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ABSTRACT The rapid emergence of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) has created a global health emergency. While most human
disease is mild to moderate, some infections lead to a severe disease character-
ized by acute respiratory distress, hypoxia, anosmia, ageusia, and, in some instan-
ces, neurological involvement. Small-animal models reproducing severe disease,
including neurological sequela, are needed to characterize the pathophysiological
mechanism(s) of disease and to identify medical countermeasures. Transgenic
mice expressing the human angiotensin-converting enzyme 2 (hACE2) viral recep-
tor under the control of the K18 promoter develop severe and lethal respiratory
disease subsequent to SARS-CoV-2 intranasal challenge when high viral doses are
used. Here, we report on SARS-CoV-2 infection of hamsters engineered to express
the hACE2 receptor under the control of the K18 promoter. K18-hACE2 hamsters
infected with a relatively low dose of 100 or 1,000 PFU of SARS-CoV-2 developed
a severe and lethal disease, with most animals succumbing by day 5 postinfec-
tion. Hamsters developed severe lesions and inflammation within the upper and
lower respiratory system, including infection of the nasal cavities causing marked
destruction of the olfactory epithelium as well as severe bronchopneumonia that
extended deep into the alveoli. Additionally, SARS-CoV-2 infection spread to the
central nervous system (CNS), including the brain stem and spinal cord. Wild-type
(WT) hamsters naturally support SARS-CoV-2 infection, with the primary lesions
present in the respiratory tract and nasal cavity. Overall, infection in the K18-
hACE2 hamsters is more extensive than that in WT hamsters, with more CNS
involvement and a lethal outcome. These findings demonstrate the K18-hACE2
hamster model will be valuable for studying SARS-CoV-2.

IMPORTANCE The rapid emergence of SARS-CoV-2 has created a global health emer-
gency. While most human SARS-CoV-2 disease is mild, some people develop
severe, life-threatening disease. Small-animal models mimicking the severe aspects
of human disease are needed to more clearly understand the pathophysiological
processes driving this progression. Here, we studied SARS-CoV-2 infection in ham-
sters engineered to express the human angiotensin-converting enzyme 2 viral re-
ceptor under the control of the K18 promoter. SARS-CoV-2 produces a severe and
lethal infection in transgenic hamsters that mirrors the most severe aspects of
COVID-19 in humans, including respiratory and neurological injury. In contrast to
other animal systems, hamsters manifest disease with levels of input virus more
consistent with natural human infection. This system will be useful for the study of
SARS-CoV-2 disease and the development of drugs targeting this virus.
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evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a betacoronavirus

and the causative agent of coronavirus disease 2019 (COVID-19), a febrile respira-
tory human disease that emerged in China in late 2019 and subsequently spread
throughout the world (1, 2). SARS-CoV-2 infection in humans results in a spectrum of
respiratory disease severity ranging from mild transient respiratory illness to an acute
respiratory distress syndrome (ARDS) (3, 4). More severe aspects of disease are predom-
inantly observed in the older population (>50 years) and those with underlying health
conditions, such as hypertension or cardiovascular disorders (5, 6). SARS-CoV-2 human
infections can also cause vascular damage and coagulopathies that lead to infarction.
Acute disease often presents with elevated levels of inflammatory cytokines (e.g., inter-
leukin 6 [IL-6]) that likely contribute to the pathogenic process (7, 8). Additionally, neu-
rological disease, such as headache, anosmia (loss of smell), ataxia, meningitis, seizures,
and impaired consciousness, has been reported in more severe cases and may contrib-
ute to mortality (9-11). As of 1 December 2021, SARS-CoV-2 has infected over 200 mil-
lion people and resulted in over 5 million deaths worldwide.

Similar to SARS-CoV (12), SARS-CoV-2 binds to target cells via an interaction between
the 13- kDa viral spike protein and the host angiotensin-converting enzyme 2 (ACE2) pro-
tein (13-16). ACE2 interaction with the spike protein is essential for host tropism, and
reduced affinity between these two molecules greatly impacts host susceptibility to infec-
tion. For example, SARS-CoV-2 has low affinity for murine ACE2 (17), and accordingly,
mice are naturally refractory to infection by ACE2-utilizing human coronaviruses (18-21).
In contrast, wild-type (WT) golden Syrian hamster ACE2 has higher affinity for the SARS-
CoV-2 spike protein (22), and these animals are naturally susceptible to infection. Disease
in hamsters is generally localized to the respiratory system, where intranasal exposure
results in mild to moderate pathological lesions and high levels of viral replication (22,
23). SARS-CoV-2 also targets the nasal turbinates and has been shown to infect the olfac-
tory neuroepithelium, including olfactory sensory neurons and support cells (24, 25).
Lower infectious doses and more prolonged disease can ensue when hamsters are immu-
nosuppressed pharmacologically (cyclophosphamide) (26). Disease in immunocompetent
hamsters is generally limited, and the animals usually start to gain weight after day 6
postinfection and recover. Hamsters have been the primary small-animal model used to
evaluate medical countermeasures and to study viral pathogenesis of SARS-CoV-2.

Animal models reproducing the most severe aspects of COVID-19, including central
nervous system (CNS) involvement, are needed to more clearly understand the patho-
genic mechanisms driving acute disease. Mice ectopically expressing the human ACE2
(hACE2) receptor under the control of the keratin 18 promoter are highly susceptible
to SARS-CoV and SARS-CoV-2 (20, 27-29). These mice develop a lethal disease that is
characterized by respiratory damage, in addition to infection of the nasal cavity and
brain. Because hamsters, unlike mice, are naturally permissive to SARS-CoV-2, here we
investigated if ectopic expression of the hACE2 receptor would produce a severe dis-
ease model resembling human COVID-19, including more extreme disease manifesta-
tions, such as damage to the olfactory system and injury to the central nervous system.
We demonstrate that intranasal challenge with SARS-CoV-2 in K18-hACE2 hamsters
causes severe and lethal disease that affects both upper and lower respiratory systems
and the central nervous system, causing extensive damage to the tissues of nasal cav-
ity, lung, and neurons of the brain.

RESULTS

K18-hACE2 hamsters develop severe, lethal disease upon intranasal exposure
to SARS-CoV-2. Two strains of hACE2 transgenic hamster, K18-hACE2-M41 and K18-
hACE2-M51 (9 animals per group), were infected with two doses of SARS-CoV-2 strain
WAT1 (100 and 1,000 PFU) and monitored for survival and weight loss (Fig. 1A). Three in
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FIG 1 SARS-CoV-2 infection in K18-hACE2 Syrian hamsters. (A) Male and female K18-hACE2 transgenic
hamster strains M41 and M51 (days 0 to 3, n = 9/group; days 3+, n = 6/group) were infected with 100
PFU (5 males and 4 females per hamster strain) or 1,000 PFU (4 males and 5 females per hamster strain)
of SARS-CoV-2 by the intranasal route. Survival and weight loss (with standard errors of the means
[SEM]) were monitored and plotted using Prism software. (B) Titers in lungs were examined by plaque
assay on day 3 (n = 3) or 5 (n = 4 to 6). Means and SEM were graphed. Each dot represents an
individual hamster.

each dose group were euthanized for tissue collection on day 3, and six per group
were followed for up to 15 days. On day 2, infected animals in all groups began to lose
weight. All K18-hACE2-M41 hamsters succumbed to infection by day 5. Most K18-
hACE2-M51 hamsters died before the end of the study, with a single survivor in the
100 PFU-infected group and two survivors in the 1,000 PFU group. There was no statis-
tical survival difference between any group (log rank; P > 0.05). The viral load in the
lungs was determined by plaque assay from tissues collected at a designated time
point (day 3; 3/group), at time of death (day 5; 4 to 6/group), or at the study endpoint
(day 15; n = 3) (Fig. 1A). Lung titers were similar for all groups, with 1-log-higher titers
on day 3 (~107 PFU/g) versus day 5 (~10° PFU/g) (Fig. 1B). No viable virus was
detected on day 15 in any surviving animal (n = 3). These findings indicated that the
K18-hACE2 hamsters are sensitive to SARS-CoV-2 and develop severe and lethal dis-
ease after intranasal exposure. Uninfected control hamsters (2 per hamster strain; 4
total) were also examined, and one tested positive for virus on day 3 with a titer of
8,330 PFU/qg (Fig. 1B).

SARS-CoV-2-infected hamsters develop mild lung lesions. Lung lesions were
observed in tissue collected from both the upper and lower airways of animals on
days 3 and 5 (Fig. 2A and Fig. S1) but were resolved in bronchi and bronchioles in
day 15 surviving hamsters; however, day 15 hamsters still had various degrees of re-
sidual inflammation in alveoli at this late time point. Lesions from hamsters on both
days 3 and 5 were characterized by degeneration and necrosis of bronchial epithe-
lium and multifocal areas of alveolar inflammation of minimal to moderate severity,
which was associated with hemorrhage, edema, and fibrin exudation. Inflammation
was also present within the lumen of bronchi and bronchioles and often extended
through the mucosa and into the outer layers of affected airways. On day 5, regener-
ation of the bronchiole epithelium was detected. Lesions were generally more con-
sistent and severe in bronchi and bronchioles than in alveoli on both days 3 and 5,
with a subset of hamsters having minimal or absent inflammation in alveoli.
Inflammation corresponded to the presence of viral RNA (VRNA) labeled by in situ
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FIG 2 SARS-CoV-2 respiratory infection in K18-hACE2 hamsters. (A) Representative H&E stain showing
multifocal areas of alveolar inflammation with minimal overall severity. (Right) Expansion of the red
box showing mononuclear inflammation in alveoli with hemorrhage and edema adjacent to
bronchioles, and perivascular inflammation. (B) Representative ISH images (corresponding to the area
in panel A) showing the presence of SARS-CoV-2 RNA (red) in the lungs in areas of inflammation
identified in the H&E panels. Cells were counterstained with hematoxylin (blue). (C) IFA showing the
present of lba-1" (macrophages) or MPO™" (granulocytes) cells in the lungs of uninfected and infected
hamsters. Nuclei are stained with DAPI (blue). (D) IFA costaining for viral nucleoprotein (NP) protein
(red) and E-cadherin (green) in infected lung tissues. Arrows point to double-positive cells. Nuclei are
stained with DAPI (blue). (E) IFA showing costaining of NP and the macrophage marker Iba-1 (green)
in infected lungs. Arrows indicate double-positive cells. Nuclei are stained with DAPI (blue). (F) ISH
staining for IL-18 and CXCL10 mRNA expression (red) in the lungs of uninfected and infected
hamsters. Cells were counterstained with hematoxylin (blue).

hybridization (ISH) (Fig. 2B). More vRNA labeling was detected in the bronchioles and
bronchi than the alveoli. Increases in the presence of myeloperoxidase-positive
(MPO™) cells, neutrophil granulocytes, and ionized calcium binding adaptor molecule
1-positive (Iba1™) macrophages were observed on day 5 by immunofluorescence
assay (IFA) (Fig. 2C). SARS-CoV-2 antigen was detected in both E-cadherin™ and Iba-
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FIG 3 SARS-CoV-2 infection of the nasal cavity. (A) Representative H&E and ISH staining of hamsters’ nasal cavities on
days 3, 5, and 15. Corresponding ISH images are shown below the H&E stains, with viral labeling in red and with marked
staining of the nasal and olfactory epithelium on day 3. Viral genomic RNA (red) was detected on day 3, decreased on day
5, and was absent on day 15. ISH panels were counterstained with hematoxylin (blue). Nasal cavity exudate was limited
on day 3 and absent on day 15 but partially occluded the cavity on day 5 (asterisks). (B) Higher magnification of the area
in the box in the top image. The day 3 ISH image shows viral labeling in the deeper lamina propria and olfactory nerve
layer below the olfactory epithelium (arrows).

1% cells, suggesting that both epithelial cells and macrophages were infected
(Fig. 2D and E). Coinciding with viral replication and lung lesions was the increase
presence of IL-18 and CXCL10 RNA, a proinflammatory cytokine and chemokine,
respectively (Fig. 2F). Overall, these data indicate that SARS-CoV-2 infects lungs of
K18-hACE2 hamsters with lesions ranging in severity from minimal to moderate and
predominantly affects bronchi and bronchioles at days 3 to 5.

Nasal cavities and olfactory bulbs of K18-hACE2 hamsters infected by SARS-
CoV-2 show signs of acute pathology. SARS-CoV-2 infection led to severe damage
within the nasal turbinates (Fig. 3). Damage included heterophilic and necrotic inflam-
matory exudate filling the nasal cavity, which was most pronounced on day 5. Other
lesions included inflammation of the epithelium and underlying lamina propria along
with ulceration and regeneration of the olfactory, respiratory and transitional epithelium.
Sloughing and loss of olfactory, respiratory, and transitional epithelium was detected in
the majority of animals; however, the olfactory epithelium was the most severely
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impacted, with widespread degeneration and necrosis present on both days 3 and 5.
Respiratory epithelium also showed signs of atrophy, degeneration, and necrosis, but to
a lesser degree than the olfactory epithelium. Markedly less damage occurred in the
transitional epithelium, which was not generally ulcerated or necrotic. Lesions were con-
sistent between the two strains of hamsters and between the two doses. VRNA was
detected by ISH throughout the nasal cavity in both the respiratory and olfactory epithe-
lium but was generally less abundant in the respiratory epithelium. Sloughed cellular de-
bris (exudate) within the nasal cavity was positive for vRNA by ISH. vRNA was also promi-
nently detected in the vomeronasal organ and to a lesser degree in Steno’s gland ducts.
In the olfactory bulb in a subset of animals, vVRNA was present either focally in a single
location or multifocally in all layers of the olfactory bulb, with a minimal to mild severity
(Fig. S2). Additionally, viral particles were detected by electron microscopy within the
nasal cavity (Fig. S3). VRNA decreased from day 3 to day 5, while there was an increase in
tissue lesions. These data revealed that the nasal cavity is a target of SARS-CoV-2 in the
K18-hACE2 hamsters and infection results in acute tissue injury.

SARS-CoV-2 infiltrates the central nervous system of infected hamsters and
produces severe lesions. SARS-CoV-2 infection caused extensive damage to the CNS
in the K18-hACE2 hamsters (Fig. 4). The major pathological findings consisted of multi-
focal gliosis throughout the gray matter, meningitis, perivascular inflammation, and
neuronal necrosis (Fig. 4A). In several animals, these findings were predominantly in
the brain stem (medulla). On day 3, gliosis was present only in the brain stem. In some
animals, neuronal necrosis was associated with neurophagia and satellitosis. vVRNA was
detected by ISH in most animals and generally increased in intensity on day 5 but was
only minimally detected by day 15 (Fig. 4B). VRNA was present in striatum, pallidum,
hypothalamus, thalamus, amygdala, midbrain, and brain stem (pons and medulla) but
was infrequent in the cerebral cortex and cerebellum. IFA revealed that viral antigen
was present in both neurons (NeuN™ cells) and microglial cells (Iba-1* cells) (Fig. 5A
and B). Furthermore, gliosis was confirmed by IFA staining of microglial cells (Iba-1%)
(Fig. 5C). Neurophagia was also further confirmed by IFA, with the presence of lba-1*
cells engulfing NeuN* neurons (Fig. 5D). IL-18 and CXCL10 RNA were also detected in
the brain of infected, but not uninfected, animals (Fig. 5E).

In addition to the brain, SARS-CoV-2 genomic RNA was also detected in the spinal
cord on day 3, increasing on day 5, but was absent on day 15 (Fig. 6A and B). Lesions
were predominantly found in spinal cord gray matter, and, similar to the brain, infec-
tion was associated with tissue injury, including gliosis, meningitis, perivascular inflam-
mation, neuronal necrosis, and neurophagia (Fig. 6B). In contrast to the brain, viral anti-
gen was detected only in spinal cord neurons (NeuN™ cells) and not microglial cells
(Fig. 6C). These findings demonstrate that the CNS is an important target of SARS-CoV-
2 in K18-hACE2 hamsters.

SARS-CoV-2 infection results in cardiac injury. Hearts from 4 of 6 (67%) K18-hACE2
hamsters examined on day 5 showed evidence of myocardial injury (Fig. 7A and B). The
predominant lesions included myocardial inflammation, characterized by infiltration of
macrophages and heterophils around degenerating and necrotic myofibers, often associ-
ated with small hemorrhages, and necrosis. Necrosis was characterized by shrunken,
irregularly shaped myofibers with pyknotic nuclei, loss of cross striations, myofibril frag-
mentation, and hypereosinophilic sarcoplasm. Areas of necrosis were small and mostly
centered around small-caliber vessels. Most of the heart lesions were localized to the right
ventricular free wall. Cardiac injury was generally not associated with the presence of vi-
rus, and only a single hamster had a small area of vVRNA staining by ISH within the myo-
cardium (Fig. 7C). Therefore, the precise relationship between viral infection and the car-
diac lesions is unclear. No lesions were present on day 3 or 15 in infected hamsters, and
none were identified in uninfected control K18-hACE2 hamsters. These findings indicated
that SARS-CoV-2 infection may impact the heart in the K18-hACE2 hamster model
through a bystander effect or means other than viral infection.

Infection of a single control animal. This study had four uninfected control K18-
hACE2 animals in barrier caging located in proximity to infected animals. Tissues from
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FIG 4 SARS-CoV-2 infiltration of the brain. (A) Representative H&E staining of the brain stem (medulla) from days 3, 5 and
15. The boxes in the top images indicate the areas shown at higher magnification in the lower panels. Areas of gliosis,
glial nodules (black arrowhead), neuronal necrosis (black arrow), and neurophagia (blue arrow) were observed. Perivascular
cuffing and gliosis surrounding affected vessels was prominent in day 5. (B) Corresponding ISH images shown with viral
RNA labeling in red. The red box in the top images indicates areas shown at higher magnification in the lower panels.
Viral RNA labeling was present in neuron processes, glia, and neurons at days 3 and 5. ISH signal was reduced on day 15
and localized predominantly in the glia and neuropil. ISH panels were counterstained with hematoxylin (blue).

uninfected control animals were taken at the first time point (day 3). Three animals
had no virus or lesions in the nasal cavity; however, in a fourth animal, we detected
VRNA by ISH (Fig. S4). No lesions were detected in this animal histopathologically and
no other tissues were positive. The low level of virus noted in this animal was also
detected in lung homogenates by plaque assay (Fig. 2B). These serendipitous data indi-
cated that K18-hACE2 hamsters are highly sensitive to infection and are suitable for
the study of natural viral transmission.

DISCUSSION

K18-hACE2 hamsters are hypersensitive to SARS-CoV-2. Our findings reveal ec-
topic expression of hACE2 in Syrian hamsters produces an animal model that is highly
susceptible to SARS-CoV-2 resulting in severe and lethal disease. Infection also resulted
in increases in proinflammatory cytokine (IL-18) and chemokine (CXCL10) transcripts
in lung, nasal tissue, and brain that is consistent with the cytokine storm produced
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FIG 5 [FA staining of SARS-CoV-2 infected hamster brain. (A) IFA for the neuron marker NeuN (green)
and SARS-CoV-2 NP (red). NP was detected in NeuN* neurons (arrows). Nuclei were stained with DAPI
(blue). (B) IFA for the microglial cell marker Iba-1 (green) and SARS-CoV-2 NP (red). NP costaining in Iba-1*
cells is shown by arrows. Nuclei were stained with DAPI (blue). (C) Iba-1 (green) and GFAP (pink) markers
for microgliosis and astrogliosis, respectively, in uninfected and infected brain sections and viral NP (red)
using IFA. Nuclei were stained with DAPI (blue). (D) Costaining for the microglial cell marker Iba-1 (green)
and the neuron marker NeuN (red). Neurophagia is indicated by the arrows. Nuclei were stained with
DAPI (blue). (E) ISH staining for IL-13 and CXCL10 expression (red) in the lungs of uninfected or infected
hamsters. Cells were counterstained with hematoxylin (blue).

during severe human infections. CXCL10 is a chemokine known to be increased in
some COVID-19 cases that require intensive care unit admission (30). In contrast to
nontransgenic wild-type (WT) hamsters (22, 23), damage to the lungs in K18-hACE2
hamsters was minimal to moderate and generally more common and severe in the
bronchioles than the alveoli. The infection was primarily contained within the upper re-
spiratory tract with only moderate changes in the lower respiratory tract. While both
macrophages (Iba-1* cells) and epithelial cells had viral antigen, more work would be
required to determine if macrophages were supporting viral replication. The principal tis-
sue targeted by SARS-CoV-2 in this model was the nasal cavity, which resulted in acute
tissue damage, including loss of olfactory epithelium. Even in WT hamsters, the nasal
cavity is an important target, and at least one study found that viral replication was
higher in this region than in the lungs (22). In our model, SARS-CoV-2 replication in the
nasal epithelium, detected by ISH, is extensive on day 3 but decreases by day 5.
However, tissue damage continues to increase and is severe by day 5, with the olfactory
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FIG 6 SARS-CoV-2 in the spinal cord of infected hamsters. (A and B) Spinal cord H&E and ISH images
from days 3, 5, and 15 (animals 21, 3, and 28, respectively). The boxes in the top images indicate the
areas shown at higher magnification in panel B. Perivascular inflammation was present on day 3 (black
arrows), but on day 5, there were gliosis, neuronal necrosis (blue arrow), neuronophagia (arrowhead),
and increased perivascular inflammation. Cells were counterstained with hematoxylin (blue). (C) IFA for
the neuron marker NeuN (green) and SARS-CoV-2 NP (red). NP was detected in NeuN* neurons (arrows)
of spinal cords. Nuclei were stained with DAPI (blue).

epithelium showing the most extensive destruction and loss. The presence of virus in
Steno’s glands and prominently in the vomeronasal organ in the Syrian hamster model
have also been described elsewhere (25). Severe infection in the nasal cavity causing an
exudate, sloughing of tissues, and debris accumulation likely contributed to severe mor-
bidity and perhaps even lethality, as hamsters are obligately nasal breathers.
Neuropathology in the K18-hACE2 hamster system. In humans, evidence suggests
that SARS-CoV-2 can impact the central nervous system directly and indirectly (9, 31-35).
SARS-CoV-2 RNA has been detected in cerebrospinal fluid (CSF) in a patient with enceph-
alitis, suggesting that the virus infiltrates the CNS (36, 37). SARS-CoV-2 infection has also
been shown to result in acute transverse myelitis (38). The pathophysiological
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FIG 7 Heart lesions in SARS-CoV-2-infected hamsters. (A and B) Representative H&E stain of heart
tissue from two infected hamsters. The right panels are higher magnifications of the boxed areas in
the left panels. Both hearts show areas of cardiac myocyte necrosis and mononuclear inflammation
with hemorrhage in the right ventricle. Prominent hyalinized vessels with loss of cellular detail are
indicated by arrows. (C) Animal from panel A showing a small area of viral RNA by ISH (red), indicated
by the arrow.

mechanisms of human SARS-CoV-2 CNS injury are poorly understood. Previous studies in
nontransgenic (non-Tg) hamsters identified SARS-CoV-2 in the olfactory bulb and in other
regions of the brain (24). In several K18-hACE2 hamsters, virus was present in all layers of
the olfactory bulb, but in others, it was present only in specific layers, such as the glomer-
ular layer, nerve fiber layer, or granular layer. Virus was also found in several other regions
of the brains of K18-hACE2 hamsters. The primary targeted cell type was neurons; how-
ever, viral antigen was also found in microglial cells. More studies will be required to
determine if these cell types are productively infected by SARS-CoV-2 or if these immune
cells engulf virus-infected cell debris; at least one study suggested that neurons support
productive infection (39). Additionally, virus was found within the spinal cord, which has
not been previously reported in the hamster system.

At least one study has suggested that lethal human cases may involve infection of
the respiratory centers of the brain (40, 41). This area was infected in the K18-hACE2
hamsters, possibly indicating that this model system would be useful in investigating
the role infection of respiratory centers has in morbidity. Infection through the olfac-
tory bulb may be the major route by which SARS-CoV-2 enters the brain, as has been
speculated with regard to infection in humans (42). Many regions of the brain testing
positive for vRNA have primary or secondary (via the olfactory cortex) connections to
the olfactory bulb. However, the degree of infection, shown by viral labeling, and
inflammation in the olfactory bulb was much lower in the olfactory cortex than in
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other regions of the brain, suggesting that another route of infection may be involved
(i.e., directly hematogenous or via leukocyte trafficking). Additionally, the presence of
virus in the spinal cord suggests that virus may spread via a route other than the olfac-
tory pathways. Infection by way of the cerebral spinal fluid or ventricular system is pos-
sible but also less likely, given that infection of the choroid plexus was of minimal se-
verity compared to the infection in the adjacent nervous tissue and there was no
significant damage or inflammation observed in the ependymal cells of the choroid
plexus. Further studies will be required to more clearly understand how SARS-CoV-2
infects tissues of the central nervous system of K18-hACE2 hamsters. Given that human
CNS involvement may be more common than previously appreciated (9, 31-35), the
K18-hACE2 hamster system may provide a unique platform to better understand neu-
ropathology of SARS-CoV-2.

Cardiac injury in K18-hACE2 hamsters. Lesions in the heart have been described
in human SARS-CoV-2 infections (43-45) and were present in several K18-hACE2 ham-
sters that succumbed to infection. However, myocarditis with associated cardiomyo-
cyte necrosis similar to what was seen in our study appears to be rare in humans (44).
Individual cardiac myocyte necrosis has also been described elsewhere in human cases
of COVID-19 with absence of significant inflammation (43). However, a direct role of vi-
rus in human heart lesions is unclear. In our study, only a single animal (of 14 with
heart lesions) had vRNA identified in the heart, and only in a very small focal area that
lacked inflammation or necrosis. Myocardial degeneration and interstitial edema were
observed in another study involving non-Tg Syrian hamsters with SARS-CoV-2 infec-
tion, but viral protein was not detected in the heart (22). These findings suggest that
while cardiac lesions may develop in the hamster models of SARS-CoV-2 infection, and
potentially in humans, the exact pathogenesis is unclear. Lesions may develop second-
ary to factors related to viral infection more generally (and not SARS-CoV-2 infection
specifically), such as a result of the hyperactive inflammatory response or ischemia
caused by thrombosis. While high levels of inflammatory transcripts were found in
infected tissues, no fibrin thrombi were observed in the heart or other tissues in this
study. Heart lesions in the K18-hACE2 animals may be a result of demand ischemia
caused by the occlusion of the nasal cavity resulting in hypoxia or of stressed induced
catecholamine release. Demand ischemia resulting in heart injury in humans has been
proposed (45). It is not clear why the majority of lesions were isolated in the right ven-
tricular free wall, with fewer lesions in the right atrium, left ventricle, and interventricu-
lar septum. Nevertheless, the K18-hACE2 hamster system may be beneficial in the
study of cardiomyopathy observed in human cases of COVID-19.

K18-hACE2 hamsters versus K18-hACE2 mice as lethal infection models for
SARS-CoV-2. We and others have reported that mice expressing hACE2 under the con-
trol of the K18 promoter develop lethal disease upon exposure to SARS-CoV-2 (20, 28,
29). Infection in the mice and hamsters exhibited several differences. In the mice, the
lungs underwent extensive injury, with the lesions and virus localized to the alveoli.
Mice also developed vasculitis in pulmonary vessels. This contrasts sharply with the
K18-hACE2 hamsters, where lung lesions were mild, sporadic, and localized predomi-
nantly to bronchioles. Nasal cavity lesions in the hamsters were more severe than in
mice and were characterized by degeneration and necrosis of epithelium with inflam-
mation. Histologic lesions in the olfactory bulb were generally similar to those in the
K18-hACE2 mouse model; however, the degree of VRNA labeling was reduced in the
K18-hACE2 hamster model. The regions of the brain demonstrating infection in this
model have both similarities and differences compared to what was seen in the K18-
hACE2 mouse model. In this K18-hACE2 hamster model, there was more involvement
of the brain stem, with both VRNA labeling and histological changes such as gliosis
and neuronal necrosis. Furthermore, the infectious dose required for severe disease
and lethality in the K18-hACE2 mouse is multifold higher than in hamsters (=20,000
PFU versus 100 PFU). This could be due to the native hamster ACE2 having high affinity
for the SARS-CoV-2 spike protein, whereas the murine ACE2 has poor affinity (17, 22),
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but it is also possible that this resulted from the intrinsic differences between the
immune systems in the two species.

Wild-type hamsters versus K18-hACE2 hamsters. Wild-type hamsters are natu-
rally susceptible to SARS-CoV-2 and develop a transient respiratory disease (22-25).
Accordingly, the WT hamster model has been used extensively to evaluate SARS-CoV-2
countermeasures and disease features. In general, the K18-hACE2 hamster model is a
more severe disease model than the WT hamster model even when lower virus doses
are used, but there are some specific differences. Our group has infected both model
systems with the WA01-2020 strain of SARS-CoV-2 from the same production lot, ena-
bling a critical model comparison (WT versus K18-hACE2 hamsters). Consistent with
published findings (24, 25), we found that SARS-CoV-2 infects the nasal cavity of WT
(Fig. S5) hamsters, causing transient pathological disturbances; however, in the K18-
hACE2 model, pathology in the nasal cavity is more extensive. In WT hamsters, SARS-
CoV-2 caused more severe lung lesions and there was increased viral labeling (Fig. S6)
compared to the day 3 lung lesions from transgenic hamsters. In contrast, on day 7,
infected WT lungs showed evidence of healing (Fig. S7), whereas ongoing damage was
prevalent in the K18-hACE2 animals that died on day 5. In the K18-hACE2 hamsters,
the CNS is also more greatly impacted than in WT hamsters. The dose required for
observable weight loss in the WT hamsters is orders of magnitude higher than that for
the K18-hACE-2 hamsters. Thus, the K18-hACE2 hamster model seems to better mimic
natural human infection, which is likely also caused by a low infection dose.

Study limitations. This study has some notable limitations. Because of limited animal
numbers, we did not thoroughly investigate physiological (e.g., hypoxia, body tempera-
ture, and blood chemistry) or behavioral (e.g., activity) effects observed in severe human
COVID-19 in the K18-hACE2 mouse model. As with most rodent models, sample volumes
result in inherent limitation on the range of analysis that can be performed, and in the
case of hamsters, there are fewer reagents available than there are for mice or nonhuman
primates.

Hamster models for the study of SARS-CoV-2. Here, we showed that the K18-hACE2
hamster model is a low-virus-dose and lethal-disease model that has features overlapping
those of severe COVID-19 in humans. Previously we developed an immunosuppressed
WT hamster model using cyclophosphamide (CyP) treatment that uses a much lower
challenge dose of virus, comparable to the K18-hACE2 hamster system (26). Thus, there
are at least three hamster systems available for the study of SARS-CoV-2 disease progres-
sion and for the development of medical countermeasures. Because hamster ACE2 facili-
tates SARS-CoV-2 infection, WT hamsters may be the preferred overall model for the
study of SARS-CoV-2 pathogenesis. CyP-treated WT hamsters develop more severe pa-
thology, including lower airway injury, and have more prolonged weight loss than
untreated WT hamsters. The additional of CyP to WT hamster infection studies may also
allow a deeper study of more severe respiratory disease in the hamster system and also
allow the use of a more natural viral challenge dose. Ectopic expression of hACE2 enhan-
ces disease but promotes a more severe infection in the nasal cavity and the CNS. Thus,
the K18-hACE2 model may be useful for studies aimed at understanding SARS-CoV-2
interaction with the CNS and the olfactory epithelium. The K18-hACE2 hamster system
can also be used to evaluate immunotherapeutics (46). Because this is a lethal model, it
may allow more stringent evaluation of medical countermeasures and avoid the need for
more detailed analysis, such as pathology, as is required in the WT hamster system. Our
data indicate that K18-hACE2 hamsters, like WT hamsters, are highly sensitive to infection
by SARS-CoV-2, because an uninfected control animal in close proximity to the infected
animals became unexpectedly infected by the nasal route. This was despite barrier pre-
cautions and handling protocols used to prevent exposure of the uninfected animals.
Unlike the nonlethal WT hamster model, the readout using the K18-hACE2 hamsters
would be lethal disease. Accordingly, K18-hACE2 hamsters could be used to evaluate nat-
ural SARS-CoV-2 transmission and to develop physical and pharmacological countermeas-
ures to thwart spread to naive hosts and release from infected hosts. However, as no
rodent model is a complete transcript of human disease, a careful understanding of the
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questions being addressed or countermeasure products being evaluated should be con-
sidered before choosing a particular system.

MATERIALS AND METHODS

Viruses and cells. A third-passage SARS-CoV-2 strain USA-WA1/2020 viral stock was obtained from
the CDC and was originally isolated from a human nonfatal case in January 2020 (47). A master stock of
virus (passage 5) was propagated as described previously (20). Virus was quantified by plaque assay and
determined to be endotoxin free. All virus work was handled in biosafety level 3 (BSL-3) containment at
USAMRIID.

Hamster virus challenge. Development of the K18-hACE2 transgenic hamster will be reported in
detail elsewhere. Briefly, the K18-hACE2 transgenic hamster lines were generated with a piggyBac vec-
tor, pmhyGENIE-3 carrying the K18-hACE2 cassette transferred from a pK18-hACE2 plasmid. The
piggyBac-K18-hACE2 vector was then used to produce K18-hACE2 transgenic hamsters via pronuclear
injection. Two transgenic hamster strains were developed and used in this study, K18-hACE2-M41 and
K18-hACE2-M51, each carrying a single copy of the K18-hACAE2 transgenic cassette but at different
genomic loci. Hamsters were infected intranasally with 100 or 1,000 PFU of SARS-CoV-2 strain WA-1/
2020 diluted in a total volume of 50 ul of phosphate-buffered saline (PBS) (25 wl per naris). Animals
were uniquely identified with numerical ear tags.

Ethics statement. All animal studies were conducted at an AAALAC-accredited facility in compliance
with federal statutes and regulations relating to animals and experiments involving animals and adheres
to principles in the Guide for the Care and Use of Laboratory Animals (48). Animals meeting pre-estab-
lished criteria were humanly euthanized after consultation with veterinary staff.

Plaque assay. Plaque titrations for SARS-CoV-2 were conducted as previously described (26). Briefly,
10-fold dilutions of clarified tissue homogenate, or stock virus, starting at a 1:10 dilution were adsorbed
for 1 h on Vero 76 (ATCC CRL-1587) cell monolayers in 6-well tissue culture plates and then overlaid
with 0.6% agarose. After 2 days (day 2) in a 37°C, 5% CO, incubator, an overlay containing 5% neutral
red was added. On day 3, plaques were counted and the number of PFU per milliliter was calculated.
The number of PFU per gram of lung was calculated as the PFU per milliliter of lung homogenate di-
vided by the mass of lung tissue per volume of homogenate (in grams per milliliter).

Histology. Tissues were immersed in 10% neutral buffered formalin for 14 days. Tissues were then
trimmed and processed according to standard protocols (49), then cut at 5 to 6 um on a rotary micro-
tome, mounted onto glass slides and stained with hematoxylin and eosin (H&E). Examination of the tis-
sue was performed by a board-certified veterinary pathologist.

In situ hybridization. To detect SARS-CoV-2 genomic RNA or host RNA for L-13 and CXCL10 in for-
malin-fixed paraffin-embedded tissues, in situ hybridization (ISH) was performed using the RNAscope 2.5
HD RED kit (Advanced Cell Diagnostics, Newark, CA, USA) as described previously (20, 26, 50). Briefly, 40
ZZ ISH probes targeting SARS-CoV-2 genomic RNA fragment from position 21571 to 25392 (GenBank
no. LC528233.1; catalog no. 854841), 20 ZZ ISH probes targeting IL-18 (GenBank no. XM_005068610.3;
catalog no. 1062331-C1), and 20 ZZ ISH probes targeting CXCL10 (GenBank no. NM_001281344.1; cata-
log no. 1062371-C1) were designed and synthesized by Advanced Cell Diagnostics. Tissue sections were
deparaffinized with xylene, underwent a series of ethanol washes and peroxidase blocking, and were
then heated in kit-provided antigen retrieval buffer and digested by kit-provided proteinase. Sections
were exposed to ISH target probe pairs and incubated at 40°C in a hybridization oven for 2 h. After rins-
ing, ISH signal was amplified using kit-provided preamplifier and amplifier conjugated to alkaline phos-
phatase and incubated with a Fast Red substrate solution for 10 min at room temperature. Sections
were then stained with hematoxylin, air dried, and coverslipped.

Immunofluorescence assay method. Formalin-fixed paraffin-embedded (FFPE) tissue sections
were deparaffinized using xylene and a series of ethanol washes. The sections were heated in Tris-
EDTA buffer (10 mM Tris base, T mM EDTA solution, 0.05% Tween 20; pH 9.0) for 15 min to reverse
formaldehyde cross-links. After rinses with PBS (pH 7.4), the sections were blocked with PBT (PBS plus
0.1% Tween 20) containing 5% normal goat serum overnight at 4°C. Then the sections were incubated
with primary antibodies: rabbit polyclonal anti-myeloperoxidase (MPO) at a dilution of 1:200
(A039829-2; Dako Agilent Pathology Solutions, Carpinteria, CA, USA), chicken polyclonal anti-glial
fibrillary acidic protein (GFAP) antibody at a dilution of 1:1,000 (ab4674; Abcam, Cambridge, MA, USA),
mouse monoclonal anti-NeuN antibody at a dilution of 1:200 (MAB377; Millipore Sigma, Burlington,
MA, USA), rabbit monoclonal anti-lba 1 antibody at a dilution of 1:500 (ab178846; Abcam), rabbit
monoclonal anti-SARS-CoV-2 nucleocapsid protein (no. 40143-R001; Sino Biological, Chesterbrook, PA,
USA), mouse monoclonal anti-E-cadherin antibody at a dilution of 1:100 (33-4000; Thermo Fisher
Scientific, Waltham, MA, USA), and/or mouse monoclonal anti-Ki67 at a dilution of 1:200 (clone B56;
BD Biosciences, San Jose, CA, USA) for 2 h at room temperature. After rinses with PBS, the sections
were incubated with secondary goat anti-rabbit antibody conjugated with Alexa Fluor 488 at a dilu-
tion of 1:500 (Thermo Fisher Scientific, Waltham, MA, USA), goat anti-mouse antibody conjugated with
Alexa Fluor 568 at a dilution of 1:500, and/or goat anti-chicken antibody conjugated with Alexa
Fluor 633 (Thermo Fisher Scientific) at a dilution of 1:500 for 1 h at room temperature. Sections were
coverslipped using Vectashield mounting medium with DAPI (4',6-diamidino-2-phenylindole; Vector
Laboratories, Burlingame, CA, USA). Images were captured on a Zeiss LSM 880 confocal system
(Zeiss, Oberkochen, Germany) and processed using ImageJ software (National Institutes of Health,
Bethesda, MD).
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Electron microscopy. FFPE tissue sections were deparaffinized using xylene and a series of ethanol
washes. Samples were fixed with 4% paraformaldehyde, 1% glutaraldehyde, 0.1 M sodium cacodylate
buffer for 1 h and then rinsed with buffer. Samples were then postfixed with 2% osmium tetroxide for
1 h, rinsed with buffer, and then dehydrated through an increasing ethanol series, followed by propyl-
ene oxide dehydrations for 10-min incubations. Samples were then infiltrated with propylene oxide and
Embed812 epoxy resin. Samples were further infiltrated with pure epoxy resin for 24 h, embedded, and
allowed to polymerize at 60°C overnight. Sections were cut at 70 to 80 nm and further contrast stained
with 1% uranyl acetate and Reynolds’ lead citrate prior to imaging on a JEOL 1011 transmission electron
microscope.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.6 MB.
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