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mouse ACE2. The attenuation of Omicron

in K18-hACE2 transgenic mice, however,

is attributed to mutations outside the

spike region.
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SUMMARY
Despite being more transmissible, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Om-
icron variant only causes milder diseases in laboratory animals, often accompanied by a lower viral load
compared with previous variants of concern. In this study, we report the structural basis for a robust interac-
tion between the receptor-binding domain of the Omicron spike protein and mouse ACE2. We show that
pseudovirus bearing the Omicron spike protein efficiently utilizes mouse ACE2 for entry. By comparing viral
load and disease severity among laboratory mice infected by a natural Omicron variant or recombinant
ancestral viruses bearing either the entire Omicron spike or only the N501Y/Q493R mutations in its spike,
we find that mutations outside the spike protein in the Omicron variant may be responsible for the observed
lower viral load. Together, our results imply that a post-entry block to the Omicron variant exists in laboratory
mice.
INTRODUCTION

The emergence of severe acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2) Omicron variant (B.1.1.529) has drastically

changed the landscape of the coronavirus disease of 2019

(COVID-19) pandemic (Organization, 2021). Omicron has dis-

placed the Delta variant in the United States and possibly the

rest of the world. With 30+ changes in its spike protein, the Om-

icron variant has been shown to evade vaccine- or natural infec-

tion-elicited immunity (Cele et al., 2021; Pulliam et al., 2022).

Within its receptor-binding domain (RBD), the Omicron variant

harbors several amino acid substitutions, including S417N,

T478K, E484A, Q493R, G496S, Q498R, N501Y, and Y505H,

that potentially alter the species tropism of the virus. Among

those, N501Y has appeared in the Alpha (B1.1.7), Beta

(B1.351), and P.1 variants and has been demonstrated to

enhance the binding of spike to both human and mouse ACE2

(Gu et al., 2020; Shuai et al., 2021; Xavier Montagutelli et al.,

2021). The presence of N501Y along with additional mutations

(K417M, E484K, Q493R, and Q498R) is associated with mouse

adaptation by serial passage (Kibler et al., 2021; Lok-Yin Roy

Wong et al., 2021; Muruato et al., 2021). Surprisingly, several

recent studies reported an attenuated phenotype in laboratory

animals (Halfmann et al., 2022; Katherine McMahan et al.,

2022; Ryan et al., 2021; Abdelnabi et al., 2021; Shuai et al.,

2022; Suzuki et al., 2022), raising a question of whether the Om-

icron variant robustly infects animal species.
This is an open access article under the CC BY-N
RESULTS

Omicron spike proteinmediates efficient entry via ACE2
orthologs of multiple species
We packaged lentiviral-based pseudoviral particles that bear

no spike protein (bald virus), the ancestral WA1 spike, and

the Omicron spike protein. Green fluorescent protein (GFP)

was the reporter gene of these pseudoviruses. We then added

pseudoviruses to 293T cells that were transfected with DNA

plasmids to express ACE2 of 10 species. As shown in Fig-

ure 1A, GFP-positive cells were readily visible. While the major-

ity ACE2 homologs equally mediated WA1- or Omicron-pseu-

dovirus infection, mouse ACE2 (mACE2) expression permitted

massive infection by pseudovirus bearing the Omicron spike

but not the WA1 spike. Horseshoe bat ACE2, however, only

mediated entry of the pseudovirus bearing the WA1 spike.

Similar observations were made when using pseudoviruses

carrying the firefly luciferase (FLuc) reporter gene in transient

transfections or in hACE2 and mACE2 stable cell lines

(Figures 1B and 1C).

Structural basis of interaction between Omicron spike
protein and mACE2
To understand the structural basis of the mACE2-Omicron

RBD (oRBD) interaction, we performed all-atom molecular

dynamics (MD) simulations in a physiology-like environment.

Compared with the wide-type SARS-CoV-2, the Omicron
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Figure 1. Pseudovirus bearing the Omicron

spike protein efficiently infects cells ex-

pressing mACE2

(A) 293T cells were transfected with ACE2

expression plasmids of 10 species and then in-

fected by lentiviral pseudoparticles bearing the

spike protein of either the Wuhan SARS-CoV-2

variant or theOmicron variant. Infected cells would

be GFP positive (green). Blue dye-stained nuclei.

Images shown here are representatives of two

independent experiments.

(B) A similar experiment was performed as in (A),

except pseudoviruses expressing firefly luciferase

were employed.

(C) Infection of hACE2-and mACE2 stable 293T

cells by pseudoviruses bearing the spike protein of

either the Wuhan SARS-CoV-2 variant or the

Omicron variant.

Results in each bar graph contain at least three

technical replicates.
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variant contains 15 mutations in the RBD (Figure 2A), and

many of them, including the two charged mutations Q493R

and Q498R, are located inside the receptor-binding motif

(RBM) that directly contacts ACE2. Generally, charged resi-

dues significantly impact the protein-protein binding interface.

As shown in Figure 2B, two salt bridges (K353-D38 and E35-

K31) reside at the binding surface of hACE2, while two neutral

residues Q493 and Q498 are present on the Wuhan-like

ancestral RBD (whRBD) surface. Besides interfacial hydrogen

bonds, the two salt bridges are partially buried after the

hACE2-whRBD binding, which is energetically favorable

(Huynh, 2021). However, on the binding surface of the

mACE2, negatively charged D38 and E35 are coordinated by

two neutral residues H353 and N31, resulting in an overall

charged surface (Figure 2C). When whRBD engages mACE2,

two negatively charged residues (D38 and E35) will inevitably

be buried at the binding interface, which is energetically unfa-

vorable because the dielectric constant of a protein media is

much less than that of water (Figure 2C). Different from

whRBD, two positively charged residues (R493 and R498)
2 Cell Reports 40, 111359, September 13, 2022
are found in the RBM of oRBD. When

hACE2 is bound with oRBD, as shown

in Figure 2D, the net charge at the inter-

face is +2 e because both R493 and

R498 are buried (partially) at the inter-

face. This interfacial arrangement is

energetically unfavorable and may

weaken the interfacial binding, but the

highly favorable N501Y mutation stren-

gthens the oRBD-hACE2 interaction.

Importantly, oppositely charged oRBD

and mACE2 surfaces can electrosta-

tically attract each other, and the

complex features two salt bridges

(R493-E35 and R498-D38) buried at

the interface with zero net charge (Fig-

ure 2E), which is energetically favorable.
In support of this, a recent study reported that mACE2 binds

to oRBD with a higher affinity than to RBDs of other variants

(Cameroni et al., 2022).

MD simulations of the mACE2-oRBD complex in the 0.15 M

NaCl electrolyte also revealed an essential atomic coordination

at the interface. Figure 2F illustrates that besides forming the

salt bridge with D38 in mACE2, R498 also forms a hydrogen

bond with Y501, which stabilizes the conformation of Y501.

Additionally, S496 forms a hydrogen bond with Y501. The latter

further forms the T-shape p-p stacking with H41 (mACE2) and

another parallel one with H353 of mACE2. Note that the similar

interaction between Y501 and H41 was also found in other

ACE2-RBD complexes, such as hACE2 and the RBD of the

Alpha variant (Luan et al., 2021), and is responsible for the

enhanced interfacial interaction. Hence, in the case of mACE2-

oRBD interaction, Y501 is in a locked conformation due to favor-

able interactions with H41 (mACE2), Y353 (mACE2), R498

(oRBD), and S496 (oRBD). Additionally, the salt bridge between

E35 (mACE2) and R493 (oRBD) further enhances the local inter-

facial binding (Figure 2G).



Figure 2. The spike protein of Omicron

variant carries mutations that confer utility

of mouse ACE2 for entry

(A) Illustration of all changes found in the Omicron

isolate used in this study (hCoV-19/USA/MD-

HP20874/2021) compared with USA-WA1/2020.

Coincidentally, the Omicron spike protein in

pseudoviruses carries an identical number of

changes.

(B–E) Various coordinations of charged residues at

the ACE2-RBD interface: (B) hACE2-wtRBD

(buried charge: 0), (C) mACE2-wtRBD (buried

charge:�2 e), (D) hACE2-oRBD (buried charge: +2

e), and (E) mACE2-oRBD (buried charge: 0).

(F and G) Detailed interfacial coordinations be-

tween mACE2 and oRBD.

(F) The interfacial binding near the salt bridge

R498-D38.

(G) The interfacial binding near the salt bridge

R493-E35.

(H and I) Pseudoviruses carrying WA1 spike with

indicated combinations of mutations infected

293T-hACE2 or 293-mACE2 cell lines.

(J) Cell-cell fusion is mediated by WA1 spike or

Omicron spike or the WA1-Q493R/N501Y spike

protein.

Results in each bar graph contain at least three

technical replicates. Data shown here are rep-

resentatives of two independent experiments.
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Mutations found in Omicron spike conferred tropism in
mice
TheMD simulation implies that a buried charge inside the protein-

protein interface reduces the binding affinity while a buried salt

bridge enhances the interfacial binding affinity. To experimentally

verify the hypothesis, we made several constructs expressing

WA1 spike bearing the following combinations of mutations:

N501Y-Q493K, N501Y-Q493R, G496K-Q493K, N501Y-S494R,

N501Y-G496K, N501F-G496K, and N501K-Q493K. These muta-

tions are expected to strengthen the RBD-mACE2 interaction

through inducing salt bridges between K501/K496 of the RBD

and D38 of mACE2 or between K493/R494 of RBD and E35 of

mACE2. Additionally, a WA1 spike bearing Q493K/Q498Y/
Cell
P499T triple mutations, which were found

in a mouse-adapted virus, was included

as positive control (Leist et al., 2020).

Pseudoviruses bearing these spike pro-

teins all infected 293T-mACE2 by at least

two orders of magnitude compared with

the WA1 spike (Figures 2H and 2I). These

findings confirmed the flexibility of the

RBD-ACE2 interface in dictating the spe-

cies tropism. Notably, the Omicron spike

protein and WA1 spike bearing Q493R/

N501Y were as fusogenic as the ancestral

WA1 spike in a cell-cell fusion assay

(Figure 2J).

To confirm the above results in vivo, we

introduced two mutations (i.e., Q493R/

N501Y) into the spike protein of WA1/
2020 genome using reverse genetics. The derived WA1-

Q493R/N501Y was found to efficiently infect immunocompetent

mice and caused weight loss in 12-month-old Blab/c mice with

an inoculum of 5 3 104 plaque-forming units (PFUs) (Figures

S1A and S1B). Compared wiht the ancestral WA1/2020 isolate,

viral loads, measured by either quantitative real-time PCR or

RNAscope, from WA1-Q493R/N501Y-infected mice were 2 to

3 logs higher (Figures S1C–S1F). Notably, the primary histopa-

thology changes in the lungs of WA1-Q493R/N501Y-infected

mice were immune cell infiltrates and limited areas of consolida-

tion (Figures S1D–S1F). Consequently, infected animals dis-

played very mild disease manifestations such as ruffled fur,

appearance of lethargy, and eye closure.
Reports 40, 111359, September 13, 2022 3



Figure 3. Spike-independent attenuation of the Omicron variant in Balb/c mice

(A) Overall study design.

(B) Weight loss profile.

(C) Clinical scores of all three groups of mice overall the period of study.

(D–G) Subgenomic RNA (sgmRNA) and total viral RNA levels in nasal turbinates (D and E) and lungs (F and G).

(H) Induction of ISG15 at 2 DPI in mouse lungs.

(I) Summed pathology scores of all three groups of mice overall the period of study.

(J–M) Representative H&E images of the natural Omicron-infected mice. (K) is a closeup image from (J), and (M) is a closeup from (L).

(N) An RNAscope image of the natural Omicron variant-infected mouse.

(legend continued on next page)
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Omicron spike protein mediated efficient infection of
laboratory mice
We subsequently characterized the infection of 18-month-old

Balb/c mice with the Omicron variant (isolate hCoV-19/USA/

MD-HP20874/2021). Because of reported attenuation of Omi-

cron in Syrian hamster and K18-transgenic mice (Halfmann

et al., 2022; Katherine McMahan et al., 2022; Shuofeng Yuan

et al., 2022), we also included a recombinant virus (WA1-

Omicron-S) in which the spike protein sequence of WA1/2020

ancestral virus was replaced with that of the Omicron variant.

For comparison, WA1-Q493R/N501Y was included as a positive

control virus (Figure 3A). WA1-Omicron-S contains the WA1

backbone with the Omicron spike protein. Therefore, WA1-

Omicron-S should enter cells in the same manner as Omicron

does. If the natural Omicron variant fails to infect cells in the

lung due to defective entry, as implied in several studies (Meng

et al., 2022; Thomas et al., 2021), infection by the WA1-

Omicron-S will similarly result in low viral load in the lung

because the same entry blockage should exist. If the attenuated

phenotype of the natural Omicron variant is due to poor replica-

tion or rapid elimination by host innate immune response, one

might expect the WA1-Omicron-S virus would robustly infect

mouse lungs. Notably, our natural Omicron variant stock had a

relatively low infectious titer (�2 3 105 PFUs/mL); we therefore

chose 1 3 104 PFUs in 50 mL for intranasal inoculation in this

study. Under this challenge dose, the only group of mice that

had modest weight loss was those inoculated with the WA1-

Q493R/N501Y virus (Figure 3B). WA1-Omicron-S- and Q493R/

N501Y-infected mice nonetheless had clinical signs of illness

at 3 and 4 days post-infection (DPI) (Figure 3C). The presence

of subgenomic RNA (sgmRNA) of the E gene and total viral

RNA was readily detectable in both the nasal turbinates and

the lungs at 2 and 4 DPI in all three groups, although viral loads

detected from WA1-Omicron-S- and WA1-Q493R/N501Y- in-

fected mice were at least two logs higher than those from the

natural variant infected animals (Figures 3D–3G). The infection

by WA1-Omicron-S and WA1-Q493R/N501Y also markedly up-

regulated the interferon-stimulated gene 15 (ISG15) (Figure 3H)

and induced pathology in the lungs (Figure 3I). Interestingly, his-

topathology examination of the natural Omicron variant-infected

lungs found that most infected animals had a low degree of im-

mune cell infiltration (Figures 3J and 3K). Occasionally, mice in-

fected with the natural Omicron variant displayed more pro-

nounced perivascular infiltrates (Figures 3L–3M), despite very

little viral RNA detected in the lung by RNAscope (Figures 3N–

3O). Mice infected by WA1-Omicron-S and WA1-Q493R/

N501Y exhibited more diffuse peribronchiolar, perivascular,
(O) A closeup from (N). Blue, nuclei; red, viral RNA.

(P) A representative H&E image of the WA1-Omicron S-infected mouse.

(Q) A closeup from (P).

(R) A representative RNAscope image of the WA1-Omicron S-infected mouse.

(S) A closeup from (R).

(T) A representative H&E image of the WA1-Q493R/N501Y-infected mouse.

(U) A closeup from (T).

(V) A presentative RNAscope image of the WA1-Q493R/N501Y-infected mouse.

(W) A closeup from (V).

Results shown in this figure were derived from one experiment (n = 10–15 for ea
and alveolar inflammatory infiltrates and with clear presence of

viral RNA as detected by RNAscope using a probe that specif-

ically targets the S gene (Figures 3P–3W). The viral RNA was de-

tected not only along bronchial epithelia but also in the lung pa-

renchyma from WA1-Omicron-S- and WA1-Q493R/N501Y-

infected mice. At 7 DPI, the histopathological changes have

mostly resolved in the lungs of all three groups.

Omicron spike-independent attenuation in human ACE2
transgenic mice
Since SARS-CoV-2 infection in immunocompetent mice gener-

ally leads to very mild disease, even for the WA1-Q493R/

N501Y virus, we subsequently conducted an experiment in

K18-hACE2 mice. Infection of K18-hACE2 by SARS-CoV-2 is le-

thal (Bao et al., 2020; Golden et al., 2020; Oladunni et al., 2020;

Rathnasinghe et al., 2020a, 2020b; Winkler et al., 2020; Yinda

et al., 2020), which makes this model useful in assessing patho-

genic differences between variants. For this purpose, we inocu-

lated K18-hACE2 mice with 104 PFUs of WA1, WA1-Omicron-S,

and the natural Omicron variant (n = 10 for each group) andmoni-

tored weight loss and survival. Five mice from each group were

sacrificed on day 6 after infection for viral load analyses (Fig-

ure 4A). Both WA1- and WA1-Omicron-S-infected animals dis-

played severeweight loss starting fromday 5 onward (Figure 4B).

All WA1-Omicron-S-infected mice succumbed to infection, and

only one in the WA1-infected group survived (Figure 4C). By

contrast, most natural Omicron variant-infected mice displayed

minimal weight loss, and only one succumbed to the infection

at 10 DPI. Viral loads from the natural Omicron variant-infected

mice, including total viral RNA or single guide RNA (sgRNA) or in-

fectious virus titers, were consistently lower than those from

WA1- or WA1-Omicron-S-infected animals (Figures 4D–4F).

To further explore the Omicron spike-independent attenuation

in human ACE2 transgenic mice, we generated two additional

chimeric viruses: Omicron-WA1 S, in which the Omicron BA.1

variant (sequence based on isolate hCoV-19/USA/MD-HP2

0874/2021) now contains the WA1/2020 spike protein, and

WA1-Omicron 50 UTR-Nsp12, in which the WA1 virus contains

mutations of the Omicron variant ranging from 50 UTR to

Nsp123 104 PFUs, viruses were given to K18-hACE2mice intra-

nasally. Because often >90%mice inoculated with 104 PFUWA1

become moribund by day 6 or 7, making it difficult to assess tis-

sue viral loads at 6 DPI, we chose to inoculate K18-hACE2 with

103 PFU WA1 so that enough outwardly healthy animals remain

at 6 DPI for comparison. As shown in Figure 5A, K18-hACE2

mice infected by 104 PFUs of Omicron-WA1 S or WA1-Omicron

50 UTR-Nsp12 lost no more than 5% of their original body weight
ch group). Each solid shape represents one animal in (D)–(H).
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Figure 4. WA1-Omicron-S is lethal in K18-hACE2 mice

(A) Overall study design. n = 10 per group.

(B) Weight loss profile. Note, after 9 DPI there was only one WA1-infected mouse alive. All WA-Omicron-S-infected mice succumbed to infection by day 8.

(C) Survival curves.

(D) Viral RNA (D) and sgmRNA (E) levels in nasal turbinates (NBs) and the lungs at 6 DPI.

(F) Infectious viral titers from lung homogenates at 6 DPI. *p < 0.05.

Results shown in this figure were derived from one experiment. Each solid shape represents one animal in (D)–(F).
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by 6 DPI and then started regaining weight afterward. By 9 DPI,

infected mice fully recovered their body weight, and none suc-

cumbed to infection. By contrast, infection with only 103 PFUs

of WA1 led to 3 out of 9 mice dead by day 9. Viral loads from

Omicron-WA1 S-infected mice, including total viral RNA or

sgRNA in nasal turbinates and brains and infectious virus titers

in lungs, were significantly lower than those from WA1-infected

animals.WA1-Omicron50 UTR-Nsp12-infectedmicealso yielded

lower viral load, although the difference did not reach statistical

significance (Figures 5D–5G).

DISCUSSION

We present evidence that the spike protein of Omicron variant

has obtained multiple mutations that enable efficient usage of

mACE2 for cellular entry both in vitro and in vivo. The mutations

found in the Omicron spike protein may potentially alter the spe-

cies tropism of SARS-CoV-2 variants. This is especially inter-

esting regarding the usage of mouse and horseshoe bat ACE2.

Omicron contrasts with the ancestral WA1 isolate in that the

former gained the ability to engage mACE2 but then lost usage

of horseshoe bat ACE2. A striking observation is that despite

an efficient usage of mACE2 by the Omicron variant, laboratory

mice infected by Omicron only exhibited mild disease, accom-

panied by low viral loads, as has been reported by others (Half-

mann et al., 2022). It was recently proposed that the Omicron

spike protein is not efficiently cleaved at S1/S2, and hence the

virus may shift away from TMPRSS2-expressing cells, such as
6 Cell Reports 40, 111359, September 13, 2022
type II pneumocytes, and become less pathogenic (Meng

et al., 2022). In support, the Omicron spike is less fusogenic

compared with that of the Delta variant (Cong Zeng et al.,

2021; Zhao et al., 2021). We, however, found that the Omicron

spike protein mediates cell-cell fusion as efficiently as does the

ancestral spike protein (Figure 2J). Our findings further suggest

that genetic changes outside the Spike protein in the natural Om-

icron variant may contribute to the observed attenuation in labo-

ratory mice because WA1-Omicron-S is neither attenuated in

Balb/c nor in K18-hACE2 mice. Therefore, the low viral load de-

tected in Omicron-infectedmice is unlikely caused by an inability

of the variant to enter mouse tissues, despite that the disease

severity may still be influenced by mutations within the spike

protein. One limitation of the current study is the relatively low

inoculum used. Nonetheless, findings from this study directly

challenge the notion that somehow the SARS-CoV-2 Omicron

variant fails to reach mouse lungs. Instead, the observed lower

viral load and attenuation in laboratory mice appear to be a result

of post-entry blockage linked tomutations outside the spike pro-

tein in the Omicron variant. This blockage could be an intrinsic

replicative defect of Omicron in mice or a heightened suscepti-

bility to rodent innate immunity. As illustrated in Figure 2A, there

are 17 amino acid changes outside the spike protein in Omicron.

Interestingly, although the reduction of viral load in WA1-

Omicron 50 UTR-Nsp12-infected mice did not reach statistical

significance, a cloned Omicron virus bearing the WA1 spike pro-

tein was indeed attenuated in the K18-hACE2 mice. A thorough

mutational analysis will be required to pinpoint what mutation(s)



Figure 5. Omicron bearing WA1 spike is attenuated in K18-hACE2 mice

(A) Body weight loss of K18 mice after infection with 104 PFUs of Omicron-WA1 S, WA1-Omicron 50 UTR-Nsp12, or Omicron or 103 PFUs WA1.

(B) Survival curves after infection. Numbers of mice in each group are indicated in the legend.

(C and D) sgmRNA (C) and viral RNA (D) levels in NBs at 2 DPI.

(E and F) sgmRNA (E) and viral RNA (F) levels from brains at 6 DPI.

(G) Infectious virus titers from lungs at 6 DPI. *p < 0.05.

Results shown in this figure were derived from one experiment. Each solid shape represents one animal in (C)–(G).
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contribute to the attenuated phenotype of Omicron in laboratory

mice.
Limitations of the study
A potential caveat of the work is that the Omicron BA.1 isolate

tested in this study may not be representative of all Omicron var-

iants. Additionally, the mechanism of attenuation of the Omicron

variant may differ between unmodified laboratory mice and K18-

hACE2 transgenic mice, with the latter mouse model displaying

wilder expression of human ACE2 as a transgene. As Omicron

spike protein interacts with both human and mACE2, the variant

infects K18-hACE2mice via both receptors, whereas infection of

genetically unmodified mice is only mediated by endogenous

mACE2.
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Facility for Biotechnology Resources, FDA N/A

Primer Q493R R (GAAACCATATGATCTT

AAAGGAAAGTAACAATTAA)

Facility for Biotechnology Resources, FDA N/A

Primer N501Y F (GTTTCCAACCCACTT

ATGGTGTTGGTTACCAACCATA)

Facility for Biotechnology Resources, FDA N/A

Primer N501Y R (ACCAACACCATAA

GTGGGTTGGAAACCATATGA)

Facility for Biotechnology Resources, FDA N/A

Primer BglII R (CAGCATCTGCAAGTGTCACT) Facility for Biotechnology Resources, FDA N/A

Recombinant DNA

pcDNA-human-ACE2 GenScript N/A

pcDNA-mouse-ACE2 GenScript N/A

pcDNA-ferret-ACE2 GenScript N/A

pcDNA-Syrian hamster-ACE2 GenScript N/A

pcDNA-Grivet (African green monkey)-ACE2 GenScript N/A

pcDNA-horseshoe bat-ACE2 GenScript N/A

pcDNA-pig-ACE2 GenScript N/A

pcDNA-bovine-ACE2 GenScript N/A

pcDNA-Chinese hamster-ACE2 GenScript N/A

pcDNA- Malayan pangolin -ACE2 GenScript N/A

pcDNA- SARS-CoV-2 Wuhan Spike This manuscript N/A

pcDNA- SARS-CoV-2 Omicron Spike This manuscript N/A

pcDNA- SARS-CoV-2 Spike N501Y-Q493K This manuscript N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA- SARS-CoV-2 Spike N501Y-Q493R This manuscript N/A

pcDNA- SARS-CoV-2 Spike G496K-Q493K This manuscript N/A

pcDNA- SARS-CoV-2 Spike N501Y-S494R This manuscript N/A

pcDNA- SARS-CoV-2 Spike N501Y-G496K This manuscript N/A

pcDNA- SARS-CoV-2 Spike N501F-G496K This manuscript N/A

pcDNA- SARS-CoV-2 Spike N501K-Q493K This manuscript N/A

pcDNA- SARS-CoV-2 Spike Q493K-Q498Y-P499T This manuscript N/A

TMPRSS2 Addgene Cat#53887

psPAX2 Addgene Cat#12260

pCMV-CREM Addgene Cat#8395

pSV-STOP-luc Addgene Cat#8390

RNAscope reagents

RNAscope 2.5 HD RED kit ACD Cat#322373

V-SARS-Cov-2-S ACD Cat#854841

Mm PPIB probe (positive control) ACD Cat#313911

dapB probe (negative control) ACD Cat#310043

Software and algorithms

Prism 9.0 software GraphPad N/A

SnapGene GSL Biotech LLC N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by Lead Contact Tony Wang (Tony.Wang@fda.

hhs.gov).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
d Original data may be directed to and will be fulfilled by lead contact Tony Wang (Tony.Wang@fda.hhs.gov).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Viruses and cells
Vero E6 cell line (Cat # CRL-1586, gender unknown) cell line was purchased from American Type Culture Collection (ATCC) and

cultured at 37�C with 5% CO2in eagle’s minimal essential medium (MEM) supplemented with 10% fetal bovine serum (Invitrogen)

and 1% penicillin/streptomycin and L-glutamine. Calu-3 cell line (Cat # HTB-55, obtained from amale, lung adenocarcinoma patient)

was obtained from ATCC and maintained in EMEM+20%FBS at 37�C with 5% CO2.

The SARS-CoV-2 isolate hCoV-19/USA/MD-HP20874/2021 was obtained from BEI Resources, NIAID, NIH, and had been tittered

on Vero E6 cells by plaque assay.

Mice
Aged male and female Balb/c mice and K18-hACE2 were previously purchased from the Jackson laboratory and held at FDA vivar-

ium. Littermates of the same sex were randomly assigned to experimental groups. All experiments were performed within the

biosafety level 3 (BSL-3) suite on the White Oak campus of the U.S. Food and Drug Administration. The study protocol details

were approved by the White Oak Consolidated Animal Care and Use Committee and carried out in accordance with the PHS Policy

on Humane Care & Use of Laboratory Animals.
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METHOD DETAILS

SARS-CoV-2 pseudovirus production and infection assay
Human codon-optimized cDNA encoding SARS-CoV-2 S glycoprotein of the Wuhan-Hu-1 isolate (NC_045512) or the B.1.1.529

variant (sequence available upon request) was synthesized by GenScript and cloned into eukaryotic cell expression vector pcDNA

3.1 between the BamHI and XhoI sites. Pseudovirions were produced by co-transfection of Lenti-X 293T cells with psPAX2, pTRIP-

luc or pTRIP-GFP, and SARS-CoV-2 S expressing plasmid using Lipofectamine 3000. The supernatants were harvested at 48 and

72 h post-transfection and filtered through 0.45-mm membranes. Infection was done as previously described (Liu et al., 2021).

SARS-CoV-2 spike-mediated cell–cell fusion assay
To assess the Spike protein-mediatedmembrane fusion, we have previously established a quantitative cell-cell fusion assay in which

293T acceptor cells, containing a loxP-flanked STOP cassette that blocks transcription of the downstream luciferase reporter gene,

were cocultured with Cre-expressing donor cells (Liu et al., 2021). In this assay, fusion between donor and acceptor cell membranes

removes the STOP cassette and hence permits luciferase production. Various spike constructs were transfected into donor 293T

cells and then the hACE2 plasmid was transfected into the acceptor 293T cells. Twenty-four hours later, recipient cells were mixed

at a 1:1 ratio with 293T cells expressing Cre and CoV S (donor cells) to initiate cell–cell fusion. Luciferase activity was measured 48 h

thereafter.

Production of SARS-CoV-2 recombinant virus
SARS-CoV-2 recombinant viruses containing 2019-nCoV/USA_WA1/2020 sequence or substitutions (Omicron S or Q493R/N501Y)

in the Spike protein of WA1 was generated using a 7-plasmid reverse genetic system which was based on the virus strain (2019-

nCoV/USA_WA1/2020) isolated from the first reported SARS-CoV-2 case in the U.S. (Xie et al., 2020). The initial 7 plasmids were

generous gifts from Dr. P-Y Shi (UTMB). Upon receipt, fragment 4 was subsequently subcloned into a low-copy plasmid pSMART

LCAmp (Lucigen) to increase stability. Standardmolecular biology techniquewas employed to createmutations. In vitro transcription

and electroporation were carried following procedures that were detailed elsewhere (Shufeng Liu et al., 2021; Xie et al., 2021). Re-

combinant viruses were further deep sequenced to confirm the presence of mutations. To generate the Omicron-WA1-S and WA1-

Omicron 50UTR-Nsp12, plasmids containing omicron mutations were constructed by using RT-PCR and overlap PCR methods.

Reverse transcription viral RNA template was extracted from the supernatant of SARS-Related Coronavirus 2, Isolate hCoV-19/

USA/MD-HP20874/2021 (BEI, Cat# NR-56461) using QIAamp Viral RNAMini Kit (Qiagen, Cat# 52906) as per themanufacturer’s pro-

tocol. Reverse transcription was performed by using SuperScript IV reverse transcriptase (ThermoFisher Scientific, Cat# 18090010)

with sequence specific primers and Omicron viral RNA template. The cDNA templates were amplified by PCR using Phusion� High-

Fidelity DNA Polymerase (NEB, Cat# M0530L) with the following primers:

pBACf: ccgttcttcttcgtcataa

C241Tf: gcacatctaggttttgtccgggtgtgaccgaaagg

C241Tr: cggtcacacccggacaaaacctagatgtgctgatga

KasIr: gactttagatcggcgccgta

KasIf: tagttacggcgccgatctaaa

PacIr: acacaagtgtaactttaattaactgctt

PacIf: aagcagttaattaaagttacacttgtgt

XmaIr: ttaaaccctgacccgggtaagtggt

XmaIf: accacttacccgggtcagggtttaa

MluIr: agttggcgtatacgcgtaat

MluIf: ccagatatattacgcgtatacgccaact

BamHIr: agaggatccggtctcaactcacagtgtcaacaatttcagca

Nsp14f: atataggcggccgccgtctcagagtgctttggtttatgataa

NheIr: tatagccacggaacctccaa

25000f: tcattcaaggaggagttaga

BamHIr: caaatttgcagcaagatccacaagaacaacagc

BamHIf: tcttgtggatcttgctgcaaatttgatgaa

29000r: ttcttagtgacagtttggcc

29000f: ggccaaactgtcactaagaa

M13r: caggaaacagctatgac

Mouse infection experiments
Aged male and female Balb/c mice and K18-hACE2 were previously purchased from the Jackson laboratory and held at FDA vivar-

ium. All experiments were performed within the biosafety level 3 (BSL-3) suite on the White Oak campus of the U.S. Food and Drug

Administration. The study protocol details were approved by the White Oak Consolidated Animal Care and Use Committee and car-

ried out in accordance with the PHS Policy on Humane Care & Use of Laboratory Animals.
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For infection studies, mice were first anesthetized by 3-5% isoflurane. Intranasal inoculation was done by pipetting 104 PFU SARS-

CoV-2 in 50 mL volume dropwise into the nostrils of the mouse. Mice were weighed and observed daily. For tissue collections, mice

were euthanized by CO2 overdose on days 2, 4, 6 as necessary. Categories included in clinical scoring include weight loss (0–1),

posture and appearance of fur (0–1), appearance of lethargy (0–2), and eye closure (0–1).

RNA isolation from tissues
RNA was extracted from 0.1-gram tissue homogenates using Trizol and the RNeasy Mini kit (Qiagen) and eluted with 50 mL of water.

One microgram RNA was used for each reaction in real-time RT-PCR.

Real-time PCR assay of SARS-CoV-2 viral and subgenomic RNA
Quantification of SARS-CoV-2 viral RNA (vRNA) was conducted using the SARS-CoV-2 (2019-nCoV) CDC qPCR Probe Assay

(IDTDNA) using iTaqUniversal ProbesOne-Step Kit (Bio-Rad). The standard curvewas generated using 2019-nCoV_N_Positive Con-

trol (IDTDNA). The detection limit of the vRNAwas determined to be 100 copies/reaction. Quantification of SARS-CoV-2 E gene sub-

genomic mRNA (sgmRNA) was conducted using Luna Universal Probe One-Step RT-qPCR Kit (New England Biolabs) on a Step One

Plus Real-Time PCR system (Applied Biosystems). The primer and probe sequences were: SARS2EF: CGATCTCTTGTAGATCT

GTTCT; PROBE: FAM-ACACTAGCCATCCTTACTGCGCTTCG- BHQ-1; SARS2ER: ATATTGCAGCAGTACGCACACA. To generate

a standard curve, the cDNA of SARS-CoV-2 E gene sgmRNA was cloned into a pCR2.1-TOPO plasmid. The copy number of

sgmRNA was calculated by comparing to a standard curve obtained with serial dilutions of the standard plasmid. The limit of quan-

tification (LoQ) of the sgmRNA was determined to be 100 copies/reaction. Values below LoQ were mathematically extrapolated

based on the standard curves for graphing purpose. When graphing the results in Prism 9, values below LoQ were arbitrarily set

to half of the LoQ values.

Histopathology analyses
Tissues (lungs and nasal turbinates) were fixed in 10% neural buffered formalin for 2–7 days and then processed for paraffin embed-

ding. The 5-mm sections were stained with hematoxylin and eosin for histopathological examinations. Images were scanned using an

Aperio ImageScope and scored under the following categories: consolidation, alveolar wall thickening, alveolar airway infiltrates,

perivascular Infiltrates, perivascular edema, peribronchiolar infiltrates, type II pneumocyte hyperplasia, necrosis (alveoli and bron-

chiole), bronchiole mucosal hyperplasia, bronchiole airway infiltrates, proteinaceous fluid, hemorrhage, vasculitis. Grading scale:

0 = none, 1 = mild, 2 = moderate, 3 = severe.

In-situ hybridization
To detect SARS-CoV-2 genomic RNA in FFPE tissues, ISH was performed using the RNAscope 2.5 HD RED kit, a single plex assay

method (Advanced Cell Diagnostics; Catalog 322373) according to the manufacturer’s instructions. Briefly, Mm PPIB probe detect-

ing peptidylprolyl isomerase B gene (housekeeping gene) (catalog 313911, positive-control RNA probe), dapB probe detecting dihy-

drodipicolinate reductase gene fromBacillus subtilis strain SMY (a soil bacterium) (catalog 310043, negative-control RNA probe) and

V-SARS-Cov-2-S (catalog 854841) targeting SARS-CoV-2 positive-sense (genomic) RNA. Tissue sections were deparaffinized with

xylene, underwent a series of ethanol washes and peroxidase blocking, and were then heated in kit-provided antigen retrieval buffer

and digested by kit-provided proteinase. Sections were exposed to ISH target probes and incubated at 40�C in a hybridization oven

for 2 h. After rinsing, ISH signal was amplified using kit-provided pre-amplifier and amplifier conjugated to alkaline phosphatase and

incubated with a fast-red substrate solution for 10 min at room temperature. Sections were then stained with 50% hematoxylin so-

lution followed by 0.02% ammonium water treatment, dried in a 60�C dry oven, mounted, and stored at 4�C until image analysis.

MD simulations
We carried out all-atom MD simulations for a complex of the mouse’s ACE2 and the RBD of Omicron’s spike protein using the

NAMD2.13 package (Phillips et al., 2005) running on the IBM Power Cluster. We obtained the secondary structure of the mouse’s

ACE2 (mACE2) through the homology modeling according to the structure of human ACE2 (PDB code: 6M0J) using SWISS-

MODEL (Waterhouse et al., 2018). The atomic structure of the Omicron RBD (oRBD) was adopted from the recently resolved crystal

structure (PDB code: 7T9L) (Mannar et al., 2022). The complex ofmACE2 and oRBDwas assembled by the structural alignment to the

known complex structure of hACE2 and oRBD (PDB code: 7T9L). After solvating the mACE2-oRBD complex in a 0.15 NaCl electro-

lyte, we performed all-atom molecular dynamics simulations to equilibrate the built complex in its physiology-like environment. The

final simulation system comprises 209,460 atoms.

We used the CHARMM36 m force field (Huang et al., 2017) for proteins, the TIP3P model(Jorgensen et al., 1983; Neria et al., 1996)

for water, the standard force field (Beglov and Roux, 1994) for Na+ and Cl�. The periodic boundary conditions (PBC) were applied in

all three dimensions. Long-range Coulomb interactions were computed using particle-mesh Ewald (PME) full electrostatics with the

grid size of about 1 Å in each dimension. The pairwise van der Waals (vdW) energies were calculated using a smooth (10–12 Å) cutoff.

The temperature T was kept at 300 K by applying the Langevin thermostat (Allen and Dominic, 1987),while the pressure was main-

tained constant at 1 bar using the Nosé-Hoover method (Martyna et al., 1994). With the SETTLE algorithm (Miyamoto and Kollman,

1992) enabled to keep all bonds rigid, the simulation time-step was 2 fs for bonded and non-bonded (including vdW, angle, improper
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and dihedral) interactions, and the time-step for Coulomb interactions was 4 fs, with the multiple time-step algorithm (Tuckerman

et al., 1992).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of technical or biological replicates of each experiment is indicated in related figure legends. Unless specified, bar

graphs were plotted to show mean ± standard deviation (SD). Statistical analyses were performed using One-way ANOVA through

GraphPad Prism (9.1.2) software for Windows, GraphPad Software, San Diego, California USA. p < 0.05 is deemed statistically

significant.
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