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ARTICLE INFO ABSTRACT

Keywords: This study compared disease progression of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) in
SARS-CoV-2 three different models of golden hamsters: aged (=60 weeks old) wild-type (WT), young (6 weeks old) WT, and
COVID-19

adult (14-22 weeks old) hamsters expressing the human-angiotensin-converting enzyme 2 (hACE2) receptor.

After intranasal (IN) exposure to the SARS-CoV-2 Washington isolate (WA01/2020), 2-deoxy-2-[fluorine-18]flu-
Computed tomography (CT) . o . 18 :
2-Deoxy-2-[fluorine-18]fluoro-D-glucose (1°F- oro-D-glucose positron emission tomography with computed tomography (*°F-FDG PET/CT) was used to monitor
FDG) PET/CT disease progression in near real time and animals were euthanized at pre-determined time points to directly
Animal models compare imaging findings with other disease parameters associated with coronavirus disease 2019 (COVID-19).
Consistent with histopathology, ®F-FDG-PET/CT demonstrated that aged WT hamsters exposed to 10° plaque
forming units (PFU) developed more severe and protracted pneumonia than young WT hamsters exposed to the
same (or lower) dose or hACE2 hamsters exposed to a uniformly lethal dose of virus. Specifically, aged WT
hamsters presented with a severe interstitial pneumonia through 8 d post-exposure (PE), while pulmonary
regeneration was observed in young WT hamsters at that time. hACE2 hamsters exposed to 100 or 10 PFU virus
presented with a minimal to mild hemorrhagic pneumonia but succumbed to SARS-CoV-2-related meningoen-
cephalitis by 6 d PE, suggesting that this model might allow assessment of SARS-CoV-2 infection on the central
nervous system (CNS). Our group is the first to use (lsF—FDG) PET/CT to differentiate respiratory disease severity
ranging from mild to severe in three COVID-19 hamster models. The non-invasive, serial measure of disease
progression provided by PET/CT makes it a valuable tool for animal model characterization.

Hamsters

Abbreviations: PFU, Plaque Forming Unit.
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has resulted in
over 761 million recorded cases and over 6.8 million deaths worldwide
(WHO). In response, more than 10 vaccines against the Washington
isolate (WA1,/2020) of severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) have been approved for use in humans (Li et al., 2022),
and “boosters” using the spike of variants of concern/interest as an
immunogen are already deployed (Link-Gelles et al., 2022). However,
genetic variants of concern/interest continue to emerge and challenge
the efficacy of vaccine and therapeutic countermeasures. Therefore,
more techniques for model characterization could provide a better un-
derstanding of the pathophysiology of SARS-CoV-2 infection in the
hamster model of COVID-19 for preclinical countermeasure
development.

The elderly and individuals with comorbidities, such as diabetes,
obesity, and immunodeficiency, are more susceptible to developing se-
vere disease when compared to younger or healthier individuals (Jin
et al., 2021; Rydyznski Moderbacher et al., 2020). COVID-19 patients
requiring hospitalization frequently develop diffuse alveolar damage
that is sometimes fatal (Barton et al.,, 2020; Borczuk et al., 2020;
D’Agnillo et al., 2021; von Stillfried et al., 2022). Therefore, animal
models that develop lung injury similar to that seen in COVID-19 pa-
tients are needed to study the pathophysiological mechanisms under-
lying disease progression, identify biomarkers of disease, and provide
preclinical evaluation of medical countermeasures.

Wild-type (WT) golden hamsters (Mesocricetus auratus) are naturally
susceptible to SARS-CoV-2 infection and are the most frequently used
animal model of COVID-19 (Munoz-Fontela et al., 2020; Renn et al.,
2021). Previous studies have shown that, despite typically surviving
infection, mature (32-34-week-old) hamsters exposed to 10°
plaque-forming units (PFU) of SARS-CoV-2 develop more pronounced
weight loss, more severe and protracted bronchointerstitial pneumonia,
and less robust humoral immune response when compared to young
(6-week-old) hamsters (Osterrieder et al., 2020).

In an attempt to model the severe, sometimes fatal, pneumonia seen
in a subset of humans with COVID-19, hamsters carrying the human
angiotensin-converting enzyme 2 (hACE2) receptor were developed
(Golden et al., 2022). Young (6-8-week-old) hACE2 hamsters exposed to
a dose of SARS-CoV-2 1000-fold lower than typically administered to
WT hamsters showed slowed movement or reduced mobility, weight
loss, and high mortality rates (Gilliland et al., 2021). In a similar study
with hACE2 hamsters, the virus was detected in the lungs, heart, and
brain, with the highest titers found in the lungs (Golden et al., 2022).
The virus detected in the brain was associated with a fatal neurotropic
meningoencephalitis, which has also been observed in hACE2 mice
(Golden et al., 2022; Moreau et al., 2020; Toomer et al., 2022). While the
effects of SARS-CoV-2 on the central nervous system (CNS) have not
been fully elucidated, a fatal SARS-CoV-2 neurotropic meningoenceph-
alitis has not been reported in the brain tissue of human autopsy patients
that succumbed to COVID-19 (Barton et al., 2020; Ho et al., 2022; Khan
et al., 2021; Matschke et al., 2020; Stein et al., 2022).

Previously, computed tomography (CT), positron emission tomog-
raphy with CT (PET/CT), and single-photon emission computerized to-
mography (SPECT) have been used to evaluate animal models of Middle
East respiratory syndrome coronavirus (MERS-CoV) (Chefer et al., 2018;
Johnson et al., 2015b, 2016), demonstrating the utility of medical im-
aging in pre-clinical development. In particular, 2-deoxy-2-[fluorine-18]
fluoro-D-glucose (18F-FDG) PET/CT imaging provides detailed spatio-
temporal visualization of inflammatory processes deep within the entire
body of the hamsters in a longitudinal and non-invasive way. Moreover,
semi-quantitative '®F-FDG PET/CT image analysis is less affected by
sampling bias, which enables a more comprehensive view of the disease
progression.

In this study, a comparison of three established SARS-CoV-2 hamster
models representing lung disease severity from mild to moderate to
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severe was made: 60-week-old (aged) WT, 6-week-old (young) WT, and
14-22-week-old hACE2 (Golden et al., 2022) hamsters exposed to
WAO01/2020 via the intranasal (IN) route. Disease progression was
assessed using body weight, viral load in the upper respiratory tract and
lung tissue, whole-body '®F-FDG micro-PET/CT, immunology, and his-
topathology. Our group successfully differentiated COVID-19 lung dis-
ease severity from mild to severe by utilizing '®F-FDG micro-PET/CT in
these hamster models. Additionally, we were able to determine the
damage to the nasal turbinates, which was supported by histopathology.

2. Materials and methods
2.1. Animals and experiment design

An initial series of natural history of disease studies was followed by
a series of PET/CT imaging studies in young and hACE2 hamster models.
The clinical, virology, immunology, and histology data were consoli-
dated to increase the sample sizes for statistical purposes.

All hamsters were acclimated for 10-14 d (WT) (or 70 d for hACE2)
and individually housed in the IRF-Frederick biosafety level 4 (BSL-4)
laboratory, a facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC). All
hamsters were IN-exposed to either mock inoculum (diluent medium) or
to SARS-CoV-2 WA01/2020, diluted in 100 pL of Dulbecco’s modified
eagle medium (DMEM) and supplemented with 2% heat-inactivated
fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA). The
exposure inoculum was back-titrated real-time to verify the dose
received.

Natural history studies were performed in WT young hamsters (LVG
hamsters; Charles River Laboratories, Wilmington, MA, USA) after
exposure to mock inoculum or 10° (back titer: 1.00°10° PFU) or 10° PFU
(back titer: 9.29°10% PFU) of SARS-CoV-2 and in hACE2 hamsters
(provided by Dr. Zhongde Wang and Dr. E. Bart Tarbet from Utah State
University) after exposure to mock inoculum or 100 (back titer:
1.43°10% PFU), 10 (back titer: 1.51"10" PFU), 1 (back titer: 1.78"10°
PFU), or 0.1 PFU (back titer: undetectable) SARS-CoV-2 (Fig. S1A). Body
temperatures were assessed using subcutaneously placed transponders
in hACE2 hamsters. Body temperature decreases are a reliable indicator
of SARS-CoV-2-associated morbidity in the hACE2 model. Body tem-
peratures were assessed in young WT hamsters post-SARS-CoV-2 expo-
sure, but the data is not presented because body temperature did not
significantly differ from uninfected controls (Francis et al., 2021;
Osterrieder et al., 2020). A natural history of disease study was not
performed in aged WT hamsters due to a lack of available 60-week-old
hamsters.

The subsequent PET/CT imaging studies were performed in aged,
young, and hACE2 hamsters (Fig. S1B). Hamsters were grouped by
SARS-CoV-2/mock-inoculum exposure dose and then separated into
cohorts based on pre-determined imaging days, followed by serial nec-
ropsy days (Fig. S1B). Of 10 aged (~60-week-old) WT hamsters (HsdHan
AURA hamsters; Envigo, Haslett, MI, USA), nine were exposed to a
target dose of 10° PFU SARS-CoV-2 (back titer: 9.27°10* PFU) and 1 was
mock-exposed (Fig. S1B). The inclusion of an aged hamster group
exposed to 10° PFU SARS-CoV-2 was not possible due to the limited
availability of 60-week-old hamsters. Young (6-week-old) WT hamsters
were exposed to either target dose of 10° PFU (back titer: 5.57°10% PFU)
or 10% PFU (back titer: 1.43°10% PFU) with the same group sizes as mock-
exposed controls (Fig. S1B). Adult (14-22-week-old) hACE2 hamsters
were exposed to lower doses of SARS-CoV-2 due to previously identified
higher morbidity and mortality when compared to WT hamsters, and a
10-PFU dose was not included in the imaging study due to uniform
mortality observed in the natural history of disease study: 100 PFU (back
titer: 5.63"10! PFU), 1 PFU (back titer: undetected), or 0.1 PFU (back
titer: undetected) with six mock-exposed controls (natural history and
imaged) (Fig. S1B).

Hamsters were weighed and evaluated for clinical signs of disease
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from the day prior to exposure (—1 d, with exposure designated as day 0)
until the end of the study. Pre-exposure PET/CT was performed at 7 + 3
d in hamster groups included in the serial imaging studies. Clinical
disease signs in hACE2 hamsters included the presence of weight loss
exceeding 10% of weight relative to day 0, increased body temperatures
of 2 °C or more, lethargy, hunched posture, ruffled fur, nasal or ocular
discharge, and tachypnea and/or dyspnea. Each of these clinical signs
was scored a 0 or 1. Hamsters with cumulative clinical scores greater
than 7 or those that demonstrated weight loss equal to or greater than
25% compared to day 0 weight, decreases in body temperature in excess
of 3 °C, or unresponsiveness to external stimulus were humanely
euthanized. SARS-CoV-2 is not typically lethal in WT hamsters. The
clinical signs observed in WT hamsters were weight loss and increased
respiratory rate. In addition to daily monitoring for clinical signs of
disease, all hamsters were euthanized and necropsied after micro-PET/
CT imaging at scheduled or unscheduled (reaching pre-determined
endpoint criteria) terminal time points, and samples were collected to
assess viral replication and host immune response to infection, as well as
for histopathology and SARS-CoV-2 nucleocapsid protein (NP) immu-
nohistochemistry (IHC) to characterize disease progression.

2.2. Virus

The2019-nCoV/USA-WA1-A12/2020 (GenBank #MT020880.1)
isolate (Washington isolate; WA01-/2020) of SARS-CoV-2 (Nidovirales:
Coronaviridae: Sarbecovirus) was provided by the U.S. Centers for Disease
Control and Prevention (CDC; Atlanta, GA, USA) at passage 3 from
sample collection. The virus was then passaged once at the Integrated
Research Facility at Fort Detrick by inoculating Vero cells E6 (American
Type Culture Collection [ATCC], Manassas, VA, USA). The infected cells
were incubated for 72 h in DMEM with 4.5 g/L D-glucose, L-glutamine,
and 110 mg/L sodium pyruvate (Gibco, Gaithersburg, MD, USA), con-
taining 2% heat-inactivated FBS (SAFC Biosciences, Lenexa, KS, USA) in
a humidified atmosphere at 37 °C with 5% carbon dioxide (CO5). The
resulting master stock, a passage 4 stock (IRF0394), was quantified by
plaque assay using Vero E6 cells with a 2.5% Avicel overlay and stained
after 48 h with a 0.2% crystal violet stain (Ricca Chemical, Arlington,
TX, USA). Virus stocks were sequenced and compared to the published
SARS-CoV-2 Washington isolate genome (GenBank #MT020880.1) to
confirm sequence fidelity. Virus stocks were free from adventitious
agents, and quality-control assays for endotoxin, mycoplasma, and
bacterial contamination were negative.

2.3. Viral load

2.3.1. Oropharyngeal samples collected from swabbing and lavage

Media used for lavage collection (on all WT hamsters) was composed
of DMEM with L-glutamine (Gibco, Waltham, MA, USA), 2% vol/vol
heat inactivated FBS (Sigma-Aldrich), and 1% vol/vol antibiotic-
antimycotic (Gibco). Oropharyngeal samples (for all hACE2 hamsters)
were collected using Puritan PurFlock Ultra Sterile Flocked swab (Pu-
ritan Medical Products Company LLC, Guilford, ME, USA). The flocked
tip was inserted into the oropharyngeal area and then swiped in a cir-
cular motion three times. The flocked tip of the swab was placed into a
vial containing viral transport media : HBSS, 2%vol/vol heat inactivated
FBS (Sigma-Aldrich), 0.2% vol/vol of 250 pg/mL Amphotericin B
(Sigma-Aldrich) and 0.2% vol/vol of 50 mg/mL Gentamycin (Gibco);
the plastic handle was cut from the tip with clean scissors. Oropharyn-
geal lavages were performed immediately after euthanasia by instilling
1.0 mL of 2% vol/vol heat inactivated FBS (Sigma-Aldrich) and 1% vol/
vol antibiotic-antimycotic (Gibco) in 250-pL increments. Each incre-
ment of media was immediately retrieved by pipette and transferred into
a sterile plastic vial.
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2.3.2. Tissue processing for real-time reverse transcription polymerase
chain reaction (RT-qPCR) and plaque assay

Approximately 50 mg of lung tissue was collected in pre-weighed
bead beating tubes and maintained at —80 °C prior to processing.
Samples for plaque assays and RT-qPCR were reweighed after thawing
to calculate the weight of the tested lung tissue. Phosphate-buffered
saline (PBS) (Gibco, Grand Island, New York) was added to achieve a
10% suspension for plaque assay, or TRIzol LS (Thermo Fisher Scientific,
Waltham, MA, USA) was added to achieve a 10% w/v homogenate for
RT-qPCR. Samples were homogenized using an OMNI Bead Ruptor Elite
for 3 min and then clarified by centrifugation for 10 min at 2500 rpm.

2.3.3. RT-qPCR

Samples for RNA extraction and downstream RT-qPCR analysis of
viral genomic RNA were treated using TRIzol LS (Thermo Fisher Sci-
entific) in accordance with manufacturer’s instructions. Briefly, 70 pL of
TRIzol-inactivated sample was added to 280 pL of QIAGEN Buffer AVL,
containing 3 pg of carrier RNA (polyA, supplied with QIAamp Viral RNA
Mini kit [QIAGEN, Germantown, MD, USA]), and extracted using the
QIAamp Viral RNA Mini Kit in accordance with manufacturer’s in-
structions. Samples were eluted in 70 pL of Buffer AVE, aliquoted in two
equal portions, and stored at —80 °C until performing the assay. SARS-
CoV-2 viral RNA targets in the ORFIla gene were then quantified using
the CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR
Diagnostic Panel protocol using an Applied Biosystems 7500 Fast Dx
Real-Time PCR Instrument (Thermo Fisher Scientific) in accordance
with the manufacturer’s instructions. Cycling conditions were: 50 °C for
5 min, 95 °C for 20 s, 95 °C for 3 s, and 60 °C for 30 s; the last two steps
were repeated for 45 cycles. Serially 10-fold-diluted from 9 log;o to
0logy viral RNA copies of DNA, comprised of the SARS-CoV-2 RT-qPCR
assay target, constructed as gene fragments (gBlocks; Integrated DNA
Technologies, Coralville, IA, USA), were used as a standard curve to
establish quantifiable cycle threshold (Ct) values. Data were reported as
viral RNA copies per mg of tissue. Applied Biosystems 7500 software
version 1.4.1 was used to calculate the viral RNA copies in a sample.

2.3.4. Infectious virus burden quantification

Vero E6 cells were plated in 6-well plates at a density of 1 x 10° cells
per well to ensure at least 90% confluence the following day. Ten-fold
serial dilutions of the tested samples were added in triplicate of 300
pL per well to individual wells, followed by 1 h incubation at 37 °C with
5% COs, rocking every 15 min. Then, the cells were covered with 2 mL of
2.5% Avicel overlay, diluted (1:1; f/c 2.5%) in 2 x Eagle’s minimum
essential medium (EMEM; Quality Biological, Gaithersburg, MD, USA),
containing 4% FBS and incubated at 37 °C with 5% CO for 48 h. The
overlay was removed, and the cells were fixed with 0.2% crystal violet in
10% neutral buffered formalin (NBF) for 30 min at ambient tempera-
ture. The plates were washed with water and plaques were enumerated.
Data were reported as PFU per g of homogenized tissue.

2.4. In vivo micro-PET/CT imaging

To evaluate the SARS-CoV-2-induced pathological changes over time
noninvasively, serial micro-PET/CT imaging studies were performed on
an MRS PET/CT 120 preclinical scanner (MR Solutions, Guildford,
Surrey, UK) at —7+3, 2, 5, and 8 d post-exposure (PE). During each
imaging day, each animal was anesthetized using isoflurane and injected
intramuscularly in the thigh with 18 FDG (Cardinal Health, Beltsville,
MD, USA). A respiratory-gated high-resolution chest CT (for radiological
evaluation), a whole-body helical CT (to generate an attenuation map
for PET reconstruction), and a 10-min static micro-PET image (at 60 min
after ®F-FDG injection) were acquired sequentially and then recon-
structed. CT images were read by a board-certified radiologist. All im-
ages were reviewed, and data were measured using MIM v.7.0 (MIM
Software, Cleveland, OH, USA).
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2.4.1. CT data quantification

The CT abnormalities were first evaluated in the lungs by an expe-
rienced radiologist using a qualitative CT consolidation scoring system
of 0-5 with 0.5 increments, adapted from human cases and based on
lung involvement (Pan et al., 2020). Qualitatively, the pulmonary ab-
normalities seen in hamsters had a similar spectrum of distribution,
morphology, and duration to that described in patients with mild to
moderate COVID-19; abnormalities included multifocal, bilateral
ground-glass opacities (GGOs), infiltrates, consolidation, air broncho-
grams, and dilated airways (Hani et al., 2020).

Lobar scores were summed to generate total lung scores. CT scores
ranged 0-5 for each lobe (right upper, right middle, right lower, right
accessory, and left). Lobes were scored as: 0 = no disease involvement, 1
< 5%, 2 = 5-24%, 3 = 25-49%, 4 = 50-74%, 5 > 74%, with a maximum
total lung score of 25.

Percent change in the volume of lung hyperdensity (PCLH) was
performed to quantify CT data by first segmenting the lung field in the
CT scan using a region growing implementation (Johnson et al., 2015a).
Lung volumes were generated for baseline scans and all subsequent CT
scans for each hamster. A histogram analysis on the baseline scan for
each animal determined a density threshold value (Hounsfield Unit
[HU]) for which 5% of voxels were above this threshold. This threshold
was applied to all scans performed post-exposure, and the volume of
tissue with the HU value greater than this value was compared as a
percent change to the volume at baseline. In addition, this hyperdense
volume was normalized to the total lung volume and represented as a
percent of total lung volume.

2.4.2. PET data quantification

To quantify PET data, whole-body CT and micro-PET scans for a
given imaging session were co-registered. Regions of interest (ROIs)
were placed manually on the PET images, and location was determined
on the co-registered CT images. These regions included specific lung
abnormalities, when present, as well as left and right lungs in which no
specific abnormalities were present. The lung abnormality with the
highest 18F-FDG uptake was first identified by visual inspection of the
entire lung by a board-certified radiologist. Then, an ROI was placed,
and '8F-FDG maximum standardized uptake value (SUVmax) was
measured from the lung abnormality. To minimize the inter-animal
variations, another ROI was placed and the mean SUV (SUVmean) was
measured in a normal area of the lungs where no specific abnormalities
were present. The ratio between the abnormal SUVmax and normal
SUVmean (normalized lung abnormality SUVmax) was calculated for
each animal. The averaged normalized lung abnormality SUVmax
values of the groups were graphed longitudinally. Quantitative analysis
was correlated with a qualitative evaluation of CT and micro-PET/CT
lung pathology over time, performed by a board-certified radiologist.

To analyze the '®F-FDG uptake in the nasal tissues, a 2.5-mm
spherical volume of interest was manually placed on the PET image
using the CT as anatomical reference. The SUVmean was measured. To
reflect the longitudinal change of the '®F-FDG uptake in the nasal tissues
and nasopharyngeal structures, the ratio between the SUVmean of
different days post-exposure and that of baseline was calculated
(normalized nasal SUVmean). The averaged normalized nasal SUVmean
of groups were graphed longitudinally.

2.5. Immunology assessment

2.5.1. Serum spike immunoglobulin G (IgG) enzyme-linked immunosorbent
assay (ELISA)

ELISA plates were coated with 50 pL (0.1 pg per well) of SARS-CoV-2
spike protein S1 domain (Sino Biological, Wayne, PA, USA) in PBS and
placed on a microplate overnight at 4 °C, followed by washing with PBS
with Tween 20 (PBS-T) and blocking in 5% non-fat dry milk (Lab-
Scientific, Danvers, MA, USA). The ELISA plates were washed again with
PBS-T, and diluted serum samples were serially diluted 2-fold
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(1:100-1:12,800). After washing, S1 domain-specific IgG antibodies
were detected using horseradish peroxidase (HRP) conjugated anti-
hamster antibodies (Jackson ImmunoResearch, Laboratories, Inc, West
Grove, Pennsylvania, USA) and 3,3',5,5'-Tetramethylbenzidine (TMB)
substrate (Thermo Fisher Scientific) (Malherbe et al., 2021). Reciprocal
endpoint titers were determined in Prism software, version 9 (GraphPad,
La Jolla, CA, USA), using a sigmoidal 4-parameter logistic fit curve.
Endpoint titers were calculated at the point where the curve crossed the
ELISA cutoff value. Data are presented as the mean and standard devi-
ation of two independent ELISA runs.

2.5.2. Fluorescence neutralization assay

The fluorescence reduction neutralization assay (FRNA) method for
measuring neutralizing antibodies was developed previously (Bennett
et al., 2021). Briefly, Vero E6 cells were seeded at 3 x 10* in 100 pL
DMEM+10% heat-inactivated FBS in 96-well Operetta plates (Greiner
Bio-One, Monroe, NC, USA). The following day, a series of 6-point di-
lutions of 1:2 were performed in duplicate, starting with a dilution of
1:40-1:960. SARS-CoV-2 virus stock was diluted in serum-free media at
a multiplicity of infection (MOI) of 0.5. The mixture of serum and virus
were incubated for 1 h at 37 °C with 5% CO,. Following incubation, 100
pL per well of each virus/serum mixture were transferred to the Operetta
plates with cells. The virus/serum mixtures were incubated for 24 h at
37 °C with 5% CO,. Subsequently, plates were fixed with 20% NBF at
4 °C for 24 h. Plates were then washed and blocked with 3% bovine
serum albumin (BSA) in 1 x PBS for 30 min on a rocker.

The plates were stained with primary antibody, a SARS-CoV NP-
specific rabbit monoclonal antibody (Sino Biological), at 1:8000 in
blocking buffer at ambient temperature for 60 min on a rocker. The
plates were washed and stained with secondary antibody, goat a-rabbit
IgG (H + L), Alexa Fluor 594 Conjugate (Thermo Fisher Scientific,
Waltham, MA, USA) at 1:2500 and incubated at ambient temperature for
30 min on a rocker in the dark. Finally, plates were read on an Operetta
High-Content Analysis System (PerkinElmer, Waltham, MA, USA) with
at least four fields of view of >1000 cells each. Data were analyzed using
Harmony software (PerkinElmer). Half-maximal neutralization titers
(NTsp) were calculated by averaging the fluorescence intensity in virus
control wells.

2.5.3. Cytokine/chemokine profile

Lung homogenates were analyzed for cytokine and chemokine
changes by RT-qPCR assay (Chan et al., 2020). Nine cytokines and
chemokines were evaluated: interleukin 2 (IL2), IL6, IL10, interferon
gamma (IFNG), tumor necrosis factor alpha (TNFA), transforming
growth factor beta 1 (TGFB1), chemokines C-C motif ligand 20 (CCL20),
CCL22, and interferon gamma-induced protein 10 (IP-10). Chemo-
kine/cytokine profiling was performed on lung tissues from
virus-exposed and mock-exposed hamsters by RT-qPCR. Tissue samples
for RNA extraction were processed as above, followed by total RNA
extraction. RNA was then purified with a PureLink RNA Mini Kit
(Thermo Fisher Scientific, Carlsbad, CA, USA) in accordance with
manufacturer’s instructions. TaqPath 1-Step Multiplex Master Mix
(Thermo Fisher Scientific, Frederick, MD, USA) was used to generate
complementary DNA and quantified using Tagman primers and probes
(Integrated DNA Technologies) using the Applied Biosystems 7500 Fast
Dx Real-Time PCR Instrument in accordance with the manufacturer’s
instructions. The Ct value of each gene was normalized to the internal
reference gene (hamster RPL-18), and the comparative Ct (AACt)
method was used to calculate changes in chemokine and cytokine gene
expression. The data were further normalized and graphed, with the
mock-exposed animals serving as the calibrator sample for each
respective day post-exposure. Results were graphed using GraphPad
Prism 9.3.a.



Y. Cong et al.
2.6. Histopathology

All hamsters that did not succumb to disease were humanely
euthanized by terminal exsanguination under deep isoflurane anesthesia
and necropsied at scheduled time points. Animals that reached pre-
determined clinical endpoint criteria following infection were simi-
larly euthanized. The lungs, trachea, nasal turbinates, brain, olfactory
bulb, heart, spleen, liver, kidneys, adrenal gland, eyes, ovaries/testes,
axillary lymph nodes, inguinal lymph nodes, mesenteric lymph nodes,
bronchial lymph nodes, submandibular salivary glands, stomach, duo-
denum, jejunum, ileum, and colon were collected either in 10% NBF for
histopathology and routinely processed for histopathology and IHC or
frozen to assess viral load by plaque assay and RT-qPCR.

2.6.1. Microscopic examination

Hematoxylin and eosin-stained sections were semiquantitatively
scored 0-4 by a pathologist as follows: 0, tissue within normal limits; 1,
histologic changes that barely exceeded normal limits; 2, easily identi-
fied histologic changes of limited severity; 3, prominent histologic
changes that may have caused organ dysfunction but were not of
maximal severity; or 4, overwhelming histologic changes likely to cause
significant organ dysfunction.

2.6.2. IHC for SARS-CoV-2

SARS-CoV-2 IHC was performed with rabbit-polyclonal anti-SARS-
CoV/SARS-CoV-2 nucleocapsid primary antibody (1:6500 dilution; Sino
Biological, Wayne, PA, USA) and followed by a biotinylated donkey anti-
rabbit IgG secondary antibody (1:1500 dilution; Jackson ImmunoR-
esearch Laboratories, Inc). The biotinylated target was detected by ABC-
AP kit (Vector Labs, Newark, CA, USA) using the InmPACT Vector Red
substrate and counterstained with hematoxylin. Stains were semi-
quantitatively scored for staining intensity and distribution as follows: 0,
no staining; 1, weakly positive (fewer than 5 cells per section) and/or
low intensity staining; 2, moderately positive (5-20 cells per section)
and/or medium intensity staining; 3, strongly positive (more than 20
cells per section) and/or high intensity staining.

2.7. Statistical analyses

All data were analyzed with GraphPad Prism 9.3.1. Survival data
were analyzed using Kaplan-Meier survival curves compared by the log-
rank (Mantel-Cox) test, followed by pairwise comparison using the
Gehan-Breslow-Wilcoxon test. Body weight loss was analyzed using
mixed-effects repeated measures model with Tukey’s post-test multiple
comparisons. Statistical analyses of clinical (RT-qPCR and plaque assay),
radiological, and pathology scores were performed by one-way analysis
of variance (ANOVA) with Tukey multiple comparison to determine
significant differences among groups. Two-way ANOVA and then
Tukey’s test were used to analyze SARS-CoV-2 S1 ELISA, neutralization
antibody, and cytokine/chemokine profiles. Pearson correlation tests
were performed on endpoints of interest; p < 0.05 was considered sta-
tistically significant.

3. Results
3.1. Clinical presentations

3.1.1. WT hamsters (aged and young) survived high dose exposure of
SARS-CoV-2 (up to 10° PFU); hACE2 hamsters showed uniform lethality
with 10 PFU SARS-CoV-2 exposure

Aside from hamsters serially euthanized at pre-scheduled time points
post-exposure (Fig. S1), all WT hamsters exposed to 10° (aged and
young) or 10° (young) SARS-CoV-2 (or mock inoculum) survived to their
scheduled study endpoints of 2, 5, 8, 10 or 14 d PE. Survival of hACE2
hamsters was dose-dependent; those exposed to either 100 or 10 PFU
showed uniform lethality, met pre-defined endpoint criteria, and were
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euthanized or succumbed to viral meningoencephalitis by 6 d PE
(Fig. 1A and Fig. S1). Four of five hACE2 hamsters exposed to 1 PFU
SARS-CoV-2 succumbed by 6 d PE. One of five hACE2 hamsters exposed
to 0.1 PFU succumbed at 6 d PE (Fig. 1A and Fig. S1). The three mock-
exposed control hACE2 hamsters survived to the end of the study (10 d
PE).

3.1.2. Aged WT hamsters showed significantly more body weight loss when
compared to young WT or hACE2 hamsters after exposure to SARS-CoV-2

As expected, mock-exposed young WT hamsters gained weight
throughout the experiment. Mock-exposed adult hACE2 and aged WT
hamsters showed no weight change throughout the experiment
(Fig. 1B). In WT hamsters, signs of disease presented within 3 d PE and
included a significant reduction in body weight (Fig. 1B) with an in-
crease in respiratory rate. Decreases in body weight were observed on 2
d PE in all virus-exposed hamsters when compared to mock-exposed
hamsters (Fig. 1B). Aged WT hamsters showed the most body weight
loss when compared to young WT hamsters and hACE2 hamsters
exposed to SARS-CoV-2. At 8 d PE, a recovery in body weight was
observed in all surviving hamster groups; however, body weight gains
were marginal in aged WT hamsters compared to young WT hamsters
(Fig. 1B).

As seen in young WT hamsters, adult hACE2 hamsters showed
weight loss (Fig. 1B) that was dose-dependent. Exposure to 100 PFU and
10 PFU resulted in a similar average of 11% body weight loss, those
exposed to 1 PFU showed 5%, and those exposed to 0.1 PFU showed 1%
body weight loss at 5 d PE. An increase in respiratory rate and a sig-
nificant decrease in body temperature (up to 4 °C compared to baseline),
with ruffled fur, lethargy, and snuffling were also seen in hamsters prior
to reaching endpoint criteria.

3.2. Viral load

3.2.1. SARS-CoV-2 load peaked in the lungs at 2 d PE in all three models
but persisted in hACE2 hamsters

To determine the tropism of SARS-CoV-2, viral RNA concentrations
were measured by RT-qPCR for the envelope gene (E) and/or viral titers
were assessed in cell culture from oropharyngeal swab/lavage samples,
nasal turbinate tissue, and lung tissue at 2, 5, and 8 d PE. Virus was not
detectable in tissues sampled at 10 or 14 d PE (Fig. 1C-G). Lung viral
burden peaked in all three models at 2 d PE (Fig. 1C). At 5 d PE, viral
burden in the lungs decreased by 1 log;¢ in young WT hamsters exposed
to 10° PFU and by nearly 2 logso in those exposed to 10° PFU. By 8 d PE,
viral burden in the lung tissue of young WT hamsters exposed to 10° PFU
decreased further, by nearly 2.5 logo, and in those exposed to 10° PFU
viral burden decreased by 2 log;o, when compared to 5 d PE (Fig. 1C). In
contrast, and independent of dose, hACE2 hamsters maintained high
average viral burdens in the lungs throughout the observation period
(Fig. 1D).

3.2.2. Viral burden decreases temporally in nasal turbinates and
oropharyngeal area

Viral burden in the nasal turbinates of young WT and adult hACE2
hamsters gradually decreased from 2 d PE over time and was barely
detectable by 8 d PE (Fig. 1D). Viral RNA amplified from oropharyngeal
samples taken via swab or lavage from aged WT hamsters demonstrated
a high initial viral burden of nearly 7 logio gene copies per sample,
which dropped to 4 logio gene copies per swab by 8 d PE (Fig. 1E).
hACE2 hamsters in the 100- and 10-PFU exposure groups had high viral
RNA burdens at 2 d PE that decreased by 2 log( at 5-6 d PE (Fig. 1E).
Regrettably, nasal turbinate samples were not collected in aged WT
hamsters.

3.2.3. SARS-CoV-2 is neuroinvasive in hACE2 hamsters
Low titers of virus were found in the brain tissue of aged WT and
young WT hamsters exposed to 10° PFU at 2 d PE (Fig. 1F), but at no
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Fig. 1. Clinical signs of disease survival, body weight changes, and viral loads in all three hamster models.

A. Survival of hamsters exposed to SARS-CoV-2 via intranasal inoculation. All WT hamsters survived virus exposure over the course of 8 d. Survival of hACE2
hamsters in a 10-14-d natural history study correlated with exposure dose. Significant differences were seen as p = 0.0013 (**). B. Individual relative body weight
changes (weight loss in WT aged 10° PFU in comparison to WT young 10°, 10°, hACE2 100, 10, 1, and 0.1 PFU; p < 0.0001%**) over the duration of the disease. Data
are presented as the mean percentage of the weight relative to 0 d (-SD). Statistical significance for average body weight was analyzed across the 8-14-d time course
using a mixed-effects repeated measures model with Tukey’s post-test multiple comparisons. C-F Virus loads were determined from C. RNA (per mg homogenized
right cranial lung lobe) and infectious virus titers (per g homogenized right cranial lung lobe) (WT aged 10° PFU in comparison to WT young 10° PFU; p < 0.03*) and
(D) nasal turbinates (E) Viral RNA from oropharyngeal samples collected by swabbing or lavage (per swab or per mL, respectively) to detect the virus shredding over
the course of the experiment (F) Infectious virus titers in brain obtained at euthanasia. Horizontal lines show the mean. Points indicate data from individual hamsters.
Solid symbols indicate viral RNA; open symbols indicate virus titers; dotted lines indicate the limit of detection; points indicate data from individual hamsters. One-
way ANOVA with Tukey multiple comparison was performed in GraphPad Prism 9.3.1. p < 0.033 is *, p < 0.002 is **, and p < 0.001 is ***. SARS-CoV-2, severe acute
respiratory syndrome coronavirus-2; WT, wild-type; hACE2, human angiotensin-converting enzyme 2; SEM, standard error of the mean; SD, standard deviation;
ANOVA, analysis of variance; LLOQ, lower limit of quantitation; PCR, polymerase chain reaction.
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other time points, and no evidence of neuroinvasion was found histo-
pathologically. In contrast, infectious SARS-CoV-2 was detected in the
brain tissue from hACE2 hamsters in the 100- and 1-PFU exposure
groups until the 5-6 d PE time point, when they all succumbed to dis-
ease. As expected, hACE2 hamsters exposed to100 PFU had the highest
average viral titers in the brain, but, interestingly, the average viral ti-
ters in the 10-PFU-exposed group that succumbed to disease were
slightly lower than those exposed to 1 PFU that succumbed. The hACE2
hamsters exposed to 0.1 PFU had the lowest average viral titers in the
brain (Fig. 1F). No virus was detected in the brain tissue of hACE2
hamsters exposed to 1 or 0.1 PFU virus that survived to pre-determined
study endpoints.

3.3. 8F-FDG PET and CT Imaging

3.3.1. Chest CT quantified by lung consolidation scores and analyzed by
PCLH

After qualitative review by radiologists, semi-quantitative CT scoring
and quantitative evaluation using PCLH were performed (Chefer et al.,
2018).

Aged WT (10° PFU) hamsters showed moderate multifocal bilateral
GGOs, linear opacities, small foci of consolidation. In all four right lobes,
pulmonary abnormalities worsened until 8 d PE (n = 3), as indicated by
increasing consolidation scores (Fig. 2A, red arrows, and Fig. 2B). By
comparison, the mean scores for left-lobe CT consolidation scores
showed that the pulmonary abnormalities peaked at 5 d PE (4.43 +
1.13) and started to resolve at 8 d PE (3.75 + 1.26). In one aged WT
hamster, the pneumonia observed in the left lobe at 2 d resolved at 5 d,
but the total lung CT consolidation score showed no improvement due to
ongoing pneumonia in the right lobes. In three of six hamsters, a mild
(one hamster) or severe, pneumomediastinum (two hamsters) that
extended into the neck or left hilum was seen at 5 d PE (both underwent
scheduled euthanized on 5 d). The observed differences in disease be-
tween right and left lung lobes are likely attributable to the anatomy of
the hamster respiratory tract wherein the right main bronchus is larger
than the left (Kennedy et al., 1978) which would facilitate increased
virus deposition in the right lung lobe. Overall, the pulmonary abnor-
malities in aged WT hamsters first observed at 2 d worsened until 8
d (study end), as evidenced by progressive increases in whole-lung
consolidation scores, which were 0.11 + 0.33 (baseline), 3.78 + 2.05
(2 d), 11.33 + 3.62 (5 d), and 16.33 + 1.53 (8 d) (Fig. 2B) and the
quantitative PCLH were 0, 108.52 + 73.10, 769.359 + 235.75, and
875.77 + 419.07 (Fig. 2C) at the same time points. Mock-exposed aged
WT hamsters had whole-lung consolidation scores and PCLH values of
0 throughout the study.

All virus-exposed young WT hamsters showed CT lung abnormalities
at 2 d PE. As seen in aged WT hamsters, findings included moderate
multifocal bilateral GGOs (Fig. 2A, yellow arrow), linear opacities, small
foci of consolidation (Fig. 2A, red arrow). Infiltrations and multiple
bilateral areas of consolidation were mostly present in the left lobe of all
virus-exposed hamsters (Fig. 2A).

The radiological abnormalities in the lungs peaked at 5 d PE and
increased with increasing exposure dose, with a mean CT consolidation
score of 9.14 + 4.78 and PCLH of 472.60 + 249.91 for the hamsters
exposed to 10° PFU SARS-CoV-2 and a mean CT consolidation score of
11.0 + 3.41 and PCLH of 744.52 + 251.24 for the hamsters exposed to
10° PFU virus. Lung disease improved in both young WT hamster dose
groups at 8 d PE (Fig. 2A, yellow and red arrows), supported by de-
creases in whole-lung consolidation scores (Fig. 2B) and PCLH (Fig. 2C).

In contrast to WT hamsters, the lungs from SARS-CoV-2-exposed
hACE2 hamsters at all exposure doses showed minor abnormalities at
2 d PE that worsened at 4 or 5 d but remained mild (Fig. 2A). CT
consolidation scores were markedly less severe than those measured in
either group of WT hamsters at 5 d (Fig. 2B), but disease biased towards
the left lobe was still observed. The peak whole-lung CT consolidation
score at 5 d was 5.33 and 4.00 for hACE2 hamsters exposed to 100 and 1
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PFU, respectively (Fig. 2B). Similarly, the PCLH values for hACE2
hamsters at all exposure doses were far lower than those for WT ham-
sters (Fig. 2C). CT consolidation scores and PCLH values for the 0.1 PFU
hACE2 group suggested no difference when compared to mock-exposed
hACE2 hamsters. CT abnormalities at later time points could not be
assessed for the hACE2 hamsters exposed to 100 or 10 PFU virus,
because they succumbed to neurotropic meningoencephalitis at 5 or 6 d
PE (Fig. 1A). hACE2 hamsters that were exposed to mock inoculum
showed no significant CT abnormalities.

3.3.2. 18F-FDG uptake in lungs

SUV is a unitless measure of radioactive uptake within a defined
volume of interest and is used to measure metabolic activity or pooling
of radiotracers, such as '®F-FDG. Using micro-PET/CT, the normalized
SUVmax only increased slightly in the 100- and 1-PFU dose groups but
remained no greater than 4 throughout the study (Fig. 2D and E).

The average normalized lung SUVmax was 1.53 4+ 0.23 (n = 9) in
aged WT hamsters at baseline. At 2 d PE, ®F-FDG-avid lung lesions were
evident in all aged WT hamsters, with a significantly increased
normalized lung SUVmax of 7.13 + 2.18 (n = 9). Pulmonary inflam-
mation developed rapidly 2-5 d PE, manifested by an average normal-
ized lung SUVmax of 18.7 + 4.33 (n = 6) and then began to decline by 8
d PE to near the values measured at 2 d, with an average normalized
lung SUVmax that decreased to 7.57 + 1.60 (Fig. 2D and E).

The average normalized SUVmax for young WT hamsters exposed to
10° PFU was 1.31 £+ 0.18 (n = 9) at baseline. A significant increase was
observed at 2 d PE (3.93 + 1.28, n = 9), with further increase observed
at 5d (7.38 £ 1.30, n = 3) in all young hamsters when compared to
baseline. At 8 d PE, a mixed response was observed, with one hamster
showing decreased normalized lung SUVmax (2.43 at 8 d versus 8.55 at
5 d), while the another showed a continued increase (7.43 at 8 d versus
1.58 at 2 d). In young WT hamsters exposed to 10° PFU, the normalized
lung SUVmax showed a similar trend as seen in young WT hamsters
exposed to 10° PFU, which was 1.29 =+ 0.25 at baseline, increased at 2 d
PE (6.08 + 3.03, n = 4), peaked at 5 d (10.11 + 1.18, n = 5), and
decreased at 8 d (2.59 + 0.46, n = 4) (Fig. 2D and E).

For the hACE2 hamsters, the normalized SUVmax only increased
slightly in the 100- and 1-PFU exposure dose groups but remained no
greater than 4 throughout the study (Fig. 2E). The normalized SUVmax
for the 10-PFU dose group did not appreciably increase throughout the
course of the experiment. SUVmax remained below 3 in all mock-
exposed, hACE2 hamsters throughout the study (Fig. 2D and E). The
normalized SUVmax for the 0.1-PFU dose group did not appreciably
increase above that of the mock-exposed animals throughout the course
of the study. Mock-exposed hACE2 hamsters showed no significant CT
lung abnormalities, and the normalized lung SUVmax remained below 3
in all mock-exposed hACE2 hamsters throughout the study (Fig. 2E).

To summarize the imaging findings in the lungs, ®F-FDG PET/CT
demonstrated that aged WT hamsters develop more severe and pro-
tracted pneumonia and hACE2 hamsters develop mild pneumonia after
SARS-CoV-2 exposure.

3.3.3. 8F-FDG PET of nasal tissues and nasopharyngeal structures

Increased '®F-FDG uptake in the posterior nasal soft tissues was
observed at 2 d PE in aged WT hamsters exposed to 10° PFU, young WT
hamsters exposed to 10° PFU, and young WT hamsters exposed to 103
PFU (Fig. 3A, white arrows). The SUVmean then decreased 5-8 d PE.
Accordingly, the normalized nasal and nasopharyngeal tissue SUVmean,
compared to baseline as ratios were 2.54 + 0.81, 2.36 + 0..26, and 2.11
=+ 0.91 for the aged WT (10° PFU), young WT (10° PFU), and young WT
(10° PFU) hamsters, respectively (Fig. 3A and B). The normalized nasal
and nasopharyngeal tissue SUVmean subsequently decreased to baseline
levels at 5 d and remained stable through 8 d.

In the hACE2 hamsters exposed to 100 PFU, the normalized nasal
and nasopharyngeal tissue SUVmean showed an increasing trend until
euthanasia or succumbing to infection at 5 d. The SUVmean in the nasal
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Fig. 2. Micro-PET/CT imaging of the lungs from three models of virus-exposed hamsters over an 8-10-d period.

A. Representative chest micro-PET/CT images in the coronal plane. Columns from left to right show lung images from groups of aged WT hamsters (exposed to mock
inoculum and 10° PFU virus), young WT hamsters (exposed to mock inoculum, 10° PFU virus, and 10° PFU virus), and adult hACE2 hamsters (exposed to mock
inoculum, 100 PFU virus, and 1 PFU virus). All hamsters were exposed to mock inoculum or SARS-CoV-2 intranasally. Rows from top to bottom are images show
disease progress over time (baseline to 8 d). The scale bar indicates radiodensity value (in HU). B. Semi-quantitative average of the whole lung (sum of lobes) CT
consolidation score (+SD) from three hamster models. C. Quantitative lung CT: average of PCLH (+SD) from three hamster models. D. 18F_FDG PET images show 18p.
FDG-avid areas, which generally correlated with CT lung consolidation. (PET images show the same lungs from panels in A.) The color bar indicates SUV. E.
Quantitation of ®F-FDG uptake in lungs. Normalized SUVmax was calculated to reflect the longitudinal change of the ®F-FDG uptake in lungs at the different days
post-exposure. Data are presented as the average of the normalized lung SUVmax (+SD). Imaging data were analyzed using GraphPad Prism 9.3.1. Two-way ANOVA
with Tukey multiple comparison test was used to determine statistical significance. Micro-PET, micro-positron emission tomography; CT, computed tomography; WT,
wild-type; hACE2, human angiotensin-converting enzyme 2; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; HU, Hounsfield Unit; SD, standard
deviation; PCLH, percent change in lung hyperdense volume; '®F-FDG, 2-deoxy-2-[fluorine-18]fluoro-D-glucose; SUV, standardized uptake value; GGOs, ground-glass
gpacities; ANOVA, analysis of variance; BL, baseline; D2, day 2; D5, day 5; D8, day 8; LN, lymph node.
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Fig. 3. '®F-FDG uptake determined by tracking of the posterior nasal soft tissues using micro-PET/CT images.

A. Representative '®F-FDG micro-PET/CT images from groups of WT aged hamsters (10° PFU), young hamsters (mock, 10° PFU, and 10° PFU) and adult hACE2
hamsters (100 and 1 PFU) exposed to SARS-CoV-2 intranasally with different doses (columns from left to right) in the sagittal plane show metabolic activities located
in the regions of interests (nasal tissues; white arrow) for each indicated study day (rows from top to bottom). B. Quantitation of 18r FDG uptake in nasal cavities.
Normalized nasal SUVmean was calculated to reflect the longitudinal change of the '®F-FDG uptake in the nasal and nasopharyngeal structures at the different days
post-exposure. Data are presented as the mean percentage of the normalized nasal SUVmean (£SD). Imaging data were analyzed using GraphPad Prism 9.3.1. Two-
way ANOVA with Tukey multiple comparison test was used to determine statistical significance. '®F-FDG, 2-deoxy-2-[fluorine-18]fluoro-D-glucose; micro-PET,
micro-positron emission tomography; CT, computed tomography; WT, wild-type; hACE2, human angiotensin-converting enzyme 2; SARS-CoV-2, severe acute res-
piratory syndrome coronavirus-2; SUV, standardized uptake value; SD, standard deviation; ANOVA, analysis of variance; BL, baseline; D2, day 2; D5, day 5; D8,
day 8.



Y. Cong et al.

and nasopharyngeal tissue of the hACE2 hamster exposed to 1 PFU that
survived past 6 d was highest at 5 d, decreased at 6 d, and remained
stable through 8 d (Fig. 3A and B). All mock-exposed WT and hACE2
hamsters showed stable ®F-FDG uptake with normalized SUVmean
around 1.0 in the nasal and nasopharyngeal areas throughout the study.

3.4. Lung histopathology corresponded with CT and micro-PET/CT
findings

3.4.1. Histopathology in lungs demonstrate aged WT hamsters develop
more severe and protracted pneumonia and hACE2 hamsters develop mild
pneumonia following SARS-CoV-2 exposure

Histopathology in the lung tissue of aged WT, young WT, and hACE2
hamsters strongly correlated with CT and PET/CT findings. In aged WT
hamsters at 2 d PE a mild to moderate necrohemorrhagic interstitial
pneumonia with pulmonary edema and fibrin exudation, epithelial cell
degeneration and necrosis, and vascular leakage with leukocyte migra-
tion across the walls of pulmonary veins was seen (Fig. 4B and Table 1).
Semiquantitative interstitial pneumonia scores (Fig. 4B, left columns)
did not differ from young WT hamsters (Fig. 4B, middle columns) at this
time point. However, by 5 d, aged WT hamsters showed more severe
intra-alveolar hemorrhage but less interstitial pneumonia (Fig. 4A,
upper-left panel) when compared to young WT hamsters (Fig. 4A, upper
middle panel). IHC showed that the intensity and number of SARS-CoV-
2-positive cells in aged WT hamsters (Fig. 4A, lower-left panel) was
higher than that observed in young WT hamsters (Fig. 4A, lower middle
panel) at 5 d. By 8 d PE, aged WT hamsters showed an ongoing, multi-
focal to coalescing, moderate to severe necrohemorrhagic interstitial
pneumonia with a severe alveolar hemorrhage, fibrin, and edema when
compared to young hamsters (Fig. 4B and Table 1). IHC for SARS-CoV-2
was scant but positive in the lung tissue from all three aged hamsters at
8 d PE (Fig. 4B, left columns, and Table 1).

The histopathological findings in the lungs of young WT hamsters at
2 d PE were similar to those seen in aged WT hamsters (Fig. 4B and
Table 1). Interestingly, there were no significant differences in the his-
topathologic lesions in the lungs between the 10° and 10° PFU exposure
doses in young WT hamsters. Young WT hamsters from both exposure
dose groups showed multifocal weak to strong SARS-CoV-2 antigen
positivity in bronchiolar epithelial cells, type II pneumocytes, macro-
phages, and luminal-sloughed cell debris (Table 1). Young hamsters
from both exposure dose groups showed multifocal weak to strong
SARS-CoV-2 antigen positivity in bronchiolar epithelial cells, type II
pneumocytes, macrophages, and luminal-sloughed cell debris (Table 1).
At 5 d PE, young WT hamsters showed a robust multifocal glandular
pattern (adenomatosis) of interstitial pneumonia characterized by
densely packed hypertrophic and hyperplastic type II pneumocytes
admixed with less hemorrhage and fewer inflammatory cells (Fig. 4A,
upper-middle panels, and Table 1). By 8 d, young WT hamsters showed
signs of alveolar and bronchiolar epithelial regeneration and repair
(Fig. 4B) that was not evident in aged WT hamsters. Alveoli were lined
by more flattened type II pneumocytes, the alveolar spaces were air-
filled or contained small numbers of macrophages. IHC for SARS-CoV-
2 was positive in only one of three young WT hamsters at 8 d (Table 1).

Histopathology in the lung tissue of hACE2 hamsters exposed to 100
PFU SARS-CoV-2 showed only a mild to moderate, multifocal, lym-
phohistiocytic bronchointerstitial pneumonia (Fig. 4A, upper-right
panel, and Table 1) and the severity of pneumonia lessened in an
exposure-dose-dependent manner. Semiquantitative histopathology
scores of the pneumonia showed that the pneumonia in hACE2 hamsters
was significantly milder than that seen in both aged and young WT
hamsters (Fig. 4B, right columns). IHC for SARS-CoV-2 NP in the lung
tissue was positive in all hACE2 hamsters at 2 d except for 1 exposed to
100 PFU (Fig. 4A, lower-right panel) and staining intensity and distri-
bution decreased by 5 d PE and by exposure dose (Fig. 4B, right columns
and Table 1). hACE2 hamsters that survived to scheduled study end-
points (1 exposed to 1 PFU and five of eight exposed to 0.1 PFU) were
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grossly and histopathologically within normal limits and showed no
immunohistochemical positivity for SARS-CoV-2 NP.

3.4.2. Histopathology in the nasal turbinates showed persistent rhinitis in
aged WT hamsters exposed to SARS-CoV-2 but resolution in young WT
hamsters exposed to the same virus dose

The rhinitis seen at 2 d PE was similar in both young and aged WT
hamsters and characterized by a multifocal acute, exudative rhinitis,
with infiltration of large numbers of mixed inflammatory cells and mild
to moderate epithelial (respiratory, olfactory, and submucosal glan-
dular) degeneration and necrosis with loss of cilia (Fig. 4A, upper and
middle panels, and Table 1). By 5 d, young WT hamsters showed mul-
tiple layers of reactive, hyperplastic mucosal olfactory epithelial cells
with squamous metaplasia (Fig. 4A, upper-middle panel). Similar, but
milder olfactory epithelial regeneration was observed in aged WT
hamsters (Fig. 4A, upper-left panel). IHC for SARS-CoV-2 NP showed a
small number of positive epithelial cells (both respiratory and olfactory)
in young WT hamsters (Fig. 4A, lower middle panel, and Table 1). In
contrast, all three aged WT hamsters showed strong SARS-CoV-2 antigen
positivity in epithelial cells (respiratory, olfactory, and submucosal
glandular; Fig. 4A, lower-left panel and Table 1). By 8 d, the respiratory
and olfactory epithelium from young WT hamsters continued to show
evidence of repair (Fig. 4B, middle columns and Table 1). By 8 d, IHC for
SARS-CoV-2 was negative in the in all young WT hamsters (Table 1) In
contrast, all three aged WT hamsters showed strong SARS-CoV-2 NP
antigen positivity in epithelial cells (respiratory, olfactory, and submu-
cosal glandular).

At 2 d hACE2 hamsters exposed to 100 PFU of SARS-CoV-2 and
necropsied showed a mild to moderate, locally extensive, necrotizing,
exudative neutrophilic and lymphohistiocytic rhinitis with multifocal
erosion and ulceration that decreased in severity by exposure dose. By 5
d PE, the rhinitis was similar but with evidence of reactive mucosal
epithelial cell hyperplasia (Fig. 4A, upper-right panel, Fig. 4B, right
columns and Table 1).

IHC for SARS-CoV-2 NP at 2 d in hACE2 hamsters showed strong,
multifocal to locally extensive positivity in the respiratory epithelium
and sustentacular cells. By 5 d, IHC positivity was more variable (14 of
17 showed IHC positivity for SARS-CoV-2; Fig. 4A, lower-right panel).
The single hACE2 hamster exposed to 1 PFU of virus that survived to the
scheduled study endpoint at 14 d showed no significant histopathologic
lesions in the nasal turbinates and no IHC positivity for SARS-CoV-2 NP
(Fig. 4B, right columns). Detailed histopathologic descriptions are
shown in Table 1.

Of the tissues collected at the time of necropsy, histopathologic le-
sions were limited to the lung and nasal cavity in all hamsters, and the
lung, nasal cavity, and brain, and heart in hACE2 hamsters. No signifi-
cant lesions or IHC positivity for SARS-CoV-2 NP were seen in other
tissues examined.

3.4.3. SARS-CoV-2 is neurotropic in hACE2 hamsters but not in WT
hamsters

In one of three euthanized hACE2 hamsters, SARS-CoV-2 neuro-
tropism was first observed at 2 d PE with strong IHC SARS-CoV-2 NP
cytoplasmic positivity in caudal brainstem neurons, despite negative
SARS-CoV-2 titers in the brain tissue at this time point. By 4 d PE,
neuronal necrosis was multifocal and moderate (Fig. 5A). All hACE2
hamsters showed a mild to moderate multifocal to locally extensive
perivascular lymphoplasmacytic meningoencephalitis (Fig. 5B and C
and 5G) extending from the proximal to distal brainstem with bilaterally
symmetrical, strong, widespread cytoplasmic positivity for SARS-CoV-2
in neurons (Fig. 5D-G) with similar histopathologic lesions and IHC
SARS-CoV-2 neuronal positivity was seen in hACE2 hamsters exposed to
1 PFU that succumbed between 4-6 d PE (Fig. 5G). The hACE2 hamster
exposed to 1 PFU that survived to the scheduled study endpoint (14 d)
showed a mild perivascular encephalitis but IHC for SARS-CoV-2 NP
negative in the brain tissue examined. Brain tissue from the five hACE2
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Fig. 4. Histopathologic changes in the lungs and nasal turbinates.

A. Histopathology (row 1: lungs; row 3: nasal turbinates) and immunochemistry (row 2: lungs; row 4: nasal turbinates) from aged WT, young WT, and hACE2
hamsters at 5 d (WT 10° PFU and hACE2 100 PFU, respectively). At 5 d PE, aged WT hamsters showed a hemorrhagic interstitial pneumonia (upper-left panel) that
lacked the robust, adenomatous, type II pneumocyte hyperplasia (upper-middle panel) seen in young hamster’s lungs, while hACE2 hamsters exposed to 100 PFU of
virus showed only a mild interstitial pneumonia at the same post-exposure time point. B. A heat map of histopathology scores in the lungs and nasal turbinates by day
post-exposure and SARS-CoV-2 exposure dose in the three hamster models. An “X” indicates insufficient sample collection for comparison. Data were analyzed using
GraphPad Prism 9.3.1, Two-way ANOVA with Tukey multiple comparison test. (WT aged 10° PFU in comparison to hACE2 100 PFU, degeneration necrosis and
interstitial pneumonia p < 0.05%). WT, wild-type; hACE2, human angiotensin-converting enzyme 2; PE, post-exposure; IHC, immunohistochemistry; SARS-CoV-2,
severe acute respiratory syndrome coronavirus-2; NP, nucleocapsid protein; ANOVA, analysis of variance; D5, day 5; H&E, hematoxylin and eosin.
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Table 1
Histopathology findings in respiratory track of hamsters exposed to SARS-CoV-2 at each day post-exposure.
Day 2 Day 5 Day 8
Strain/ HE THC ISH HE THC ISH HE THC ISH
Age
Lung
Aged Similar lesions as seen in young WT hamsters +4++ +4++ As same as 2 d, but more severe necrohemorrhagic +++ +++ As same as 5 d, still predominated by necrohemorrhagic ++ +
WT 3/3 3/3 and lesser interstitial pneumonia 3/3 3/3 pneumonia 3/3 1/
3’)(
2/3
Young Multifocal, mild to moderate, necrohemorrhagic +++ ++ Multifocal, mild to moderate mixture of + + Early alveolar and bronchiolar repair characterized by + -
WT pneumonia, bronchiolar intraluminal hemorrhagic 6/6 1/6 hemorrhagic and interstitial (glandular pattern of 6/6 2/6 alveoli and bronchioles lined by hyperplastic, flattened 1/6* 6/6
exudates and cell debris, and vascular leakage and hypertrophic and hyperplastic type II pneumocytes) type II pneumocytes or cuboidal epithelial cells,
leukocyte migration in pulmonary veins +++ pneumonia, +++ respectively, and no or small numbers of intra-alveolar
5/6 bronchiolar epithelial hypertrophy and hyperplasia 1/6 macrophages
forming folds with syncytial cells
3/6
hACE2 No significant lesions (1/3). Minimal (1/3) to mild (1/ +++ <25% Multifocal, minimal (2/3) to mild (1/3) +4++ <25% ND ND ND
adult 3), multifocal, lymphohistiocytic bronchointerstitial 3/3 3/3 hemorrhagic and interstitial pneumonia 3/3 3/3
pneumonia
Nasal Turbinates
WT Similar lesions +++ +++ As same as 2 d, predominated by epithelial cell +++ +++ As same as 5 d, still presented with multifocal, mild (1/ + +
aged 3/3 3/3 degeneration and necrosis 3/3 3/3 3) to severe (2/3) olfactory epithelial degeneration and 1/3 1/
necrosis 4+ 3**
2/3
WT Multifocal, acute rhinitis characterized epithelial +++ +++ Multifocal, moderate to severe respiratory epithelial + ++ Respiratory epithelium was partially repaired either by — -
young  (respiratory, olfactory, and submucosal glandular) 6/6 6/6 hypertrophy and hyperplasia or squamous 6/ 2/6 normal pseudostratified or metaplastic squamous (6/6) 6/
degeneration and necrosis with loss of cilia, metaplasia, olfactory epithelia attenuation by 6%* epithelia. The olfactory epithelium was partially il 6%*
inflammatory infiltrates of mucosa and submucosa, irregular hyperplastic epithelial cells, and lesser ++ repaired by multiple irregular layers of elongated,
large amount/numbers of hemorrhagic exudates, exudate in the nasal cavities. 2/6 basophilic, hyperplastic epithelial cells.
sloughed epithelial cells, and degenerate neutrophils.
hACE2 Mild (1/3) to moderate (2/3), multifocal to locally +++ ND Minimal (1/3) to mild (1/3) to moderate (1/3), +++ ND ND ND ND
adult extensive, neutrophilic and lymphohistiocytic rhinitis 3/3 multifocal to locally extensive, neutrophilic rhinitis 1/3

Abbreviations: WT, wild-type; hACE2, human angiotensin-converting enzyme 2; HE, hematoxylin; IHC, immunohistochemistry; ISH, in situ hybridization; ND, not done.
Notes: +: weakly positive; ++: moderately positive; +-++: strongly positive. * focal, <5 positive cells in a young hamster; ** Rare intraluminal cell debris was weakly positive in some hamsters.

D 32 3u0) "X

S0950T (§202) ¥1Z Yo4pasay [Aanuy



Y. Cong et al.

hamsters exposed to 0.1 PFU virus and mock-exposed hamsters that
were euthanized at study end at 14 d PE and mock-exposed controls
were histopathologically normal and negative for SARS-CoV-2 antigen
(Fig. 5G). Despite low viral titers in the brain tissue from young and aged
WT hamsters exposed to 10° PFU virus at 2 d, no histopathologic lesions
were seen in the brain and IHC for SARS-CoV-2 was negative in all WT
hamsters at all PE time points examined (Fig. 5G).

3.5. Immune response to SARS-CoV-2 exposure

3.5.1. Aged WT hamsters and hACE2 hamsters showed a less robust and
delayed humoral immune response when compared to young WT hamsters

An IgG ELISA against the SARS-CoV-2 S1 protein was developed to
assess the temporal development and magnitude of the humoral immune
response (Fig. 6A). Young WT hamsters showed an IgG response against
the S1 protein at 5 d PE that correlated with exposure dose and was
robust by 8 d PE (Fig. 6A). Aged WT hamsters did not develop appre-
ciable IgG titers against the S1 protein until 8 d. At 8 d (endpoint), titers
in young WT hamsters were significantly higher than those measured in
aged WT hamsters (p < 0.001). No appreciable IgG antibody responses
were detected against the S1 protein in hACE2 hamsters by 5 d at any
exposure dose (Fig. 6A).

Neutralizing antibody titers in SARS-CoV-2-exposed hamsters was
quantified using an in vitro live-virus neutralization assay (Bennett et al.,
2021) to determine if viral clearance was due to the action of neutral-
izing antibodies. We observed a strong correlation between S1 IgG
antibody responses and neutralization endpoint titers among aged and
young hamsters. By 5 d PE, young WT hamsters and hACE2 hamsters
exhibited an appreciable level of neutralizing antibody, which increased
further by 8 d PE in young WT hamsters. These findings suggested that
neutralizing antibody capacity of young hamsters significantly outpaced
the timing and extent of SARS-CoV-2 neutralizing capacity in hACE2 and
aged hamsters (Fig. 6B).
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3.5.2. Chemokine profiles in the lungs were significantly elevated at early
(2 d PE) and late (5 d PE) time points in hACE2 hamsters relative to WT
hamsters

Lung tissues from aged and young WT hamsters were examined by
RT-qPCR for cytokine gene-expression profiles. In the lungs of aged WT
hamsters, an early trend (2 d PE) of reduced expression of numerous
cytokine transcripts associated with an active inflammatory response
(IL2, IL6, IL10, and IFNG) was seen (Fig. 6C, left columns) relative to
mock-exposed controls; however, this early trend was absent from
young WT hamsters (Fig. 6C, middle columns). Additionally, young and
aged WT hamsters exhibited enhanced local gene expression of the
chemokines CCL20 and IP-10, although this occurred early in the young
hamsters (at 2 d) and later in aged hamsters (at 5 d). By 8 d PE, the
overall gene-expression profiles in the lungs of both young and aged WT
hamsters had largely returned to baseline—excluding trending increases
in CCL20, CCL22, and IP-10 in young hamsters and CCL22 and IP-10 in
aged hamsters.

Interestingly, the transcripts for IL2, IL6, IL10, and IFNG were
elevated early in hACE2 hamsters (Fig. 6C, right columns), and these
increases occurred in a dose-dependent manner. TNF expression
remained comparable to baseline in WT hamsters, though 0.1-PFU dose
hACE2 adult show elevated level of TNF (p < 0.05). TGF expression was
found to be WT aged > WT young > hACE2 adult hamster at 2d (p <
0.05).

At baseline, CCL20 expression was higher in the hACE2 mock-
exposed group when compared to WT hamsters, and CCL20 expression
was significantly higher in hACE2 hamsters when compared to WT
hamsters (p < 0.05) at all post-exposure time points. As noted, IP-10
expression did not increase in the hACE2 hamsters at any time point
and infectious dose. CCL22 expression is comparable in WT young and
WT aged hamster at 5 d PE. The order was hACE2 adult > WT young >
WT aged (p < 0.001).

Fig. 5. Brain histopathology of hACE2 hamsters.
Histopathology (A-C) and IHC (D-F) of the brain and
olfactory bulb from one hACE2 hamster that sucum-
bed to disease at 5 d. A. Moderate, multifocal,
neuronal necrosis of brainstem neurons (black ar-
rows). B. Dense, perivascular lymphoplasmacytic
cuffing. C. Lymphoplasmacytic meningitis. D. Strong
cytoplasmic positivity in brainstem neurons for SARS-
CoV-2 NP antigen. E. Most neurons in the basal
ganglia showed strong cytoplasmic positivity for
SARS-CoV-2 NP. F. Scattered juxtaglomerular cells
within the olfactory bulb showed SARS-CoV-2 NP
antigen positivity. G. Correlation heat map of brain
histopathology and IHC scores among hACE2 ham-
sters. Data were analyzed using GraphPad Prism
9.3.1, Two-way ANOVA with Tukey multiple com-
parison test (at 5 d post-exposure, hACE2 100 PFU
versus hACE2 0.1 PFU; p < 0.001 is ***). hACE2,
human angiotensin-converting enzyme 2; SARS-CoV-
2, severe acute respiratory syndrome coronavirus-2;
NP, nucleoprotein; ANOVA, analysis of variance;
H&E, hematoxylin and eosin; IHC, immunohisto-
chemistry; T (5-6), terminal.
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3.6. Invivo imaging assessments of pulmonary disease strongly correlated
with disease outcomes including body weight loss, viral load, and
semiquantitative histopathology interstitial pneumonia scores

Pearson correlation analyses were performed on data collected at 5 d
PE (peak disease) to determine if there were correlations between in vivo
micro-PET/CT imaging, lung histopathology, and clinical outcomes.
Pearson correlation coefficients were calculated for body weight loss, CT
whole-lung consolidation scores, PCLH, normalized SUVmax, lung his-
topathology (interstitial pneumonia), and viral load in lung tissues (RT-
qPCR and infectious virus titers) as well as neutralizing antibody titers
(Fig. 7). The strongest positive correlations were seen between CT
whole-lung consolidation scores and interstitial pneumonia histopa-
thology scores (0.97), CT whole-lung consolidation scores and PCLH
(0.92), CT whole-lung consolidation scores and PET SUVmax scores
(0.86). We found that percent body weight loss was highly correlated
with whole-lung CT scores (0.72) and with lung viral load (RT-qPCR,
0.85; plaque assay, 0.74). Viral load, measured by RT-qPCR and plaque
assay, correlated well (0.86); and both correlated well with PET SUV
scores (0.77 and 0.83, respectively). SARS-CoV-2 neutralizing antibody
titers did not correlate well as with other outcomes (range 0.17-0.56;
Fig. 7).

4. Discussion

As of this writing, no animal model recapitulates every feature of
severe COVID-19-associated pneumonia; most models show a mild to
moderate disease course. While WT hamsters are naturally susceptible to
SARS-CoV-2 infection and consistently develop an exposure-dose-
dependent rhinitis and bronchointerstitial pneumonia following IN
exposure (Rosenke et al., 2020; Sia et al., 2020), they fail to develop the
severe diffuse alveolar damage with hyaline membrane formation and
thrombosis often seen in patients requiring hospitalization (Barton et al.,
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Fig. 7. Correlation heatmap of imaging, pathology, and clinical data.
Spearman correlations of lung imaging (CT consolidation score, PCLH, and
normalized SUVmax), histopathology scores (interstitial pneumonia), clinical
signs of disease (weight loss, viral shedding, lung titers) and neutralizing
antibody titers at 5 d (Spearman correlation analysis, p < 0.05; significant
correlations are shown in red). CT, computed tomography; PCLH, percent
change in lung hyperdense volume; SUV, standardized uptake value; PET,
positron emission tomography; Ab, antibody.
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2020; von Stillfried et al., 2022). Disease severity also differs among
SARS-CoV-2 variants, presenting a further obstacle to model develop-
ment (Carroll et al., 2022; Cochin et al., 2022; Halfmann et al., 2022; Su
et al., 2022; Toomer et al., 2022; Yuan et al., 2022). Early in the
pandemic, advanced age became a well-known risk factor for developing
severe COVID-19 and led to investigation of aged hamsters as a poten-
tially improved model of severe disease. While the pathophysiologic
mechanisms underlying higher morbidity and mortality seen in the
elderly with COVID-19 are complex and not completely understood
(Bartleson et al., 2021), the data reported here support the previous
literature (Osterrieder et al., 2020), showing that aged hamsters would
be an improved, although imperfect, model of severe COVID-19 in the
elderly when compared to either young WT or hACE2 hamsters.

No studies have characterized and evaluated the aged WT, young
WT, and hACE2 hamster models in parallel using '®F-FDG PET/CT. The
goal of this study was to use ®F-FDG micro-PET/CT to further charac-
terize and compare the disease progression and severity of SARS-CoV-2
in aged (60-week-old) WT and young (5-6-week-old) WT hamsters to
the less-well-studied adult (22-24-week-old) hACE2 (Golden et al.,
2022) hamster model using commonly reported measures of disease
severity including body weights, viral burden in the upper respiratory
tract and lungs, and serial histopathology. In humans, chest CT is
considered to be among the most accurate diagnostic modalities of
SARS-CoV-2 infection (Benameur et al., 2021). Accordingly, we utilized
serial high-resolution respiratory-gated chest CT and whole-body
18E.FDG micro-PET/CT to assess the morphological and metabolic
changes during disease progression and regression, quantitatively and
non-invasively.

In this study, we utilized a semi-automated lung-segmentation tool
aided by artificial intelligence and a quantitative radiodensity-based
parameter (PCLH) for reliable and unbiased analyses of chest CTs in
SARS-CoV-2-exposed hamsters. Respiratory-gated chest CTs were eval-
uated by an experienced radiologist. We found the whole-lung CT
consolidation scores and PCLH to be sensitive and specific methods to
detect and follow the progression of SARS-CoV-2-induced lung lesions in
the hamster model.

Additionally, while not conventionally used as a primary modality,
18E_FDG PET, first developed and utilized by our group in a SARS-CoV-2
hamster model, is able to identify inflammation earlier and with greater
sensitivity than anatomic imaging modalities used in patients with
COVID-19 (Bai et al., 2021; Jacobi et al., 2020). Typical CT manifesta-
tions, such as GGOs with or without superimposed consolidation, are
appreciated in peripheral, basilar, and posterior predominant patterns
with increased metabolic activity on ®F-FDG PET imaging (Jacobi et al.,
2020). High '®F-FDG uptake at the sites of infection and inflammation
are associated with inflammatory responses, such as proinflammatory
cytokines and migration of inflammatory cells, focal hyperemia, and
increased vascular permeability (Eibschutz et al., 2022). It is notable
that the aged WT hamsters that had the highest normalized lung SUV-
max at 5 d PE also had the most significant histopathological findings,
including bilateral hemorrhagic interstitial pneumonia, multifocal
alveolar edema, and fibrin deposition, as well as infiltrations of mixed
inflammatory cells (lymphocytes, plasma cells, macrophages, and/or
neutroophils) within the lung interstitium. Activated inflammatory cells
are characterized by high-energy consumption and upregulated glucose
transporter expression and therefore transport more of the glucose
analog '®F-FDG into their cytoplasm. Consequently, this study demon-
strates the direct correlation between the '®F-FDG uptake and the
metabolic activity of cells at sites of inflammation.

The changes in the normalized lung SUVmax correlated well with
whole-lung CT consolidation scores and PCLH in all groups up to 5 d PE
(Fig. 7). At 8 d PE, the aged WT hamsters (10° PFU) had decreased
metabolic activity in the lungs, while the whole-lung CT score and PCLH
remained elevated. However, our quantitative micro-PET analysis used
normalized lung SUVmax, which characterized the signal intensity of
the '®F-FDG-avid lesions but not the volume affected. A combination of
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hypermetabolic volume and SUVmax has been developed to classify
inflammation in patients with COVID-19, with a low level of inflam-
mation defined by a hypermetabolic volume less than 50 mL and SUV-
max less than 7, and any values above those levels considered a high
level of inflammation (Dietz et al., 2021). We may adapt this method for
use in the hamster COVID-19 model for future imaging studies to
improve our ability to quantify the extent of inflammation in the lungs
during the course of infection.

Viral burden in the lungs also correlated with the severity of the
pneumonia in WT hamsters, peaking in aged and young WT hamsters at
2 d PE and decreasing at 5 and 8 d. This pattern correlated with the
intensity and distribution of the IHC staining in the lungs for SARS-CoV-
2 NP. Viral burden remained higher in aged WT hamsters compared to
young WT hamsters, consistent with the more protracted pulmonary
disease course observed in WT hamsters and similar to findings of a
previous study in aged hamsters by Selvaraj et al. which, however, re-
ported fatal disease at 5-8 d PE in 56-86-week-old WT hamsters exposed
IN to 10° tissue culture infectious dose (TCIDsq; 5-7x10* PFU virus)
(Selvaraj et al., 2021). We did not observe fatal disease using a 10° PFU
dose of the same SARS-CoV-2 variant administered IN 60-week-old WT
hamsters, nor did a study in aged (32-34-week-old) hamsters reported
by Osterrieder et al. using a 10° PFU IN exposure dose of the
SARS-CoV-2 Miinchen (BetaCoV/Germany/BavPatl/2020) isolate.
These three studies raise important questions regarding what defines an
“aged” hamster in the context of the hamster model of COVID-19 and
further enforces the importance of uniformity and replicability. The
sample size of aged hamsters in our study (n = 10) was limited by the
scarcity of aged hamsters available from commercial vendors.

Paradoxically, and despite the later temporal development and
milder pneumonia observed in hACE2 hamsters, SARS-CoV-2 titers
remained high in hACE2 hamsters through 5-6 d PE at all exposure
doses, and infection was uniformly fatal at this time point in hamsters
exposed to 100 or 10 PFU. The later temporal development and more
mild pneumonia in hACE2 hamsters when compared to WT hamsters
may be explained by the 1000 and 10,000 lower exposure doses
necessitated by the fatal neurotropic meningoencephalitis induced by
the Washington variant at 4-5 d PE in this model (Golden et al., 2022).
However, recent studies using the Omicron variant B.1.1.529 (BA.1) at
doses of 1000 PFU yielded only 25% mortality in hACE2 hamsters
(Halfmann et al., 2022) and at doses of 4.5-6.3 x 10° PFU (9x10°
TCIDsp) yielded no mortality in hACE2 mice (Toomer et al., 2022).
However, the brain was not examined for evidence of neurotropism in
either of these studies. This is important because Seehusen et al. eval-
uated the propensity for neurotropism of several SARS-CoV-2 variants in
hACE2 mice, including Omicron B.1.1.529, and at a dose of 10° showed
no evidence of neurotropism and minimal pulmonary disease (Seehusen
et al., 2022). The variability in neurotropism of different SARS-CoV-2
variants in hACE2 rodent models makes it imperative that future
studies utilizing these models to evaluate SARS-CoV-2 pathogenesis,
pathogenicity/virulence, and/or to evaluate medical countermeasures
include evaluation of the brain to assess the impact of neuro-
tropism/meningoencephalitis on the disease course and survivorship. In
our hands, using the WA1,/2020 isolate, the hACE2 hamster does not
recapitulate the pathogenesis of COVID-19 in humans.

Our data support the understanding that the hACE-2 hamster model
has many of the same drawbacks as the K-18 and murine models of
SARS-CoV-2 infection (Gruber et al., 2021). The K-18 hACE2 hamster
model and murine models develop a rapidly fatal neuropathological
phenotype following exposure to the WA1/2020 variant (Golden et al.,
2022; Gruber et al., 2021; Moreau et al., 2020). However, recent studies
using hACE2 mice have shown that SARS-CoV-2 neurotropism is
variant-specific (Seehusen et al., 2022). It is not known if this variability
in neurotropism of SARS-CoV-2 is seen in the hACE2 hamster model.

We compare the immunological responses to SARS-CoV-2 infection
between WT and hACE2 hamsters which might explain the difference in
viral titer. Hamsters had high levels of SARS-2 specific IgG which would
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naturally decrease levels of free virus in tissues. IgG titers against S1 in
serum samples from young WT hamsters were detected at 5 d PE and
were approximately 1.5- to 2-fold higher in young WT hamsters when
compared to aged WT hamsters at 8 d, when IgG was first detected.
Temporally similar humoral immune responses have been reported in
clinical cases (Luo et al., 2020; Lynch et al., 2021), and these findings are
consistent with the more severe and protracted pneumonia seen in WT
hamsters.

Neutralizing antibody titers followed the same dose-dependent
pattern in WT hamsters. Young WT hamsters exposed to 10° PFU
developed higher neutralizing antibody titers than those exposed to 103
PFU and higher neutralizing antibody titers than aged WT hamsters
exposed to the same 10° PFU virus dose. In contrast, no SARS-CoV-2 IgG
titers were detected in hACE2 hamsters at any post-exposure time point.
hACE2 hamsters did develop neutralizing antibody titers by 5-6 d PE,
but these neutralizing antibody titers had an inverse relationship to
exposure dose. Neutralizing antibody titers at 5-6 d were higher in
hACE2 hamsters exposed to 1 and 0.1 PFU virus than those exposed to
100 or 10 PFU virus. The failure of hACE2 hamsters to develop
comparative anti-SARS-CoV-2 IgG titers at 4-6 d is likely due to the
lower exposure doses (100, 10, 1, or 0.1 PFU), with rapid neuroinvasion
resulting in earlier death following exposure to 100 and 10 PFU, and
may also be the result of more mild pulmonary disease seen at lower
exposure doses of 1 and 0.1 PFU. The development of higher neutral-
izing antibody titers at lower exposure doses in hACE2 hamsters is the
opposite of what was seen in young WT hamsters exposed to 10% and 10°
virus and warrants further investigation, as neutralizing antibodies have
been shown to protect humans from clinically relevant disease (Khoury
et al., 2021).

We assessed several key cytokines and chemokines that have been
used to correlate disease progression, or as predictors of outcome, in
humans in these three models to determine if effector cell responses
reflect what is seen in humans with COVID-19. IL2, IL6, and IL10 are
markers of disease severity and mortality (Azar et al., 2020; Wong et al.,
2019). Through the secretion of IL10 and TGFB1, T cells suppress
inflammation and restore homeostasis (Wong et al., 2019). Studies in
humans have found that impairment of cognitive function in recovered
patients is associated with underlying inflammatory conditions (Zhou
et al., 2020). Increased expression of both IL2 and IL10 has been asso-
ciated with patients requiring critical care at the hospital for COVID-19
(Abers et al., 2021).

The increases in IL2 and IL10 in hACE2 hamsters exposed to 100, 10,
and 1 PFU are consistent with the higher mortality seen in hACE2
hamsters at all exposure doses when compared to WT hamsters (all
survived); however, hACE2 hamsters that succumbed following virus
exposure showed only a minimal to mild pneumonia compared the se-
vere pneumonia seen in cases with fatal outcome in the clinic. Exposure
to SARS-CoV-2 resulted in inverse responses in IL2 expression in WT
hamsters when compared to hACE2 hamsters. Young WT hamsters
exposed to 10° PFU virus had significantly lower IL2 concentrations in
serum when compared to mock-exposed controls at 2-8 d PE, and IL2
concentrations did not differ in aged WT hamsters. IL10 was increased in
hACE2 hamsters at 2 d PE but did not differ from mock-exposed controls
at 5 d or at any post-exposure time point in WT hamsters. These IL2 and
IL10 responses may accurately reflect the WT hamster as a consistent
survivor model of COVID-19 but they do not explain the dysregulated
IL2 and IL10 immune responses observed in hACE2 hamsters with only
mild pulmonary disease.

An inverse association between CCL22 expression and COVID-19
severity has been observed in humans (Abers et al., 2021); however,
CCL22 expression was higher in hACE2 hamsters at 2 d PE to the end of
the study, except the hACE2 hamsters exposed to 1 PFU (at 2 d). In-
creases in CCL20 expression have been considered a predictor for severe
COVID-19 (Brunet-Ratnasingham et al., 2021; Wilson et al., 2022), but
not mild or moderate COVID-19; however, in hACE2 hamsters CCL20
was higher at 2 d to the end of the study when compared to
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mock-exposed controls, despite only developing a minimal to mild
pneumonia.

The induction of IP-10 is a robust indicator of viral respiratory in-
fections (Cheemarla et al., 2021), and expression of IP-10 in the lungs
would be expected to correlate with a local enhancement of anti-viral
effector T cells and natural killer cells expressing the cognate receptor
CXCR3. Increases in IP-10 have been reported in COVID-19 patients in
all severity groups (Brunet-Ratnasingham et al., 2021). Consistent with
this finding in humans, both the young and aged WT hamsters had a
significant induction in IP-10, but this change was strikingly absent from
the hACE2 animals, indicating a delay in at least one portion of the local
innate and adaptive cellular response in the hACE2 hamsters.

Several studies have documented that the golden hamster provides a
better model, as the similarity to humans with regard to disease symp-
toms, pathogenesis, and immune responses is greater than mouse
models. It has been demonstrated that human cytokines, including
granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL12
are fully functional in hamster models but not in mouse models. Hamster
models are used for other diseases also, such as those caused by Nipah,
Ebola, yellow fever, and West Nile viruses (Miao et al., 2019). Frer et al.
(2022) showed that both influenza A virus and SARS-CoV-2 induce a
systemic antiviral response; only the latter results in a sustained in-
flammatory pathology that extends well beyond clearance of the pri-
mary infection (Frere et al., 2022).

In our study, TNF expression was found to be hACE2>WT young >
WT aged. However, in a study done by Francis et al. (2021), hamsters
exposed with SARS-CoV-2 isolate Canada/ON/VIDO-01,/2020 induced a
higher level of TNF expression in lungs at an early stage of infection
(Francis et al., 2021). Our TGFB expression profile was, in order, WT
aged > WT young > hACE2 adult. Similar results were reported by Oishi
et al. (2022); older animals demonstrated elevated suppressor T cells
and neutrophils in the respiratory tract, correlating with an increase in
TGFB and IL17 induction (Oishi et al., 2022). Together, these data
support the posit that diminished immunity is one of the underlying
causes of age-related morbidity. Bednash et al., 2021 reported elevated
expression of IFNG early in hamsters exposed with WA01,/2020. In our
study, IFNG expression was found to be, in order, hACE2 adult > WT
young > WT aged (Bednash et al., 2022).

Golden hamsters are the best model to test antiviral countermeasures
and vaccine for SARS-COV-2. Early acute proinflammatory response
associated with increased production of IL6, IL2, CXCL10, CCL22,
CCL20, and IFNG is similar irrespective of age, sex and variants. There is
difference in late adaptive response.

Incorporating 18F_FDG micro-PET/CT into these experiments sup-
ports the utility of medical imaging in animal-model development. The
serial imaging data correlated to the histopathology of respiratory-tract
disease and demonstrated onset, progression, and regression in all three
models. Lung disease was evident in the WT animals, and ‘®F-FDG-avid
areas overlapped with lesions identified by CT. Scoring of the lesions and
changes in '®F-FDG uptake also corresponded with histopathology
suggesting that serial imaging can be used to monitor disease progres-
sion and can be expanded to evaluate countermeasures similar to what
was done for MERS-CoV (Johnson et al., 2015b). Furthermore, the im-
aging identified commonalities between the models in that all three
hamster models developed a dose-associated hemorrhagic, exudative,
and necrotizing rhinitis, supported by engorgement of the posterior
nasal soft tissues observed on CT and by increased ®F-FDG uptake in the
nasal and nasopharyngeal structures.

Our group is the first to compare the three SARS-CoV-2 (WA-01/
2020) hamster models with escalating doses, incorporation of medical
imaging, and time-matched histopathology. We conclude that the
hACE2 hamster model exposed to the SARS-CoV-2 Washington isolate
IN showed the least clinical relevance to COVID-19, while the respira-
tory disease in aged WT hamsters exposed to 10° PFU of virus most
closely recapitulates COVID-19. The aged WT hamster would be an
improved, more stringent, preclinical model for the study of SARS-CoV-
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2 pathogenesis and countermeasure development. This work will pro-
vide useful information for scientific community’s future studies on
medical countermeasure for emerging SARS-CoV-2 variants of concern
and could be broadly applied to other viral pathogens that could emerge.
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