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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) pandemic'. Small animal models that recapitulate SARS-CoV-2 disease are
needed urgently for rapid evaluation of medical countermeasures?>. SARS-CoV-2
cannotinfect 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)*. Here we used reverse genetics’® to remodel the
interaction between SARS-CoV-2 spike protein and mouse ACE2 and designed
mouse-adapted SARS-CoV-2 (SARS-CoV-2 MA), arecombinant 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 FoxjI) promoter. We demonstrate the utility of this
model using vaccine-challenge studies inimmune-competent mice with native
expression of mouse ACE2. Finally, we show that the clinical candidate interferon-Ala
(IFN-A1a) potently inhibits SARS-CoV-2 replicationin primary human airway epithelial

cellsinvitro—both prophylactic and therapeutic administration of IFN-A1a
diminished SARS-CoV-2 replicationin mice. In summary, the mouse-adapted
SARS-CoV-2 MA model demonstrates age-related disease pathogenesis and supports
the clinical use of pegylated IFN-A1a as a treatment for human COVID-19°.

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 agentapproved’ 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 platformstoidentify highly per-
forming antiviral agents and vaccines*®. 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
development*.

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 mice® ™ and virally transduced ACE2 mice®'>5,
which express human ACE2, ferrets*, hamsters'' and non-human
primates” ", To determine the utility of mice overexpressing human
ACE2 under the control of the Hfh4 (also known as FoxjI) promoter
as amodel for SARS-CoV-2 disease, we infected with Hfh4-ACE2 mice
with SARS-CoV-2°2°%, The Hfh4 promoter drives expression of human
ACE2inciliated cells of respiratory tract epitheliumandin the central
nervous system®>?, 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 DataFig.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-2infectionin Hfh4-ACE2mice, 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 brain®* (Extended Data
Fig.1d). Finally, we used whole-body plethysmography to monitor
pulmonary functionin mice infected with SARS-CoV-2*. 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
atnormal 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 Sreceptor-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-22%% (Fig. 1a, Extended
DataFig. 2). There were variations in this region in S proteins from
SARS-CoV, WIV1and SHCO014 at afew 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
withY 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 genetics?, we engineered
Q498Y/P499T into the SARS-CoV-2 Sgene and recovered the recombi-
nantvirus (SARS-CoV-2MA). Notably, SARS-CoV-2 MAreplicated with
slightly lower titres compared with parental wild-type virusin 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 MARNA could be detectedin 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
asweight loss were not observed in young adult BALB/c mice infected
with 10° 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-2was 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
inRpef (Fig.2e) at 2dpi, 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 datademonstrating virus clearance by 4 dpi, viral antigen was not
detectedin lungtissue sections at this time (Fig. 2b, g). Similar to obser-
vations of SARS-CoV-2in humans, SARS-CoV-2 MA was observed inthe

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-2MAinfectioninyoungadult 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 pandemic?.
Additionally, wild-type and mouse-adapted SARS-CoV show highly
age-dependent disease phenotypes in humans and mice, respec-
tively®®%, 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
inthe aged mice was delayed, as indicated by detectable virus at 4 dpi
(Fig.3b).Similarly, replicationin 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). Rpefwas 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 lymphocyticinflamma-
tion, haemorrhage and oedemainthe lung at 2 dpiand 4 dpi, and viral
antigenwas 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 notin
the serum at 2 dpi, indicative of a localized cytokine and chemokine
response (Extended Data Fig. 3).

Vectored vaccine and IFN-Ala efficacy

As demonstrated with mouse-adapted strains of SARS-CoV%, the
replication-competent SARS-CoV-2 MA strain facilitates the identifi-
cation of virus and host factors that guide pathogenesis and disease
severity and enablesrapid testing of intervention strategiesin 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 aboost 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-Aisatypelllinterferon;its receptorsarelargely limited to epithe-
lial cells, including those in the lungs®**. Treatment with IFNs has been
used as panviral treatment for several viral infections, includingin trials
for the treatment of SARS-CoV and MERS-CoV infections. Pegylated
humaninterferonlambda-1(PEG-IFN-A1) is aphase-3-ready treatment
for hepatitis delta virusinfection and has been proposed as atreatment
for patients with COVID-19*2. Thus, we sought to determine whether
PEG-IFN-A1 would initiate an antiviral response capable of inhibiting
productive infection of HAE cell cultures by SARS-CoV-2. Pretreatment
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Fig.1|Generation of SARS-CoV-2MA. a, Table of group 2BS RBD-ACE2
interacting residues. Amino acid positions are numbered relative to SARS-CoV
(toprow) and SARS-CoV-2 (bottom row). Green shading indicates contacts as
determined by published crystal structures. Amino acids are coloured by
BLOSUM®62 conservation score relative to S protein from SARS-CoV Urbani
(red, least conserved; blue, most conserved). SARS-CoV Urbani, SARS-CoV
MAL15, WIV1and SHCO14 S proteins can use mouse ACE2 as a functional
receptor, whereas SARS-CoV-2S cannot. The red outlineindicates Q498 in
SARS-CoV-2S, which makes contact with human ACE2inboth SARS-CoV Sand
SARS-CoV-2S, andisdivergentin SARS-CoV-2.b, SARS-CoV-2SRBD-human
ACE2interface (PDB: 6MQJ). SARS-CoV-2S Q498 (red) interacts with Q42
(magenta) of human ACE2. ¢, Modelling of SARS-CoV-2 SRBD and mouse ACE2.
SARS-CoV-2S Q498 does notinteract with Q42 of mouse ACE2.d, Modelling of
SARS-CoV-2S5(Q498Y/P499T) (orange) shows restored interaction with Q42 of

of HAE cells with PEG-IFN-A1 provided a potent dose-dependent reduc-
tion in production of infectious SARS-CoV-2 (Fig. 4d).

Todetermine whether theinvitro antiviral effect of peg-IFN-Al 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 pg PEG-IFN-A118 h before or 12 h after infection of mice with
10° PFU SARS-CoV-2 MA. Both prophylactic and therapeutic adminis-
tration of PEG-IFN-A1 significantly reduced weight loss at 2 and 3 dpi
(Fig.4e) and diminished SARS-CoV-2 MAreplicationin the lungat 2 dpi
(Fig. 4f). PEG-IFN-A1had minimal effects on viral titre in nasal turbinate,
althoughtheaccuracy of these readings was probably limited by the low
limit of detection (LOD) (Fig. 4g). Both prophylactic and therapeutic
PEG-IFN-A1 protected mice from pulmonary dysfunction, as measured
by PenH and Rpef (Fig. 4h, i). PEG-IFN-A1also 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-A1 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,
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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-2MA (MA) in Vero E6 (f) and HAE (g) cells. The dotted line represents
LOD. Thelog-transformed data were analysed by two-way analysis of variance
(ANOVA) followed by Sidak’s multiple comparisons.Inf,*P=0.0053 (36 h).

h, Non-permissive DBT-9 cells were transfected to express human ACE2 or
mouse Ace2and infected with SARS-CoV-2 or SARS-CoV-2 MA. Viral RNA was
quantified by quantitative PCRwithreverse transcription (RT-qPCR) 24 h after
infection and normalized expressionin cells transfected with empty vector.
Thelog-transformed datawere analysed by two-way ANOVA followed by
Dunnett’s multiple comparisons.*P=0.0322 (ACE2),*P<0.0001 (Ace2).

Inf-h, n=3technical replicates for each group, representative of
2independentexperiments. Dataare meants.d.

these datademonstrate the utility of these models for rapid evaluation
ofvaccines and therapeutic drug efficacy instandard laboratory mice.
In addition, they demonstrate that PEG-IFN-A1 exerts potent antiviral
activity against SARS-CoV-2invitro and can diminish virus replication
invivo even when given therapeutically.

Discussion

Structural studies have identified the residues in SARS-CoV and
SARS-CoV-2S-protein RBD that bind human ACE2****, Using molecu-
lar modelling and reverse genetics?, 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 cellsin 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.2|SARS-CoV-2MAreplicatesinyoung BALB/c mice.a-h, Twelve-week-
old female BALB/c mice were mock-infected (grey) (a, d, e) or infected with10°
PFUwild-type SARS-CoV-2 (black) or SARS-CoV-2 MA (red) (a-e). Combined
datafromtwoindependent experiments.a, Weight loss. The dotted line
represents weight-loss criteria for humane euthanasia. Datawere analysed
using mixed-effects analysis followed by Dunnett’s multiple comparisons.

b, ¢, Viral lung (b) and nasal turbinate (c) titre (2 dpi: n=5 (WT), n=10 (MA);
4dpi:n=5(WT),n=9(MA)). The dotted linerepresents LOD. Undetected
samples are plotted at halfthe LOD. The log-transformed datawere analysed by
two-way ANOVA followed by Sidak’s multiple comparisons. ND, not

Nucleocapsid

determined.Inb,*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. Dataare mean +s.e.m.
Ind,*P=0.012(2dpi), 0.0025 (3 dpi), 0.0030 (4 dpi), 0.0018 (6 dpi).Ine,
*P=0.0426 (1dpi), 0.0194 (2dpi), 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 um. Images representative
oftwoindependent experiments.
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Fig.3|SARS-CoV-2MAreplicatesinold BALB/c mice with minor disease.
a-h, One-year-old female BALB/c were mock-infected (grey) or infected with
10°PFU SARS-CoV-2 (black) or SARS-CoV-2 MA (red). Combined data from
twoindependent experiments.a, Weightloss. The dotted line represents
weight-loss criteria for humane euthanasia. Data were analysed by
mixed-effects analysis followed by Dunnett’s multiple comparisons.
*P<0.0001 (3dpi), 0.0305 (4 dpi). b, ¢, Viral lung (b) and nasal turbinate (c)
titres.n=5(WT),n=10 (MA). The dotted linerepresents LOD. Undetected
samples are plotted at halfthe LOD. Thelog-transformed data were analysed by

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 MAinfectionis cleared by 4 dpiin
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two-way ANOVA followed by Sidak’s multiple comparisons.Inb,*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. Dataaremeants.e.m.Ind,*P=0.0014 (2dpi).Ine,
*P<0.0001(2dpi), 0.0242 (3 dpi), 0.0130 (4 dpi), 0.0481 (5 dpi). f-h, Lung
sections at 2 dpi (f) and 4 dpi (g), and nasal turbinates at 2 dpi (h). H&E staining
and immunohistochemistry staining for SARS-CoV-2 N protein, counterstained
with haematoxylin.Scalebars,200 pm.Images representative of two
independent experiments.

young but notinaged adult mice, probably owing to control by IFNs
and the innate immune system'>*, and is exemplified by sensitivity
to PEG-IFN-AL.
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Fig.4 |Evaluation of prevention and intervention strategies against
SARS-CoV-2MAinfectionin 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-maximalinhibitory concentration (IC;,) of serataken three
weeks after boost to neutralize SARS-CoV-2. The dotted line represents LOD.
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Dunnett’s multiple comparisons.*P=0.0003.b, ¢, Lung (b) and nasal turbinate (c)
viraltitreat2 dpi. The dotted line represents LOD. Undetected samples are
plotted at halfthe LOD. The log-transformed datawere analysedasina.Inb,
*P<0.0001.In¢,*P=0.0360.d, Human primary airway epithelial cells were
pretreated for 24 h with PEG-IFN-AL, followed by infection with SARS-CoV-2.
Infectious virusin apical washes from 48 h after infection was titrated.
Remdesivir (RDV) was used as positive control. Dataare representative of two
independent experiments withsamples from distinct human donors.

e-i, One-year-old female BALB/c mice were subcutaneously treated with

SARS-CoV-2isapandemic pathogen of concern and therisk potential
of experiments tointentionally alter host range was reviewed for poten-
tial pandemic pathogen care and oversight (P3CO) concerns before
theresearch wasstarted. By current US review standards, SARS-CoV-2
MA was not considered dual-use research of concern, whichis 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. Werecommend that SARS-CoV-2MA andits 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-AL. PEG-IFN-Alis a

Time after infection (d)

Time after infection (d)

vehicle or with 2 pg PEG-IFN-A1 prophylactically or therapeutically and infected
with SARS-CoV-2MA.n=5pergroup per time point. e, Weight loss. The dotted
linerepresents weight-loss criteria for humane euthanasia. Datawere analysed
by mixed-effects analysis followed by Dunnett’s multiple comparisons.
Inb,*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) at2and 4 dpi. The dotted linerepresents LOD. The
log-transformed datawere 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). Datawere analysed asin e. Data
aremeants.e.m.Inh,*P=0.0083 (prophylactic,2 dpi), 0.0080 (therapeutic,
2dpi), 0.0029 (prophylactic, 3 dpi), 0.0020 (therapeutic, 3 dpi), 0.0327
(therapeutic, 4 dpi).Ini, *P=0.0442 (prophylactic,1dpi), 0.0033 (therapeutic,
1dpi), 0.0048 (prophylactic, 2 dpi), 0.0118 (therapeutic, 3 dpi), 0.0259
(prophylactic, 4 dpi), 0.0247 (therapeutic, 4 dpi).

phase-3-ready drugin 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 hepatitis®*¥.
PEG-IFN-Alis a promising therapy for the treatment of SARS-CoV-2
infection®, and blocks porcine coronavirus replication in gut cells
in vitro®® and SARS-CoV replication in human airway cells®. 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-A1 for
prevention and treatment of SARS-CoV-2 infection (Clinicaltrials.
gov identifiers: NCT04331899, NCT04343976, NCT04344600 and
NCT04354259).
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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-CoV***2and the mutations did not alter the potent neu-
tralizing activity of two human monoclonal antibodies that target the
SARS-CoV-2S-protein RBD*. We also demonstrate that the Hfh4-ACE2
transgenic mouse model® 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 system®?#*, Arecent study used amouse Ace2 promoter
to drive overexpression of ACE2, and infected 6- to 11-month-old mice,
resulting in mild weight loss and pulmonary inflammation'. 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 ACE2in mice have also beenreported®™.
Although these systems allow for rapid studies in commercially avail-
ablemice, 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
pathogenesisin youngand 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 mice?, which could potentially select
for variants that develop more severe pathogenic manifestations of
acuterespiratory distress syndrome, coagulopathies and other human
disease outcomes. In addition, the SARS-CoV-2 MAmodel canbe used
toevaluate therole of host genetics and antiviral defence genesin 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-CHIBC) 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-2S RBD and ACE2 analysis and modelling

Group 2B coronavirusSand 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
structures®>**, Structure modelling was performed using Modeller
(v.9.20) and visualized using PyMOL (v.1.8.6.0).

Viruses, cells and transfections

Allviruses used were derived from an infectious clone of SARS-CoV-2,
which was designed using similar strategies for SARS-CoV and
MERS-CoV?#%4’_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 Il serum (FCII, Hyclone), and 1x antibiotic-anti-
mycotic (Gibco). DBT-9 cells were previously clonally derived in our lab-
oratory, maintained in DMEM, 10% FCII, and 1x 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 pl
1x PBS for 10 min and stored at -80 °C until titrated by plaque assay
asdescribed above.

For ACE2receptor 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 MOl of 0.5 for 1 h, removed and washed twice with
PBS. At 24 hafter 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 viaqRT-PCR
using TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher Scientific)
onaQuantStudio 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 AACt method and fold change over viral
RNA in cell transfected with empty vector.

Invivo 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 10° 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 in1ml
PBS andtitrated by plaque assay as described above. The left lung lobe
was taken for histopathology and were fixed in10% phosphate buffered
formalin for 7 days before paraffin embedding and sectioning.

Histopathology and antigen staining

Lungs were fixed for 7 days in10% phosphate buffered formalin, paraffin
embedded, and sectioned at 4 pm. 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 onan Olympus BX43 light microscope at 200x 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-2S
orNas previously described>*:. Mice were vaccinated via hind footpad
infectionwith10®VRPin10 pl, 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
ofthe ORF7atranscription regulatory sequence. Recombinant viruses
encoding nLUC (SARS-CoV-2nLUC) wererecovered, titrated and serial
dilutions of sera were incubated with virus for 1hat 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). IC,, values were calculated from full dilution
curves.

Mice were challenged 4 weeks post boost with 10° 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-A1treatmentin vitro andin vivo

PEG-IFN-A1 was obtained from Eiger BioPharmaceuticals by MTA in
GMP prefilled syringes, 0.18 mg per syringe (0.4 mg ml™). 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 epithelium*’. HAE cells were treated
with a range of PEG-IFN-A1 doses basolaterally for 24 h before infec-
tion. Remdesivir (1 tM) 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 asingle 2 ug dose of PEG-IFN-A1
prophylactically at 18 h before infection, therapeutically at 12 h
after infection®®, or PBS-vehicle-treated, and infected with 10° 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 10° 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

Alldatawerevisualized 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

Allrelevant 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 amaterial transfer agreement. Source data are provided with
this paper.
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Extended DataFig.2|Group 2B coronavirus spike RBD alignment. Amino acid positions are numbered aboveinreference 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 DataFig.3|Cytokine analysisin SARS-CoV-2MAinfected
1-year-old BALB/c mice. Cytokine and chemokinelevelsinserumand lung
homogenates of 1-year-old female BALB/c mice from Fig.3 at 2and 4 dpi. For
eachanalyte, dataanalysed by 2-way ANOVA followed by Sidak’s multiple

comparisons. *’ denotes P=0.0155 (TNF-«), 0.0189 (IL-6), <0.0001 (MCP-1),
0.0115 (IL-5), 0.0127 (IL-1a), 0.0004 (G-CSF), 0.0070 (IL-10), 0.0243 (KC), 0.0152
(IL-17A), 0.0408 (GM-CSF), 0.0261 (MIP-1p3), 0.0025 (IL-12p40), 0.0015 (MIP-1x),
0.0019 (IL-12p70).
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Extended DataFig. 4 |Evaluation of peg-IFN-A1against SARS-CoV-2 MA
infectioninyoung BALB/c and Hfh4-hACE2mice. a, b, Twelve-week-old
female BALB/c mice were subcutaneously treated with vehicle or with2pg
peg-IFN-A1 prophylactically or therapeutically and infected with SARS-CoV-2
MA. Viraltitresin 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.
Ina,*’ 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-A1
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asdoneina,b,andinfected with10° PFUSARS-CoV-2 WT.n=8 vehicle;n=10
prohpylactic, n=7therapeutic. 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
viraltitre at2and 5dpi.2 dpi:n=4vehicle, n=4 prophylactic, n=4 therapeutic:
Sdpi:n=3vehicle, n=4 prophylactic, n=2.Dataanalysed by two-way ANOVA
followed by Dunnett’s multiple comparisons. *’ denotes P=0.0037
(prophylactic,2dpi), 0.0365 (therapeutic, 2 dpi). Allerror bars represent
standard error about the mean.
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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/scitransImed.aal3653.
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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)
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Field-collected samples

Ethics oversight

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.

This study did not involve wild animals
This study did not involve field-collected samples

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.
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