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The global spread of SARS-CoV-2 has made millions ill with COVID-19 and even more from the economic fallout
of this pandemic. Our quest to test new therapeutics and vaccines require small animal models that replicate
disease phenotypes seen in COVID-19 cases. Rodent models of SARS-CoV-2 infection thus far have shown mild to
moderate pulmonary disease; mortality, if any, has been associated with prominent signs of central nervous
system (CNS) infection and dysfunction. Here we describe the isolation of SARS-CoV-2 variants with propensity
for either pulmonary or CNS infection. Using a wild-type SARS-CoV-2 isolated from a COVID-19 patient, we first
found that infection was lethal in transgenic mice expressing the human angiotensin I-converting enzyme 2
(hACE?2). Fortuitously, full genome sequencing of SARS-CoV-2 from the brain and lung of these animals showed
genetic differences. Likewise, SARS-CoV-2 isolates from brains and lungs of these also showed differences in
plaque morphology. Inoculation of these brain and lung SARS-CoV-2 isolates into new batch of hACE2 mice
intra-nasally resulted in lethal CNS and pulmonary infection, respectively. Collectively, our study suggests that
genetic variants of SARS-CoV-2 could be used to replicate specific features of COVID-19 for the testing of po-
tential vaccines or therapeutics.

1. Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
which emerged at the end of 2019 in China, has spread throughout the
world to cause the coronavirus disease-19 (COVID-19) pandemic. Mil-
lions have developed COVID-19 and ~2.5% of whom have died from
respiratory dysfunction (L. Wang et al., 2020b). Some have also devel-
oped severe systemic complications, such as coagulopathy (Zhou et al.,
2020). Vaccine development has made unprecedented progress (Kram-
mer, 2020) although the durability of immunity afforded by the
front-running vaccines remain unknown. With a handful of exceptions,
most therapeutics against SARS-CoV-2 and COVID-19 have not shown
useful efficacy in improving disease outcome in clinical trials (Kaddoura
et al., 2020). The availability of a small animal model that reproducibly
manifests important clinical features of COVID-19 could be instrumental

in supporting the development of improved therapeutics and even
vaccines.

SARS-CoV-2 is unable to engage mouse ACE2 as a receptor for
infection (Wan et al., 2020). Transgenic mice expressing the human
ACE2 receptor have thus been used to develop a SARS-CoV-2 infection
model. Until recently, SARS-CoV-2 infection in such mice was shown to
produce detectable infection and associated histopathological changes
but without reproducible mortality (Bao et al., 2020; Golden et al., 2020;
Israelow et al., 2020; Jiang et al., 2020; Winkler et al., 2020). A recent
study reported 100% mortality in SARS-CoV-2 infected K18 hACE2 mice
(Golden et al., 2020). The K18-hACE2 transgenic mice expresses the
human ACE2 protein under the control of the epithelial cell cytokeratin
(K18) promoter (Chow et al., 1997). The expression of hACE2 has been
found not only in epithelial cells lining the respiratory tract, but also in
the kidney, liver, spleen and small intestine of these animals. It is also

* Corresponding author. Program in Emerging Infectious Diseases, Duke-NUS Medical School, 8 College Road, Singapore, 169857, Singapore.

** Corresponding author.

E-mail addresses: esther.gan@duke-nus.edu.sg (E.S. Gan), engeong.ooi@duke-nus.edu.sg (E.E. Ooi).

https://doi.org/10.1016/j.antiviral.2021.105138

Received 15 June 2021; Received in revised form 4 July 2021; Accepted 7 July 2021

Available online 8 July 2021

0166-3542/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:esther.gan@duke-nus.edu.sg
mailto:engeong.ooi@duke-nus.edu.sg
www.sciencedirect.com/science/journal/01663542
https://www.elsevier.com/locate/antiviral
https://doi.org/10.1016/j.antiviral.2021.105138
https://doi.org/10.1016/j.antiviral.2021.105138
https://doi.org/10.1016/j.antiviral.2021.105138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.antiviral.2021.105138&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E.S. Gan et al.

expressed at low levels in the brain of these animals(McCray et al.,
2007a,b). Thus, while these animals succumbed to SARS-CoV-2 infec-
tion, clinical signs that led to eventual mortality were due mostly to the
central nervous system (CNS) dysfunction. Moreover, high SARS-CoV-2
burden was also found in the brains of these animals. Thus, while
COVID-19 is primarily a pulmonary disease in humans, lethal mouse
models of SARS-CoV-2 infection is mostly due to CNS complications.

Herein, we describe an unexpected finding of SARS-CoV-2 mutations
in K18-hACE2 mice that produces specificity in either CNS or respiratory
dysfunction. While we had set out to establish a SARS-CoV-2 infection
model in this strain of transgenic mice, we serendipitously recovered
genetic variants of SARS-CoV-2 that produce lethal pulmonary or CNS
infection, respectively. Full genome sequencing revealed mutations in
the S1-S2 boundary of the spike (S) protein in viruses isolated from the
brain; intra-nasal inoculation of this brain-derived SARS-CoV-2 isolate
into susceptible mice reproduced mortality from CNS dysfunction. In
contrast, the SARS-CoV-2 isolated from the lung of K-18 hACE2 mice
lacked these mutations; re-infection with this isolate via the intra-nasal
route produced respiratory dysfunction exclusively. A small animal
model that reproduces features of acute respiratory dysfunction upon
SARS-CoV-2 infection could be particularly useful in pre-clinical eval-
uation of respiratory agents as treatment for severe COVID-19.

2. Material and methods
2.1. Study approvals

All mouse studies were performed in accordance to protocols
approved by the Institutional Animal Care and Use Committee at
Singapore Health Services, Singapore (ref no.: 2020/SHS/1554).

2.2. Ethics statement

All studies were performed in accordance with guidelines provided
by the National Advisory Committee for Laboratory Animal Research
(NACLAR) in Singapore. All protocols in this study has been approved by
the Institutional Animal Care and Use Committee at Singapore Health
Services (Protocol #2020/SHS/1554).

2.3. Animal studies

All studies conducted in this studies utilized female B6; SJL-Tg(K18-
hACE2)2Prlmn/J (K18-hACE2) mice purchased from Jackson labora-
tory were housed in a BSL-2 animal facility at Duke-NUS Medical School.
Groups of 6-8 weeks old K18-hACE2 female mice (n = 5) were infected
with Sars-CoV-2 Strain SG12 (GISAID accession code EPI_ISL_406973) at
2 x 10% or 2 x 10* PFU in 50 pl via the intranasal route at the Duke-NUS
Medical School animal biosafety level 3 laboratory. Daily weight mea-
surements and clinical scores were obtained. Mice were sacrificed when
exhibiting greater than 20% weight loss or reaching a clinical score of 10
(Supplementary Table 1). To assess organ viral loads, mice were sacri-
ficed 5 days post infection and harvested organs were frozen at —80 °C.
Organs were homogenized in MP lysing matrix A and F according to
manufacturer’s instructions in 1 ml PBS. Homogenates were used to
perform plaque assays.

2.4. RNA extraction

RNA was then extracted from the homogenate using a TRIzol LS
(ThermoFisher #10296010) and chloroform method to induce phase
separation. Organ RNA concentration was measured using the Nano-
Drop 2000 Spectrophotometer (Thermo- Fisher).

2.5. Plaque assay and plaque size quantification

Organ homogenates were serially diluted in culture media, added to
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Vero-E6 cells (ATCC) in 24 well plates. Cultures were then incubated for
1hr at 37 °C and overlayed with carboxymethyl cellulose (CMC) and
incubated at 37 °C, 5% CO,. Five days later, cells were washed, stained
with 1% crystal violet and plaques counted. Plaque sizes were measured
in pixel density using ImageJ.

2.6. Virus propagation

Organ homogenates were diluted in culture media, added to Vero-E6
at a MOI of 0.01.3 days later, culture supernatant were centrifuged to
remove cellular debris and stored at —80 °C.

2.7. Histology

Mice lungs were inflated and fixed in 10% neutral buffered formalin
for about 72 h at room temperature. They were routinely processed and
then embedded in paraffin blocks. Tissues were sectioned at 5 pm
thickness, and stained with Hematoxylin and Eosin (H&E). Histo-
pathological assessment was performed in a blind fashion using
Olympus BX53 upright microscope and representative photomicro-
graphs were captured with an Olympus DP71 digital colour camera with
Olympus DP controller and DP manager software (Olympus Life Science,
Japan). Presence of lesions was scored according to previously pub-
lished criteria (Shackelford et al., 2002).

2.8. SARS-CoV-2 genome sequencing

SARS-CoV-2 RNA from lung and brain homogenates were sequenced
using an amplicon-based framework (https://www.protocols.io/view
/ncov-2019-sequencing-protocol-v3-locost-bh42j8ye). Briefly, cDNA
was synthesized from RNA extracted from lung and brain tissues using
the SuperScript IV First-Strand Synthesis System (Life Technologies)
with random hexamers. Amplicons were then generated using Q5 Hot
Start High-Fidelity DNA Polymerase (New England Biolabs) with the
ARTIC network primer scheme V3 (https://artic.network/ncov-2019).
The PCR mixture was initially incubated for 30s at 98 °C for denatur-
ation, followed by 25 cycles of 98 °C for 15 s and 65 °C for 5 min. The
PCR products were then diluted 10-fold. Subsequently, the diluted
amplicons were end-prepped and dA-tailed using NEBNext Ultra II End
Repair/dA-Tailing Module. Native barcodes and sequencing adapters
supplied in the EXP-NBD101/114 kit (Oxford Nanopore Technologies)
were attached to the dA-tailed amplicons using NEB Blunt/TA Ligase 2x
Master Mix and NEBNext Quick Ligation Kit, respectively. Finally, 15 ng
of DNA library was loaded on to the R9.4.1 flow cell following the SQK-
LSK109 ligation sequencing kit (Oxford Nanopore Technologies) pro-
tocol, the sequencing run was performed for a total of 6 h. Reads were
determined using the MinKnow software with the high-accuracy base-
calling algorithm.

Sequence analysis was conducted using the ARTIC network
ncov2019 bioinformatics pipeline (https://artic.network/ncov-2019).
Briefly, demultiplexing and primer/quality trimming of reads were
performed using Guppy. In order to remove chimeric reads, reads were
filtered to stretches of a minimum length of 400bp and maximum length
of 700. After trimming, reads were mapped to hCoV-19/Singapore/2/
2020|EPLISL_407987|2020-01-25 using Minimap2. Finally, SNV anal-
ysis was carried out using Geneious Prime® 2020.2.4.

2.9. Nanostring

100 ng of extracted RNA from lung and brain homogenates were
hybridized to the Nanostring nCounter mouse inflammation panel at
65 °C for 24 h. Hybridized samples were quantified using the nCounter
Sprint profiler. Data was analyzed using the nSolver Analysis Software
(NanoString Technologies). Subsequent pathway analysis was per-
formed using EnrichR (https://maayanlab.cloud/Enrichr/).
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2.10. Statistics

All in vivo experiments were performed with 5 animals per group. A
2-tailed unpaired T test was performed to compare between the means of
two conditions using Graphpad Prism (v8). The Kaplan-Meier (log rank)
test was used to compare 2 survival curves using Graphpad Prism. For all
data sets, a p value of less than 0.05 was considered significant.

3. Results

3.1. SARS-CoV-2 infection results in severe and fatal infections of K18-
hACE2 mice

To determine the clinical outcome of SARS-CoV-2 infection in K18-
hACE2 mice, two groups of mice aged 6-8 weeks (n = 4 per group)
were intranasally inoculated with 2 x 10° (high dose) or 2 x 10* PFU
(low dose) of SARS-CoV-2 (SG12) (hCoV-19/Singapore/2/2020); the
full genome sequence of SG12 has been previously reported in GSAID
(EPLISL_407987) (Su et al., 2020). All animals were observed daily for
weight loss and other clinical signs for 8 days (Fig. 1A). Two out of four
(50%) animals inoculated with low-dose but not high-dose SARS-CoV-2
showed weight loss from 3 days post infection (dpi) onwards. At 4 dpi,
both groups of infected K18-hACE2 mice exhibited lethargy and weight
loss, with the exception of one animal inoculated with low-dose SARS
CoV-2 (Fig. 1B). Signs of CNS dysfunction, such as tremor and

A B
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non-responsiveness to stimuli (Fig. 1C), as well as respiratory distress
(labored breathing) (Fig. 1D) and were evident at 3 and 5 dpi, respec-
tively, in both groups of infected animals. CNS signs such as abnormal
gait, shaking and paralysis were, however, predominant (Supplemen-
tary Table 1). The total clinical scores thus mostly reflected CNS
dysfunction. Three out of four (75%) animals inoculated with low-dose
SARS-CoV-2 met euthanasia criteria (clinical scores above 10) and were
thus sacrificed between 5 and 7 dpi (Fig. 1E and F). No statistical sig-
nificance in survival was observed between low and high dose challenge
suggesting that infection with 2 x 10* PFU was sufficient for a lethal
infection.

3.2. SARS-CoV-2 infection produces clinically compatible pulmonary
histopathological features in K18-hACE2 mice

Although infected mice died mostly of CNS dysfunction, we none-
theless asked if SARS-CoV-2 infection in these animals produced pul-
monary pathology consistent with those found in fatal COVID-19 cases.
We carried out histopathological investigations on formalin-fixed lungs
of K18-hACE2 mice at 5 dpi, which was immediately before the onset of
clinical signs that heralded mortality. Infection with both low- and high-
dose SARS-CoV-2 produced multifocal to coalescing interstitial pneu-
monia in the lung parenchyma (Fig. 2A). The alveoli were collapsed with
thickened and congested septa (Fig. 2B). Infiltration of mononuclear
cells such as lymphocytes, macrophages and plasma cells were mainly

Fig. 1. SARS-CoV-2 infection in K18-hACE2
transgenic mice results in a lethal infection.
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Fig. 2. SARS-CoV-2 infection in K18-hACE2 mice resulted in pulmonary pathology.

(A-E) Representative images of histopathological analysis 5 days post infection in K18-hACE2 mice inoculated with 2 x 10* PFU revealed interstitial pneumonia as
represented by collapsed alveoli (asterisk) and multifocal inflammation in perivascular (black arrows), peribronchiolar (white arrows), septa (blue arrows) and
alveolar sacs (yellow arrow) (A), alveolar septal thickening (arrow) and congestion (asterisk) (B), mononuclear cells infiltration (arrow) in alveolar parenchyma (C)
pulmonary oedema (asterisk) displays pink stained homogenous materials that widens the interstitial area and perivascular infiltration (arrow) (D) and bronchiole
vacuolar degeneration marked by cytoplasmic vacuolization (arrow) (E). (F) Semi quantitative analysis of histopathological findings is based on subjective scoring. 0-
Nil, 1-Minimum, 2-Mild, 3-Moderate, 4-Marked, 5-Severe. (G) Viral loads in the lungs and brains of infected mice 5 days post infection as measured by plaque assay.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

observed at peri-vascular, peri-bronchioles, alveolar septa and alveolar
sacs (Fig. 2C). Mild degree of pulmonary oedema (Fig. 2D) and occa-
sional focal presence of haemorrhages were present. Minimal focal ne-
crosis of alveoli was also observed. Vacuolar degeneration of lining
epithelium was common from bronchus to terminal bronchioles
(Fig. 2E). A semi-quantitative analysis of all four SARS-CoV-2 infected
animal lungs suggest that bronchiolar degeneration, septal thickening
and mononuclear cell infiltration are common virus induced patholog-
ical changes in K18-hACE2 mice (Fig. 2F). These findings are thus
similar to previous observations on K18-hACE2 mouse model (Oladunni
et al., 2020; Yinda et al., 2021), nonhuman primate infection model and
deceased COVID-19 patients(Rockx et al., 2020; C. Wang et al., 2020a).

3.3. Infectious SARS-CoV-2 re-isolated from the lung and brain of K18-
hACE2 mice

We next examined the sites of infection in various organs of SARS-
CoV-2 infected female K18-hACE2 mice at 5 dpi. The brain, lung,
eyes, spleen, liver and kidneys were dissected from infected animals and
homogenized; clarified homogenates were then inoculated onto Vero-E6
cells. Cytopathic effects were observed in cells inoculated with lung and
brain homogenates, but not those from the other organs (Supplementary

Fig. 1). To define the viral burden in the lungs and brains at post mortem
examination, we used plaque assay to quantify SARS-CoV-2 infectious
particles in the lung and brain homogenates. SARS-CoV-2 plaque titers
in the brain homogenates were approximately 4 logs higher than those
in the lung (Fig. 2G). Moreover, the plaque morphology of the brain
SARS-CoV-2 isolates (SG12-B) were punctate in size, which was in
contrast to the extensive areas of plaques formed from the lung-derived
isolates (SG12-L) (Supplementary Fig. 2A).

3.4. Genomic differences in SARS-CoV-2 isolates from lung and brain
homogenates

Differences in the plaque morphology of the brain and lung isolates
suggest viral adaptations during the course of infection that may be
important for system-specific dysfunction. To test this possibility, we
conducted full genome sequencing of SARS-CoV-2 RNA extracted from
brain and lung homogenates, without isolation in cell lines, and
compared these with the sequence of the SG12 virus — propagated in
Vero E6 cells — that was inoculated into these animals. Compared to the
original SG12 sequence, the virus we used for our infection study had 2
mutations in the ORF1lab, one consensus change — deletion at nucleotide
position 517 to 519 (an ATG methionine deletion — M173del) (Fig. 3A
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Fig. 3. Genetic differences in SARS-CoV-2 isolated from the brain and lungs of infected K18-hACE2 mice.

(A) SNVs mapped to its position in the SARS-CoV-2 genome. Red arrows depict consensus mutations and black arrows depicts non-consensus mutations. (B) SNV
frequency of ATG deletion at nucleotide positions 517-519 in lung and brain samples (C) SNV frequency of C to T nucleotide substitution at position 23524 (H655Y)
in lung and brain samples. (D) SNV frequency of A to G nucleotide substitution at position 23617 (S686G) in lung and brain samples. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

and B) and a C7391T substitution (amino acid substitution P2379L).
These mutations were also present in both brain and lung samples
(Fig. 3A).

Viruses isolated from the brain showed two consensus changes in the
S gene - C23524T nucleotide substitution that corresponded to substi-
tution of histidine with tyrosine (H655Y) (Fig. 3A and C) and A23617G
nucleotide substitution that substituted serine with glycine (S686G)
(Fig. 3A and D). While A23617G was found exclusively in the brain,
C23524T was also found in the lung but as a non-consensus mutation
(Fig. 3A, Supplementary Fig. 2B). Interestingly, A23617G and C23524T
appeared to be mutually exclusive in brain samples: C23524T was
observed in 6 out of 10 brain isolates, while A23617G were found in the
remaining 4 animals. However, out of all the mutations observed, only
C23524T could be mapped to the surface of the S1-S2 interface of the S
protein (Supplementary Fig. 3), while structural information is not yet
available for the other mutation. Besides the consensus mutations, non-
consensus mutations were also detected in a minority of animals (Sup-
plementary Fig. 2B). Collectively, these findings suggest viral factors
could play important roles in the fate of infection in these animals.

3.5. Lung and brain isolates result in differing clinical outcomes

To test if the genetic differences between the brain and lung isolates
of SARS-CoV-2 influenced system-specific dysfunction, we isolated
SARS-CoV-2 from these organs in Vero E6 cells and used them to infect
new batches of female mice. Brain- (SG12-B) and lung-derived (SG12-L)
viruses (Fig. 4A) were selected using convenient sampling and were used
to inoculate K18-ACE2 mice intra-nasally at a dose of 2 x 10* PFU
(Fig. 4A). Mice were monitored daily for clinical scores and weight loss
over a course of 7 days (Fig. 4A). Both SG12-B and SG12-L infected mice
showed weight loss at 4 to 6 dpi (Fig. 4B). Mice infected with SG12-B
succumbed to infection sooner than those infected with SG12-L (P =

0.0311) (Fig. 4C). Strikingly, signs leading to euthanasia were different.
All animals infected with SG12-B showed tremor and paralysis at 5 dpi;
only 20% of animals infected with SG12-L displayed such signs
(Fig. 4D). Conversely, SG12-L infected mice displayed labored breathing
starting at 6 dpi (Fig. 4E); none of the SG12-B infected mice showed such
sign of respiratory distress. Notably, while no difference in viral load
was found in the lung of SG12-L and SG12-B infected animals (Fig. 4F),
viral load in the brain was significantly higher in SG12-B than SG12-L
infected animals (Fig. 4G). Moreover, the plaque morphology of SARS-
CoV-2 isolated from SG12-B infected lungs were uniformly punctate
and significantly smaller compared to those recovered from the lungs of
SG12-L infected mice (Fig. 4H). In addition, further sequencing of vi-
ruses isolated from the lungs of SG12-L infected mice revealed identical
sequence changes (517-519del and C23524T), suggesting that SG12-L is
genetically stable.

The presence of both SG12-L and SG12-B in both lung and brain
tissues indicates that the observed mutations were unlikely to determine
tissue tropism. Instead, these mutations could contribute to differential
host responses. As hyperinflammation has been associated with severe
COVID-19, we measured the RNA transcripts of inflammatory genes in
the lungs and brains of SG12-L and SG12-B infected animals using a
previously defined inflammation panel from Nanostring technologies.
Interestingly, despite comparable lung viral loads (Fig. 4F), inflamma-
tory signatures identified from the lungs of SG12-L and SG12-B infected
animals clustered separately on a PCA plot (Fig. 5A). Pathway analysis
of the top 20 most correlated genes in PC1 that separated these gene
clusters unsurprisingly identified pathways in pathogen and inflamma-
tory responses, specifically chemokine signaling and cytokine-cytokine
receptor interaction (Fig. 5B). Strikingly, lungs of SG12-L infected ani-
mals showed increased expression of inflammatory genes in both the
chemokine signaling pathway (Fig. 5C) and cytokine-cytokine receptor
signaling pathway (Fig. 5D). SG12-L also showed increased expression
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Fig. 4. SG12-B and SG12-L infection caused different clinical outcome

(A) Experimental schematic of K18-hACE2 transgenic mice infection with SG12-B and SG12-L. (B-C) Weight (B) and survival (C) of SG12-B and SG12-L infected K18-
hACE2 mice post infection. (D-E) Clinical scores indicating respiratory (D) and CNS disease (E) of SG12-B and SG12-L infected K18-hACE2 mice post infection. (F-G)
Viral loads of lung (F) and brains (G) of K18-hACE2 mice infected with SG12-B and SG12-L upon euthanasia measured by plaque assay. (H) Representative images of

lung plaque morphology from animals infected with SD12-L and SG12-B.

of genes such as IL10, IFNy, TNFa and CXCL9 (Fig. 5E-H) (Oladunni
et al., 2020). Taken together, these results further indicate that the ge-
netic differences between SG12-L and SG12-B impacts the clinical
outcome of SARS-CoV-2 infection in K18-hACE2 mice.

4. Discussion

Since the emergence of COVID-19, multiple murine infection models
involving transduced or transgenic mouse models expressing hACE2 to
facilitate SARS-CoV-2 infection have been reported. These include
mouse lines altered using permanent genetic modifications such as CAG-
hACE2, HFH4-hACE2(Jiang et al., 2020), CRISPR/Cas9 knock-in of
hACE2(Sun et al., 2020) or using a mouse adapted SARS-CoV-2 (Dinnon
et al., 2020). However, the majority of these models displayed transient
weight loss and non-fatal extent of lung injury. While a lethal infection
model has been reported, lethality was observed exclusively in animals
with detectable brain infection; no lung injury nor weight loss was
evident in this HFH4-hACE2 mouse model (Jiang et al., 2020). In
addition to the above transgenic models, mice transduced with adeno-
virus (Ad5-hACE2) or adeno-associated virus expressing hACE2
(AAV-hACE2) have also been shown to be susceptible to SARS-CoV-2
infection, although these animals manifest only mild, non-lethal dis-
ease (Israelow et al., 2020). Besides our current report, another group
has also reported a lethal K18-hACE2 mouse model(Golden et al., 2020).
This group observed considerable weight loss and >90% lethality in

SARS-CoV-2 infected mice. However, similar to the HFH4-hACE2 model,
lethality was evident in animals that developed a CNS infection.

A drawback of the lethal mouse models thus far is the dominance of
CNS pathology as the cause of mortality. Although post mortem analysis
of fatal COVID-19 cases have detected SARS-CoV-2 in cortical neurons
with immune cell infiltrates suggestive of CNS pathology (Song et al.,
2020), with entry to the CNS possibly via the neural-mucosal interface in
olfactory mucosa (Meinhardt et al., 2020), the dominant pathology and
cause of death in most patients who succumbed to COVID-19 were
respiratory dysfunction (Vincent and Taccone, 2020). A mouse model
that reliably produces severe and lethal respiratory disease could thus be
useful for testing therapeutic and prophylactic strategies against the
most common manifestation of severe COVID-19 - acute respiratory
distress.

The degree of disease severity observed in this K18-hACE2 model has
been attributed to the enhanced levels of hACE2 expression as compared
to the other transgenic animal models. The K18 promoter confers effi-
cient transgenic expression of hACE2 in respiratory epithelial cells.
However, hACE2 expression has also been observed in the colon, liver,
kidney, gastrointestinal tract and brain albeit at low levels of these an-
imals (McCray et al., 2007b). In our study, infection of this transgenic
mouse with wildtype SG12 produced both lung and brain infection.
Although there was lung pathology similar to what has been observed in
fatal COVID-19 cases, the prominent signs that led to euthanasia were
mostly attributable to CNS rather than respiratory dysfunction. The
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Fig. 5. SG12-L infection in lungs results in increased inflammatory responses.

(A) PCA plot of inflammatory genes of SG12-L (red) and SG12-B (blue) infected lungs. (B) Pathway analysis of the top 20 correlated genes in PC1. (C-D) Heat map
showing expression of genes in the chemokine and cytokine-cytokine receptor signaling (E-H) Normalized counts of genes expressed in SG12-B and SD12-L infected
K18-hACE2 lungs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

distinction in the genomic sequence between SARS-CoV-2 recovered
from the lung compared to the brain of the infected animals, as
respectively exemplified by SG12-B and SG12-L, thus enabled us to
derive viral variants that induce mortality from respiratory rather than
CNS dysfunction. These observations were apparent even though in-
fections were performed with non-plaque purified SG12-B and SG12-L
once in female mice. However, further studies to elucidate the

mechanisms of these mutations should ideally use infectious
clone-derived or plaque purified SG12-L and SG12-B viruses. Further-
more, infection in male mice have been reported to have more severe
outcomes despite a similar infection rate as compared to female mice
(Golden et al., 2020). Investigations on gender-specific response to
SG12-L and SG12-B could thus also be informative.

The genome sequence differences between the lung- and brain-
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derived SARS-CoV-2 variants also suggest that mutations in the S1-S2
boundary may be important in shaping system-specific pathology. We
have focused on attention on high frequency consensus changes only as
a limitation of our study is the possibility of false positive nucleotide
substitutions among low frequency variants introduced at the PCR tiling
step. We identified two high frequency consensus changes C23524T
(H655Y) and A23617 (S686G), both residing in the S1-S2 boundary of
the S protein, that were present exclusively in the brain isolates. This
region contains a polybasic sequence motif - the cleavage site for the
host proprotein convertase furin (Ord et al., 2020). Furin mediated
cleavage results in S1-S2 to be non-covalently associated for further
priming by host serine protease, TMPRSS2, and has been shown to in-
crease the infectivity and tropism of SARS-CoV-2 (Walls et al., 2020a,b).
In addition, furin cleavage exposes the C terminus of the S1 protein
which has recently been shown to increase internalization of the virus
via its CendR sequence binding to NRP1 (Daly et al., 2020). Due to its
expression in the olfactory neurons, NRP1 has been found to mediate
entry of nanoparticles coated with SARS-CoV-2 derived CendR peptides
into the olfactory epithelium, neurons and blood vessels of the cortex
(Cantuti-Castelvetri et al., 2020). Taken together, these observations
collectively suggest that mutations near or at the S1-S2 cleavage or
CendR site may affect infectivity or pathology in the CNS, possibly
through spike glycoprotein fusogenicity (Walls et al., 2020a,b). Further
studies will be needed to determine how these mutations arise and the
mechanism in which mutations in the S1-S2 boundary shape CNS
dysfunction.

In conclusion, the identification of SARS-CoV-2 variants that produce
lethal pulmonary or CNS infection in K18-hACE2 mice suggest the po-
tential for further development of small animal models for systems level
specificity. These models could also serve as resource for testing thera-
peutic and prophylactic candidates to prevent specific organ
dysfunction.
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