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Arﬁc{e History: Background: Wildtype mice are not susceptible to SARS-CoV-2 infection. Emerging SARS-CoV-2 variants,
Received 14 July 2021 including B.1.1.7, B.1.351, P.1, and P.3, contain mutations in spike that has been suggested to associate with

Revised 7 October 2021
Accepted 7 October 2021
Available online 21 October 2021

an increased recognition of mouse ACE2, raising the postulation that these SARS-CoV-2 variants may have
evolved to expand species tropism to wildtype mouse and potentially other murines. Our study evaluated
this possibility with substantial public health importance.

Methods: We investigated the capacity of wildtype (WT) SARS-CoV-2 and SARS-CoV-2 variants in infecting

IS(;}I;‘:?Crg;-Z variants mice (Mus musculus) and rats (Rattus norvegicus) under in vitro and in vivo settings. Susceptibility to infec-
mouse tion was evaluated with RT-qPCR, plaque assays, immunohistological stainings, and neutralization assays.

rat Findings: Our results reveal that B.1.1.7 and other N501Y-carrying variants but not WT SARS-CoV-2 can infect
murine wildtype mice. High viral genome copies and high infectious virus particle titres are recovered from the nasal
susceptibility turbinate and lung of B.1.1.7-inocluated mice for 4-to-7 days post infection. In agreement with these obser-
N501Y vations, robust expression of viral nucleocapsid protein and histopathological changes are detected from the

nasal turbinate and lung of B.1.1.7-inocluated mice but not that of the WT SARS-CoV-2-inoculated mice. Sim-

ilarly, B.1.1.7 readily infects wildtype rats with production of infectious virus particles.

Interpretation: Our study provides direct evidence that the SARS-CoV-2 variant, B.1.1.7, as well as other

N501Y-carrying variants including B.1.351 and P.3, has gained the capability to expand species tropism to

murines and public health measures including stringent murine control should be implemented to facilitate

the control of the ongoing pandemic.
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Research in context

Evidence before this study

We searched PubMed on July 14, 2021, with no starting date
limitations, using the terms “SARS-CoV-2” and “B.1.1.7 or
B.1.351 or P.1 or P.3” and “mouse or rat” and “susceptibility or
infection” for articles in English. Our search did not reveal any
report that performed comprehensive side-by-side investiga-
tions of the susceptibility of SARS-CoV-2 N501Y-carrying var-
iants in murines in both in vitro and in vivo settings.

Added value of this study

Our study reveals that B.1.1.7 and other variants carrying the
N501Y mutation but not WT SARS-CoV-2 can infect wildtype
mice. High viral genome copies and high infectious virus parti-
cle titres are recovered from the nasal turbinate and lung of
N501Y-carrying variants-inoculated mice for 4-to-7 days post
infection. Robust expression of viral nucleocapsid protein and
histopathological changes are detected from the nasal turbinate
and lung of B.1.1.7-inocluated mice but not that of the WT
SARS-CoV-2-inoculated mice. Similarly, B.1.1.7 readily infects
wildtype rats with production of infectious virus particles.
These findings provide direct evidence that B.1.1.7 and other
N501Y-carrying variants have gained the capability to expand
species tropism to murine species.

Implications of all the available evidence

Due to the abundance of murines and their proximate habitats
with humans, humans-to- murines and murines-to-humans
infection events may be inevitable. Our findings suggest that
public health control measures including stringent murine con-
trol should be implemented to facilitate the control of the ongo-
ing pandemic. Considering the high susceptibility of mice to
N501Y-carrying variants and the endogenous ACE2 expression
in wildtype mice in comparison to the hACE2-transgenic mice,
the N501Y-carrying variant infection model may represent a
physiologically-relevant model for SARS-CoV-2 studies on
pathogenesis, immunology, and antivirals. In addition, infection
of N501Y-carrying variants is compatible with all existing
knock-out and knock-in mouse models that will greatly facili-
tate further functional studies on host genes and pathways.

1. Introduction

Coronaviruses have repeatedly crossed species barriers to cause
human infection [1]. Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is a novel lineage B human-pathogenic betacoronavi-
rus that was first identified in December 2019 [2]. SARS-CoV-2 is
highly transmissible and has rapidly spread worldwide to cause
more than 197 million cases of Coronavirus Disease 2019 (COVID-19)
with over 4.0 million deaths as of 31° July, 2021 [3, 4]. Same as SARS-
CoV-1 and human coronavirus NL63 (HCoV-NL63), SARS-CoV-2 also
uses angiotensin-converting enzyme Il (ACE2) as the cellular receptor
for entry [5]. Importantly, SARS-CoV-2 variants of concern (VOC) with
amino acid substitutions in the spike protein continue to emerge as
the pandemic expands and are potentially associated with increased
transmissibility and/or virulence [6].

Mammals, especially bats and rodents, are considered as major
animal reservoirs of alphacoronaviruses and betacoronaviruses [1, 7].
The global distribution, rapid growth rate, high population densities,
and close peridomestic relationship with humans of synanthropic
murine species like rats and mice give them important roles in the

transmission cycle of various zoonotic pathogens [8-10]. We and
others have previously shown that murine cells are not susceptible to
SARS-CoV-2 infection in vitro and mice are not infectable by SARS-
CoV-2 in vivo [11, 12], which is due to the amino acid substitutions
present at the ACE2-spike interacting surface on mouse ACE2
(mACE2) compared with human ACE2 (hACE2) that render SARS-
CoV-2 spike unable to utilize mACE2 for cell entry [13, 14]. Interest-
ingly, emerging SARS-CoV-2 variants, including B.1.1.7 [6], B.1.351
[15], P.1 [16], and P.3 [17], all contain the N501Y mutation in spike
that has been suggested to be associated with mouse adaptation [18],
raising the postulation that these emerging SARS-CoV-2 variants may
have evolved to expand species tropism to mouse and possibly other
murines. To evaluate this possibility with major public health signifi-
cance, we evaluated the capacity of SARS-CoV-2 wildtype (WT),
B.1.1.7, and additional N501Y-carrying variants to infect mice (Mus
musculus). Our results demonstrate that while wildtype mice are not
permissive to WT SARS-CoV-2, B.1.1.7 and N501Y-carrying variants
efficiently infect wildtype mice with production of infectious virus
particles in the nasal turbinate and lung. Similarly, B.1.1.7 but not WT
SARS-CoV-2 readily infects rats (Rattus norvegicus). These findings
indicate that B.1.1.7 and other N501Y-carrying variants have gained
the capacity to expand species tropism to murine species and that
public health control measures including stringent murine control
should be implemented to facilitate the control of the ongoing pan-
demic.

2. Methods
2.1. Viruses and biosafety

All virus strains used in this study were shown in Figure S1. SARS-
CoV-2 wildtype virus HKU-001a (GenBank: MT230904) was a clinical
isolate as previously described [11]. SARS-CoV-2 B.1 (GISAID: EPI_-
ISL_497840), B.1.1.7 (GISAID: EPI_ISL_1273444), B.1.1.28.3 (P.3)
(GISAID: EPI_ISL_1660475), B.1.351 (GISAID: EPI_ISL_2423556) and
B.1.617.2 (GISAID: EPI_ISL_3221329) were isolated from laboratory-
confirmed COVID-19 patients in Hong Kong. In vitro and in vivo
experiments involving infectious wild type SARS-CoV-2, B.1, B.1.1.7,
B.1.351, P.3, and B.1.617.2 were performed in Biosafety Level 3 labo-
ratory and strictly followed the approved standard operation proce-
dures.

2.2. SARS-CoV-2-Spike-pseudovirus entry assay

The SARS-CoV-2-WT-S and SARS-CoV-2-N501Y-S pseudoviruses
were generated in 293T cells according to a previously established
protocol [19, 20]. In brief, 293T cells were transfected with SARS-
CoV-2-WT-S or SARS-CoV-2-N501Y-S plasmids with Lipofectamine
3000 (Thermo Fisher Scientific). At 24h post transfection, the cells
were infected with VSV-AG-firefly pseudotyped with VSV-G. The
cells were washed extensively after 2h and fresh culture medium
was added. The generated SARS-CoV-2-WT-S-, or SARS-CoV-2-
N501Y-S-pseudoviruses were harvested at 16h post inoculation. For
pseudovirus entry assays, target cells were inoculated with pseudovi-
ruses for 24h, before washed and lysed for detection of luciferase sig-
nal with a luciferase assay system (Promega). MLV-based
pseudoviruses carrying full-length spike from B.1, B.1.1.7, B.1.351, P.1
and B.1.617.2 were obtained from Codex BioSolutions, Inc. For pseu-
dovirus entry assays, mouse ACE2, rat ACE2, or human ACE2 were
transfected into BHK21 cells. At 24h post transfection, transfected
cells were inoculated with pseudoviruses for 48h before washed and
lysed for measuring luciferase activity with a firefly luciferase assay
system (Promega). The raw data for pseudovirus entry is provided in
Table S1.
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2.3. Invivo virus challenge in mice

The use of animals was approved by the Committee on the Use of
Live Animals in Teaching and Research of The University of Hong
Kong (CULATR). Protocols were approved under CULATR #5440-20
and #5193-19 for the experiments regarding to mice and rats,
respectively. Heterogenous K18-hACE2 C57BL/6] mice (2B6.Cg-Tg
(K18-ACE2)2Prlmn/]) were obtained from The Jackson Laboratory.
For virus challenge in mice, 6- to 8- week-old female C57BL/6] mice
or K18-hACE2 transgenic mice were anaesthetized with ketamine
and xylazine, followed by intranasal inoculation with 20 ul/mouse of
WT, B.1, B.1.1.7, B.1.351, P.3 or B.1.617.2 SARS-CoV-2 at 4 x 10° PFU/
mouse as we previously described [21]. Remdesivir treatment was
dosed at 15 mg per kg via the intraperitoneal route as we previously
reported [22]. Briefly, remdesivir was prepared as 100 mg/ml stock in
DMSO and further diluted using 12% SBE--CD before intraperitoneal
injection. Mice receiving 2% DMSO in 12% SBE-B-CD were used as
mock-treatment controls. Mice were treated once prior to infection,
followed by treatment on a daily basis until sacrifice.

2.4. Invivo virus challenge in rats

For SARS-CoV-2 infection in rats, 6-week-old female Sprague
Dawley rats were anaesthetized with ketamine and xylazine, fol-
lowed by intranasal inoculation with 4 x 10° PFU/rat of WT or B.1.1.7
SARS-CoV-2 diluted in 5041 PBS. On day 2-, 4- and 7-day post virus
challenge, animals were euthanized for harvesting organs for viral
load titration and histology staining.

2.5. RNA extraction and quantitative RT-PCR

RNA extraction and RT-qPCR were performed as we previously
described [11]. SARS-CoV-2 genome copies were quantified with
sequence-specific probe and primers targeting the RNA-dependent
RNA polymerase [11]. Subgenomic viral RNA was detected using
primer and probe targeting the E gene as described previously [23].

2.6. Infectious virus titration by plaque assays

Organs harvested from virus-inoculated animals were homoge-
nized in DMEM with Tissue Lyzer I, followed by centrifugation and
titration. To titrate the infectious virus titre, tissue homogenates
were 10-fold serially-diluted with DMEM and applied to monolay-
ered VeroE6 cells for 2h. After inoculation, cells were washed once
before overlaid with 1% low-melting agarose containing 1% FBS. Cells
were further incubated for 72 h and fixed with 0.5% crystal violet for
visualizing plaque formation [24].

2.7. Histology and immunohistochemistry staining

Animal tissues were harvested and fixed with 10% neutral-buff-
ered formalin. Nasal turbinates were decalcified with 10% formic acid
for 7 days before being processed with the TP1020 Leica semi-
enclosed benchtop tissue processor. IHC was performed with the
DAB (3,3’-diaminobenzidine) substrate kit (Vector Laboratories) as
we previously described [25]. To detect the viral antigen, in-house
mouse monoclonal biotinylated anti-SARS-CoV-2 nucleocapsid pro-
tein antibody was used, followed by colour development with the
DAB substrate kit. The nuclei were detected with haematoxylin
before the tissue sections was mounted with the VectaMount perma-
nent mounting medium (Vector Laboratories). For H&E staining, tis-
sue sections were stained with Gill's haematoxylin and eosin-Y.
Images were acquired with the Olympus BX53 light microscope. Five
mice or three rats were sampled each group (as specified in the figure
legends) and four to six sections from each animal were used for his-
tology analysis.

2.8. Immunofluorescence staining

Nucleocapsid of SARS-CoV-2 was detected by the in-house rabbit
polyclonal anti-SARS-CoV-2 nucleocapsid antibody as we previously
reported [26]. Nuclei were stained with the DAPI dye (Thermo Fisher
Scientific) before the tissue sections being mounted with the Dia-
mond Prolong Antifade mounting buffer (Thermo Fisher Scientific).
Images were acquired with the Olympus BX53 light microscope.

2.9. Neutralizing antibody assay

Mice serum was obtained immediately before virus rechallenge
and 14 days post rechallenge. Sera were heat-inactivated for 30 min
at 56 °C before use. Two-fold serially diluted sera was incubated with
100 TCIDsq WT SARS-CoV-2 for 1 h at 37 °C. After incubation, the
virus-sera mixture was inoculated in VeroE6 cells and further incu-
bated for 72 h for cytopathic effect (CPE) development. The neutrali-
zation titre was determined by observing the highest dilution
without CPE.

3.10. ELISA

96-well plates were coated with 100 ng/well His-tagged SARS-
CoV-2 receptor binding domain (RBD) or nucleocapsid protein (N)
and incubated at 4 °C overnight. Plates were washed with 0.05%
Tween-20 in PBS (PBST) once and blocked for 1 h at room tempera-
ture. Mouse sera were 4-fold diluted starting from 1:40 and incu-
bated with the protein-coated plates for 1 h at 37 °C. Uninfected
mouse serum and previously in-house raised anti-RBD/anti-N mouse
sera were included as negative and positive control, respectively.
Plates were washed for three times with PBST and incubated with
horseradish peroxidase-conjugated goat anti-mouse IgG antibody
(Thermo Fisher Scientific) for 1 h at room temperature. After incuba-
tion, plates were washed for six times with PBST followed by adding
3,3,5,5'-tetramethylbenzidine (TMB) solution (Thermo Fisher Scien-
tific) for colour development. Plate development was terminated by
adding equal volume of 0.3 N H,SO4. Absorbance at 450nm was mea-
sured with a Thermo Scientific Multiskan FC Microplate Photometer.

3.11. Multiple sequence alignment and docking

Sequence alignment and docking were performed as we previ-
ously described [27]. ACE2 protein sequences of human (Q9BYF1),
mouse (Q8R0I0), and rat (Q5EGZ1) were retrieved from Uniprot. Mul-
tiple sequence alignment was constructed with Muscle. The crystal
structure of wildtype SARS-CoV-2 spike RBD and human ACE2 com-
plex (code: 6M0J) was retrieved from the Protein Data Bank. Mouse
and rat ACE2 structures were generated by mutating the interface
residues within 4.0A of RBD according to the multiple sequence
alignment. The complex of ACE2 and N501Y RBD was built by super-
imposition of N501Y RBD (code: 7NEG) with wildtype RBD. All ACE2-
RBD complexes were relaxed and locally refined with Rosetta Relax
and Docking protocols. Interface binding energies were estimated
with InterfaceAnalyzer application.

3.12. Ethics
The use of all animals in this study was approved by the Commit-

tee on the Use of Live Animals in Teaching and Research of The Uni-
versity of Hong Kong.

3.13. Statistical analysis

Data analysis were performed with Graphpad prism 8.0. Statistical
comparison between different groups was performed by one-way
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ANOVA, two-way ANOVA, or Student’s t-test. Differences were con-
sidered statistically significant when p<0.05.

3.14. Role of the funding source

All funders had no role in study design, data collection, data analy-
ses, interpretation, or writing of the study.

4. Results

4.1. The SARS-CoV-2 N501Y-carrying variants gained the capability to
utilize mouse and rat ACE2 in mediating virus entry

B.1.1.7 emerged in late 2020 and quickly became a dominant
SARS-CoV-2 variant among recently reported SARS-CoV-2 isolates in
countries on different continents (Fig. 1a-b). In parallel with the surge
of B.1.1.7, the N501Y mutation in spike, which is one of the B.1.1.7-
defining mutations, has emerged as the most predominant spike
mutation since late 2020 (Fig. 1c). This is associated with critical pub-
lic health importance since N501Y has been implicated in an
increased recognition of mouse ACE2 [18], hinting that the naturally-
emerging N501Y-carrying SARS-CoV-2 variants, including B.1.1.7,
B.1.351, P.1, and P.3, may have evolved to infect rodents. To evaluate
this possibility, we assessed pseudovirus entry of all four SARS-CoV-2
VOCs by far, including B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma)
and B.1.617.2 (Delta), in the non-permissive BHK21 cells with mouse
ACE2 (mACE2), rat ACE2 (rACE2), or human ACE2 (hACE2) overex-
pression, with B.1 pseudovirus serving as a control (Fig. 1d-h). Over-
all, pseudovirus entry to both mACE2 and rACE2 was enabled by full-
length spike of Alpha, Beta, and Gamma variants that carried the
N501Y mutation (Fig. 1e-g), but not by the full-length spike of B.1 or
Delta variant (Fig. 1d and h). Interestingly, unlike the B.1.1.7 pseudo-
viruses, both B.1.351 and P.1 pseudoviruses appeared to preferen-
tially utilize mACE2 over hACE2 (Fig. 1e-g), suggesting the K417N/T
and E484K mutation in the RBD of these variants might further facili-
tate mouse adaptation in addition to the N501Y substitution. To fur-
ther confirm the N501Y mutation was sufficient to mediate virus
entry to murine cells, we generated pseudovirus expressing spike
with the single N501Y amino acid substitution. Our results demon-
strated that BHK21 cells with mACE2 or rACE2 overexpression were
permissive to the entry of SARS-CoV-2-N501Y-spike pseudoviruses,
but not SARS-CoV-2-WT-spike pseudoviruses. In contrast, both pseu-
doviruses efficiently utilized hACE2 for entry (Fig. 1i). Next, we evalu-
ated the capacity of SARS-CoV-2 N501Y variants (Fig. S1) to infect
BHK21 cells expressing mACE2, rACE2, or hACE2. Wildtype SARS-
CoV-2 HKUOO1a from lineage A (SARS-CoV-2 WT) and two other line-
age B variants, B.1 and B.1.617.2, which do not carry the N501Y muta-
tion, were included as controls. Our results demonstrated that SARS-
CoV-2 WT, B.1 and B.1.617.2 did not infect or replicate in BHK21 cells
overexpressing mACE2 or rACE2 (Fig. 1j,k,0,p,q,u). In stark contrast,
B.1.1.7, B.1.351, and P.3, which carry N501Y, efficiently infected and
replicated in mACE2- or rACE2-expressing BHK21 cells (Fig. 11-n,r-t).
Together, these findings suggest that the recently emerged N501Y-
carrying SARS-CoV-2 variants, including B.1.1.7, B.1.351, P.1, and P.3,
can utilize murine ACE2 as entry receptor and may infect murine spe-
cies without the need of further adaptation.

4.2. SARS-CoV-2 N501Y-carrying variants efficiently infect mice

To directly address the question of whether these emerging SARS-
CoV-2 variants have evolved to gain the capacity to cross species bar-
rier to murine species, we intranasally challenged 6- to 8-week-old
C57B6 mice (Mus musculus) with WT SARS-CoV-2, B.1.1.7, or other
N501Y-carrying variants and collected tissues for virological and his-
tological assessment (Fig. 2a). Importantly, in B.1.1.7-inoculated
mice, virus gene copies were detected in brain, nasal turbinate, lung,

spleen, and colon tissues (Fig. 2b). In particular, robust virus replica-
tion was detected in the nasal turbinate and lung tissues, which were
4044 and 330 folds higher than that of WT SARS-CoV-2-inoculated
mice at 2 d.p.i., respectively. Viral gene copies were cleared from WT
SARS-CoV-2-inoculated mice at 7 d.p.i., but remained readily detect-
able from the nasal turbinate and lung of B.1.1.7-incolated mice
(Fig. 2b,c). High-titre infectious virus particles were recovered from
the nasal turbinate and lung of B.1.1.7-inocluated mice at 2 d.p.i., and
remained detectable in one out of five mice at 4 d.pi. and 7 d.p.i,
respectively (Fig. 2d). In comparison, infectious viral titres were only
marginally detected in the nasal turbinate of mice inoculated with
WT SARS-CoV-2 at 2 d.p.i. but not at 4 d.p.i. and 7 d.p.i. (Fig. 2e). To
exclude the possibility that the viral RNA and infectious viral titres
detected at early time points were remnants of the inoculum, we
additionally quantify the subgenomic RNA (sgRNA), which was an
intermediate generated during active coronavirus replication. We
detected high copy number of the sgRNA from mice infected with
B.1.1.7 but not WT SARS-CoV-2, suggesting active virus replication
took place in B.1.1.7-infected but not WT SARS-CoV-2-infected mice
(Fig. 2f-i). In addition, viral burdens could be reduced by remdesivir
treatment in both the nasal turbinate and lung of mice infected with
B.1.1.7 (Fig 2f-i), representing the inhibition of active virus replica-
tion. Moreover, we similarly detected high sgRNA level and high-titre
infectious viral particles in the nasal turbinate and lung of mice inoc-
ulated with B.1.351 and P.3 but not B.1.617.2 (Fig. 2j-0). Since B.1.1.7,
B.1.351, and P.3 all shares both the D614G and N501Y mutation in
spike, we included B.1 as a control virus, which carries the D614G but
not the N501Y mutation, to exclude the possibility that D614G con-
ferred infectivity to mice. Our results showed that permissibility to
mouse cells was not due to the D614G mutation as B.1 did not repli-
cate in the nasal turbinate and lung of the inoculated mice (Fig. S2).
Together, these findings indicate that the SARS-CoV-2 variant B.1.1.7
and other N501Y-carrying variants can infect mice with robust virus
shedding from the nasal turbinate.

4.3. Mice (Mus musculus) develop pathological changes after primary
B.1.1.7 inoculation

Next, we evaluated viral antigen expression and virus-induced
pathology in the respiratory tract of mice upon B.1.1.7 or WT SARS-
CoV-2 inoculation. As demonstrated in Figure 3a and 3b, abundant
viral nucleocapsid (N) protein expression was detected in mice inoc-
ulated with B.1.1.7 but not WT SARS-CoV-2. In the nasal turbinate,
robust viral N protein expression was detected in the epithelial lining
at 2 d.p.i. (Fig. 3a) and remained detectable at 4 d.p.i. (Fig. S3). In the
lung, abundant N protein was detected in the bronchioles and alveoli
(Fig. 3b). Viral N protein in the lung of B.1.1.7-inoculated mice was
most readily detected at 2 d.p.i. and remained detectable at 7 d.p.i.
(Fig. S3). In contrast to B.1.1.7-inoculated mice, no viral N protein
could be detected in the nasal turbinate and lung of WT SARS-CoV-2-
incoluated mice (Fig. 3a,b and Fig. S3). Histological examination of
B.1.1.7-inoculated mice showed epithelial damage with secretion
and cell debris in the nasal turbinate (Fig. 3¢, 2 d.p.i,, red arrows) at 2
d.p.i.. At 4 d.p.i., more severe submucosal infiltration and loss of epi-
thelial integrity were observed in multiple locations (Fig. 3c, 4 d.p.i,,
red arrows). At 7 d.p.., intact nasal turbinate epithelium with
resolved inflammatory infiltration was observed in the B.1.1.7-inocu-
lated mice, indicating regeneration of the epithelial lining after virus
infection (Fig. 3¢, 7 d.p.i,, red arrow). In mice inoculated with WT
SARS-CoV-2, the nasal turbinate epithelium remained intact from 2
d.p.i. to 7 d.p.i. (Fig. 3¢, blue arrows). In line with the histopatholog-
ical findings of the nasal turbinate, the lung of B.1.1.7-inoculated
mice showed alveolar wall congestion and inflammatory infiltration
(Fig. 3d, 2 d.p.i, red arrows) accompanied by alveolar haemorrhage
(Fig. 3d, 4 d.p.i, red arrows). Perivascular infiltration and alveolar sep-
tal thickening in the lung of B.1.1.7-inoculated mice remained
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Figure 1. SARS-CoV-2 B.1.1.7 and other N501Y-carrying variants efficiently utilize murine ACE2 for virus entry. (a) Geographic distribution of the B.1.1.7 variant. Heatmap of
the geographic distribution of B.1.1.7 isolates retrieved from the GISAID EpiCoV database as of 28th June, 2021. (b) Top 10 prevalent lineages of SARS-CoV-2 and (c) Top 10 amino
acid mutations in the spike of SARS-CoV-2 variants retrieved from the GISAID EpiCoV database as of July 21, 2021. (d-i) BHK21 cells transfected with empty vector, mouse ACE2,

rat ACE2 or human ACE2 were inoculated with SARS-CoV-2-S-pseudoviruses with (d) B.1

,(e)B.1.1.7, (f) B.1.351, (g) P.1, (h) B.1.617.2 or (i) WT and N501Y spike. Pseudovirus entry

was determined at 48h post inoculation (n = 3). (j-u) BHK21 cells overexpressing empty vector, mouse ACE, rat ACE2 or human ACE2 were infected with (k,q) B.1, (1r) B.1.1.7, (m,s)
B.1.351, (n,t) P.3, (o,u) B.1.617.2 or (j,p) WT SARS-CoV-2. Relative viral gene expression in (j-o) cell lysates and (p-u) supernatants were determined by RT-qPCR (n = 3). Data repre-
sents mean + SD from the indicated number of biological repeats. Statistical differences were determined with two-way analysis of variance (ANOVA) in (i) and one-way ANOVA in

(d-h, j-u). *
control.

represented P < 0.05; ** represented P < 0.01; *** represented P < 0.001; **** represented P < 0.0001. pp, pseudovirus particles; WT, wildtype SARS-CoV-2; VC, vector
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Figure 2. B.1.1.7 and other N501Y-carrying variants expanded tropism to infect Mus musculus. (a) Schematic illustration of the in vivo infection experiment in C57B6 mice. (b-e)
6-to-8-week-old C57B6 mice were intranasally inoculated with 4 x 10% PFU B.1.1.7 or WT SARS-CoV-2. Mice were euthanized on 2, 4 or 7 d.p.i. and tissues were harvested for viral
titre quantification. Viral gene copies were measured from the brain, nasal turbinate, lung, heart, liver, spleen, colon and kidney of mice infected with (b) B.1.1.7 and (c) WT SARS-
CoV-2. Infectious viral titre in the nasal turbinate, lung, and colon of mice inoculated with (d) B.1.1.7 and (e) WT SARS-CoV-2 was determined with plaque assays. (f-i) 6-to-8-week-
old C57B6 mice were intranasally inoculated with 4 x 10° PFU B.1.1.7 or WT SARS-CoV-2 with or without 15 mg/kg remdesivir treatment. Nasal turbinate and lung of the infected
mice were harvested on 2 d.p.i. for (f and g) viral envelope subgenomic RNA quantification with RT-qPCR and (h and i) infectious viral particle titration with plaque assays. (j-0) 6-
to-8-week-old C57B6 mice were intranasally inoculated with 4 x 10® PFU B.1.351, P.3, and B.1.617.2. Nasal turbinate and lung of the infected mice were harvested on 2 d.p.i. for (j-
1) viral envelope subgenomic RNA quantification with RT-qPCR and (m-o) infectious viral particle titration with plaque assays. Statistical differences were determined with two-
tailed Student’s t-test in (f) and (h). * represented P < 0.05. WT, wildtype SARS-CoV-2; NT, nasal turbinate.

evident at 7 d.p.i (Fig. 3d, 7 d.p.i, red arrows). In contrast, the lung of
WT SARS-CoV-2-inoculated mice showed no histopathological
changes at all examined time points (Fig. 3d, blue arrows). Despite
the histopathological changes found in B.1.1.7-inoculated mice, no
significant body weight loss was observed (Fig. S4). To evaluate the
transmission from B.1.1.7-infected mice to naive mice, we co-housed
B.1.1.7-infected mice with naive mice. Although B.1.1.7 replicated
robustly along the airway of the directly inoculated mice, viral RNA
was undetectable in the contact mice (Fig. S5). In agreement with
this result, sera reactivity to the receptor binding domain (RBD) of
the SARS-CoV-2 spike were strong in the index mice with direct
exposure to B.1.1.7 infection, yet none of the contact mice had signifi-
cant increase in the sera reactivity compared to the negative control
(Fig. S5), suggesting mice-to-mice transmission did not occur in our
experimental setup. Moreover, we rechallenged B.1.1.7- or WT SARS-

CoV-2-incoluated mice at 14 d.p.i. with B.1.1.7 and harvested their
nasal turbinate, lung, and blood samples at 14 days post rechallenge
(d.p.r.). Our results showed that mice previously inoculated with
B.1.1.7 but not WT SARS-CoV-2 were partially protected from virus
rechallenge as evidenced by the lower virus gene copy detected in
the nasal turbinate and lung (Fig. 3f). In agreement with the observed
partial protection, we detected the presence of serum SARS-CoV-2-
specific neutralizing antibodies at 14 days post primary virus chal-
lenge in B.1.1.7-incoluated but not WT SARS-CoV-2-inoculated mice
(Fig. 3g). The level of neutralizing antibody was further enhanced
upon rechallenge, in a virus inoculum-dependent manner (Fig. 3h).
Taken together, our results demonstrate that the B.1.1.7 variant has
expanded species tropism to mice with high infectious virus titre
shedding from their nasal turbinate, but with no evidence of mice-to-
mice transmission.
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Figure 3. Mice develop pathological changes along the respiratory tract after primary B.1.1.7 infection. (a-d) C57B6 mice intranasally inoculated with B.1.1.7 or WT SARS-CoV-
2 were euthanized for harvesting nasal turbinate and lung tissues on 2, 4 and 7 d.p.i. (n = 5). Representative images of immunohistochemistry staining for the detection of nucleo-
capsid protein (brown) in the (a) nasal turbinates and (b) lung on 2 d.p.i.. Insets were shown below for the circled areas. Scale bar, 500 ;«m. (c) Representative images of haematoxy-
lin and eosin (H&E) staining of mouse nasal turbinates harvested on 2, 4 and 7 d.p.i.. Pathological changes in the B.1.1.7-inoculated mice on 2 d.p.i. and 4 d.p.i. were pointed out with
red arrows. On 7 d.p.i,, the integrity of the nasal cavity epithelium was restored (red arrow). Intact nasal epithelium layers of the WT SARS-CoV-2-inoculated mice were shown for
comparison (blue arrows). (d) Representative images of H&E staining of mouse lungs harvested on 2, 4 and 7 d.p.i.. In the lungs of B.1.1.7-inoculated mice, alveolar wall congestion
and alveolar infiltrations were detected on 2 d.p.i. (red arrows). Alveolar haemorrhage was developed on 4 d.p.i. (red arrows). Alveolar septa thickening remained evident on 7 d.p.
i.. Normal structure of bronchioles and alveoli in the lung of the WT SARS-CoV-2-inoculated mice were indicated by blue arrows for comparison. Scale bar, 200 ;«m. (e-h) C57B6
mice were intranasally inoculated with 2 x 10°> PFU WT SARS-CoV-2 or B.1.1.7 at 2 x 103, 2 x 10% or 2 x 10° PFU, followed by rechallenge on 14 d.p.i. with B.1.1.7 at the indicated
titres. (e) Schematic illustration of the rechallenge experiment. (f) Viral titre in nasal turbinate and lung of the infected mice on day 2 post rechallenge quantified with RT-qPCR
(n =4 for group 1-3, n = 3 for group 4). (g) Neutralizing antibody titre in mouse sera harvested on 0 day post rechallenge (d.p.r.) (n = 8 for group 1-3, n = 3 for group 4) and (h) 14 d.
p.r. (n =4 for group 1-3, n = 3 for group 4). Dashed line indicates the detection limit of each assay. Images in (a-d) are representative images from five mice. Four to six sections were
taken from each mouse for histology and immunochemistry analysis. NT, nasal turbinate.
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Figure 4. B.1.1.7 infects and causes pathological damages in rats (Rattus norvegicus). (a) Schematic illustration of in vivo infection experiment in Sprague Dawley rats. 6-week-old Sprague
Dawley rats were intranasally inoculated with B.1.1.7 or WT SARS-CoV-2. On 2, 4 and 7 d.p.i, rats were euthanized for harvesting tissues for virological assessment and histopathological analysis
(n=3).(band c) Viral titre quantified with RT-qPCR in the brain, nasal turbinate, lung, heart and intestine of the inoculated rats. NT, nasal turbinate. (d and e) Infectious viral titre quantified with
plaque assays in the nasal turbinate and lung of the inoculated rats. (f) Immunohistochemistry staining for the detection of nucleocapsid protein expression (brown) in the nasal turbinate and
lung of the inoculated rats on 2 d.p.i. Insets were shown below for the circled areas. Scale bar, 200 ;«m for nasal turbinate; 500 pm for lung. (g-i) Histopathological analysis for nasal turbinate
and lung harvested on 2, 4, and 7 d.p.i.. (g) Representative H&E images showing pathological changes in the nasal cavity of B.1.1.7-inocuated rats, including epithelial damage and loss of mucosal
integrity (2 d.p.i,, red arrow). On 4 d.p.i., more severe epithelial sloughing and submucosal infiltrations were detected (4 d.p.i, red arrow). On 7 d.p.i, the epithelial lining was largely restored (7 d.
p.i, red arrow). In contrast, the structure of the nasal turbinate in WT SARS-CoV-2-inoculated rats remained undisrupted throughout the course of experiment. (h) Representative H&E images
showing severe alveoli consolidation (2 d.p.i, red arrows), epithelium disruption and alveoli infiltrations (4 d.p.i, red arrows) in the lungs of B.1.1.7-inoculated rats. Acute lung injuries were
largely repaired by 7 d.p.i. and normal structure of the alveoli and lung were indicated by red arrows. No pathological change was observed in either alveoli or bronchioles of WT SARS-CoV-2-
inoculated rats (2, 4, and 7 d.p.i, blue arrows). Scale bar, 200 pm. (i) Typical pulmonary lesions detected in the lungs of B.1.1.7-inoculated rats on 2 d.p.i.. Scale bar, 100 «m. Images in (f-i) are
representative images from three rats. Four to six sections were taken from each rat for histology and immunochemistry analysis.
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4.4. B.1.1.7 infects and causes pathological damages in rats (Rattus
norvegicus)

Street rats (Rattus norvegicus, hereafter referred to as rat) live in
close proximity to humans and play key roles in disseminating zoo-
notic diseases. Rat ACE2 (rACE2) is similar to mACE2 in amino acid
sequences (Fig. S6) and supported B.1.1.7 entry in vitro (Fig. 1e,l,r). To
evaluate whether rats are susceptible to B.1.1.7 infection, we chal-
lenged 6-week-old Sprague Dawley rats (Rattus norvegicus) intrana-
sally with B.1.1.7 or WT SARS-CoV-2 (Fig. 4a). Similar to B.1.1.7
infection in mice, the viral gene copies of the inoculated rats peaked
at 2 d.p.i. and were 17.0- and 1831.7-folds higher in the nasal turbi-
nate and lung, respectively, than that of WT SARS-CoV-2-inoculated
rats (Fig. 4b,c). Importantly, infectious virus titres were recovered
from the nasal turbinate and lung of B.1.1.7-inoculated but not WT
SARS-CoV-2-inoculated rats, indicating that rats were permissive to
B.1.1.7 but not WT SARS-CoV-2 (Fig. 4d,e). In line with the infectious
virus titre results, immunohistochemistry staining revealed that viral
N protein was more frequently detected in the lung than the nasal
turbinate of B.1.1.7-inoculated rats (Fig. 4f), while viral N protein was
absent in the lung and nasal turbinate of WT SARS-CoV-2-inoculated
rats (Fig. 4f).

In the nasal turbinate of B.1.1.7-inoculated rats, histological exam-
ination showed loss of mucosal integrity and epithelial damage at 2 d.
p.i. (Fig. 4g, 2 d.p.i,, red arrows). More severe epithelial sloughing and
submucosal infiltration were detected at 4 d.p.i. (Fig. 4g, 4 d.p.i., red
arrow), which were largely regenerated at 7 d.p.i. (Fig. 4g, 7 d.p.i., red
arrow). In contrast, the epithelial lining in the nasal turbinate of WT
SARS-CoV-2-inoculated rats remained intact at all time points exam-
ined (Fig. 4g, blue arrows). In the lung of B.1.1.7-inoculated rats, mod-
erate to severe multi-focal consolidation in the alveoli was observed
at 2 d.p.i.. (Fig. 4h, 2 d.p.i., red arrows). Moreover, necrotic cell debris
in the bronchioles, perivascular cuffing caused by inflammatory infil-
tration, fibrin deposition in the interstitium, and alveolar septa thick-
ening were also observed (Fig. 4i). Alveolar congestion, epithelial
disruption in the bronchioles, and alveoli infiltration remained evi-
dent at 4 d.p.i. (Fig. 4h, 4 d.p.i,, red arrows). Upon viral clearance at 7
d.p.i,, these lung pathologies were largely resolved (Fig. 4h, 7 d.p.i.,
red arrows). In contrast to B.1.1.7-inocluated rats, no pathological
change was observed in the lung of WT SARS-CoV-2-inoculated rats
at any examined time points (Fig. 4h, blue arrows). These findings
reveal that the SARS-CoV-2 variant, B.1.1.7, has evolved to expand
species tropism beyond WT SARS-CoV-2, and can infect wildtype
murines including rats.

4.5. Differential SARS-CoV-2 tropism in K18-hACE2 and wildtype mice

Since wildtype mice are not susceptible to WT SARS-CoV-2 infec-
tion (12), the K18-hACE2 transgenic mice are utilized as an animal
model for SARS-CoV-2 infection [28]. Our current findings reveal that
B.1.1.7 and other N501Y-carrying variants can naturally infect mice,
which may serve as a new animal model for SARS-CoV-2 infection
that does not require prior virus adaptation or introduction of human
ACE2 to the mice. To compare the two infection models (Fig. 5a), we
first characterized the physiological distribution of ACE2 in the two
mouse models. Our data showed that the K18-hACE2 and C57B6
mice expressed comparable levels of mMACE2. Mouse ACE2 expression
in the small intestine was the highest, followed by kidney, colon,
lung, and nasal turbinate (Fig. 5b), which resembled the natural ACE2
distribution in human [29, 30]. In addition to mACE2, K18-hACE2
mice express high level of hACE2 at all evaluated organs (Fig. 5¢). The
hACE2 expression level was 3719.1-, 28.3-, 1.1-, 369.2-, 8285.5-,
1035.8, 26.0-, 37.1-, and 36.0-folds higher than that of the mACE2
expression in brain, nasal turbinate, lung, heart, liver, spleen, small
intestine, colon, and kidney of K18-hACE2 mice, respectively (Fig. 5d).

Next, we in parallel inoculated 6- to 8-week-old C57B6 and K18-
hACE2 mice with B.1.1.7 and evaluated virus replication at 2 d.p.i..
Interestingly, our results indicated that B.1.1.7 replication was more
robust in the nasal turbinate of C57B6 mice than that of the K18-
hACE2 mice [(VRNA; C57B6: 2.15 x 10° vs K18-hACE2: 2.17 x 10%
p=0.0234) and (PFU; C57B6: 9.87 x 10° vs K18-hACE2: 1.50 x 10°;
p=0.0014]. In contrast, B.1.1.7 replication was more robust in the
lungs of K18-hACE2 mice than that of the C57B6 mice [(VRNA;
C57B6: 1.08 x 10%/10°HPRT vs K18-hACE2: 5.36 x 10°%/10°HPRT;
p=0.0005) and (PFU; C57B6: 7.67 x 10%/gram tissue vs K18-hACE2:
1.02 x 107/gram tissue; p<0.0001] (Fig. 5e,f). These findings were
validated by immunohistochemistry staining, which consistently
detected more abundant viral N protein expression in the nasal turbi-
nate of C57B6 mice than K18-ACE2 mice. Similarly, viral N protein
was most frequently and abundantly detected in the lung of K18-
hACE2 mice than C57B6 mice (Fig. 5¢). In addition to the nasal turbi-
nate and lung, high levels of infectious virus titre and viral antigen
expression were detected in the brain of K18-hACE2 mice, which is
suggested to cause fatal outcome in the infected animals [31]. In con-
trast, the brain of C57B6 mice was free of either infectious virus par-
ticles or viral antigen expression (Fig. 5f,g). In addition to evaluating
B.1.1.7 infection in C57B6 and K18-hACE2 mice, we additionally com-
pared the infection of B.1.1.7 and WT SARS-CoV-2 in K18-hACE2
mice. Our results indicated that the B.1.1.7 and WT SARS-CoV-2 have
similar replication efficiency in the nasal turbinate and lung of K18-
hACE2 mice (Fig. S7). Taken together, the B.1.1.7-inoculated C57B6
mouse model may represent a more physiologically relevant model
for studying SARS-CoV-2 pathogenesis and therapeutics evaluation
due to its native ACE2 distribution profile, while the K18-hACE2
mouse model will be useful for studying the central nervous system
pathologies of SARS-CoV-2 infection.

5. Discussion

In summary, we demonstrate that B.1.1.7 and other N501Y-carry-
ing SARS-CoV-2 variants have evolved to gain the capability to cross
species barrier to infect wildtype murines including mice and rats,
which are not considered permissive to WT SARS-CoV-2. Mice and
rats reside in close proximity to humans, including densely populated
areas with circulating B.1.1.7 and/or other SARS-CoV-2 variants. The
acquired susceptibility of these murines to SARS-CoV-2 variants has
substantially increased the risk of SARS-CoV-2 infection in the
murine population, which may result in a zoonotic reservoir of SARS-
CoV-2. Substantial evidence has been raised to demonstrate the
increased binding between N501Y mutant spike and mACE2 as well
as the role of N501Y in mouse-adapted or genetically-engineered
SARS-CoV-2 strains in mouse infection [32]. However, direct experi-
mental evidence on whether authentic N501Y VOCs and other
emerging variants can infect mice or other murine is still largely lack-
ing. Our results indicate that B.1.1.7-infected mice and rats can shed
infectious virus particles in the respiratory tract for approximately 4
to 7 days after infection, which may contaminate the environment
and become a persistent source of human infection. Our results cor-
roborated with the recent findings reported by Montagutelli X et al.
that B.1.351 was capable of infecting wildtype mice [33]. We have
extended these findings to demonstrate that among the four VOCs,
only the N501Y-carrying variants infect wildtype mice. Furthermore,
we demonstrated that in addition to wildtype Mus musculus, Rattus
norvegicus is also susceptible to the N501Y-carrying mutant B.1.1.7.

The N501Y mutation contributed to an over 40-fold increase in
pseudovirus entry in mACE2 overexpressed cells [34]. Apart from the
N501Y mutation, several amino acid substitutions including K417N,
E484K, Q493H/K, and Q498H were also suggested to be critical for
SARS-CoV-2 adaptation in murine species [34-36]. This is congruous
with our observation that B.1.351 replicated to a higher level than



10 H. Shuai et al. / EBioMedicine 73 (2021) 103643

a B.1.1.7 challenge = Sample collection B.1.1.7 challenge = Sample collection
=— 0 1 2
C57B6 d.p.i. K18-hACE2 d.p.i.
(Wild type mice) (Transgenic mice)

b Mouse ACE2 c Human ACE2 d k18-hACE2
- ©C57B6 [ K18-hACE2 = ©C57B6 [ K18-hACE2 (Log,FC)
g 10000+ g 100000+ o o Brain
,E,E 10004 E,E 10000- a H o Nasalturb;_r:jar::
) g S 1000 o a
T 100+ o A
8 sl e & g 100
e S 101
o 14 o 1- Small intestine
o ﬁﬁ ﬁ 2 Colon
I I e e . sy e UL o 0.1- r-—Or- Kidney
o £ E 2Lt 8§ g5 g O cE 2% ¢ g § @

& 323 3%3s & 323 4% 388 hACE2/mACE2
7] «g 4 [/ aé- X
(7] n
e B.1.1.7 g B.1.1.7
VRNA
_ 7*P=0.0234 C57B6 . K18-hACEz
e o PTHPOE’ *P=0.0201 ®
o 64 e ]
T ]
o 5 £
o 1l |m g
3 2
X 34 g
o ©
o 2- @
2 4] Z
3
= 0 T T
NT Lung Brain
O C57B6 [O K18-hACE2 _
ml
e
f B.1.1.7 3
Infectious virus
g 8- “*"l’;’<_0i0001
[} *P=0.0014 -***P=0.00014
2 ol —
5 |[|® e
D 44
> £
0-53 24 g
S .
= 0 T T
NT Lung Brain

O C57B6 O K18-hACE2

Figure 5. Differential SARS-CoV-2 tropism in K18-hACE2 and wild type mice. (a) Schematic illustration of comparative study of SARS-CoV-2 B.1.1.7 tropism in C57B6 and K18-
hACE2 mice. (b) Mouse ACE2 expression quantified with RT-qPCR. (¢) Human ACE2 expression quantified with RT-qPCR. (d) Quantification of the relative expression ratio between
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of the B.1.1.7-inoculated C57B6 and K18-hACE2 mice quantified with RT-qPCR. (f) Infectious viral titres in nasal turbinate, lung, and brain of B.1.1.7-inoculated C57B6 and K18-
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B.1.1.7 and P.3 in wildtype mice since B.1.351 carries K417N, E484K
in addition to N501Y.

Our current data demonstrated B.1.1.7 infection caused significant
pathological changes in the airway of both wildtype mice and rats at
2 d.p.i. although infectious viral progenies was largely cleared by the
host immune response at 4 d.p.i.. These findings agreed with the
existing data published with mouse-adapted SARS-CoV-2 infection in
young wildtype mice [18, 37, 38]. Aging is reported to associate with
increased incidence of comorbidities, impaired T cell responses, aber-
rant cytokine/chemokine production [39-41], which may results in
more severe outcomes during viral infections. Therefore, infection of
N501Y-carrying variants in aged mice may represent a more
severe disease model with enhanced pathological tissue damage
upon virus infection and ultimately succumbed to high-titre inocu-
lum [37, 38, 42].

Human ACE2 transgenic mice was previously employed for SARS-
CoV-1 study and later demonstrated to be a useful tool in investigat-
ing SARS-CoV-2 pathogenesis [12, 43, 44]. Different from the non-
lethal infection in young wildtype mice, B.1.1.7 and B.1.351 caused
lethal outcomes in hACE2 transgenic mice accompanied with high tit-
tered viral burdens as well as extensive tissue damage throughout
the whole course of infection [45, 46]. However, as revealed in this
study, the high level of human ACE2 expression in the hACE2 trans-
genic mice, especially in extrapulmonary organs such as the brain,
liver, and spleen, may potentially alter the tissue tropism of SARS-
CoV-2, which may complicate the interpretation of research findings
in a physiological-relevant context. Another rodent infection model
commonly used for SARS-CoV-2 studies is the Golden Syrian hamster
model. Similar to our current wildtype mouse model, hamsters sup-
port robust virus replication in the airway, develop significant tissue
damage at the infection sites, but the animals eventually recover
from viral infection without therapeutic interventions [27]. In addi-
tion, the hamster model allows transmission studies since hamster-
to-hamster transmission by close contact is highly efficient [27, 47].

Interspecies spill-over of SARS-CoV-2 is not uncommon. While
SARS-CoV-2 is presumed to have originated from an animal reservoir,
humans are also known to infect other animals with SARS-CoV-2,
including cats, dogs, and even tigers in zoos [48-50]. A previous study
demonstrated that bidirectional SARS-CoV-2 transmission could
occur between humans and minks [51]. Although our current data
showed no evidence of mice-to-mice transmission among B.1.1.7-
infected wildtype mice, the possibility of murine species serving as a
reservoir for SARS-CoV-2 should not be completely excluded, since
SARS-CoV-2 transmission was recently documented among hamsters
[47], deer mice [52] and hACE2 transgenic mice [53]. Importantly,
SARS-CoV-2 adaptation in mice occurs rapidly, with mouse-adapting
mutations developing within 1-to-10 passages [18, 37, 54, 55]. These
mutations will result in even more robust SARS-CoV-2 replication in
rodents and may further facilitate virus dissemination. As demon-
strated in the current study, the evolving SARS-CoV-2 variants with
the N501Y mutation in spike can now naturally infect mice and rats,
and potentially other rodent species. Considering the abundance of
these animals and their proximate habitats with humans, humans-
to-rodents and rodents-to-humans transmissions may be inevitable.
Public health measures including stringent rodent control and sur-
veillance on SARS-CoV-2 infection in the rodent populations espe-
cially in densely populated regions should be implemented to
facilitate the control of the pandemic.
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