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A mouse-adapted model of SARS-CoV-2 to 
test COVID-19 countermeasures

Kenneth H. Dinnon III1,8, Sarah R. Leist2,8, Alexandra Schäfer2, Caitlin E. Edwards2,  
David R. Martinez2, Stephanie A. Montgomery3, Ande West2, Boyd L. Yount Jr2, Yixuan J. Hou2, 
Lily E. Adams1, Kendra L. Gully2, Ariane J. Brown2, Emily Huang2, Matthew D. Bryant4,  
Ingrid C. Choong4, Jeffrey S. Glenn5,6, Lisa E. Gralinski2, Timothy P. Sheahan2 & Ralph S. Baric1,2,7 ✉

Coronaviruses are prone to transmission to new host species, as recently 
demonstrated by the spread to humans of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), the causative agent of the coronavirus disease 2019 
(COVID-19) pandemic1. Small animal models that recapitulate SARS-CoV-2 disease are 
needed urgently for rapid evaluation of medical countermeasures2,3. SARS-CoV-2 
cannot infect wild-type laboratory mice owing to inefficient interactions between the 
viral spike protein and the mouse orthologue of the human receptor, angiotensin- 
converting enzyme 2 (ACE2)4. Here we used reverse genetics5 to remodel the 
interaction between SARS-CoV-2 spike protein and mouse ACE2 and designed 
mouse-adapted SARS-CoV-2 (SARS-CoV-2 MA), a recombinant virus that can use 
mouse ACE2 for entry into cells. SARS-CoV-2 MA was able to replicate in the upper and 
lower airways of both young adult and aged BALB/c mice. SARS-CoV-2 MA caused 
more severe disease in aged mice, and exhibited more clinically relevant phenotypes 
than those seen in Hfh4-ACE2 transgenic mice, which express human ACE2 under the 
control of the Hfh4 (also known as Foxj1) promoter. We demonstrate the utility of this 
model using vaccine-challenge studies in immune-competent mice with native 
expression of mouse ACE2. Finally, we show that the clinical candidate interferon-λ1a 
(IFN-λ1a) potently inhibits SARS-CoV-2 replication in primary human airway epithelial 
cells in vitro—both prophylactic and therapeutic administration of IFN-λ1a 
diminished SARS-CoV-2 replication in mice. In summary, the mouse-adapted 
SARS-CoV-2 MA model demonstrates age-related disease pathogenesis and supports 
the clinical use of pegylated IFN-λ1a as a treatment for human COVID-196.

Zoonotic coronaviruses are readily transmitted to new host species, 
as demonstrated by the emergence of SARS-CoV in 2002 and 2003, 
Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 and 
SARS-CoV-2, the causative agent of the COVID-19 pandemic. SARS-CoV-2 
has caused millions of infections and hundreds of thousands of deaths 
worldwide. As there are currently no approved vaccines and only one 
antiviral agent approved7 for emergency use against SARS-CoV-2, small 
animal model systems are vital to improve understanding of disease 
mechanisms of COVID-19 and to evaluate medical countermeasures for 
improved global health. Mouse models can provide key insights into 
the pathogenic mechanisms of coronavirus disease and can serve as 
high-throughput preclinical evaluation platforms to identify highly per-
forming antiviral agents and vaccines2,8. SARS-CoV-2 enters host cells 
by binding the cellular receptor ACE2. However, standard laboratory 
mice do not support infection with SARS-CoV-2 owing to incompat-
ibility of the spike (S) protein with mouse ACE2, complicating model 
development4.

Infection of Hfh4-ACE2 transgenic mice
Animal models will be critical for development of medical counter-
measures to the COVID-19 pandemic. Laboratory mice infected with 
mouse-adapted strains of SARS-CoV and MERS-CoV have informed 
our understanding of viral pathogenesis and intervention strate-
gies. Several animal models for SARS-CoV-2 have been reported, 
with varying degrees of viral replication and clinical disease, includ-
ing ACE2 transgenic mice9–11 and virally transduced ACE2 mice8,12,13, 
which express human ACE2, ferrets14, hamsters15,16 and non-human 
primates17–19. To determine the utility of mice overexpressing human 
ACE2 under the control of the Hfh4 (also known as Foxj1) promoter 
as a model for SARS-CoV-2 disease, we infected with Hfh4-ACE2 mice 
with SARS-CoV-29,20,21. The Hfh4 promoter drives expression of human 
ACE2 in ciliated cells of respiratory tract epithelium and in the central 
nervous system22,23. Hfh4-ACE2 mice infected with SARS-CoV-2 showed 
little weight loss, but only 60% survived at 5 days post-infection (dpi) 
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(Extended Data Fig. 1a, b). Virus was detected in the lung at 2 and 5 dpi 
(Extended Data Fig. 1c). Similar to previous reports of SARS-CoV and 
SARS-CoV-2 infection in Hfh4-ACE2 mice, SARS-CoV-2 virus was detected 
in the brains of mice that succumbed to infection, suggesting that 
mortality was driven by viral invasion of the brain9,21 (Extended Data 
Fig. 1d). Finally, we used whole-body plethysmography to monitor 
pulmonary function in mice infected with SARS-CoV-224. We evaluated 
several complementary metrics of pulmonary obstruction and bron-
choconstriction, including enhanced pause (PenH) and the fraction 
of expiration time at which the peak occurs (Rpef), which remained 
at normal levels for the duration of these studies, further indicating 
that respiratory infection was probably not a major driver of mortal-
ity (Extended Data Fig. 1f, g). Thus, although ACE2 expression driven 
by the Hfh4 promoter facilitates SARS-CoV-2 infection of mice, the 
observed pathogenesis does not accurately model the more severe 
disease manifestations observed in humans.

Remodelling the SARS-CoV-2–ACE2 interface
Next, instead of genetically altering the host, we sought to remodel 
the SARS-CoV-2 S receptor-binding domain (RBD) to facilitate efficient 
binding to mouse ACE2. We compared the ACE2-contacting residues 
in the RBDs of S proteins from several group 2B coronaviruses capa-
ble of infecting mice with those of SARS-CoV-221,25,26 (Fig. 1a, Extended 
Data Fig. 2). There were variations in this region in S proteins from 
SARS-CoV, WIV1 and SHC014 at a few amino acid positions, but residue 
498 of SARS-CoV-2 was uniquely divergent, suggesting incompatibility 
of SARS-CoV-2 Q498 with mouse ACE2. In addition, molecular mod-
elling of the SARS-CoV-2 S RBD–receptor interface predicted a loss 
of the interaction between Q498 of SARS-CoV-2 S protein and Q42 of 
human ACE2 with mouse ACE2 (Fig. 1b, c), which may diminish binding 
efficiency. Thus, substitution of residue Q498 and the adjacent P499 
with Y and T, respectively, from WIV1 and SARS-CoV might restore the 
interaction with Q42 of mouse ACE2 while preserving the interaction 
with human ACE2 (Fig. 1d, e). Using reverse genetics22, we engineered 
Q498Y/P499T into the SARS-CoV-2 S gene and recovered the recombi-
nant virus (SARS-CoV-2 MA). Notably, SARS-CoV-2 MA replicated with 
slightly lower titres compared with parental wild-type virus in Vero E6 
cells (Fig. 1f) and primary differentiated bronchiolar human airway 
epithelial (HAE) cells (Fig. 1g). In contrast to wild-type SARS-CoV-2, 
SARS-CoV-2 MA RNA could be detected in cells expressing mouse ACE2 
by 24 h after infection (Fig. 1h).

SARS-CoV-2 MA replicates in mouse airways
After demonstrating SARS-CoV-2 MA could use mouse ACE2 for entry 
into cells, we sought to determine whether this virus could infect young 
adult wild-type mice. Although overt clinical signs of infection such 
as weight loss were not observed in young adult BALB/c mice infected 
with 105 plaque-forming units (PFU) SARS-CoV-2 MA (Fig. 2a), high-titre 
virus replication was observed in lung tissue at 2 dpi, but was cleared 
by 4 dpi (Fig. 2b). Under identical conditions, replication of wild-type 
SARS-CoV-2 was not detected. Using whole-body plethysmography, we 
found that young adult mice infected with SARS-CoV-2 MA showed a 
small but significant change in PenH (Fig. 2d) and a significant decrease 
in Rpef (Fig. 2e) at 2 dpi, indicative of impaired lung function. Histologi-
cal analysis of mice infected with SARS-CoV-2 MA revealed insterstitial 
congestion, epithelial damage, inflammatory infiltrate and peribron-
chiolar lympocytic inflammation surrounding airways at 2 dpi; viral 
antigen staining revealed these to be the main sites of viral replication 
(Fig. 2f). At 4 dpi, histological analysis showed increased inflammation 
and haemorrhage in the lung (Fig. 2g). Concordant with infectious 
titre data demonstrating virus clearance by 4 dpi, viral antigen was not 
detected in lung tissue sections at this time (Fig. 2b, g). Similar to obser-
vations of SARS-CoV-2 in humans, SARS-CoV-2 MA was observed in the 

upper airway and viral antigen was present in nasal turbinate epithelium 
at 2 dpi (Fig. 2c, h). Thus, similar to SARS-CoV-2 infection in humans, 
SARS-CoV-2 MA infection in young adult mice resulted in efficient virus 
replication in the upper and lower airways and limited replication in 
the parenchyma, and was associated with mild-to-moderate disease.

Age effect on SARS-CoV-2 disease in mice
Higher morbidity and mortality rates have been consistently observed 
in older human populations throughout the COVID-19 pandemic27. 
Additionally, wild-type and mouse-adapted SARS-CoV show highly 
age-dependent disease phenotypes in humans and mice, respec-
tively28,29. To determine whether the infection of aged mice with 
SARS-CoV-2 MA would recapitulate the age-dependent increase in 
disease severity observed in humans with COVID-19, we infected 
one-year-old BALB/c mice with SARS-CoV-2 MA. In contrast to young 
adult mice, aged BALB/c mice exhibited a transient but significant 
decrease in body weight at 3–4 dpi compared with mock-infected 
mice (Fig. 3a) (old versus young, P < 0.0001 (3 dpi) and P < 0.0040 
(4 dpi)). Similar to young adult mice, aged mice had high viral titre in 
the lung at 2 dpi, but in contrast to young adult mice, viral clearance 
in the aged mice was delayed, as indicated by detectable virus at 4 dpi 
(Fig. 3b). Similarly, replication in the upper airway persisted in half of 
the aged mice at 4 dpi (Fig. 3c). The loss of pulmonary function was 
more pronounced in aged animals, as shown by significant differences 
in PenH and Rpef among mock-infected and SARS-CoV-2 MA-infected 
mice (Fig. 3d, e). PenH was significantly higher in aged mice infected 
with SARS-CoV-2 MA at 2 dpi compared with young mice infected 
with SARS-CoV-2 MA (P = 0.0457). Rpef was significantly lower in aged 
infected mice at 2 dpi (P = 0.0264) and 4 dpi (P = 0.0280). Compared 
to young mice, aged mice infected with SARS-CoV-2 MA displayed 
increased epithelial damage, peribronchiolar lymphocytic inflamma-
tion, haemorrhage and oedema in the lung at 2 dpi and 4 dpi, and viral 
antigen was found in conducting airway epithelium, interstitium and 
nasal epithelium, with minimal antigen staining at 4 dpi, concordant 
with detection of viral titre (Fig. 3b, f–h). Additionally, levels of sev-
eral proinflammatory cytokines were increased in the lung but not in 
the serum at 2 dpi, indicative of a localized cytokine and chemokine 
response (Extended Data Fig. 3).

Vectored vaccine and IFN-λ1a efficacy
As demonstrated with mouse-adapted strains of SARS-CoV25, the 
replication-competent SARS-CoV-2 MA strain facilitates the identifi-
cation of virus and host factors that guide pathogenesis and disease 
severity and enables rapid testing of intervention strategies in standard 
laboratory mice. Using a virus replicon particle (VRP) system, we vac-
cinated ten-week-old BALB/c mice against SARS-CoV-2 S and nucle-
ocapsid (N), with GFP as a control, with a boost after three weeks, and 
challenged them four weeks after the boost with SARS-CoV-2 MA. Three 
weeks after the boost, serum from mice vaccinated with S—but not 
from mice vaccinated with GFP or N—potently neutralized SARS-CoV-2 
reporter virus expressing nanoluciferase (nLUC) (Fig. 4a). Upon chal-
lenge with SARS-CoV-2 MA, only mice vaccinated with VRP expressing 
S exhibited significantly diminished viral titre in the lungs and nasal 
turbinate (Fig. 4b, c).

IFN-λ is a type III interferon; its receptors are largely limited to epithe-
lial cells, including those in the lungs30,31. Treatment with IFNs has been 
used as panviral treatment for several viral infections, including in trials 
for the treatment of SARS-CoV and MERS-CoV infections. Pegylated 
human interferon lambda-1 (PEG-IFN-λ1) is a phase-3-ready treatment 
for hepatitis delta virus infection and has been proposed as a treatment 
for patients with COVID-1932. Thus, we sought to determine whether 
PEG-IFN-λ1 would initiate an antiviral response capable of inhibiting 
productive infection of HAE cell cultures by SARS-CoV-2. Pretreatment 
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of HAE cells with PEG-IFN-λ1 provided a potent dose-dependent reduc-
tion in production of infectious SARS-CoV-2 (Fig. 4d).

To determine whether the in vitro antiviral effect of peg-IFN-λ1 trans-
late to in vivo efficacy, we performed prophylactic and therapeutic 
efficacy studies in one-year old BALB/c mice. We subcutaneously admin-
istered 2 μg PEG-IFN-λ1 18 h before or 12 h after infection of mice with 
105 PFU SARS-CoV-2 MA. Both prophylactic and therapeutic adminis-
tration of PEG-IFN-λ1 significantly reduced weight loss at 2 and 3 dpi 
(Fig. 4e) and diminished SARS-CoV-2 MA replication in the lung at 2 dpi 
(Fig. 4f). PEG-IFN-λ1 had minimal effects on viral titre in nasal turbinate, 
although the accuracy of these readings was probably limited by the low 
limit of detection (LOD) (Fig. 4g). Both prophylactic and therapeutic 
PEG-IFN-λ1 protected mice from pulmonary dysfunction, as measured 
by PenH and Rpef (Fig. 4h, i). PEG-IFN-λ1 also reduced the SARS-CoV-2 
MA titre in the lungs of treated young mice at 2 dpi (Extended Data 
Fig. 4a, b). When tested in Hfh4-ACE2 mice, PEG-IFN-λ1 reduced viral 
titre in the lungs at 2 dpi, but had no effect at 5 dpi (Extended Data 
Fig. 4c–e), possibly owing to decreased potency by 5 dpi. Together, 

these data demonstrate the utility of these models for rapid evaluation 
of vaccines and therapeutic drug efficacy in standard laboratory mice. 
In addition, they demonstrate that PEG-IFN-λ1 exerts potent antiviral 
activity against SARS-CoV-2 in vitro and can diminish virus replication 
in vivo even when given therapeutically.

Discussion
Structural studies have identified the residues in SARS-CoV and 
SARS-CoV-2 S-protein RBD that bind human ACE233,34. Using molecu-
lar modelling and reverse genetics22, we altered the SARS-CoV-2 
RBD to enable viral entry via mouse ACE2, highlighting the preci-
sion of the structure-based predictions. Unlike parental wild-type 
virus, the resultant recombinant virus (SARS-CoV-2 MA) is able to 
use mouse ACE2 to infect cells in vitro. Recombinant SARS-CoV-2 MA 
did not grow more efficiently than wild-type virus in primary HAE or 
Vero cells, suggesting that the fitness of the virus is not increased 
in human cells. SARS-CoV-2 MA replicated in both the upper and 
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Fig. 1 | Generation of SARS-CoV-2 MA. a, Table of group 2B S RBD–ACE2 
interacting residues. Amino acid positions are numbered relative to SARS-CoV 
(top row) and SARS-CoV-2 (bottom row). Green shading indicates contacts as 
determined by published crystal structures. Amino acids are coloured by 
BLOSUM62 conservation score relative to S protein from SARS-CoV Urbani 
(red, least conserved; blue, most conserved). SARS-CoV Urbani, SARS-CoV 
MA15, WIV1 and SHC014 S proteins can use mouse ACE2 as a functional 
receptor, whereas SARS-CoV-2 S cannot. The red outline indicates Q498 in 
SARS-CoV-2 S, which makes contact with human ACE2 in both SARS-CoV Sand 
SARS-CoV-2 S, and is divergent in SARS-CoV-2. b, SARS-CoV-2 S RBD–human 
ACE2 interface (PDB: 6M0J). SARS-CoV-2 S Q498 (red) interacts with Q42 
(magenta) of human ACE2. c, Modelling of SARS-CoV-2 S RBD and mouse ACE2. 
SARS-CoV-2 S Q498 does not interact with Q42 of mouse ACE2. d, Modelling of 
SARS-CoV-2 S(Q498Y/P499T) (orange) shows restored interaction with Q42 of 

mouse ACE2. e, Modelling of SARS-CoV-2 S(Q498Y/P499T) showing interaction 
with Q42 of human ACE2. f, g, Single-step growth curve of SARS-CoV-2 (WT) and 
SARS-CoV-2 MA (MA) in Vero E6 (f) and HAE (g) cells. The dotted line represents 
LOD. The log-transformed data were analysed by two-way analysis of variance 
(ANOVA) followed by Sidak’s multiple comparisons. In f, *P = 0.0053 (36 h).  
h, Non-permissive DBT-9 cells were transfected to express human ACE2 or 
mouse Ace2 and infected with SARS-CoV-2 or SARS-CoV-2 MA. Viral RNA was 
quantified by quantitative PCR with reverse transcription (RT–qPCR) 24 h after 
infection and normalized expression in cells transfected with empty vector. 
The log-transformed data were analysed by two-way ANOVA followed by 
Dunnett’s multiple comparisons. *P = 0.0322 (ACE2), *P < 0.0001 (Ace2).  
In f–h, n = 3 technical replicates for each group, representative of  
2 independent experiments. Data are mean ± s.d.
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Fig. 2 | SARS-CoV-2 MA replicates in young BALB/c mice. a–h, Twelve-week- 
old female BALB/c mice were mock-infected (grey) (a, d, e) or infected with 105 
PFU wild-type SARS-CoV-2 (black) or SARS-CoV-2 MA (red) (a–e). Combined 
data from two independent experiments. a, Weight loss. The dotted line 
represents weight-loss criteria for humane euthanasia. Data were analysed 
using mixed-effects analysis followed by Dunnett’s multiple comparisons.  
b, c, Viral lung (b) and nasal turbinate (c) titre (2 dpi: n = 5 (WT), n = 10 (MA); 
4 dpi: n = 5 (WT), n = 9 (MA)). The dotted line represents LOD. Undetected 
samples are plotted at half the LOD. The log-transformed data were analysed by 
two-way ANOVA followed by Sidak’s multiple comparisons. ND, not 

determined. In b, *P ≤ 0.0001. d, e, Whole-body plethysmography assessing 
pulmonary function for PenH (d) and Rpef (e). Data were analysed by two-way 
ANOVA followed by Dunnett’s multiple comparisons. Data are mean ± s.e.m.  
In d, *P = 0.012 (2 dpi), 0.0025 (3 dpi), 0.0030 (4 dpi), 0.0018 (6 dpi). In e, 
*P = 0.0426 (1 dpi), 0.0194 (2 dpi), 0.0442 (3 dpi). f–h, Lung sections at 2 dpi (f) 
and 4 dpi (g), and nasal turbinates at 2 dpi (h). Haematoxylin and eosin (H&E) 
staining and immunohistochemistry staining for SARS-CoV-2 N protein, 
counterstained with haematoxylin. Scale bars, 200 μm. Images representative 
of two independent experiments.
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lower airways of BALB/c mice, and resulted in more severe disease in 
aged mice, reproducing the age-related increase in disease severity 
observed in humans. SARS-CoV-2 MA infection is cleared by 4 dpi in 

young but not in aged adult mice, probably owing to control by IFNs 
and the innate immune system12,35, and is exemplified by sensitivity 
to PEG-IFN-λ1.
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a–h, One-year-old female BALB/c were mock-infected (grey) or infected with 
105 PFU SARS-CoV-2 (black) or SARS-CoV-2 MA (red). Combined data from  
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two-way ANOVA followed by Sidak’s multiple comparisons. In b, *P ≤ 0.0001.  
d, e, Whole-body plethysmography assessing pulmonary function for PenH (d) 
and Rpef (e). Data were analysed by two-way ANOVA followed by Dunnett’s 
multiple comparisons. Data are mean ± s.e.m. In d, *P = 0.0014 (2 dpi). In e, 
*P ≤ 0.0001 (2 dpi), 0.0242 (3 dpi), 0.0130 (4 dpi), 0.0481 (5 dpi). f–h, Lung 
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and immunohistochemistry staining for SARS-CoV-2 N protein, counterstained 
with haematoxylin. Scale bars, 200 μm. Images representative of two 
independent experiments.
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SARS-CoV-2 is a pandemic pathogen of concern and the risk potential 
of experiments to intentionally alter host range was reviewed for poten-
tial pandemic pathogen care and oversight (P3C0) concerns before 
the research was started. By current US review standards, SARS-CoV-2 
MA was not considered dual-use research of concern, which is limited 
to a subset of pathogens. Before the start of the studies, appropriate 
discussion and documentation of proposed experiments and proto-
cols were reviewed and approvals were obtained by institutional and 
external review. We recommend that SARS-CoV-2 MA and its derivitives 
are maintained in a biosafety level 3 laboratory.

We show the utility of the SARS-CoV-2 MA model for screening 
medical countermeasures through vaccine challenge studies and 
the evaluation of a clinical candidate, PEG-IFN-λ1. PEG-IFN-λ1 is a 

phase-3-ready drug in clinical development for hepatitis delta virus 
infection. It has been given to more than 3,000 patients in the con-
text of 19 clinical trials as a weekly subcutaneous injection, often 
for 24–48 weeks, to treat patients with chronic viral hepatitis36,37. 
PEG-IFN-λ1 is a promising therapy for the treatment of SARS-CoV-2 
infection6, and blocks porcine coronavirus replication in gut cells 
in vitro38 and SARS-CoV replication in human airway cells39. Our 
results, which demonstrate reduction in SARS-CoV-2 infection in pri-
mary human cells and in mice, support further multiple-investigator 
sponsored studies currently underway to evaluate PEG-IFN-λ1 for 
prevention and treatment of SARS-CoV-2 infection (Clinicaltrials.
gov identifiers: NCT04331899, NCT04343976, NCT04344600 and 
NCT04354259).
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Fig. 4 | Evaluation of prevention and intervention strategies against 
SARS-CoV-2 MA infection in mice. a–c, Groups of 10-week-old female BALB/c 
mice were vaccinated with VRPs expressing wild-type S (n = 10), N (n = 8) or GFP 
(n = 4). a, Half-maximal inhibitory concentration (IC50) of sera taken three 
weeks after boost to neutralize SARS-CoV-2. The dotted line represents LOD. 
The log-transformed data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons. *P = 0.0003. b, c, Lung (b) and nasal turbinate (c)  
viral titre at 2 dpi. The dotted line represents LOD. Undetected samples are 
plotted at half the LOD. The log-transformed data were analysed as in a. In b, 
*P ≤ 0.0001. In c, *P = 0.0360. d, Human primary airway epithelial cells were 
pretreated for 24 h with PEG-IFN-λ1, followed by infection with SARS-CoV-2. 
Infectious virus in apical washes from 48 h after infection was titrated. 
Remdesivir (RDV) was used as positive control. Data are representative of two 
independent experiments with samples from distinct human donors.  
e–i, One-year-old female BALB/c mice were subcutaneously treated with 

vehicle or with 2 μg PEG-IFN-λ1 prophylactically or therapeutically and infected 
with SARS-CoV-2 MA. n = 5 per group per time point. e, Weight loss. The dotted 
line represents weight-loss criteria for humane euthanasia. Data were analysed 
by mixed-effects analysis followed by Dunnett’s multiple comparisons.  
In b, *P ≤ 0.0001 (prophylactic, 2 dpi), 0.0128 (therapeutic, 2 dpi), 0.0042 
(prophylactic, 4 dpi), 0.0037 (therapeutic, 4 dpi). f, g, Viral titres in the lung (f) 
and nasal turbinates (g) at 2 and 4 dpi. The dotted line represents LOD. The 
log-transformed data were analysed by two-way ANOVA followed by Dunnett’s 
multiple comparisons. h, i, Whole-body plethysmography assessing 
pulmonary function for PenH (h) and Rpef (i). Data were analysed as in e. Data 
are mean ± s.e.m. In h, *P = 0.0083 (prophylactic, 2 dpi), 0.0080 (therapeutic, 
2 dpi), 0.0029 (prophylactic, 3 dpi), 0.0020 (therapeutic, 3 dpi), 0.0327 
(therapeutic, 4 dpi). In i, *P = 0.0442 (prophylactic, 1 dpi), 0.0033 (therapeutic, 
1 dpi), 0.0048 (prophylactic, 2 dpi), 0.0118 (therapeutic, 3 dpi), 0.0259 
(prophylactic, 4 dpi), 0.0247 (therapeutic, 4 dpi).
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Although the mutations in the SARS-CoV-2 MA S-protein RBD may 

attenuate the function of some human monoclonal antibodies or vac-
cines in mice, this phenotype was not observed with mouse-adapted 
strains of SARS-CoV40–42 and the mutations did not alter the potent neu-
tralizing activity of two human monoclonal antibodies that target the 
SARS-CoV-2 S-protein RBD43. We also demonstrate that the Hfh4-ACE2 
transgenic mouse model21 supports efficient SARS-CoV-2 replication 
and pathogenesis in vivo. Thus, this transgenic mouse model offers 
an alternative model of replication and disease that uses wild-type 
SARS-CoV-2 and is appropriate for evaluating therapeutic antibodies 
and other countermeasures that target RBD epitopes that are altered 
in SARS-CoV-2 MA.

Similar to SARS-CoV infection, SARS-CoV-2 infection of Hfh4-ACE2 
transgenic mice results in mild bronchiolitis in young mice and about 
40% mortality; this mortality is associated with viral invasion of the 
central nervous system9,21,44. A recent study used a mouse Ace2 promoter 
to drive overexpression of ACE2, and infected 6- to 11-month-old mice, 
resulting in mild weight loss and pulmonary inflammation10. The dis-
crepancy in weight loss between that study and the Hfh4-ACE2 model 
presented here may be a result of differences in the age of mice used 
or differences in distribution of ACE2 expression. Models using viral 
delivery to overexpress human ACE2 in mice have also been reported8,12. 
Although these systems allow for rapid studies in commercially avail-
able mice, including knockout mice, the cellular distribution of human 
ACE2 may not faithfully recapitulate endogenously expressed ACE2 
and proper SARS-CoV-2 tropism.

Our SARS-CoV-2 MA model captures multiple aspects of SARS-CoV-2 
pathogenesis in young and aged BALB/c mice and provides an urgently 
needed high-throughput in vivo system to evaluate medical coun-
termeasures during this devastating pandemic. As the model uses 
standard immune-competent laboratory mice, its accessibility, ease 
of use, availability of reagents, cost and utility are more favourable 
than for other ACE2 transgenic mice, ferret, hamster and non-human 
primate models. The model also provides a key first step in the serial 
adaptation of SARS-CoV-2 in mice25, which could potentially select 
for variants that develop more severe pathogenic manifestations of 
acute respiratory distress syndrome, coagulopathies and other human 
disease outcomes. In addition, the SARS-CoV-2 MA model can be used 
to evaluate the role of host genetics and antiviral defence genes in viral 
pathogenesis using transgenic and knockout mice. Together, these data 
describe two new animal models with distinct features for testing of 
different medical countermeasures.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2708-8.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized. The investigators were not blinded 
to allocation during experiments and outcome assessment.

Ethics and biosafety
The generation of recombinant SARS-CoV-2 MA was approved for use 
under BSL3 conditions by the University of North Carolina at Chapel Hill 
Institutional Review Board (UNC-CH IBC) and by a Potential Pandemic 
Pathogen Care and Oversight committee at the National Institute of 
Allergy and Infectious Diseases (NIAID). All animal work was approved 
by Institutional Animal Care and Use Committee at University of North 
Carolina at Chapel Hill according to guidelines outlined by the Asso-
ciation for the Assessment and Accreditation of Laboratory Animal 
Care and the US Department of Agriculture. All work was performed 
with approved standard operating procedures and safety conditions 
for SARS-CoV-2. Our institutional BSL3 facilities have been designed 
to conform to the safety requirements recommended by Biosafety in 
Microbiological and Biomedical Laboratories (BMBL), the US Depart-
ment of Health and Human Services, the Public Health Service, the 
Centers for Disease Control and Prevention (CDC), and the National 
Institutes of Health (NIH). Laboratory safety plans have been submitted, 
and the facility has been approved for use by the UNC Department of 
Environmental Health and Safety (EHS) and the CDC.

SARS-CoV-2 S RBD and ACE2 analysis and modelling
Group 2B coronavirus S and ACE2 amino acid sequences were aligned 
using Geneious Prime (v.2020.0.5). Accession numbers used were: 
SARS-CoV Urbani (AY278741), WIV1 (KF367457), SHC014 (KC881005), 
SARS-CoV-2 (MN985325.1), human ACE2 (BAB40370) and mouse 
ACE2 (NP_081562). Protein similarity scores were calculated using 
BLOSUM62 matrix. Contact residues previously identified by crystal 
structures33,34,45. Structure modelling was performed using Modeller 
(v.9.20) and visualized using PyMOL (v.1.8.6.0).

Viruses, cells and transfections
All viruses used were derived from an infectious clone of SARS-CoV-2, 
which was designed using similar strategies for SARS-CoV and 
MERS-CoV22,46,47. The Q498Y/P499T substitutions were generated 
by site-directed mutagenesis using the following primers: forward: 
5′-ATATGGTTTCTACACG ACTAATGGTGTTGGTTACCAACC-3′, reverse: 
5′-TAGTCGTGTAGAAACCAT ATGATTGTAAAGGAAAGTAACAATT 
AAAACCTTC-3′. Viruses were derived following systematic cDNA 
assembly of the infectious clone, followed by in vitro transcription 
and electroporation into Vero E6 cells. Virus stocks were passaged 
once on Vero E6 cells and titrated via plaque assay. In brief, virus was 
serial diluted and inoculated onto confluent monolayers of Vero E6 
cells, followed by agarose overlay. Plaques were visualized at 2 dpi by 
staining with neutral red dye.

Vero E6 cells were obtained from USAMRIID in 2003 (ATCC CRL-1586) 
and were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco), 5% Fetal Clone II serum (FCII, Hyclone), and 1× antibiotic–anti-
mycotic (Gibco). DBT-9 cells were previously clonally derived in our lab-
oratory, maintained in DMEM, 10% FCII, and 1× antibiotic–antimycotic. 
Cells were confirmed to be negative for mycoplasma contamination.

For the Vero E6 single step growth curve, cells were infected at a 
multiplicity of infection (MOI) of 0.5 for 1 h. Inoculum was removed 
and monolayer was washed twice with PBS and replaced with medium. 
For the HAE cell growth curve, cells were infected at an MOI of 0.5 for 
2 h. Inoculum was removed and cells were washed three times with 
PBS. At designated time points, Vero E6 supernatant was removed 
without replacement or HAE cells were washed apically with 200 μl 
1× PBS for 10 min and stored at −80 °C until titrated by plaque assay 
as described above.

For ACE2 receptor usage, non-permissive DBT-9 cells were transfected 
with pcDNA3.1 empty vector, pcDNA3.1-hACE2 or pcDNA3.1-mACE2 
using Lipofectamine 2000 (Invitrogen). At 24 h after transfection, cells 
were infected at an MOI of 0.5 for 1 h, removed and washed twice with 
PBS. At 24 h after infection, medium was removed, and total cellular RNA 
was collected via TRIzol (Invitrogen) and extracted using Direct-Zol RNA 
MiniPrep kit (Zymo Research). Viral RNA was quantified via qRT–PCR 
using TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher Scientific) 
on a QuantStudio 3 (Applied Biosystems). SARS-CoV-2 RNA was quanti-
fied using US Centers of Disease Control and Prevention diagnostic N1 
assay with the primers: forward: 5′-GACCCCAAAATCAGCGAAAT-3′, 
probe: 5′-FAM-ACCCCGCATTACGTTTGGTGGAC C-BHQ1-3′, reverse: 
5′-TCTGGTTACTGCCAGTTGAATCTG-3′. Host 18S rRNA was used as 
housekeeping control (Invitrogen, product number 4319413E). Viral 
RNA was analysed using the ΔΔCt method and fold change over viral 
RNA in cell transfected with empty vector.

In vivo Infections
Hfh4-ACE2-overexpressing mice were bred and maintained at Univer-
sity of North Carolina at Chapel Hill. BALB/c mice were obtained from 
Envigo (strain 047). Mice were infected with 105 PFU intranasally under 
ketamine–xylazine anaesthesia. Body weight was monitored daily and 
whole-body plethysmography (WBP) was performed as indicated. In 
brief, mice were allowed to equilibrate in WBP chambers (DSI Buxco 
respiratory solutions, DSI) for 30 min before a 5 min data acquisition 
period using FinePointe software. At indicated time points, a subset 
of mice were euthanized by isoflurane overdose and tissue samples 
were collected for titre and histopathology analysis. A subset of mice 
for nasal turbinate histopathology were perfused with 10% phosphate 
buffered formalin before tissue collection. The right caudal lung lobe 
was taken for titration and stored at −80 °C until homogenized in 1 ml 
PBS and titrated by plaque assay as described above. The left lung lobe 
was taken for histopathology and were fixed in 10% phosphate buffered 
formalin for 7 days before paraffin embedding and sectioning.

Histopathology and antigen staining
Lungs were fixed for 7 days in 10% phosphate buffered formalin, paraffin 
embedded, and sectioned at 4 μm. Serial sections were stained with 
haematoxylin and eosin, and stained for immunohistochemistry for 
SARS-CoV-2 N using a monoclonal anti-SARS-CoV N antibody (1:250, 
NB100-56576, Novus Biologicals) on deparaffinized sections on the 
Ventana Discovery Ultra platform (Roche). Photomicrographs were 
captured on an Olympus BX43 light microscope at 200× magnification 
with a DP27 camera using cellSens Entry software.

Vaccination studies
Non-select BSL2 Venezuelan equine encephalitis virus strain 3526 based 
replicon particles (VRPs) were generated to express GFP, SARS-CoV-2 S 
or N as previously described5,48. Mice were vaccinated via hind footpad 
infection with 103 VRP in 10 μl, boosted identically at 3 weeks post prime, 
and bled via submandibular bleed at 3 weeks to confirm presence of 
neutralizing antibodies. Neutralizing antibody levels were assessed via 
neutralization assay using wild-type SARS-CoV-2 expressing nanolucif-
erase (nLUC) in place of ORF7a. In brief, the ORF7a gene of SARS-CoV-2 
was removed from the molecular clone and nLUC inserted downstream 
of the ORF7a transcription regulatory sequence. Recombinant viruses 
encoding nLUC (SARS-CoV-2 nLUC) were recovered, titrated and serial 
dilutions of sera were incubated with virus for 1 h at 37 °C, then added 
to monolayers of Vero E6 cells. Forty-eight hours after infection, viral 
infection was quantified using nLUC activity via Nano-Glo Luciferase 
Assay System (Promega). IC50 values were calculated from full dilution 
curves.

Mice were challenged 4 weeks post boost with 105 PFU intranasally 
under ketamine–xylazine anaesthesia. Body weight was monitored 
daily. On day 2 after infection, mice were euthanized by isoflurane 
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overdose and tissue samples were collected for titre analysis as 
described above.

PEG-IFN-λ1 treatment in vitro and in vivo
PEG-IFN-λ1 was obtained from Eiger BioPharmaceuticals by MTA in 
GMP prefilled syringes, 0.18 mg per syringe (0.4 mg ml−1). Primary 
HAE cell cultures were obtained from the Tissue Procurement and 
Cell Culture Core Laboratory in the Marsico Lung Institute/Cystic 
Fibrosis Research Center at UNC. Human tracheobronchial epithe-
lial cells provided by S. Randell were obtained from airway speci-
mens resected from patients undergoing surgery under University 
of North Carolina Institutional Review Board-approved protocols 
(no. 03-1396) by the Cystic Fibrosis Center Tissue Culture Core. Primary 
cells were expanded to generate passage 1 cells and passage 2 cells 
were plated at a density of 250,000 cells per well on Transwell-COL 
(12-mm diameter) supports (Corning). HAE cell cultures were gener-
ated by differentiation at an air-liquid interface for 6 to 8 weeks to 
form well-differentiated, polarized cultures that resembled in vivo 
pseudostratified mucociliary epithelium49. HAE cells were treated 
with a range of PEG-IFN-λ1 doses basolaterally for 24 h before infec-
tion. Remdesivir (1 μM) was obtained from Gilead Sciences by MTA 
and was used as a positive control. Cultures were infected at an MOI 
of 0.5 for 2 h. Inoculum was removed and culture was washed three 
times with PBS. At 48 h after infection, apical washes were taken to 
measure viral replication via plaque assays as described above. This 
study was repeated in two separate human donors.

One-year-old or 10-week-old BALB/c, or 4- to 7-week old Hfh4-ACE2 
mice were subcutaneously treated with a single 2 μg dose of PEG-IFN-λ1 
prophylactically at 18 h before infection, therapeutically at 12 h 
after infection50, or PBS-vehicle-treated, and infected with 105 PFU 
of SARS-CoV-2 MA intranasally under ketamine–xylazine anaesthe-
sia. Hfh4-ACE2 mice at 4 to 7 weeks of age were treated as above and 
infected with 105 PFU of SARS-CoV-2 MA. Body weight was monitored 
daily. WBP was performed as indicated. On days indicated, mice were 
euthanized by isoflurane overdose and tissue samples were collected 
for titre analysis as described above.

Data analysis and presentation
All data were visualized and analysed in Prism (v.8.4.2). Non-parametric 
tests were performed as described in figure legends. Figures were 
arranged in Adobe Illustrator (v.24.1).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
All relevant data are included in this Article. Viral genome sequences 
have been uploaded to GenBank under accession numbers MT844088 
(SARS-CoV-2 MA) and MT844089 (SARS-CoV-2 nLuc). Reagents and 
resources are available upon request from the corresponding author 
and with a material transfer agreement. Source data are provided with 
this paper.
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Extended Data Fig. 1 | SARS-CoV-2 infection in Hfh4-hACE2 transgenic mice. 
a–f, Male and female Hfh4-hACE2 mice were infected with 105 PFU SARS-CoV-2 
WT. a, Per cent starting weight. Dotted line represents weight-loss criteria for 
humane euthanasia. n = 2 mock and 5 SARS-CoV-2. b, Survival. c, d, Lung (c) and 

brain (d) viral titre. Dotted line represents LOD. Undetected samples are 
plotted at half the LOD. ‘x’ symbol indicates mice that succumbed to infection. 
2 dpi: n = 2; 5 dpi: n = 5. e, f, Whole body plethysmography assessing pulmonary 
function for PenH (e) and Rpef (f).
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Extended Data Fig. 2 | Group 2B coronavirus spike RBD alignment. Amino acid positions are numbered above in reference to SARS-CoV-1, and below in 
reference to SARS-CoV-2. Green highlighted residues are hACE2 contacts as determined by published crystal structures.
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Extended Data Fig. 3 | Cytokine analysis in SARS-CoV-2 MA infected 
1-year-old BALB/c mice. Cytokine and chemokine levels in serum and lung 
homogenates of 1-year-old female BALB/c mice from Fig. 3 at 2 and 4 dpi. For 
each analyte, data analysed by 2-way ANOVA followed by Sidak’s multiple 

comparisons. ‘*’ denotes P = 0.0155 (TNF-α), 0.0189 (IL-6), <0.0001 (MCP-1), 
0.0115 (IL-5), 0.0127 (IL-1α), 0.0004 (G-CSF), 0.0070 (IL-10), 0.0243 (KC), 0.0152 
(IL-17A), 0.0408 (GM-CSF), 0.0261 (MIP-1β), 0.0025 (IL-12p40), 0.0015 (MIP-1α), 
0.0019 (IL-12p70).
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Extended Data Fig. 4 | Evaluation of peg-IFN-λ1 against SARS-CoV-2 MA 
infection in young BALB/c and Hfh4-hACE2 mice. a, b, Twelve-week-old 
female BALB/c mice were subcutaneously treated with vehicle or with 2μg 
peg-IFN-λ1 prophylactically or therapeutically and infected with SARS-CoV-2 
MA. Viral titres in the lung (a) and nasal turbinates (b) at 2 dpi. n = 10 for each 
group, combined from two independent experiments. Dotted line represents 
LOD. Undetected samples plotted at half the LOD. log-transformed data 
analysed by 1-way ANOVA followed by Holm–Sidak’s multiple comparisons.  
In a, ‘*’ denotes P = <0.0001 (prophylactic), <0.0001 (therapeutic). c–e, Four- to 
seven-week-old Hfh4-hACE2 male and female mice were treated with peg-IFN-λ1 

as done in a, b, and infected with 105 PFU SARS-CoV-2 WT. n = 8 vehicle; n = 10 
prohpylactic, n = 7 therapeutic. c, Per cent starting weight. Dotted line 
represents weight-loss criteria for humane euthanasia. Data analysed by mixed 
effects analysis followed by Sidak’s multiple comparisons. d, Survival. e, Lung 
viral titre at 2 and 5 dpi. 2 dpi: n = 4 vehicle, n = 4 prophylactic, n = 4 therapeutic: 
5 dpi: n = 3 vehicle, n = 4 prophylactic, n = 2. Data analysed by two-way ANOVA 
followed by Dunnett’s multiple comparisons. ‘*’ denotes P = 0.0037 
(prophylactic, 2 dpi), 0.0365 (therapeutic, 2 dpi). All error bars represent 
standard error about the mean.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection WBP data was collected with FinePointe software (Version 2.3.1.16). Images captured with cellSense Entry software (Olympus, Version 3.1 
qRT-PCR data was collected using Design & Analysis software (ThermoFisher, version 2.4)

Data analysis Geneious Prime (Version 2020.0.5), Modeller (Version 9.20), PyMOL (Version 1.8.6.0), Prism (Version 8.4.2)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All relevant data is included in this article. Viral genome sequences uploaded to GenBank (SARS-CoV-2 MA: MT844088. SARS-CoV-2 nLuc: MT844089). Reagents and 
resources available upon request to corresponding author (rbaric@email.unc.edu) and with material transfer agreement.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size calculations were not performed. Sample sizes were chosen based on previous experience with mouse models of coronavirus 
infection which show that use of 5-10 mice per group are sufficient for statistical power of over 80%. Fo ascertain reproducibility, each 
experiment was performed at least twice, each with sufficient sample sizes to calculate statistics.

Data exclusions No data was excluded from this manuscript

Replication All experiments were conducted at least twice and were successfully reproduced.

Randomization Mice were assigned to experimental groups randomly. For experiments other than animal studies, randomization was not relevant as this is a 
controlled observational study. 

Blinding Investigators were not blinded except for lung pathology evaluation. Other assays measure quantitative unbiased data. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used SARS nucleocapsid protein (NB100-56576, Novus Biologicals) used at 1:250 dilution on Ventana Discovery Ultra platform (Roche).

Validation This antibody has been used widely in studies from our lab with high signal and low background in immunohistochemistry. See DOI: 
10.1126/scitranslmed.aal3653.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Vero E6 cells obtained from USAMRIID in 2003. Original source: ATCC CRL-1586. DBT-9 cells derived in the Baric Lab (DOI: 
10.1006/viro.1996.8402)

Authentication Cell lines were not authenticated

Mycoplasma contamination Vero E6 cells have been confirmed to be mycoplasma free by PCR based assay

Commonly misidentified lines
(See ICLAC register)

None
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 12-week and 1-year old female BALB/c mice were obtained from Envigo. hACE2 transgenic mice were derived in our lab and 
maintained at UNC at Chapel Hill. Animals were housed up to 5 mice per cage at 18-24°C on 12hr light/dark cycle. Food and water 
were provided ad libitum.

Wild animals This study did not involve wild animals

Field-collected samples This study did not involve field-collected samples

Ethics oversight The generation of recombinant SARS-CoV-2 MA was approved for use under BSL3 conditions by the University of North Carolina at 
Chapel Hill Institutional Review Board (UNC-CH IBC) and by a Potential Pandemic Pathogen Care and Oversight committee at the 
National Institute of Allergy and Infectious Diseases (NIAID). All animal work was approved by Institutional Animal Care and Use 
Committee at University of North Carolina at Chapel Hill according to guidelines outlined by the Association for the Assessment and 
Accreditation of Laboratory Animal Care and the U.S. Department of Agriculture. All work was performed with approved standard 
operating procedures and safety conditions for SARS-CoV-2. Our institutional BSL3 facilities have been designed to conform to the 
safety requirements recommended by Biosafety in Microbiological and Biomedical Laboratories (BMBL), the U.S. Department of 
Health and Human Services, the Public Health Service, the Centers for Disease Control and Prevention (CDC), and the National 
Institutes of Health (NIH). Laboratory safety plans have been submitted, and the facility has been approved for use by the UNC 
Department of Environmental Health and Safety (EHS) and the CDC.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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