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mask partition (10/15, 66.7%), although not reaching statistical sig-
ni�cance (P�=�.128).

Immunological Response in Hamsters Infected by SARS-CoV-2 Through 
Noncontact Transmission

At 7 dpi (6�days after exposure of the naive hamsters to the chal-
lenged index hamsters), all challenged index hamsters (n�=�13) ex-
hibited high titers of serum neutralizing antibodies, ranging from 
1:320 to �1:640, which is consistent with our previous observation 
(Figure�5). Interestingly, 3 of the 5 exposed (60%) naive hamsters 
without surgical mask partition sacrificed at 7 dpi also developed 
serum neutralizing antibody titers of 1:160 to 1:640, which sug-
gested that these 3 RT-PCR-positive infected naive hamsters likely 
acquired the virus very early after exposure to the challenged index 
hamsters as it required 5�7�days before serum neutralizing anti-
bodies were detectable in this animal model. In contrast, none of 
the 8 exposed naive hamsters with surgical mask partition facing 
either side sacrificed at 7 dpi, including the 2 RT-PCR-positive 

hamsters, developed detectable serum neutralizing antibody (all 
<1:20). These results suggested that even though these 2 exposed 
naive hamsters were infected, they likely acquired the virus much 
later than the infected naive hamsters without protection by sur-
gical mask partition.

Histological Features of Hamsters Infected by SARS-CoV-2 Through 
Noncontact Transmission

The representative histological and immunofluorescent 
staining findings of the infected naive hamsters are shown in 
Figure�6. At 5 dpi (4�days after exposure), the histopatholog-
ical changes of the infected naive hamsters in experiments 1, 
2, and 3 were generally milder than those of the challenged 
control hamster. In the infected naive hamsters, the nasal tur-
binate only showed mild degree of epithelial cell swelling and 
submucosal infiltration, whereas there were severe epithelial 
cell death, desquamation, and massive submucosal infiltration 
in the challenged control hamster (Figure 6A, a to d). Similarly, 

Figure 4.  Viral loads in the respiratory tract tissues of the SARS-CoV-2 RT-PCR-positive naive hamsters exposed to the challenged index hamsters. Naive hamsters without 
surgical mask partition in experiment 1 (squares), naive hamsters exposed to masked challenged index hamsters in experiment 2 (circles), and the masked naive hamsters ex-
posed to the challenged index hamsters in experiment 3 (triangles). A, Day 5 and B, day 7 post-challenge of index hamsters.�Statistical comparison between the SARS-CoV-2 
RT-PCR-positive naive hamsters without surgical mask partition (experiment 1)�and the SARS-CoV-2 RT-PCR-positive naive hamsters with surgical mask partition (experiments 
2 and 3)�was performed using Student t-test. *P�<�.05. Abbreviations: LOD, limit of detection; ns, not signi�cant; RT-PCR, reverse transcription-polymerase chain reaction; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Table 3.  Noncontact Transmission Rate From Challenged Hamsters to Exposed Naive Hamsters With or Without Surgical Mask Partition Detected by 
RT-PCRa

Group 5 dpi P-valuea 7 dpi P-valuea Total P-valuea

Naive (no mask) 6/10 (60.0%)  4/5 (80.0%)  10/15 (66.7%)  
Naive (any mask) 4/16 (25.0%) .109 2/8 (25.0%) .103 6/24 (25.0%) .018
  Naive (masked index) 1/8 (12.5%) .066 1/4 (25.0%) .206 2/12 (16.7%) .019
  Naive (masked naive) 3/8 (37.5%) .637 1/4 (25.0%) .206 4/12 (33.3%) .128

Abbreviation: dpi, days postinoculation.
aP-values represent comparison between the naive (no mask) group with the other groups (Fisher exact test).
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the histopathological changes in the trachea (Figure�6A, e to h) 
and lung (Figure�6A, i to l) of the challenged control hamster 
were generally more severe than the infected naive hamsters in 
experiments 1, 2, and 3.�This was corroborated by the viral N 
antigen expression pattern (Figure�6B).

DISCUSSION

Following up on the demonstration of SARS-CoV-2 transmis-
sion through direct or indirect contact in our hamster model, 
a noncontact transmission model inside isolators was estab-
lished in this study [20]. We showed that noncontact trans-
mission occurred in 66.7% of unprotected naive hamsters after 
exposure to SARS-CoV-2-challenged hamsters for �96 hours. 
Despite documented transmission in the exposed naive ham-
sters as evident by positive viral loads in the upper and lower 
respiratory tract at 4�days after exposure or serum neutralizing 
antibody titer at 6�days after exposure, these hamsters had less 
severe histopathological changes and lower amount of SARS-
CoV-2-N antigen expression in the upper and lower respiratory 
tract compared to virus-challenged hamsters. Moreover, the use 
of surgical mask partition to prevent emission of exhaled�respi-
ratory droplets from SARS-CoV-2-challenged index hamsters 
significantly reduced the transmission rate to 16.7% (P�=�.019). 
The use of surgical mask partition to protect naive hamsters 
reduced the transmission rate to 33.3%, although this did not 
reach statistical significance, likely because of the relatively 
small number of animals (P�=�.128). As expected, the histopath-
ological changes and the amount of respiratory tract viral N 
antigen expression of these protected naive hamsters were also 
significantly lower than those of the challenged index hamsters.

�e �nding of SARS-CoV-2 being transmitted by the 
noncontact route of respiratory droplets or airborne droplet 
nuclei is not unexpected as this is also� the case for other res-
piratory viruses. For seasonal in�uenza viruses, similar trans-
mission has been demonstrated with Syrian hamster, ferret, and 

guinea pig models [26�28]. Seasonal in�uenza viruses could 
be isolated by plaque assay from naive hamsters by day 4 a�er 
exposure, whereas SARS-CoV-2 could be detected by RT-PCR 
in our infected naive hamsters as early as day 4 a�er exposure 
[26]. However, in the case of Nipah virus which is more of a 
neurotropic than respiratory virus, transmission in the Syrian 
hamster model was largely by direct contact, despite predomi-
nant virus shedding in nasal and oropharyngeal secretions [29].

�e intensity of exposure may a�ect the severity of viral in-
fections as has been demonstrated in outbreaks of chickenpox, 
measles, and poliomyelitis [30�32]. �e e�ect of virus inoculum 
on the severity of COVID-19 is evident when the histopatho-
logical changes and amount of viral N antigen expression in the 
respiratory tracts of the infected naive hamsters with or without 
protection by surgical mask partition was compared with those 
of the virus-challenged hamsters. Besides a virus inoculum 
of 105 plaque-forming units in 100�µL DMEM being instilled 
intranasally into the challenged hamsters, the inoculum might 
be aspirated directly into the lungs when the hamsters were 
under anesthesia. Such large dose of deep exposure resulted in 
signi�cantly more severe histopathological changes and higher 
amount of viral N antigen expression in the respiratory tract 
than the infected naive hamsters a�er droplet and/or aerosol 
exposure. �e protective e�ect of masking may not just deter-
mine the success or failure of SARS-CoV-2 transmission, but 
it may also determine the severeity of COVID-19 in the case 
of successful transmission. For example, in Hong Kong where 
the population has a mask-use compliance rate of 96.6% during 
local COVID-19 epidemic, both the incidence rate (1048 cases 
per 7.5 million population) and crude fatality rate (4 out of 
1048, 0.4%) of COVID-19 were among the lowest in the world 
at the time of writing [33].

Although we could not di�erentiate whether transmis-
sion occurred by respiratory droplets or airborne aerosols in 
this study, both types of noncontact transmission might have 

Figure 5.  Reciprocal serum SARS-CoV-2-speci�c neutralizing antibody titers in the hamsters. The mean serum neutralizing antibody titers of the challenged index ham-
sters (n�=�13, diamonds), the naive hamsters exposed to the challenged index hamsters without surgical mask partition in experiment 1 (n�=�5, squares), the naive hamsters 
exposed to masked challenged index hamsters in experiment 2 (n�=�4, circles), and the masked naive hamsters exposed to the challenged index hamsters in experiment 3 
(n�=�4, triangles) at day 7 post-challenge of the index hamsters (6�days after exposure of the naive hamsters to the index hamsters) are shown on a logarithmic scale. Dotted 
line indicates the lower limit of detection (<1:20). Abbreviation: LOD, limit of detection.
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happened because surgical masks are most e�cient in �ltering 
out large respiratory droplets of >10�µm but not the airborne 
aerosol particles of <5� µm. �erefore, noncontact transmis-
sion still occurred in our hamster model despite a reduction 
of transmission when the naive hamsters were protected by 
mask partitioning. Alternatively, the �ltration e�ciency of the 
masks might have declined over time during the study period. 
Interestingly, transmission to the exposed naive hamsters was 
signi�cantly reduced when surgical mask partition was placed 
to prevent emission�of exhaled virus from the challenged index 
hamsters. �is was not completely unexpected because the 
masking of infectious patients with multidrug-resistant tuber-
culosis on a hospital ward in South Africa reduced airborne 

transmission by 56% from these patients to guinea pigs which 
were breathing the ward air, compared with the percentage of 
transmission to guinea pigs during periods when masks were 
not worn [34]. �is report clearly showed that surgical masks 
could be partially e�ective in reducing the transmission of a 
well-known airborne pathogen Mycobacterium tuberculosis and 
corroborated with the results of the masking experiments in our 
hamster model of noncontact transmission of SARS-CoV-2.

Unlike the use of surgical mask in healthcare setting, 
masking in the community remains controversial. �e World 
Health Organization found no evidence that wearing a sur-
gical mask by healthy persons can prevent acquisition of SARS-
CoV-2 [35]. However, the US Centers for Disease Control and 

Figure 6.  Histopathological changes and SARS-CoV-2 nucleocapsid (N) protein expression in the upper and lower respiratory tissues of the hamsters. A,�Hematoxylin and 
eosin-stained tissue sections. (a) to (d) Representative images of nasal turbinate tissue sections which showed pieces of epithelium desquamation (arrows) in all 4 groups 
of hamsters. The tissue damage was generally more severe in the challenged control hamster, which exhibited massive secretion mixed with detached epithelial cells in the 
nasal cavity (empty arrow). (e) to (h) Representative images of the tracheal tissue sections showing various degrees of epithelial desquamation (arrows) and submucosal in�l-
tration, which was also more prominent in the challenged control hamster (empty arrows). (i) to (l) Representative images of the lung sections. (i) The lung of the challenged 
control hamster at 5 dpi showed bronchiolar epithelial cell death, luminal secretion and cell debris (arrow), severe alveolar in�ltration, exudation, and hemorrhage (empty 
arrows). Two blood vessels showed perivascular and intra-endothelial in�ltration (arrowheads). (j) The lung of the infected naive hamster from experiment 1 showed bron-
chiolar epithelial desquamation (arrows), patchy alveolar wall thickening, and blood vessel congestion (arrowhead). (k) Lung of the infected naive hamster from experiment 2 
showed no apparent alveolar damage but with bronchiolar epithelial desquamation (arrow) and mild perivascular in�ltration (arrowhead). (l) Lung of the infected naive ham-
ster from experiment 3 showed mild alveolar wall thickening with blood vessel congestion. B, Immuno�uorescence-stained viral N protein expression in hamster respiratory 
tissues. (a) to (d) Representative images of the nasal turbinate of the hamsters, showing more abundant viral N antigen expression in the challenged control hamster than the 
infected naive hamsters in experiments 1, 2, and 3.�Viral N antigen-positive cells located in the epithelium (arrows) and viral N antigens associated with detached cells (solid 
arrows). (e) to (h) Tracheal tissue of the challenged control hamster showed more intense epithelial viral N antigen expression (arrows) than the infected naive hamsters in 
experiments 1, 2, and 3.�(i) to (l) Viral N antigen expression in the lung tissues. Lung sections of the challenged control hamster showed diffuse viral N antigen expression 
in alveolar cells compared to scanty expression in the bronchiolar epithelium (thin arrows) and alveoli (solid arrows) of the infected naive hamsters in experiments 1, 2, and 
3.�Abbreviations: dpi, days postinoculation; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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