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A B S T R A C T

Background: An ideal animal model to study SARS-coronavirus 2 (SARS-CoV-2) pathogenesis and evaluate
therapies and vaccines should reproduce SARS-CoV-2 infection and recapitulate lung disease like those seen
in humans. The angiotensin-converting enzyme 2 (ACE2) is a functional receptor for SARS-CoV-2, but mice
are resistant to the infection because their ACE2 is incompatible with the receptor-binding domain (RBD) of
the SARS-CoV-2 spike protein .
Methods: SARS-CoV-2 was passaged in BALB/c mice to obtain mouse-adapted virus strain. Complete genome
deep sequencing of different generations of viruses was performed to characterize the dynamics of the adap-
tive mutations in SARS-CoV-2. Indirect immunofluorescence analysis and Biolayer interferometry experi-
ments determined the binding affinity of mouse-adapted SARS-CoV-2 WBP-1 RBD to mouse ACE2 and
human ACE2. Finally, we tested whether TLR7/8 agonist Resiquimod (R848) could also inhibit the replication
of WBP-1 in the mouse model.
Findings: The mouse-adapted strain WBP-1 showed increased infectivity in BALB/c mice and led to severe
interstitial pneumonia. We characterized the dynamics of the adaptive mutations in SARS-CoV-2 and demon-
strated that Q493K and Q498H in RBD significantly increased its binding affinity towards mouse ACE2. Addi-
tionally, the study tentatively found that the TLR7/8 agonist Resiquimod was able to protect mice against
WBP-1 challenge. Therefore, this mouse-adapted strain is a useful tool to investigate COVID-19 and develop
new therapies.
Interpretation: We found for the first time that the Q493K and Q498H mutations in the RBD of WBP-1
enhanced its interactive affinities with mACE2. The mouse-adapted SARS-CoV-2 provides a valuable tool for
the evaluation of novel antiviral and vaccine strategies. This study also tentatively verified the antiviral activ-
ity of TLR7/8 agonist Resiquimod against SARS-CoV-2 in vitro and in vivo.
Funding: This research was funded by the National Key Research and Development Program of China
(2020YFC0845600) and Emergency Science and Technology Project of Hubei Province (2020FCA046) and
Robert A. Welch Foundation (C-1565).
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a fatal respiratory illness
that first appeared in Wuhan, China in December 2019 [1]. It is
caused by a novel Betacoronavirus called severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). As of November 24 2020, the
World Health Organization (WHO) has reported approximately
59 million laboratory-confirmed cases of COVID-19 worldwide,
including 1.39 million associated deaths. COVID-19 is characterized
by fever, cough, and dyspnea that may progress rapidly to respiratory
and cardiac failure requiring mechanical ventilation [2]. Vaccines and
antiviral agents are urgently needed to control the pandemic. As of
18 February 2021, at least seven different vaccines across three plat-
forms have been rolled out in different countries. At the same time,
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Research in context

Evidence before this study

Mouse-adapted SARS-CoV-2 has been found to contain muta-
tions at several locations in the genome. However, the underly-
ing mechanism explaining the association of these mutations
with mouse adaptation is still largely unknown. Moreover, anti-
viral agents are currently tested in clinical trials as effective
treatments are urgently needed to control the pandemic.

Added value of this study

We characterized the dynamics of the adaptive mutations in
SARS-CoV-2 and demonstrated that Q493K and Q498H in RBD
significantly increased its binding affinity towards mouse ACE2.
Additionally, we verified the antiviral activity of Resiquimod
against SARS-CoV-2 in vitro and in vivo, demonstrating this
mouse-adapted strain is a useful tool to investigate COVID-19
and develop new therapies.

Implications of all the available evidence

Our dynamic mutation analysis allowed us to dissect the intri-
cate evolutionary processes of SARS-CoV-2 in an unnatural
host. These findings suggest that R848 stimulating the response
of the body's immune system to SARS-CoV-2 infection alleviate
some of the more severe symptoms and reduce mortality from
this virus. It may be suitable for prophylaxis or early treatment
before patients develop severe clinical symptoms.
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more than 200 additional vaccine candidates are in development
(https://www.who.int/emergencies/diseases/novel-coronavirus-
2019/covid-19-vaccines). In addition, The FDA approved the first
treatment for COVID-19, the antiviral drug Remdesivir. Some other
investigational drugs are already in clinical trials (https://www.fda.
gov/consumers/consumer-updates/know-your-treatment-options-
covid-19).

Animal models are highly valuable for the study of viral diseases
as they allow detailed investigation of viral pathogenesis and evalua-
tion of antiviral therapies and vaccines. An ideal animal model should
not only be permissive to the viral infection, but also be able to
develop disease and pathology similar those observed in humans.
Clinical signs, viral replication, and pathology are species-dependent
when SARS-CoV-2 is delivered into the respiratory tracts of mice,
hamsters, ferrets, cats, and nonhuman primates [3�9]. However, the
high cost, limited availability, and individual variations associated
with these animal models imply that the current systems do not
allow sufficient sample size that is required for large-scale studies
and statistical evaluation in order to draw robust conclusions.

Shortly after the identification of SARS-CoV-2, it was discovered
that this virus uses the human angiotensin-converting enzyme 2
(hACE2) to gain entry into host cells [10], but it is incapable of using
the murine ortholog mACE2 as a receptor. In order to develop mouse
models for SARS-CoV-2 infection, several strategies have been used
to overcome this receptor incompatibility, including the develop-
ment of transgenic mouse lines expressing hACE2 using exogenous
or murine promoters, or transducing animals for hACE2 expression
using adenovirus or adeno-associated virus vectors [11,12]. Such
transgenic mice have been used previously to study SARS-CoV-2
infection and pathogenesis and to evaluate countermeasures against
COVID-19. In addition, mouse adaptation has been successfully used
to generate several SARS-CoV-2 strains with enhanced virulence and
capable of recapitulating severe SARS-CoV-2 lung disease in mice
[13�15]. Mouse-adapted SARS-CoV-2 has been found to contain
mutations at several locations in the genome. However, the
underlying mechanism explaining the association of these mutations
with mouse adaptation is still largely unknown.

In this study, we identified a mouse-adapted SARS-CoV-2 strain
(WBP-1) that can productively replicate in the respiratory tract and
cause severe interstitial pneumonia in wild-type BALB/c mice. More
importantly, we found for the first time that the Q493K and Q498H
mutations in the RBD of WBP-1 enhanced its interactive affinities
with mACE2, suggesting that WBP-1 is capable of using mACE2 to
gain access to the host cells. Additionally, therapeutic treatments
including the TLR7/8 agonist Resiquimod (R848) protected the mice
against lethal WBP-1 challenge. Therefore, our results demonstrated
that WBP-1 and BALB/c mice are a valuable model for the develop-
ment and testing of SARS-CoV-2 vaccines and therapeutics.

2. Methods

2.1. Viruses, cells, and plaque assays

SARS-CoV-2 strain Wuhan-Hu-1 (NC_045512) was obtained from
the Wuhan Institute of Virology, Chinese Academy of Sciences. Strain
WBP-1 (EPI_ISL_1615558) was developed in this study. Vero cells
and Caco2 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (PAN Biotech, Germany), 100 U/mL penicillin-strepto-
mycin (Thermo Fisher Scientific, Inc.). Cells were incubated at 37 °C
in 5% CO2. The SARS-CoV-2 virus stocks were prepared on Vero cells
and viral titers were determined by plaque assays. All experiments
involving live viruses were performed in a biosafety level 3 (BSL3)
facility in the Huazhong Agricultural University.

2.2. Ethics statement

Female 12-month- or 4-6-week-old BALB/c mice were used for
the experiments. Mice were purchased from the Center for Animal
Disease Control, Hubei Province. The animal experiments were
approved by the Research Ethics Committee, Huazhong Agricultural
University, Hubei, China (HZAUMO-2020-0007). All the animal
experiments were conducted in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals from
the Research Ethics Committee, Huazhong Agricultural University,
Hubei, China.

2.3. Serial passage of SARS-CoV-2 in mice

A dose of 2.3 £ 105 plaque forming unit (PFU) of SARS-CoV-2
(Wuhan-Hu-1) was administered intranasally to three anesthetized,
female 12-month-old BALB/c mice in 50 mL DMEM. Three days after
inoculation, mice were euthanized and their lungs were collected
and homogenized with the Tissue Cell-Destroyer (D1000, Novastar,
China) in 1 mL DMEM supplemented with antibiotics (100 U/mL pen-
icillin-streptomycin). The lung homogenate was clarified through
high-speed centrifugation at 12,000 rpm for 5 min. The mixed super-
natant, named mice adaptive passage 1 (P1), was administered intra-
nasally to three female 4�6-week-old BALB/c mice. The process of
intranasal inoculation of three female 4�6-week-old mice with
viruses collected three days post infection (dpi) was repeated
10 times to obtain mouse-adapted virus strain that cause respiratory
disease in mice.

2.4. Virus lethal phenotype identification

At every three passages (P2, P5, P8, and P11), 50 mL of lung
homogenate was used for intranasal infection of six female 4�6-
week-old mice randomly. Three mice were sacrificed at 3 dpi to har-
vest lungs. For pathogenicity analysis, each lung was split in half. The
right half was collected in 1 mL of RNA later (Ambion, TX, USA) for
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viral RNA load analysis and the other half was placed in formalin for
histopathologic analysis. Three remaining mice were observed daily
for 7 dpi for signs of disease and death to identify the lethal pheno-
type of mouse-adapted SARS-CoV-2. Clonal isolates of the WBP-1
virus were obtained through plaque purification. Confluent Vero cells
were incubated with 10-fold serial dilutions of P11 lung homogenate
at 37 °C for 1 h. The cells were washed and overlaid with 1% agarose
gel in virus culture medium. After two days, plaques were picked
using sterile pipette tips and used to infect Vero cells. Five clones
were obtained through three rounds of plaque purification. We
chosed the most pathogenic strain and named it WBP-1.

2.5. Complete genome deep sequencing

Complete genome deep sequencing of different generations of
viruses was performed to examine the underlying processes and
dynamics of viral growth in mice. The P2, P5, P8, and P11 viral RNA
pools were extracted from the supernatant of virus-infected lung
homogenates using the QIAamp viral RNA mini kit (Qiagen, Hilden,
Germany) according to the manufacturer's protocol. These viral RNA
pools, together with mouse-adapted WBP-1 and WT Wuhan-Hu-1
viral RNA samples, were sent to Frasergen (Wuhan Frasergen Bioin-
formatics Co., Ltd., Wuhan, China) for library preparation and
sequencing. Virus genome copies were quantified from each sample
through quantitative reverse transcription PCR (RT-qPCR) targeting
the N gene of SARS-CoV-2 according to instructions provided (Shang-
hai GeneoDX Biotech CO., Ltd).After removal of host contamination
from raw reads, the sequencing data required the KneadData pipeline
(https://bitbucket.org/biobakery/kneaddata) for quality control and
the polymorphism analysis were generated using alignment-based
tool Bowtie 2 [v2.3.5] [16]. The BAM files obtained were used as input
on LoFreq [v2.1.2] for the detection of mutations [17]. All reads were
mapped to SARS-CoV-2 reference genome (Wuhan-Hu-1, GenBank
accession number MN908947).

2.6. Virulence of WBP-1 virus in mice

Virulence was measured as the lethal dose in 4�6-week-old
female mice. The lethal dose (LD50) was measured by intranasal infec-
tion of four randomly assigned groups of five mice, each receiving 10-
fold serial dilutions containing 102 to 105 PFU of the WBP-1 virus in
50 mL DMEM. Mice in the control group were mock-infected with
DMEM. Body weight and survival were monitored daily for 10 days.
All mice showing more than 20% body weight loss and respiratory
distress were humanely euthanized. LD50 was calculated with the
Karber method as described by Hawkes [18].

To further characterize mouse-adapted SARS-CoV-2 WBP-1, six
randomly selected mice were intranasally infected with 2 LD50 of
WBP-1 virus; mice in the control group were mock-infected with
DMEM. Mice were euthanized at 3 and 5 dpi. Organs were split in
half for further studies. For lungs, the right half was collected in 1 mL
PBS supplemented with antibiotics (100 U/mL penicillin-streptomy-
cin) and the left was placed in formalin for histopathology and immu-
nohistochemistry. Viral RNA copies in organs (heart, liver, lung,
kidney, brain, intestine, trachea, turbinate, and spleen) and cytokine
mRNA levels in lung were determined through qRT-PCR (Table S2).
Infectious virions in the lung were determined through plaque
assays.

2.7. Histopathology and immunohistochemistry

Organs obtained from individual mice euthanized at various time
points were fixed in 10% neutral buffered formalin for 7 days. Sec-
tions (4 mm thick) were stained with hematoxylin and eosin (H&E)
and examined through light microscopy. For immunohistochemistry,
fixed tissues were paraffin-embedded, sectioned, and stained with
rabbit-anti ACE2 (Abcam, ab108252, 1:200), SARS-CoV-2 nucleocap-
sid antibody (Sino Biological, China, 40588-R001, 1:200). Goat anti-
rabbit immunoglobulin conjugated to peroxidase (Maxim Bio, Fujian,
China) was used as secondary antibody. Screening of sections was
performed with an Olympus BX51 microscope coupled to a camera.

2.8. SARS-CoV-2 S RBD and ACE2 analysis and modeling

The crystal structure of SARS-CoV-2 RBD and hACE2 is publicly
available and contact residues were previously identified. The bind-
ing mode between RBD and ACE2 was performed by rigid body dock-
ing program ZDOCK and integrated in Discovery Studio (Accelrys
Software Inc.). Accession numbers used were SARS-CoV-2 Wuhan-
Hu-1 (NC_045512), human ACE2 (AB046569) and mouse ACE2
(NM_001130513).

2.9. Indirect immunofluorescence analysis

Human (hACE2) and mouse (mACE2) ACE2 were cloned into
p3XFLAG with NotI/XbaI and XbaI/BglII, respectively, and verified by
sequencing. Purified p3XFLAG or ACE2 plasmids were transfected to
HeLa cells. HeLa cells were infected 24 h post transfection with
Wuhan-hu-1 or WBP-1 at MOI = 1. The cells were fixed 24 h later
with 4% paraformaldehyde in PBS for 30 min. ACE2 expression was
detected using rabbit anti-ACE2 IgG (Cat No.: A12737, Abclonal, Inc)
followed by CoraLite594-conjugated goat anti-rabbit IgG (H+L) (Cat.
No: SA00013-4, Proteintech, Wuhan, Hubei, China)). SARS-CoV-2
nucleocapsid expression was detected using mouse anti-NP IgG (Cat.
No: 40143-MM08, Sino Biological) followed by CoraLite488-conju-
gated Affinipure goat anti-mouse IgG (H+L) (Cat. No: SA00013-1, Pro-
teintech). Nuclei were stained with DAPI. All samples were then
visualized on Auto Invitrogen EVOS FL Auto Cell Imaging System
(Thermo Fisher Scientific).

2.10. Biolayer interferometry (BLI) experiments

The interaction between ACE2 and RBD was analyzed with the
Octet Red 96 instrument (Pall ForteBio) using an hFC sensor at 25 °C.
Proteins used in the BLI experiment (hACE2, mACE2, WT-RBD,
Q493K-RBD, Q498H-RBD, Q493K/Q498H-RBD) were purchased from
Sino Biological. Kinetics buffer (phosphate-buffered saline, 0.1%
bovine serum albumin, 0.02% Tween) was used in all the experi-
ments. The sensors were dipped in human hACE2-hFC (hACE2) or
mouse mACE2-hFC (mACE2) at a concentration of 10 mg/mL. The
functionalized sensors were dipped in different RBD concentrations
(0, 6.25, 12.5, 25, 50, 100, 200, and 400 nM) during at 180 s inter-
spersed with a rinsing step in the buffer solution. The data traces
shown in the graphs were obtained after sensors were exposed to
SARS-CoV-2 wild type RBD or mutational RBD proteins, using Data
Analysis software v8.1 (ForteBio). The processed data were plotted
using Prism 8 (Graphpad Software).

2.11. Validation of R848 against SARS-CoV-2 in vitro

To assess the cytotoxic effect, Caco2 cells were seeded into 96-
well plates and treated with R848 (0�80 mM). Following incubation
for 48 h, the cytotoxicity was determined using the TransDetect Cell
Counting kit (CCK, Transgen, China) according to the manufacturer's
instructions. The absorption of the samples was determined at
450 nm with an iMark Macroplate Reader (Bio-Rad, Hercules, CA,
USA). To test the antiviral effect of R848 against infection, Caco2 cells
were seeded into wells of a 12-well plate and incubated. Cells were
treated with R848 (0.2�20 mM) or DMSO for 24 h before infection
with viruses at MOI = 1. Infected cells were further incubated in the
R848 or DMSO at 37°C. Samples were collected at 48 and 72 hpi, and
viral titers were determined through plaque assays.

https://bitbucket.org/biobakery/kneaddata
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2.12. R848 antivirus activity in mouse model

Female BALB/c mice (n = 10) aged 4-6 weeks were randomly intra-
nasally infected with 5 LD50 of WBP-1 virus in 50 mL DMEM and then
they were intraperitoneally injected with R848 (1.5 mg/kg) or PBS
immediately [19,20]. Infected mice were further treated with the
R848 or PBS once a day for four consecutive days. Mice were moni-
tored for weight loss and survival for 10 days. Three mice in each
group were humanely sacrificed on 5 dpi and their lungs were col-
lected for further study. For viral loads determination, each lung was
split in half. The right half was collected in 1 mL of PBS containing
antibiotics (100 U/mL penicillin-streptomycin). For histopathology
analyses, left lungs were fixed in formalin.

2.13. Statistical analysis

In this study, the sample size calculation in mice experiments to
find difference between groups was used as mentioned previously
[21]. Normal distribution data were conducted using SPSS software.
Statistical significance was analyzed using GraphPad Prism version
8.0.2 (San Diego, CA, USA) by applying unpaired Student's t test or
one-way analysis of variance (ANOVA) to obtain p values. Two-way
ANOVA was used when appropriate. P values lower than 0.05 were
considered statistically significant. �, p < 0.05; ��, p < 0.01; ���,
p < 0.001; ����, p < 0.0001. Number of animals in each group and
specific details on statistical tests were described in figure legends.

2.14. Role of funders

The funders were not involved in study design, the collection,
analysis, or data interpretation; the writing of the report; or the deci-
sion to submit the paper for publication.

3. Results

3.1. Generation of a mouse-adapted SARS-CoV-2 strain

To generate a mouse-adapted SARS-CoV-2 strain, the wild type
(WT) Wuhan-Hu-1 virus was adapted by serial passage (11 rounds)
in mice lungs. Our previous studies have demonstrated that aged
BALB/c mice are susceptible to SARS-CoV-2 infection and that the
virus replicates better in aged mice than in young ones. Therefore,
the first generation of viruses was passaged in 12-month-old BALB/c
mice. Lungs were harvested at three days post inoculation (dpi)
when peak viral titers were observed, and virions were collected to
continue the serial passage via intranasal inoculation in young mice.
To screen for virulence and virus replication, three mice were sacri-
ficed at 3 dpi to harvest lungs at passages 2, 5, 8, and 11 (P2, P5, P8,
and P11). Each lung was split in half. The right half was used to
extract RNA samples for viral RNA load analysis and genome deep
sequencing, and the other half was placed in formalin for histopatho-
logic analysis. The three remaining mice from each passage were
used to observe for signs of morbidity or mortality. Microscopy
showed that P2-infected mice did not exhibit any lung lesions
(Fig. 1a). Minor changes characterized by a few thickened alveolar
walls with monocyte and lymphocyte infiltration were present in
lung tissues of P5-infected mice. Pulmonary lesions in mice became
more serious with increasing number of passages. In mice infected
with P11 viruses, bronchioles were filled with exfoliated necrotic
cells and surrounded by numerous mononuclear lymphocytes. More-
over, thickened alveolar septa and inflammatory cell infiltration were
observed, and all mice developed serious interstitial pneumonia.
Deaths were not observed in P2, P5, and P8. However, increased mor-
bidity, as indicated by weight loss, slightly bristled fur, lethargy, and
decreased response to external stimuli, was noted in P8-inoculated
mice at 4 dpi. Extreme morbidity and mortality were observed in P11
mice, among which two out of the three mice died. Viral loads were
quantified in lungs through qRT-PCR at 3 dpi (Fig. 1b). Substantial
viral RNA was detected after only two passages, and further increased
to 109.09 copies/g in P5, 109.44 copies/g in P8, and 109.50 copies/g in
P11. The viral RNA load analysis indicated that the mouse-adapted
SARS-CoV-2 virus is replication competent and can be stably pas-
saged in lungs. Virus pools derived from serial passages likely
acquired mutations that increase their ability to replicate and cause
fatal lung infection in mice.

3.2. Identification of mutations in the mouse-adapted virus

We obtained five clonal isolates from the P11 virus pool through
three rounds of plaque assays in Vero cells. These five clones were
screened for lethality in 4-6 weeks BALB/c mice (n = 3), resulting in 0/
3, 1/3, or 2/3 mortality (Fig. 1c). Strain #2, which caused severe mor-
bidity and death within three to five days after intranasal inoculation,
was defined as WBP-1 and selected for further analysis. To identify
the mutations in WBP-1 responsible for its increased virulence, the
genomes of the wild-type Wuhan-Hu-1 and mouse-adapted WBP-1
viruses were sequenced using next-generation sequencing (Fig. 1d).
WBP-1 acquired a 740 bp deletion (27326-28065) and ten single
nucleotide substitutions, including five synonymous and five nonsy-
nonymous mutations. The deletion spanned multiple accessory
genes, including ORF6, ORF7a, ORF7b, and ORF8. The five nonsynony-
mous mutations were localized to the open reading frame (ORF) 1ab,
3C-like protease (3CLpro), non-structural protein 6 (NSP6), non-struc-
tural protein 9 (NSP9), and spike (S) protein. Most notably, two of the
mutations, C23039A (Q493K) and A23056C (Q498H), were mapped
to the RBD of the S protein which is key host determining factor, sug-
gesting that these two mutations is likely responsible for efficient
WBP-1 replication in mice.

3.3. Dynamics of mutations in SARS-CoV-2 throughout passage in mice

To understand how mutations arose in SARS-CoV-2 throughout
passage in mice during mouse adaptation, we analyzed the genome
sequence of SARS-CoV-2 from different passages (Fig. 1e). The whole-
genome deep sequencing metrics and quality control were shown in
Figure S1 and Table S1, with data from P2 excluded due to its low
coverage. P5 viruses showed 21 mutations, including three stable
mutations (A8203G, 0.889; T17825C, 0.986; and A23056C, 1.000) and
19 low frequency mutations with rates varying from 0.044118 to
0.272727. To our surprise, in the retrospective analysis, the stable
mutation A23056C (Q498H in RBD) dominated after only one passage
in aged mice (Figure S2). Another key position in RBD, the C23039A
(Q493K) mutation which probably mediates the virus binding affinity
with mACE2, began to appear in the P5 viral gene pool. Going from
P5 to P8, only nine out of the 21 P5 mutations persisted while another
eight new mutations appeared. P11 harbored a total of thirteen
mutations, all of which could be traced back to P8. In particular, three
of the thirteen P11 variations (C1912T, C12915T, C23039A) increased
frequency going from P8 to P11; two of those three changes C12915T
(T77I in NSP9) and C23039A (Q493K in RBD) are nonsynonymous
and likely contribute to the high pathogenicity of WBP-1 in mice.
Novel mutations in P5, P8 and P11 (i.e. 21 vs 8 vs 0) decreased rapidly
in numbers, suggesting that the viral genome become stabilized
towards the end of adaptation, with selection pressures mainly due
to host-related differences. Therefore, our dynamic mutation analysis
allowed us to dissect the intricate evolutionary processes of SARS-
CoV-2 in an unnatural host.

3.4. Mouse-adapted SARS-CoV-2 pathogenesis in BALB/c mice

To investigate the pathological characteristics of BALB/c mice
infected with the mouse-adapted SARS-CoV-2, groups of mice (n = 5)



Fig. 1. Generation of mouse-adapted SARS-CoV-2 WBP-1. Wild type (WT) Wuhan-Hu-1 was passaged in old and young mice to obtain WBP-1 that was adapted to cause respiratory
disease in mice. (a) Hematoxylin and eosin (H&E) staining of lung sections from mice infected with virus obtained through different passages (P2, P5, P8, P11) of SARS-CoV-2. Scale
bars, 100 mm. (b) Viral copies were detected through qRT-PCR at three days post infection (dpi) in the lungs. (c) Five clonal isolates were obtained from the P11 virus pool by three
rounds of plaque purification in Vero cells. The strain #2 that showed a high mortality rate in mice was defined as WBP-1. (d) Location of the mutations and deletion in the genome
of WBP-1. WBP-1 obtained five synonymous (purple triangles), five nonsynonymous (red triangles), and a 740 bp deletion (black line). (e) Mutational frequency during SARS-CoV-2
experimental passage in pooled mouse groups. Single nucleotide variants are represented along the genome for the mice of passage 5, passage 8, passage 11 andWBP-1 virus.
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were intranasally infected with 10-fold serial dilutions of the WBP-1
virus (i.e. 105 to 102 PFU). The infected mice were observed for
weight loss and survival for 10 dpi. Mice experiencing weight loss in
excess of 20% of the initial body weight were euthanized according to
our animal study protocol. All groups of infected mice began to lose
weight at 2 dpi (Fig. 2a). Mice infected with a lethal dose (105 PFU) lost
more than 20% of the initial body weight at 4 dpi. Mice infected with a
non-lethal dose (103 PFU) lost approximately 4.2% of the initial body
weight at 4 dpi. At the lowest dose (102 PFU), the weight loss was not
significant. The surviving mice began to regain weight after 5 dpi and
returned to their preinfection weight at 7 dpi. Notably, the group of
mice receiving a dose of 105 PFU WBP-1 virus all died (5/5) by 5 dpi
(Fig. 2b). Two out of five mice survived in the group administered 104

PFU virus. The LD50 ofWBP-1 was calculated to be 103.8 PFU.
To further examine if SARS-CoV-2 infection caused the pathologi-

cal features of pneumonia in mice similar to those in human, mice
(n = 6) were intranasally infected with 50 mL of 2 LD50 of WBP-1.
Mice in the control group were mock-infected with DMEM. Clinical
signs of infection were observed in infected mice at 2 dpi. Mice were
sacrificed at 3 and 5 dpi to harvest various organs for pathogenicity
analysis and determination of viral loads. High viral loads were
observed in the trachea and lung of WBP-1 infected mice, while trace
amounts of viral nucleic acid was detectable in turbinate, heart, and
spleen. In particular, lung tissues had the highest viral RNA copies
(109.5 copies/g), which remained very little changed from 3 dpi to 5
dpi (Fig. 2c). Infectious virion titer calculated through plaque assays
were similar to viral RNA copies (Fig. 2d).
Next, we determined the mRNA expression of cytokines induced
by SAR2-CoV-2 in the lung (Fig. 2e). The expression levels of IL1b
(P < 0.0001), TNFa (P = 0.0018), MCP1 (P = 0.0399), and IL10
(P < 0.0001) in WBP-1-infected mice were significantly elevated
compared to those in mock-treated mice. To further determine
whether these mice had pneumonia, lung tissues collected at 3 and 5
dpi were subjected to analysis via histopathological H&E staining.
Acute stage lung damage was noted as firm, red, heavy lobes in the
pathological autopsy of mice. Microscopy showed moderate intersti-
tial pneumonia with thickened alveolar septa at 3 dpi. Inflammatory
cell infiltration was also identified in the lung tissues of infected
mice, but not in those of control mice. The histopathologic analysis of
lung tissues from 5dpi showed severe pneumonia (Fig. 2f). The bron-
chioles were filled with exfoliated necrotic cells (black arrow) and
surrounded by numerous mononuclear lymphocytes (green arrow).
Moreover, there were abundant lymphocytes around small blood
vessels. The alveoli were filled with a large amount of inflammatory
exudate (red arrow). Interestingly, this mouse model successfully
reproduced inflammatory pulmonary vascular thrombosis (blue
arrow) that were reported in human and rhesus macaques [22,23].
Alveolar septa thickened, and more importantly, necrotic cells and
debris built up creating pus and filling the small airways as pneumo-
nia continued to develop. These multiple factors led to lung consoli-
dation associated with defects in lung function. No obvious
pathological changes were observed in other organs (heart, liver,
spleen, kidney, brain, intestine and uterus) (Figure S3). When immu-
nohistochemistry was used to confirm viral replication, cells in the



Fig. 2. Characterization of mouse-adapted SARS-CoV-2 WBP-1 in mice. (a, b) Groups of mice (n = 5) were intranasally infected with 10-fold serial dilutions of WBP-1 virus. The
infected mice were observed for weight loss and survival for 10 dpi. (c- f) Mice (n = 6) were intranasally infected with 2 LD50 of the WBP-1 virus and mice in the control group were
mock-infected with DMEM. (c) Viral RNA copies were determined through qRT-PCR at 3 and 5 dpi in the heart, liver, lung, kidney, brain, intestine, trachea, turbinate, and spleen of
WBP-1. (d) Viral titers in the lung were determined through plaque assays. (e) Cytokine (IL1b, TNFa, MCP1, and IL10) mRNA levels in the lung were evaluated at 3 and 5 dpi. Statisti-
cal significance was analyzed by unpaired Student's t tests. *p < 0.05; **p < 0.01; ***p < 0.001 ****p < 0.0001. (f) Hematoxylin and eosin (H&E) staining of lung sections from mice
infected Mouse-adapted WBP-1 virus (Exfoliated necrotic cells, black arrow; Mononuclear lymphocytes, green arrow; Inflammatory exudate, red arrow; Vascular thrombosis, blue
arrow). Scale bars (black), 100 mm. Scale bars (green), 50 mm. (g) Immunohistochemical detection of viral antigen using anti-Spike protein Rabbit monoclonal antibody in bronchi
and alveoli. Scale bars (black), 100 mm. Scale bars (green), 50mm.
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bronchiolar ciliated and alveolar epithelial were positive for SARS-
CoV-2 S antigen (Fig. 2g) in infected mice, but not in the mock-
infected control. In the lesional areas of the lungs, sequential IHC-
stained sections revealed viral antigens in macrophages, alveolar epi-
thelia, and degenerative and desquamating bronchial epithelial cells.
Viral antigens were undetectable in the heart, liver, spleen, kidney,
brain, and intestine (data not shown). Consequently, WBP-1 in mice
reproduced pathogenic characteristics that closely resemble the
many human COVID-19 clinical manifestations, including morbidity,
mortality, and pulmonary pathology.

3.5. Mouse adapted WBP-1 virus used mouse ACE2 to gain access to
cells

To investigate whether the mouse-adapted WBP-1 viral strain,
which acquired Q493K and Q498H mutations in RBD, use mouse
ACE2 (mACE2) to enter the cell, Hela cells were infected with
Wuhan-Hu-1 or WBP-1 viruses after transfection of hACE2 or mACE2
expressing plasmids (Fig. 3). Wuhan-Hu-1 or WBP-1 virus NP was
not detected in control plates transfected with p3XFLAG. In the
hACE2 group, both Wuhan-Hu-1 and WBP-1 viruses could enter and
replicate in Hela cells. In mACE2 expressing cells, however, only
mouse adapted virus WBP-1 but not parent strain Wuhan-Hu-1 could
infect. Collectively, these results clearly demonstrate that WBP-1 is
capable of using mouse ACE2 to gain access to host cells, while its
ability to infect human cells are not altered.

3.6. Mouse adapted WBP-1 RBD binds to mouse ACE2

To determine the impact of two acquired amino acid mutations in
the WBP-1 RBD on the ability of the mouse-adapted virus to utilize
mACE2 as a receptor, structural modeling was performed using the
RBD: hACE2 structure as a reference (Fig. 4a). Structure remodeling
suggested the binding affinity of Q493K/Q498H-RBD to hACE2 were
almost unchanged compared to that of WT RBD (Fig. 4b). However,
molecular modelling of the receptor interface predicted no interac-
tion between Wuhan-Hu-1 RBD and with mouse ACE2 (Fig. 4c). The
substitution of residue Q493K interact with N71 of mouse ACE2 via
H-bond. Q498H interacting with Y41 was found to form a solid pi-
bond interaction (Fig. 4d).

Next, we determined the binding affinity of WBP-1 RBD to mACE2
using biolayer interferometry (BLI) (Fig. 4e-l). The human Fc (hFc)-
tagged ACE2s were first captured by sensors preimmobilized with
anti-human IgG antibodies, and then the serially diluted RBDs were
added to the plates. Consistent with our hypothesis, mACE2 inter-
acted with Q493K-RBD (Fig. 4e), Q498H-RBD (Fig. 4f), Q493K/Q498H-
RBD (Fig. 4g) with an equilibrium dissociation constant (KD) of
2.68 £ 10�9, 1.23 £ 10�9 and 1.04 £ 10�9, respectively, with the



Fig. 3. WBP-1 virus using mouse ACE2 to gain access to cells was determined by immunofluorescence. Hela cells with transfection of empty vector (Flag), hACE2, or mACE2 plas-
mids were infected with WTWuhan-Hu-1 or mouse-adapted WBP-1. ACE2 expression was detcted using rabbit anti-ACE2 IgG followed by CoraLite594-conjugated goat anti-rabbit
IgG (H+L). SARS-CoV-2 nucleocapsid expression was detected using mouse anti-NP IgG followed by CoraLite488-conjugated Affinipure goat anti-mouse IgG(H+L). Nuclei were
stained with DAPI. Scale bars, 200mm.
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double mutant Q493K/Q498H-RBD being the strongest binder. No
binding between the mACE2 and the WT-RBD (Fig. 4h) was detected
through BLI experiments. Next, BLI was performed to determine if
the two mutations affect RBD binding to human ACE2 (Fig. 4i-l). The
result showed that neither Q493K nor Q498H had a substantial effect
on the RBD binding affinity with hACE2. Although Q493K and Q498H
were able to increase RBD binding affinities with mACE2, they were
substantially lower than that with hACE2.

3.7. R848 inhibits SARS-CoV-2 in vitro and in vivo

TLR7/8 agonist R848 has been explored as an antiviral therapeutic
agent against HIV‑1, Zika, HBV, and MNV viruses. We found that at
concentrations without obvious cytotoxicity (Figure S4a), R848
exhibited dose-response inhibition of SARS-CoV-2 (Wuhan-Hu-1)
replication in vitro (Fig. 5a, S4b). Then we tested whether R848 could
also inhibit the replication of mouse-adapted WBP-1 SARS-CoV-2 in
the mouse model. Mice were intraperitoneally injected with R848
after immediately intranasal infection with the WBP-1 virus, and fur-
ther treated with R848 or PBS once a day for four consecutive days.
The two groups of mice infected with WBP-1, regardless of treatment
with PBS or R848, showed drastic weight loss at day 2 dpi (Fig. 5b).
However, R848-treated mice began to gain weight after 3 dpi and
showed better mental state than those in the PBS group (Figs. S5).
R848-treated mice in PBS group showed bristled fur, severe body
weight loss, breathing difficulties, depressed spirits and lethality.
Almost no clinical symptoms appeared in R848-treated mice. All
mice in the R848 group survived and regained their original weight
at 6 dpi, but all mice in the PBS group were dead by 6 dpi (Fig. 5c).
Three mice in the each group were sacrificed 5 dpi, and their lungs
and tracheas were collected for viral load determination and
histopathology analysis (Figs. 5d). The level of lung viral loads in the
R848 group (105.0 copies/g) remained significantly (P < 0.0001) lower
than those observed in mice of the PBS group (109.2 copies/g). Inter-
estingly, R848 inhibited the replication of mouse-adapted SARS-CoV-
2 in the trachea (P < 0.0211), but failed to do so in the nasal turbinate
(P = 0.6169). Histopathology analysis showed that inflammatory lung
injury and thickened alveolar septa was less severe in R848-treated
mice than that in the PBS group (Fig. 5e). Therefore, these results
demonstrated that the WBP-1 virus mouse model could serve as a
platform for assessing SARS-CoV-2 therapeutics.

4. Discussion

Mouse-adapted viruses were available for both MERS-CoV and
SARS-CoV [24,25]. Both MERS-15 (MERS-CoV) and MA15 (SARS-CoV)
viruses were obtained after 15 passages in young adult mice.
Recently, several mouse-adapted SARS-CoV-2 strains were produced
through either reverse genetics or passaging in mice [4,15,26,27].
Through the latter approach, MASCp6, MA10, and HRB26 were gener-
ated after 6, 10, and 15 passages, respectively. Herein, we produced
WBP-1 after 11 passages in mice. The fewer number of passages used
for SARS-CoV-2 adaption suggests that compared to MERS-CoV and
SARS-CoV, SARS-CoV-2 is more likely to mutate to produce viruses
that are capable of infecting mice. Elder human populations are most
susceptible to SARS-CoV-2 and develop a more serious disease with
higher mortality [28]. Likewise, our previous studies demonstrated
that aged mice were susceptible to SARS-CoV-2 and the virus repli-
cated better in aged mice than in young ones (unpublished results).
In this study, the lungs in aged mice infected with Wuhan-Hu-1 (i.e.
P1 passage) had peak viral titers (104.77~5.05 PFU/mL) at 3 dpi, and
then decreased loads (101.85~2.17 PFU/mL) at 5 dpi. In contrast to old



Fig. 4. Mouse-adapted WBP-1 virus RBD enhance interactive affinities with mACE2. (a-d) Modelling of SARS-CoV-2 RBD�ACE2 interface. (a) Wuhan-Hu-1 RBD interacts with of
human ACE2. (b) WBP-1 RBD (Q493K/Q498H-RBD) interacts human ACE2. (c) Modelling of Wuhan-Hu-1 RBD and mouse ACE2. (d) Modelling of WBP-1 RBD (Q493K/Q498H-RBD)
shows interaction with mouse ACE2. (e-l) The binding affinities of the RBD of WBP-1 and mACE2 or hACE2 were determined through BLI experiments. The sensors were dipped in
mACE2-hFC and functionalized sensorgrams captured upon incubation of Q493K-RBD (e), Q498H-RBD (f), Q493K/Q498H-RBD (g), and WT-RBD (h) at 6.25 (black), 12.5 (blue), 25
(green), and 50 nM (red). The sensors were dipped in hACE2-hFC and functionalized sensorgrams captured upon incubation of Q493K-RBD (i), Q498H-RBD (j), Q493K/Q498H-RBD
(k), and WT-RBD (l) at 50 (black), 100 (blue), 200 (green), and 400 nM (red).
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mice, young mice infected with Wuhan-Hu-1 had much lower viral
titers (101.95~2.60 PFU/mL) at 3 dpi and no detectable titers at 5 dpi.
Therefore, the first generation of viruses passaged in 12-month-old
BALB /c mice were harvested at 3 dpi to obtain more virions for con-
tinued serial passage in young mice.

Mouse-adapted WBP-1 virus acquired a deletion and five amino
acid substitutions in 3CLpro, NSP6, NSP9, and S proteins. The NSP6
protein of SARS-CoV-2 is a multi-pass transmembrane protein and it
has been shown to antagonize IFN-I production by binding TANK-
binding kinase 1 to suppress interferon regulatory factor 3 phosphor-
ylation [29�31]. NSP6 is targeted to the endoplasmic reticulum
where it induces the formation of autophagosomes [32]. Therefore,
mutations in NSP6 may affect viral autophagy. It has also been shown
that NSP6, together with NSP3 and NSP4, induce double-membrane
vesicles that anchor the RNA replication complex during SARS-CoV
coronavirus infection [33]. However, the I7T mutation is located in
vesicular lumen, and therefore this mutation probably has little effect
on its viral RNA replication. The 3CLpro is essential for viral polypro-
tein maturation during viral replication and considered as a promis-
ing drug target. The mutation F294L, which is located in helix 11, is
~30-A

�
away from the catalytic active site and therefore should not

affect proteolytic activity of 3CLpro [34]. A previous study investigated
mutational frequencies of 579 complete SARS-CoV-2 genome
sequences and indicated that NSP9 is highly conserved [35]. The
function of NSP9 remains unclear, but is related to viral RNA synthe-
sis [36]. Moreover, NSP9 binds RNA and interacts with NSP8 (RNA
dependent RNA polymerase cofactor), which may be essential for its
function [37]. NSP9 is associated with the virulence of mouse-
adapted SARS-CoV in young mice [38]. In this study, the contributions
of T77I in NSP9 to SARS-CoV-2 mouse adaptation or viral
pathogenesis should be further investigated. In addition, WBP-1 virus
bearing a 740bp deletion truncates open ORF6 and removes the
ORF7a, ORF7b, and ORF8. Interestingly, as shown in Figure S1a, P2
viruses acquired the deletion with mutation rates at 100%. SARS-
CoV-2 ORF6 was demonstrated the strong suppression on interferon
signaling [39]. It is not clear whether the remaining ORF6 truncation
in WBP-1 virus will maintain the similar function. SARS-CoV-2 var-
iants with ORF7b/8 deletions of various lengths have been detected
in different regions [40]. Complete or partial ORF8 deletions were
also observed in SARS-CoV [41�43]. Frequent deletions around the
ORF8 gene suggested that it was an evolutionary hot spot for adapta-
tion of SARS-CoV to hosts [42]. SARS-CoV-2 variants with a 382-
nucleotide deletion in the ORF8 result in a milder clinical illness than
that caused by the wild-type virus [44].

Several mouse-adapted SARS-CoV-2 strains, such as MASCp6
(N501Y), MA10 (Q493K) and HRB26 (Q498H), increase virulence or
replication in mice likely attributed to one of the mutations in the S
protein [15,26,45,46]. The mutations N501Y, Q493K, or Q498H were
predicted to enhance interactions with the mACE2 receptor. Interest-
ingly, WBP-1 acquired both Q493K and Q498H mutations simulta-
neously. In this study, we experimentally determined the binding
affinities and demonstrated for the first time that Q493K, Q498H, or
both increased the interactive affinities of RBD with mACE2. Although
these mouse-adapted SARS-CoV-2 strains all replicate efficiently in
the lung of mice, MASCp6 and HRB26 only cause mild pathological
changes in lung and produce no obvious clinical symptoms of respira-
tory disease [15,26]. For reported mouse-adapted strains. High-titer
virus replication was observed in lung tissue at 2 or 3 dpi and
decreased by 4 or 5 dpi. In comparison, High viral loads were
observed in the lung of WBP-1 infected mice and remained little



Fig. 5. R848 inhibits SARS-CoV-2 in vitro and in vivo. (a) Caco2 cells were treated with R848 (0-20mM) for 24 h before infection with viruses at a multiplicity of infection (MOI) of 1.
Infected cells were further incubated in the R848. Samples were collected at 48 and 72 h post infection (hpi) and viral titers were determined using plaque assays. (b-e) (n = 10)
Mice were intraperitoneally injected with R848 after immediately intranasal infection with the WBP-1 virus. Infected mice were further treated with the R848 or PBS once a day for
four consecutive days. Mice were monitored for weight loss (b) and survival (c) for 10 days. (d) Viral loads in mice lung, trachea and turbinate were determined at 5 dpi. (e) Hema-
toxylin and eosin (H&E) staining of lung sections from PBS or R848 treated mice. Scale bars (black), 100 mm. Scale bars (green), 50 mm. (a) and (d), Log transformed data analyzed
by Two-way ANOVA followed by Sidak's multiple comparisons. The line represents the mean and error bars represent standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001
****p < 0.0001.

K. Huang et al. / EBioMedicine 67 (2021) 103381 9
changed from 3 dpi to 5 dpi. Moreover, WBP-1 causes more serious
pathogenic indices (bristled fur, depressed spirits, body weight loss,
high reproduction in lung, lung damage, and lethality) in mice. Inter-
estingly, this mouse model also successfully reproduced inflamma-
tory pulmonary vascular thrombosis that was reported in human and
rhesus macaques. Syrian hamster model for SARSCoV-2 infection
failed to replicate the symptoms of severe case and even death,
though it recapitulated the clinical, virological, histopathological, and
immunological characteristics of human disease [47]. We assessed
the LD50 of the WBP-1 was determined to be 103.8 PFU, and mice
infected with 2 LD50 showed large pneumocyte degeneration and
necrosis in the lung. In addition, WBP-1 virus growth in Vero
cells is similar to that of Wuhan-Hu-1 virus. According to 2019
Novel Coronavirus Resource of China National Center for Bioinfor-
mation, a total of 1605 amino acid changes are identified in S
protein, of which, 204 located in the RBD (https://bigd.big.ac.cn/
ncov/protein). It is worth noting that eight SARS-CoV-2 strains
from several countries have naturally acquired Q493K mutation
in RBD which may allow the virus to bind mACE2 and infect
mice. Therefore, we propose that the Q493K and Q498H muta-
tions in RBD could serve as an indicator for recognizing SARS-
CoV-2 variants with potential public health risk that could
emerge at the human-mouse interface.

UsingWBP-1 and BALB/c mice, we demonstrated that the antiviral
compound R848 (Resiquimod) can be used to effectively treat SARS-
CoV-2 infection. As a dual TLR7/TLR8 agonist, R848 is used as a drug
to help treat topical viral infections, tumors and asthma, or as an
adjuvant to increase the effective of vaccines [48]. The activation of
Toll-like receptors triggers a signaling cascade that leads to the pro-
duction of interferon-stimulated genes and proinflammatory cyto-
kines with antiviral activities. R848 have been reported to inhibit the
herpes simplex virus-type-1 and -2, HIV‑1, Zika, and hepatitis B
viruses in vitro [48�51], but, there are few reports regarding the anti-
viral activity of R848 in vivo. Zhao et al. found that the intranasal pre-
treatment of aged mice with R848 provided a certain level of
protection against lethal SARS-CoV or influenza A virus challenges
[51]. Herein, we verified the antiviral activity of R848 against
SARS-CoV-2 in vitro and in vivo. It is worth noting that our initial
test using Vero cells was not successful, possibly due to a failure
to produce interferon-stimulated genes that interferes with spe-
cific steps of viral replication in the IFN-deficient Vero cell line.
Moreover, R848 inhibited the replication of mouse-adapted SARS-
CoV-2 in the lung and trachea, but failed to do so in the nasal
turbinate. Similarly, postchallenge neutralizing antibodies therapy
reduces SARS-CoV-2 infection in the lungs but considerably less
in nasal turbinate [21]. Tian et al. suggested that immunosuppres-
sion occurs in the early stage of COVID-19 infection and then an
activated immune response emerges in severely affected patients
[52]. The cytokine storm symptoms in COVID-19 have promoted
the use of potent immunomodulatory therapies in clinical trials
and on a compassionate basis [53]. Considering that R848 is an
immunomodulator that activates host immune responses, it may
be suitable for prophylaxis or early treatment before patients
develop severe clinical symptoms. Our results suggest that intra-
peritoneally delivered R848 should be further investigated for
lack of clinical data on the use of R848.

https://bigd.big.ac.cn/ncov/protein
https://bigd.big.ac.cn/ncov/protein
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In summary, we generated a mouse-adapted WBP-1 virus that
produces severe lung infections in mice that closely recapitulate lung
pathologies and symptoms caused by COVID-19 in humans. The
availability of a small animal model for SARS-CoV-2 with a severe dis-
ease phenotype provides a valuable tool for the evaluation of novel
antiviral and vaccine strategies, especially in determining the immu-
nopathological consequences of any intervention. We characterized
the dynamics of the adaptive mutations in SARS-CoV-2 and demon-
strated for the first time that the Q493K and Q498H mutations in the
RBD of WBP-1 enhanced its interactive affinities with mACE2. This
study also verified the antiviral activity of Resiquimod against SARS-
CoV-2 using this mouse model. Additionally, further studies of the
viral mutations associated with mouse adaptation may provide new
insights into virulence determinants as well as virus host interaction.
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