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Abstract

The zoonotic potential has been well studied for SARS-CoV-2 and its earlier variants, but the information for
Omicron variants and SARS-CoV is lacking. In this study, we generated lentivirus-based pseudoviruses carrying

spike protein (S) of SARS-CoV-2, parental and Omicron variants including BA.1.1, BA4/5, XBB.1 and JN.1 to assess
the entry into cells expressing human or animal ACE2 including dogs, cats and white-tailed deer. Using these
pseudoviruses, along with pseudoviruses carrying S of MERS-CoV and SARS-CoV, we assessed the protease
processing of these various S through western blotting, entry/inhibition assays, and fusion assays. The results
showed that overall, pseudotyped viruses carrying each S of SARS-CoV-2 Omicron strains efficiently entered cells
expressing human or animal ACE2 comparably (BA.1.1 and JN.1) or better (BA.4/5 and XBB.1) than those with
parental strain. In addition, the entries of pseudotyped viruses carrying S of SARS-CoV were also efficient the

cells expressing human or animal ACE2. The presence of TMPRSS2 significantly increased the entry of all tested
pseudoviruses including those with S of MERS-CoV, SARS-CoV and SARS-CoV-2, with BA.1.1, JNT, and XBB.1 Omicron
having the largest fold increase. When cathepsin inhibitors were examined to assess their inhibitory effects on entry
of parental and Omicron variants, they were significantly less effective in the entry of Omicron variants compared
to parent strain, suggesting Omicron strains do not depend on the endosomal route compared to parental strain.
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Introduction

Coronaviruses are enveloped viruses that have a single
stranded, positive-sense RNA genome in the Coronaviri-
dae family. Many coronaviruses cause diverse diseases in
a wide range of animals, including humans. Novel coro-
naviruses have periodically surfaced in human popu-
lations from animal to human spillover events, which
include severe acute respiratory syndrome coronavirus
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(SARS-CoV), Middle Eastern Respiratory Syndrome
coronavirus (MERS-CoV) and most recently SARS-
related coronavirus 2 (SARS-CoV-2). SARS-CoV out-
breaks that occurred in 2003 caused severe respiratory
illness and spread from China to more than a dozen
countries [1] before it was no longer reported since 2004
[2]. MERS-CoV was first reported in Saudi Arabia in
2012 and has been mainly found in countries in and near
the Arabian Peninsula with occasional outbreaks outside
the Middle East [3]. MERS-CoV transmission is mainly
by direct or indirect contact with dromedary camels
with limited person-to-person transmission [3]. SARS-
CoV and MERS-CoV have mortality rates of approxi-
mately 13% and 35%, respectively [4—6]. In late 2019,
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another novel coronavirus, SARS-CoV-2 unexpectedly
emerged [7]. Coronavirus disease (COVID-19), caused
by SARS-CoV-2, is a mild to severe respiratory illness
with an increased mortality in populations with underly-
ing health conditions or of advanced ages [8, 9]. Unlike
its two novel coronavirus predecessors, SARS-CoV-2 has
rapidly spread worldwide resulting in the World Health
Organization’s declaration of the COVID-19 pandemic in
March 2020. Since the first report of SARS-CoV-2, mul-
tiple antigenically distinct variants have emerged over
the years, each time eventually replacing earlier variants.
Compared to the parental reference Wuhan-Hu-1 strain,
the Omicron variants have more than 30 mutations on
the spike protein (S) and at least 15 mutations in the
receptor-binding domain (RBD), which is substantially
more than other variants of concern [10]. The Omicron
variant has continuously evolved since the emergence
of the first dominant variant BA.1 (B.1.1.529.1) in late
2021 [11] and is composed of several major sub-lin-
eages BA.1.1 (B.1.1.529.1.1), BA.2 (B.1.1.529.2), BA.3
(B.1.1.529.3), BA.4/5 (B.1.1.529.4/ B.1.1.529.5) and their
recombinant variants such as XBB [12, 13]. JN.1, a more
recent variant which was first detected in August of 2023
[14], was the most prominent strain in the beginning of
2024 [15, 16]. As of January 2025, the main SARS-CoV-2
circulating strains are descendants of the JN.1 subvariant
[17].

Viral entry into host cells plays a key role in host sus-
ceptibility and tissue tropism. With SARS-CoV and
SARS-CoV-2, the virus-cell interaction occurs between
the spike protein (S) and the cell receptor angioten-
sin converting enzyme-2 (ACE2). Coronavirus S forms
a trimer, and each monomeric S is composed of two
parts, the S1 and S2 subunits. The S1 subunit contains
the receptor binding domain (RBD) that directly inter-
acts with ACE2, and the S2 subunit has the hydrophobic
fusion peptide at the S2’ site, which is implicated in viral
fusion and entry. SARS-CoV-2 S has polybasic amino
acids at the S1/S2 junction, which is subjected to cleav-
age by furin by the parental cell prior to release (reviewed
in [18]). The polybasic cleavage site at the S1/S2 junction
found in SARS-CoV-2, but not in SARS-CoV, has been
implicated in increasing cleavage and virus transmissibil-
ity (reviewed in [18]), likely due to a more accessible RBD
to ACE2 [19]. During viral circulation, the S protein can
adopt an “open” or “closed” position where the RBD is
only accessible in the “open” position for binding of ACE2
or antibodies targeting the RBD [20, 21]. Conformational
change in the S following receptor binding allows S2’ site
cleavage by cellular proteases, such as transmembrane
serine protease 2 (TMPRSS2), which exposes the fusion
peptide to the cell membrane for direct fusion [22-26].
Previous research demonstrated that SARS-CoV-2 enters
cells via two distinct routes: when TMPRSS?2 is present

Page 2 of 13

on the cell membrane, SARS-CoV-2 preferentially uti-
lizes a direct entry route by fusion of the viral envelope
to the cellular membrane, but in the absence of this pro-
tease, SARS-CoV-2 enter cells via an endosomal entry
route where proteolytic processing of S is mediated by
cathepsins [27]. These two distinct routes have also been
described for SARS-CoV [28] and MERS-CoV [29].

As it became evident that SARS-CoV-2 was a global
health threat, identification of animal species that are
susceptible to this virus infection has become important
to find potential animal reservoirs, which led to exten-
sive research on the zoonotic risk of domestic and wild
animals. Previous research has shown that many spe-
cies are susceptible to SARS-CoV-2 infection in experi-
mental settings and/or naturally, with or without clinical
signs or virus shedding. Additionally, some animal spe-
cies including white-tailed deer, mink and hamsters have
demonstrated animal-to-animal virus transmission [12,
13]. A summary of the data on experimental and natural
infections can be found in the supplementary materials
(Supplementary Table 1). We and others have previously
reported that SARS-CoV-2 interacts with ACE2 from
various animal species using lentivirus-based pseudo-
viruses carrying the spike protein(S) of various SARS-2
strains and cells stably expressing animal ACE2 [18, 30].
The animal ACE2s used in this study include human,
horse, dog, cat, Syrian golden hamster, mink, white-tailed
deer, bovine, and dromedary camel. As these studies
have mainly focused on parental or earlier variants, in
this study, we examined whether the mutations in the S
of SARS-CoV-2 BA.1.1, BA.4/5, IN.1, or XBB.1 Omicron
subvariants change viral entry efficiency in cells express-
ing animal ACE2 compared to their infectivity of cells
expressing human ACE2. We hypothesize that high rates
of mutations present in S gene of Omicron subvariants
significantly affect their binding capabilities and entries
to the cells expressing various animal ACE2. We also
examined the entry of pseudovirus carrying SARS-CoV
S, which also utilizes ACE2 as the receptor, in these cell
lines. To investigate the differences in protease activity on
S of SARS-CoV, MERS-CoV, and SARS-CoV-2 parental
and Omicron subvariants, we performed western blots
of concentrated pseudoviruses, entry assays of the pseu-
doviruses into cells expressing the appropriate functional
receptor (ACE2 for SARS-CoV and SARS-CoV-2 S and
DPP4 for MERS-CoV S) with or without TMPRSS2, and
fusion studies of each parental S and its respective func-
tional receptor with or without TMPRSS2.

Materials and methods

Cells and plasmids

Human embryonic kidney 293T (HEK293T)(#CRL-
3216) and Crandell-Rees feline kidney (CRFK)(#CCL-
94) cells were purchased from American Type Culture
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Collection (ATCC; Manassas, VA) and maintained in
Dulbecco’s Modified Eagle Medium (DMEM) or Eagle’s
Minimal Essential Medium (MEM) supplemented with
10% or 5% fetal bovine serum respectively, 100 U/ml
penicillin and 100 pg/ml streptomycin. Generation of the
CREK cells stably expressing ACE2 from human, horse,
dog, cat, Syrian golden hamster, mink, white-tailed deer,
bovine and dromedary camel was previously reported by
our lab [30]. Generation of the plasmid expressing the S
of SARS-CoV-2 parental strain, designated as pAbVec-
SARS2-S, was also reported by us [30]. The plasmids
expressing the S of SARS-CoV (#pCVM3-SARS-CoV-§,
(#VG40150-G-N), MERS-CoV(#VG40069-CF), Omicron
BA.1.1 (VG40986-UT), Omicron XBB.1 (#VG40978-
UT), and Omicron JN.1 (#VG40986-UT) subvariants
were purchased from Sino Biologicals (Wayne, PA) and
the plasmid expressing Omicron BA.4/5 was obtained
from InvivoGen (#pl-spike-v13, San Diego, CA). The
mutations found in the RBD of SARS-CoV-2 Omicron
variants compared to parental SARS-CoV-2 RBD [31-33]
are shown in Table 1. The plasmids carrying S of MERS-
CoV or HCoV-EMC/2012 were cloned into the pSI plas-
mid after the full-length, codon-optimized S gene of each

Table 1 Mutations found in the RBD of SARS-CoV-2 Omicron
variants compared to parental SARS-CoV-2 RBD. Mutations found
in all four Omicron strains are indicated by bolded text, and
residues that form hydrogen bonds between parental SARS-
CoV-2 parental S and human ACE2 are italic

Omicron BA.1.1 Omicron BA.4/5 OmicronJN.1 Omicron XBB
G339D G339D 1332V G339H
R346K S371F G339H R346T
S371L S373P K356T 368l
S373P S375F S371F S371F
S375F T376A S373P S373P
K417N D405N S375F S375F
N440K R408S T376A T376A
G446S K417N R403K D405N
S477N N440K D405N R408S
T478K L452R R408S K417N
E484A S477N K417N N440K
Q493R T478K N440K V445P
G4965 E484A V445H G4465
498R F486V G446S N460K
N501Y Q498R N450D S477N
Y505H N501Y L452W T478K
Y505H L455S E484A
N460K F486S
S477N F490S
T478K Q498R
N481K N501Y
NA83 Y505H
E484K
F486P
Q498R
N501Y
Y505H
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virus was synthesized from Integrated DNA technology
(Coralville, IA) for this study.

Generation of pseudoviruses

Pseudotyped viruses containing the S genes of inter-
est were generated using a second-generation lentivi-
ral packaging system with a packaging plasmid psPAX2
(#12260, Addgene, Watertown, MA), a reporter plas-
mid pLenti-luc (#105621, Addgene, Watertown, MA),
and an envelope plasmid carrying the S gene of SARS-
CoV, MERS-CoV, or SARS-CoV-2 (parental, Omicron
BA.1.1, BA.4/5, JN.1, or XBB.1 variant) as previously
described by us [30]. Briefly, one-day old HEK293T cells
in a 6-well plate were transfected with 1 ug of PsPAX2, 1
ug pLenti-luc and 100 ng to 1 ug S using Lipofectamine
2000 (#11668019, Thermo Fisher, Waltham, MA). Based
on transfection efficiency with S expression, 100 ng per
well was used for Omicron BA.1.1, Omicron JN.1, and
Omicron XBB.1 S while 1 ug was used for SARS-CoV-2
parental and Omicron BA.4/5 S, SARS-CoV S, and
MERS-CoV S. The cells were then incubated at 37 °C for
48 h and the supernatant containing pseudoviruses was
then collected. Cell debris was removed by centrifugation
at 400 x g for 10 min before storage at -80°C. Pseudovirus
titers were determined using a Lenti-X p24 Rapid Titer
Kit (#632200, Takara, San Jose, CA) [30].

Western blot analysis of pseudoviruses

Western Blot analysis was performed for pseudoviruses
containing the S gene of parental strain of SARS-CoV-2,
SARS-CoV, and MERS-CoV, and the Omicron BA.1.1,
BA.4/5, ]N.1, or XBB.1 strain of SARS-CoV-2. Pseudo-
viruses were concentrated by ultracentrifugation with
30% sucrose cushion at 100,000 X g for 2 h. Virus pel-
lets were resuspended at 100-fold concentrated volume,
and proteins were resolved in a 10% Novex Bis-Glycin
gel (#XV00100PK20, Thermo Fisher, Waltham, MA) and
transferred to a nitrocellulose membrane. The membrane
was incubated with convalescent human serum against
SARS-CoV-2 [30] or anti-FLAG antibodies for SARS-
CoV and MERS-CoV (#ab49763 Abcam Fremont, CA).
Chemiluminescent signals were visualized by FOTO/
Analyst Luminary/FX Systems (Fotodyne Inc, Harland,
WI).

Pseudovirus entry assays

Entry efficiencies of SARS-CoV-2, parental or Omi-
cron variants, or SARS-CoV into cells expressing ani-
mal ACE2 were evaluated and compared to the entry
into cells expressing human ACE?2 using the pseudovirus
entry assay in CRFK cells expressing ACE2 from human,
horse, dog, cat, Syrian golden hamster, mink, white-
tailed deer, bovine or dromedary camel. Briefly, one-day
old CREK cells expressing each ACE2 in a 24 well plate
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were transduced with the pseudoviruses carrying S of
SARS-CoV, SARS-CoV-2 parental or Omicron BA.1.1,
BA.4/5,JN.1, or XBB.1 subvariants and further incubated
for 30 h. Cell lysates were prepared and firefly luciferase
activity was determined using the luciferase reporter
assay system (#E1500 and #E2920, Promega, Madison,
WI) on a luminometer (GloMax® 20/20 Luminometer,
Promega, Madison, WI) following the manufacturer’s
direction.

The effects of TMPRSS2 on the entry of the pseudo-
virus containing the aforementioned S genes were deter-
mined by transducing each in HEK293T cells expressing
ACE2 or DPP4 with or without TMPRSS2. Briefly, one-
day old HEK293T cells were transfected with pIRES-
Neo-hACE2-FLAG [30] or pCMV6-hDPP4 (#RC209466,
Origene, Rockville, MD) with or without pCMV6-hTM-
PRSS2 (#RC208677, Origene). The plasmid expressing
Renilla luciferase, pRL-CMV (#E2231, Promega), was
included as an expression control. The firefly luciferase
activity was normalized to the Renilla luciferase activity.

Fusion assays

To assess the roles of TMPRSS2 in the S-mediated entry
of SARS-CoV, parental SARS-CoV-2, or MERS-CoV,
a fusion assay was performed. HEK293T cells at 70%
confluency were transfected with plasmids express-
ing S of SARS-CoV, parental SARS-CoV-2, or MERS-
CoV, and the respective functional receptor with or
without TMPRSS2. For SARS-CoV and SARS-CoV-2
fusion studies, pIRES-Neo-hACE2-FLAG plasmid [30]
and an aforementioned plasmid expressing S of SARS-
CoV (pCVM3-SARS-CoV-S) or SARS-CoV-2 (pAb-
Vec-SARS2-S) with or without the TMPRSS2 plasmid
(pCMV6-hTMPRSS2) were transfected as described
above. For MERS-CoV, a plasmid expressing DPP4
(pCMV6-hDPP4) and MERS-CoV S with or without the
TMPRSS2 plasmid (pCMV6-hTMPRSS2) were trans-
fected. Twenty-four hrs post-transfection, the cells were
fixed in 4% paraformaldehyde, stained with Hematoxylin
and Eosin (#ab2458807, Abcam), and mounted in glyc-
erol. Images were acquired at 40x magnification using an
SDL camera through a Zeiss Axiovert 200 M microscope.
The number of nuclei involved in syncytia formation at
20x magnification were manually counted over 5 fields of
view and the average over the 5 fields was calculated per
sample.

Cathepsin inhibitor studies

Well-known cathepsin L inhibitors including MDL28170
(#M6690) and Z-FL-CHO (#219426) (both from Sigma-
Aldrich, St. Louis, MO) were tested against Omicron
strains compared to parental strain using the pseudo-
virus entry assays in CRFK cells expressing hACE2.
The enzyme assay of cathepsin L inhibition was done

Page 4 of 13

with cathepsin L inhibitor kit from Abcam (#ab197012,
Waltham, MA) per manufacturer’s instruction. The cell
entry inhibition assay with pseudotyped virus carrying
S of SARS-CoV-2 (parental, BA.4/5, XBB.1, JN.1, and
BA.1.1) was performed in CRFK cells expressing hACE
as previously described [34, 35]. In this assay, the cells
were incubated with DMSO (0.1%) or serial dilutions of
MDL28170 or Z-FL-CHO immediately after cells were
transduced with the pseudotyped virus carrying each S.
After the transduction, cells were incubated for 48 h, and
luciferase activities were measured. The dose-dependent
inhibition curve for each compound was prepared for
both enzyme and cell-based assays, and the 50% effective
concentration (ICy, for enzyme assay and ECg, for cell-
based assay) values were determined by GraphPad Prism
software using a variable slope (GraphPad, La Jolla, CA).

Statistical analysis

Data consists of at least three independent experiments.
Statistical analysis was performed using GraphPad Prism
software version 9.5 (San Diego, CA). A two-tailed Wil-
coxon matched-pairs signed rank test was performed to
assess the change in entry of SARS-CoV, SARS-CoV-2
parental, and SARS-CoV-2 Omicron BA.1.1, BA.4/5,
JN.1, and XBB.1 into the different ACE2 expressing cell
lines. A one-tailed Mann-Whitney test was used to assess
the effect of TMPRSS2 expression on the parental pseu-
doviruses when compared to the functional receptor
alone and to assess the effect on TMPRSS2 expression
of number of nuclei present in syncytia formation in the
fusion assays.

Results

Entry efficiencies of pseudoviruses carrying S of SARS-
CoV-2 Omicron strains or SARS-CoV compared to SARS-
CoV-2 parental strain in cells expressing human or animal
ACE2

When the entry efficiencies of SARS-CoV-2 parental
strain in cells expressing animal ACE2 were compared
to human ACE2, there was a significant increase in the
pseudovirus entry in cells expressing horse (3.6-fold),
dog (3.39-fold), cat (2.47-fold), hamster (8.93-fold), rab-
bit (11.39-fold), white-tailed deer (4.09-fold), and cow
(3.82-fold) ACE2 compared to human ACE2. In addi-
tion, there was a significant decrease in entry into mink
ACE2 (0.35-fold) and no significant difference in camel
ACE2 compared to human ACE2 (Fig. 1A). For Omicron
strains, cells expressing cow or camel ACE2 were highly
susceptible for the entries of all four Omicron strains
compared to human ACE2. On the other hand, entries of
all four pseudotyped viruses carrying S were decreased in
cells expressing mink ACE2 compared to human ACE2
(Fig. 1B-E). Overall, BA.4/5 and XBB.1 have similar
trends as parental strain, showing there were increased
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Fig. 1 Entry of pseudovirus carrying S of SARS-CoV-2 parental (A) or Omicron subvariants BA.1.1 (B), BA.4/5 (C), JN.1 (D), or XBB.1 (E) into cells expressing
human or animal ACE2. The entry of each pseudovirus into human, horse, dog, cat, hamster, mink, white-tailed deer (WTD), cow, or camel ACE2 express-
ing cells was measured using a Luciferase reporter system. Fold changes of entry into cells expressing each animal ACE2 were compared to cells express-
ing human ACE2. Statistical differences are indicated with an asterisk (¥, P<0.05)

entries to horse, dog, cat, WTD, cow and camel ACE2,
decreased entries to mink ACE2 compared to human
ACE2 (Fig. 1C and E). For BA.1.1 and JN.1, while there
were increased entries to cow and camel ACE2, there
was decreased entry into cells expressing horse, dog, and
mink ACE2 compared to human ACE2 (Fig. 1B and D).

The pseudoviruses carrying S of SARS-CoV efficiently
entered cells expressing human or animal ACE2 at com-
parable levels to S of SARS-CoV-2 (Fig. 2A). When the
entry efficiencies of SARS-CoV in cells expressing ani-
mal ACE2 were compared to human ACE2 (Fig. 2B),
there was a significant increase of entry in dog (2.4-fold),
cat (6.29-fold), hamster (6.58-fold), white-tailed deer
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Fig. 2 Entry of pseudovirus carrying S of SARS-CoV into cells expressing human or animal ACE2. The entry of each pseudovirus into human, horse, dog,
cat, hamster, mink, white-tailed deer (WTD), cow, or camel ACE2 expressing cells was measured using a Luciferase reporter system. (A) The relative lumi-
nescence unit (RLU) of pseudoviruses carrying S of SARS-CoV or parental SARS-CoV-2 into cells expressing human or animal ACE2. (B) Fold changes of
entry into each cell types were compared to cells expressing human ACE2. Statistical differences are indicated with an asterisk (¥, P<0.05)

(4.22-fold), cow (4.64-fold), and camel (16.58-fold) ACE2
expressing cells. While there was a significant decrease
in mink ACE2 expressing cells, no significant change
was observed in horse ACE2 compared to human ACE2
(Fig. 2B). None of the tested pseudoviruses showed entry
capabilities into CRFK cells lacking exogenous ACE2.

Protease activity on the S1/52 and S2’ cleavage sites of S of
SARS-CoV, MERS-CoV, and SARS-CoV-2 parental strain and

Omicron subvariants

The S1/S2 and S2’ cleavage sites of SARS-CoV, MERS-
CoV, and SARS-CoV-2 parental and select Omicron vari-
ants are shown in Fig. 3A, with the basic residues near
each cleavage site highlighted in yellow. Western Blot
analysis (Fig. 3B) was performed to assess processing of
the S1/S2 cleavage site of SARS-CoV, MERS-CoV, and
SARS-CoV-2 parental strain and Omicron subvariants
BA.1.1, BA.4/5, JN.1, and XBB.1 spike protein using con-
centrated pseudoviruses. Band sizes of approximately
180 or 100 kDa correspond to full-length, uncleaved S
or cleaved S2 domain, respectively. While SARS-CoV S
remained primarily unprocessed, a majority of MERS-
CoV S were processed prior to release from the paren-
tal cell, consistent with the presence or absence of the
multibasic cleavage site at S1/S2 in MERS-CoV S and
SARS-CoV S respectively. Interestingly, while SARS-
CoV-2 contained a multibasic cleavage site promoting
S1/S2 processing by host furin, only approximately half
of parental SARS-CoV-2 S was processed, whereas a
majority of the Omicron subvariants were almost entirely
cleaved.

To understand the differences in TMPRSS2 process-
ing of these various S, HEK293T cells expressing human
ACE2 (or DPP4 for MERS-CoV pseudoviruses) with
and without TMPRSS2 were transduced with pseudo-
viruses carrying S of SARS-CoV, MERS-CoV, or SARS-
CoV-2 parental strain and Omicron subvariants BA.1.1,
BA.4/5,]N.1, and XBB.1 (Fig. 3C). The entry of all pseu-
doviruses assessed significantly increased in the presence

of TMPRSS2, though at varying levels. The presence of
TMPRSS2 was shown to significantly increase SARS-CoV
by approximately 10-fold, MERS-CoV by approximately
46-fold, SARS-CoV-2 parental strain by approximately
34-fold, and Omicron subvariants BA.1 by approxi-
mately 181-fold, BA.4/5 by approximately 35-fold, JN.1
by approximately 232-fold, and XBB.1 by approximately
108-fold. None of the tested pseudoviruses showed entry
into HEK293T cells lacking exogenous ACE2 or DPP4.

In addition to entry studies, fusion assays were per-
formed using S of parental SARS-CoV-2, SARS-CoV, and
MERS-CoV (Fig. 4A). HEK293T cells co-transfected with
S from parental SARS-CoV-2, SARS-CoV, or MERS-CoV
and their functional receptor with or without TMPRSS2
were used to assess the fusion capabilities of each S. The
numbers of nuclei involved in syncytia formation per
20x view was counted over five different fields of view
and averaged for the comparative analysis. In cells co-
transfected with parental S of SARS-CoV-2 or SARS-CoV
with ACE2 alone, expression of both proteins resulted
in efficient syncytia formation with counted nuclei at
an average of 32.5 and 20.8 respectively. For cells co-
transfected with S of MERS-CoV and DPP4, little fusion
was observed with an average of 2.8 nuclei in syncytia
formation. When these cells also expressed TMPRSS2,
the average numbers of nuclei in syncytia per field were
significantly increased for SARS-CoV-2 (70.6 nuclei),
SARS-CoV (65.4 nuclei), or MERS-CoV S (10.8 nuclei).
Representative fusion images can be seen in Fig. 4B.

Effects of cathepsin L inhibitors on the entry of Omicron
strains compared to parental strain in the pseudotype
virus assay

In the absence of TMPRSS2, SARS-CoV-2 enters the cell
through an endosomal route and S is processed by host
cathepsins, primarily Cathepsin L. Both MDL28170 and
Z-FL-CHO were highly potent against cathepsin L with
ICyy, 0.01 or 0.015 pM in the enzyme assay, respectively
(Table 2). In the virus entry assay, while both inhibited
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the entry of pseudotyped viruses carrying S from paren-
tal or omicron SARS-CoV-2, there was greater inhibition
against parental compared to omicron strains (> 10-fold,
p<0.01) (Table 2). The ECy, of MDL28170 against
parental SARS-CoV-2 was approximately 0.017 pM,
while the EC;, for BA.1.1, BA.4/5, JN.1, and XBB.1 was
approximately 0.36, 0.34, 0.30, and 0.36 uM, respectively.

Similarly, the ECy, of Z-FL-CHO against SARS-CoV-2
was approximately 0.023, while the EC;, of BAIL.l,
BA.4/5, JN.1, and XBB was 0.34, 0.41, 0.37, and 0.42,
respectively.
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Table 2 Effects of cathepsin L inhibitors on the entry Omicron strains in the pseudotype virus assay expressing S

ECso (HM) 1C5 (UM)

Virus entry assay Enzyme assay

Parental Wu XBB JN.1 B.1.1 CathL
MDL28170 0.017+0.16 0.34+0.13* 0.36+0.05% 0.30+0.03% 0.36+0.01% 0.01£0.03
Z-FL-CHO 0.023+0.01 0.41+0.04* 042+0.01* 0.37+0.02% 0.34+0.04* 0.015+0.02

Numbers are mean +SD of three independent results. * p <0.05
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Discussion

Previous research using pseudoviruses carrying S of
SARS-CoV-2 and cells expressing human or animal
ACE2 has revealed that several mutations in the RBD
in variant strains can alter viral entry [36—38]. Omicron
variants have accumulated more mutations through-
out of the genome including S (Table 1) compared prior
variant types. Many studies have been focused on the
biological relevance of the mutations influencing the
receptor bindings. It was shown that some mutations in
S of Omicron variants including K417N (BA.1.1, BA.4/5
and JN.1), G446S (BA.1.1), E484A (BA.1.1 and BA.4/5),
G496S (BA.1.1), and Y505H (BA.1.1, BA.4/5 and JN.)
were associated with decreased binding affinity to
human ACE2, while mutations such as S477N (BA.1.1,
BA.4/5 and JN.1), and N501Y (BA.1.1, BA.4/5 and JN.1)
increased the binding affinity in a compensatory manner
[39]. In addition, an increase in the amount of positively
charged amino acids in the RBD of Omicron variants has
been found to decrease the stability of S trimer in the
closed position, causing them to adopt an open position
more frequently than the parental strain [21, 40]. It was
also shown that although K417N mutation conserved in
the Omicron variants decreases a binding efficiency to
ACE2, it increases the stability of an open conformation
which overall contributes to effective binding [41].

We have previously reported the entry of pseudovi-
ruses carrying S of SARS-CoV-2 parental strain and vari-
ants of concern (VOC) including alpha, beta and delta
variants into cells expressing human or animal (domes-
tic and wild) ACE2 [30]. In this study, we extended to the
studies with S from Omicron variants including BA.1.1,
BA.4/5, JN.1, and XBB.1. The results showed that the
overall entry patterns to cells expressing each animal
ACE2 of Omicron BA.4/5 and XBB.1 were similar to
each other and to parental strain (Fig. 1A, C and E). In
addition, overall entry patterns to cells expressing each
animal ACE2 of Omicron BA1.1 and JN.1 were similar
to each other (Fig. 1B and D). Among the cells express-
ing animal ACE2, cow and camel ACE2 were efficiently
mediated the entries of all tested Omicron strains com-
pared to human ACE2 (Fig. 1B-E). On the other hand,
the entries of all tested Omicron strains were decreased
to mink ACE2 compared human ACE2 (Fig. 1B-E). This
is consistent with our lab’s previous work [30] as well as
a report from Damas et al. [42] predicting weak binding
of SARS-CoV-2 S to mink ACE2 using in silico analysis.
It is not clear why there is the discrepancy between natu-
ral infections in minks and poor entry with mink ACE2.
It is possible that additional host proteins are required
for efficient entry for minks. There were variable entry
efficiencies into cells expressing horse, dog, cat, hamster
and WTD ACE2 among Omicron strains (Fig. 1B-E).
Li et al. [37] reported that S of Omicron BA.1 and BA.2
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enhanced binding and entry efficiency with some animal
ACE2, including rodents and bats, suggesting a poten-
tially extended host range. The S of BA.4/5 are closely
related to BA.2 with two additional substitutions in the
RBD (L452R and F486V) and a 493Q that is a mutation
reverted to the parental strain. Additional studies [37,
38, 43] showed that that Omicron BA.1, BA.2 and BA.3
have higher binding capacity to many animal ACE2 or
increased entry compared to the parental strain using
the pseudoviruses carrying S. Regarding BA.4/5, a bind-
ing assay study [38] showed that BA.4/5 share similar
enhanced binding affinity to many animal ACE2 with
BA.1-3. Motozono et al. [44] reported that S of BA.4/5
variant had increased stability in the open conformation
by the L452R mutation which is not present in BA.1.1 or
JN.1.,, and this may be the reason for increase of entries to
cells expressing most of tested animal ACE2 in this study
(Fig. 1C). There were efficient entries of the most pseu-
doviruses carrying parental or Omicron strain into cells
expressing cow and horse ACE2, the species showing
limited evidence of virus infection in vivo [45-52] sug-
gesting there might be additional factors involved in viral
replication and pathogenicity.

Both SARS-CoV and SARS-CoV-2 use ACE2 as the
receptor for successful viral entry and infection. Since
the last known human SARS-CoV cases in 2004, its zoo-
notic potential was studied with wild animals found at
the live market in China, including palm civets (Paguma
larvata), raccoon dogs (Nyctereutes procyonoides), and
ferret badgers (Melogale) [53], and domestic species
including cats and ferrets [54, 55]. Using the entry assay
with cells expressing human or animal ACE2, we found
that pseudoviruses carrying S of SARS-CoV entered the
cells at efficiency comparable to those of SARS-CoV-2
(parental) in most tested cells (Fig. 2A and B). SARS-CoV
and SARS-CoV-2 are Sarbecoviruses that use ACE2 as a
cellular receptor and have a 75% amino acid homology in
their S [56], thus it is not surprising that they have similar
ACE2 bindings and entry capacities. It would be interest-
ing to see whether this host susceptibility trend could be
extended to other members of Sarbecoviruses that utilize
ACE2 as a receptor. Our results indicated an efficient
entry ability in many animal ACE2 expressing cells such
as hamster, cat, and white-tailed deer, all of which have
been shown to harbor natural infections (Supplementary
Table 1).

ACE?2 is the receptor molecule that is indispensable for
SARS-CoV-2 and SARS-CoV infection, whereas DPP4
is the necessary receptor molecule for MERS-CoV. It is
believed that sequential proteolytic processing at the S1/
S2 junction in the parental cell and the S2’ cleavage site in
the target cell is required for virus entry. Both S of SARS-
CoV-2 and MERS-CoV contain polybasic amino acids at
the S1/S2 junction (RRXR and RXXR, respectively), but
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SARS-CoV has a single Arg (Fig. 3A). The presence of
polybasic residues at the S1/S2 junction is shown to allow
processing by a wider range of cellular proteases such as
furin, which efficiently cleave R-X-(R/K/X)-R sequence
[57], and it was reported that furin efficiently cleaves the
S$1/S2 junction of S of SARS-CoV-2 [58, 59] and MERS-
CoV [60]. In our Western blot analysis, about half of
S of SARS-CoV-2 parental strain pseudoviruses from
HEK293T cells were proteolytically processed, yielding
an uncleaved band and a cleaved band that corresponds
to the S2 domain (Fig. 3B). While the parental SARS-
CoV-2 S was only approximately 50% cleaved, the Omi-
cron subvariants were almost entirely cleaved (Fig. 3B).
All Omicron spike proteins tested contain the muta-
tions N679K and either P681H (BA.1.1, BA.4/5, XBB.1)
or P681R (JN.1). These mutations create additional basic
residues at the multibasic furin cleavage site (Fig. 3A).
The P681H found in the Alpha and Mu variants as well
as the P681R mutation found in the Delta variant have
been found to increase processing at the S1/S2 site, with
more cleavages with the mutation of P681R than P681H
[61-63]. Additionally, the N679K mutation has also
been attributed to more cleavages by furin in fluorogenic
cleavage assays, lending to improved cleavage of S1/S2
compared to previous variants only containing a muta-
tion at P681 [64]. Similar to the Omicron subvariants,
MERS-CoV S, which also contains a multibasic sequence
at S1/S2, was majorly processed. Interestingly, though
there are less basic resides at the S1/S2 cleavage site than
the parental SARS-CoV-2 S, MERS-CoV-S appeared to
be majorly cleaved (Fig. 3B). In contrast, the majority of
S of SARS-CoV remained intact (Fig. 3B), as SARS-CoV S
lacks the residues necessary for furin processing, which is
consistent with previous reports [65, 66].

While the processing of S1/S2 occurs in the infected
cells prior to release, it is believed that following the bind-
ing of SARS-CoV, MERS-CoV, and SARS-CoV-2 to their
respective functional receptor, these coronaviruses can
utilize TMPRSS2-mediated entry via fusion at the cell
membrane or endosomal pathway in TMPRSS2-negative
cells [27, 65]. It is speculated that furin-mediated cleavage
of the S1/S2 junction works in concert with TMPRSS2 to
promote viral entry [59, 67]. The aim of our study was to
understand the extent to which TMPRSS2 acts on S of
these coronaviruses in comparison to one another using
HEK293T cells expressing ACE2 for SARS-CoV and
SARS-CoV-2 and DPP4 for MERS-CoV with or without
TMPRSS2. As expected, entry of these coronaviruses all
significantly increased when TMPRSS2 was expressed,
though at varying magnitudes. Consistent with the spec-
ulation that TMPRSS2 works in conjunction with furin
cleavage, SARS-CoV, which is majorly uncleaved at S1/
S1 (Fig. 3B), had the lowest fold increase in entry (10-
fold) with TMPRSS2 expression (Fig. 3C). SARS-CoV-2
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parental strain, in which only approximately 50% of S is
cleaved (Fig. 3B), had a moderate increase in fold change
when TMPRSS2 was expressed (34-fold) as opposed to
when only ACE2 was expressed (Fig. 2C). The spike pro-
teins of MERS-CoV and SARS-CoV-2 Omicron BA.1.1,
BA.4/5,JN.1, and XBB.1 were all majorly cleaved at S1/S2
in the parental cell (Fig. 3B). Interestingly, while Omicron
BA.1.1, JN.1, and XBB.1 pseudoviruses showed a marked
increase in entry with the presence of TMRSS2 (181-
fold, 232-fold, and 108-fold respectively), the increase in
entry for MERS-CoV and SARS-CoV-2 Omicron BA .4/5
was more moderate (46-fold and 35-fold respectively)
(Fig. 3C).

Fusogenicity is implicated in virulence and immune
evasion of coronaviruses, and the ability of SARS-CoV,
SARS-CoV-2, and MERS-CoV S to mediate cell-to-cell
fusion has been independently demonstrated both in
vitro and in vivo [68]. TMPRSS2 expression has been
linked to viral-induced syncytia formation, which is
thought to contribute to viral pathogenicity in vivo.
Infected syncytia is a common pathological finding in
lung tissues of patients infected with SARS-CoV-2 [69].
When Iwata-Yoshikawa et al. [70] inoculated TMPRSS2
knockout mice with various strains of SARS-CoV-2, they
showed significant reduction in viral load and patho-
logical lung changes compared to their wild-type coun-
terparts. Additionally, they found the use of TMPRSS2
inhibitor Nafamostat significantly reduced the viral
infectivity in vivo. Hampering both the direct mem-
brane fusion entry route and the cell-to-cell transmission
that would occur during fusion events makes TMPRSS2
inhibitors an attractive therapy for SARS-CoV-2 treat-
ment. Our goal in this study was to comparatively assess
the utilization of TMPRSS2 in S fusogenicity of SARS-
CoV, SARS-CoV-2, and MERS-CoV in relation to each
other, and to our entry study. To study this, we co-trans-
fected each S and respective receptor with or without
TMPRSS2. In agreement with the entry studies, in the
presence of TMPRSS2, more syncytia were formed by
S of SARS-CoV-2, SARS-CoV, and MERS-CoV. The S
of SARS-CoV-2 or SARS-CoV resulted in more robust
syncytia formation than S of MERS-CoV with or with-
out TMPRSS2 (Fig. 4A). Less Synthia formation by S of
MERS-CoV may be due to the usage of different receptor
from S of SARS-CoV/SARS-CoV-2.

There are numerous evidences [71, 72] showing SARS-
CoV-2 Omicron strains are more infectious with the
improved binding to ACE2 [73], and less virulent [71, 72]
compared to earlier strains. Some early studies showed
that SARS-CoV-2 Omicron strains were less likely rely
on TMPRSS2 than parental strain for viral entry [73, 74].
Peacock et al. [63] showed that SARS-CoV-2 Omicron
strains were found to replicate efficiently in nasal epi-
thelium, which lacks TMPRSS2. However, other studies
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showed the important role of TMPRSS2 for Omicron
strains in vitro [75] and in vivo [70, 76]. In TMPRSS2
knockout animals, the infection of SARS-CoV-2 Omicron
strain resulted in severe loss of infection and pathogenic-
ity [70, 76]. Regarding endosome-mediated entry of Omi-
cron strains, Sakurai et al. [77] reported SARS-CoV-2
Omicron variant progressively adapted to use the endo-
some route by comparing the inhibitory activity of E64d
(cathepsin L inhibitor) between a Delta strain and several
Omicron strains. In this study, we used two cathepsin L
inhibitors to examine their effects on virus entry. There
were significant differences (greater than ten-fold) in
EC;, of MDL28170 and Z-FL-CHO against Omicron
strains compared to parental strain (Table 2), suggesting
Omicron strains do not depend on the endosomal route
compared to parental strain. It is possible that more effi-
cient S1/S2 cleavage of Omicron strains than parental
strain (Fig. 3B) resulted in increased ECy, values. The dif-
ferences between ours from Sakurai’s results may be due
to using different pseudoviruses, SARS-CoV-2 strains,
cell types, and cathepsin L inhibitors.

Though the pseudovirus system is a safe and fast
method for virus analysis with wide applications, it is not
without limitations. While this system is good for assess-
ing the entry capability of a virus, it cannot assess the
replication efficiency. Both SARS-CoV and SARS-CoV-2
have demonstrated the ability to enter, but not replicate
in various human and animal cell lines [78]. Therefore,
this assay should be validated using live viruses. Addi-
tionally, we used cells exogenously expressing ACE2,
DPP4 and TMPRSS2, which may lack endogenous pro-
teins that aid or inhibit viral entry that may be present in
cells naturally susceptible to the tested coronaviruses.

In summary, our results suggest the importance of con-
tinual evaluation of SARS-CoV-2 variants in their sus-
ceptibility to animal species, as well as monitoring entry
routes and performing inhibitor screening of emerging
strains. Comparable analysis of entry efficacies of SARS-
CoV-2 variants as well as SARS-CoV and MERS-CoV
provides detailed information regarding entry processes
among different coronaviruses.
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ACE2 Angiotensin-Converting Enzyme 2

COVID-19  Coronavirus Disease of 2019
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MEM Eagle’s Minimal Essential Medium
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