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Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel 
coronavirus which caused a global respiratory disease pandemic beginning in 
December 2019. Understanding the pathogenesis of infection and the immune responses in 
a SARS-CoV-2-infected animal model is urgently needed for vaccine development.
Methods: Syrian hamsters (Mesocricetus auratus) were intranasally inoculated with 105, 
5×105, and 106 TCID50 of SARS-CoV-2 per animal and studied for up to 14 days. Body 
weight, viral load and real-time PCR amplification of the SARS-CoV-2 N gene were 
measured. On days 3, 6 and 9, lung, blood, liver, pancreas, heart, kidney, and bone marrow 
were harvested and processed for pathology, viral load, and cytokine expression.
Results: Body weight loss, increased viral load, immune cell infiltration, upregulated 
cytokine expression, viral RNA, SARS-CoV-2 nucleoprotein, and mucus were detected in 
the lungs, particularly on day 3 post-infection. Extremely high expression of the pro- 
inflammatory cytokines MIP-1 and RANTES was detected in lung tissue, as was high 
expression of IL-1β, IL-6, IL-12, and PD-L1. The glutamic oxalacetic transaminase/glutamic 
pyruvic transaminase (GOT/GPT) ratio in blood was significantly increased at 6 days post- 
infection, and plasma amylase and lipase levels were also elevated in infected hamsters.
Conclusion: Our results provide new information on immunological cytokines and biolo
gical parameters related to the pathogenesis and immune response profile in the Syrian 
hamster model of SARS-CoV-2 infection.
Keywords: SARS-CoV-2, hamster, immune response, pathogenesis

Introduction
Coronavirus disease 2019 (COVID-19) is caused by a new coronavirus, SARS-CoV 
-2, which produced a pandemic of severe pneumonia worldwide beginning in 
December 2019.1 SARS-CoV-2 was identified in atypical pneumonia patients 
who had visited the Huanan seafood market in Wuhan, China. Till today, SARS- 
CoV-2 spread quickly to 223 countries worldwide, and has caused more than 
3.954 million deaths.2 The number of deaths and confirmed cases are still climbing. 
To help combat COVID-19 and future coronavirus outbreaks, an easy-to-handle 
small animal model for the development of vaccines and therapies is urgently 
needed.

The amino acid sequence of angiotensin-converting enzyme 2 (ACE2) of the 
Syrian hamster (Mesocricetus auratus) is highly homologous to that of humans 
(hACE2), the cell receptor for both SARS-CoV3 and SARS-CoV-2.4 This makes 
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the Syrian hamster a particularly attractive animal model 
for SARS-CoV5,6 and SARS-CoV-2 infection.4,7–11 

Following infection with SARS-CoV-2, Syrian hamsters 
display respiratory signs, lose weight and recover sponta
neously over 14 days,4,8 similar to a mild course of 
COVID-19 in humans. Moreover, multiple labs have 
reported information about the pathology, clinical mani
festations, and some transmission routes in Syrian 
hamsters.4,7–13 An alternative small animal model utilizes 
human ACE2 transgenic mice,12,13 which when infected 
with SARS-CoV-2 become moribund, mirroring the clin
ical expression of severe COVID-19 patients. However, 
transgenic hACE2 mice are proprietary, and establishing 
new lines is both time-consuming and labor-intensive. 
More importantly, unlike hACE2 mice, up to 56% of 
SARS-CoV-2-infected individuals are asymptomatic even 
at hospital admission.14 These observations suggest that 
the hamster model may be the best currently available 
option.

Fortunately, most scientists are optimistic about the 
efficacy of several new anti-SARS-CoV-2 vaccines such 
as those developed by Pfizer-BioNTech, Moderna, 
AstraZeneca and Johnson & Johnson. However, there is 
no guarantee that these vaccines will be effective and 
afford long-term protection against all SARS-CoV-2 var
iants. For this reason, it is important to know the patho
genesis, immune responses and hematology of SARS-CoV 
-2 infection in the hamster model. Here, we report detailed 
information about the histopathology, immunological cyto
kine profile, and blood biological analysis in SARS-CoV 
-2-infected Syrian hamsters, and compare the clinical signs 
and disease evolution between humans and the hamster 
model.

We detected high levels of virus, viral RNA and 
nucleoprotein expression in SARS-CoV-2-infected ham
ster lung at 3 days post-infection (d.p.i) by TCID50, quan
titative PCR (qPCR), in situ hybridization, and 
immunohistochemistry (IHC) assays. Lung infiltration by 
neutrophils, macrophages, and lymphocytes was promi
nent, as were hyaline membrane formation and edema. 
Elevated secretion of pulmonary mucus was also observed. 
Upregulation of the pro-inflammatory cytokines MIP-1 
and RANTES was detected at 3 d.p.i., while the immune 
suppressor genes IL-10 and PD-L1 were also upregulated. 
Blood biological and chemistry results showed that amy
lase, lipase levels and the glutamic oxalacetic transami
nase/glutamic pyruvic transaminase (GOT/GPT) ratio 
were all increased in the infected group. High viral copy 

numbers were detected in the liver and pancreas as well. 
Understanding the pathogenesis of SARS-CoV-2 and the 
immune responses to the virus in hamsters will aid in the 
development of therapies for humans.

Materials and Methods
Virus
Beta CoV/SARS-CoV-2/Taiwan/2020-004 was isolated 
from a confirmed COVID-19 patient originally from 
Wuhan (China) on March 2020 in Taiwan. The virus was 
amplified and a viral bank was produced in Vero E6 cells 
at the BSL-3 facility, National Health Research Institutes 
(NHRI). Stock virus (2.29 × 107 TCID50/mL) was pre
pared after 2–3 passages in Vero E6 cells in Dulbecco’s 
Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, 
100 mg/L sodium pyruvate, 10% fetal bovine serum 
(FBS), 100 µg/mL penicillin-streptomycin. For determin
ing the viral load of infected animals, viral titers of the 
supernatant were measured using a standard 50% tissue 
culture infection dose (TCID50) assay.

Animal Experiments
Male Syrian hamsters (Mesocricetus auratus) aged 6 to 8 
weeks were purchased from the National Laboratory 
Animal Center (Taipei, Taiwan). All hamsters were ran
domized into groups and kept in individually ventilated 
cage environments at the Animal Center of the NHRI and 
then transferred to an ABSL3 facility, NHRI (Maoli, 
Taiwan). Animal experiments were reviewed and 
approved by the NHRI Institutional Animal Care and 
Use Committee. We conducted experiments according to 
guidelines set out by the Association for Assessment and 
Accreditation of Laboratory Animal Care International 
(AAALAC, NHRI, Taiwan). Two sets of experiments 
were conducted. In the first, hamsters were infected with 
105, 5×105, and 106 TCID50 of SARS-CoV-2 in 50 µL 
PBS per hamster (n=5 per group) on day 0 by intranasal 
inoculation after inhalation of isoflurane. Body weight and 
clinical signs of infected animals were monitored closely 
daily for 14 days. Blood, lungs, and trachea were collected 
on day 3 and day 14. Half of each organ was used to 
determine viral load (TCID50) and genome amount 
(qPCR). The other half of each organ was fixed in 4% 
formalin for pathologic examination. In the second set of 
experiments, hamsters were infected with 5×105 TCID50 

of SARS-CoV-2 in 50 µL PBS per hamster on day 0 by 
intranasal inoculation. Animals were sacrificed on days 3, 
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6, and 9 post-infection (n=5 per group), without perfusion. 
Blood, lungs, trachea, liver, pancreas, heart, and kidneys 
were collected. As in the first set, half of each organ was 
used to determine the viral load (TCID50) and genome 
amount (qPCR), and the other half was fixed in 4% for
malin for pathologic examination and immunohistochem
ical staining.

In situ Hybridization
Samples of lung tissue were fixed in formalin and 
embedded in paraffin using routine methods. RNA probe 
synthesis (anti-SARS-CoV-2 nucleoprotein gene, 500 bp) 
followed the protocol of the Roche DIG RNA labeling kit 
(Sigma-Aldrich, Roche, Mannheim, Germany). The in situ 
hybridization reaction was performed by following the 
protocol of the DIG application manual (4th edition). 
Briefly, the sections were hybridized with 20 μg/mL of 
RNA probe and incubated at 55°C for 16 hours. Alkaline 
phosphatase-labeled anti-DIG antibody (1:2500) was 
applied and incubated for 1 hour. Finally, the sections 
were colored with NBT/BCIP cocktail for 16 hours and 
counterstained with methyl-green.

Periodic Acid Schiff’s Stain (PAS), 
Immunohistochemical Staining (IHC) and 
Pathologic Score
Samples of lung tissue were fixed in formalin and 
embedded in paraffin using routine methods, and the 
sections were then stained with hematoxylin and eosin 
(H&E). Tissue processing was performed by the core 
pathology facility at the NHRI (Maoli, Taiwan). 
Histopathologic parameters (ie, peribronchiolitis, peri
vasculitis, alveolitis), lesion frequency and severity 
were incorporated into all pathologic examinations. For 
PAS staining, paraffin sections were rehydrated and pro
cessed following the PAS staining protocol (BioVision, 
Milpitas, CA, USA). For IHC, paraffin sections were 
rehydrated and the antigens retrieved with 10 mM citrate 
buffer (pH 6.0) at 100°C for 5 min. After blocking the 
peroxidase activity and background (IHC/ICC kit, 
BioVision, Milpitas, CA, USA), the serial sections were 
incubated with primary antibody anti-SARS-CoV 
nucleoprotein (Sino Biological, cat. No. 40143-T62, 
PA, USA) and stained following the manufacturer’s pro
tocol (BioVision). Finally, the sections were colored with 
the chromogen DAB and counterstained with 
hematoxylin.

Detection of COVID-19 Anti-Spike 
Neutralizing Antibody
Hamster plasma was collected at 3, 6, and 9 d.p.i by using 
EDTA as an anticoagulant and stored at −80°C until use. 
Diluted plasma was assayed by following the protocol of the 
neutralizing antibody ELISA kit (Abnova, Zhongli, Taiwan). 
Briefly, human ACE2 protein was coated on plates at 4°C 
overnight. Then, diluted plasma samples and COVID-19 
spike RBD rabbit Fc-tag protein were co-incubated for 2 
hours. After washing, HRP-conjugated goat anti-rabbit anti
body was added and incubated for 1 hour. Finally, TMB 
reagent was applied to initiate the color reaction and stopped 
after 5 min. A standard curve was determined by positive 
control antibody, which was diluted from 250 ng/mL. The 
plate was read at an absorbance of 450 nm with an ELISA 
plate reader (Bio-Rad, iMark, CA, USA).

RNA Extraction and Quantitative PCR
Total RNA was extracted by Trizol reagent or AVL 
buffer (Qiagen, QIAmp Viral RNA extraction kit), and 
cDNA was prepared by using a reverse transcription kit 
(ThermoFisher Scientific, CA, USA). Viral RNA qPCR 
was determined by using a KAPA probe fast universal 
One-step qRT-PCR kit (KAPA Biosystems, USA). 
Primer sequences are shown in Table 1. The mRNA 
levels of IL-1β, IL-4, IL-10, IL-12, IL-17, IFN-γ, 
iNOS, MCP-1, MIP-1, PD-L1, RANTES, TGF-β, and 
TNF-α, various transcription factors and GAPDH were 
detected by real-time quantitative PCR analysis using the 
ABI QuantStudio 6 Flex system (Applied Biosystems, 
Foster City, CA, USA). Cytokine and GAPDH levels 
were calculated relative to amounts found in a standard 
sample, and cytokine levels were corrected for GAPDH 
mRNA levels to normalize for RNA input. Relative 
expression (Relative index) is presented as 2−ΔΔCT.

Blood Test for Biology and Chemistry 
Analysis
Hamster plasma was assayed by using Fuji Dri-Chem 
slides (Fujifilm Dri-Chem 4000, Tokyo, Japan) following 
the manufacturer’s protocol.

Multi-Plex Immunoassay
Cytokine and chemokine expression levels in plasma were 
detected with a Multi-Plex immunoassay by the 
Inflammation Core Facility (Institute of Biomedical 
Sciences, Academia Sinica, Taipei, Taiwan).
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Statistical Analysis
All results are presented as mean ± SEM for three to five 
hamsters per group. The statistical significance between the 
two experimental groups was assessed using a two-tailed 
unpaired Student’s t-test. While analyzing multiple groups, 
one-way analysis of variance (ANOVA) with a Tukey post- 
hoc test was applied for comparisons involving one indepen
dent variable; and two-way ANOVA with a Bonferroni post- 
hoc test was applied for comparisons involving two variables. 
The differences were considered significant for P values less 

than 0.05. Statistical tests were performed using GraphPad 
Prism version 5.0 (GraphPad Software, La Jolla, CA, USA).

Results
Physiological Parameters and Viral Load in 
Syrian Hamsters Infected with Different 
Challenge Doses of SARS-CoV-2
Male Syrian hamsters (6–8 weeks old, n=5 per group per 
time point) were infected intranasally with 105, 5×105 and 

Table 1 Primer Sequences for qPCR of Hamster Gene Expression

Primer Name Sequence (5ʹ-3ʹ) Accession Number

GADPH Forward TCATCAATGGGAAGGCCAACA XM_013124485.3
Reverse AAGGTGTGGAGATGATGACCC

IFN-γ Forward GCATCTTGGCTTTGTTGCTC NM_001281631.1
Reverse GATCTGGCTCTCAATGATTTTTGT

IL-10 Forward TGGGAAACCTCGTTGTACCT XM_005079860.3

Reverse AATACTACCACGCGTCCCT

IL-4 Forward TCCACGGAGAAAGACCTCATC XM_005067769.3

Reverse GGACTCATTCACATTGCAGCTC

iNOS Forward TGGCAGGATGGGAAACTGA AY297461.1

Reverse GCACCGCTTTCACCAAGACT

IL-12p35 Forward GGCCTTCCCTGGCAGAA AB085791.1

Reverse ATGCTGAAAGCCTGCAGTAGAAT

IL-1β Forward TGATGCTCCCATTCGACAGC AB028497

Reverse TTCTTTCCCTTTAGGCCCAGG

IL-6 Forward CAACCCTGGCTGTATGGACA AB028635.1

Reverse GTGCTCTGAATGACTCTGGCT

IL-17a Forward TCCAAACACTGAGGCCAAGAA XM_005072283

Reverse ACAGAGTTCATGTGGTGGTCC

TGF-β Forward CCAATGCCACCACAGGAGAT XM_005065875

Reverse TTGGGTTGAGTGACCACCAC

TNF-α Forward CTGAACTTCGGGGTGATCGG AF046215.1

Reverse TGAGAGACATGCCGTTGGC

RANTES Forward CTCTACGCTCCTTCATCTGCC XM_005076936

Reverse CTTTGGGTTGGCACACACTTG

PD-L1(CD274) Forward CGGCTCCCAAGGAACTGTATG XM_005063709

Reverse GAAGCTGCTGTGTTGATGCTT

MIP-1α Forward TGGTGCTGACACCCTAACCT NM_001281338

Reverse GGTCAGCGACGTACTCTTGG

MCP-1 Forward TCCTGCAAGTCAATCCTGCC AY007988.1

Reverse GAAGTGATGGAGAGACGGGC
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106 TCID50 of SARS-CoV-2 on day 0 and monitored for 14 
days. Body weight, breathing, physical signs and survival 
were measured daily for 14 days. After the infection, the 
animals showed fatigue, lethargy, ruffled fur, and hunched 
back. Body weight of the infected animals decreased, 
becoming significantly different from that of the control 
animals by day 3, and continuing to decline until day 6, at 
which point the weight loss was about 10%; subsequently, 
body weight slowly increased each day until day 14 
(Figure 1A). All three infection doses produced the same 
pattern of weight loss and recovery, with no significant 
difference among them (Figure 1A). No infected or control 
animals died during the 14 days. Five hamsters from each 
group were sacrificed on day 3, and the viral load (TCID50 

of infection dose of 105 = 2.958 ± 1.217x108, infection dose 
of 5×105 = 3.57 ± 0.608x108, infection dose of 106 = 7.226 ± 
1.818×108) and SARS-CoV-2 N gene copy number (qPCR, 
infection dose of 105 = 6.333 ± 3.123x106, infection dose of 
5×105 = 3.179 ± 0.493x106, infection dose of 106 = 2.210 ± 
0.277×106) in the lungs were determined. For each infection 

dose, the viral load was found to be about 108 TCID50 per 
lung (Figure 1B); the TCID50 of the non-infected control 
group was zero. The number of copies of the SARS-CoV-2 
N gene was estimated to be 106–107/µg RNA for all three 
doses of virus (Figure 1C). The patterns for the viral load 
and SARS-CoV-2 N gene results are consistent.

Pathology, SARS-CoV-2 Nucleoprotein 
IHC, and PAS Staining of the Lungs
On day 3 and 14 post-infection, hamster lungs were pro
cessed for H&E staining, IHC, and periodic acid Schiff’s 
(PAS) staining. Inflammation of the lungs was notable, 
revealed as a patchy, bronchopneumonia pattern. On day 3, 
several foci of inflammatory cell infiltration, with predomi
nantly mononuclear cells, neutrophils and some macro
phages, were observed (Figure 1 D, 3 d.p.i, yellow dotted 
circle). These involved the alveolar septa and air spaces, 
which were filled by cells to variable extents (Figure 1D). 
Mild fluid and focal, thin fibrin could also be found. The 
bronchioles of the affected areas exhibited intraluminal 

Figure 1 Body weight change, viral load, and pathological changes of SARS-CoV-2-infected Syrian hamsters following different challenge doses. (A) Body weights of hamsters 
infected with 105, 5 × 105, and 106 TCID50 of SARS-CoV-2 (n=5 per group, and non-infected control, n=5) over 14 days (compared with the weight on day 0). Differences 
among groups were determined using two-way ANOVA with a Bonferroni post hoc test (*P<0.05; **P < 0.01; ***P < 0.001, control vs all infected groups). (B) Viral loads 
(TCID50/lung) of hamsters infected with 105, 5×105, and 106 TCID50 of SARS-CoV-2 (n=5 per group, and non-infected control, n=5) on day 3. Differences among groups 
were determined using one-way ANOVA with a Tukey post hoc test (**P < 0.01, control vs 106). (C) Quantitative PCR of the SARS-CoV-2 N gene in hamsters infected with 
105, 5×105, and 106 TCID50 of SARS-CoV-2 on day 3. Differences among groups were determined by using one-way ANOVA with a Tukey post hoc test (**P < 0.01, control 
vs 106). (D) On days 3 and 14, samples of lung tissue were fixed in formalin and embedded in paraffin using routine methods, and the sections were then stained with H&E. 
Yellow dotted circle outlines several foci of inflammatory cell infiltration, with predominantly mononuclear cells, neutrophils and some macrophages. Green arrow presents 
macrophage aggregates in the airway and alveolar spaces. The panels show representative results from the 5×105 TCID50 infection dose. Scale bar for 400× panels = 20 µm. 
(E) In situ hybridization. The sections were hybridized with N gene RNA probe (anti-nucleoprotein). The panels show representative results from the 5×105 TCID50 

infection dose. Scale bar for 200× panels = 50 µm.
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secretions, macrophages, and variable amounts of inflamma
tory cell exudate. Heavy interstitial lymphocytic infiltration 
mixed with some neutrophils was present in the lung par
enchyma at 3 d.p.i., which is consistent with acute pneumo
nia. At 14 d.p.i., the inflammatory foci persisted, while the 
numbers of neutrophils and mononuclear cells were 
decreased. There was thickening of the alveolar septa, with 
alveolar cell hyperplasia, bronchiolization, increased num
bers of fibroblasts, and presence of macrophage aggregates 
(Figure 1D). A fibroblast plug was also found in some cases, 
suggestive of an organizing phase of pneumonia. The inter
stitial inflammatory cell infiltration was markedly decreased. 
Instead, there was thickening of the alveolar septa, with 
alveolar cell hyperplasia, and presence of macrophage 
aggregates in the airway and alveolar spaces (Figures 1D, 
14 d.p.i., green arrow). The above features are consistent 
with a convalescent stage of pneumonia. The pneumonia 

pattern present the same signs in all of three infectious 
doses, no difference among them. No cell infiltration or 
inflammation was evident in the trachea, heart and kidney 
at 14 d.p.i. (Supplementary Figure 1).

We also synthesized an RNA probe (complementary to 
the viral N gene sequence) to hybridize with SARS-CoV-2 
viral RNA. At 3 d.p.i., viral RNA was detected in the con
solidation of pneumocytes, neutrophils and macrophages, 
and some even appeared in the mucus secreted into the 
bronchiolar space (Figure 1E). Next, we detected the expres
sion of SARS-CoV-2 nucleoprotein (the product of N gene) 
in the lungs by IHC. All three infection doses elicited high 
expression of nucleoprotein at 3 d.p.i. (Figure 2A), which 
was not observed in non-infected control lung tissue.

Severe COVID-19 patients secrete large amounts of 
mucus. To examine this feature in hamsters, we performed 
PAS staining of lung tissue to stain polysaccharide, which 

Figure 2 SARS-CoV-2 nucleoprotein expression and mucosal mucus levels in SARS-CoV-2-infected Syrian hamsters following different challenge doses. Hamsters aged 6 to 
8 weeks (n=5) were infected with 105, 5×105, and 106 TCID50 of SARS-CoV-2 on day 0. (A) On days 3 and 14, samples of lung tissue were dissected, fixed in formalin and 
embedded in paraffin using routine methods, and the sections were then stained with anti-SARS-CoV nucleoprotein antibody. (B) PAS staining was performed on the same 
paraffin-embedded sections. The small box frame in each panel shows the macrophages that scavenged the extra mucus near the trachea. The large box frame shows an 
enlargement of macrophage phagocytosis. Scale bar for the 100× panels = 200 µm, for the 400× panels = 20 µm.
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is the main component of mucus. All macrophages in non- 
infected control lung showed a clear cytosol background, 
whereas the macrophages and phagocytes in infected lung 
tissue, having phagocytized extra mucus and debris, were 
stained red (Figure 2B, day 3 and day 14). These results 
show that SARS-CoV-2 caused elevated secretion of 
mucus within the lungs and bronchioles.

Dynamic Changes of Viral Load and 
SARS-CoV-2 Nucleoprotein Expression in 
the Lungs and Extrapulmonary Organs
To investigate dynamic changes of viral load and pathology 
during SARS-CoV-2 infection, Syrian hamsters (6–8 weeks 
old; n=5 per infected group, and n=3 for the non-infected 
control) were infected intranasally with 5×105 TCID50 of 
virus on day 0 and then sacrificed at 3, 6, and 9 d.p.i. 
Blood, lung, liver, pancreas, heart, kidney, peripheral blood 
mononuclear cells (PBMC), and bone marrow (BM) were 
harvested for further study. The viral load of the lungs was 
highest at 3 d.p.i., declined by day 6 (Figure 3A) and reached 
a value of zero at 9 d.p.i. (Figure 3A). The same lung samples 
were also tested for the SARS-CoV-2 N gene by qPCR. The 
viral copy number in the lung was highest at 3 d.p.i. (approx. 
106 copies/µg RNA), dropped to 105 copies/µg RNA at 6 d.p. 

i., and was still present at 102 copies/µg RNA at 9 d.p.i. 
(Figure 3B). In contrast, extrapulmonary organs showed 
different patterns: in liver, the viral copy number were 
about 104 copies/µg RNA at 3 d.p.i., the number increased 
to 105 copies/µg RNA at 6 d.p.i. (Figure 3C). In pancreas, the 
viral copy number were 104 copies/µg RNA at 3 d.p.i., and 
kept the same level at 6 d.p.i. (Figure 3D). This suggests that 
the virus attacked the liver and pancreas. In heart, kidney, 
PBMC, and BM, the viral copy numbers were about 10–102 

copies/µg RNA (Figure 3E–H). This means that viral spread
ing and replication beyond the lungs occurred at low levels 
over the 9-day study period.

Dynamic Changes of Pathology, 
SARS-CoV-2 Nucleoprotein Expression 
and PAS Staining in Lung and 
Extrapulmonary Organs
At 3 d.p.i., hamsters inoculated with 5×105 TCID50 of 
SARS-CoV-2 showed heavy lymphocytic infiltration in 
the lung parenchyma, with some neutrophils in the alveo
lar spaces, which is consistent with acute pneumonia. At 6 
d.p.i., the interstitial inflammation had progressed, with 
involvement of most lung parenchyma. Hyaline membrane 
formation was also found (Figures 4A and 6 d.p.i., blue 

Figure 3 Viral load changes and tissue tropism in SARS-CoV-2-infected Syrian hamsters on days 3, 6, and 9 post-infection. (A) Viral loads (TCID50/lung) of hamsters infected 
with 5×105 TCID50 of SARS-CoV-2 (n=5 for SARS-CoV-2, and n=3 for non-infected controls) on days 3, 6, and 9 (B, E–H). N=4 for panel (C and D). Quantitative PCR of 
hamster lung (B), liver (C), pancreas (D), heart (E), kidney (F), PBMC (G), and bone marrow (BM) (H) of the SARS-CoV-2 N gene (from CCDC) on days 3, 6, and 9 post- 
infection. Differences among groups were determined using two-way ANOVA with a Bonferroni post hoc test (*P<0.05, control vs SARS-CoV-2 at 6 d.p.i.; **P < 0.01, 
control vs SARS-CoV-2 at 3 d.p.i.; ***P < 0.001, control vs SARS-Cov-2 at 3 d.p.i.) in panels (A–H), p value is not shown for no significance among groups.
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Figure 4 Pathological changes in SARS-CoV-2-infected hamster lung on days 3, 6, and 9 post-infection. Syrian hamsters aged 6 to 8 weeks (n=5 for SARS-CoV-2, and n=3 for 
non-infected control) were infected with 5×105 TCID50 of SARS-CoV-2 on day 0. On days 3, 6, and 9, samples of lung and trachea tissue were removed, fixed in formalin and 
embedded in paraffin using routine methods, and then processed for staining. (A) Samples of lung sections stained with H&E. The blue dotted circle outlines hyaline 
membrane formation. The yellow arrows present macrophage aggregates in the airway and alveolar spaces. (B) Lung sections immunostained with anti-SARS-CoV 
nucleoprotein antibody. (C) PAS staining showing mucus expression in hamster lung. Small box frames show macrophages that scavenged the extra mucus near the 
trachea. Large box frames show enlargements of macrophage phagocytosis. Scale bar for the 400× panels = 20 µm.
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dotted circle), which is consistent with diffuse alveolar 
damage. At 9 d.p.i., the interstitial inflammatory cell infil
tration was decreased, but there was prominent alveolar 
cell hyperplasia and presence of macrophage aggregates in 
the airway and alveolar spaces (Figure 4A, yellow arrow). 
The severity of the septal edema, the number of inflam
matory cells, and the nucleomegaly had all diminished. 
Fibrin was no longer detected. Thus, the pneumonia had 
begun to resolve after 6 d.p.i. (Figure 4A). All pathologi
cal findings are summarized in Table 2.

We also performed IHC for detection of SARS-CoV-2 
nucleoprotein in the lungs, liver, pancreas, heart, and kid
neys. Extensive expression of SARS-CoV-2 nucleoprotein 
was detected in the lungs at 3 d.p.i. (control lung tissue was 
perfectly clear) (Figure 4B). At 6 d.p.i., the expression of 
SARS-CoV-2 nucleoprotein was dramatically decreased, 
even though signs of inflammation filled the alveolar 
space; at 9 d.p.i., the expression of SARS-CoV-2 nucleopro
tein in the lungs was barely detectable (Figure 4B). This 
suggests that the infiltrating immune cells were highly effec
tive in clearing the virus after 3 d.p.i.

The results of PAS staining of lung sections showed 
that macrophages near the bronchioles had scavenged 
(phagocytized) cell debris, mucus, and presumably patho
gens, as they were stained red (Figure 4C). All of the 
macrophages in non-infected control lungs showed clear 
cytosolic backgrounds (Figure 4C). This suggests that 

SARS-CoV-2 caused the secretion of significant amounts 
of intrabronchiolar mucus.

No inflammation and cell infiltration appeared in the 
SARS-CoV-2-infected liver (Figure 5A); however, irregu
lar arrangement of structure, more numerous and larger 
vacuoles in the cytosol, enlarged cells, and more dupli
cated (polyploid) nuclei in hepatocytes appeared in the 
infected organ at 3 d.p.i. and 6 d.p.i. (Figure 5A), com
pared with the normal control liver. Both at 3 and 6 d.p.i., 
expression of SARS-CoV nucleoprotein was detected in 
the hepatocytes, and the DAB-stained larger vacuoles 
forced the nucleus to one side (Figure 5B); the control 
liver showed no nucleoprotein expression. These results 
show the viral infection caused histologic abnormalities 
and viral replication in the liver.

No apparent acute pancreatitis, cardiovascular abnorm
alities or acute renal failure (or acute kidney injury) were 
evident by H&E staining of pancreas, heart and kidney 
(Figure 5A). Nor was SARS-CoV-2 nucleoprotein expres
sion detected in sections of these organs at 3 d.p.i. and 6 d. 
p.i. (Figure 5B). Thus, the few viruses detected in these 
organs by qPCR assay (Figure 3D–F) did not generate 
overt inflammation or tissue damage.

Dynamic Changes of Anti-Spike Antibody 
with Neutralizing Potential in SARS-CoV 
-2–Infected Plasma
It is important to know whether Syrian hamsters generate 
neutralizing antibody that interferes with binding of SARS- 
CoV-2 to hACE2 on the surface of human cells. To detect 
whether hamsters generate antibody with neutralizing poten
tial, plasma from control and SARS-CoV-2-infected ham
sters was tested for reactivity to the viral spike protein’s 
receptor-binding domain, which recognizes and binds 
hACE2. At 3 d.p.i., anti-spike antibody was not detected in 
the plasma of hamsters infected with 105, 5×105, and 106 

TCID50 (Figure 6A, compared with control hamsters); all 
antibody values are similar to those of the negative control. 
However, at 6 d.p.i., two of five hamsters infected with 5×105 

TCID50 showed presence of anti-spike antibody (Figures 6B, 
49.597 µg/mL and 69.993 µg/mL, respectively). At 9 d.p.i., 
all five hamsters expressed anti-spike antibody (Figure 6B, 
anti-spike Ab = 87.448 ± 11.96 µg/mL), compared with the 
control at 9 d.p.i. (Figure 6B, anti-spike Ab = 11.805 ± 7.245 
µg/mL, ***P<0.001, compared with control). These results 
indicate that antibodies with neutralizing potential are gen
erated by 6 d.p.i. and continue to increase through 9 d.p.i.

Table 2 Histopathologic Characterization of SARS-CoV 
-2-Infected (5×105 TCID50) Hamster Lung

Pathological Finding -: No Observation, +: 
Mild, ++: Severe

Edema +
Consolidation (pneumonia and 

bronchopneumonia)

+

Alveolar hemorrhage +
Diffuse exudative alveolar injury ++

Alveolar hyaline membrane +

Inflammation +
Necrosis and septal destruction -

Pneumocyte shedding +
Eosinophilic inclusion in pneumocytes -

Pneumocyte transformation to 

multinucleated giant cells

+

Alveolar epithelial hyperplasia ++

Alveolar wall thickening and 

extracellular matrix deposition

+

Neutrophilic capillaritis -

Pulmonary fibrosis -
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High Expression of IL-1β, IL-6, IL-10, IL- 
12, IFN-γ, MIP-1α, PD-L1, and RANTES in 
SARS-CoV-2-Infected Lung
Some clinical studies have reported the appearance of 
cytokine storms in COVID-19 patients, which caused 
their death.15,16 Due to limited detection tools for hamster 

biomolecules, we designed multiple primers to measure 
cytokine expression by qPCR. Primer sequences are 
shown in Table 1. We detected upregulation of numerous 
inflammatory cytokines in the lungs of SARS-CoV 
-2-infected Syrian hamsters, including IL-1β (Figure 7A), 
IL-6 (Figure 7C), IL-12 (Figure 7E), IFN-γ (Figure 7G), 

Figure 5 SARS-CoV nucleoprotein expression in SARS-CoV-2-infected hamsters post-infection day 3 and 6. (A) Syrian hamsters aged 6 to 8 weeks (n=5 for SARS-CoV-2, 
and n=3 for non-infected control) were infected with 5×105 TCID50 of SARS-CoV-2. Liver, pancreas, heart and kidney sections were stained by H&E on day 3 and 6. (B) IHC 
staining for SARS-CoV nucleoprotein expression in the tissue sections. Scale bar for 400× panels = 20 µm.

Figure 6 Anti-spike neutralizing antibody in SARS-CoV-2-infected hamsters. (A) Syrian hamsters aged 6 to 8 weeks (n=5 for SARS-CoV-2, and n=3 for non-infected control) 
were infected with 105, 5×105, and 106 TCID50 of SARS-CoV-2 on day 0. Anti-spike neutralizing antibody of plasma was detected by ELISA following the manufacturer’s 
protocol. Differences among groups were determined using one-way ANOVA with a Tukey post hoc test, P>0.05, no significant among all groups. (B) Syrian hamsters aged 6 
to 8 weeks (n=5 for SARS-CoV-2, and n=3 for non-infected control) were infected with 5×105 TCID50 of SARS-CoV-2 on days 3, 6, and 9. Anti-spike neutralizing antibody of 
plasma was detected by ELISA following the manufacturer’s protocol. Differences among groups were determined using two-way ANOVA with a Bonferroni post hoc test 
(***P < 0.001, control vs SARS-CoV-2 at 9 d.p.i.).
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macrophage inflammatory protein 1α (MIP-1α, also called 
CCL3, Figure 7J), and RANTES (regulated on activation, 
normal T cell expressed and secreted, also called CCL5, 
Figure 7L), but not IL-4 (Figure 7B), IL-10 (Figure 7D), 
IL-17 (Figure 7F), IFN-γ (Figure 7G), iNOS (Figure 7H), 
MCP-1 (Figure 7I), and TGF-β (Figure 7M). The levels of 
IL-1β (Figure 7A, relative index = 4.787 ± 0.592, 
***P<0.001), IL-6 (Figure 7C, relative index = 5.682 ± 
1.304, **P<0.01), IL-12 (Figure 7E, relative index = 3.61 
± 0.653, *P<0.05), IFN-γ (Figure 7G, relative index = 
2.479 ± 0.209, *P<0.05), MIP-1α (Figure 7J, relative 
index = 37.216 ± 6.961, ***P<0.001) and RANTES 
(Figure 7L, relative index =45.25 ± 16.554, *P<0.05) 
were particularly elevated at 3 d.p.i. However, the levels 
of IL-17 (Figure 7F, relative index = 0.804 ± 0.087), IFN- 
γ, monocyte chemoattractant protein (MCP-1, also called 
CCL2, Figure 7I, relative index = 2.097 ± 0.543), and 
TNF-α (Figure 7N, relative index = 1.288 ± 0.122) at 3 
d.p.i. were lower than expected for general viral infections, 
and especially in so-called hypercytokinemia in severe 
COVID-19 patients.17,18 Therefore, we also measured the 

expression levels of some immune suppressor genes to 
determine whether they may be inhibiting cytokine pro
duction. As shown in Figure 7, both IL-10 (Figure 7D, 
relative index = 1.606 ± 0.548, *P<0.05) and programmed 
death-ligand 1 (PD-L1) (Figure 7K, relative index = 4.754 
± 0.775, ***P<0.001) were significantly elevated at 3 d.p. 
i. This result suggests that SARS-CoV-2 may induce the 
expression of some immune suppressors to attenuate 
immune responses. As a reference, the results of qPCR 
of cytokine genes in heart (Supplementary Figure 2) and 
kidney (Supplementary Figure 3), where no inflammatory 
signs were evident, showed normal levels of expression.

Increased Amylase, Lipase Level and 
GOT/GPT Ratio in the Blood of 
SARS-CoV-2-Infected Hamsters
To dissect clinically relevant changes over the course of 
SARS-CoV-2 infection in hamsters, we examined multiple 
chemistry parameters in plasma. The levels of amylase and 
lipase, which reflect damage to the pancreas and acute 
pancreatitis, showed moderate increases with time post 

Figure 7 Cytokine expression in lungs of SARS-CoV-2-infected hamsters on days 3, 6, and 9 post-infection. Hamsters were infected with 5×105 TCID50 of SARS-CoV-2 
(n=5 for SARS-CoV-2, and n=3 for non-infected control). On days 3, 6, and 9 post-infection, the hamsters were sacrificed, lung RNA was extracted, and cytokine gene 
expression profiles were determined by using qPCR. Relative index is presented as 2−ΔΔCT and the mean ± SEM of the numeric values in each SARS-CoV-2 group is also 
presented below at 3, 6, and 9 d.p.i., respectively. (A) IL-1β (4.787±0.592, 0.892±0.159, 1.054±0.270), (B) IL-4 (0.665±0.157, 0.190±0.043, 0.238±0.082), (C) IL-6 (5.682 
±1.304, 2.038±0.368, 0.666±0.198), (D) IL-10 (2.701±0.466, 1.004±0.143, 1.112±0.251), (E) IL-12 (3.610±0.653, 1.684±0.499, 0.198±0.024), (F) IL-17 (0.804±0.087, 0.493 
±0.0455, 0.456±0.0792), (G) IFN-γ (2.479±0.209, 2.106±0.328, 1.094±0.242), (H) iNOS (0.883±0.128, 0.513±0.024, 0.560±0.054), (I) MCP-1 (2.097±0.543, 1.696±0.171, 
0.362±0.049), (J) MIP-1α (37.216±6.960, 4.745±0.496, 2.589±0.409), (K) PD-L1 (4.754±0.775, 1.221±0.168, 1.025±0.201), (L) RANTES (45.247±16.554, 25.458±2.261, 
5.574±0.834, (M) TGF-β (0.672±0.073, 0.507±0.0231, 0.716±0.1228), (N) TNF-α (1.288±0.1220, 0.68±0.0517, 0.968±0.1251). Differences among groups were determined 
using two-way ANOVA with a Bonferroni post hoc test in panels (A–N) (*P < 0.05; **P < 0.01; ***P < 0.001), no significance among groups is not shown.
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infection, compared to the non-infected control 
(Figure 8A and B); however, the differences are not sta
tistically significant. Similarly, we detected no differences 
in the levels of CKMB and CPK, markers of acute hepa
titis (Figure 8C and D). The GOT/GPT (AST/ALT) ratio is 
a measure of liver damage and hepatotoxicity. At 3 d.p.i., 
the ratio was nearly the same between the control and 
SARS-CoV-2 groups (Figure 8E); at 6 d.p.i. it increased 
significantly in the SARS-CoV-2 group, and then 
decreased at 9 d.p.i. (Figure 8E). The levels of ALP, 
BUN, and GGT, which are indicators of hepatitis and 
biliary obstruction, were not significantly changed 
(Figure 8F-H). BUN and CRE, markers of kidney damage 
and acute renal disease, showed no significant difference 
between the SARS-CoV-2 and control groups 
(Figure 8I and J). Also, we consigned hamster plasma 
samples to the Inflammation Core Facility of the Institute 
of Biomedical Sciences (Academia Sinica, Taiwan) to per
form the Multi-Plex immune assay to determine whether 
cytokines expressed in the lung are also expressed in the 
plasma, including IL-1β, IL-6, IL-12, IL-17A, IFN-γ, and 
TNF-α. We found that the expression of IL-1β 
(Supplementary Figure 4A), TNF-α (Supplementary 

Figure 4D), IFN-γ (Supplementary Figure 4E), and IL- 
17A (Supplementary Figure 4F) was higher in plasma of 
SARS-CoV-2-infected hamsters compared to controls. The 
levels of IL-6 and IL-12 were not significantly different 
between these two groups (Supplementary Figure 4B 
and C).

Discussion
The clinical and physiological signs we observed in Syrian 
hamsters infected by beta coronavirus/SARS-CoV-2/ 
Taiwan 2020-004 are consistent with those recently 
reported for this rodent species.4,7–11 Body weight loss, 
viral load, and recovery over the 14-day study period 
appeared to be independent of viral dose for the three 
doses we tested. Viral load was highest at 3 d.p.i. (com
pared to 6 and 9 d.p.i), as were viral RNA and viral 
nucleoprotein levels. Severe inflammation and pneumonia 
appeared at 6 d.p.i., coinciding with the lowest body 
weight. Subsequently, weight loss and other signs of ill
ness began to improve daily until day 14. Thus, the infec
tious cycle in the hamster is a good proxy for that of 
humans. PAS staining revealed phagocytosis of cell debris 
and excess secretion of mucus at 3 and 14 d.p.i. This 

Figure 8 Blood biological and chemistry parameters in SARS-CoV-2-infected hamsters on days 3, 6, and 9 post-infection. Hamsters were infected with 5×105 TCID50 of 
SARS-CoV-2 (n=5 for SARS-CoV-2, and n=3 for non-infected control). On days 3, 6, and 9 post-infection, plasma was collected and stored at −80°C until use. Multiple 
biological and chemistry parameters were analyzed with Fuji Dri-Chem slides on a Fujifilm Dri-Chem 4000 analyzer. (A) Amylase (Amyl). (B) Lipase (LIP). (C) Creatine 
phosphokinase isozyme KB (CKMB). (D) Creatine phosphokinase (CPK). (E) Ratio of glutamic oxalacetic transaminase/glutamic pyruvic transaminase (GOT/GPT). (F) 
Alkaline phosphatase (ALP). (G) Direct Bilirubin (D-BIL). (H) γ-Glutamyltransferase (GGT). (I) Urea nitrogen (BUN). (J) Creatinine (CRE). Differences among groups were 
determined using two-way ANOVA with a Bonferroni post hoc test in panels (A–J) (**P < 0.01), no significance among groups is not shown.
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mirrors the condition of excess mucus secretion in 
COVID-19 patients. Moreover, cell infiltration still 
appeared in the lungs in the absence of detectable virus 
or nucleoprotein expression at 14 d.p.i., suggesting that 
residual viral debris or cellular debris from damaged cells 
may continue to trigger an inflammatory response. The 
main target of SARS-CoV-2 is the lungs, but small 
amounts of virus also appeared in liver, pancreas, heart, 
kidney, PBMC, and even bone marrow; however, no visi
ble damage appeared in these organs and tissues except 
liver.

The liver and pancreas findings are interesting. 
Although no inflammation and cell infiltration was observed 
in these organs of SARS-CoV-2-infected hamsters, struc
tural abnormalities and large vacuoles were detected in the 
liver. Based on IHC nucleoprotein staining, viral protein 
expression coincided with the location of the large vacuoles 
in hepatocytes, indicating that virus did replicate in the 
liver. However, it is perplexing that this invasion by SARS- 
CoV-2 of the liver did not elicit an obvious immune 
response. The interaction of SARS-CoV-2 and hepatocytes 
is worth further study. Similar hepatic structural abnormal
ities and large vacuoles were observed in a patient with 
severe COVID-19,16 nevertheless, cirrhotic nodules with 
thick fibrosis, mild sinusoidal dilatation, focal hepatic 
necrosis in the periportal zone, and focal centrilobular 
necrosis which occurred in some severe cases were not 
found in our hamsters.19 COVID-19-associated acute pan
creatitis has been reported in 17–18% of clinical cases;20,21 

however, there is no evidence to suggest that the viral attack 
caused the pancreatitis or other pancreatic injury. The pan
creases of all infected hamsters in our study had detectable 
viral loads of approximately 104 TCID50 at 3 and 6 d.p.i., 
but no immune-cell infiltration or nucleoprotein expression 
was found. Although virus apparently did replicate in the 
pancreas, the absence of both nucleoprotein and an immune 
response is surprising, but might be explained if pancreatic 
enzymes had digested many of the viral proteins. The 
different pathological findings in hamster (asymptomatic 
and mild cases) versus human (ie, severe cases whose 
organs were examined after death, but not asymptomatic 
or mild ones) may be a reflection of the severity and the 
outcome of COVID-19 cases and their underlying diseases 
like hepatitis and diabetes.

In the early stage of SARS-CoV-2 infection, host cells 
turn on their antiviral factors. Some clinical cases also 
showed that cytokine storms caused by SARS-CoV-2 can 
lead to patient death.17,18 At 3 d.p.i., we detected high 

levels of expression of IL-1β, IL-6, IL-12, MIP-1α, and 
RANTES, but not TNF-α (the key driver of inflammation, 
especially in virus infection), MCP-1, iNOS, and IL-17. 
We do not have data for IFN-α and IFN-β for hamsters; 
however, some of our qPCR results of cytokine expression 
in SARS-CoV-2-infected hamster lung (such as IL-6, IL- 
10, and TNF-α) mirror the cytokine profile detected in 
plasma and blood of clinical COVID-19 patients.18,22 

Our H&E staining revealed extensive cell infiltration, dif
fuse alveolar damage, acute bronchopneumonia, fluid exu
date, and small areas of vasculitis in SARS-CoV 
-2-infected hamster lung. However, the cytokine expres
sion profile did not fully match the H&E pathological 
findings at 3 and 6 d.p.i. Therefore, we wondered whether 
some immune suppressor genes might have been activated 
by the virus to inhibit production of certain important 
cytokines. Interestingly, our qPCR results indicated signif
icant expression of IL-10 (Figure 7D) and PD-L1 
(Figure 7K). IL-10 (cytokine synthesis inhibitory factor, 
CSIF) is an anti-inflammatory cytokine, primarily pro
duced by monocytes. PD-L1 is an immune checkpoint 
factor which plays a major role in suppressing the adaptive 
immune system. High levels of expression of IL-10 and 
PD-L1 inhibit immune responses and may be linked to the 
lymphopenia, macrophage dysfunction and delayed pro
duction of IFN-γ observed in COVID-19 patients.23,24 

Unfortunately, we do not have other tools (such as IHC, 
ELISA, FACS, or protein detection) to confirm these data, 
owing to current limitations of detection methods in the 
hamster model. Human and mouse models have the most 
resources, availability, and detection tools (from DNA to 
protein), including state-of-the-art single-cell RNA 
sequencing, and this is a current limitation of other 
model species, including hamsters. The mechanism of 
immune suppression by SARS-CoV-2 is worth further 
study.

Although most people infected with SARS-CoV-2 are 
asymptomatic or have mild disease, it is still vitally impor
tant to discover biomarkers and indicators of COVID-19 to 
aid in diagnosis and prevention. Biological and chemistry 
parameters in plasma may be a good option. In plasma of 
SARS-CoV-2-infected hamsters, we detected increased 
amylase (Figure 8A), lipase (Figure 8B), and ratio of 
GOT/GPT (Figure 8E, particularly GOT/GPT), and viral 
RNA in the liver (Figure 3C) and pancreas (Figure 3D) 
was also detected, suggesting that some tissue injury may 
be induced by virus invasion to cause tissue damage 
directly. Elevated GOT, GPT, and bilirubin of COVID-19 
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patients have been reported.25–28 Laboratory findings sug
gestive of pancreatic injury have been reported in 8.5– 
17.3% of COVID-19 patients, and the raised lipase rate 
was between 2.8% and 16.8%.20,29–31 The measured 
increases in amylase and lipase were low and the results 
are similar to those we observed in hamsters (Figure 8A 
and B). Clinical observations of COVID-19 patients with 
underlying diseases, such as hepatitis, diabetes, cardiovas
cular and renal diseases and others, showed associations of 
these diseases with severity of COVID-19.32,33 Although 
COVID-19-associated liver and pancreas injury is mild, it 
may significantly impact the outcome and disease course. 
Indeed, hepatic and pancreatic dysfunction are highly cor
related with the severity of COVID-19, contributing to 
increased ICU admission and intubation and potentially 
to multisystem manifestations.31 Some of these parameters 
(or combinations of them) may have potential as optimal 
tools for clinical analysis. However, further study and 
larger samples sizes are necessary to evaluate this 
potential.
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