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Abstract

The SARS-CoV-2 Omicron variant reportedly displays decreased usage of the cell surface entry

pathway mediated by the host transmembrane protease, serine 2 (TMPRSS2) and increased usage

of the endosomal entry pathway mediated by cathepsin B/L. These differences result in different

cell tropisms and low fusogenicity from other SARS-CoV-2 variants. Recent studies have

revealed that host metalloproteases are also involved in cell surface entry and fusogenic activity

of SARS-CoV-2, independent of TMPRSS2. However, the involvement of metalloproteinase-

mediated cell entry and fusogenicity in Omicron infections has not been investigated. Here, we

report that Omicron infection is less sensitive to the metalloproteinase inhibitor marimastat, like

the TMPRSS?2 inhibitor nafamostat, and is more sensitive to the cathepsin B/L inhibitor E-64d

than infections with wild-type SARS-CoV-2 and other variants. The findings indicate that

Omicron preferentially utilizes the endosomal pathway rather than cell surface pathways for entry.

Moreover, the Omicron variant also displays poor syncytia formation mediated by

metalloproteinases, even when the S cleavage status mediated by fusion-like proteases is

unchanged. Intriguingly, the pseudovirus assay showed that a single mutation, H655Y, of the

Omicron spike (S) is responsible for the preferential entry pathway usage without affecting the S

cleavage status. These findings suggest that the Omicron variant has altered entry properties and
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fusogenicity, probably through the H655Y mutation in its S protein, leading to modulations of

tissue and cell tropism, and reduced pathogenicity.

Author summary

Recent studies have suggested that the SARS-CoV-2 Omicron variant displays altered cell tropism

and fusogenicity, in addition to immune escape. However, comprehensive analyses of the usage

of viral entry pathways in Omicron variant have not been performed. Here, we used protease

inhibitors to block each viral entry pathway mediated by the three host proteases (cathepsin B/L,

TMPRSS2, and metalloproteinases) in various cell types. The results clearly indicated that

Omicron exhibits enhanced cathepsin B/L-dependent endosome entry and reduced

metalloproteinase-dependent and TMPRSS2-dependent cell surface entry. Furthermore, the

H655Y mutation of Omicron S determines the relative usage of the three entry pathways without

affecting S cleavage by the host furin-like proteases. Comparative data among SARS-CoV-2

variants, including Omicron, may clarify the biological and pathological phenotypes of Omicron

but increase the understanding of disease progression in infections with other SARS-CoV-2

variants.

Introduction
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The Omicron variant of severe acute respiratory syndrome-associated coronavirus-2 (SARS-CoV-

2), the causative virus of coronavirus disease 2019 (COVID-19), has spread globally since it was

recognized as a variant of concern (VOC) by the World Health Organization on November 24,

2021. Despite its high infectivity, the pathogenicity of Omicron seems to be lower than that of

other SARS-CoV-2 variants [1-4]. The Omicron variant has a large number of mutations in the

viral genome, especially in the spike (S) region, which appears to contribute to the rapidly

increasing number of cases worldwide by evading host immune responses in vaccinated or

previously exposed individuals. Several research groups have reported that Omicron escapes from

the neutralizing activities of therapeutic monoclonal antibodies and vaccine-elicited antibodies

[5-9]. In addition to immune response escape, Omicron appears to exhibit different cell tropism

from other SARS-CoV-2 variants [10-13], which may also contribute to the rapid spread of

Omicron infection.

The S protein of SARS-CoV-2 is essential for viral entry into target cells. Prior to viral

entry, the S protein is cleaved into S1 and S2 by host furin-like proteases before the release of

viral particles from infected cells [14-16]. The first step is the binding of the S protein to the cell

surface receptor angiotensin-converting enzyme 2 (ACE2) through the receptor binding domain

(RBD) in the S1 domain [17, 18]. In the second step, the S2 domain is further cleaved into S2’ by

either transmembrane serine protease 2 (TMPRSS2) localized in the plasma membrane or
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cathepsin B/L in endosomal vesicles. This step is called priming [19, 20]. S2’ priming causes

membrane fusion between the viral particle and the plasma or endosomal membrane through

interaction between the fusion peptide region and the cellular membrane, resulting in the release

of viral RNA into the cytoplasm and its replication. We and others recently showed that host

metalloproteinases are also involved in cell surface entry, independent of transmembrane protease,

serine 2 (TMPRSS2) [21-23]. These results suggest that metalloproteinases act as the third host

proteases for SARS-CoV-2 entry. Additionally, the S protein localized in the cell membrane is

primed by TMPRSS2 or metalloproteinases after binding to ACE2 on the surface of neighboring

cells, resulting in cell—cell fusion to generate syncytia. Syncytia formation is attributed to tissue

damage [24-26].

A difference in the use of entry pathways has been observed among SARS-CoV-2

variants. The Delta variant, which was the predominant SARS-CoV-2 strain before the spread of

Omicron, displays increased usage of the TMPRSS2-mediated cell surface entry pathway

compared to wild-type (WT) SARS-CoV-2 [26]. In addition, the Delta variant shows enhanced

syncytia formation, which may be related to its more severe pathogenicity compared to other

variants [26, 27]. In contrast, the Omicron variant shows decreased usage of TMPRSS2-

dependent cell surface entry [2, 10, 12, 13]. Furthermore, Omicron has low fusogenicity mediated

by TMPRSS2, forming smaller syncytia than WT and Delta viruses [2, 10, 12, 13]. The reduction


https://doi.org/10.1101/2022.03.21.485084
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485084; this version posted March 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

in TMPRSS2-mediated fusogenic activity may partially explain the low pathogenicity of the

Omicron variant. However, the involvement of metalloproteinase-mediated viral entry and

syncytia formation in Omicron infections has not been fully elucidated. In addition, the function

of Omicron S mutations on entry pathway usage and fusogenicity remains unknown.

In this study, we investigated the relative usage of the three entry pathways—

metalloproteinase-, TMPRSS2-, and cathepsin B/L-dependent pathway —by the Omicron variant.

Our comprehensive analyses showed that Omicron preferentially utilized the cathepsin B/L-

dependent endosomal entry pathway rather than the metalloproteinase- and TMPRSS2-dependent

cell surface entry pathways in various cell types. Furthermore, syncytia formation mediated by

metalloproteinases was significantly reduced, similar to that by TMPRSS2. Finally, H665Y of the

Omicron S protein was identified as the mutation responsible for determining the preferential

usage of the endosomal pathway without affecting S1/S2 cleavage status.

Results

Omicron variant preferentially uses the cathepsin B/L-dependent endosomal pathway over

metalloproteinase- or TMPRSS2-dependent cell surface pathway

To evaluate the usage of the three different entry pathways by the SARS-CoV-2 variants, we used

three protease inhibitors: nafamostat, marimastat, and E-64d. Nafamostat is a serine protease
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inhibitor that specifically blocks TMPRSS2-dependent (TMPRSS2 pathway) cell surface entry

[28, 29]. Marimastat is a broad metalloproteinase inhibitor that blocks metalloproteinase-

dependent (metalloproteinase pathway) cell surface entry [21]. E-64d is a cathepsin B/L inhibitor

that suppresses the cathepsin B/L-dependent endosomal entry pathway (endosomal pathway) [19].

We first assessed viral replication of WT SARS-CoV-2 and an Omicron BA.1 variant in

three cell types that have different entry pathways for SARS-CoV-2 infection. Intracellular viral

RNA replication in Calu-3 airway epithelial cells after infection with WT (NCGMO02) was

severely blocked by nafamostat, but not by E-64d or marimastat (SFig. 1A). The findings

indicated that WT infection predominantly depends on the TMPRSS2 pathway in Calu-3 cells.

Infection of HEC50B endometrium cells was sensitive to E-64d and marimastat, but not to

nafamostat (SFig. 1A). These findings indicated that WT infects HEC50B cells via both the

endosomal and metalloproteinase pathways. Infection of OVISE ovary cells with WT was highly

sensitive only to E-64d treatment, revealing that viral entry into OVISE cells predominantly

depends on the endosomal pathway (SFig. 1A). The amount of intracellular viral RNA in the three

cell lines was measured after 24 and 48 h of infection with WT or the Omicron variant (TY38-

873) in Fig. 1A. Titers of WT and Omicron were measured using VeroE6-TMPRSS2 (JCRB) cells,

which predominantly use the endosomal pathway, like OVISE cells (SFig. 1B). Compared to WT,

Omicron replication was reduced in Calu-3 and HEC50B cells, which use TMPRSS2- or
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metalloproteinase-dependent cell surface pathways. In contrast, in OVISE cells, which

predominantly utilize the endosomal pathway, WT and Omicron replicated similarly in

accordance with the multiplicity of infection (MOI) measured using VeroE6-TMPRSS2 (JCRB)

cells (Fig. 1A). These results support the hypothesis of a difference in the usage of viral entry

pathways between the WT and Omicron variants.

To compare the usage of the entry pathways by Omicron, WT, or Delta variant (TY11-

927), we evaluated the effects of E-64d, nafamostat, and marimastat on infections in various cell

types. In HECS0B cells, E-64d inhibited WT and Omicron infections, whereas Delta infection

was less sensitive (Fig. 1B). In contrast, marimastat significantly suppressed WT and Delta

infections, but not Omicron infections. In addition, in A704 human kidney cells, which use

metalloproteinase and endosomal pathways for WT infection, similar to HEC50B cells (SFig. 1A),

Omicron infection was much more dependent on the endosomal pathway than the WT and Delta

infections (Fig. 1B). These data show that the metalloproteinase pathway is almost completely

lost in Omicron infection, and that this variant significantly relies on the endosomal pathway.

Next, we analyzed entry of Omicron into cells via the TMPRSS?2 pathway. We tested VeroE6 cells

ectopically expressing TMPRSS2 (VeroE6-TMPRSS2 (ATCC)), which predominantly depends

on the TMPRSS?2 pathway for WT infection (SFig. 1A). Although WT and Delta predominantly

used the TMPRSS2 pathway in these cells, Omicron entry was significantly dependent on the


https://doi.org/10.1101/2022.03.21.485084
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485084; this version posted March 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

endosomal pathway (Fig. 1B). We further evaluated the effects of protease inhibitors on the viral

infection of HECS50B cells ectopically expressing TMPRSS2 (HEC50B-TMPRSS2), which have

all three entry pathways for WT infection (Fig. 1B). In Omicron infection, the contribution of the

endosomal pathway was enhanced, while the TMPRSS2 and metalloproteinase pathways were

less preferentially utilized compared to WT and Delta (Fig. 1B). These findings suggest that

Omicron preferentially utilizes the endosomal pathway, even when the target cells have all the

three pathways. In addition to the live virus experiment, we used replication-incompetent

vesicular stomatitis virus (VSV) pseudoviruses bearing the S protein derived from WT, Omicron,

Alpha, or Delta. Consistent with the live virus experiments, the Omicron S pseudovirus exhibited

increased usage of the endosomal pathway and decreased usage of the metalloproteinase pathway

in HEC50B and A704 cells compared to WT, Alpha, and Delta S pseudoviruses (Fig. 1C and SFig.

2). In addition, increased usage of the endosomal pathway by the Omicron S pseudovirus was

observed in both VeroE6-TMPRSS2 (ATCC) cells (Fig 1C) and Caco-2 (colon cells) harboring

the TMPRSS2 and endosomal pathways (SFig. 2). Taken together, these results suggest that

Omicron S preferentially uses the cathepsin B/L-dependent endosomal entry pathway, rather than

metalloproteinase- and TMPRSS2-dependent cell surface entry pathways. Interestingly, there was

no difference in the dose-dependency of the inhibitory effects of nafamostat between Omicron

and the other variants in Calu-3 cells (SFig.1 C and SFig. 2). In OVISE cells, WT and Omicron
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infections showed similar sensitivities to E-64d (SFig. 2). These data suggest that Omicron uses

the same entry pathway as WT when infecting cells that have only one entry pathway.

Cleavage of SARS-CoV-2 S protein by host furin-like proteases affects the entry

pathways for SARS-CoV-2 infection [2, 12, 13, 26, 30]. Therefore, we investigated the cleavage

status of the S proteins in the variants. Western blot analysis of the virions using an anti-S2 domain

antibody showed that the S protein of the Alpha variant was cleaved to the same degree as the

WT S, while the cleavage efficiency of the Delta S was higher than that of the WT and Alpha S

(Fig. 1D). Interestingly, there was no significant difference in the cleavage efficiency between

Omicron S and WT S (Fig. 1D). These results suggest that Omicron S can change the relative

usage of entry pathways, even when Omicron S is cleaved as efficiently as WT S.

Omicron variant displays poor syncytium formation mediated by metalloproteinases

without affecting the S1/S2 cleavage of its S protein

Reduced syncytia formation through the TMPRSS2 pathway has been reported in Omicron,

suggesting a correlation with lower pathogenicity [2, 10, 12, 13]. We previously reported that

metalloproteinases can also mediate syncytia formation by WT virus in HEC50B cells [21]. Thus,

we examined the ability of Omicron to form syncytia via metalloproteinases in these cells. After

24 h of infection with WT, Omicron, or Delta, the cells were stained with anti-SARS-CoV-2 N
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protein to observe the formation of syncytia. WT infection formed numerous syncytia both at a

low MOI of 0.1 and a high MOI of 1 (Fig. 2A and SFig. 3). Consistent with our previous report

[21], metalloproteinase-mediated syncytia formation was observed in WT infection at both MOI

values (SFig. 3). However, Omicron infection induced much smaller and fewer syncytia than WT

infection, even when the cells were infected at the high MOI of 1 (Fig. 2A). Although Delta

infection also induced syncytia formation in a metalloproteinase-dependent manner in HEC50B

cells (SFig. 3), the syncytia that formed where larger than those in WT infection (Fig. 2A), as

enhanced syncytia formation in TMPRSS2 expressing cells reported previously [26, 27]. As

Omicron replication was less than that of WT virus in HEC50B cells (Fig. 1A), it is possible that

poor syncytia formation by Omicron was due to its reduced replication in HEC50B cells.

Therefore, we measured the intracellular viral RNA levels when syncytia formation was observed.

Omicron infection at an MOI of 1 resulted in much poorer syncytia formation than WT infection

at an MOI of 0.1, even when the Omicron infection produced more viral RNA in the cells than

the WT infection (Fig. 2B). In contrast, Delta infection produced more syncytia than WT and

Omicron infections, regardless of the amount of viral RNA (Fig. 2B). These results indicated that

the Omicron variant has a poor ability to form syncytia by TMPRSS2 and metalloproteinases, and

that the Delta variant induces enhanced syncytia formation by metalloproteinases.

Several studies reported that S1/S2 cleavage of the SARS-CoV-2 S protein expressed in

11
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infected cells affects syncytium formation [2, 12, 13]. However, in the present study, there was

no significant difference in the S1/S2 cleavage status between the WT, Alpha, and Omicron

variants in HEC50B cells, although Delta S was cleaved more than the S proteins of the other

variants (Fig. 2C), as previously reported [26]. These results indicate that Omicron forms syncytia

poorly, even when S cleavage status is similar to that of WT.

H655Y mutation of Omicron spike protein determines preferential usage of endosomal

pathway without affecting S1/S2 cleavage status

To elucidate the molecular mechanism underlying the preferential usage of the endosomal

pathway by Omicron, we attempted to identify the responsible mutation sites in the S protein. The

Omicron BA.1 variant (TY38-873) has 32 amino acid mutations in its S protein compared to the

WT, with 24 mutations in the S1 region, including the RBD, two mutations in the S1/S2 boundary

region including the furin cleavage site, and six mutations in the S2 region (Fig. 3A). We

generated various pseudoviruses with chimeric S proteins that consisted of the S1, S1/S2

boundary, and S2 regions derived from either WT or Omicron (Fig. 3B). In HEC50B cells,

pseudoviruses bearing the S proteins consisting of the WT S1 region (WOO, WOW, and WWO)

infected the cells mainly through the metalloproteinase pathway (Fig. 3C), similar to the WT

pseudovirus. In contrast, the pseudoviruses bearing the S proteins consisting of the Omicron S1

12
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region (OWO, OOW, and OWW) infected the cells mainly through the endosomal pathway (Fig.

3C). Furthermore, in VeroE6-TMPRSS2 (ATCC) cells, the WOO, WOW, and WWO

pseudoviruses predominantly used the TMPRSS2 pathway, similar to the WT pseudovirus,

whereas the OWO, OOW, and OWW pseudoviruses showed the same pattern of entry pathway

usage as the Omicron S pseudovirus (Fig. 3C). These results clearly demonstrated that the S1

region of the Omicron S protein is responsible for preferential usage of the endosomal pathway.

To identify the amino acid mutations in the S protein responsible for the preferential

usage of the endosomal pathway by Omicron, we generated 24 pseudoviruses bearing Omicron S

proteins, with each mutated amino acid residue in the Omicron S1 region substituted for the

corresponding amino acid in the WT S1 region. Among them, the Omicron S protein with an

amino acid substitution at position 373 (373S) failed to produce infectious virus particles.

Therefore, 23 pseudoviruses were used for subsequent analyses. Only the pseudovirus bearing the

Omicron S protein with a tyrosine residue at position 655 substituted for histidine (Omicron S

+665H) out of the 23 pseudovirus infected HECS0B cells predominantly through the

metalloproteinase pathway as in the WT pseudovirus (SFig. 4). In VeroE6-TMPRSS2 (ATCC)

cells, only the (Omicron S +655H) pseudovirus predominantly used the TMPRSS2 pathway,

similar to the WT pseudovirus (SFig. 4). In addition, the Omicron S +655H pseudovirus infected

A704 and Caco-2 cells predominantly through the cell surface pathways, as well as HEC50B and

13


https://doi.org/10.1101/2022.03.21.485084
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485084; this version posted March 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

VeroE6-TMPRSS2 (ATCC) cells (Fig. 3D). These results indicate that tyrosine at position 655 of

the Omicron S protein is responsible for preferential usage of the cathepsin B/L-dependent

endosomal entry pathway over the metalloproteinase- or TMPRSS2-dependent cell surface entry

pathway.

To investigate whether the substitution of tyrosine for histidine at position 655 in the

Omicron S protein enhances the cell surface pathways or impairs the endosome pathway, we

analyzed the effect of the 655H substitution on infectivity through each pathway. Luciferase

activities from HEC50B cells infected with Omicron and the (Omicron S +655H) pseudoviruses

were almost the same (Fig. 3E). The Omicron S +655H pseudovirus infected cells more efficiently

than the Omicron pseudovirus when the cathepsin B/L-dependent endosome pathway was

blocked by E-64d (Fig. 3E). In contrast, the Omicron +655H pseudovirus was less infectious than

the Omicron pseudovirus when the metalloproteinase pathway was blocked by marimastat (Fig.

3E). Moreover, the Omicron S +655H pseudovirus was more infectious to Calu-3 cells, which

have only the TMPRSS2 pathway, and less infectious to OVISE cells, which have only the

endosome pathway, than was the Omicron pseudovirus. Western blot analysis of the S proteins

on the pseudoviruses revealed no significant difference in the cleavage status between Omicron

S and Omicron S +655H (Fig. 3F). These results strongly suggest that the H655Y mutation of

Omicron S is responsible for alteration of the usage of the entry pathways by facilitating entry

14
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through the cathepsin B/L-dependent endosome pathway and impairing entry through the

metalloproteinase- and TMPRSS2-dependent cell surface pathways without affecting the S1/S2

cleavage status.

Discussion

We recently reported that host metalloproteinases are involved in cell surface fusion for SARS-

CoV-2 entry, independent of TMPRSS2, and that the pathway SARS-CoV-2 uses for cell surface

entry is cell type-dependent [21]. Although tissues and cells preferentially use the

metalloproteinase pathway for SARS-CoV-2 infection in vivo are still unknown, reduced usage

of the metalloproteinase pathway by Omicron could contribute to the modulation of tissue and

cell tropism. Moreover, our data clearly show that Omicron displays a significantly reduced

metalloproteinase-dependent fusogenic activity. Given that the fusogenicity of SARS-CoV-2

correlates well with disease severity, the low fusogenic activity of Omicron for metalloproteinase

dependence is likely to contribute to the less severe disease phenotype of Omicron in cooperation

with the low fusogenicity mediated by TMPRSS2. Conversely, the high fusogenic activity

mediated by metalloproteinases, as observed in Delta (Fig. 2AB), may lead to severe

pathogenicity of SARS-CoV-2. Thus, fusogenicity mediated by metalloproteinases, as well as

TEMPRSS2, may be useful as a barometer for the pathological severity of SARS-CoV-2 variants.
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In this study, we successfully identified a single mutation, H655Y, in the Omicron S

protein, which is responsible for the altered entry properties. Furthermore, our data reveal that the

H655Y mutation facilitates entry through the endosomal pathway and impaired entry through the

cell surface pathways (Fig. 3E). H655Y is a common mutation that is present in BA.1, BA.2, and

BA .3, variants classified as Omicron, and is considered to be an important mutation that defines

the characteristics of Omicron. in the WT virus, the H655Y mutation has been reported in a variety

of SARS-CoV-2 infection studies using cell culture and animal models [31-35]. Despite these

facts, only a few studies have explored the impact of H655Y mutation on biological and

pathological phenotypes. One research group reported that the H655Y mutation in the WT virus

enhances viral replication and transmission, possibly through increased S1/S2 cleavage [35].

According to these results, the H655Y mutation in the WT S backbone appears to have different

effects on viral phenotypes than that in the Omicron S backbone. In addition, the H665Y mutation

was observed in the gamma (P.1) variant among VOCs. However, the role of this mutation in the

phenotype of the gamma variant has not yet been investigated. Further studies are needed to assess

how the H655Y mutation affects the biological and pathological phenotypes of WT virus and

other VOCs than the Omicron.

Inhibition of S1/S2 cleavage has been reported to reduce the usage of the TMPRSS2

and metalloproteinase pathways and increases the usage of the endosomal pathway [15, 21, 30,
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36]. Furthermore, recent studies reported that the Omicron S protein expressed in some cell types,

such as VeroE6-TMPRSS2 and HEK293 cells, is poorly cleaved into S1 and S2 compared to the

WT S, resulting in a reduction in the fusogenic activity of Omicron [2, 12, 13]. However, we did

not observe any significant differences in the cleavage of the S protein in the virions and infected

HECS50B cells between Omicron S and WT S cells, even when the cell surface entry pathway and

fusogenic activity were markedly suppressed (Fig. 1D and 2C). These data strongly suggest that

Omicron S has the ability to change the entry pathway usage and fusogenicity, regardless of the

S1/S2 cleavage status, in some cell types used in this study. Importantly, pseudovirus analysis

shows that the H655Y mutation of the Omicron S causes a change in entry pathway usage without

affecting the S1/S2 cleavage status, strongly suggesting that H655Y regulates entry properties

through mechanisms other than the reduction of the S1/S2 cleavage efficiency.

A putative mechanism is that the H655Y mutation alters the Omicron entry pathway by

affecting the stability of the S1/S2 complex formed after cleavage by furin-like proteases. The

H655Y mutation is localized in subdomain 2 (SD2) of the S1 domain. Structural studies of the

SARS-CoV-2 S protein indicate that SD2 is proximal to the S2 domain [37-39], suggesting that

the stability of the S1/S2 complex may be influenced by some amino acid mutations in SD2. In

fact, the D614G mutation in SD2 destabilizes the interface between S1 and S2, facilitating

disorder of a region including the S2’ cleavage site, leading to increased infectivity [37, 39]. In
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contrast, the H655Y mutation in SD2 may make the S1/S2 complex more stable in the backbone

of the Omicron S. According to the recently reported three-dimensional structure of Omicron S

[40], the S trimer has a structure that is broadly common to that of WT S (SFig. 5AB). The C-

terminal peptide of the S1 domain containing the H655Y mutation interacts with the N-terminal

peptide of the S2 domain. Comparing the structures around amino acid position 655 in the spike

protein of Omicron and WT, both spikes have hydrogen bonds between the two main chains

(position 655-656 in S1 and position 694-695 in S2). Interestingly, Omicron S has an additional

hydrogen bond between the side chains of the tyrosine residue at position 655 (Y655) in S1 and

the threonine residue at position 696 (T696) in S2) (SFig. 5C). This additional hydrogen bond in

Omicron S suggests that it may stabilize the S1/S2 complex. The increased stability possibly

prevents TMPRSS2- and metalloproteinase-mediated S2’ priming on the cell surface by

interrupting the exposure of the S2’ priming site. However, increased stability may have a positive

effect on the endosomal entry of Omicron. For instance, a stable S1/S2 complex may increase the

chance of endocytosis of viral particles by persistent anchoring of viral particles to the target cell

membrane. In other words, stabilization of the binding between the S1 domain bound to ACE2

and the S2 domain anchored to the viral membrane may allow for efficient internalization of viral

particles during endocytosis, which involves a dynamic change in cell membrane curvature.

Elucidation of the differences between the Omicron S and the mutated S (Omicron +655H) by
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structural and biochemical analyses is needed to explain how the S H665Y mutation changes the

relative usage of entry pathways in the Omicron variant.

The finding that the H655Y mutation of the Omicron S protein can change the usage of

viral entry pathways might contribute to an understanding of the physiological and pathological

phenotypes of the Omicron variant, and to the prediction of the pathogenesis of the next emerging

variants from Omicron. Although the link between the altered usage of entry pathways and the

rapid spread rate of Omicron is unknown, it is possible that if Omicron acquires mutations again

around amino acid position 655 in the S protein, it may be a mutant strain that preferentially

utilizes cell surface entry pathways, similar to WT and Delta, and could be seriously pathogenic

with high infectivity. It may be necessary to monitor the occurrence of a mutation at tyrosine 655

in the S protein of Omicron during the current COVID-19 pandemic.

In summary, the findings of this study show that the Omicron variant preferentially uses

the endosome pathway over cell surface pathways through the H655Y mutation in the S protein,

even in cases where S cleavage by furin-like proteases is not affected. These results may

contribute to the understanding of the biological and pathological features of the Omicron variant

and the next emerging SARS-CoV-2 variants, and to the development of therapeutic approaches

for COVID-19.
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Materials and Methods

Cells and viruses

VeroE6 (CRL-1586), 293T (CRL-3216), A704 (HTB-45) and Calu-3 (HTB-55) cells were

obtained from American Type Culture Collection (Rockville, MD, USA). OVISE (JCRB1043),

HEC50B (JCRB1145), and VeroE6-TMPRSS2 (JCRB 1819) cells were obtained from the

Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). Caco-2 cells (RCB0988)

were obtained from RIKEN BioResource Research Center (Tsukuba, Japan). A704, Calu-3,

VeroE6 (CRL-1586), HEC50B, and Caco-2 cells were maintained in Eagle's minimum essential

medium (EMEM; 055-08975, FUJIFILM Wako Pure Chemical, Osaka, Japan) containing 15%

fetal bovine serum (FBS). VeroE6-TMPRSS2 (JCRB 1819) cells were cultured in DMEM

containing 10% FBS and 1 mg/mL G418. OVISE cells were maintained in Roswell Park

Memorial Institute (RPMI)-1640 medium (189-02025, FUJIFILM Wako Pure Chemical)

containing 10% FBS. The WT SARS-CoV-2 isolate (UT-NCGMO02/Human/2020/Tokyo)[41] was

obtained from Dr. Yoshihiro Kawaoka, The University of Tokyo. An alpha isolate (B.1.1.7 linage,

QHNOO01), Delta isolate (B.1.617.2 linage, TY11-927), and Omicron isolate (BA.1 linage, TY38-

873) were obtained from the National Institute of Infectious Diseases, Japan. The viruses were

propagated in VeroE6-TMPRSS2 (JCRB 1819) cells in DMEM containing 5% heat-inactivated

FBS at 37 °C in 5% CO,. Briefly, SARS-CoV-2 was added to VeroE6-TMPRSS2 (JCRB 1819)
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cells and incubated for 30 min at 37 °C. The culture medium was then replaced with fresh medium.

Before the supernatants were harvested, the cells were incubated for an additional 48 h (for UT-

NCGMO02, QHNOO1, and TY11-927) or 72 h (for TY38-873). The virus titer was determined by

a plaque assay using VeroE6-TMPRSS2 (JCRB 1819) cells.

Expression vector construction

Synthetic DNA corresponding to the codon-optimized S gene of SARS-CoV-2 (Wuhan-Hu-1,

RefSeq: NC_045512.2), SARS-CoV-2 Omicron variants (BA.1, GISAID: EPI_ISL_7418017),

and chimeric S gene (S1, S1/S2 boundary, and S2 domains were derived from either Wuhan-Hu-

1 or Omicron variants) with DNA sequences corresponding to the Flag-tag 5-GGA GGC GAT

TAC AAG GAT GAC GAT GAC AAG TAA-3’ (underline, Flag-tag) at the 3 end were generated

by Integrated DNA Technologies (Coralville, IA, USA). Mutant Omicron S genes were

constructed by PCR-based site-directed mutagenesis. To construct expression vectors for the S

protein, the coding regions were cloned into a lentiviral transfer plasmid (CD500B-1; SBI, Palo

Alto, CA, USA).

Preparation of pseudotype VSV viral particles and infection experiments

VSV particles were prepared as previously described [21, 42]. For the infection assay, the target
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cells were seeded in 96-well plates (2 x 10* cells/well) and incubated overnight. The cells were

pretreated with inhibitors for 1 h before infection. Pseudotype viral particles were added to the

cells in the presence of inhibitors. Luciferase activity was measured 16-h post-infection using the

Bright-Glo Luciferase Assay System and a Centro xS960 luminometer (Berthold, Bad Wildbad,

Germany).

Quantification of intracellular SARS-CoV-2 RNA

Intracellular SARS-CoV-2 RNA was quantified as previously described [21]. Cell lysis and cDNA

synthesis were performed using the SuperPrep II Cell Lysis & RT Kit (SCQ-401, TOYOBO,

Osaka, Japan) following the manufacturer’s instructions. Viral RNA was detected using

THUNDERBIRD SYBR gPCR Mix (TOYOBO) at 95 °C for 3 min, followed by 50 cycles of

95 °C for 10 s and 60 °C for 1 min. Fluorescence was detected using a CFX Connect™ Real-

Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The mRNA expression level of

ribosomal protein L13a (Rpl13a) in each sample was used to standardize the data. The primer

sequences used were 5’-AAATTTTGGGGACCAGGAAC-3’ as forward primer and 5’-

TGGCAGCTGTGTAGGTCAAC-3’ as reverse primer for the SARS-CoV-2 N gene; 5’-

TGTTTGACGGCATCCCAC-3’ as forward primer and 5’-CTGTCACTGCCTGGTACTTC-

3’as reverse primer for the human Rpl/3a gene; and 5’-CTCAAGGTTGTGCGTCTGAA-3’ as
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forward primer and 5’-CTGTCACTGCCTGGTACTTCCA-3’ as reverse primer for the African

green monkey Rpll3a gene.

Western blotting

Western blotting was performed as described previously [21, 28]. The primary antibodies used

were mouse anti-SARS-CoV-2 S2 domain (1:1000, GTX632604, GeneTex, Irvine, CA, USA),

rabbit anti-Flag-tag (1:1000, PM020, MBL, Woburn, MA, USA), mouse anti-tubulin (1:1000,

CP06, Millipore, Billerica, MA, USA), and mouse anti-VSVM (1:1000,23H12, absolute antibody,

Oxford, UK). The secondary antibodies used were horseradish peroxidase (HRP)-linked donkey

anti-rabbit IgG (NA934; GE Healthcare) and HRP-linked donkey anti-mouse I1gG (NA931V; GE

Healthcare). Cell supernatants containing the viral particles were lysed for western blot analysis.

Immunofluorescence staining

Immunofluorescence analysis of HEC50B cells was performed as described previously [21].

After 24 h infection, fixed cells were incubated with anti-SARS-CoV-2 nucleocapsid (1:1000,

GTX135357) primary antibody for 16 h at 4 °C and detected with anti-rabbit-Alexa488 (1:200,

A11008, Invitrogen, Carlsbad, CA, USA) secondary antibodies for 40 min at room temperature.

Cell nuclei were stained with 1 pg/mL Hoechst 33342 (#080-09981, FUJIFILM Wako Pure
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Chemical). Fluorescent signals were detected using a BZ-X810 fluorescence microscope

(Keyence, Osaka, Japan).

Statistical analysis

Statistically significant differences between mean values were determined using a two-tailed

Student’s t-test. Dunnett’s and Tukey’s tests were used for multiple comparisons. All data

represent three independent experiments, and values represent the mean + standard deviation,

with p<0.05, considered statistically significant.
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Fig 1. Omicron variant displays preferential usage of endosomal pathway over cell surface
entry pathways.

A. Comparison of replication rates between WT SARS-Cov-2 and Omicron variant in Calu-3,
HECS50B, and OVISE cells. Intracellular viral RNA was measured by RT-qPCR after 24 h or 48
h infection of Calu-3, HEC50B, and OVISE cells with WT virus or Omicron variant at the
indicated MOI. The relative amount of intracellular viral RNA was normalized to cellular rpli3a

mRNA expression. Values are means + SD (n = 3/group). B. Effects of protease inhibitors on
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infection with the SARS-CoV-2 variants. The cell lines were pretreated for 1 h with 25 uM E-
64d, 10 uM nafamostat, or 1 pM marimastat. Intracellular viral RNA was measured by RT-qPCR
after 24 h of infection of Calu-3 (MOI: 0.1), HEC50B (MOI: 0.01), A704 cells (MOI: 0.1), and
HECS50B-TMPRSS2 cells (MOI: 0.01) with WT, Omicron, or Delta virus. The relative amount of
intracellular viral RNA in each group was represented as ratio of the corresponding dimethyl
sulfoxide (DMSO) control, which was set to 1, after being normalized to cellular rpl/3a mRNA
expression. C. Effects of protease inhibitors in HEC50B and VeroE6-TMPRSS2 (ATCC) on the
entry of pseudoviruses bearing S proteins from SARS-CoV-2 WT or the variants. The relative
pseudovirus entry was calculated by normalizing the luciferase activity for each condition to the
luciferase activity of cells infected with pseudovirus in the presence of DMSO alone, which was

set to 100%. Values are means + SD (n = 3/group). *p > 0.05, **p > 0.01.
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Fig 2. Omicron variant displays poor syncytium formation mediated by metalloproteinases.
A. Syncytia formation of HEC50B cells induced by infection with SARS-CoV-2 (NCGMO02,
TY11-927 or TY38-873). Cells were infected with SARS-CoV-2 at an MOI of 0.1 or 1. After 24
h infection, cells were fixed and stained with anti-SARS-CoV-2 N antibody (green). The cell
nuclei were stained with Hoechst 33342 (blue). White bar = 200 mm. B. Quantification of
syncytia shown in A and amount of viral RNA in infected HEC50B cells. C. Expression of S
protein in HEC50B cells. Cells were infected with SARS-CoV-2 (NCGMO02, QHNOO1, TY11-
927 or TY38-873) for 24 h and cells lysed for western blotting analysis. SO: uncleaved S protein;
S2: cleaved S2 domain of the S protein.
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Fig 3. H655Y mutation in Omicron S protein facilitates viral entry through the endosomal
pathway.

A. Schematic illustration of mutations in Omicron S protein. S1 (Met! to Thr®’), S1/S2 boundary
(GIn®” to Arg®®), and S2 domain (Ser®® to Thr!?”?). Numbers refer to the amino acid residues

corresponding to WT S protein. B. Schematic illustration of C-terminally Flag-tagged chimeric S
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proteins in which the S1, S1/S2 boundary, and S2 domain from the WT S (white) or the Omicron
S (blue) are indicated. F: Flag-tag. C. Effects of protease inhibitors in HEC50B and VeroE6-
TMPRSS2 (ATCC) cells on the entry of pseudoviruses bearing chimeric S proteins. D. Effects of
protease inhibitors in HEC50B, A704, VeroE6-TMPRSS2 (ATCC) and Caco-2 cells on the entry
of pseudoviruses bearing Omicron S or Omicron S protein with tyrosine residue at position 655
substituted to histidine (Omicron +665H). E. Infectivity of pseudoviruses bearing Omicron S or
Omicron S+665H in HEC50B, Calu3 and OVISE cells. F. Expression of chimeric S protein in
pseudoviruses. S proteins were detected using an anti-Flag-tag antibody that binds to a Flag-tag
on the C-terminus of the S proteins (top). Detection of the vesicular stomatitis virus matrix protein
(VSV M) served as the control (bottom). SO: uncleaved S protein; S2: cleaved S2 domain of the
S protein. The relative pseudovirus entry was calculated by normalizing the luciferase activity for
each condition to the luciferase activity of cells infected with pseudovirus in the presence of
DMSO alone, which was set to 100% in C, D and E. Values are means + SD (n = 3/group). **p >
0.01.
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SFig 1. Effects of protease inhibitors on SARS-CoV-2 infection.

A. The indicated cell lines were pretreated for 1 h with 25 uM E-64d, 10 uM nafamostat, or 1 uM

marimastat. Intracellular viral RNA was measured by RT-qPCR 24 h after infection with Calu-3

(MOI: 0.1), HEC50B (MOI: 0.01), OVISE cells (MOI: 0.1), VeroE6-TMPRSS2 cells (MOI: 0.01),
and A704 cells (MOI: 0.1) with WT virus. B. VeroE6-TMPRSS2 (JCRB) cells were pretreated
for 1 h with 25 uM E-64d or 10 uM nafamostat. Intracellular viral RNA was measured by RT-

gPCR 24 h after infection with WT virus. The relative amount of intracellular viral RNA in each
group was represented as the ratio of the corresponding DMSO control, which was set to 1 after
normalization to cellular rpl/3a mRNA expression. C. Calu-3 cells were pretreated for 1h with
nafamostat at the indicated doses. Intracellular viral RNA was measured by RT-qPCR after 24 h
of infection with WT or Omicron at an MOI of 0.1. Values are presented as mean + SD (n =

3/group). *p > 0.05, **p>0.01.
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SFig 2. Effects of protease inhibitors on infection with VSV pseudoviruses bearing S proteins
derived from SARS-CoV-2 variants.

Effects of protease inhibitors in Calu-3, A704, OVISE, and Caco-2 cells on the entry of
pseudoviruses bearing S proteins from SARS-CoV-2 WT or variants, or VSVG protein. The
relative pseudovirus entry was calculated by normalizing the luciferase activity for each condition
to the luciferase activity of cells infected with pseudovirus in the presence of DMSO alone, which

was set to 100%. Values are presented as mean + SD (n = 3/group). *p > 0.05, **p > 0.01.
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SFig 3. Effects of marimastat on syncytia formation of HEC50B cells induced by infection
with WT, Omicron, and Delta virus.

HECS50B cells were pretreated for 1 h with 1 uM marimastat and infected with the WT virus,
Omicron, or Delta at an MOI of 0.1 or 1. After 24 h of infection, the cells were fixed and stained
with anti-SARS-CoV-2 N antibody (green). Cell nuclei were stained with Hoechst 33342 (blue).
White bar = 200 pm.
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Effects of protease inhibitors on infection with VSV pseudoviruses bearing Omicron S proteins

with each mutated amino acid residue in the Omicron S1 substituted with the corresponding

amino acid in the WT S protein. The relative pseudovirus entry was calculated by normalizing

the luciferase activity for each condition to the luciferase activity of cells infected with

pseudovirus in the presence of DMSO alone, which was set to 100%. Values are presented as

3/group). *p > 0.05, **p > 0.01.
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A B

Omicron Spike trimer Single Spike chain
(7TL9)

S2 domain

D614G Spike Omicron Spike
(7TKE9) (7TL9)

SFig 5. Prediction of additional hydrogen bond formation between tyrosine residue at
position 655 (Y655) of Omicron S1 domain and threonine residue at position 696 (T696) in
S2 domain.

A. Three-dimensional structure of Omicron spike trimer (Protein Data Bank: 7TL9). B. Three-
dimensional structure of a single-spike chain. S1 domain containing receptor binding domain
(RBD), N-terminal domain (NTD), and S2 domain are indicated. The tyrosine residue at position
655 (Y655) was located in the binding region of the S1 and S2 domains. C. Structures of WT
Spike (Protein data bank: 7KE9) and Omicron Spike (Protein data bank: 7TL9) around amino
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acid position 655 are shown. Both Spike proteins have hydrogen bonds between the two main
chains (position 655-656 in S1 and position 694-695 in S2). Omicron Spike has an additional
hydrogen bond between the two side chains (tyrosine residue at position 655 (Y655) in S1 and
threonine residue at position 696 (T696) in S2).
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