www.nature.com/scientificreports

scientific reports

Compellingly high SARS-CoV-2
susceptibility of Golden Syrian
hamsters suggests multiple
zoonotic infections of pet hamsters
during the COVID-19 pandemic

Claudia Blaurock?, Angele Breithaupt?, Saskia Weber?, Claudia Wylezich?, Markus Keller?,
Bjérn-Patrick Mohl?, Dirk Gérlich*, Martin H. Groschup?, Balal Sadeghi?, Dirk Héper?,
Thomas C. Mettenleiter® & Anne Balkema-Buschmann™*

Golden Syrian hamsters (Mesocricetus auratus) are used as a research model for severe acute
respiratory syndrome coronavirus type 2 (SARS-CoV-2). Millions of Golden Syrian hamsters are also
kept as pets in close contact to humans. To determine the minimum infective dose (MID) for assessing
the zoonotic transmission risk, and to define the optimal infection dose for experimental studies,

we orotracheally inoculated hamsters with SARS-CoV-2 doses from 1 * 10° to 1 * 10~ tissue culture
infectious dose 50 (TCID,,). Body weight and virus shedding were monitored daily. 1 * 103 TCID,, was
defined as the MID, and this was still sufficient to induce virus shedding at levels up to 10275 TCID,/

ml, equaling the estimated MID for humans. Virological and histological data revealed 1 * 102 TCID5, as
the optimal dose for experimental infections. This compelling high susceptibility leading to productive
infections in Golden Syrian hamsters must be considered as a potential source of SARS-CoV-2 infection
for humans that come into close contact with pet hamsters.

To date, more than 528 million confirmed Coronavirus Disease 2019 (COVID-19) cases and more than 6.2
million deaths have been reported globally since the initial detection of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in December 2019 (https://coronavirus.jhu.edu; 28th May 2022). COVID-19 has
been studied extensively since, and the incubation time in humans has been calculated as 6.4 days for the initially
described virus variants?, while the estimated minimum infective dose (MID) for humans has been calculated
to be approximately 102 tissue culture infectious dose 50 (TCIDs,)>*.

Golden Syrian hamsters (Mesocricetus auratus) are widely used as a COVID-19 animal model, as they effi-
ciently support SARS-CoV-2 replication and display pathological manifestations similar to human COVID-19
pneumonia, such as focal diffuse alveolar destruction, hyaline membrane formation, and mononuclear cell
infiltration>®. Efficient transmission from inoculated to naive hamsters by direct contact and aerosol has also been
reported®’. Several hamster species are kept as pets in millions of households worldwide. These include Golden
Syrian hamsters, Chinese hamsters (Cricetulus griseus), and three Dwarf hamster species (Phodopus roborowskii,
P. campbelli and P. sungorus). According to the German Pet Trade & Industry Association (Zentralverband Zoolo-
gischer Fachbetriebe e.V. ZZF), approximately 520,000 pet hamsters were kept in German households in 2020.
Golden Syrian hamsters comprised 43% (223,600 animals), and the Dwarf hamster species 54% (280,800 ani-
mals) (source: Zentralverband Zoologischer Fachbetriebe (ZZF) and Industrieverband Heimtierbedarf (IVH)).
While Golden Syrian hamsters, Chinese hamsters, and Roborovski Dwarf hamsters are highly susceptible and
develop clinical disease and lung pathology, both other Dwarf hamster species (Campbell’s Dwarf hamster and
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Djungarian Dwarf hamster) only developed subclinical disease with mild tissue damage and a rapid onset of
regeneration under experimental conditions®’.

Since the onset of the pandemic, several virus variants have emerged, five of which have been classified as
variants of concern (VOC) by the World Health Organization (WHO) for their enhanced transmissibility and
virulence or their reduced susceptibility to immune reactions (WHO, 01.03.2022). These include variants B.1.1.7
(Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta) and B.1.1.529 (Omicron). Especially the rapid worldwide
spread of the Delta variant and a number of Omicron subvariants have raised concern about an acceleration
of the pandemic’s dynamic, despite increasing proportions of fully vaccinated humans (https://github.com/
owid/covid-19-data/tree/master/public/data/vaccinations). Therefore, the pathogenesis induced by VOCs has
been addressed in a number of recent animal studies, mostly performed in Golden Syrian hamsters'®-"3. While
Alpha, Beta and Delta variants caused clinical manifestation and pathology similar to the ancestral virus'®!!,
infection with the Omicron variant BA.1 caused significantly milder clinical signs and lower levels of pulmonary
affection'®'®. The reported levels of viral RNA detected in the respiratory tract of these animals however vary
between the available study reports, and may therefore need further confirmation!*™4.

Very recently, two distinct zoonotic transmission events from hamsters to humans were reported from Hong
Kong followed by human-to-human transmission'?, after the import of pet Golden Syrian hamsters from The
Netherlands, causing a re-introduction of the Delta VOC into the country. Investigation of these animals revealed
SARS-CoV-2 RNA in 15 out of 28 Golden Syrian hamsters, but in none of the 77 analysed Dwarf hamsters'”.
These findings gave rise to serious concern about the SARS-CoV-2 transmission risk from pet hamsters to
humans in affected households'®", and more than 2000 pet hamsters were subsequently culled in Hong Kong.
This highlights the importance of an evidence-based risk assessment regarding SARS-CoV-2 transmissions from
pet hamsters to humans and vice versa. To the best of our knowledge, no systematic quantitative study on the
susceptibility of Golden Syrian hamsters to a SARS-CoV-2 infection has been undertaken so far. We therefore
infected groups of Golden Syrian hamsters with serial SARS-CoV-2 dilutions from 10° to 10~* TCIDs,, which is
equivalent to 0.7 genome copy numbers per dose, as determined by reverse transcriptase quantitative real-time
PCR of serial dilutions of a SARS-CoV-2 RNA standard. Animals infected with a dose of 1 * 10~ TCIDs, shed
replication competent virus and accumulated SARS-CoV-2 infectivity in their respiratory tract until 7 days post
inoculation (dpi). This study demonstrates the extremely high SARS-CoV-2 susceptibility of Golden Syrian
hamsters. For drug or vaccine efficacy studies, a moderate infection dose, sufficiently high to induce reproducible
viral loads and histological findings, and at the same time sufficiently low to avoid a highly artificial infection
should be applied, which in our experimental setup was determined as 1 * 10> TCIDs,

Methods

Experimental design. This study was performed to quantify the susceptibility of Golden Syrian hamsters
to an infection with SARS-CoV-2. All SARS-CoV-2 experimental studies were performed in the biosafety level
3 facilities at the Friedrich-LoefHler-Institut, Insel Riems, Germany.

Cell line and virus. Vero E6 cells (Cell Culture Collection in Veterinary Medicine, FLI) were cultured in
minimal essential medium (MEM) containing 10% fetal calf serum (FCS) at 37 °C and 5% CO,. SARS-CoV-2
isolate 2019_nCoV Muc-IMB-1 (accession number LR824570;'®) was kindly provided by Bundeswehr Institute
of Microbiology, Munich, Germany. Virus propagation was maintained in Vero E6 cells in DMEM supplemented
with 2% FCS. Prior to inoculation into hamsters, the virus stock was sequenced by using a generic metagen-
omics sequencing workflow as described previously'® with some modifications. For reverse-transcribing RNA
into cDNA, SuperScriptIV First-Strand cDNA Synthesis System (Invitrogen, Germany) and the NEBNext Ultra
II Non-Directional RNA Second Strand Synthesis Module (New England Biolabs, Germany) were used, and
library quantification was done with the QIAseq Library Quant Assay Kit (Qiagen, Germany). Libraries were
sequenced without applying further SARS-CoV-2 enrichment using an Ion 530 chip and chemistry for 400 base
pair reads on an Ion Torrent S5XL instrument (Thermo Fisher Scientific, Germany).

Virus titration: tissue culture infectious doses,.  Samples were serially diluted in MEM containing 2%
FCS and 100 Units Penicillin/0.1 mg Streptomycin (P/S) (Millipore Sigma, Germany). Vero E6 cells were incu-
bated with 100 pl of ten-fold dilutions of sample dilutions added in quadruplicates for 1 h at 37 °C before 100 pl
MEM containing 2% FCS and P/S were added per well and plates were incubated for 5 days at 37 °C and 5% CO,.
Supernatant was removed and cells were fixed with 4% formalin. Next, plates were stained with 1% crystal violet
and titers were determined following the Spearman Kaerber method?.

Animal studies. Male Golden Syrian hamsters (Mesocricetus auratus), 5-7 weeks old with a body weight of
80-100 g, were obtained from Janvier Labs, France. Three hamsters were housed in individually ventilated cages
(IVC). Animals had ad libitum access to food and water. The animals’ well-being and body weight were checked
daily. Handling and sampling were performed starting with the uninfected group and continuing from the low
dose groups to the high dose groups to minimize the contamination risk.

Inoculation routes. To determine the optimal inoculation route for SARS-CoV-2, we inoculated groups of eight
hamsters under isoflurane anaesthesia in parallel by the intranasal and orotracheal route with 100 ul contain-
ing 1 * 10° TCID4,. For the orotracheal challenge, the inoculum was administered on the root of the tongue,
ensuring aspiration of the inoculum with the following inhalation. Oral swab samples were collected in DMEM
containing P/S daily, starting one day before inoculation (-1 dpi). Nasal washes were collected under isoflurane
anaesthesia at days 2, 4, 6, 9, 11 and 13 by flushing 200 ul PBS along the animal’s nose. At 14 dpi, hamsters were
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euthanized by deep isoflurane anaesthesia, cardiac exsanguination and cervical dislocation, and nasal conchae,
trachea and lung samples were collected and stored at—80 °C for virological analysis. Tissue samples were also
stored in 4% neutral-buffered formalin for histopathological analysis. Serum was separated from the collected
blood.

Titration in hamsters. 'To define the MID, three sets of experiments were performed, as the endpoint in the
first two studies was not reached. For animal welfare reasons, we continued the dilutions in the second and third
experiment, including an overlap ensuring the comparability of results.

First, hamsters were inoculated with a dose of 1 * 10° TCID5, SARS-CoV-2 and with serial dilutions from
1*10°to 1 * 107! TCIDs, (n=3 per dilution; total n=21). Oral swab samples were collected at 1, 3, 5, and 6
dpi, nasal washes were collected at 2 and 4 dpi as described above). At 7 dpi, all hamsters were euthanized and
sampled as described above.

In the second study, hamsters were inoculated with a serial dilution from 1 * 10* to 1 * 107> TCIDs, SARS-
CoV-2 (n=3 per dilution; total n=28). Group sizes of three hamsters per dilution were set based on statistical
requirements. All animals were included in the analysis. Sampling and autopsies were performed as described
above.

In the third study, hamsters were inoculated with 1 * 10? TCIDs,, and with serial dilutions from 1 * 10° to
1 *107* TCIDs, SARS-CoV-2 (n=3 per dilution; total n=21). This experiment was conducted for 10 days to
allow the follow-up of clinical and virological data after a 2-3 day delayed disease onset in the groups inoculated
with low doses. Oral swab samples were collected at 1, 3, 5, 6, 8 and 9 dpi, while nasal washes were collected at
2,4 and 7 dpi. At 10 dpi, animals were sacrificed and autopsied as described above.

Ethical statement. Ethical approval for this study was obtained from the competent authority of the Fed-
eral State of Mecklenburg-Western Pomerania, Germany upon consultation with the Ethic Committee of Meck-
lenburg-Western Pomerania (file number: 7221.3-1.1-049/20), on the basis of national and European legislation,
namely the EU council directive 2010/63/EU. Animal studies are continuously monitored by the Animal Welfare
Officer and were approved by FLI's Institutional Animal Care and Use Committee (IACUC). All procedures and
methods for the animal study were performed in accordance with the relevant national and international guide-
lines and regulations. The study is reported in accordance with ARRIVE guidelines.

Total RNA extraction and SARS-CoV-2 detection. Total RNA was extracted from swab, nose fluid
and tissue samples as described earlier’. SARS-CoV-2 RNA was detected using “Envelope (E)-gene Sarbeco
6-carboxyfluorescein quantitative RT-PCR*** as described previously?'. Viral genome copy numbers were cal-
culated from standard curves determined for 107 to 10~° dilutions containing known copy numbers of SARS-
CoV-2.

Selected samples were analysed for the presence of subgenomic RNA (sgRNA) as an indication of virus repli-
cation, using a published protocol?***. Quantitative Realtime PCR was performed with the qScript XLT One-Step
RT-qPCR ToughMix (QuantaBio/VWR). Primer sequences for the ORF 7a detection are available upon request.

Indirect SARS-CoV-2 RBD ELISA. SARS-CoV-2 specific antibodies were detected using a published
protocol® with the modification of using a 1:30,000 dilution of Protein A/G (Thermo Fisher) in exchange of the
multi-species conjugate.

To determine a cut-off-value and the diagnostic sensitivity of this modified assay, we tested 53 negative ham-
ster sera and 227 sera of SARS-CoV-2 infected hamsters. The area under the receiver operating characteristic
(ROC) curve was used to determine the ELISA cut-off-value. Statistical analyses were performed using MedCalc
for Windows, version 19.4 (MedCalc Software, Ostend, Belgium). p-value <0.01 was regarded as statistically
significant.

Lateral flow device (LFD) rapid test. Oral swab samples of groups inoculated with 1 * 10° to 1 * 1072
TCID5, SARS-CoV-2 were collected at 6 dpi in lysis buffer supplied with the Nowcheck COVID-19 LFD (concile
GmbH, Freiburg, Germany) testkit. 120 pl of the suspension was applied on the LFD and incubated at RT for
15 min. We also analysed nasal wash samples collected at 7 dpi by diluting 25 ul of the fluid into 300 pl of the
supplied lysis buffer and applying 120 ul of this mixture to the LFD. Evaluation of the control (C) and test (T)
bands was performed according to the instructions. LFDs were imaged and densitometry was performed on the
C and T bands using Image] (Image] 1.52a, Wayne Rasband, NIH, USA). These band quantifications were used
to calculate a T/C ratio. Standard deviation was calculated from the T/C ratios within each respective group.

Pathology of lung samples collected at 10 dpi. During autopsy, the lung surface was evaluated and
the percentage of macroscopically detectable areas of consolidation (dark red discoloration) per total lung tis-
sue was estimated by trained veterinarians. The left lung lobe was carefully removed, immersion-fixed in 10%
neutral-buffered formalin, paraffin-embedded, and 2-3-um sections were stained with hematoxylin and eosin
(HE). Slides were scanned using a Hamamatsu S60 scanner, and evaluated using the NDPview.2 plus software
(Version 2.8.24, Hamamatsu Photonics, K.K. Japan). The lung tissue was evaluated using a 500 x 500 pm grid,
and the extent of pneumonia-associated consolidation was recorded as percentage of affected lung fields. Fur-
ther, the lung was examined for the presence of SARS-CoV-2-characteristic lesions described for hamsters, i.e.
intra-alveolar, interstitial, peribronchial and perivascular inflammatory infiltrates, alveolar edema, necrosis of
the bronchial and alveolar epithelium, diffuse alveolar damage, vasculitis or endothelialitis, pneumocyte type 2
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Figure 1. Orotracheal SARS-CoV-2 inoculation results in increased weight loss and viral shedding. (A) Body
weight curves of uninfected control group (grey), groups infected by the nasal (green) and orotracheal (red)
routes; (B) Nasal shedding between 1 and 13 dpi after intranasal (green) and orotracheal (red) inoculation.

hyperplasia/hypertrophy with bronchialisation and atypical cells, and hypertrophy/hyperplasia of the bronchial
epithelium. Archived lung tissues from hamsters infected with 1 * 10** TCID,, were included as positive con-
trols. Evaluation and interpretation were performed by a board-certified pathologist (DiplECVP) following a
post examination masking approach?.

Sequence analysis. Full genome sequences were generated via reference mapping with the Genome
Sequencer software suite (version 2.6; Roche; default software settings for quality filtering and mapping), using
SARS-CoV-2 strain 2019_nCoV_Muc_IMBI (accession number LR824570) as reference. Consensus sequences
and underlying sequence reads were visualized using Geneious Prime (10.2.3; Biomatters, Auckland, New Zea-
land). The presence of single nucleotide variants (SN'Vs) was checked using the variant analysis tool imple-
mented in Geneious Prime (default settings, minimum variant frequency 0.02).

Statistical analysis. Mean values determined for the experimental groups were compared using analysis
of variance (ANOVA) with Tukey’s post-hoc tests for multiple comparisons and non-parametric Kruskal-Wallis
test followed by the Dunn’s method for multiple comparisons. Data were analyzed using GraphPad Prism (ver-
sion 9; GraphPad Software, Inc., CA, USA) and SPSS software (IBM Corp. Released 2011. IBM SPSS Statistics
for Windows, Version 20.0, IBM Corporation, Armonk, NY, USA). P-value <0.05 was considered statistically
significant. Details on statistical analyses are summarized in Supplementary Table S1.

For histopathology, data were tested for Gaussian distribution using the Shapiro-Wilk test, followed by one-
way ANOVA with Tukey’s post-hoc tests for multiple comparison.

Results

Pronounced weight loss and high levels of viral shedding upon orotracheal inoculation. Upon
orotracheal and intranasal inoculation (n=8 per group) with SARS-CoV-2, animals started losing body weight
from 2 dpi, and the mean weight loss at 7 dpi was 16% after orotracheal inoculation and 7% after intranasal
inoculation (Fig. 1A). We observed a statistically significant five- to tenfold increase in viral genome shedding
in the nasal wash samples at 6 and 9 dpi after orotracheal inoculation as compared to the intranasal inoculation
(Fig. 1B). Upon necropsy at 14 dpi, viral RNA in the respiratory tract samples was not detectable at levels allow-
ing a quantitative comparison, and no replication competent virus was detected. Based on these data, we decided
to continue with the orotracheal inoculation for subsequent experiments.

1*1071TCID;, SARS-CoV-2issufficient toinduce body weight reduction and pneumonia.  Ani-
mals inoculated in our first study with doses exceeding 1 * 10? TCID;, SARS-CoV-2 showed a decrease in body
weight from 2 dpi, while hamsters inoculated with 1 * 10! TCID,, gained weight until 5 dpi, before losing weight
until the end of the experiment. Animals inoculated with 1 * 107! and 1 * 10° TCIDs, as well as the uninfected
controls continued to gain weight throughout the experiment. In the second study, all groups receiving 1 * 107!
TCIDs, or higher lost weight until the end of the experiment, with an onset delayed by 2-3 days in animals
infected with 1 * 10" and 1 * 10° TCIDx. In a third study, using dilutions to 1 * 10~* TCID;, and continuing until
10 dpi, doses of 107! TCIDs; or higher induced weight loss. Figure 2 summarizes the cumulative body weight
data from all three studies of groups infected with doses between 1 * 10° and 10 * 10~* TCIDs,. Statistical analysis
revealed significant differences between the body weights determined per group at the day of the necropsy; i.e.
7 and 10 dpi (Table S1).

During autopsy performed at 7 or 10 dpi, the percentage of lesion-affected lung tissue was recorded. Macro-
scopically, we observed decreasing estimated levels of lung affection correlated with decreasing infection doses.
We still noted areas of consolidation at 7 dpi in animals that had been infected with 1 * 10 TCID;, (Fig. 3A).
At 10 dpi, even hamsters inoculated with the lowest dose of 1 * 10~ TCIDj, showed lung changes (Fig. 3B).
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Figure 2. Cumulative mean and standard deviation of three experiments of body weight per infection dose
groups. Changes in body weight (%) in relation to 0 dpi. Statistically significant differences in daily body weight
changes are marked by an asterisk. P=0.0001 for all days. Further details on statistical analysis are shown in
Table S1.

Histopathology was performed on the left lung lobe of animals sacrificed at 10 dpi. Archived lungs from a
high-dose infection study (1 * 10*> TCIDs,) served as positive controls. Pneumonia-associated consolidation was
consistently found in all hamsters infected with 1 * 10! TCIDs, SARS-CoV-2 or higher (Fig. 3C,D).

Lungs collected at 10 dpi mainly showed regenerative changes with bronchial and type-2-pneumoncyte
hyperplasia and hypertrophy with formation of multinucleated, atypical cells. However, still a moderate to severe
inflammatory reaction was found, with intra-alveolar, interstitial, peribronchial and perivascular inflammatory
infiltrates, as well as vasculitis and/or endothelialitis. Acute necrosis of the bronchial epithelium was a rare finding
(Fig. 4A-D). Although not statistically significant, hamsters infected with 1 * 10~! TCIDs, showed a tendency to
be less severely affected (Fig. 4E). In general, animals infected with doses of 1 * 1072 TCIDs, and lower did not
develop pneumonia-associated consolidation in the lung (Fig. 4EG). However, focal alveolar or perivascular
infiltrates or bronchial epithelial hyperplasia were found in individual animals in each group indicating prior
local infection, even after infection with 1 * 10~* TCID, (Fig. 4H,I).

Lateral flow device rapid test detects infections with 1 * 10"1 TCID;, SARS-CoV-2.  We analysed
oral swab samples collected 6 dpi using the Nowcheck COVID-19 Rapid Test, which confirmed the infection in
hamsters inoculated with doses higher than 1 * 10° TCID;, as well as in two hamsters inoculated with 1 * 10!
TCIDs,, which translates into samples with ct-values in the real-time RT-PCR below 30. All uninfected con-
trol hamsters as well as one hamster inoculated with 1 * 10~ TCID5, were negative at 6 dpi (Fig. S1). We also
analysed nasal washes collected at 7 dpi. Again, the infection was detectable in animals challenged with doses of
1 * 107! TCIDs or higher, i.e. for samples with ct-values below 30.

1 * 1072 TCID, SARS-CoV-2 is sufficient to induce seroconversion. To confirm a systemic infec-
tion, all sera collected during necropsies were tested in an indirect ELISA based on the SARS-CoV-2 RBD anti-
gen. Receiver operating characteristic (ROC) analysis was performed for the determination of the ELISA cut-off
value. We determined a specificity of 100% and a sensitivity of 99.56% using the cut-off value of 14.11 percent
of the positive control value (PP) (Fig. S2A). We detected seroconversion with a dose-dependent increase of PP
values in hamsters inoculated with infection doses of 1 * 1072 TCIDs, or higher (Fig. S2B).

1 * 1073 TCID, SARS-CoV-2 is sufficient to induce oral and nasal viral shedding. From the first
day post infection, animals infected with 10? TCID5, SARS-CoV-2 or higher shed virus between 10** and 10**
genome copy numbers/ul RNA. By 3 dpi, all animals infected with doses of 1 * 10~ TCIDs, or higher shed
virus (Fig. 5A). The oral swab samples contained replicating virus even in the groups infected with a dose of
107! TCIDs, until 6 dpi, and at a level of 10> TCIDs,/ml in the swab sample collected at 6 dpi from one animal
infected with the 1 * 10~ TCIDs, dose. This result was confirmed by the detection of SARS-CoV-2 sgRNA as an
additional proof of a present or past virus replication. All positive results for the nasal wash samples collected
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Figure 3. Levels of lung affection after challenge with different infection doses. (A) Macroscopically
determined level of lesion-affection (%) of whole lung during autopsy at 7 dpi and (B) at 10 dpi displayed as
the mean value and standard deviation for each group. (C, D) Histopathology of hamster lungs, 10 days after
orotracheal SARS-CoV-2 infection. Pneumonia-associated consolidation (C) and representative overviews (D)
of the entire left lung lobe of (i) uninfected control; (ii) high dose control; (iii) infected with 1 * 10> TCIDs; (iv)
infected with 1 * 10° TCIDsy; (v) infected with 1 * 107! TCIDsy; (vi) infected with 1 * 1072 TCIDsy; (vii) infected
with 1* 1073 TCIDs; (viii) infected with 1 * 10~* TCIDs,. (B)-(D) (n=3).

at 2 and 4 dpi were confirmed by re-testing for sgRNA, with ct-values of about 3 points above those determined
for the SARS-CoV-2-N-gene (Table S2). The peak of oral shedding of replication competent virus was observed
between 3 and 5 dpi, at levels reaching up to 10* TCIDs,/ml in the oral swab samples (Fig. 5B).

SARS-CoV-2 RNA levels detected in the nasal washes were generally 10- to 100- times higher than those
determined from the oral swab samples. We were able to detect viral RNA at 2 and 4 dpi in nasal washes, even
in the animals infected with the lowest dose of 10 TCIDs, (Fig. 6A). Significant differences were determined
for the copy numbers detected in the different infection groups (Table S1). The peak of nasal shedding of rep-
lication competent virus was observed at 2 dpi at levels reaching up to 107 TCID,,/ml, while 1 * 10*7> TCIDs,
(equivalent to the estimated MID for humans), as well as sgRNA were detected in a sample collected from one
animal infected with 10 TCIDs, (Fig. 6B and Table S2). The dose-dependent delay in onset of oral and nasal
shedding is summarized in Fig. 7.

Replication competent SARS-CoV-2 virus in lungs after infection with 1 * 10" TCID,,, and in
nasal conchae after infection with 1 * 103 TCID,,. Similar levels of viral RNA were detected in nasal
conchae samples of all animals sacrificed at 7 dpi, independent of the inoculation dose, including the group
infected with a dose of 1 * 107 TCIDs, (Fig. 8A), while at 10 dpi, viral RNA was only detected in the samples
collected from the infection groups 1 * 10> to 1 * 10~! TCIDs, (Fig. 8B). Interestingly at 7 dpi, the highest levels
of viral RNA were detected in trachea and lung samples collected in groups inoculated with the lowest infection
dose of 1 * 107 TCIDx,. At this time point, the highest virus titers were determined for the nasal conchae sam-
ples collected from animals infected with SARS-CoV-2 doses between 10° and 1073 TCID, (Fig. 8C), which was
confirmed by the detection of sgRNA (Table S2), while only nasal conchae samples from animals infected with
107! TCIDs, contained detectable levels of replication competent virus at 10 dpi (Fig. 8D). Statistically different
levels of replication competent virus were detected in lung samples collected from animals inoculated with dif-
ferent infection doses (Table S1).

Scientific Reports|  (2022) 12:15069 | https://doi.org/10.1038/s41598-022-19222-4 nature portfolio



www.nature.com/scientificreports/

Figure 4. Detailed histopathology of hamster lungs, 10 days after orotracheal SARS-CoV-2 infection.
Hematoxylin and eosin staining, bar 50 um. (A) Uninfected control, no lung lesion, (B) after 1 * 10**

TCIDs, infection, showing vasculitis (arrow), type 2 pneumocyte hyperplasia and bronchialisation of alveoli
(arrowhead), intra-alveolar erythrocytes (asterisk), (C) after 1 * 10> TCIDs, infection, with vasculitis (arrow),
type 2 pneumocyte hyperplasia and bronchialisation of alveoli (arrowhead) and perivascular infiltrates
(asterisk), (D) after 1 * 10° TCIDs, infection exhibiting perivascular (arrow) and alveolar (asterisk) infiltrates,
type 2 pneumocyte hyperplasia and bronchialisation of alveoli (arrowhead), (E) after 1 * 107! TCID5,
infection, showing alveolar infiltrates (asterisk), type 2 pneumocyte hyperplasia and bronchialisation of alveoli
(arrowhead), (F) after 1 * 10~2 TCIDs, infection, with focal alveolar infiltrates (arrow) and edema (asterisk), (G)
after 1 * 107 TCIDs, infection, exhibiting focal hypertrophy/hyperplasia of bronchial epithelium (arrow), (H)
after 1 * 10~ TCIDs,, with focal alveolar infiltrates (arrow), (I) after 1 * 10~* TCID5, showing focal perivascular
infiltrates (arrow).

Sequence analysis of SARS-CoV-2 retrieved from animals infected with a high or a low
dose. We exemplarily analysed SARS-CoV-2 whole-genome sequences retrieved from nasal conchae sam-
ples of two animals. Animal H310 (L5497) from a high-dose infection study (1 * 10*° TCIDs,) died at 6 dpi,
whereas animal H318 (1.5537) was infected with 1 * 10~! TCIDs, and was autopsied 10 dpi. The sequence of the
first sample is identical to the virus stock 2019_nCoV Muc-IMB-1 and shows only one single nucleotide variants
(SNV), a transition in the M gene (C26877T) with 52% variant frequency (strand bias 51%) that was already
detected as minor variant with 18% variant frequency in the virus stock. The sequence of the second animal is
identical to the virus stock and shows only one transition in the ORFla, nsp6 (T11639C) and no further SNVs.
Both described changes are silent mutations. The genome sequences are available under ENA study accession
number PRJEB51977.
Discussion
Today, Golden Syrian hamsters are the leading animal model in SARS-CoV-2 research, in particular for vac-
cine and drug efficacy studies”’ =, since they mirror the moderate disease phenotype of human patients with a
complete recovery within 14 days®'. When establishing this model, we initially used an infection dose of 1 * 10°
TCIDs, and found the orotracheal infection route to induce a more prominent weight loss and viral shedding,
the latter exceeding those obtained after intranasal infection by at least a factor of 5. Therefore, this route was
used for all subsequent studies. Since the intranasal route was used in almost all other published studies?”¢,
and to the best of our knowledge no report of an orotracheal SARS-CoV-2 inoculation of hamsters has been
published so far, a direct comparison between previously published experiments and our study is not feasible.
In our study, we were able to show that an infection dose of 1 * 10~ TCIDs, was sufficient to induce a signifi-
cant weight loss, oral and nasal shedding as well as accumulation of replication competent virus in the respiratory
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Figure 5. Viral shedding in oral swab samples. (A) Genome copy number (Log,,) of viral RNA and (B)
replication competent virus (Log;, TCID5y/ml) detected in the oral swab samples of all hamsters. All groups
were analysed, negative results are not shown. p-values are indicated for statistically significant differences in
RNA levels. Details on statistical analysis are shown in Table S1. Colors match and represent results from the
same hamsters as shown before and following.
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Figure 6. Viral shedding in nasal washes. (A) Genome copy number (Log,,) of SARS-CoV-2 RNA and (B)
replication competent virus (Log;, TCID5y/ml) detected in the nasal wash samples of all hamsters 2, 4 and 7 dpi.
All groups were analysed, negative results are not shown. Details on statistical analysis are shown in Table S1.
Colors match and represent results from the same hamsters as shown before and following.

Group Body weight 1dpi 2 dpi 3dpi 4 dpi 5dpi 6 dpi 7 dpi 8 dpi 9 dpi 10 dpi
uninfected o~
1x 10° TCIDso N
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1x 10° TCIDso NE
1x 10" TCIDs; ™
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1 x 10™ TCID: »

Figure 7. Time-dependent shedding of replication competent virus and change in body weight after infection
with decreasing SARS-CoV-2 doses. Body weight development is shown by arrows; 1 increasing from 1 to 7 or
10 dpi; | decreasing from 1 to 7 or 10 dpi; |1 decrease until 7 dpi followed by increase; 1| increase until 4 dpi,

followed by decrease until 10 dpi. Colors match and represent results from the same hamsters as shown before
and following.
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Figure 8. Genome copy number (Log,,) of SARS-CoV-2 RNA and replication competent virus (Log,;, TCIDs,/
ml) detected in the respiratory tract. (A) Genome copy number (Log,,) of viral RNA and (C) replication
competent virus (Log,, TCID;,/ml) detected in the respiratory tract samples at 7 dpi. (B) Genome copy number
(Log) of viral RNA and (D) replication competent virus (Log;, TCID5,/ml) detected in the respiratory tract
samples at 10 dpi. Statistically significant differences in RNA levels were determined at 7 dpi. Further details on
statistical analysis are shown in Table S1. Colors match and represent results from the same hamsters as shown
before.

tract, and SARS-CoV-2 related pneumonia. In this group, the onset of weight loss and lethargy were delayed by
3 days, presumably due to an initial virus replication at the inoculation site, before spreading throughout the
respiratory tract. Infection doses of 1 * 1072 TCIDs, or higher were sufficient to induce a dose-dependent sero-
conversion within 7 days, therefore the virus must have reached the lymphatic system within the first 2-3 days
post infection. As no blood samples were available for time points before 7 dpi, a possible viremia within the
first 3 days post infection could not be monitored. The estimated proportion of affected lung tissue also showed
a clear correlation to the infection dose. Even after challenge with 1 * 10~* TCIDg, we observed macroscopically
visible lung affections, oral and nasal shedding as well as accumulation of replication competent virus in the
nasal conchae and the trachea. We therefore define the MID for the ancestral virus variant used in this study for
Golden Syrian hamsters upon orotracheal infection as 1 * 10~ TCIDs,. This result not only proves the excep-
tionally high susceptibility of Golden Syrian hamsters to a SARS-CoV-2 infection, but also indicates the low
sensitivity of the Vero E6 virus titration assay with a detection limit of 1 * 10** TCID5,, as compared to 1 * 10~
TCIDs in the Golden Syrian hamster model. In another Golden Syrian hamster susceptibility study published
by Rosenke and co-workers®? using intranasal infection doses between 1 * 10° and 1 * 10° TCIDs, a dose of 5
TCIDs, was postulated as MID. The data obtained for the lower dose group resembles what we observed for the
group inoculated with 1 * 1072 TCIDs, which may be due to the increased efficiency of the orotracheal route.
Moreover, since data were only collected until 5 dpi, a delayed onset of virus shedding and virus propagation in
the respiratory tract after challenge with very low doses would have remained unnoticed.

We propose an optimal SARS-CoV-2 infection dose for drug or vaccine efficacy studies in Golden Syrian
hamsters of 10? TCIDs, for the ancestral virus variant used in this study, as this is sufficient to induce a repro-
ducible (as confirmed by three independent experiments) weight loss, macroscopically visible lung affection,
pneumonia, shedding of replication competent virus from 1 dpi, and the presence of high levels of replication
competent virus in the respiratory tract on day 7 post infection, which will therefore allow a quantification of
therapeutic effects. Infection doses of 10° TCIDs, that are generally used in Golden Syrian hamsters>”**** may
be too high to allow a disease progression at least partly resembling the distinctly slower processes in humans
after a natural infection®.
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Replication competent virus as well as SARS-CoV-2 sgRNA were detectable at dose dependent levels in nasal
washes of all groups until 4 dpi except the group infected with 1 * 107 TCIDs,. Thus, by this time, the virus must
have already disseminated from the trachea and lung (inoculation site) to the upper respiratory tract, which may
have occurred either via mucus transport from the lower respiratory tract, or via the bloodstream. Since we did
not determine seroconversion in the animals receiving an infection dose of 1 * 1072 TCIDs, or lower, virus dis-
semination via active mucus transport seems most plausible. The positive sgRNA results also indicate a past active
viral replication in the nasal epithelium, as sgRNAs are transcribed only in infected cells's. However, positive
sgRNA results cannot be interpreted as an equivalent to the detection of replication competent virus by TCIDs,>.

To allow a first insight whether the exposition to immune reactions in an animal inoculated with a low dose
may stimulate the formation of gene mutations, we analysed the SARS-CoV-2 sequences retrieved from nasal
conchae samples from one animal each infected with a high dose and a low dose, and found no indication for
such an effect.

The confirmation of SARS-CoV-2 infections in animals infected with 1 * 10~ TCIDs, or higher by LFD
confirms the suitability of these assays for the screening of hamster swab samples, which may be relevant in
households with COVID-19 patients where Golden Syrian hamsters are kept as pets. Upon natural infection
with a low dose, these animals will most probably not develop clinical signs, but will shed replication competent
virus for at least 6 days at levels possibly exceeding the estimated human MID of 1 * 10> TCIDs, thus allowing
a zoonotic infection cycle between humans and Syrian Golden hamsters, as it has been observed very recently
in Hong Kong'®. However, any positive private LFD result should be confirmed by an official test performed by
a veterinarian.

Our data demonstrate the exceptionally high susceptibility of Golden Syrian hamsters to an infection with a
German SARS-CoV-2 isolate obtained during an outbreak in Munich in January 2020'8. Although we detected
the presence of replication competent SARS-CoV-2 virus at high titers in swab samples, nasal wash fluid and
nasal turbinates, hamsters do not seem to play a major role in the dynamics of the pandemic itself. We attribute
this to the low respiratory volume of these animals, resulting in a lower level of virus aerosolization in compari-
son to larger animal species or humans. The titers determined in the nasal wash samples of animals challenged
with doses between 10° and 1072 TCIDs, reached comparable levels of 10° to 10° TCIDs,/ml between 2 and
4 dpi. Earlier studies have shown that these levels are sufficient to induce intraspecies transmission between
hamsters, even by aerosol transmission without direct contact between the animals®. Other groups reported
an almost identical disease progression and virus shedding pattern for VOCs Alpha, Beta, and Delta as for the
ancestral virus in hamsters'®!!, rendering the titration experiments with these VOCs dispensable. Meanwhile,
alow pathogenicity combined with high up to 100-fold increased viral loads in the upper respiratory tract were
reported for hamsters infected with the Omicron variant'?*>, Therefore, an Omicron titration study in hamsters
similar to what we describe here for the ancestral virus may be rewarding.

In summary, we determined the extremely high susceptibility of Golden Syrian hamsters to a SARS-CoV-2
infection, and defined the MID as 1 * 10~* TCIDs,. A very close monitoring of pet Golden Syrian hamsters that
are kept in households with COVID-19 patients is therefore strongly recommended, for instance by using rapid
tests. COVID-19 patients should strictly avoid any direct or indirect contact to their pet hamsters. The optimal
infection dose for drug efficacy studies was determined as 1 * 102 TCIDs,. These conclusions not only apply to
Golden Syrian hamsters, but likely also to Chinese hamsters (Cricetulus griseus) and Roborovski Dwarf hamsters
(Phodopus roborovskii), since these two species have been shown to also be highly susceptible®’.

Data availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supporting Informa-
tion. The genome sequences are available under ENA study accession number PRJEB51977 (https://www.ebi.ac.
uk/ena/browser/view/PRJEB51977).
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