as means ± standard errors of the means (n = 3 

biological replicates). Scale bars: 125 µm.
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DISCUSSION

Here, we evaluated the cell-entry mechanisms of SADS-CoV, a novel bat HKU2-related 
coronavirus that threatens the swine industry. We found that N-linked glycosylation of 
host cells played a crucial role in SADS-CoV entry and that Neu5Gc and Neu5Ac, which 

FIG 4 Effects of trypsin on SADS-CoV infection. (A) For the detection of viral replication dynamics, Vero and Huh-7 cells were 

infected with SADS-CoV (MOI = 0.1) and treated with or without 4 µg/mL trypsin. The supernatants were harvested at 0, 24, 

or 48 hpi for the assessment of viral replication dynamics by qRT-PCR. (B) Vero and Huh-7 cells were infected with SADS-CoV 

(MOI = 0.1) and treated with 4 µg/mL and/or 10 µg/mL TBSI. The cells were fixed at 24 hpi and stained with anti-SADS-CoV 

NP antibodies by IFA. For viral entry detection, Vero and Huh-7 cells were infected with SADS-CoV (MOI = 1) in the presence 

of 4 µg/mL trypsin and/or 10 µg/mL TBSI for 6 h. The cells were then lysed, and virus detection was performed using qRT-PCR 

(C). Alternatively, cells were fixed and stained with anti-SADS-CoV NP antibodies by IFA (D). All data are shown as means ± 

standard errors of the means (n = 3 biological replicates). Scale bars: 125 µm (B) and 300 µm (D).
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are receptors of other coronaviruses, were not functional receptors of this virus. Addition­
ally, proteolytic cleavage proteases, including trypsin, TMPRSSs, cathepsin L, and 
cathepsin B, were found to be involved in viral entry. Our study suggested that the 

FIG 5 Effects of other protease inhibitors on SADS-CoV infection. For the detection of viral replication dynamics, Vero and 

Huh-7 cells were pretreated with protease inhibitors (50 µM CA-074, 50 µM Z-FY-CHO, 500 nM BafA1, and 50 µM camostat) 

for 3 h and then infected with SADS-CoV (MOI = 0.1). The supernatants were harvested at 0, 24, or 48 hpi for the assessment 

of viral replication dynamics by qRT-PCR (A). Alternatively, cells were fixed at 24 hpi and stained with anti-SADS-CoV NP 

antibodies for detection by IFA (B). For viral entry detection, Vero and Huh-7 cells were pretreated with protease inhibitors 

for 3 h and then infected with SADS-CoV (MOI = 0.1) for 6 h. The cells were lysed, and virus detection was performed using 

qRT-PCR (C). Alternatively, cells were fixed and stained with anti-SADS-CoV NP antibodies for detection by IFA (D). All data are 

shown as means ± standard errors of the means (n = 3 biological replicates). Scale bars: 125 µm (B) and 300 µm (D).

Full-Length Text Journal of Virology

October 2023  Volume 97  Issue 10 10.1128/jvi.00916-23 8

https://doi.org/10.1128/jvi.00916-23


sophisticated cell-entry mechanisms of SADS-CoV may pose major challenges for 
prophylaxis and therapeutics against emerging diseases caused by these viruses.

Some coronaviruses, including the alphacoronaviruses TGEV and PEDV; the beta­
coronaviruses MERS-CoV, SARS-CoV-2, BCoV, HCoV-OC43, and HCoV-HKU1; and the 
gammacoronavirus IBV, recognize sugars as receptors or coreceptors (29, 30, 45–52). 
SADS-CoV has a wide cell tropism and utilizes common molecules, such as sugars, for 
entry (6–8). In this study, we demonstrated for the first time that the N-linked glycosyla­
tion inhibitor, tunicamycin, inhibited SADS-CoV infection by blocking viral binding to 
host cells. However, further PNGase F treatment of SADS-infected cells with PNGase 
F excluded the involvement of N-linked glycosylation. A glycan microarray assay with 
100 common glycans, Neu5Gc and Neu5Ac, further confirmed that these glycans were 
not functional receptors of SADS-CoV. Thus, the SADS-CoV receptor is likely an N-linked 
glycoprotein.

Tunicamycin is an antibiotic produced by Streptomyces clavuligerus and Streptomyces 
lysosuperficus that can interfere with the glycosylation of N-linked glycoproteins and 
block cell cycle arrest at the G1 phase in human cells (53, 54). Previous studies have 
suggested that tunicamycin may have applications in the treatment of human colon 
and prostate cancer by inducing apoptosis in tumor cells (55). In this study, we found 
that pretreatment with tunicamycin blocked SADS-CoV entry into cells and inhibited 
PEDV infection, but the infection of SARS-CoV-2 was not affected, which suggested 
that such inhibition was not due to the cell growth state. These results indicated that 
tunicamycin could be used as a therapeutic agent in the management of virus-induced 
acute gastroenteritis in neonatal piglets.

Proteolytic activation of the spike protein by host cell proteases also plays a critical 
role in coronavirus cell and tissue tropism, host range, and pathogenesis (21, 34, 35). 
Trypsin is a prototype serine endopeptidase that prefers to cleave arginine (R) and lysine 
(K) residues (56). Trypsin is primarily a digestive enzyme, with active trypsin found in 
the small intestine, and has been extensively demonstrated to activate viral glycoprotein 
cleavage. Most PEDV strains are highly trypsin dependent in Vero cells; trypsin cleavage 
occurs only after receptor binding and not on free particles (38, 56). In this study, we 
found that trypsin strongly enhanced infectivity and entry into Vero cells, but its effect 
on Huh-7 cells was relatively limited, which is similar to the results of other studies (6, 
8). Moreover, we characterized how exogenous trypsin facilitates viral entry, even in cells 
in which trypsin is not essential for replication, such as Huh-7 cells. TMPRSSs are type II 
transmembrane proteins, and membrane-bound trypsin-like serine proteases are widely 
expressed in the respiratory tract (21, 35). TMPRSSs are involved in the activation of 
many coronavirus spikes, including those of MERS-CoV, SARS-CoV-1, SARS-CoV-2, and 
HCoV-229E (41, 43, 57, 58). We also found that TMPRSSs were involved in SADS-CoV entry 
into Vero and Huh-7 cells, highlighting the importance of the proteolytic activation of 
trypsin and TMPRSSs.

Furin and furin-like proteases, which are proprotein convertases, cleave paired basic 
residues within R/K-(X)0,2,4,6-R/K (X: any amino acid) (59–61). Previous studies have 
reported that furin-induced cleavage of the SADS-CoV S protein is required for cell-cell 
fusion but not for pseudotyped virus entry (62). Cathepsins, as degradative enzymes, 
comprise a group of cysteine, serine, and aspartyl proteases and are typically found in 
endosomes and lysosomes. Cathepsin L is known to process SARS-CoV-1 and SARS-CoV-2 
S as well as other coronaviruses, including MERS-CoV, HCoV-229E, and MHV-2 (37, 40, 41, 
63). Cathepsin B has also been shown to be involved in the entry of other coronaviruses, 
such as type II feline coronavirus and MHV-2 (40, 64). In this study, we demonstrated 
that inhibitors of endogenous serine proteases, cathepsin B, cathepsin L, and lysosomal 
acidification affected SADS-CoV entry, suggesting that these factors serve as important 
triggers for SADS-CoV entry into cells. In addition, a recent report showed that SADS-
CoV can also enter cells via the clathrin-, caveolae-, and micropinocytosis-mediated 
endocytosis pathways (65). Similar entry pathways have been reported for PEDV, which 
can cause diarrhea and death in piglets (66, 67). Taken together, these studies suggest 
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that multiple pathways are likely to participate in viral entry into host cells based on the 
characteristics of the younger piglet intestinal microenvironment.

In summary, our results demonstrated that N-linked glycoproteins and several cellular 
proteases were involved in SADS-CoV entry. Importantly, many genetically diverse 
SADSr-CoVs circulate among Rhinolophus spp. bats in China and elsewhere, highlighting 
the potential risk of cross-species infections. This study provides evidence for widely 
employed mechanisms of SADS-CoV entry and illuminates multiple potential prophy­
lactic and therapeutic strategies for these viruses. Our findings suggest that N-linked 
glycoproteins and host proteases play a role in virus entry, but the mechanism needs 
further exploration.

MATERIALS AND METHODS

Cells lines and virus

Vero cells (American Type Culture Collection, Manassas, VA, USA; cat. no. CRL-81) and 
Huh-7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Life Technologies) 
and 1% antibiotic-antimycotic (Invitrogen). SADS-CoV was propagated and titrated in 
Vero cell lines with a maintenance medium containing DMEM, 2% tryptose phosphate 
broth (Sigma, St. Louis, MO, USA), 5 µg/mL trypsin (Gibco, Carlsbad, CA, USA), and 
1% antibiotic-antimycotic (Invitrogen). Viral titration was performed using 10-fold serial 
dilutions of Vero cells. The 50% tissue culture infective dose was expressed as the 
reciprocal of the highest dilution showing the cytopathic effect using the Reed-Muench 
method.

Hemagglutination assays

Each well of a microtiter V plate contained 50 µL PBS; 25 µL of increasing concentrations 
of SADS-CoV, SADS-CoV S1 protein, PEDV, TGEV, or H1N1; and 25 µL of 4% (vol/vol) 
mouse erythrocyte suspension. All dilutions were prepared using PBS. Agglutination was 
allowed to proceed for 60 min at 20°C, and the minimum concentration of these viruses 
or S1 proteins required for agglutination was determined via serial dilution.

SADS-CoV S1 expression and purification

Codon-optimized SADS-CoV S1 protein was inserted into the pCAGGS vector with an 
N-terminal S-tag. The constructed plasmids were transiently transfected into HEK293F 
cells. The supernatant collected for protein purification was purified using an S-tag 
resin, and the purity and yield were tested using an anti-S-tag monoclonal antibody 
(generated in-house).

Inhibitors

The N-linked glycosylation inhibitor tunicamycin (T7765-1) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). The enzyme for removing N-linked oligosaccharides from 
glycoproteins, PNGase F, was obtained from New England Biolabs. The trypsin inhibitor 
SBTI (A51497) was obtained from OKA. The cathepsin B inhibitor CA-074 (HY-103350), 
cathepsin L inhibitor Z-FY-CHO (HY-128140), serine protease inhibitor camostat mesylate 
(HY-13512), and lysosomal acidification inhibitor BafA1 (HY-100558) were obtained from 
MedChem Express.

Virus attachment, internalization, and entry

Vero and Huh-7 cells were seeded in 24-well plates and washed with tunicamycin for 
24 h or inhibitors for 3 h. The cells were washed twice with cold PBS and infected with 
SADS-CoV at an MOI of 10 for 1 h on ice. The supernatants were then removed, and the 
infected cells were washed three times to eliminate the unbound virus. Cells were lysed 
with TRIzol reagent (Invitrogen) for viral RNA extraction to determine viral attachment 
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to the cell surface. For virus internalization, cells were cultured with virus (MOI = 10) 
for 1 h on ice and further cultured at 37°C for another 1 h. The cells were then treated 
with 1  mg/mL pronase to remove uninternalized virus. After three washes, the cells were 
harvested for RNA extraction. For viral entry, cells were infected with virus (MOI = 1) for 
6 h at 37°C, washed three times with PBS, and lysed with TRIzol reagent for viral RNA 
extraction or fixed with 4% paraformaldehyde to determine viral entry into cells.

Glycan microarray analysis

In total, 100 N-glycans, sialic acid Neu5Gc- and Neu5Ac-based glycan arrays from Kerixin 
Biological Technology Co., Ltd. (Nanjing, China), were used to assess the binding of 
SADS-CoV S1 proteins. The glycan structures in the array are shown in the product 
manual of Kerixin Biological Technology Co., Ltd. The measurements and data analyses 
were performed by Kerixin Biological Technology Co., Ltd. Briefly, the SADS-CoV S1 
protein was labeled with biotin and diluted to 8 or 1 g/mL with incubation buffer 
(Kerixin Biological Technology Co., Ltd.). Each labeled protein (200 µL) was added to 
a subarray and incubated for 1 h in the dark. After removing unbound proteins, the 
array was washed twice with TBST. Then, 200 µL fluorescein isothiocyanate-conjugated 
streptavidin was added to a subarray and incubated for 1 h in the dark. After washing 
and drying, the dried array was scanned using a microarray scanner (LuxScan 10 K/A; 
CapitalBio Corporation, Beijing, China) and analyzed using LuxScan 3.0.

RNA extraction and RT-qPCR

Viral RNA was extracted from supernatants with a QIAamp 96 Virus QIAcube HT kit 
(Qiagen, Valencia, CA, USA). RNA was used as a template for RT-qPCR to assess the 
SADS­CoV­specific genome by targeting the RdRp gene using a HiSxript II One step 
RT-qPCR SYBR Green Kit (Vazyme), as previously described (8). The average values from 
duplicates of each gene were used to calculate the viral genomic copies; 10 µL qPCR 
reaction mixture contained 5 µL 2× One-Step SYBR Green mix, 0.5 µL One-Step SYBR 
Green Enzyme mix, 0.2 µL (10 µM) of each primer, and 2 µL RNA. Amplification was 
performed as follows: 50°C for 3 min; 95°C for 30 s; 40 cycles at 95°C for 10 s and 60°C for 
30 s; and a default melting curve step using a Bio-Rad Real-Time PCR machine.

IFA

The infected cells were fixed with 4% paraformaldehyde for 24 h, and an indirect IFA was 
performed to detect the SADS-CoV antigen, as previously described (8). The cells were 
permeabilized with PBS/0.01% Triton X-100 for 10 min and then blocked with 5% bovine 
serum albumin at room temperature for 1 h, followed by overnight incubation at 4°C 
with rabbit anti-SADS-CoV N protein polyclonal antibody (1:500, made in-house), rabbit 
anti-PEDV N protein polyclonal antibody (1:200, made in-house), or rabbit anti-SARS-
CoV-2 N protein polyclonal antibody (1:1,000, made in-house). The slides were then 
incubated with Cy3-conjugated goat anti-rabbit IgG (1:200; Abcam, Cambridge, MA, USA; 
cat. no. ab6939). After washing with PBS, slides were stained with DAPI (1:100; Beyotime). 
Images were captured using a fluorescence microscope.

Statistical analysis

All experiments were independently repeated at least three times. Statistical analysis was 
performed using PRISM 8.0.2 for Windows (GraphPad). Two-tailed Student’s t-tests were 
performed to determine significant differences between the two experimental groups.
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