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Abstract: The Golden Syrian hamster (Mesocricetus auratus) is now commonly used in preclinical
research for the study of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
and the assessment of vaccines, drugs and therapeutics. Here we show that hamsters inoculated via
the intranasal route with the same infectious virus dose of prototypical SARS-CoV-2 administered
in a different volume present with different clinical signs, weight loss and viral shedding, with a
reduced volume resulting in reduced severity of disease similar to that obtained by a 500-fold
reduction in challenge dose. The tissue burden of virus and the severity of pulmonary pathology
were also significantly affected by different challenge inoculum volumes. These findings suggest
that direct comparison between the severity of SARS-CoV-2 variants or studies assessing the efficacy
of treatments determined by hamster studies cannot be made unless both the challenge dose and
inoculation volume are matched when using the intranasal route. Additionally, analysis of sub-
genomic and total genomic RNA PCR data demonstrated no link between sub-genomic and live
viral titres and that sub-genomic analyses do not provide any information beyond that provided by
more sensitive total genomic PCR.

Keywords: SARS-CoV-2; Syrian hamster; animal model; coronavirus

1. Introduction

SARS-CoV-2 was first identified in the lower respiratory tract of patients presenting with viral
pneumonia in December 2019, before triggering a pandemic declaration by the World Health
Organisation on the 11th of March 2020 [1]. The disease (COVID-19) which results from infection
with SARS-CoV-2 virus in humans causes a broad spectrum of respiratory symptoms, from very mild
to severe, life-threatening and fatal illness. Fatality and severe disease have been shown to be
associated with human host risk factors including obesity and elderly ages [2]. An unprecedented
global effort was initiated early in the pandemic to develop drugs, vaccines and therapeutics to
prevent death, aid treatment and prevent the spread of COVID-19. With new SARS-CoV-2 variants
continuing to arise, continuous research and development is needed to ensure vaccines and
therapeutics remain effective.

The Golden Syrian hamster has become the species of choice for in vivo preclinical assessment of
virulence of variants of SARS-CoV-2 and preclinical research assessing the efficacy of vaccines,
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antivirals and therapeutics. The hamster experiences moderate to severe disease with measurable
clinical signs, significant weight loss, viral shedding, and immune response after intranasal (IN)
inoculation with SARS-CoV-2 virus [3]. Unlike other animal species such as ferrets [4,5] and non-
human primates [6], which usually develop mild disease, the wide range of quantitative and
quantitative outputs provided by the hamster intranasal infection model allows for sufficient
discriminatory power to measure efficacy of vaccines, drugs or therapeutics against SARS-CoV-2 [7].

Published reports comparing BA.1 and BA.2 variants of SARS-CoV-2 in the hamster model of
IN infection have produced different results in relation to the severity of resulting disease. For
example, Yamasoba et al [8] found SARS-CoV-2 variant Omicron BA.2 caused more severe disease
than the BA.1 variant after inoculation using a volume of 100 uL (10,000 TCID50/mL dose), while
Kawaoka et al [9] found both variants similarly pathogenic after inoculation using a volume of 30 pL
(both 1E+03 and 1E+05 PFU/mL dosages used).

There is currently no widely accepted standard method for IN challenge inoculation dose and
volume and so wide variance between different laboratories is observed. In many published results,
there is a lack of specific information such as whether inoculation volumes refer to the total
inoculation volume or volume given per nare, how the hamsters were restrained and whether or not
anaesthesia or sedation was used (Table 1). This lack of specific information about volume and
administration is highly likely to compromise the ability to compare findings between studies.

In this study, when we challenged hamsters with the same infectious virus dose administered
in an inoculation with a different (four-fold) inoculum volume, we observed different disease severity
outcomes. Fifty microlitres (25 pL per nare) resulted in mild disease but two hundred microlitres (100
uL per nare) resulted in moderate disease.

In our further studies, we found that in order to achieve a similar difference in severity using
the same volume (200 pL) we needed to use a 500-fold dilution of live virus. These findings suggest
that to compare different SARS-CoV-2 variants and assess efficacy of vaccines, drugs and
therapeutics, the same volume of challenge as well as viral dose in the inoculum should be used.

2. Materials and Methods

Viruses and Cells: SARS-CoV-2 Australia/VIC01/202035 was generously provided by The Peter
Doherty Institute, Melbourne, Australia at P1 after primary growth in Vero/hSLAM cells and
subsequently passaged twice at UKHSA Porton in Vero/hSLAM cells [ECACC 04091501]. Infection
of cells was with ~0.0005 MOI of virus and harvested at day 4 by dissociation of the remaining
attached cells by gentle rocking with sterile 5 mm borosilicate beads followed by clarification by
centrifugation at 1000 x g for 10 min. Whole genome sequencing was performed, on the P3 challenge
stock, using SISPA amplification on both Nanopore and Illumina technologies as described
previously48. Virus titre of the VIC01 challenge stocks was determined by plaque assay on Vero/E6
cells [ECACC 85020206]. Cell lines were obtained from the European Collection of Authenticated Cell
Cultures (ECACC) UKHSA, Porton Down, UK. Cell cultures were maintained at 370C in MEM (Life
Technologies, USA) supplemented with 10% foetal bovine serum (Sigma, UK) and 25 mM HEPES
(Gibco), 2mM L-Glutamine (Gibco), 1x Non-Essential Amino Acids Solution (Gibco). In addition,
Vero/hSLAM cultures were supplemented with 0.4 mg/ml of geneticin (Invitrogen) to maintain the
expression plasmid.

Animals: Twelve healthy, Golden Syrian hamsters (Mesocricetus auratus) were obtained from
a UK Home Office accredited supplier (Envigo RMS UK). Animals were housed individually at
Advisory Committee on Dangerous Pathogens (ACDP) containment level 3. Cages met with the UK
Home Office Code of Practice for the Housing and Care of Animals Bred, Supplied or Used for
Scientific Procedures (December 2014). Access to food and water was ad libitum and environmental
enrichment was provided. All experimental work was conducted under the authority and in
compliance with a UK Home Office approved project licence that had been subject to local ethical
review at UKHSA Porton Down by the Animal Welfare and Ethical Review Body (AWERB) as
required by the Home Office Animals (Scientific Procedures) Act 1986. A second set of six hamsters
originally used in a separate study were included for comparative purposes [10].
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Experimental Design: Before the start of the experiment, animals were randomly assigned to
challenge groups to minimise bias. An identifier chip (Plexx IPTT-300 temperature transponder) was
inserted subcutaneously into each animal. Prior to challenge animals were sedated by isoflurane.
Challenge virus was delivered by intranasal instillation (200 uL total, 100 uL per nostril for the
standard volume inoculation and 50 uL total, 25 pL per nostril for the reduced volume inoculation)
diluted in phosphate buffered saline (PBS). During intranasal inoculation, the hamsters are held in a
ventral dorsal decubitus position with the head forming 45° angle. The intranasal administration
procedure is performed slowly, drop by drop, to ensure each aliquot of inoculum has entered the
nasal cavity before the next drop is administered. The standard target dose of 5SE+04 PFU / mL VICO01
was delivered to both groups (n=6) of hamsters. Hamsters were throat swabbed at day 2, 4, 6 and 7
post challenge. A second set of one group (n=6) of hamsters were included from a previous study,
receiving the standard volume inoculation and a reduced dose of 1E+02 PFU / mL. These hamsters
were throat swabbed at day 2, 4, 6 and 8.

Clinical observations: Hamsters were monitored for temperature via Plexx IPTT-300
temperature transponders and for clinical signs of disease twice daily (approximately 8 h apart).
Clinical signs of disease were assigned a score based upon the following criteria (score in brackets);
healthy (0), lethargy (1), behavioural change (1), sunken eyes (2), ruffled (2), wasp waited (3),
dehydrated (3), arched (3), coughing (3), laboured breathing 1 — occasional catch or skip in breathing
rate (5) and laboured breathing 2 - abdominal effort with breathing difficulties (7). Animals were
weighed at the same time of each day until euthanasia.

Post-mortem examination and pathology. Hamsters were given an anaesthetic overdose
(sodium pentabarbitone Dolethal, Vetquinol UK Ltd, 140 mg/kg) via intraperitoneal injection and
exsanguination was effected via cardiac puncture. A necropsy was performed immediately after
confirmation of death. Each animal was assigned a histology ID number for blinding purposes. Lung
(left lobe and caudal right lobe) and nasal cavity samples were fixed in neutral buffered formalin.
Nasal cavity was decalcified using an EDTA solution prior to embedding in paraffin wax. Tissue
sections were stained with H&E and scanned by a Hamamatsu NanoZoomer 5360 and viewed with
NDP.view2 software. The pathologist was blinded to treatment and group details and the slides were
randomised prior to examination in order to prevent bias (blind evaluation).

A semi-quantitative, subjective scoring system as used to evaluate the severity of lesions
observed in the lung and nasal cavity [11]. Additionally, the percentage of area comprising
pneumonia in the lung was calculated using digital image analysis (Nikon-NIS-Ar). RNAscope (an
in-situ hybridisation method used on formalin-fixed, paraffin-embedded tissues) was used to
identify the SARS-CoV-2 virus in all tissues. Briefly, tissues were pre-treated with hydrogen peroxide
for 10 mins (RT), target retrieval for 15 mins (98-101°C) and protease plus for 30 mins (40°C) (all
Advanced Cell Diagnostics). A V-nCoV2019-S probe (Advanced Cell Diagnostics) targeting the S-
protein gene was incubated on the tissues for 2 hours at 40°C. Amplification of the signal was carried
out following the RNAscope protocol (RNAscope 2.5 HD Detection Reagent — Red) using the
RNAscope 2.5 HD red kit (Advanced Cell Diagnostics). RNAScope stained sections were also
scanned and digital image analysis was carried out in order to calculate the total area of the lung
section positive for viral RNA. For nasal cavity, a semiquantitative scoring system was applied to
evaluate the presence of virus RNA: 0=no positive staining; 1=minimal; 2=mild; 3=moderate and
4=abundant staining.

RNA Extraction: Throat swabs were inactivated in AVL plus ethanol and RNA was isolated.
Downstream extraction was performed using the BioSprint™96 One-For-All vet kit (Indical) and
Kingfisher Flex platform as per manufacturer’s instructions.

Quantification of Viral RNA by RT-qPCR: Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) targeting a region of the SARS-CoV-2 nucleocapsid (N) gene was used to
determine viral loads and was performed as previously described [4]. Positive swab and fluid
samples detected below the limit of quantification (LLOQ) of 12,857 copies mL, were assigned the
value of 5 copies/uL, this equates to 6,429 copies/mL, whilst undetected samples were assigned the
value of < 2.3 copies/uL, equivalent to the assay’s lower limit of detection (LLOD) which equates to
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2957 copies/mL. Additional PCR data was taken from a separate, previous study for analysis of the
relationship between live viral titre, total genomic RNA titre and sub-genomic RNA titre, samples
were processed and analysed using the same methods listed here.

Confirmation of Challenge Dose by Plaque Assay: The challenge dose was confirmed by
plaque assay prepared on the day of challenge. Dilutions of the challenge material were plated in
triplicate on each assay plate for confirmation of challenge titre. The challenge dose was diluted in
MEM containing added antibiotic/antimycotic (Life Technologies) and no serum and incubated in
24-well plates (Nunc, ThermoFisher Scientific, Loughborough, UK) with Vero E6 cell monolayers.
Virus was allowed to adsorb at 37°C for 1 hour, then overlaid with MEM containing 1.5%
carboxymethylcellulose (Sigma), 4% (v/v) foetal bovine serum (Sigma) and 25 mM HEPES buffer (Life
Technologies). After incubation at 37°C for 5 days, the plates were fixed overnight with 20% (w/v)
formalin/PBS, washed with tap water and stained with methanol crystal violet solution (0.2% w/v)
(Sigma).

Focus forming assay (FFA): The virus titre for live SARS-CoV-2 throat swab samples was
determined by focus forming assay on Vero/E6 cells [ECACC 85020206]. 96-well plates were seeded
with 2.5x104 cells/well the day prior to infection then washed twice with Dulbecco’s PBS (DPBS).
Ten-fold serial dilutions (1x10-1 to 1x10-6) of virus stocks were prepared in MEM (supplemented
with 25 mM HEPES (Gibco), 2mM L-Glutamine (Gibco), 1x Non-Essential Amino Acids Solution
(Gibco)). 100pl virus inoculum was added per well in duplicate and incubated for 1 h at 37°C. Virus
inoculum was removed, and cells overlaid with MEM containing 1% carboxymethylcellulose
(Sigma), 4% (v/v) heat-inactivated foetal calf serum (FCS) (Sigma), 25 mM HEPES buffer (Gibco),
2mM L-Glutamine (Gibco), 1x Non-Essential Amino Acids Solution (Gibco). After incubation at 37°C
for 26h, cells were fixed overnight with 8% (w/v) formalin/PBS, washed with water and
permeabilised with 0.2% (w/v) Triton X-100/PBS at room temperature for 10 mins. Cells were washed
with PBS, incubated with 0.3% hydrogen peroxide (Sigma) at room temperature for 20 mins and
washed with PBS. Foci were stained with 50ul/well rabbit anti-nucleocapsid (Sino Biological, 40588-
T62) diluted 1:1000 in 0.2% (w/v) Triton X-100/PBS for 1 h at room temperature. Antibody dilutions
were discarded, cells washed with PBS and incubated with 50ul/well goat anti-rabbit IgG HRP
(Invitrogen, G-21234) diluted 1:4000 in 0.2% (w/v) Triton X-100/PBS for 1h at room temperature. Cells
were washed with PBS and incubated with TrueBlue peroxidase substrate (SeraCare, 5510-0030) for
10 min at room temperature then washed with water. Infectious foci were counted with an
ImmunoSpot® S6 Ultra-V analyser with BioSpot counting module (Cellular Technologies Europe).
Titre (FFU/ml) was determined by the following formula: Titre (FFU/ml) = No. of foci / (Dilution
factor x 0.1).

Statistical Analysis: Statistical analysis was performed on Logl0 transformed PCR data using
R. To compare group throat swab viral loads post challenge with their respective re-challenge viral
loads, data was analysed using Tukey’s Honest Significant Difference (HSD)-corrected pairwise
multiple comparisons mixed-effects analysis of variance (ANOVA). The fixed effects in the model
were sample days post challenge (DPC) and group and the random effect was the individual animal.
Culls were performed at 7 DPC and 35 DPC (groups 1 and 5 at 7 DPC and groups 2 to 4 at 35 DPC).
Viral RNA copies in collected lung tissue from each group were compared by ANOVA with post hoc
pairwise Tukey’s HSD to compare viral RNA measured in different groups and DPC. Weight
percentage change data was also analysed by Tukey-corrected pairwise multiple comparison
ANOVA. Parametric statistical analyses were selected as the data were expected to conform to a log-
normal distribution (for qPCR results) or a normal distribution (for weights) based on historical
observations of data from similar hamster challenge studies. Ordinal clinical score data was analysed
using a non-parametric (Kruskal-Wallis) test. Histopathological results were analysed by Mann-
Whitney’s U test. No statistical analysis was undertaken on temperature data as no trends were
observed.
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3. Results

Study Design: Hamsters (n = 6 per group with an equal male/female ratio) were challenged
intranasally with Australia/VIC01/202035 SARS-CoV-2 (VICO01), in two volumes, a 200 uL or 50 pL
volume at the standard dose (5E+04 plaque forming units (PFU)). A further group was both
challenged using a 200 uL inoculum volume at a reduced (500-fold less) viral dose (1E+02 PFU).
Groups inoculated with the standard viral dose in 200 uL and in 50 pL were culled 7 days after
challenge. Plaque forming unit (PFU) back-titration was completed on the day of challenge on
samples of the inoculum, confirming the correct dose of SARS-CoV-2 was administered to each
group.

A lower challenge inoculation volume produced milder clinical signs of infection and
respiratory pathology in hamsters compared to a higher inoculation volume: All hamsters lost weight
after inoculation with SARS-CoV-2. Hamsters inoculated with the standard dose of SARS-CoV-2 in
200 pL volume lost weight faster and to a greater extent than hamsters inoculated with the same dose
in 50 pL volume. The difference was statistically significant from four days post challenge (DPC)
onwards (Figure 1A,B). At 6 DPC hamsters had experienced significantly higher (P=0.0004) group
mean peak weight loss (Figure 1B), demonstrating more severe disease developing as a result of a
higher volume inoculation. No significant difference in weight loss was observed between hamsters
inoculated with the standard dose in 50 uL and those inoculated with the 500-fold reduced dose in
200 uL. Qualitative measures of clinical signs of disease excluding weight loss were assigned a score
using an arbitrary scale weighted such that clinical signs considered to hold greater clinical
significance received higher scores (Table 2) [10] (Figure 1C). An earlier onset of clinical signs was
also observed in hamsters inoculated with the standard dose in 200 uL than in hamsters inoculated
with the standard dose in 50 pL. There was no significant difference between the groups’ average
assigned clinical observation scores.

Pathological investigation of post-mortem tissues taken at 7 DPC revealed a significantly lower
(P=0.0087) total area of pneumonia found in the samples of lung from hamsters inoculated with the
standard dose of SARS-CoV-2 (5E+04 PFU) in a 50 pL total volume (25 puL per nare) compared to
those inoculated using a 200 pL total volume (100 uL per nare) (Figure 2A,E). The percentage of the
lung containing SARS-CoV-2 RNA as measured by in situ hybridisation also showed significantly
lower (P=0.0022) virus in the lung tissue of hamsters inoculated with 50 pL of SARS-CoV-2 than those
inoculated with 200 uL (Figure 2B,E). In contrast, the percentage of the nasal cavity containing SARS-
CoV-2 RNA as measured by in situ hybridisation showed no significant difference between either
inoculation volumes (Figure 2C,E). A marked decrease in pathology scores [11] in the lung tissue of
hamsters inoculated with 50 pL of SARS-CoV-2 compared to those inoculated with 200 puL was also
observed scoring different parameters of airway and pulmonary parenchyma histopathology (Figure
2D).

Viral Shedding titres are unaffected by varied inoculation volumes: Decreasing either the
volume (four-fold) or dose (500 fold) of SARS-CoV-2 inoculum in relation to the standard dose and
volume (5+E04 PFU in 200 pL) did not affect viral shedding titres from the upper respiratory tract
(URT) measured in throat swabs (Figure 3A) and no significant differences were found between the
amount of total viral RNA shed between groups. Additionally, Additionally, according to qPCR
performed on lung homogenate, we found the viral burden in the lung was unaffected by varying
the challenge volume (Figure 3B).

Sub-genomic E-gene PCR provides no additional value over total genomic PCR: Sub-genomic
E-gene PCR titres closely correlated with total genomic viral load titres but fall below the limits of
quantification and detection too rapidly to accurately compare to live viral titres from ex vivo samples.
The correlation between total viral genome copies and sub-genomic E gene copies was highly
significant (P = 3.81e-127), but a high level of variance was observed between live viral titres
measured by focus forming assay and both total and sub-genomic RNA titres (Figure 4A). In vitro
comparison of total RNA, sub-genomic RNA and live virus titres also demonstrated a very high
correlation between total genomic and sub-genomic titres but here live viral titres remained high
enough for quantification and showed a decline in live viral titres while both total and sub-genomic
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titres remained stable (Figure 4B). A large-scale analysis of samples from the CEPI Agility variant
screening program also demonstrated a significant linear relationship between total viral RNA titres
and sub-genomic RNA titres. The fitted linear regression model determined a Y-intercept of -2.897
indicating three log10 lower sensitivity and a R2 of 0.95 (P = 3.81e-127) (Figure 4C).

Table 1. An illustration of the variation in intranasal challenge inoculum volume found in literature.

Publication Volume of Intranasal Inoculation (uL) Specifies per Nare?
Rosenke et al [3] 50 total (25 per nare) Yes
Abdelnabi et al [12] 50 total (25 per nare) Yes
Kawaoka et al [9] 30 total No
Osterrieder et al [13] 60 total No
Yuan et al [14] 100 total No
Yamasoba et al [8] 100 total No
Huo et al [15] 200 total (100 per nare) Yes
Ryan et al [10] 200 total (100 per nare) Yes
Song et al [16] 200 total No
Zhao et al [17] Only PFU provided - cites paper using 100 pL per nare No
Sia et al [18] Only PFU provided No

Table 2. Scoring system for clinical observations.

Clinical Sign Score
Healthy 0
Ruffled Fur 1
Wasp Waisted 3
Laboured Breathing 5
Severe Laboured Breathing 7
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Figure 1: Clinical observations of pathogenicity in hamsters challenged with SARS-CoV-2 delivered in varied inoculum volumes and viral
titres. Standard dose of SARS-CoV-2 is 5E+04 Plaque forming units (PFU) / mL, Reduced dose is 1E+02 PFU f mL. (A) Percentage weight
change from weight at day of challenge measured daily. Lines indicate geomeans and bars indicate 95% confidence interval. (B) Weight
change at 6 Days Post Challenge (DPC) as a percentage of the initial weight at the day of challenge. Lines indicate means and bars indicate
95% confidence interval. Statistical analysis by one-way ANOVA with Tukey's multiple comparison correction (P<0.05 displayed). (C) Clinical
scores of the hamsters measured daily. Scores were assigned using the following scoring system: Ruffled Fur = 2, Wasp waisted = 3, Laboured
breathing = 5, Severe Laboured Breathing = 7. (D) Number of hamsters displaying each clinical sign per day in hamsters inoculated with the
standard dose in 2001L. (E) Number of hamsters displaying each clinical sign per day in hamsters inoculated with the standard dose in 50uL. (F)
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https://doi.org/10.20944/preprints202302.0171.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2023 doi:10.20944/preprints202302.0171.v1

>
w

0.0022

100 0.0087 0.015+ r
—
= 2 Lo .
S5 807 glo 8T
o Qe —
22 o < ¢ 0.0104
ST 0] i £ 5 4
§s g - L &
g2 22 0.005
@ s - 'Eaﬁ '
o 2 207 o £ oo
=3 3> o
n 0.000

-5~ SARS-CoV-2 standard dose in 200 uL inoculation volume
-= SARS-CoV-2 standard dose in 50 pL inoculation volume

O

D

4+ —oo00000— oopo
8 Airway inflammation 4
8 Peri-alvealar cuffing 3
n o 34 oo Peri-vascular cuffing >
< 8 Alveslar inflammation
% @ Lung average seore 1
= % 2 Nasal cavity seare 0
=4
T —
O®
= ; 14 Standard dose  Standard dose
o in 200 pL in 50 pL
(] inoculation incculation
=z

0

E Nasal RNA {ISH) Lung RNA (ISH) Lung H&E

7

SARS-CoV-2
standard dose in
200 pl inoculation
volume

SARS-CoV-2
standard dose in
50 pL inoculation

volume

Figure 2: Histopathological findings in the lung and nasal cavity of hamsters challenged with SARS-CoV-2 delivered in varied
inoculum volumes 7 days post infection. (A) Percentage of areas of pneumonia in the lung determined by image analysis (Nikon-NIS-Ar).
(B) Percentage of lung positively stained against SARS-CoV-2 RNA measured by in situ-hybridisation (ISH). (C) Subjective scores of presence
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Representative images of viral RNA in the nasal cavity (left panels) and lung (centre panels) and lung H&E (right panels). Statistical differences
measured by Mann-Whitney.
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Figure 3: Quantitative polymerase chain reaction (qPCR) analysis of viral shedding and viral load in hamsters challenged with
SARS-CoV-2 delivered in varied inoculum volumes. Standard dose of SARS-CoV-2 is 5E4 Plague forming units {PFU) / mL, Reduced
dose is 1E2 PFU / mL. (A) Viral shedding gPCR analysis in throat swab samples taken at 2, 4, 6 and 7 DPC. Lines indicate geomeans and
bars indicate 95% confidence intervals. (B) Viral load gPCR analysis in lung tissue samples taken 7 DPC. Lines indicate geomeans and
bars indicate 95% confidence intervals. No significant difference was detected by one-way ANOVA.
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Figure 4: Sub-genomic vs total RNA titre in ex vivo/vitro samples. (A) Ex vivo comparison of total genomic viral titre
by focus forming assay (FFA), sub-genomic E gene titre by PCR and live viral titre by N1 genomic PCR from 2, 4 and 6
days post challenge (DPC). Dotted line indicates the lower limit of quantification (LLOQ) for sub-genomic and viral PCR
values below this are set to half LLOQ for graphing. Dashed line indicates the lower limit of detection (LLOD) for the focus
forming assay. (B) In vitro comparison of total genomic, subgenomic and live virus titres cultured in Vero-E6 cells. Lines
are means and error bars represent standard deviation (C) Comparison of Viral RNA Copies/mL and Sub-genomic RNA
copies/mL. Linear regression was used to assess the relationship between total viral RNA copies/mL and sub-genomic
RNA copies/mL. The fitted regression model determined a Y-intercept of -2.897, R2 of 0.95 (P = 3.81e-127).
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4. Discussion

The Golden Syrian hamster provides a robust host species in the intranasal model of infection
for SARS-CoV-2 to facilitate rapid in vivo analysis of new variants and the efficacy of vaccines,
prophylactics and treatments. This species helps to reduce the global scientific communities’ reliance
on larger animal models of infection including non-human primates. In this study we show that
changing the volume, but not the viral load, of a SARS-CoV-2 intranasal challenge inoculation
significantly alters the severity of disease caused. Hamsters inoculated intranasally with a challenge
virus titre of 5.0E+04 PFU delivered in 50 uL demonstrated significantly lower peak weight loss —
similar to that seen in the animals inoculated with a 500-fold lower dose of SARS-CoV-2. These
hamsters also demonstrated markedly reduced severity and slower onset of clinical signs than those
intranasally inoculated with the same viral titre in 200 uL. Moreover, histopathological analysis
revealed that hamsters receiving the 50 pL inoculation showed significantly lower histopathology
scores, smaller areas of pneumonia, and lower viral RNA loads in the lung. No difference was
observed in the nasal cavity pathology between hamsters receiving different inoculation volumes.
These observations are consistent with the lower volume inoculation not being able to reach as deeply
into the lung, remaining mostly in the nasal cavity, an effect previously seen with influenza in ferrets
[19]. This may be due to the inoculum being inhaled either intratracheally or as a large particle aerosol
and from there entering the lower lung in a similar manner to an aerosol infection and/or directly as
a small particle aerosol through inhalation during administration. This suggests that where virus is
able to reach the nasal tract due to direct inoculation, virus replication will occur with similar results.
Early after inoculation, replicating virus in the nasal cavity in the lower volume group could reach
the lower respiratory tract. These data suggest that a larger volume (200 puL, 100 pL in each nare) of
intranasal inoculum facilitates an extended viral distribution, faster onset and increased severity of
disease. Despite the reduced severity of disease seen in hamsters receiving the 50 pL inoculum, little
difference was seen in viral shedding in the URT compared to the 200 puL inoculated hamsters by
gqPCR analysis or live viral titre. Reducing the volume of the inoculation did not appear to affect
shedding. However, shedding appeared to remain similar between hamsters inoculated with the
standard dose and those receiving a reduced infectious dose suggesting that viral loads measured by
PCR lacks sensitivity to detect alterations in shedding. Viral load qPCR in the lung also demonstrated
no difference between the two inoculum volumes at the post-mortem at 7 DPC. This is particularly
interesting as the viral load measured by in-situ hybridisation showed significantly lower RNA levels
in the lungs of the 50 uL inoculated hamsters. This apparent mismatch between results may be due
to limitations of the qPCR assay and warrants further investigation. Sub-genomic RNA has been
suggested as a way to determine actively replicating virus as the leader sequence is believed to only
be added to replicating RNA [20,21]. The absolute mechanism of coronavirus replication and the
involvement of the sub-genomic RNA remains unresolved [22,23]. A very strong relationship
between total viral RNA and sub-genomic RNA was identified, with sub-genomic RNA titre forming
an almost 1000-fold lower titre subpopulation of total viral RNA. This indicates a simple scalar
relationship between them. Further, live viral titres were undetectable two days after challenge, while
sub-genomic RNA remained detected until the end of the study at seven days post challenge. Sub-
genomic PCR does not provide a specific indicator of live virus titres consistent with other studies
[24,25] and provides no additional information beyond that of the total genomic RNA titre.

The procedural details of the inoculation are likely to enhance the chance of inhalation into the
lung parenchyma. The enhanced severity of disease provided by using a 200 uL volume for intranasal
inoculation of our standard dose (5.0E+04 PFU) has helped us to identify differences in pathogenicity
between variants as well as better distinguish the efficacy of vaccines, therapeutics and therapies
[11,15]. A further infection study in hamsters comparing inhalational administration of a small
particle aerosol with our standard intranasal volume and dose would be a useful further investigation
to confirm this hypothesis.


https://doi.org/10.20944/preprints202302.0171.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2023 doi:10.20944/preprints202302.0171.v1

11

Author Contributions: Conceptualization, A.H., KAR,, ERD., KRB, FJ.S, S.G.P.F. and Y.H.; software, A.H.
and K.R.B.; formal analysis, A.H.; investigation, A.-H., ER.D., O.T.C,, A.C,N.S.C,S.AF,M.C,D.J.H, CK,D.N.
and T.M.W.; writing—original draft preparation, A.H.; writing—review and editing, A.H., K AR, ER.D,,
KRB, F].S, S.G.P.F. and Y.H,; visualization, A.H.; supervision, K.A.R. and Y.H.; project administration, A.H.,
K.AR. and Y.H,; funding acquisition, Y.H.; All authors have read and agreed to the published version of the
manuscript.

Funding: This work was funded by the Coalition for Epidemic Preparedness Innovations’ (CEPI) Agility
Program.

Institutional Review Board Statement: All experimental work was conducted under the authority and in
compliance with a UK Home Office approved project licence that had been subject to local ethical review at
UKHSA Porton Down by the Animal Welfare and Ethical Review Body (AWERB) as required by the Home
Office Animals (Scientific Procedures) Act 1986.

Acknowledgments: The authors gratefully acknowledge the support from the Biological Investigations Group
at the UK Health Security Agency, Porton Down, United Kingdom. We also thank the Doherty Institute,
Melbourne, Australia for the generous supply of SARS-CoV-2 Victoria/01/2020. The views expressed in this
paper are those of the authors and not necessarily those of the funding body. This work was funded by the
Coalition for Epidemic Preparedness Innovations’ (CEPI) Agility Program. The authors are grateful for critical
review of the manuscript by Amy C. Shurtleff and William Dowling.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1.  Organization, W. H.,, WHO Director-General’s opening remarks at the media briefing on COVID-19-11
March 2020. Geneva, Switzerland: 2020.

2. Zhu, N; Zhang, D.; Wang, W.; Li, X,; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; Niu, P.; Zhan,
F.; Ma, X,; Wang, D.; Xu, W.; Wu, G.; Gao, G. F.; Tan, W.; China Novel Coronavirus, I.; Research, T., A
Novel Coronavirus from Patients with Pneumonia in China, 2019. N Engl | Med 2020, 382 (8), 727-733.

3.  Rosenke, K.; Meade-White, K.; Letko, M.; Clancy, C.; Hansen, F.; Liu, Y.; Okumura, A.; Tang-Huau, T. L.;
Li, R.; Saturday, G.; Feldmann, F.; Scott, D.; Wang, Z.; Munster, V; Jarvis, M. A.; Feldmann, H., Defining
the Syrian hamster as a highly susceptible preclinical model for SARS-CoV-2 infection. Emerg Microbes Infect
2020, 9 (1), 2673-2684.

4. Ryan, K. A.; Bewley, K. R,; Fotheringham, S. A.; Slack, G. S.; Brown, P.; Hall, Y.; Wand, N. I.; Marriott, A.
C.; Cavell, B. E.; Tree, J. A.; Allen, L.; Aram, M. J; Bean, T. J.; Brunt, E.; Buttigieg, K. R.; Carter, D. P.; Cobb,
R.; Coombes, N. S.; Findlay-Wilson, S. J.; Godwin, K. J.; Gooch, K. E.; Gouriet, J.; Halkerston, R.; Harris, D.
J.; Hender, T. H.; Humphries, H. E.; Hunter, L.; Ho, C. M. K,; Kennard, C. L.; Leung, S.; Longet, S.; Ngabo,
D.; Osman, K. L.; Paterson, J.; Penn, E. J.; Pullan, S. T.; Rayner, E.; Skinner, O.; Steeds, K.; Taylor, I.; Tipton,
T.; Thomas, S.; Turner, C.; Watson, R. J.; Wiblin, N. R.; Charlton, S.; Hallis, B.; Hiscox, J. A.; Funnell, S.;
Dennis, M. J.; Whittaker, C. J.; Catton, M. G.; Druce, J.; Salguero, F. J.; Carroll, M. W., Dose-dependent
response to infection with SARS-CoV-2 in the ferret model and evidence of protective immunity. Nat
Commun 2021, 12 (1), 81.

5. Everett, H. E;; Lean, F. Z. X,; Byrne, A. M. P,; van Diemen, P. M.; Rhodes, S.; James, J.; Mollett, B.; Coward,
V. ].; Skinner, P.; Warren, C. ].; Bewley, K. R.; Watson, S.; Hurley, S.; Ryan, K. A; Hall, Y.; Simmons, H.;
Nunez, A.; Carroll, M. W.; Brown, I. H.; Brookes, S. M., Intranasal Infection of Ferrets with SARS-CoV-2 as
a Model for Asymptomatic Human Infection. Viruses 2021, 13 (1).

6.  Salguero, F. J.; White, A. D.; Slack, G. S.; Fotheringham, S. A.; Bewley, K. R;; Gooch, K. E.; Longet, S.;
Humphries, H. E.; Watson, R. ].; Hunter, L.; Ryan, K. A.; Hall, Y.; Sibley, L.; Sarfas, C.; Allen, L.; Aram, M.;
Brunt, E.; Brown, P.; Buttigieg, K. R.; Cavell, B. E.; Cobb, R.; Coombes, N. S.; Darby, A.; Daykin-Pont, O.;
Elmore, M. J.; Garcia-Dorival, I.; Gkolfinos, K.; Godwin, K. J.; Gouriet, J.; Halkerston, R.; Harris, D. J,;
Hender, T.; Ho, C. M. K,; Kennard, C. L.; Knott, D.; Leung, S.; Lucas, V.; Mabbutt, A.; Morrison, A. L.;
Nelson, C.; Ngabo, D.; Paterson, J.; Penn, E.].; Pullan, S.; Taylor, I; Tipton, T.; Thomas, S.; Tree, J. A.; Turner,
C.; Vamos, E.; Wand, N.; Wiblin, N. R.; Charlton, S.; Dong, X.; Hallis, B.; Pearson, G.; Rayner, E. L.;
Nicholson, A. G.; Funnell, S. G.; Hiscox, J. A.; Dennis, M. J.; Gleeson, F. V.; Sharpe, S.; Carroll, M. W.,
Comparison of rhesus and cynomolgus macaques as an infection model for COVID-19. Nat Commun 2021,
12 (1), 1260.

7.  Munoz-Fontela, C.; Dowling, W. E.; Funnell, S. G. P.; Gsell, P. S.; Riveros-Balta, A. X.; Albrecht, R. A,;
Andersen, H.; Baric, R. S.; Carroll, M. W.; Cavaleri, M.; Qin, C.; Crozier, I.; Dallmeier, K.; de Waal, L.; de
Wit, E.; Delang, L.; Dohm, E.; Duprex, W. P; Falzarano, D.; Finch, C. L.; Frieman, M. B.; Graham, B. S.;
Gralinski, L. E.; Guilfoyle, K.; Haagmans, B. L.; Hamilton, G. A.; Hartman, A. L.; Herfst, S.; Kaptein, S.J. F.;


https://doi.org/10.20944/preprints202302.0171.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2023 doi:10.20944/preprints202302.0171.v1

12

Klimstra, W. B.; Knezevig, I.; Krause, P. R.; Kuhn, J. H.; Le Grand, R.; Lewis, M. G.; Liu, W. C.; Maisonnasse,
P.; McElroy, A. K.; Munster, V.; Oreshkova, N.; Rasmussen, A. L.; Rocha-Pereira, J.; Rockx, B.; Rodriguez,
E.; Rogers, T. F.; Salguero, F. ].; Schotsaert, M.; Stittelaar, K. J.; Thibaut, H. J.; Tseng, C. T.; Vergara-Alert, ].;
Beer, M.; Brasel, T.; Chan, ]. F. W.; Garcia-Sastre, A.; Neyts, J.; Perlman, S.; Reed, D. S.; Richt, J. A.; Roy, C.
J.; Segales, J.; Vasan, S. S.; Henao-Restrepo, A. M.; Barouch, D. H., Animal models for COVID-19. Nature
2020, 586 (7830), 509-515.

8.  Yamasoba, D.; Kimura, I.; Nasser, H.; Morioka, Y.; Nao, N.; Ito, J.; Uriu, K.; Tsuda, M.; Zahradnik, J.;
Shirakawa, K.; Suzuki, R.; Kishimoto, M.; Kosugi, Y.; Kobiyama, K.; Hara, T.; Toyoda, M.; Tanaka, Y. L.;
Butlertanaka, E. P.; Shimizu, R.; Ito, H.; Wang, L.; Oda, Y.; Orba, Y.; Sasaki, M.; Nagata, K.; Yoshimatsu, K.;
Asakura, H.; Nagashima, M.; Sadamasu, K.; Yoshimura, K.; Kuramochi, J.; Seki, M.; Fujiki, R.; Kaneda, A.;
Shimada, T.; Nakada, T. A.; Sakao, S.; Suzuki, T.; Ueno, T.; Takaori-Kondo, A.; Ishii, K. J.; Schreiber, G.;
Genotype to Phenotype Japan, C.; Sawa, H.; Saito, A.; Irie, T.; Tanaka, S.; Matsuno, K.; Fukuhara, T.; Ikeda,
T.; Sato, K., Virological characteristics of the SARS-CoV-2 Omicron BA.2 spike. Cell 2022, 185 (12), 2103-
2115 el9.

9. Kawaoka, Y.; Uraki, R.; Kiso, M.; Iida, S.; Imai, M.; Takashita, E.; Kuroda, M.; Halfmann, P.; Loeber, S.;
Maemura, T.; Yamayoshi, S.; Fujisaki, S.; Wang, Z.; Ito, M.; Ujie, M.; Iwatsuki-Horimoto, K.; Furusawa, Y.;
Wright, R.; Chong, Z.; Ozono, S.; Yasuhara, A; Ueki, H.; Sakai, Y.; Li, R; Liu, Y.; Larson, D.; Koga, M.;
Tsutsumi, T.; Adachi, E.; Saito, M.; Yamamoto, S.; Matsubara, S.; Hagihara, M.; Mitamura, K.; Sato, T.; Hojo,
M.; Hattori, S. I.; Maeda, K.; Okuda, M.; Murakami, J.; Duong, C.; Godbole, S.; Douek, D.; Watanabe, S.;
Ohmagari, N.; Yotsuyanagi, H.; Diamond, M.; Hasegawa, H.; Mitsuya, H.; Suzuki, T., Characterization and
antiviral susceptibility of SARS-CoV-2 Omicron/BA.2. Res Sq 2022.

10. Ryan, K. A.; Watson, R. J.; Bewley, K. R.; Burton, C. A; Carnell, O.; Cavell, B. E.; Challis, A. R.; Coombes,
N. S.; Emery, K; Fell, R. ]J. B., Convalescence from prototype SARS-CoV-2 protects Syrian hamsters from
disease caused by the Omicron variant. 2021.

11. Dowall, S.; Salguero, F. ].; Wiblin, N.; Fotheringham, S.; Hatch, G.; Parks, S.; Gowan, K.; Harris, D.; Carnell,
O.; Fell, R.; Watson, R.; Graham, V.; Gooch, K.; Hall, Y.; Mizen, S.; Hewson, R., Development of a Hamster
Natural Transmission Model of SARS-CoV-2 Infection. Viruses 2021, 13 (11).

12.  Abdelnabi, R.; Boudewijns, R.; Foo, C. S.; Seldeslachts, L.; Sanchez-Felipe, L.; Zhang, X.; Delang, L.; Maes,
P.; Kaptein, S. J. F.; Weynand, B.; Vande Velde, G.; Neyts, J.; Dallmeier, K., Comparing infectivity and
virulence of emerging SARS-CoV-2 variants in Syrian hamsters. EBioMedicine 2021, 68, 103403.

13. Osterrieder, N.; Bertzbach, L. D.; Dietert, K.; Abdelgawad, A.; Vladimirova, D.; Kunec, D.; Hoffmann, D;
Beer, M.; Gruber, A. D.; Trimpert, J., Age-Dependent Progression of SARS-CoV-2 Infection in Syrian
Hamsters. Viruses 2020, 12 (7).

14. Yuan, S.; Ye, Z.-W.; Liang, R.; Tang, K.; Zhang, A.].; Lu, G.; Ong, C. P.; Poon, V. K.-M,; Chan, C. C.-S.; Mok,
B. W.-Y,; Qin, Z; Xie, Y.; Sun, H.; Tsang, J. O.-L.; Yuen, T. T.-T.; Chik, K. K.-H.; Chan, C. C.-Y,; Cai, J.-P.;
Luo, C; Ly, L,; Yip, C. C.-Y.; Chu, H,; To, K. K.-W.; Chen, H,; Jin, D.-Y.; Yuen, K.-Y.; Chan, J. F.-W., The
SARS-CoV-2 Omicron (B.1.1.529) variant exhibits altered pathogenicity, transmissibility, and fitness in the
golden Syrian hamster model. 2022.

15. Huo, J.; Mikolajek, H.; Le Bas, A.; Clark, J. J.; Sharma, P.; Kipar, A.; Dormon, J.; Norman, C.; Weckener, M.;
Clare, D. K.; Harrison, P. J.; Tree, J. A.; Buttigieg, K. R.; Salguero, F. J.; Watson, R.; Knott, D.; Carnell, O.;
Ngabo, D.; Elmore, M. J.; Fotheringham, S.; Harding, A.; Moynie, L.; Ward, P. N.; Dumoux, M.; Prince, T.;
Hall, Y.; Hiscox, J. A.; Owen, A.; James, W.; Carroll, M. W.; Stewart, ]J. P.; Naismith, J. H.; Owens, R. J., A
potent SARS-CoV-2 neutralising nanobody shows therapeutic efficacy in the Syrian golden hamster model
of COVID-19. Nat Commun 2021, 12 (1), 5469.

16. Song, Z.;Bao, L.; Yu, P.; Qi, F.; Gong, S.; Wang, ]J.; Zhao, B.; Liu, M.; Han, Y.; Deng, W.; Liu, J.; Wei, Q.; Xue,
J.; Zhao, W.; Qin, C., SARS-CoV-2 Causes a Systemically Multiple Organs Damages and Dissemination in
Hamsters. Front Microbiol 2020, 11, 618891.

17.  Zhao, H.; To, K. K;; Lam, H.; Zhang, C.; Peng, Z.; Meng, X.; Wang, X.; Zhang, A. ].; Yan, B.; Cai, J.; Yeung,
M. L.; Chan, J. F; Yuen, K. Y., A trifunctional peptide broadly inhibits SARS-CoV-2 Delta and Omicron
variants in hamsters. Cell Discov 2022, 8 (1), 62.

18. Sia, S. F.; Yan, L. M,; Chin, A. W. H,; Fung, K.; Choy, K. T.; Wong, A. Y. L.; Kaewpreedee, P.; Perera, R;
Poon, L. L. M.; Nicholls, J. M.; Peiris, M.; Yen, H. L., Pathogenesis and transmission of SARS-CoV-2 in
golden hamsters. Nature 2020, 583 (7818), 834-838.

19. Moore, I. N.; Lamirande, E. W.; Paskel, M.; Donahue, D.; Qin, J.; Subbarao, K.; Garcia-Sastre, A., Severity
of Clinical Disease and Pathology in Ferrets Experimentally Infected with Influenza Viruses Is Influenced
by Inoculum Volume. Journal of Virology 2014, 88 (23), 13879-13891.

20. Wolfel, R.; Corman, V. M.; Guggemos, W.; Seilmaier, M.; Zange, S.; Muller, M. A.; Niemeyer, D.; Jones, T.
C.; Vollmar, P.; Rothe, C.; Hoelscher, M.; Bleicker, T.; Brunink, S.; Schneider, J.; Ehmann, R.; Zwirglmaier,
K.; Drosten, C.; Wendtner, C., Virological assessment of hospitalized patients with COVID-2019. Nature
2020, 581 (7809), 465-469.


https://doi.org/10.20944/preprints202302.0171.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2023 doi:10.20944/preprints202302.0171.v1

13

21. Parker, M. D.; Lindsey, B. B.; Leary, S.; Gaudieri, S.; Chopra, A.; Wyles, M.; Angyal, A.; Green, L. R;
Parsons, P.; Tucker, R. M.; Brown, R.; Groves, D.; Johnson, K.; Carrilero, L.; Heffer, J.; Partridge, D. G.;
Evans, C.; Raza, M.; Keeley, A.].; Smith, N.; Filipe, A. D. S.; Shepherd, J. G.; Davis, C.; Bennett, S.; Sreenu,
V. B.; Kohl, A.; Aranday-Cortes, E.; Tong, L.; Nichols, J.; Thomson, E. C.; Consortium, C.-G. U.; Wang, D.;
Mallal, S.; de Silva, T. I., Subgenomic RNA identification in SARS-CoV-2 genomic sequencing data. Genome
Res 2021, 31 (4), 645-658.

22. Sawicki, S. G.; Sawicki, D. L., Coronaviruses use Discontinuous Extension for Synthesis of Subgenome-
Length Negative Strands. In Corona- and Related Viruses: Current Concepts in Molecular Biology and
Pathogenesis, Talbot, P. ].; Levy, G. A., Eds. Springer US: Boston, MA, 1995; pp 499-506.

23. Grellet, E.; L'Hote, I.; Goulet, A.; Imbert, 1., Replication of the coronavirus genome: A paradox among
positive-strand RNA viruses. | Biol Chem 2022, 298 (5), 101923.

24. Alexandersen, S.; Chamings, A.; Bhatta, T. R., SARS-CoV-2 genomic and subgenomic RNAs in diagnostic
samples are not an indicator of active replication. Nat Commun 2020, 11 (1), 6059.

25. Chamings, A.; Bhatta, T. R.; Alexandersen, S., Subgenomic and negative sense RNAs are not markers of
active replication of SARS-CoV-2 in nasopharyngeal swabs. medRxiv: 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202302.0171.v1

