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Abstract

Several animal models have been developed to study the pathophysiology of SARS-CoV-2 infection and to evaluate vaccines and
therapeutic agents for this emerging disease. Similar to infection with SARS-CoV-1, infection of Syrian hamsters with SARS-CoV-2
results in moderate respiratory disease involving the airways and lung parenchyma but does not lead to increased mortality. Using
a combination of immunohistochemistry and transmission electron microscopy, we showed that the epithelium of the conducting
airways of hamsters was the primary target for viral infection within the first 5 days of infection, with little evidence of productive
infection of pneumocytes. At 6 days postinfection, antigen was cleared but parenchymal damage persisted, and the major
pathological changes resolved by day 14. These findings are similar to those previously reported for hamsters with SARS-CoV-|
infection. In contrast, infection of K18-hACE2 transgenic mice resulted in pneumocyte damage, with viral particles and replication
complexes in both type | and type Il pneumocytes together with the presence of convoluted or cubic membranes; however, there
was no evidence of virus replication in the conducting airways. The Syrian hamster is a useful model for the study of SARS-CoV-2
transmission and vaccination strategies, whereas infection of the KI18-hCE2 transgenic mouse results in lethal disease with fatal

neuroinvasion but with sparing of conducting airways.
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Since the emergence of a novel coronavirus (SARS-CoV-2) in
China with rapid spread around the world, there has been a
concentrated effort to understand the pathophysiology of
COVID-19, and to compare it with the lesions caused by other
coronaviruses such as SARS-CoV-1 and MERS-CoV. One of
the main focal points of research in the COVID-19 outbreak
has been to find a laboratory animal model that would faithfully
reproduce a similar temporal pattern of pulmonary changes as
in the human infection. The initial postmortem studies on
human patients with fatal COVID-19 appeared to show a his-
tological picture similar to that seen with SARS-CoV-1 infec-
tion (reviewed in Calabrese et a17); however, in retrospect,
this may have represented a publication bias because, similar
to the 2003 outbreak, there were few studies done on tissues
from the conducting airways or from patients in the early stages
of disease. Thus, it was challenging to determine whether
the patterns reported were those caused by the virus, or sec-
ondary to medical treatment in intensive care. There was little
information on mild to moderate disease, and the published ex
vivo studies were limited to the first 72 hours of infection, as

this was the extent that the cultures could be successfully main-
tained.'® The human postmortem studies showed 3 overlapping
phases of pulmonary disease: an initial exudative phase in
which the walls of the alveoli had hyaline membranes together
with the presence of pulmonary edema, a second phase with
proliferation of type II pneumocytes and often with formation
of syncytia, and a final organizing phase with fibrosis, prolif-
eration of vessels, and squamous metaplasia in the conducting
airways.>' Immunohistochemistry in SARS-CoV-1 and SARS-
CoV-2 patients showed immunolabeling for virus in epithelial
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cells, endothelial cells, and exudate in the first 2 phases, but not
in the third.*® There has been conflicting data on virus presence
by ultrastructure.*’” As the 2 most common laboratory animals
for study of SARS-CoV-2 pathology have been the Syrian ham-
ster and the B6.Cg-Tg(K18-ACE2)2Prlmn/J transgenic mouse,
the objective of this study was to determine which cells in the
respiratory tract are infected with SARS-CoV-2, to characterize
the relative benefits and drawbacks of these animal models.

Methods

Infection

In Hong Kong, male golden Syrian hamsters (N = 9), 4 to
8 weeks old, were obtained from the Laboratory Animal Ser-
vices Centre, Chinese University of Hong Kong. The animal
ethics was approved by the Committee on the Use of Live Ani-
mals in Teaching and Research at the University of Hong Kong
(CULATR# 5323-20). The hamsters were originally imported
from Harlan (Envigo, UK) in 1998. They were infected intrana-
sally with 8 x 10* TCIDs, in 80 pL phosphate-buffered saline
(PBS) of SARS-CoV-2 (BetaCoV/Hong Kong/VM20001061/
2020 virus; GISAID# EPI_ISL_412028), which was isolated
in Vero E6 cells from the nasopharynx aspirate and throat swab
of'the first confirmed COVID-19 patient in Hong Kong. On days
2, 5, and 7 post-inoculation, nasal turbinate, lungs, heart, duo-
denum, liver, spleen, and kidney were collected to monitor viral
replication and histopathological changes. The animals used
were part of a study on the role of transmission*® and monoclo-
nal antibody therapy, so insufflation of the lungs before sam-
pling was not possible. Respiratory tract tissues were fixed in
10% formalin at room temperature for a minimum of 24 hours.
They were then dehydrated by immersion in graded ethanol,
cleared in xylene, and processed into paraffin blocks. The
paraffin-embedded tissue samples were then cut into 5-pm-
thick sections with a microtome and mounted onto coated slides
and dried overnight.

In Hong Kong, K18 hACE2 heterozygous female mice
(B6.Cg-Tg(K18-ACE2)2Prlmn/J; 14-20 weeks old; n = 8)
were infected with 10* TCIDs, in 25 pl PBS of SARS-CoV-2
(BCoV/Hong Kong/VM20001061/2020 strain [GISAID ID:
EPI_ISL_412028]). All experimental procedures were con-
ducted in accordance with the standards and approved by the
Committee on the Use of Live Animals in Teaching and
Research (approval #5511-20), The University of Hong Kong.
Mice were euthanized by intraperitoneal injection of pentobarbital
at days 2, 3, and 4 post-infection. The lung was perfused with 1
mL of 10% neutral-buffered formalin via the trachea, dissected,
and washed in PBS, and stored in 10% neutral buffered formalin.
For the k18-hACE2 time course, images of hematoxylin and
eosin—stained sections and immunohistochemistry-labeled section
were obtained from Boston University’s National Emerging
Infectious Diseases Laboratories (NEIDL) as part of a study on
viral neuroinvasion.® No animals were excluded from data anal-
yses. As this was a descriptive study, no estimation of sample size
or statistical analysis was performed.

Immunohistochemistry

SARS-CoV Nucleoprotein. Immunohistochemistry on formalin-
fixed and resin-embedded tissues was performed using a rabbit
polyclonal antibody (Sinobiological 40143-T62) against SARS-
CoV nucleoprotein, as detailed in a previous publication.*® For
semi-thin immunohistochemistry, sections were etched with satu-
rated NaOH, blocked with H,O,, and incubated with the previ-
ously mentioned antibody at a dilution of 1/100, followed by
Impress anti-Rabbit-HRP (Vector Labs), developed with
NovaRed (Vector Labs) and counterstained with toluidine blue.

SARS-CoV-2 Spike Protein. For formalin-fixed and paraffin-
embedded tissues monoplex DAB immunohistochemistry was
conducted using a Chromomap DAB THC kit (Roche) with
CCl1 antigen retrieval at 95 °C for 32 minutes. Primary anti-
body incubation was conducted with a mouse mAB specific to
SARS-CoV-1/2 Spike Protein (Cell Signaling Technology,
2B3EY), followed with a rabbit anti-mouse linking antibody
I1gG1+1gG2a+IgG3 antibody (Abcam, ab133469) at 37 °C for
20 minutes (1:1,000), and finally with a pre-dilute InmPRESS
polymer goat anti-rabbit HRP conjugated secondary (Vector
Labs MP-7451-50) for 20 min at 37 °C. Immunoreactivity was
developed via DAB followed by nuclear counterstaining with
hematoxylin and bluing reagents (Roche).

Transmission Electron Microscopy (TEM)

Hamster and mouse lung samples (fixed in 10% neutral buf-
fered formalin) were processed directly into resin for electron
microscopy rather than paraffin. After chemical etching,
immunohistochemistry for CoV-nucleoprotein was performed
on the resin blocks, which allowed a correlation of the immu-
nohistochemistry with the ultrastructural identification of foci
of viral replication. We used hamster tissues which were fixed
after 2, 4, and 5 days after infection. Because there is a sam-
pling challenge in finding immunoreactive areas, tissues were
embedded into multiple 5 mm blocks of resin, and then
trimmed down to the conventional 2 mm blocks for ultrastruc-
tural analysis once immunoreactive foci were identified. We
used previously published criteria for the ultrastructural mor-
phology of the hamster respiratory tract.” Additional electron
microscopic images of the lung of 12- to 14-week-old K18-
hACE2 mice at day 6 after SARS-CoV-2 infection (intranasal
inoculation with 10° PFU of a 2019-nCoV/USA-WA1/2020
isolate obtained from BEI resources; NCBI accession number:
MN985325) were obtained from Boston University’s National
Emerging Infectious Diseases Laboratories (NEIDL) as part of
a study on viral neuroinvasion.® Immunogold labelling was
attempted using Electron Microscopy Solution 25544 EM-kit
GAM-6/GAR-10/BSA Goat-anti-Mouse IgG 6 nm, and Goat-
anti-Rabbit 10 nm using manufacturer’s protocol, and rabbit
polyclonal antibody (Sinobiological 40143-T62) for SARS-
CoV nucleoprotein.
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Table I. Immunohistochemistry scores for viral nucleoprotein in
Syrian hamsters and K18-hACE2 mice infected with SARS-CoV-2.

Hamster K 18-hACE2

DPl Nasal Bronchiole Pneumocyte Nasal Bronchiole Pneumocyte

2 3 3 0 1-2 0 1-2
4 2 2 1-2 0-1 0 1-3
68 0 0 | 0 0 2
14 0 0 0 0 0 0

Abbreviation: DPI, days post-infection.

20, 0 SARS-CoV immunoreactive cells; |, 0% to 5% immunoreactive cells at
400 magnification; 2, 5% to 25% immunoreactive cells at 400x magnification;
3, >25% immunoreactive cells at 400x magnification.

Results

Day 2 Post-Infection

Immunohistochemistry scoring data are shown in Table 1. In
the K18-hACE2 mouse lung (Fig. 1), there was minimal inter-
stitial mononuclear infiltrate. There was low immunolabeling
for SARS-CoV-2 spike antigen mainly in alveolar type I pneu-
mocytes neighboring the areas of inflammation. There was no
immunolabeling of the bronchioles identified.

The hamster tissues showed no significant inflammatory
cells within the bronchiolar lumens or in alveoli. By immuno-
histochemistry, antigen was confined to the epithelial cells of
the bronchioles (Fig. 2). Semi-thin immunohistochemistry per-
formed on the resin-embedded blocks, and nucleoprotein anti-
gen was present in the respiratory bronchioles but not the
alveoli. This was associated with marked denudation of epithe-
lial cells, and aggregates of necrotic cells were identified
within the bronchial lumens (Fig. 3). There was staining of the
basement membrane in the denuded area in the immunohisto-
chemistry preparations; however, no viral particles were
detected in this area by electron microscopy (Fig. 4). This may
represent either nonspecific staining or binding of viral nucleo-
protein to extracellular matrix.*® Ultrastructural examination
showed the presence of viral particles in membrane bound
vesicles within both the ciliated (Fig. 5) and non-ciliated cells.
However, the non-ciliated epithelium showed far more cellular
damage, with cytoplasmic vacuolation and intracellular swel-
ling, compared to the ciliated epithelium (Fig. 6; Suppl. Figs.
S1, S2). The non-ciliated cells in the infected animals also
showed cellular damage even when there was no evidence of
viral infection by immunohistochemistry or electron
microscopy.

Day 4 Post-Infection

The K18-hACE2 mouse lung had increased numbers of mono-
nuclear inflammatory cells in the interstitium and around blood
vessels. The SARS-CoV-2 spike antigen was detected in neigh-
boring alveolar type I and type II pneumocytes (Fig. 7). No
staining of the bronchioles was detected.

In the hamsters, immunoreactive cells were present in
both non-ciliated as well as ciliated cells in the bronchioles,
and linear immunolabeling extended into the alveolar walls
(Fig. 8). There was also positive immunolabeling of an
alveolar macrophage identified (Fig. 8, arrow). Ultrastructu-
rally, large membrane-bound aggregates of viral particles
were identified in the cytoplasm of non-ciliated (Fig. 9,
Suppl. Fig. S3) and ciliated (Fig. 10, Suppl. Fig. S4) cells.
The alveolar macrophage contained membrane-bound viral
particles (Figs. 11, 12); however, careful examination of the
adjacent pneumocytes failed to demonstrate cell swelling or
intracellular viral particles. No significant endothelial swel-
ling, cell death, or thrombosis was identified and there was
no immunolabeling or ultrastructural evidence of virus in the
endothelial cells.

Day 5 Post-Infection

The hamster lung had immunoreactive ciliated and non-ciliated
bronchiolar epithelial cells and in the adjacent alveolar walls,
but there was no associated denudation of bronchiolar or alveo-
lar epithelial cells (Fig. 13). Ultrastructural examination
showed marked cellular swelling and membrane fragmentation
of the non-ciliated bronchiolar epithelial cells associated with
viral replication complexes (Fig. 14). The adjacent ciliated
cells had preservation of the cilia structure and viral aggregates
on the cell surface (Fig. 15 [small box]; Suppl. Figs. S5, S6).
One partially denuded non-ciliated cell (Fig. 15 [large box])
had large compact aggregates of viral particles that appeared to
be devoid of a double-wall membrane (Fig. 16). This is a fea-
ture that has not been readily identified in Vero cell cultures.'
In the immunoreactive alveolar region (Fig. 17), there was no
ultrastructural evidence of virus within pneumocytes or
endothelial cells or of endothelial or epithelial damage (Figs.
18-20), and the bronchiolar basement membrane was also non-
reactive to viral nucleoprotein.

Ultrastructural examination of the lungs of K18-hACE2
mice at days 3, 4, and 6 post-infection showed more severe
damage to type I pneumocytes compared to that in infected
hamsters. Specifically, there was ballooning of the cytoplasm,
secretory vesicles containing viral particles, and aggregates of
membranous material surrounded by viral particles consistent
with convoluted or cubic membranes (Figs. 21-24).

Despite multiple etching and adhesion techniques, there
was no consistent immunogold localization of anti-
nucleoprotein antibody to viral aggregates using immunoelec-
tron microscopy, even though the immunohistochemistry
using semi-thin resin-embedded samples identified immunor-
eactive areas that correlated with the labeling in formalin-
fixed tissues.

Discussion

In Syrian hamsters infected with SARS-CoV-2 that were part
of a study on virus transmission, we found that that replication
began in the conducting airways at day 2 and subsequently
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Figures 1-6. SARS2-CoV-2 infection, lung, KI18-hACE2 mouse and hamster, day 2 post-infection. Figure 1. KI18-hACE2 mouse. There is
minimal interstitial mononuclear cell infiltrate with scant immunolabeling for SARS-CoV-2 spike antigen mainly in alveolar type | pneumocytes
adjacent to areas of inflammation. Figure 2. Hamster. There is immunolabeling for SARS-CoV nucleoprotein in the bronchiolar but not in the
alveolar epithelium. Figure 3. Hamster. The bronchiolar epithelium is denuded or multilayered. Inmunolabeling for SARS-CoV nucleoprotein is
present along the basement membrane. Resin-embedded semi-thin section. Figure 4. Bronchiolar epithelium, hamster. Transmission electron
microscopy (TEM). Ultrastructure of the boxed area in Figure 3, with denudation of the epithelium. Bar: 20 um. Figure 5. Bronchiolar
epithelium, hamster. TEM. There is cytoplasmic swelling of a non-ciliated bronchiolar epithelial cell (N). Large number of viral particles (red
boxes) are seen at the surfaces of the ciliated cell (C) and non-ciliated cell (N). Bar: 2 um. Figure 6. Bronchiolar epithelium, hamster. TEM.
There is marked cytoplasmic swelling and vacuolation of a non-ciliated cell (N). Aggregates of viral particles are present in secretory vesicles, on
the surface, and in the intercellular space between the ciliated cell (C) and the non-ciliated cells (N) (boxes). In contrast to the non-ciliated cell,

the cell membrane of the ciliated cell is relatively intact. Bar: 2 pm.

involved the parenchyma. Although maximal infectious viral
titers peaked on days 2 to 3 after infection, antigen was maxi-
mally detected by immunohistochemistry on day 5. After day 5
there was resolution of viral load and clinical signs, with most
animals recovering by day 14.*® By immunohistochemistry,
antigen was widespread in the lungs on day 5 of the infection,
but none was identified on day 7. We found 2 puzzling obser-
vations from evaluation of the lung lesions at this early stage of
disease. First, there was a discordance between the distribution
of antigen and the level of lung damage. In particular, there
were areas of antigen without lung lesions, and conversely
areas of parenchymal consolidation without detectable antigen.
This feature was reported previously in hamsters infected with
SARS-CoV.*” Second, as we found a rapid clearance of viral
antigen between days 5 and 7 after infection,*® we compared of
the presence of antigen based on immunohistochemistry with

the detection of viral particles within the bronchioles and
alveoli by electron microscopy, as the latter is the definitive
method for identification of actual virus. Pneumocytes in
infected hamsters had immunoreactive cells but no evidence
of viral particles after day 5 post-infection, whereas in the K18-
hACE2 mice there was both immunoreactivity and ultrastruc-
tural evidence of infection of type I and type II pneumocytes at
day 6, but no infection of the conducting airways.

Infection of the K18-hACE2 transgenic mice showed more
evidence of pneumocyte damage together with cytoplasmic
viral aggregates. Thus, this mouse model may be better than
the hamster model for understanding parenchymal lung dis-
ease. However, the profound neuro-invasion at day 7 contribut-
ing to death in the K18-hACE2 model remains a limitation of
this model and also means that long-term studies will be
challenging.®
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Figures 7-12. SARS2-CoV-2 infection, lung, KI8-hACE2 mouse and hamster, day 4 post-infection. Figure 7. KI8-hACE2 mouse. There is an
interstitial and perivascular infiltrate of mononuclear cells, and greater immunolabeling for SARS-CoV-2 spike protein than at day 2  within
alveolar type | and type Il pneumocytes. Figure 8. Hamster. There is immunolabeling for SARS-CoV nucleoprotein in bronchiolar epithelial cells,
focally along alveolar septa, and in an alveolar macrophage (arrow). Resin embedded semi-thin section. Figure 9. Bronchiolar epithelium,
hamster. Transmission electron microscopy (TEM). A non-ciliated cell (N) contains large aggregates of viral particles (boxes). Bar: 2 pm.
Figure 10. Bronchiolar epithelium, hamster. TEM. A ciliated epithelial cell (C) contains large membrane-bound aggregates of viral particles
(box) on the basal aspect of the cell. Bar: 2 pm. Figures 1 1, 12. Alveolus, hamster. TEM. The immunoreactive alveolar macrophage identified in
Figure 8 contains large numbers of membrane-bound viral particles. The adjacent epithelial cells show no swelling of the cytoplasm. Bars: 5 um

(Fig. 11); 500 nm (Fig. 12).

With regard to the cellular tropism in the 2 animal models
examined, our findings showed that in the hamster, the con-
ducting airway was the main target, with both ciliated and non-
ciliated cells showing intracellular virus. Non-ciliated cells had
more severe damage than ciliated cells, characterized by cyto-
plasmic swelling, loss of membrane integrity, blebbing, and
fragmentation, but this was associated with more abundant
virus production in non-ciliated than in ciliated cells. This dif-
ference in virus production and cellular response can be attrib-
uted to the biological function of the 2 types of cells, as ciliated
cells are more specialized and are not secretory, unlike the non-
ciliated club cell that has more Golgi apparatus, secretory gran-
ules, and endoplasmic reticulum. Ultrastructure of the normal
conducting airway of the hamster has shown that it is not iden-
tical to the human, in that there are no goblet cells, the epithe-
lium is not as pseudostratified, and there appears to be an equal
distribution of ciliated and non-ciliated cells.” The bronchiolar
changes seen at day 2 of infection in the hamster were similar

to that reported in other viral infections, namely, multilayering
of the epithelium and cellular swelling, similar to those
reported in other studies.'” Pneumocytes did not appear to be
a target for SARS-CoV-2 in the hamster even though they can
express ACE2. In the K18-hACE2 mouse, infection was lim-
ited to the alveolar type I and type II pneumocytes; although the
conducting airways expressed ACE2, there was no evidence of
virus infection at the immunohistochemical or ultrastructural
level. We have not been able to determine the reason for this
lack of viral replication in bronchiolar epithelium. Further-
more, alveolar macrophages in the hamsters contained aggre-
gates of viral particles, but this was not present in mouse
macrophages.

Though immunoelectron microscopy was not successful on
the hamster tissues, the viral antigen present on the surface of
pneumocytes was considered to probably represent surface
deposition from proximal (bronchiolar) infected epithelial
cells, or uptake by pinocytic vesicles. The cubic or convoluted
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Figures 13-20. SARS2-CoV-2 infection, lung, hamster, day 5 post-infection. Figure 13. Immunolabeling for SARS-CoV nucleoprotein in
bronchiolar epithelial cells and focally along alveolar septa. Resin-embedded semi-thin section. Figure 14. Bronchiolar epithelium. Transmission
electron microscopy (TEM). A non-ciliated cell (N) has cell swelling, membrane fragmentation, and cytoplasmic membrane-bound aggregates of
large numbers of viral particles. In contrast, the adjacent ciliated cell (C) shows minimal cytopathic changes. Bar: 2 um. Figure 15. Bronchiolar
epithelium. TEM. A ciliated cell (C) has small clusters of extracellular viral particles on the cell surface (small box). Large box: a fragment of a non-
ciliated cell (N). Bar: 2 um. Figure 16. Bronchiolar epithelium. TEM. The non-ciliated cell fragment in Figure 15 contains large numbers of
membrane- and non-membrane-bound viral particles, including one aggregate of closely packed particles. Bar: 500 nm. Figure 17. Immuno-
labeling for SARS-CoV nucleoprotein along alveolar septa. Resin-embedded semi-thin section. Figures 18-20. Alveoli. TEM. The boxed area in
Figure 17 have normal alveolar walls with no swelling. No intracellular or extracellular virus is evident. The black areas in Figures 18 and 19 are
the meshes of the grids. Bars: 20 pm (Figs. 18, 19); 5 um (Fig. 20).

Figures 21-24. SARS2-CoV-2 infection, lung, K18-ACE2 transgenic mouse. Transmission electron microscopy. Figures 21, 22. Day 4 post-
infection. A type | pneumocyte has swollen cytoplasm (box) with a cubic membrane of viral particles budding from the rim and a central
convoluted aggregate of membrane material (Fig. 22). Bar: 2 um (Fig. 21); 100 nm (Fig. 22). Figure 23. Day 4 post-infection. A cubic membrane
with a central convoluted aggregate of material and a peripheral rim of budding virus. Bar: 200 nm. Figure 24. Day 6 post-infection. A
pneumocyte contains a central convoluted membrane and a peripheral rim of membrane-bound virus. Bar: 500 nm.
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membranes identified in the mouse pneumocytes were not
present in the respiratory epithelium of hamsters, and though
mentioned in cell cultures'? do not appear to have been
described in animal models of coronavirus infection before.

The type I pneumocyte is not able to replicate, and com-
pared to the type II pneumocyte has less subcellular machinery
needed for protein production such as Golgi and endoplasmic
reticulum. It is possible that the cubic membranes seen in the
pneumocytes and not the bronchi of mice represent an abortive
stage of virus replication and release.

In the hamster, where ACE?2 is not present on alveolar type I
pneumocytes, immunolabeling for viral antigen of the base-
ment membrane at day 2 post-infection, plus the loss of antigen
in non-inflamed tissues from days 5 to 7, suggests clearance of
surface antigen rather than immune-mediated destruction of
infected cells. At later stages of the disease, hamsters had his-
tologic evidence of pneumocyte damage, corresponding to type
II pneumocyte hyperplasia and endothelial swelling, but there
was no evidence of direct viral infection based on immunobhis-
tochemistry and electron microscopy. This may be explained
by recent publications showing that SARS-CoV-2 infection of
airway epithelial cells can lead to production of pro-
inflammatory cytokines and interferons mediators, and these
can damage pneumocyte cell lines and endothelial cells in a
paracrine fashion without direct viral infection.''° A recent
ultrastructural examination of the endothelium of the hamster
lungs supports this hypothesis as it showed there was damage to
the endothelium without the presence of virus.'

Even though the alveolar structure is similar between the
hamster and the human lung, there is a marked difference in the
distal conducting airway anatomy of the hamster compared to
that of humans. Specifically, humans have a distinct distal air-
way that includes respiratory bronchioles.

The time course of infection that we have seen in hamsters
infected with SARS-CoV-2 is similar to other respiratory
viruses. Studies with human parainfluenza virus performed in
1964 showed desquamation of cells in the lumens of the
bronchi on day 3, peribronchial inflammation on day 5, and
infrequent involvement of the alveoli.® It was reported that the
bronchial epithelium had many cells that were thickened and
distorted into folds. By day 13 there was little evidence of
residual tissue damage and a normal ciliated epithelium was
restored. Infection with human metapneumovirus®® also
showed mild pulmonary disease and it was reported that the
hamsters cleared virus by day 6; there were no pathological
changes reported in these animals. The conclusion from these
studies was that hamsters would be useful and helpful for vac-
cine studies but not necessarily from understanding pathogen-
esis. After the SARS 2003 outbreak, studies in hamsters
identified that the lethality depended on the viral strain: though
no hamsters died when infected with the Urbani strain, 3 out of
20 hamsters died when challenged with the Frk-1 strain, which
differed from the Urbani strain by the L1148F mutation in the
S2 domain.***

Several published reviews on animal models for the study of
SARS-CoV-2 infection have concluded that hamsters are the

best model and resemble mild to moderate COVID in humans.
Infected hamsters had a high viral load in the upper respiratory
tract but also developed more lower respiratory disease than
standard laboratory mice, and they support efficient transmis-
sion of SARS-CoV-2, are easier to handle than ferrets
(which do not develop moderate respiratory disease and less
susceptible in transmission studies), and are considerably less
expensive with fewer ethical concerns than nonhuman pri-
mates,”!0-13:14.17:20.28.33.4043.53 R ocent publications used ham-
ster models for SARS-CoV-2 vaccine development, and these
have included the use of a number of backbones or vectors,
including rabies,22 measles,25 Newcastle disease,48 yellow
fever,*> monoclonal antibodies,>?***** and nanobodies.?*!
The hamster model has also been used to study new therapeutic
agents for the prevention and treatment of infection including
favipiravir,?! hydroxychloroquine,*' methylprednisone,’” plant
extracts,34 interferon,'® remdesivir,52 anti-leprosy medica-
tions,54 and ranitidiine bismuth citrate.

With viral infections other than coronavirus, most studies
have found that mice are superior to hamsters for studying viral
lung injury, and distal airway epithelial cells can be a source of
regenerating pneumocytes derived from cytokeratin 5-
immunoreactive stem cells forming structures called nascent
pods.>> As the distal airways of mice and humans have differ-
ent structures, it has been postulated that this may lead to a
different response in mice than in humans.*?’ There has been
limited study on the role of non-ciliated cells contributing to
lung damage in hamsters.*®

Our studies of K18-hACE2 mice and hamsters used young
rather than aged animals. After the 2003 SARS pandemic,
studies of SARS-CoV-1 pathogenesis found that even though
mice had little evidence of clinical disease after infection, aged
mice had greater disease severity than younger mice.’> Most
published studies on infection with SARS-CoV-2 have used
hamsters from 4 to 6 weeks of age, as these are more readily
available than aged hamsters. Three studies'****> compared
disease severity in aged and young hamsters. In 2 studies, the
same virus inoculation titer and route of administration were
used. The first>? showed that the age groups had no difference
in mortality, and replication in the upper respiratory tract was
the same as the lower respiratory tract, but younger hamsters
had an earlier and stronger immune response. In both age
groups, necrotic endothelial cells were identified, separated
from the basement membrane by subendothelial inflammatory
cells. In contrast, a second study*’ using aged hamsters (10-20
months) found more severe disease and greater mortality, and
one animal developed myocardial disease and thrombus forma-
tion in the left atrium. A third study'® used 1-month-old and 7-
to 8-month-old hamsters and found no appreciable difference
in viral titer in the respiratory tissues on days 3 and 6 after
infection but apparent differences in weight loss and the time-
line for disease progression/recovery.

As a result of our ultrastructural and immunohistochemical
investigations, there are a number of conclusions which can be
made about the usefulness of the hamster in understanding
SARS-CoV-2 infection. First, as a small animal model, the
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hamster model is preferential to transgenic mouse models to
investigate viral replication and transmission, and to evaluate
protective effects of vaccine candidates. The hamster model
also appears useful for evaluating new therapeutic agents.
Hamsters are less labor-intensive and easier to handle than
ferrets and show more evidence of airway disease with most
strains of the virus. The anatomy and structure of the hamster
lower respiratory tract differs from that of humans. The main
limitation of the hamster model is that it does not reliably
produce the pathological changes identified in the severe
human cases of COVID-19 (ie, diffuse alveolar damage includ-
ing damage to the alveolar-capillary interface due to type I
pneumocyte damage, hyaline membranes, and subsequent
fibrosis, or vascular thrombosis), unless hamsters of an older
age group (>10 months) are used.*> However, in the hamster
model there appears to be discordance between viral antigen
immunolabeling and tissue damage in the early stage of the
disease, especially after day 7 when there is pulmonary par-
enchymal disease but no demonstrable antigen, and so the
mechanisms by which the virus infection leads to pulmonary
or vascular disease are difficult to extrapolate to the human
situation. For this scenario the mouse model appears better
suited, and there are also more appropriate reagents available.
In summary, the 2 commonly used laboratory animals for
SARS-CoV-2 infection and tropism provide useful but distinct
and complimentary tools for the study of this novel corona-
virus. Both are less expensive and easier to handle than ferrets,
but show different disease responses. The hamster develops
nonlethal infection of the conducting airways and upper
respiratory tract, and thus is useful for investigation of trans-
mission, vaccination studies, and intervention with therapeutic
agents. In contrast, the K18-ACE2 transgenic mouse has no
infection of the conducting airways but develops significant
pulmonary disease, more analogous to that reported in human
patients with severe clinical COVID-19; however, the lethality
attributed to neuro-invasion including involvement of the
respiratory center of the brain confounds the value of the
K18-ACE2 transgenic mouse model for understanding trans-
mission, pulmonary pathophysiology during late states of dis-
ease, and efficacy of T cell responses to vaccination and
therapeutics block viral entry into permissive cells.
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