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Abstract

Cell entry of severe acute respiratory coronavirus-2 (SARS-CoV-2) and other CoVs can

occur via two distinct routes. Following receptor binding by the spike glycoprotein, mem-

brane fusion can be triggered by spike cleavage either at the cell surface in a transmem-

brane serine protease 2 (TMPRSS2)-dependent manner or within endosomes in a

cathepsin-dependent manner. Cellular sialoglycans have been proposed to aid in CoV

attachment and entry, although their functional contributions to each entry pathway are

unknown. In this study, we used genetic and enzymatic approaches to deplete sialic acid

from cell surfaces and compared the requirement for sialoglycans during endosomal and

cell-surface CoV entry using lentiviral particles pseudotyped with the spike proteins of differ-

ent sarbecoviruses. We show that entry of SARS-CoV-1, WIV1-CoV and WIV16-CoV, like

the SARS-CoV-2 omicron variant, depends on endosomal cathepsins and requires cellular

sialoglycans for entry. Ancestral SARS-CoV-2 and the delta variant can use either pathway

for entry, but only require sialic acid for endosomal entry in cells lacking TMPRSS2. Binding

of SARS-CoV-2 spike protein to cells did not require sialic acid, nor was sialic acid required

for SARS-CoV-2 entry in TMRPSS2-expressing cells. These findings suggest that cellular

sialoglycans are not strictly required for SARS-CoV-2 attachment, receptor binding or

fusion, but rather promote endocytic entry of SARS-CoV-2 and related sarbecoviruses. In

contrast, the requirement for sialic acid during entry of MERS-CoV pseudoparticles and

authentic HCoV-OC43 was not affected by TMPRSS2 expression, consistent with a

described role for sialic acid in merbecovirus and embecovirus cell attachment. Overall,

these findings clarify the role of sialoglycans in SARS-CoV-2 entry and suggest that cellular

sialoglycans mediate endosomal, but not cell-surface, SARS-CoV-2 entry.
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Author summary

The COVID-19 pandemic, caused by SARS-CoV-2, has resulted in over 700 million infec-

tions and 7 million deaths so far, demonstrating the threat posed by emerging CoVs. In

humans, SARS-CoV-2 and related coronaviruses cause respiratory tract infections, such

as the common cold, as well as more severe disease in some individuals. To prepare for

future outbreaks, conserved steps in the CoV replication could be considered for antiviral

prophylactic or therapeutic approaches. One such process is CoV cell entry, which occurs

via two main routes: At the cell surface or within endosomes. Cellular receptors, proteases

and complex sugars, known as glycans, mediate CoV entry steps. In this study, we com-

pared the role of a specific glycan subset, sialoglycans, in endosomal and cell surface CoV

entry. We show that sialoglycans are required for entry of various CoVs that are mainly

dependent on the endosomal route, but in the case of SARS-CoV-2, sialoglycans were not

required when the cell-surface entry route was available. Our findings contribute to

understanding the mechanisms of CoV entry, which could inform development of pan-

CoV antivirals that target CoV entry steps.

Introduction

The COVID-19 pandemic highlights our vulnerability to emerging coronaviruses (CoVs).

With three outbreaks of highly pathogenic CoVs in the past 20 years, there is increasing risk of

another cross-species transmission event from zoonotic reservoirs, such as bats [1], into

human populations. In particular, bats harbour many novel SARS-like and MERS-like CoVs,

which could pose a threat for spillover to humans [1–3], including WIV1-CoV and WIV16-

CoV, which are closely related to SARS-CoV-1 and are suggested to be poised for human

emergence [4,5]. Novel antiviral countermeasures that are broadly protective against CoVs

could help protect against future pandemic CoV threats that may emerge.

CoV cell entry, a critical determinant of viral tropism, pathogenesis, and cross-species

transmission, could serve as a target for potential broadly acting antiviral therapies. The spike

(S) protein mediates entry into cells by interacting with specific host cell entry receptors. Many

CoVs, such as SARS-CoV-2 and SARS-CoV-1, as well as the pre-emergent bat CoVs, WIV1-

CoV and WIV16-CoV, are able to use human angiotensin-converting enzyme 2 (ACE2) as a

host receptor [6–11], while the MERS-CoV receptor is dipeptidyl peptidase 4 (DPP4) [12]. In

addition to receptor binding, proteolytic cleavage of the S protein is required for fusion and

entry [13]. Several proteases can facilitate these proteolytic cleavage events, which determines

the cell entry route. Proteolytic cleavage can be mediated by the conserved cell surface trans-

membrane protease serine 2 (TMPRSS2) [14,15], which is found at the plasma membrane and

therefore its cleavage of the CoV spike protein promotes fusion and entry at the cell surface.

Cathepsin L, a non-specific cysteine protease, has also been implicated in CoV entry [16–20].

Cathepsin L is found in endo/lysosomal compartments, requiring virions to be endocytosed

prior to cathepsin L-mediated cleavage [17–21]. This alternate entry route is termed the endo-

somal entry pathway [15,17,18,22]. The spike proteins of some CoVs, such as SARS-CoV-2

and MERS-CoV, have a multibasic furin cleavage site at the S1/S2 junction, enabling priming

of the entry process through cleavage by furin, a specialized serine endoprotease [23]. Furin

pre-activates the S protein during egress, priming the S protein for the second required cleav-

age event at S20 to expose the fusion peptide [24]. Furin is thought to act in conjunction with

TMPRSS2-mediated S20 cleavage, promoting cell surface entry over the endosomal pathway

[25]. For example, early SARS-CoV-2 isolates, which contain a furin cleavage site at spike S1/

PLOS PATHOGENS Cellular sialic acid enhances SARS-CoV-2 endosomal entry

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012365 December 3, 2024 2 / 29

(CCC, CJC), the Banting Research Foundation

(CCC, CJC) and a COVID-19 rapid response grant

from Queen’s University (CJC, CCC). NJT received

funding from the Wellcome Trust (GB-CHC-

210183), the Medical Research Council

(MC_PC_19060) and the Medical Research

Council/National Institute for Health Research

(MC_PC_20016). EVL was supported by a Vanier

Canada Graduate Scholarship. YK was supported

by a doctoral NSERC post-graduate scholarship.

The funders had no role in study design, data

collection and interpretation, or the decision to

submit the work for publication.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.ppat.1012365


S2, favour TMPRSS2-mediated S20 cleavage for cell entry, while SARS-CoV-1, which lacks a

spike furin cleavage site, is more dependent on cathepsin L [19,20,26].

The S protein also interacts with cell surface glycans to facilitate initial interactions with the

host cell [14,27]. Sialic acid, a terminal glycan epitope found abundantly on cellular complex

glycans, has been described as a potential co-receptor facilitating attachment of several human

CoVs, including SARS-CoV-2, MERS-CoV, HCoV-OC43 and HCoV-HKU1 [28–33]. How-

ever, while binding of sialic acid by these CoV S proteins has been well-documented through

in vitro assays [34–37], the functional role of sialic acid during entry of SARS-CoV-2 has

remained less clear. Given previous literature suggesting that sialic acid contributes to internal-

ization of other viruses [38,39], we sought to characterize the role of cellular sialic acid in the

different entry routes used by CoVs. Here, we evaluated the functional roles of sialoglycans

during entry of recently emerged beta-CoVs, including SARS-CoV-1, SARS-CoV-2 variants

and MERS-CoV, as well as pre-emergent bat CoVs (WIV1-CoV and WIV16-CoV), using len-

tiviral pseudoparticles as a surrogate model for entry. Interestingly, the requirement for sialic

acid during CoV entry is at least partially dependent on the entry route. We show that endoso-

mal entry of bat CoVs WIV1-CoV and WIV16-CoV, as well as SARS-CoV-1 and SARS-CoV-

2 omicron variant, confers increased dependence on sialic acid during entry. In contrast, the

requirement for sialic acid for entry of SARS-CoV-2 Hu-1 and delta variant varies depending

on the cell type and relative abundance of specific proteases, with TMPRSS2 expression abro-

gating the requirement for sialic acid during entry. These findings suggest a role for sialic acid

in mediating endosomal, cathepsin-dependent sarbecovirus entry, but not cell surface,

TMPRSS2-mediated entry. On the other hand, entry of MERS-CoV pseudoparticles and

authentic HCoV-OC43 relied on sialic acid regardless of TMPRSS2 expression, consistent

with a role for sialic acid in attachment of merbecoviruses [34] and embecoviruses [29]. Over-

all, this study provides new insight into the roles of cellular sialoglycans during sarbecovirus

entry and contributes to understanding the entry processes of recently emerged and pre-emer-

gent CoVs.

Results

Infectivity of pre-emergent bat CoVs and recently emerged CoVs in

A549-derived and Calu-3 cell lines

We used lentiviral pseudoparticles [40–42] as a surrogate model to assess and compare the cell

entry routes of highly pathogenic human CoVs and bat CoVs. Previous literature has demon-

strated the ability of CoVs to infect a variety of human cell lines, including the alveolar epithe-

lial A549 cell line engineered to express appropriate receptors (ACE2 or DPP4) and the Calu-3

lung epithelial cell line, which naturally expresses ACE2, DPP4 and TMPRSS2 [36, 43–47]. We

generated A549 cell lines that stably express ACE2 (A549-A) or DPP4 (A549-D) in the pres-

ence or absence of TMPRSS2. We confirmed expression of ACE2 or DPP4 by western blot

(Fig 1A) and TMPRSS2 by flow cytometry (Fig 1B). We first compared MERS-CoV pseudo-

particle entry in A549-D, A549-DPP4-TMPRSS2 (A549-DT) and Calu-3 cells and noted simi-

lar infectivity across all cell lines (Fig 1C) when normalized to the infectivity of naked

pseudoparticles (no env; lacking envelope protein) in each cell line. Similarly, we tested suscep-

tibility of A549-A, A549-ACE2-TMPRSS2 (A549-AT) and Calu-3 cells to lentiviral particles

pseudotyped with the spike proteins of ancestral SARS-CoV-2 (Hu-1), B.1.617.2 (delta) and

B.1.1.529 (omicron) variants, or SARS-CoV-1 and related bat CoVs WIV1-CoV and WIV16-

CoV (Fig 1D). We confirmed the ACE2 dependence of WIV1-CoV and WIV16-CoV (S1

Fig). While all tested SARS-like CoV pseudoparticles robustly infected A549-A and A549-AT

cells, infectivity of SARS-CoV-2 omicron, SARS-CoV-1, WIV1 and WIV16 was profoundly
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reduced in Calu-3 cells (Fig 1D). Since Calu-3 cells express higher levels of TMPRSS2, but rela-

tively low levels of cathepsin L [15], our findings are consistent with a role for TMPRSS2 in

aiding entry of some SARS-CoV-2 variants, but not SARS-CoV-1 or bat CoVs that lack a furin

cleavage site and are thus likely more dependent on endosomal entry. TMPRSS2 expression in

A549 cells enhanced entry of SARS-CoV-2 Hu1 and delta, but not SARS-CoV-2 omicron or

Fig 1. Infectivity of CoVpp in A549-derived and Calu-3 cell lines. (A-B) A549 cells were transduced to stably overexpress ACE2

(A549-A), DPP4 (A549-D) in the absence or presence of TMPRSS2 (A549-AT and A549-DT). ACE2 and DPP4 expression was

confirmed by western blot (A), while TMPRSS2 expression was confirmed using flow cytometry (B). (C-D) A549-derived or Calu-3

cells were inoculated with lentiviral particles pseudotyped with the spike proteins of MERS-CoV (C), VSV, SARS-CoV-1,

WIV1-CoV, WIV16-CoV, SARS-CoV-2 Hu1, SARS-CoV-2 delta or SARS-CoV-2 omicron (D) or pseudoparticles lacking envelope

protein (no env) (C-D) for 2 h, then incubated for an additional 72 h, at which point luciferase activity was measured to assess

pseudoparticle entry. The data are expressed as fold change relative to the luciferase signal obtained with no envelope. Graphs show

mean +/- SEM from three independent experiments performed in triplicate.

https://doi.org/10.1371/journal.ppat.1012365.g001

PLOS PATHOGENS Cellular sialic acid enhances SARS-CoV-2 endosomal entry

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012365 December 3, 2024 4 / 29

https://doi.org/10.1371/journal.ppat.1012365.g001
https://doi.org/10.1371/journal.ppat.1012365


SARS1-like CoVs (Fig 1D). Importantly, infectivity of control VSV-G-pseudotyped lentiviral

particles was similar in A549-A and A549-AT cells (Fig 1D), confirming that differences we

observed are not the result of downstream steps of lentiviral transduction. Infectivity of

VSV-G pseudoparticles was enhanced in Calu-3 cells compared to A549-A and A549-AT cells

(Fig 1D), indicating that the impaired entry of some CoV pseudoparticles in Calu-3 cells is not

the result of intrinsic resistance of these cells to lentiviral transduction.

We compared entry of SARS-CoV-2 Hu-1 pseudoparticles with a 19-amino acid C-termi-

nally truncated spike protein (SARS-CoV-2-ΔCT) and full-length spike protein (SARS-CoV-

2-FL). Consistent with previous literature [40, 48–50], we noted that SARS-CoV-2-FL pseudo-

particles had poorer infectivity in A549-A cells, but enhanced infectivity in Calu-3 cells relative

to the SARS-CoV-2-ΔCT particles (S2 Fig). While SARS-CoV-2-ΔCT spike proteins are com-

monly utilized to improve lentiviral vector infectivity [40, 48–50], TMPRSS2-expressing Calu-

3 cells appear to be more susceptible to the SARS-CoV-2-FL spike pseudoparticles, as the C-

terminal truncation may result in less furin processing and therefore enhanced cathepsin L

dependence, rather than TMPRSS2 dependence, during viral entry [44,51,52]. Therefore, for

SARS-CoV-2 Hu1 experiments, we used FL spike pseudoparticles for subsequent entry assays

in Calu-3 cells, while ΔCT spike pseudoparticles were used for assays in A549-derived cells.

The entry route preference of SARS-CoV-2 in A549 cells depends on

TMPRSS2 expression

We next evaluated the entry route preferences of CoVpp in our cell models using camostat

mesylate or E64d to inhibit TMPRSS2 (cell surface entry) or cathepsin L (endosomal entry),

respectively (Fig 2A) [53, 54]. A549-derived cells were pre-treated with DMSO vehicle, camo-

stat (25 μM) or E64d (10 μM) for 1 hour at 37˚C prior to inoculation with CoVpp. Entry of

SARS-CoV-2 Hu-1, delta and omicron pseudoparticles in A549-A cells was inhibited by treat-

ment with E64d, but not camostat (Fig 2B), consistent with the lack of TMPRSS2 expression

in these cells (Fig 1B). In A549-AT cells, on the other hand, entry of SARS-CoV-2 Hu-1 and

delta pseudoparticles was strongly reduced by camostat, but to a much lesser extent by E64d

(Fig 2B), indicating a preference for cell-surface TMPRSS2-mediated entry when TMPRSS2 is

present. Entry of SARS-CoV-2 omicron pseudoparticles in A549-AT cells was partially inhib-

ited by both E64d or camostat, but more potently inhibited by E64d, indicating that the endo-

somal pathway is preferred, which is consistent with prior literature [54]. Finally, entry of

SARS-CoV-1, WIV1-CoV and WIV16-CoV spike-pseudotyped particles was inhibited by

E64d, whereas camostat did not significantly affect entry of SARS-CoV-1, WIV1-CoV or

WIV16-CoV pseudoparticles (Fig 2C). Overall, we concluded that entry of SARS-CoV-1,

WIV1-CoV and WIV16-CoV in A549 cells occurs predominantly through the endosomal

route even in the presence of TMPRSS2.

Sialic acid differentially contributes to sarbecovirus entry depending on

entry route

We first used genetic and enzymatic approaches to evaluate the role of sialic acid during sarbe-

covirus entry in A549-A cells, where the endosomal entry route is predominant (Fig 2B and

2C). We used CRISPR/Cas9 to generate cells lacking cytidine monophosphate N-acetylneura-

minic acid synthetase (CMAS), an enzyme that catalyzes the conversion of N-acetylneurami-

nic acid (Neu5Ac) to cytidine 5’-monophosphate N-acetylneuraminic acid (CMP-Neu5Ac),

the essential nucleotide sugar donor required for the synthesis of sialylated glycans [55]. Alter-

natively, we used the broad acting sialidase NanH from Clostridium perfringens to enzymati-

cally remove terminal sialic acid epitopes from cell surfaces [56]. Cells were pre-treated for 30
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Fig 2. The entry route of SARS-CoV-2 depends on TMPRSS2 expression in A549 cells. (A) Schematic showing cell-surface TMPRSS2-mediated CoV entry

compared to endosomal cathepsin-mediated entry. Camostat mesylate inhibits the TMPRSS2 pathway, while E64d inhibits the endosomal pathway. Schematic

was prepared using Biorender.com. (B-C) A549-A or A549-AT cells were pre-treated for 1 h at 37˚C with DMSO, camostat (25 μM) or E64d (10 μM) diluted in

media to the indicated concentrations, then infected with SARS-CoV-2pp (B) or SARS-CoV-1-like pseudoparticles (C) for 2 h at 37˚C. Inocula were removed

and cells were incubated in complete media for 72 h, at which point luciferase activity was measured to assess viral entry. Data are expressed as percentage

relative to DMSO control. Graphs show mean +/- SEM from at least three independent experiments performed in triplicate. Statistical significance was assessed

by two-way ANOVA (**p<0.01; ***p<0.001; ****p<0.0001; ns, not significant).

https://doi.org/10.1371/journal.ppat.1012365.g002
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minutes at 37˚C with NanH diluted to 50 μg/mL in serum-free F12-K media. NanH was then

removed, and cells were washed with PBS. We confirmed absence of sialic acid in CMAS

knockout (KO) A549-A cells, or in WT A549-A cells treated with NanH, by flow cytometry

using lectin staining with three lectins (Fig 3A): Sambucus nigra agglutinin (SNA), which

binds α2,6-sialic acids; Maackia amurensis lectin II (MAL-II), which binds α2,3-sialic acids;

and Erythrina cristagalli lectin (ECL), which binds terminal galactose residues. SNA and

MAL-II binding to cells was decreased similarly in NanH-treated cells and CMAS KO cells,

demonstrating effective removal of both α2,3-linked and α2,6-linked sialic acid. A concomi-

tant increase in ECL binding was also observed, reflecting increased exposure of galactose in

the absence of terminal sialic acid (Fig 3A). Residual binding signal after NanH treatment or

Fig 3. Cell surface sialic acid is not required for SARS-CoV-2 spike glycoprotein binding. (A) The presence of cell surface sialic acid was confirmed by

flow cytometry using SNA, MAL-II and ECL lectins, which bind to α2,6-linked, α2,3-linked sialylated and galactosylated glycans, respectively. SNA and

MAL-II bind is decreased upon loss of sialic acid; ECL binding is increased upon loss of sialic acid. (B-C) Soluble recombinant spike glycoprotein (SGP)

binding to A549-A and A549-A CMAS KO cells assessed by flow cytometry using the CR3022 anti-spike antibody to measure SGP binding. Enzymatic

desialylation was achieved by incubating cells with NanH for 30 min. Heparin inhibition was performed by pre-incubating SGP with heparin 10 min at 37˚C

prior to the addition to cells. Graphs show mean +/- SEM from an experiment performed in duplicate. Statistical significance was assessed by two-way

ANOVA (****p<0.0001; ns, not significant).

https://doi.org/10.1371/journal.ppat.1012365.g003
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in CMAS KO cell line may be attributed to non-specific background binding which has been

observed in previous studies [57,58].

We then tested the role of sialic acid for spike glycoprotein (SGP) binding to these cells

using flow cytometry. A549-A WT or CMAS KO cells were treated with NanH or mock-

treated and incubated with soluble recombinant SARS-CoV-2 Hu-1 SGP. SGP bound

A549-ACE2 cells similarly regardless of NanH treatment or CMAS KO (Fig 3B), indicating

that terminal sialic acid is not required for SARS-CoV-2 spike binding to A549-A cells. More-

over, we found that SGP does not bind to parental A549 cells in the absence of ACE2 (Fig 3B),

confirming that sialic acid expressed on the surface of A549 cells is not sufficient to mediate

SARS-CoV-2 spike attachment in the absence of the protein receptor. As a control, treatment

with soluble heparin did inhibit spike binding to A549-A cells (Fig 3C), reflecting the estab-

lished role of heparan sulfate proteoglycans (HSPGs) in mediating SARS-CoV-2 attachment

[27].

To determine if the loss of terminal sialic acid epitopes affected SARS-CoV-2 and other

CoV entry at a post-binding step, we performed pseudoparticle entry assays in CMAS KO

A549-A cells compared to WT A549-A cells. Entry of all sarbecovirus pseudoparticles was sig-

nificantly reduced in CMAS KO cells compared to parental A549-A cells (Fig 4A). We also

observed that entry of VSV G-pseudotyped lentiviral particles was decreased in the CMAS KO

cells by approximately 50%, which could support a proposed role for sialic acid in VSV entry

[59] Interestingly, we noted differences in the inhibitory effect of CMAS KO for different CoV

pseudoparticles, with entry of SARS1-like CoVs as well as the SARS-CoV-2 omicron variant

being more profoundly affected by the absence of sialic acid (>90% inhibition) than SARS-

CoV-2 Hu-1 or delta strains (~50% inhibition) (Fig 4A), which reflected the inhibition pattern

when endosomal entry was blocked via E64d treatment (Fig 2B and 2C). Therefore, we

directly compared the effect of E64d on entry of SARS-CoV-2 pseudoparticles in WT and

CMAS KO A549-A cells. E64d treatment in WT cells reduced entry of SARS-CoV-2 Hu-1,

delta and omicron to a similar extent as in DMSO-treated CMAS KO cells (Fig 4B). Interest-

ingly, while SARS-CoV-2 entry was already inhibited in CMAS KO cells, there was no further

inhibitory effect of E64d in CMAS KO cells (Fig 4B), which could suggest that the absence of

sialic acid and inhibition of cathepsins may affect the same step.

TMPRSS2 expression decreases sialic acid dependence during SARS-CoV-2

entry

Since SARS-CoV-1-like CoVs and the SARS-CoV-2 omicron variant predominantly use the

endosomal entry route (Fig 2B and 2C) and were more profoundly affected by the absence of

sialic acid than SARS-CoV-2 Hu-1 or delta (Fig 4A), we hypothesized that sialic acid contrib-

utes more to endosomal cathepsin-mediated entry than cell-surface TMPRSS2-mediated

entry. To test this hypothesis, we compared the effect of NanH treatment in cells that express

or lack TMPRSS2. We first confirmed that 30-minute pre-treatment with 50 μg/mL NanH

effectively removes sialic acid on Calu-3 cells by staining with sialic acid-binding SNA-FITC

and terminal-galactose-binding ECL-FITC lectins. As expected, immunofluorescence micros-

copy confirmed the removal of sialic acid from A549 and Calu-3 cells (Figs 5A and S3). We

also confirmed that NanH treatment of Calu-3 cells inhibited infection of influenza A virus

(IAV; strain A/New York/18/2009; H1N1) (S3 Fig), which uses α2,6-linked sialic acid as a

receptor [60].

We then performed CoVpp entry assays to determine if the loss of terminal sialic acid epi-

topes differentially affected SARS-CoV-2 entry in TMPRSS2-lacking A549-A cells (where the

endosomal entry route is preferred) compared to TMPRSS2-expressing A549-AT and Calu-3
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cells (where the cell surface entry route is preferred). We focused on SARS-CoV-2 due to its

flexibility in entry route depending on TMPRSS2 expression (Fig 2B). Reflecting our observa-

tion in CMAS KO A549-A cells (Fig 4A), removal of sialic acid by NanH pre-treatment

decreased entry of SARS-CoV-2 Hu-1 and delta pseudoparticles in A549-A cells by approxi-

mately 50% (Fig 5B and 5C). However, NanH pre-treatment did not inhibit entry of SARS--

CoV-2 Hu-1 and delta pseudoparticles in TMPRSS2-expressing A549-AT or Calu-3 cells (Fig

5B and 5C), indicating that TMPRSS2 and the cell-surface entry route permits entry in the

absence of sialic acid. Interestingly, NanH pre-treatment similarly inhibited SARS-CoV-2 omi-

cron entry in A549-A and A549-AT cells, although was slightly less inhibitory in A549-AT

cells (Fig 5D), perhaps reflecting the increased dependence of SARS-CoV-2 omicron on the

Fig 4. Sarbecovirus entry is reduced in cells lacking terminal sialic acid. (A) A549-A WT or CMAS KO cells were inoculated

with the indicated pseudoparticles for 2 h at 37˚C, at which point the inocula were removed and cells were overlaid with

complete media. After 72 h, lysates were collected to measure luciferase reporter activity to assess pseudoparticle entry. (B)

A549-A WT or CMAS KO cells were pre-treated with DMSO vehicle or E64d (10 μM) for 1 h at 37˚C, then inoculated with

pseudoparticles as described above. Data are expressed as percentage relative to WT cells (A) or DMSO-treated control cells (B).

(A-B) Graphs show mean +/- SEM from at least three independent experiments performed in triplicate. Statistical significance

was assessed by two-way ANOVA (****p<0.0001; ns, not significant).

https://doi.org/10.1371/journal.ppat.1012365.g004
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endosomal entry route compared to Hu-1 and delta variants (Fig 2B). Due to very low infec-

tivity of SARS-CoV-2 omicron pseudoparticles in Calu-3 cells (Fig 1D), we were unable to

reliably infect Calu-3 cells with omicron pseudoparticles and thus could not assess the effect of

NanH on omicron entry in Calu-3 cells.

Since cancer cell lines like A549 cells can have altered glycosylation patterns [61,62], we

next validated our findings in the BEAS-2B non-tumorigenic bronchial epithelial cell line.

Ectopic expression of the ACE2 receptor (Figs 6A and S4) enabled SARS-CoV-2 pseudoparti-

cle entry (S4 Fig), and we observed that BEAS-2B cells naturally express low levels of

TMPRSS2 (Fig 6A). We next assessed entry route preferences in BEAS-2B-ACE2 cells using

E64d or camostat to inhibit cathepsin-mediated endosomal entry or TMPRSS2-mediated cell

surface entry, respectively. We observed that entry of SARS-CoV-2 Hu1 and omicron pseudo-

particles was dependent on cathepsins, while delta entry was partially inhibited by either E64d

or camostat treatment (Fig 6B), suggesting that delta can use both entry routes in BEAS-

2B-ACE2 cells. We next assessed sialic acid dependence following enzymatic removal of sialic

Fig 5. Sialic acid is not required for entry of SARS-CoV-2 Hu1 and delta variant in cells expressing TMPRSS2. (A-D) A549-derived cells or Calu-3 cells were

pre-treated with NanH diluted to 50 μg/mL in serum-free media for 30 minutes at 37˚C. Cells were then washed and processed for fluorescence microscopy (A)

or inoculated with SARS-CoV-2 pseudoparticles (B-D). (A) NanH-treated cells were stained with SNA-FITC (binds sialic acid) or ECL-FITC (binds galactose)

diluted to final concentration of 20 μg/mL in PBS, then washed with PBS and imaged by fluorescence microscopy (20X magnification; scale bar, 50 μm). Lectin

staining confirmed removal of sialic acid by the NanH treatment. (B-D) NanH-treated cells were inoculated with the indicated SARS-CoV-2 pseudoparticles for

2 h at 37˚C, then washed and incubated in complete media for 72 h. Luciferase activity was then measured to assess viral entry. Data are expressed as percentage

relative to DMSO control. (B-D) Graphs show mean +/- SEM from at least three independent experiments performed in triplicate. Statistical significance was

assessed by two-way ANOVA (**p<0.01; ****p<0.0001; ns, not significant).

https://doi.org/10.1371/journal.ppat.1012365.g005
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Fig 6. Entry of SARS-CoV-2 Hu-1 and omicron, but not delta, is inhibited by removal of sialic acid in BEAS-2B-ACE2 cells. BEAS-2B cells were

transduced to stably overexpress ACE2 (BEAS-2B-ACE2). Expression of ACE2 and endogenous TMPRSS2 was confirmed by western blot (A). (B) BEAS-

2B-ACE2 cells were pre-treated for 1 h at 37˚C with DMSO, camostat (25 μM) or E64d (10 μM) diluted in media to the indicated concentrations, then infected

with SARS-CoV-2pp for 2 h at 37˚C. Inocula were removed and cells were incubated in complete media for 72 h, at which point luciferase activity was

measured to assess viral entry. (C-D) BEAS-2B-ACE2 cells were pre-treated with NanH diluted to 50 μg/mL in serum-free media for 30 minutes at 37˚C. Cells

were then washed and processed for fluorescence microscopy (C) or inoculated with SARS-CoV-2 pseudoparticles (D). NanH-treated cells were stained with

SNA-FITC (binds sialic acid) or ECL-FITC (binds galactose) diluted to final concentration of 20 μg/mL in PBS, then washed with PBS and imaged by

fluorescence microscopy (10X magnification; scale bar, 200 μm). Lectin staining confirmed removal of sialic acid by the NanH treatment. (E-F) BEAS-

2B-ACE2 cells were treated with protease inhibitors or NanH as described (B-C), then infected with replication-competent recombinant VSV-SARS-CoV-2-S
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acid, as confirmed by lectin staining (Fig 6C). Entry of SARS-CoV-2 Hu1 and omicron was

inhibited in the absence of sialic acid (Fig 6D), correlating with the dependence of Hu-1 and

omicron on endosomal entry (Fig 6B). However, entry of delta pseudoparticles was not

affected by the lack of sialic acid (Fig 6D). Finally, we confirmed our findings using replica-

tion-competent recombinant VSV expressing the SARS-CoV-2 Hu-1 spike protein in place of

the VSV glycoprotein. Reassuringly, entry of VSV-SARS2-S (Hu-1) in BEAS-2B-ACE2 cells

was dependent on endosomal cathepsins and inhibited in the absence of sialic acid (Fig 6E

and 6F), reflecting our findings with lentiviral pseudoparticles (Fig 6B and 6D).

TMPRSS2 expression does not modulate sialic acid dependency during

MERS-CoV or HCoV-OC43 entry

Finally, we assessed the role of sialic acid in MERS-CoV entry in A549-D cells compared to

TMPRSS2-expressing A549-DT and Calu-3 cells. We first confirmed MERS-CoV entry route

preferences in our cell line models. MERS-CoVpp entry was inhibited by E64d, but not camo-

stat, treatment in A549-D cells, but the opposite was observed in A549-DT and Calu-3 cells,

confirming that MERS-CoV entry proceeds through the endosomal pathway in A549-D cells,

but through the cell-surface TMPRSS2-mediated pathway in TMPRSS2-expressing A549-DT

and Calu-3 cells (Fig 7A). Interestingly, MERS-CoV entry was reduced by NanH pre-treat-

ment in both A549-D and A549-DT cells, but not in Calu-3 cells (Fig 7B). Given the discrep-

ant results in A549-DT and Calu-3 cells, which both support cell-surface entry (Fig 7A), we

sought to functionally confirm the absence of sialic acid following NanH treatment of Calu-3

cells by infecting cells with influenza A virus (IAV; strain A/New York/18/2009; H1N1), which

uses α2,6-linked sialic acid as a receptor [60]. NanH-treated cells were infected with 3×103,

3×104, or 3×105 plaque-forming units (pfu) of IAV, corresponding to an approximate multi-

plicity of infection (MOI) of 0.01, 0.1 or 1 pfu/cell. At 8 hours post-infection, cells were lysed

to measure IAV M gene expression by RT-qPCR. As expected, a reduction in IAV infection

was observed following NanH pre-treatment at all virus doses (S3 Fig), confirming the func-

tional absence of sialic acid following NanH treatment. We noted that the absence of sialic

acid was less inhibitory when increasing amounts of virus were added, although infection was

still inhibited even at an MOI of 1. Using a transfer plasmid encoding ZsGreen in our pseudo-

particle assays, we established that approximately 2% of A549-D or Calu-3 cells were trans-

duced with MERS-CoVpp (S3 Fig), reflecting the lower MOI conditions where IAV infection

was robustly inhibited in NanH-treated cells. However, despite effective removal of sialic acid

from Calu-3 cells as measured by lectin staining (Fig 5A) and IAV infection (S3 Fig), sialic

acid did not appear to play a role in MERS-CoV pseudoparticle entry in Calu-3 cells (Fig 7A).

As a control, we tested entry of authentic HCoV-OC43, which like MERS-CoV is docu-

mented to bind sialic acid [29,63]. HCoV-OC43 entry was weakly but similarly inhibited by

the removal of sialic acid from the surfaces of A549-A and A549-AT cells (Fig 7C). However,

it is worth noting that HCoV-OC43 entry was inhibited by E64d, but not camostat, treatment

in both cell lines (S5 Fig), reflecting a dependence on the endosomal entry route regardless of

TMPRSS2 expression. Thus, we cannot rule out in this assay that sialic acid may promote

HCoV-OC43 internalization and endocytic entry in addition to cell attachment. Nonetheless,

HCoV-OC43 and MERS-CoV entry was similarly reduced in the absence of sialic acid, regard-

less of TMPRSS2 expression. These findings could reflect a more direct role for sialic acid in

expressing GFP for 2 h. After 7.5 h, cells were fixed and GFP fluorescence was assessed. Representative images are shown (20X magnification; scale bar, 50 μm).

The percentage of infected cells in each condition was determined using ImageJ. Graphs show mean +/- SEM from three independent experiments performed

in triplicate. Statistical significance was assessed by one-way or two-way ANOVA (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant).

https://doi.org/10.1371/journal.ppat.1012365.g006
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Fig 7. Entry of MERS-CoVpp and HCoV-OC43 is weakly inhibited by the absence of sialic acid regardless of

TMPRSS2 expression in A549-derived cells. (A-B) A549-D, A549-DT or Calu-3 cells were pre-treated for 1 h at 37˚C

with DMSO, camostat (25 μM) or E64d (10 μM) diluted in media to the indicated concentrations (A), or pre-treated

with NanH diluted to 50 μg/mL in serum-free media for 30 minutes at 37˚C (B). Cells were then washed and

inoculated with MERS-CoVpp for 2 h at 37˚C prior to being washed and overlaid with complete media for 72 h.

Luciferase activity was then measured to assess viral entry. Data are expressed as percentage relative to DMSO control.

(C) A549-A or A549-AT cells were pre-treated with NanH as above (B), then washed and infected with HCoV-OC43

(MOI 0.5) for 1 h at 37˚C. Cells were then incubated in complete media for an additional 7 h, at which point they were

fixed and processed for immunofluorescence microscopy using an antibody against the HCoV-OC43 N protein.

Representative images are shown (20X magnification; scale bar, 50 μm). (C) The percentage of infected cells in each

condition was determined using ImageJ. (A-C) Graphs show mean +/- SEM (A-B) or SD (C) from three independent

experiments performed in triplicate. Statistical significance was assessed by two-way ANOVA (*p<0.05; **p<0.01;

***p<0.001; ****p<0.0001).

https://doi.org/10.1371/journal.ppat.1012365.g007
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spike binding [34] during MERS-CoV and HCoV-OC43 entry, since TMPRSS2 expression

and the availability of the cell surface entry route did not affect their dependency on sialic acid

during entry in A549-derived cells.

Discussion

In this study, we evaluated whether dependence on sialoglycans during CoV entry in lung cell

lines is affected by entry route, which can occur at the cell surface in a TMPRSS2-dependent

manner, or in endosomes in a cathepsin-dependent manner. We confirm that entry of SARS-

CoV-1 depends on the endosomal route [17] and show that entry of related pre-emergent bat

CoVs WIV1-CoV and WIV16-CoV similarly occurs primarily via the endosomal pathway.

While WIV1-CoV and WIV16-CoV have been previously established to use ACE2, as we con-

firm here (S1 Fig), other aspects of their entry mechanisms had not yet been investigated.

Their requirement for endosomal entry shown here is consistent with the lack of furin cleavage

site in the spike protein of SARS-CoV-1, WIV1-CoV and WIV16-CoV, which precludes pre-

activation of spike in the producer cell and could limit usage of the TMPRSS2-mediated cell

surface pathway for entry. Consistent with previous literature, we show that SARS-CoV-2 Hu1

[64] and delta B1.617.2 variant [54], as well as MERS-CoV [65], favour cell surface entry in the

presence of TMPRSS2 (Figs 2B and 7A), while the SARS-CoV-2 omicron B1.1.592 variant

[54] demonstrates a preference for endosomal entry in cell lines (Fig 2B). SARS-CoV-2 Hu1,

delta and MERS-CoV were flexible in entry pathway usage, which has been proposed to aid in

evasion of antiviral restriction factors [64, 66–68]. Importantly, the flexibility in entry route

usage by SARS-CoV-2 Hu1, delta and MERS-CoV enabled us to specifically assess the require-

ment for sialylated glycans during cell surface or endosomal entry in cell lines either expressing

or lacking TMPRSS2, respectively.

Using both genetic and enzymatic approaches, we compared the effect of sialic acid removal

on SARS-CoV-2 cell entry in A549-A cells (lacking TMPRSS2) versus A549-AT cells (ectopi-

cally expressing TMPRSS2), as well as Calu-3 cells and BEAS-2B-ACE2 cells, which both natu-

rally express TMPRSS2. Expression of ectopic or endogenous TMPRSS2 in A549-AT, Calu-3

and BEAS-2B-ACE2 cells rescued entry of the SARS-CoV-2 delta variant, and to some extent

the Hu-1 strain, from the inhibitory effect of sialic acid removal (Figs 5B, 5C, 6B and 6D). In

contrast, entry of SARS-CoV-2 omicron B.1.1.529, which relies more on endosomal entry in

cell lines even in the presence of TMPRSS2 [54] (Fig 2B), was similarly restricted by the

absence of sialic acid regardless of TMPRSS2 expression (Figs 5D and 6D). Consistently, the

absence of sialic acid in CMAS KO cells profoundly inhibited entry of cathepsin-dependent

CoVs (SARS-CoV-2 omicron, SARS-CoV-1, WIV1-CoV and WIV16-CoV) to a similar extent

as inhibiting cathepsin L via E64d treatment. Based on these data, we propose a model where

sialic acid plays a more significant role during endosomal entry compared to cell-surface entry

of SARS-CoV-2 Hu-1 and delta (Fig 8).

Classically, sialic acid serves as a receptor or co-receptor for some viruses, most notably

influenza viruses [60], aiding in attachment of viral particles to cell surfaces. Indeed, the spike

proteins of human common cold embecoviruses HCoV-OC43 and HCoV-HKU1 interact

with 9-O-acetylated sialic acid through a well-conserved receptor binding site in S1, which is

required for attachment and entry [29,32,69]. For HCoV-HKU1, sialoglycan binding promotes

the “up” position of S1 [70], which is proposed to enable subsequent entry steps such as bind-

ing to a secondary receptor. HCoV-OC43 and HCoV-HKU1 encode hemagglutinin esterase

(HE) [71], which serves as a “receptor-destroying enzyme” required for productive infection

and release of infectious HCoV-OC43 and HCoV-HKU1 progeny virions [72–74], similar to

other viruses that attach to sialic acid, such as IAV, which encodes both receptor binding
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(hemagglutinin) and receptor-destroying (neuraminidase) enzymatic activities. Considering

these previous findings, we were surprised that removal of sialic acid through NanH treatment

only weakly inhibited HCoV-OC43 entry in A549-derived cells (Fig 7C). While it is possible

that the NanH treatment did not completely remove 9-O-aceylated sialic acid structures from

A549 cells, this is unlikely considering previous literature showing that 9-O-aceylation does

not affect the sialic acid hydrolysis activity of C. perfringens NanH [75,76]. Furthermore, A549

cells express low levels of 9-O-aceytylated sialic acid, most of which is found intracellularly

within the Golgi [77], likely limiting its ability to serve as a viral attachment factor in these

cells. Despite this, A549 cells are readily infected with HCoV-OC43 (Fig 7C), so it is possible

that other entry factors may compensate to mediate HCoV-OC43 infection in A549 cells. For

example, we have shown that heparan sulfate proteoglycans contribute to HCoV-OC43 entry

in A549 cells [78]. Although it is beyond the scope of our current study, further characteriza-

tion of the entry mechanism of HCoV-OC43, particularly in more physiologically relevant

lung cell models, is warranted.

Unlike embecoviruses, sarbecoviruses and merbecoviruses have not evolved to encode HE

[71], supporting the notion that entry of these viruses to cells may not rely heavily on sialic

acid binding. Consistently, we found that binding of SARS-CoV-2 Hu1 spike protein to

A549-A cells still occurred in CMAS KO cells or NanH-treated cells lacking sialic acid

(Fig 3B), although spike binding is inhibited by heparin treatment (Fig 3C), reflecting the

requirement for heparan sulfate proteoglycans in SARS-CoV-2 attachment [27]. Consistent

with our findings, Hao et al. used glycan microarrays to show that recombinant spike proteins

of SARS-CoV-1, SARS-CoV-2 and MERS CoV bind to heparan sulfate, but not to sialylated

Fig 8. Proposed working model for the role of sialoglycans in SARS-CoV-2 entry. Sialoglycans enhance endosomal cathepsin-mediated entry of

SARS-CoV-2, but are not required for cell surface TMPRSS2-dependent entry. Schematic was made in Biorender.com.

https://doi.org/10.1371/journal.ppat.1012365.g008
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N-glycans, O-glycans or glycolipid glycans [79]. Indeed, MERS-CoV spike protein binding to

sialylated glycans was only detected when the S1 domain of spike was displayed on nanoparti-

cles to enable multivalent interactions with increased avidity [34]. Even under these condi-

tions, binding of MERS-CoV S1 to sialoglycans occurred with much lower affinity than

binding of IAV hemagglutinin (HA) [34], which is well-established to bind α2,6-linked sialic

acid [60]. Baker et al. also demonstrated binding of recombinant SARS-CoV-2 S1 to multiva-

lent gold nanoparticles bearing sialic acid, which enabled detection of SARS-CoV-2 in a lateral

flow assay [80]. While these relatively weak low avidity spike-sialic acid interactions [34,79,80]

may not contribute greatly to CoV binding to cell surfaces during authentic infection, com-

pounds containing α2,6-linked sialic acid were shown to inhibit SARS-CoV-2 attachment and

infection [37]

Nguyen et al. demonstrated that the SARS-CoV-2 Hu-1 spike receptor binding domain

(RBD) binds to sialic-acid containing glycolipids on ACE2-expressing HEK293 cells [30],

which may reflect cell type differences or that exposure of the RBD is required for binding sia-

lylated glycolipids, which is not necessarily recapitulated in our assay with spike SGP. Simi-

larly, Negi et al. used in vitro binding assays to demonstrate binding of SARS-CoV-2 to

sialylated gangliosides embedded in supported lipid bilayers [81]. Most recently, Dı́az-Salinas

et al. showed that sialic acid binding by the SARS-CoV spike protein enhances virus attach-

ment and subsequent ACE2 binding [82]. SARS-CoV-2 spike bound to 293T cells in a sialic

acid-dependent manner even in the absence of ACE2 [82], which contrasts our findings in

A549 cells (Fig 3B), and other studies in different cell lines have found a variable requirement

for sialic acid in SARS-CoV-2 entry [36,37,43]. As such, spike binding to cell surfaces may be

aided by sialic acid in some contexts, and validation in more physiologically relevant models

will be important.

Our findings support a functional role for sialic acid in entry of SARS-CoV-2 and MERS-

CoV in lung cell lines. Interestingly, we identified a differential requirement for sialic acid in

the entry of SARS-CoV-2 omicron and delta variants, which could reflect intrinsic differences

in the spike proteins or different entry route preferences of these variants. TMPRSS2 expres-

sion in A549 cells enabled SARS-CoV-2 delta, but not omicron, to overcome the inhibitory

effect of sialic acid removal on pseudoparticle entry (Fig 5B and 5C). However, removal of

sialic acid from Calu-3 cells by NanH did not affect the entry of MERS-CoV pseudoparticles,

which contrasts a previous study showing that entry of authentic MERS-CoV was inhibited in

sialidase-treated Calu-3 cells, but not Vero cells, which the authors attributed to differences in

glycan expression levels between the cell types [34]. Indeed, differences in protein receptor

abundance, protease expression, or glycosylation levels in different cell types or cells cultured

in different labs may impact the dependency on sialic acid during CoV entry. Furthermore,

cathepsin-mediated endosomal CoV entry appears to be less relevant in primary cells, orga-

noids and in vivo models, where TMPRSS2 has been shown to mediate infection and spread of

SARS-CoV-1 and the SARS-CoV-2 omicron variant [83–86], despite these viruses using the

endosomal entry route in some cell lines. Since our mechanistic study indicates that sialic acid

is less important for TMPRSS2-mediated SARS-CoV-2 entry, future studies evaluating sialic

acid usage or developing sialic acid-derived inhibitors in the context of CoV infection should

include validation experiments in more physiologically relevant models, where TMPRSS2-me-

diated entry predominates.

A limitation of our study is the use of lentiviral pseudoparticles and replication-competent

recombinant VSV-SARS2-S as surrogate models to assess SARS-CoV-2 entry. While these sur-

rogate systems are widely accepted to recapitulate fundamental CoV entry steps, it is possible

that differences in the egress route and presence of other CoV proteins during authentic viral

infection could affect proteolytic processing, thus affecting entry route preference. While we
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were unable to perform studies with authentic SARS-CoV-2 or MERS-CoV isolates due the

lack of access to BSL3 facilities, future studies should aim to address the role of sialoglycans

during cell-surface or endosomal entry of authentic SARS-CoV-2 and MERS-CoV isolates.

Based on our findings, it would be particularly interesting to test the requirement of sialic acid

during infection of authentic SARS-CoV-2 delta and omicron variants.

Overall, we propose a model where sialic acid plays a role in promoting the internalization

of SARS-CoV-2 when the endocytic entry pathway is used (Fig 8). Prior literature supports

roles for sialic acid in post-binding viral entry steps. For example, adeno-associated virus still

binds to CHO cells lacking surface expression of sialic acid, but it does not undergo internaliza-

tion [87]. In Huh7 hepatoma cells, Zika virus internalization, but not attachment, requires

α2,3-linked sialic acid [39]. Huh7 cells deficient in α2,3-linked sialic acid were also less suscepti-

ble to MERS-CoV pseudoparticle infection [39], which could also support a role for sialic acid

in MERS-CoV internalization. Interestingly, we observed that entry of VSVpp, like that of

CoVpp, was inhibited in the CMAS KO cells, which could reflect a proposed role for sialic acid

in VSV attachment [59] or a general defect in endocytosis, which is also required for VSV fusion

and entry [88]. The latter would be consistent with literature showing that endocytosis is

reduced in dendritic cells upon removal of terminal α2,3 or α2,6-linked sialic acid from the cell

surface [89]. However, future studies are necessary to examine the specific impact of sialic acid

removal on endocytosis in epithelial cell lines and to investigate the underlying mechanisms.

In conclusion, our study has contributed to understanding the roles of sialoglycans in CoV

entry, suggesting a role for sialic acid in aiding endosomal entry of SARS-CoV-2. While direct

binding of sialic acid by spike may contribute to entry of some CoVs, such as embecoviruses

and merbecoviruses, additional roles of sialic acid in promoting virion internalization may

enhance entry through the endosomal route. Given that clinical CoV isolates are often more

dependent on cell surface TMPRSS2-mediated entry, antiviral efficacy of sialic acid-derived

inhibitors should be evaluated in the context of both entry routes. Overall, these findings con-

tribute to understanding CoV entry and may inform design of antiviral molecules that act by

disrupting CoV-glycan interactions.

Materials and methods

Plasmids

CoV lentiviral pseudoparticles (CoVpp) were produced using packaging, transfer, and CoV

spike plasmids. The packaging plasmids used include pHDM-Hgpm2 encoding HIV-1 gag-

pol (BEI Resources NR-52517), pHDM-tat1b encoding HIV-1 tat (BEI Resources #NR-

52518), and pRC-CMV-rev1b encoding HIV-1 rev (BEI Resources #NR-52517). Alternatively,

psPAX-2 (Addgene #12260) was used as a packaging plasmid. Transfer plasmids pHAGE-Luc-

ZsGreen (BEI Resources #NR-52519) or pLenti-CMV-Puro-Luc (Addgene #17477) were used.

SARS-CoV-2 spike expression plasmids that were used include pHDM encoding full length

(FL) SARS-CoV-2 Wuhan-Hu-1 spike (BEI Resources, #NR-52514) and pcDNA3.1 encoding

a 19 amino acid C-terminally truncated (ΔCT) SARS-CoV-2 Wuhan Hu-1 spike obtained

from Dr. Raffaele De Francesco (Addgene #155297). For delta and omicron variants, plasmids

pTwist-SARS-CoV-2 d18 B.1.617.2v1 (Addgene #179905) and pTwist-SARS-CoV-2 d18

B.1.1.529 (Addgene #179907) were kindly shared by Dr. Alejandro Balazs. We previously syn-

thesized pcDNA3.1-SARS1-S encoding SARS-CoV-1 spike protein (Tor2 strain, GenBank

accession no. NC_004718.3) and pcDNA3.1-WIV1-S encoding WIV1-CoV spike protein

(GenBank accession no. KC881007.1) [78]. Plasmids pCAGGS-MERS-S [42] and pcDNA3.1-

WIV16-S [90] plasmids, encoding MERS-CoV and WIV16-CoV spike proteins, respectively,

were also described previously.
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For generation of stable cell lines via lentiviral transduction, the packaging plasmid psPAX2

was used along with pCMV-VSV-G encoding the VSV G glycoprotein (Addgene #8454).

Depending on the desired modification, different transfer plasmids were used. For the genera-

tion of the A549-ACE2 and A549-DPP4 cell lines, lentiviral vectors encoding human ACE2

(Dr. Sonja Best, Addgene #154981) and DPP4 (Addgene #158452) were used, respectively.

TMPRSS2 was subcloned into the pLJM1 lentiviral vector (Addgene #19319) by standard clon-

ing approaches, with pLJM1-GFP used as a control.

For mammalian protein expression of soluble spike glycoprotein and the CR3022 anti-

spike antibody, the following reagents were obtained through BEI Resources: Modified pαH

vector containing the SARS-CoV-2 Wuhan-Hu-1 HexaPro spike glycoprotein ectodomain

(#NR-53587), and the plasmid set for Anti-SARS Coronavirus Human Monoclonal Antibody

CR3022 (#NR-53260).

Cells and viruses

HEK293T/17 (ATCC #ACS-4500) and HCT-8 (ATCC #CCL-244) cells were cultured in Dul-

becco’s modified Eagle medium (DMEM; ThermoFisher #11995065) supplemented with 10%

FBS, 50 U/mL penicillin, and 50 μg/mL streptomycin. ExpiCHO cells (ThermoFisher) were cul-

tured in ExpiCHO Expression Medium (ThermoFisher) and were maintained in a humid 5%

CO2 atmosphere at 37˚C with shaking at 120 rpm. Calu-3 (ATCC HTB-55) cells were cultured

in minimal essential medium (MEM; Fisher Scientific #11095080) supplemented with 10% FBS,

1% sodium pyruvate, 1% non-essential amino acid solution, 50 U/mL penicillin, and 50 μg/mL

streptomycin. Parental A549 cells (BEI Resources #NR-52268) were cultured in Ham’s F-12 K

(Kaighn’s) medium (Fisher Scientific #21127030) with 10% FBS, 50 U/mL penicillin, and 50 μg/

mL streptomycin. Parental BEAS-2B cells were cultured in BEBM Bronchial Epithelial Cell

Growth Basal Medium (Lonza CC-3171) supplemented with BEGM Bronchial Epithelial Cell

Growth Medium SingleQuots Supplements and Growth Factors (Lonza CC-4175) and passaged

using 0.25% trypsin/EDTA containing 0.5% w/v polyvinylpyrrolidone (PVP, BioShop 9003-39-

8). All cell lines were maintained at 37˚C and 5% CO2.

A549-ACE2, A549-DPP4, A549-ACE2-TMPRSS2, A549-DPP4-TMPRSS2 and BEAS-

2B-ACE cells were generated by lentiviral transduction. A549-ACE2 and A549-DPP4 were

cultured in complete Ham’s F-12K media supplemented with 10 μg/mL blasticidin.

A549-ACE2-TMPRSS2 and A549-DPP4-TMPRSS2 cells were cultured in Ham’s F-12 K

(Kaighn’s) medium supplemented with 10% FBS, 1% pen/strep, 10 μg/mL blasticidin and

2 μg/mL puromycin. BEAS-2B-ACE2 cells were cultured in BEAS-2B media supplemented

with 5 μg/mL of blasticidin. The bulk population of A549-ACE2 cells was single-cell cloned as

described previously [78]. Expression of ACE2 and DPP4 was confirmed by western blot,

while TMPRSS2 expression was confirmed by western blot or flow cytometry.

HCoV-OC43 (BEI Resources NR-52725) was propagated in HCT-8 cells as we have

described previously [78]. Influenza A virus (IAV) (strain A/New York/18/2009, H1N1) was

obtained from BEI Resources (NR-15268) and propagated in Madin-Darby canine kidney

cells (BEI Resources NR2628) in the lab of Dr. Katrina Gee (Queen’s University).

rVSV-SARS-CoV-2-S [91] was a gift from Dr. Sean Whelan (Washington University School of

Medicine in St. Louis, USA) and propagated in Vero E6 cells as described previously [78].

Antibodies and lectins

For western blot, we used a rabbit monoclonal antibody against ACE2 (ThermoFisher #MA5-

32307; diluted 1:1000), a rabbit monoclonal antibody against DPP4 (ThermoFisher #MA5-

32643; diluted 1:1000), a rabbit monoclonal antibody against TMPRSS2 (Abcam #ab92323),
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and a mouse monoclonal antibody against GAPDH as a loading control (ThermoFisher #MA5-

15738). Secondary antibodies for western blot were goat anti-rabbit IgG IRDye 800CW Conju-

gate (LI-COR #926–32211) or goat anti-mouse IgG IRDye 680RD conjugate (LI-COR #926–

68070) and membranes visualized on a LICOR Odyssey CLx as described [78]. For immunoflu-

orescence, a primary antibody against the HCoV-OC43 N protein (Millipore #MAB9013;

diluted 1:500) was used, followed by a secondary Alexa Fluor 555 conjugated anti-mouse IgG

antibody (NEB #4413S; diluted 1:1000). For flow cytometry, the following primary antibodies

were used: Phycoerythrin (PE)-conjugated anti-human TMPRSS2 antibody (BioLegend

#378403), anti-human ACE2 polyclonal antibody (Invitrogen #PA-116467), and CR3022 (gen-

erated as described below). For ACE2, a secondary Alexa Fluor 488 conjugated rabbit anti-

human IgG (H+L) antibody (Invitrogen #31143) was used, and for CR3022, a secondary Alexa

Fluor 647 conjugated goat anti-human IgG (H+L) antibody (Invitrogen #A-21445) was used.

Fluorescein-conjugated Sambucus nigra lectin (SNA) that binds α2,6-linked sialic acid,

biotinylated Maackia amurensis lectin II (MAL-II) that binds α2,3-linked sialic acid, and

Erythrina cristagalli lectin (ECL) that binds galactose were acquired from Vector Laboratories

(SA-5001-1, B-1265-1 and FL-1141-5, respectively).

Inhibitors

The TMPRSS2 inhibitor camostat mesylate was obtained from Sigma Aldrich (SML0057) and

the cathepsin L inhibitor E64d was obtained from Tocris Bioscience (Cat# 4545). Stocks were

prepared in DMSO, which was used as a vehicle control.

Enzyme expression and purification

The gene sequence of C. perfringens α2–3,-6,-8 neuraminidase (NanH) (GenBank: Y00963.1)

was commercially synthesized and ligated into a pET-15b plasmid using NdeI and XhoI

restriction sites (Genscript). The resulting vectors were chemically transformed into Escheri-
chia coli BL-21 competent cells. Transformed cells were cultured in 5 mL LB media supple-

mented with 100 μg/mL ampicillin for 16 h at 37˚C with shaking (200 rpm). Cultured cells

were then scaled up to 500 mL in LB-amp to an optical density (OD600) of 0.8. Protein expres-

sion was then induced with addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a

final concentration of 0.1 mM and cells were incubated at 25˚C with shaking (200 rpm) for 16

hours before harvesting by centrifugation. Pelleted cells were resuspended in lysis buffer (0.1

M Tris-HCl, pH 8.0, 0.1% Triton X-100) and lysed by high pressure homogenization using an

Avestin Emulsiflex C3. Cell debris was removed by ultracentrifugation, and the supernatant

was mixed 1:1 with binding buffer (10 mM imidazole, 500 mM NaCl, 50 mM Tris-HCl, pH

7.5). The resulting solutions were then filtered using a 0.22 μm filter unit and applied to a Ni2

+-sepharose resin (GE Healthcare, fast flow) pre-equilibrated with binding buffer. The column

was washed with 6 column volumes (CV) of binding buffer, 6 CV wash buffer (50 mM imidaz-

ole, 500 mM NaCl, 50 mM Tris–HCl, pH 7.5), and eluted with 10 CV elution buffer (200 mM

imidazole, 500 mM NaCl, 50 mM Tris-HCl, pH 7.5). Overexpression and purity were assessed

by SDS-PAGE. Purified NanH was buffer exchanged into 20 mM Tris-HCl (pH 7.5) buffer

and concentrated using a 10 kDa MWCO spin filter (Amicon). NanH was stored in 20 mM

Tris-HCl (pH 7.5) with 20% glycerol at -80˚C. Final protein concentrations were determined

by BCA assay (ThermoFisher), and the yield of NanH was 175 mg/500 mL culture.

Recombinant protein expression and purification

For expression of soluble spike glycoprotein or CR3022 anti-SARS spike antibody, plasmids

were first chemically transformed into DH5α competent cells. Cells containing each plasmid
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were cultured in 5 mL LB media supplemented with appropriate antibiotics (100 μg/mL ampi-

cillin for soluble spike protein ectodomain, 50 μg/mL zeocin for CR3022 heavy chain, 100 μg/

mL blasticidin for CR3022 light chain) for 16 h at 37˚C with shaking (200 rpm). Cultured cells

were then scaled up to 500 mL and plasmids were isolated using the PureLink HiPure Plasmid

Maxiprep Kit (ThermoFisher #K210006). The isolated plasmids were filter-sterilized prior to

transfection. ExpiCHO cells were transiently transfected with the vector containing the gene

encoding soluble spike glycoprotein ectodomain or CR3022 (using a heavy chain:light chain

ratio of 1:2) using the Expifectamine 293 Transfection Kit (ThermoFisher #A29129), following

the user manual. The cells were monitored throughout the expression and the culture was har-

vested by centrifugation (25 min, 4000 rcf) on day 7 following transfection.

The soluble spike glycoprotein ectodomain was purified using its C-terminal octa-histidine

tag. After centrifugation, the supernatant was collected and adjusted to contain 20 mM imidaz-

ole, 200 mM NaCl, and 30 mM sodium phosphate at pH 7.2. The resulting solutions were then

filtered using a 0.45 μm PES Filter Unit and applied to a Ni2+-sepharose resin (Cytiva) pre-

equilibrated with column buffer (20 mM HEPES, 300 mM NaCl, pH 7.2) containing 20 mM

imidazole. The column was sequentially washed with column buffer containing 20 mM, 50

mM, and 100 mM imidazole prior to elution with 300 mM imidazole. Overexpression and

purification were assessed by SDS-PAGE. Purified protein was buffer exchanged into 20 mM

Tris-HCl (pH 8.0) with 500 mM NaCl, concentrated using a 30 kDa MWCO spin filter (Ami-

con), and stored in 20 mM Tris-HCl (pH 8.0) with 500 mM NaCl2 at -80˚C in small aliquots.

The final protein concentration was determined by BCA assay (ThermoFisher), and the yield

was 3.44 mg/100 mL culture.

The CR3022 was purified by protein G affinity column using its inherent human IgG1 Fc

region. After centrifugation, the supernatant was collected and adjusted to contain binding

buffer (20 mM sodium phosphate at pH 7.0). The resulting solutions were then filtered using a

0.45 μm PES Filter Unit and purified with a HiTrap protein G HP column (Cytiva) according

to the manual. The filtered solution was applied to the column pre-equilibrated with binding

buffer and sequentially washed with a 10-column volume of binding buffer. To elute bound

antibodies, 0.1 M glycine-HCl at pH 2.7 was applied to the column, and fractions were col-

lected in tubes containing 1 M Tris-HCl at pH 9.0 for immediate neutralization. Overexpres-

sion and purification were assessed by SDS-PAGE. Purified protein was buffer exchanged into

PBS, concentrated using a 30 kDa MWCO spin filter (Amicon), and stored in PBS at -80˚C in

small aliquots to avoid repeated freeze-thaw. The final protein concentration was determined

by BCA assay (ThermoFisher), and the yield of CR3022 was 1.28 mg/100 mL culture.

Pseudoparticle entry assays

Lentiviral pseudoparticles were generated as described previously [36] with minor modifica-

tions. Using Lipofectamine 2000 (Thermo Fisher Scientific 11668030) HEK-293T/17 cells

were co-transfected with packaging, transfer, and spike plasmids. Cell culture supernatants

containing the pseudoparticles was collected at 48 and 72 h post-transfection, pooled, filtered

using a 0.45 μm filter, and aliquoted for storage at -80˚C.

CoV pseudoparticles (CoVpp) were used to infect target cells seeded in triplicate in 96-well

plates. Cells were inoculated with pseudoparticles for 2 h and then replaced with the appropri-

ate media. Infectivity was determined after 3 days by luminescence using a Promega GloMax

plate reader following addition of BrightGlo reagent (Promega #E2620) to Calu-3 cells or FLuc

Assay buffer (Nanolight #318) supplemented with 0.25% Triton-X100 to all other cells. For

inhibitor experiments, cells were pre-treated with 25 μM camostat mesylate or 10 μM E64d for

1 h at 37˚C prior to inoculation with CoVpp.
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rVSV-SARS-CoV-2-S entry assays

BEAS-2B-ACE2 cells were plated at a density of 25,000 cells/well in 96-well plates. Two days

later, cells were treated with diluted protease inhibitors or NanH for 1 h at 37˚C, then washed

and infected with rVSV-SARS-CoV-2-S for 2 h at 37˚C. The inocula were removed, and cells

were washed and incubated in complete media for an additional 7.5 h. Cells were then fixed

using 10% formalin and incubated with 300 nM DAPI. The percentage of infected cells was

calculated using a published open-source Fiji macro [92].

HCoV-OC43 entry assays

A549-ACE2-GFP or A549-ACE2-TMPRSS2 cells were plated at a density of 10,000 cells/well

in 96-well plates. The following day, cells were treated with diluted NanH or protease inhibi-

tors, then washed and infected with HCoV-OC43 (MOI 0.5) for 1 h at 37˚C. The inocula were

removed, and cells were washed and incubated in complete media for an additional 7 h. Cells

were then fixed using 10% formalin and processed for immunofluorescence using an antibody

against the HCoV-OC43 N protein (Millipore #MAB9013; diluted 1:500) and a secondary

Alexa Fluor 555 conjugated anti-mouse IgG antibody (NEB #4413S; diluted 1:1000). The per-

centage of infected cells was calculated using an open-source Fiji macro [92].

Enzyme pre-treatment assays

For enzyme pre-treatment assays, NanH enzyme stocks were diluted to 50 μg/mL in serum-

free DMEM. Cells were pretreated with NanH for 30 minutes at 37˚C prior to staining with

FITC-conjugated lectins (SNA-FITC or ECL-FITC), or inoculation with CoVpp, or IAV. Lec-

tin staining was visualized via fluorescence microscopy using a Nikon Eclipse Ts2-FL inverted

microscope. Images were captured using a Nikon DS-Fi3 6MP camera. CoVpp entry was

assessed by luciferase reporter activity after 72 h. Infection of Calu-3 cells at 3×105, 3×104, or

3×103 plaque forming units (pfu) of IAV was assessed by measuring IAV M RNA expression

via RT-qPCR after 8 h.

Flow cytometry

Adherent cells were first washed three times with PBS without Ca2+/Mg2+ and detached using

cell dissociation buffer (Gibco #13151014) for 10 min at 37˚C. Once cells were visibly

detached, serum-free media was added, and the cells were gently centrifuged (300 rpm for 3

min) and resuspended to have 0.25 million cells per sample in FACS buffer (PBS without Ca2

+/Mg2+ supplemented with 2 mM EDTA and 0.5% BSA for TMPRSS2 expression and SGP

binding experiments and 1% FBS/PBS for lectin binding experiments). Cells were centrifuged

gently and washed twice with respective buffers.

For the detection of cell-surface TMPRSS2 expression, washed cells were resuspended in

100 μL of FACS buffer with 5 μL of PE anti-human TMPRSS2 antibody (BioLegend #378403)

per million cells and incubated for 30 min at 4˚C in the dark. For the detection of cell-surface

ACE2 expression, washed cells were resuspended in 100 μL of FACS buffer with 20 μg/mL

(1:50) of anti-human ACE2 polyclonal antibody (Invitrogen #PA5-116467) for 1 h at room

temperature. After the incubation, cells were centrifuged gently, washed twice with FACS

buffer, and incubated with 100 μL secondary Alexa Fluor 488 conjugated rabbit anti-human

IgG (H+L) antibody (Invitrogen #31143) at 10 μg/mL in FACS buffer for 30 min at 4˚C in the

dark. For the detection of cell-surface sialic acid and confirmation of sialic acid cleavage by

NanH, washed cells were resuspended in 100 uL of 1% FBS/PBS with 20 μg/mL SNA-FITC,

20 μg/mL biotinylated MAL-II, or 5 μg/mL ECL-FITC for 30 min at 4˚C in the dark. For
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MAL-II binding, cells were centrifuged gently, washed twice with 1% FBS/PBS and incubated

with 100 μL of streptavidin Pacific Blue conjugate at 2.5 μg/mL for 30 min at 4˚C in the dark.

For the detection of SGP binding, washed cells were resuspended in 100 μL of FACS buffer

with 5 μg/mL SGP and incubated for 30 min at 4˚C. For heparin treatment, SGP was incubated

with 10 μg/mL heparin in FACS buffer for 10 min prior to its addition to cells. CR3022 anti-

body (10 μg/mL) and goat anti-human IgG (H+L) secondary antibody Alexa Fluor 647 (10 μg/

mL, Invitrogen #A-21445) were pre-incubated for 30 min at 4˚C. After 30 min, cells with SGP

were centrifuged gently, washed twice with FACS buffer and incubated with 100 μL of the pre-

complexed antibodies for 30 min at 4˚C in the dark.

For the TMPRSS2 and ACE2 expression and SGP binding experiments, stained cells were

then washed, stained with fixable viability stain, and fixed (Invitrogen #L23101 for TMPRSS2

expression and SGP binding and eBioscience 65-0865-14 for ACE2 expression) following the

user guidelines. After fixation, the cells were centrifuged gently and resuspended in 300 μL of

FACS buffer and transferred to U-bottom 96-well plates for flow cytometric analysis (Beckman

Coulter, Cytoflex S). The live population of cells was gated based on forward and side scatter

emission and exclusion of viability stain positive cells on the FITC (525/40 BP filter) emission

channel for TMPRSS2 expression and SGP binding, and APC-A750 (780/60 BP filter) emis-

sion channel for ACE2 expression. Anti-TMPRSS2, ACE2 or SGP binding were determined

by fluorescence intensity on PE (660/20 BP filter), FITC (525/40 BP filter) or APC (660/20 BP)

emission channel, respectively.

For the lectin binding experiments, stained cells were washed/centrifuged three times with

1% FBS/PBS, centrifuged gently, and resuspended in 300 μL of FACS buffer and transferred to

U-bottom 96-well plates for flow cytometric analysis (Beckman Coulter, Cytoflex S). Cell via-

bility was determined by adding 1 μg/mL propidium iodide (PI) to cell suspensions 1 min

prior to analysis. The live population of cells was gated based on forward and side scatter emis-

sion and exclusion of PI positive cells on the ECD (610/20 BP filter) emission channel. Lectin

binding was determined by fluorescence intensity on the FITC (525/40 BP filter) emission

channel for SNA and ECL binding, and PB450 (450/45 BP filter) emission channel for MAL-II

binding.

Statistical analysis

Data are represented as mean ± standard deviation or standard error of the mean. Statistical

significance was assessed using unpaired t-test with Welch’s correction, or using one-way or

two-way ANOVA using Prism 9 (GraphPad Software).

Supporting information

S1 Fig. ACE2 dependence of WIV1-CoV and WIV16-CoV. (A) Western blot assessing

ACE2 expression in parental A549 cells and A549-ACE2 cells. (B) A549 or A549-ACE2 cells

were inoculated with lentiviral particles pseudotyped with the spike proteins of WIV1-CoV or

WIV16-CoV for 2 h, then incubated for an additional 72 h, at which point luciferase activity

was measured to assess pseudoparticle entry. The data are expressed as fold change relative to

the luciferase signal obtained with no envelope. Graphs show mean +/- SEM from three inde-

pendent experiments performed in triplicate.

(TIF)

S2 Fig. Entry of full-length spike pseudotyped lentiviral particles is enhanced in Calu-3

cells related to C-terminally truncated spike pseudotyped particles. Calu-3 cells were inocu-

lated with lentiviral particles pseudotyped with the spike proteins of SARS-CoV-2 Hu-1 (full-
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length or C-terminally truncated) or pseudoparticles lacking envelope protein (no env) for 2 h,

then incubated for an additional 72 h, at which point luciferase activity was measured to assess

pseudoparticle entry. The data are expressed as fold change relative to the luciferase signal

obtained with no envelope. Graphs show mean +/- SEM from three independent experiments

performed in triplicate.

(TIF)

S3 Fig. NanH effectively removes sialic acid from A549 and Calu-3 cells. (A-B) A549 cells

or Calu-3 cells were pre-treated with NanH diluted to 50 μg/mL in serum-free media for 30

minutes at 37˚C. NanH-treated cells were stained with SNA-FITC (binds sialic acid) or ECL-

FITC (binds galactose) diluted to final concentration of 20 μg/mL in PBS, then washed with

PBS and imaged by fluorescence microscopy (representative images shown in Fig 5A). The

mean FITC fluorescence intensity was calculated using ImageJ and is plotted in the graphs.

(A) NanH-treated Calu-3 cells were infected with the indicated doses of IAV. At 8 hpi, cellular

lysates were collected and IAV RNA (encoding the M gene) was assessed by RT-qPCR. The

data were normalized to actin and are expressed relative to the non-treated condition. (C)

A549-D or Calu-3 cells were inoculated with MERS-CoVpp, and GFP reporter expression was

assessed 72 hours later. Representative images are shown (20X magnification). The percentage

of infected cells in each condition was determined using ImageJ. Graphs show mean +/- SD

(A,C) or SEM (B) from two or three independent experiments performed in triplicate. Statisti-

cal significance was assessed by two-way ANOVA (***p<0.001; ****p<0.0001).

(TIF)

S4 Fig. BEAS-2B-ACE2 cells are susceptible to SARS-CoV-2 entry. (A-B) BEAS-2B cells

were transduced to stably overexpress ACE2, which was confirmed using flow cytometry (A).

(B) BEAS-2B-ACE2 cells were inoculated with lentiviral particles pseudotyped with the spike

proteins of SARS-CoV-2 Hu-1, SARS-CoV-2 delta or SARS-CoV-2 omicron, or pseudoparti-

cles lacking envelope protein (no env) for 2 h, then incubated for an additional 72 h, at which

point luciferase activity was measured to assess pseudoparticle entry. The data are expressed as

fold change relative to the luciferase signal obtained with no envelope. Graphs show mean +/-

SEM from three independent experiments performed in triplicate.

(TIF)

S5 Fig. HCoV-OC43 entry in A549-derived cells requires endosomal cathepsins, but not

TMPRSS2. (A-B) A549-A or A549-AT cells were pre-treated for 1 h at 37˚C with DMSO,

camostat (25 μM) or E64d (10 μM) diluted in media, then infected with HCoV-OC43 at an

MOI of 0.5 ffu/cell for 1 h at 37˚C. Cells were then incubated in complete media for an addi-

tional 7 h, at which point they were fixed and processed for immunofluorescence microscopy

using an antibody against the HCoV-OC43 N protein. (A) Representative images are shown

(20X magnification; scale bar, 50 μm). (B) The percentage of infected cells in each condition

was determined using ImageJ. Graphs show mean +/- SEM from three independent experi-

ments performed in triplicate. Statistical significance was assessed by two-way ANOVA (ns,

not significant; ***p<0.001; ****p<0.0001).

(TIF)

S1 Data. Raw data that underlies this paper. Excel spreadsheet containing the underlying

numerical data for Figs 1C-1D, 2B-2C, 3B-3C, 4A-4B, 5B-C, 6B, 6D-6F, 7A-7C, S1B, S2,

S3A-S3C, S4B and S5B.

(XLSX)
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