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Although many organ systems can be affected by SARS-
CoV-2 infection, pulmonary disease has been most
frequently associated with severe and fatal cases of
COVID-19.” The earliest stage of disease is characterized
by edema and vascular damage, including endothelial cell
degeneration and necrosis, with neutrophilic infiltration of
alveolar septa and capillaries (endothelialitis and capillar-
itis) and microthrombosis.” > This is followed by an
exudative phase of diffuse alveolar damage, with fibrinous
edema in the alveolar spaces, increased numbers of mac-
rophages and epithelial multinucleated giant cells, hyaline
membrane formation, and epithelial necrosis, followed by
type 2 pneumocyte hyperplasia. In addition, vascular
changes occur, including endothelial necrosis, hemorrhage,
thrombosis of capillaries and small arteries, and vascu-
litis.*® In turn, the organizing stage of diffuse alveolar
damage and the final fibrotic stage of diffuse alveolar
damage ensue, which may include proliferation of myofi-
broblasts within the lung interstitium and deposition of
collagen, leading to fibrosis. Squamous metaplasia has also
been observed.™’

The emergent and widespread nature of this pandemic
necessitated the rapid development of multiple animal
models and biological systems to study various aspects of
pathogenesis, treatment, and prevention of disease. To date,
reported animal models of COVID-19 pathology include

human angiotensin-converting enzyme 2 transgenic
. 811 . 11—1 .
mice,” golden Syrian hamsters,'' ™'’ nonhuman pri-
18,19 20,21 . .
mates, and ferrets. Recent comprehensive reviews

of animal models of COVID-19 were provided by Zeiss
et al”> and Veenhuis and Zeiss™ in 2021. Each model
species has advantages and limitations with respect to
similarity to disease in humans, expense, and practicality.
The hamster model offers several advantages over other
animal models: it is a relatively small, immunocompetent
animal that is susceptible to infection with varied SARS-
CoV-2 clinical isolates and readily develops pulmonary
disease. Specifically, hamsters consistently develop moder-
ate to severe bronchointerstitial pneumonia characterized by
acute inflammation, edema, and necrosis 2 to 4 days after
SARS-CoV-2 challenge, progressing to proliferative inter-
stitial pneumonia with type II pneumocyte hyperplasia by 7
days after challenge. Pulmonary lesions have been reported
to resolve around 10 to 14 days after inoculation, with little
to no evidence of residual damage.'>'"'"**

Although several studies have provided an overview of
pulmonary pathology during acute infection, comprehensive
longitudinal assessments of pulmonary pathology are lack-
ing, including chronic time points. Likewise, there is a
dearth of information integrating clinical, pathology,
virology, and immunology findings or reporting systemic
pathologic findings associated with SARS-CoV-2 infection
in hamsters. Accordingly, the current study provides in-
depth, longitudinal, pathologic characterization of multi-
systemic disease manifestation caused by SARS-CoV-2
infection in male and female golden Syrian hamsters.
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Furthermore, tissue damage and inflammatory responses
were measured by digital image analysis using an open-
source platform, QuPath.”>**° The current results show that
inoculating hamsters intranasally with SARS-CoV-2 reli-
ably induces acute damage to the respiratory tract with
initial viral replication, followed by a macrophage-dominant
pulmonary immune response. In turn, a reparative phase
follows, with abundant type II pneumocyte hyperplasia
restoring the alveolar lining, mirroring SARS-CoV-2
infection in humans.

Materials and Methods

Animals

The 7- to 8-week—old male and female golden Syrian ham-
sters, Mesocricetus auratus, HsdHan:AURA, were obtained
from colonies negative for tested viruses, bacteria, Myco-
plasma, fungi, and parasites (Envigo, Indianapolis, IN).
Hamsters were singly housed in the Johns Hopkins University
Cancer Research Building Animal Biosafety Level-3 facility.
After acclimation (7 days minimum), hamsters were sedated
intramuscularly with xylazine and ketamine and then inocu-
lated intranasally with 10> 50% tissue culture infectious dose
(TCIDsq) of SARS-CoV-2 USA-WA1/2020 (BEI Resources,
NR#52281; NIAID, Bethesda, MD) diluted in 100 pLL Dul-
becco’s modified Eagle’s medium, virus stocks. Uninfected
animals were mock inoculated with 100 pL of Dulbecco’s
modified Eagle’s medium intranasally to serve as controls.
Groups of 12 animals (4 mock and 8 SARS-CoV-2 inocu-
lated; equal numbers of males and females) were euthanized
at 2, 4,7, and 14 days post inoculation (DPI). An additional
group of 4 mock (2 male and 2 female) and 19 SARS-CoV-
2—inoculated hamsters (10 male and 9 female) were eutha-
nized at 28 DPI. Body weights were measured daily until 10
DPI, then on 14, 21, and 28 DPI. Blood samples were
collected at 0, 7, 14, 21, and 28 DPI, depending on group.
Terminal blood samples obtained via cardiac puncture were
saved for serology and fluorescence-activated cell sorting
analysis. At study end points, animals were euthanized with
i.p. sodium pentobarbital. A complete post-mortem exami-
nation with comprehensive tissue harvest (flash frozen and
10% neutral buffered formalin immersion fixed samples) was
performed on all hamsters. The animal procedures in this
study were approved by the Institutional Animal Care and Use
Committee at Johns Hopkins University and in accordance
with the National Research Council’s Guide for the Care and
Use of Laboratory Animals (eighth edition).”” The Johns
Hopkins program of animal care and use is accredited by
Association for Assessment and Accreditation of Laboratory
Animal Care International.

SARS-CoV-2 Measurements

Infectious virus titers in the respiratory tissue homogenates
were determined by the TCIDs, assay.”” Briefly, tissue
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homogenates were serially diluted 10-fold, transferred in
sextuplicate into 96-well plates confluent with Vero-E6-
TMPRSS?2 cells (obtained from the Japan Institute of In-
fectious Diseases), incubated at 37°C for 4 days, and then
stained with naphthol blue-black solution for visualization.
Infectious viral titers (TCIDso/mL) were determined by
Reed and Muench method. For detection of SARS-CoV-2
genome copies, RNA was extracted from lungs using the
Qiagen viral RNA extraction kit (Qiagen, Hilden, Ger-
many), and reverse transcriptase PCR was performed as
previously described.”’ Viral data from a subset of these
animals have been included in a report on humoral re-
sponses in this model.”®

Post-Mortem Examination

Standard necropsy procedures included gross examination
of all major organs. After obtaining organ weights, samples
were either frozen or immersion fixed in 10% neutral-
buffered formalin. The lungs were weighed en bloc, and
then the left lobe was removed at the level of the left
bronchus. Formalin was gently infused into the left bron-
chus to inflate the left lobe, and then the entire lobe was
submerged in formalin. The right lung lobes were divided
into different frozen sample collection tubes for preparing
tissue homogenates and RNA extraction.

Histopathology Analysis

After immersion fixation in 10% neutral-buffered formalin
for 72 hours, tissues were trimmed, processed, and
embedded in paraffin. Sections (5 pm thick) were mounted
onto glass slides and stained with hematoxylin and eosin.
Histopathologic analysis was performed independently by
two veterinary pathologists (S.B. and K.M.) blinded to an-
imal identification and infection status. Tissues evaluated
included nasal cavity, trachea, lung (left lobe), esophagus,
stomach, small intestine, cecum, large intestine, brain, heart,
kidney, liver, gallbladder, spleen, adrenal gland, reproduc-
tive organs, urinary bladder, lymph nodes, salivary glands,
bone, haired skin, skeletal muscle, bone marrow, and
decalcified cross-sections of the head.

ISH and Immunohistochemistry

ISH to Detect SARS-CoV-2 RNA

In situ hybridization (ISH) was performed on sections (5 pm
thick) of formalin-fixed lung mounted onto charged glass
slides using the Leica Bond RX automated system (Leica
Biosystems, Richmond, IL). Heat-induced epitope retrieval
was conducted by heating slides to 95°C for 15 minutes in
EDTA-based ER2 buffer (Leica Biosystems). The SARS-
CoV-2 probe (catalog number 848568; Advanced Cell Di-
agnostics, Newark, CA) was used with the Leica RNAScope
2.5 LS Assay-RED kit and a hematoxylin counterstain
(Leica Biosystems). Slides were treated in protease
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(Advanced Cell Diagnostics) for 15 minutes, and probes
were hybridized to RNA for 1 minute. An RNApol2 probe
served as a hamster gene control to ensure ISH sensitivity; a
probe for the bacterial dap2 gene was used as a negative
control ISH probe.

Immunohistochemistry

The 10% neutral buffered formalin—fixed lung sections of
SARS-CoV-2—infected and control animals were immu-
nostained with anti—ionized calcium binding adaptor
molecule-1 (Iba-1) antibody (1:1000; 019-19741; Wako,
Richmond, VA), anti-CD3 antibody (1:200; reference
A0452; Dako, Santa Clara, CA), or anti—pan-cytokeratin
antibody (1:1000; sc-8018; Santa Cruz, Dallas, TX). Heat-
induced epitope retrieval was conducted by heating slides to
95°C for 20 minutes in sodium citrate—based ER1 buffer
(Leica Biosystems) before immunostaining. Dual immuno-
staining for the epithelial marker pan-cytokeratin and the
macrophage marker Iba-1 was performed on lung sections
of SARS-CoV-2—infected animals. For epitope retrieval,
slides were heated to 100°C in sodium citrate—based ER1
buffer for 20 minutes (Leica Biosystems). Slides were then
stained with anti—Iba-1 antibody (1:2000; 019-19741;
Wako) using the Bond Polymer Refine Kit (catalog number
DS9800; Leica Biosystems). The slides were stained using a
pan-cytokeratin antibody (1:1000; Sc-8018; Santa Cruz)
with the Bond Polymer Refine Red Kit (catalog number
DS9390; Leica Biosystems). Immunostaining was per-
formed using the Bond RX automated system (Leica Bio-
systems). Positive immunostaining was visualized using
diaminobenzidine and Bond Red detection kit, and slides
were counterstained with hematoxylin.

Digital Image Analysis

Whole slides containing sections of the entire left lung lobe
cut through the long axis were scanned at x20 magnifica-
tion on the Zeiss Axio Scan.Zl platform (Zeiss, Jena,
Germany) using automatic tissue detection with manual
verification. Lung sections were analyzed using QuPath
version 0.2.2 (Supplemental Script S1). To measure Iba-1
and CD3 immunostaining, the create thresholder function
was applied to detect levels of diaminobenzidine above a
threshold that was designated as positive within a given
annotated area, or region of interest (ROI). The percentage
positive ROI was calculated using positive area quantitated
by the thresholder divided by total area of the ROI. For
SARS-CoV-2 ISH quantitation, the train pixel classifier tool
was used. Within an ROI, annotations were generated and
designated as either positive or ignore, which allowed
QuPath to correctly identify areas of positive staining.
Percentage positive ROI was calculated using positive area
detected by the classifier divided by total area of the ROL

To quantitate consolidation of lungs to include infiltrating
inflammatory cells (macrophages, neutrophils, and lym-
phocytes), type II pneumocyte hyperplasia, necrotic cellular
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debris, and proteinaceous exudate while excluding artefac-
tually collapsed or poorly insufflated regions (atelectasis),
the QuPath wand tool was used to outline each scanned
section of lung, generating an annotation. Superpixels were
generated using the DoG superpixel segmentation function
in QuPath. These detections were then selected, and in-
tensity features were added. Next, areas within the ROI were
annotated using multiple slides of infected and control an-
imals that were designated as consolidation, nonconsoli-
dated, atelectasis (ie, artefactually collapsed or poorly
insufflated regions), or ignore. This allowed the classifier to
successfully detect areas of affected tissue, while ignoring
areas that were unaffected, densely stained due to normal
tissue architecture, or collapsed due to variable formalin
infusion of the lungs. The consolidation classifier (artificial
intelligence classifier) was assembled using multiple itera-
tions that were qualitatively assessed after each analysis by a
veterinary anatomic pathologist. Percentage consolidation
was calculated using the number of superpixels identified as
consolidated divided by the total number of superpixels
detected for a given slide.

Flow Cytometry

Freshly collected whole blood in EDTA was stained for
fluorescence-activated cell sorting analysis with the
limited antibodies available that cross-react in the hamster
model at the initiation of the study. Cell surface markers
for CD4 (anti-mouse; clone GK1.5; Biolegend, San
Diego, CA), CDS8 (anti-rat; clone 341; BD Biosciences,
San Jose, CA), major histocompatibility complex (MHC)
II (anti-mouse; clone 14-4-4S; BD Biosciences), and a
Live/Dead discriminator (Fixable Near-IR Dead Cell Stain
Kit; ThermoFisher, Waltham, MA) consistently stained
populations of lymphocytes or monocytes, allowing for a
limited understanding of the proportion of these cell
types. Whole-blood samples were stained with pretitered
amounts of the indicated monoclonal antibodies using 50
pL. of whole blood at room temperature for 20 minutes.
Whole blood samples were then lysed and fixed in 2 mL
of FACS Lysing Solution (BD Biosciences) for 10 mi-
nutes at room temperature. Samples were collected in a
centrifuge at 400 x g for 5 minutes, washed in 2 mL of
1x phosphate-buffered saline, and then resuspended in
0.5 mL of phosphate-buffered saline for analysis. Flow
cytometry was performed on a BD LSRFortessa (BD
Biosciences). Data were analyzed using FlowJo 10.0.8
software (FlowJo, LLC, Ashland, OR). Whole blood was
first gated on size and complexity using forward scatter-A
and side scatter-A to remove debris, followed by using
forward scatter-H and forward scatter-A and side scatter-
H and side scatter-A measurements to remove doublet
populations. Single cells were then gated into lymphocyte
or monocyte populations based on size and complexity
profiles, and then gated to include only live cells using a
Live/Dead viability stain. Live lymphocyte-sized cells
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were gated as MHC 1II negative/dim (T cells) or MHC 11"
(B cells). The MHC II—negative cells were further gated
on their expression of CD4 or CD8. Populations of MHC
II" B cells, CD4" lymphocytes, and CD8" lymphocytes
were calculated as a proportion of total viable lympho-
cytes. Live monocyte-sized cells were further gated as
MHC II'".

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
version 7.04 (Graph Pad Software, San Diego, CA). One-
way analysis of variance was used to detect significant
differences between groups of animals sampled at different
time points after inoculation. The two-sample #-test was
used to evaluate differences between two groups. Infectious
virus titers and viral RNA copies were log transformed and
compared using two-way analysis of variance with mixed-
effects analysis followed by the Bonferroni multiple com-
parison test.

Results

Clinical Qutcomes

The most robust finding following SARS-CoV-2 inocula-
tion was decreased body weight (Figure 1A). Animals
inoculated with SARS-CoV-2 progressively lost body
weight in the first week of infection until the 6 DPI nadir
(—13.8% decline in group mean body weight from baseline;
19.3% lower than control animal group mean at 6 DPI,;
P < 0.001) before gradually rebounding over the course of
the following 3 weeks. At day 28 DPI, control and infected
group body weights were not significantly different
(P = 0.095). Sex differences in body mass loss have been
documented in hamsters infected with SARS-CoV-2, and
those differences have been explored previously.”®

SARS-CoV-2—inoculated hamsters did not consistently
develop clinical signs of respiratory disease; only mild nasal
discharge or slight increased respiratory effort was observed
intermittently in few animals.

SARS-CoV-2 Infectious Virus and Viral RNA
Measurements in the Respiratory Tract

Peak infectious viral titers in the nasal turbinates, trachea,
and lungs were present at 2 DPI, which decreased at 4 DPI
(Figure 2). The highest levels of infectious SARS-CoV-2
were found in nasal turbinates at 2 DPI (5.0 x 10" TCIDs,
mL); lung levels were highest at 2 DPI (7.33 x 10° TCIDsy).
Although infectious virus was cleared from the respiratory
tract of most of the hamsters by 7 DPI, infectious virus was
detected in the lungs of a single animal. No sex differences in
viral load were detected in infected hamsters.””
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Figure 1  Body weight change over time and post-mortem lung weights.
A: Body weight of control mock-inoculated hamsters (blue) compared with
SARS-CoV-2—inoculated hamsters (red). Mock-inoculated animals demon-
strated a steady increase typical of young growing animals. In contrast,
SARS-CoV-2—inoculated animals had a sharp decline in body weight until 6
days post inoculation (DPI) when body weight began to increase. B: At the
time of necropsy, lung weights of SARS-CoV-2—inoculated (red) hamsters
had significantly higher total lung weights at both 4 and 7 DPI compared
with mock-inoculated animals, consistent with lesion severity and
consolidation. **P < 0.01, ***P < 0.001 (unpaired t-test).

Gross Pathology

On gross necropsy examination, lungs from both infected
and control animals were indistinguishable, with variably
mottled red to brown coloration randomly distributed in all
lung lobes, suggesting that this change was due to peri-
mortem procedures and not a reliable indicator of pathology

>

related to SARS-CoV-2 infection. Two animals had adhe-
sions between the lung lobes and the diaphragm; both were
infected animals euthanized 7 DPI. Compared with unin-
fected control animals, average post-mortem lung weights
were 50% higher in infected animals at 4 DPI and 105%
higher at 7 DPI (P = 0.014 and P < 0.0001, respectively;
two-way analysis of variance multiple comparisons)
(Figure 1B). All other tissues were unremarkable in both
control and SARS-CoV-2—infected animals.

Histopathology: Longitudinal Evaluation of
Respiratory System Alterations

2 DPI

The nasal cavity contained eosinophilic proteinaceous
exudate with abundant degenerate neutrophils in all infected
animals (eight of eight) and no uninfected animals (zero of
four). In seven of eight infected animals, olfactory epithe-
lium damage ranged from degeneration to necrosis with
erosion accompanied by infiltrating neutrophils classified as
rhinitis. At this time point, six of eight slides had trachea
present to evaluate. Of those six animals, three had mild
infiltrates of mononuclear cells within the tracheal submu-
cosa, which were not present in any uninfected animals.

The following changes were observed in infected animal
lungs (2 DPI) (Figure 3 and Supplemental Figure S1):
minimal to moderate suppurative bronchitis and bronchio-
litis (eight of eight), bronchial and bronchiolar intraluminal
neutrophilic necrotic cellular debris (seven of eight), bron-
chial epithelial syncytia (two of eight), alveolar septa
expanded by inflammatory cells and eosinophilic proteina-
ceous material (four of eight), and intra-alveolar macro-
phages, neutrophils, necrotic cellular debris, and fibrinous
exudate (six of eight). Vascular changes in lungs included
vascular endothelial hypertrophy within small to medium
arteries (four of eight), perivascular edema, and leukocytes
infiltrating through the vascular walls (two of eight).

The lungs of the uninfected control animals had no sig-
nificant findings. Intra-alveolar hemorrhage was observed
intermittently in both uninfected and infected groups at all
time points, attributed to tissue collection artifact.
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Figure 2

DPI

Viral loads throughout the respiratory system. Tissue culture infectious dose 50 (TCIDs,) assay revealed the highest levels of infectious virus

present in the nasal turbinates (A), trachea (B), and lungs (C) at 2 days post inoculation (DPI). Detectable levels of infectious SARS-CoV-2 were still present in
all these tissues at 4 DPI; only a single animal had low-level infectious virus at 7 DPI. LOD, limit of detection.
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Figure 3  Progressive morphologic alterations in lung over time. Mock-inoculated (intranasal saline alone) animals that served as uninfected controls had
no lesions identified by histologic examination. At 2 days post inoculation (DPI): Lung lesions included intraluminal neutrophilic infiltrates and necrotic
cellular debris (arrow). At 4 DPI: Lesions included areas of consolidation (asterisk) consisting of type II pneumocyte hyperplasia (arrow), numerous intra-
alveolar macrophages, neutrophils, necrotic cellular debris, and eosinophilic fibrinous exudate (circled). At 7 DPI: Extensive areas of pulmonary consolidation
were present (asterisks) with atypical proliferative type II pneumocyte hyperplasia (arrow), abundant intra-alveolar macrophages, degenerate neutrophils,
and fewer lymphocytes. At 14 DPI: There were multiple scattered areas of residual type II pneumocyte hyperplasia (arrow). At 28 DPI: Scattered small clusters
of type II pneumocyte hyperplasia with cuboidal epithelial cells remained (arrow). Original magnification, x2 (top panels); x20 (bottom panel,

control); x40 (bottom panels, hematoxylin and eosin staining).

4 DPI

The nasal cavity still contained eosinophilic proteinaceous
exudate mixed with abundant degenerate neutrophils in all
infected animals and none of the uninfected animals
(Supplemental Figure S2). Olfactory epithelium was multi-
focally eroded with degenerate and necrotic epithelium;
inflammatory cells consisted of predominantly neutrophils
infiltrating into the mucosa. The tracheal submucosa only
contained mild scattered infiltrates of mononuclear cells in
one infected animal.

Lung changes within the medium to large airways in
infected animals (4 DPI) (Figure 3 and Supplemental
Figure S3) included minimal to moderate suppurative
bronchitis and bronchiolitis (eight of eight), bronchial
and bronchiolar intraluminal neutrophilic necrotic
cellular debris (eight of eight), bronchial epithelial syn-
cytia (eight of eight), and bronchial epithelial hyperpla-
sia (eight of eight). Inflammatory changes extended into
the alveolar parenchyma, and included increased
numbers of intra-alveolar macrophages, neutrophils,
necrotic cellular debris, and eosinophilic fibrinous
exudate (eight of eight), fibrin lining alveoli (seven of
eight), and alveolar septal necrosis (two of eight). In
addition, small foci of type II pneumocyte hyperplasia
were present with large, atypical cells (eight of eight).
Atypical cells were characterized by large, 15- to 20-um
diameter nuclei, with lacy chromatin and one to three
prominent nucleoli, and moderate to large amounts of
basophilic vacuolated cytoplasm. Vascular changes
included endothelial hypertrophy within small to me-
dium arteries (eight of eight), perivascular lymphocytic
aggregates (eight of eight), and mild to severe vasculitis
(seven of eight).
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7 DPI

The nasal cavity contained mild to moderate amounts of
eosinophilic proteinaceous exudate with some degenerate
neutrophils in eight of eight infected animals and zero of
four uninfected animals.

At this stage, the changes in the lungs reflect a culmi-
nation of the inflammatory and reparative processes. All
infected animals (eight of eight) developed large regions of
pulmonary consolidation encompassing most of the lung (7
DPI) (Figure 3 and Supplemental Figure S4) characterized
by type II pneumocyte hyperplasia and bronchial epithelial
hyperplasia that was frequently atypical, with large nuclei in
variably sized cells, and frequent multinucleated cells and
mitotic figures, resulting in massive thickening of the
alveolar septa. Remaining alveolar air spaces in these
affected areas of lung contained large numbers of macro-
phages with fewer degenerate neutrophils and multifocal
necrotic debris. Aggregates of lymphocytes and plasma cells
occasionally surrounded (eight of eight) and infiltrated (two
of eight) medium sized pulmonary arteries.

14 DPI

The nasal cavity and trachea morphology were unremark-
able in all infected (eight of eight) and control (four of four)
animals.

In infected animal lungs (14 DPI) (Figure 3 and
Supplemental Figure S5), there were scattered tufts of
cuboidal, type II pneumocyte hyperplasia (eight of eight),
rare randomly distributed clusters of macrophages that oc-
casionally admixed with lymphocytes and neutrophils (eight
of eight), small perivascular aggregates of lymphocytes (five
of eight), and multifocal small clusters of pigmented mac-
rophages (four of eight).
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28 DPI

The nasal cavity and trachea morphology were unremark-
able in all infected (eight of eight) and control (four of four)
animals.

In infected animals, the lungs (28 DPI) (Figure 3) con-
tained multifocal residual areas of cuboidal, typical type II
pneumocyte hyperplasia (eight of eight) often centered on
terminal bronchioles, small clusters of pigmented macro-
phages (six of eight), and rare aggregates of perivascular
lymphocytes with pigmented macrophages (two of eight).
SARS-CoV-2—infected hamsters could be distinguished
from uninfected animals by the presence of persistent type II
pneumocyte hyperplasia in the infected animals. In contrast,
lung inflammation had resolved, and fibrosis had not
developed.

Tracking SARS-CoV-2 RNA by in Situ Hybridization

RNAScope in situ hybridization was used to map distribu-
tion and amount of viral RNA in the lungs of infected an-
imals throughout infection. Viral RNA expression was
quantitated using QuPath pixel classification. Expression of
viral RNA was significantly different over time in infected
animals (one-way analysis of variance; P < 0.0001): 2 DPI

SARS-CoV-2 Macrophages

ISH Iba-1

lungs demonstrated the highest expression in alveolar
epithelial cells, bronchiolar and bronchial epithelial cells,
and alveolar macrophages. At 4 DPI, lung expression was
decreased compared with 2 DPI, with positive staining for
viral RNA largely restricted to the alveolar epithelial cells
and alveolar macrophages in lung (Figure 4 and
Supplemental Figure S6). At 7 DPI, lungs were largely
negative; only one animal had multifocal low-level staining
for viral RNA within scattered alveolar epithelial cells. In
addition to lung, scattered positive staining for viral RNA
was found within tracheobronchial lymph nodes and
tracheal epithelium at 2 DPI (seven of seven animals with
tissue present), and less frequently at 4 DPI (two of five
animals with tissue present) (Supplemental Figure S6). Viral
RNA was detected by reverse transcriptase PCR for up to 28
DPI in SARS-CoV-2—infected hamsters (Figure 5), sug-
gesting that this may be the most sensitive method for viral
detection, although not indicative of infectivity.

Immunophenotypic Characterization of Lung
Inflammation

To establish the immunophenotype and progression of in-
flammatory cell infiltrates in the lung, lung sections from

T cells

CD3

Control

Day 2

Figure 4 In situ hybridization (ISH) and immu-
nohistochemistry findings in lung. RNAScope in situ
hybridization showed widespread, punctate staining
in the lungs at 2 and 4 days post inoculation (DPI),
but was present only in a small focus within one an-
imal at 7 DPI. No staining was present at 14 DPI
(RNAScope in situ hybridization with red chromogen

Day 4

and hematoxylin counterstain). Immunostaining to
detect Iba-1 revealed that macrophages comprised a
major portion of the inflammatory infiltrate beginning
at 2 DPI and peaking at 7 DPI. CD3™ lymphocytes
represented a much smaller portion of the inflamma-
tory population in the lungs but also increased from

Day 7

2 to 7 DPI and then decreased at 14 DPI. (Immuno-
staining was performed with brown chromogen
and hematoxylin counterstain.) Original magnifica-
tion, x20.

Day 14
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mock-inoculated and SARS-CoV-2—infected animals were
evaluated for expression of the macrophage marker Iba-1
and the T-cell marker CD3 at 2, 4, 7, and 14 DPI. Following
immunostaining, QuPath was used to quantitate percentage
positive ROI in whole slide scanned images of the left lung
lobe, the largest hamster lung lobe. Iba-1 expression was
significantly different in infected animals versus uninfected
animals over time (one-way analysis of variance;
P < 0.0001) (Figure 5). Specifically, Iba-1 immunostaining
was higher in infected animals compared with uninfected
control animals at 2, 4, 7, and 14 DPI (z-tests; P < 0.001,
P < 0.001, P < 0.0001, and P = 0.04, respectively).
CD3 expression, reflecting T-cell responses, was more
variable than Iba-1 expression. CD3 expression in infected
animals was different over time (one-way analysis of vari-
ance; P < 0.0001) (Figure 5). CD3 expression was signifi-
cantly greater in infected animals compared with uninfected
control animals at 4 and 7 DPI (z-tests; P < 0.0001 and
P = 0.023, respectively). Expression of both Iba-1 and CD3
increased until 7 DPI, and then decreased at 14 DPI (Figure 4);
however, IBA-1 expression was much more abundant than
CD3, indicating that macrophages comprised a greater
portion of the inflammatory response in this model, consistent
with previous reports.'® Many of the atypical and multinu-
cleated cells in the day 4 and day 7 animals were immuno-

negative for Iba-1 expression. Immunostaining for
SARS-CoV-2 RNA
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pan-cytokeratin revealed that numerous atypical and multi-
nucleated cells were immunopositive, indicating that these
cells were epithelial, consistent with proliferative type II
pneumocytes contributing to alveolar repair (Figure 6).
Double immunostaining demonstrated that both macrophages
and proliferative epithelial cells were present within the
densely cellular areas of the lungs of 7 DPI animals, con-
firming that inflammatory and reparative responses were
contributing to the vast areas of consolidation at this time
point.

Quantitation of Lung Consolidation

QuPath was used to perform digital image analysis to quanti-
tate the percentage of lung affected with inflammation and
reparative processes in SARS-CoV-2—infected animals
(Supplemental Figure S7). The goal of this consolidation
scoring approach was to encompass inflammatory cells (mac-
rophages, neutrophils, and scattered lymphocytes), type II
pneumocyte hyperplasia, necrotic cellular debris, and pro-
teinaceous exudate while excluding artifactual collapsed or
poorly insufflated regions (atelectasis). Because atelectatic
areas in which alveolar septa are collapsed are common in post-
mortem lung examples, there was a baseline level of detection
above zero in control animals. When comparing the percentage
of consolidation in infected animals with the baseline level in
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Quantitative digital image analysis of in situ hybridizaton and immunohistochemical staining in the lungs using QuPath analysis. A: Quantitation

of staining for SARS-CoV-2 RNA within the lungs showed highest levels at 2 days post inoculation (DPI), with virus still detectable at 4 DPI. No measurable
virus was detected at 7 or 14 DPI. B: Copy numbers of viral RNA within the lungs, detected by reverse transcriptase PCR, reached highest levels at 2 and 4 DPI,
with progressively lower amounts detected at 7 DPI, extending through 28 DPI. C: Quantitation of Iba-1 immunolabeling within the lungs revealed an increase
in macrophages in infected animals until 7 DPI, with a decrease at 14 DPI, although still above levels found in mock-inoculated animals. D: Quantitation of
(D3 immunolabeling within the lungs revealed an increase in lymphocytes until 4 to 7 DPI. Numbers of lymphocytes were 10-fold lower than macrophages.
Region of interest (ROI) was entire left lung lobe. ***P < 0.001, ****P < 0.0001. LOD, limit of detection.
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Figure 6
image of lung at 7 days post inoculation (DPI), showing severe consolidation, including type II pneumocyte hyperplasia with large atypical epithelial cells and
multinucleated syncytial cells (arrow). Hematoxylin and eosin staining was used. B: Similar area of consolidation within the lungs at 7 DPI with immunostaining
to detect pan-cytokeratin (red chromogen) and Iba-1 (brown chromogen) revealed that the large, atypical cells and multinucleated cells were epithelial, whereas

Consolidation in the lungs composed of both large numbers of macrophages and extensive type II pneumocyte hyperplasia. A: Representative

the macrophages were within the alveolar and interstitial spaces. Hematoxylin counterstain was used. Original magnification, x40 (A and B).

control animals, day 7 animals had a significant increase in fold
change (Figure 7). Infected animals at 7 DPI had a mean value
of 3.0-fold change above baseline (P = 0.02; Tukey multiple
comparisons test). The highest percentage of affected lung was
59% and occurred in a 7 DPI animal. Consolidation scores
were highly correlated with IBA-1 quantitation by digital
image analysis (Pearson » = 0.84; P < 0.0001) (Figure 7).

Flow Cytometry to Detect Alterations in Circulating
Cells

Fold change, relative to mock-infected hamsters at each
time point, was used to assess changes in the proportions of
T-lymphocyte populations circulating in blood. A signifi-
cant early decrease in the proportion of CD8" lymphocytes
at 2 DPI was observed (P < 0.001) (Figure 8). No signifi-
cant changes were observed in CD4" lymphocytes
(P = 0.06) (Figure 8); however, the two animals with the
largest decrease in CD8" lymphocytes also had a detectable
decrease in CD4 " lymphocytes. No changes were observed
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in either B cells or monocyte-sized MHC II* cells in any
animals (data not shown).

Histopathology of Organ Systems

Minimal to mild multifocal foci of necrosis, accompanied by
neutrophils within the liver, were occasionally observed in all
groups and were considered a background lesion. The bone
marrow in all animals was densely cellular, with abundant
myeloid cells, including numerous band cells, as well as
erythroid and megakaryocyte lineages. The spleen in all an-
imals was composed of predominantly red pulp, with no
obvious signs of lymphoid depletion or lymphoid hyperpla-
sia. Abdominal lymph nodes occasionally contained germinal
centers in control and infected animals. No significant
changes were noted in the gastrointestinal tract, including the
oral cavity, esophagus, small intestine, cecum, and colon.
Kidneys in animals across all groups (29/45) had minimal
protein and mineral within the tubules. Adrenal glands within
hamsters of all groups had variable numbers of pigmented
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Quantitation of consolidation within lungs using QuPath. A: Infected animals at 7 days post inoculation (DPI) had significantly higher per-

centage of tissue consolidation compared with mock animals, as well as animals at all other time points (fold change versus control). B: Percentage of tissue
consolidation was highly correlated with percentage positive Iba-1 labeling within the lungs. Dashed line represents average consolidation value of unin-

fected animals. ***P < 0.001, ****P < 0.0001. ROL, region of interest.
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Flow cytometry of whole blood. Whole blood fluorescence-activated cell sorting revealed an early decrease in the proportion of circulating CD8*

lymphocytes at 2 days post inoculation (DPI; A), whereas CD4 lymphocytes do not differ from baseline (B). Dashed lines represent average values (CD8 and

CD4 T cells) of uninfected animals. ***P < 0.001.

cells within the cortex, which has been reported to be a
change in aged hamsters.’” Other organs that were examined
without significant changes on histopathology included brain,
heart, gallbladder, male and female reproductive organs,
urinary bladder, salivary glands, bone, haired skin, skeletal
muscle, and decalcified cross-sections of the head.

Discussion

This study conducted a longitudinal, in-depth comprehen-
sive histopathologic analysis of all tissues and organ sys-
tems within male and female golden Syrian hamsters
inoculated intranasally with SARS-CoV-2, spanning 2 to 28
DPL In addition, it characterized the immunophenotype of
the inflammatory infiltrates within the lungs across all stages
of disease and assessed viral load within the lungs via in situ
hybridization, virus titration, and reverse transcriptase PCR
for viral RNA. Morphologic findings were quantified using
QuPath, an open-source digital image analysis platform
applied to analyze an entire lung lobe imaged via whole
slide scanning. This objective approach provided robust
outcome measures for immunohistochemistry, ISH, and
pulmonary consolidation, enhancing rigor of this COVID-
19 model.

The main lesion type within the lungs was proliferative
bronchointerstitial pneumonia, which started as acute necro-
sis of airway epithelium (eight of eight animals) and alveolar
septa (six of eight animals) coincident with SARS-CoV-2
replication. Cellular immune responses were first dominated
by recruited neutrophils but switched to a macrophage-
dominant phenotype accompanied by a robust atypical type
I pneumocyte reparative response beginning by day 4 and
peaking at day 7 after inoculation, resembling other reports of
disease timing in this animal model.'"””'” Elements of
pathology-associated SARS-CoV-2 infection in hamsters
have been reviewed and summarized previously: at 2 to 3
DPI, previous reports describe necrosuppurative bronchitis,”’
and variable percentage of affected area from 5% to 10% '~ to
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more widespread diffuse alveolar damage.'” Reports range
from nonspecific inflammation,'*'* to suppurative and/or
mononuclear infiltration'™'*" within the lungs. At 4 to 5
DPI, increasing lung consolidation is reported, with prolif-
eration of epithelial cells, and syncytia. Changes within
vasculature, including endothelialitis, are reported at 5
DPL'>" Various studies consistently report increase in
severity of inflammation up to 7 DPI, with variable speci-
ficity on the cell types involved, and include lymphocytes,
neutrophils, and macrophages.'>'>*" Inflammatory changes
in the lungs are reported to resolve by 10 to 14 DPI, with the
exception of some residual nonspecific inflammatory changes
in aged hamsters.'>'*! In this study, residual areas of type II
pneumocyte hyperplasia were present in all infected animals
at 14 and 28 DPL

In this model, pulmonary pathology emulated findings
reported in humans, and included features of diffuse alve-
olar damage, intra-alveolar macrophage infiltration, and
type II pneumocyte hyperplasia.’” Diffuse alveolar damage
was not a dominant aspect in this study, but foci of septal
necrosis and organized fibrinous exudate developed in some
animals at early time points. Atypical proliferation of type II
pneumocytes in the hamster model during the reparative
phase of disease has been inconsistently reported but was a
consistent and prominent finding in this study.'” The strik-
ing proliferation was more robust than what has been re-
ported in humans, with frequent anisocytosis and
anisokaryosis and numerous mitotic figures. Type II pneu-
mocyte hyperplasia in hamsters has been reported in other
experimentally induced respiratory viral infections,”** but
is not usually this florid. Hamsters were evaluated from
initial stages of infection at progressive time points, whereas
reports of human COVID-19 lung pathology are cross-
sectional, typically at autopsy representing the most severe
disease; thus, the timing of lung sampling may explain this
disparity.

Vascular changes are consistently described in human
SARS-CoV-2 infection and are thought to be a key factor in
the pathogenesis of severely affected individuals.”” Within
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the lungs, vascular changes in humans include endothelial
damage, thrombosis, microangiopathy, congestion, and
angiogenesis.” In this study, within the pulmonary vascu-
lature, there was prominent endothelial hypertrophy in days
2 to 7, as well as overt vasculitis in small- and medium-
sized arteries predominantly at day 4. Further exploration
and characterization of these changes in future studies is
warranted given the important role that these factors may
play in human disease. Interstitial fibrosis is a chronic
sequela to SARS-CoV-2 infection in some individuals.”
Interestingly, although interstitial fibrosis was not
observed in this study, there was residual type II pneumo-
cyte hyperplasia at day 14 and 28, frequently present adja-
cent to terminal bronchioles, which has not been reported in
COVID-19 animal models or in human COVID-19 cases,
likely because these changes develop during the reparative
stage time points when post-mortem samples are not typi-
cally available.

In this model, a significant decrease in the proportion of
CDS8™ lymphocytes in peripheral blood of infected hamsters
was detected at day 2 DPI. Further investigation is war-
ranted to characterize this change to determine if this is
representative of a CD8-dominant lymphopenia, as this
could have important implications for pathogenesis and may
be representative of human disease.”””> *® In human
COVID-19 patients, CD8-dominant lymphopenia has been
consistently documented, and critical patients have more
severe lymphopenia than individuals with mild cases.”***
The mechanisms underlying this change are unclear. In this
study, we did not observe morphologic changes in the
thymus, spleen, lymph nodes, or gut-associated lymphoid
tissue, suggestive of lymphoid depletion.

Overall, hamsters developed consistent pulmonary disease
associated with SARS-CoV-2 infection progressing though
distinct stages: acute viral replication and cell necrosis
accompanied by infiltrating neutrophils, a transition to
macrophage-dominant inflammation with control of viral
replication and robust reparative epithelial responses when
lung consolidation was most severe 7 DPI, and resolution of
inflammation with residual evidence of epithelial repair still
evident 28 DPI with SARS-CoV-2. Hamsters are susceptible
to infection with an intact immune system, in contrast to
mouse model systems in which the mouse or virus needs to
be altered to study this pathogenesis. Hamsters also have the
advantage of being a small animal model, which are less
expensive and easier to maintain than larger animals, such as
nonhuman primates. The consistency of disease in this model
further emphasizes the need to develop additional antibodies
and reagents to characterize immunopathologic changes.

This study provides detailed and objectively quantified
longitudinal histopathologic analysis of the respiratory sys-
tem, and describes associated changes observed in all tissues
and organ systems. In addition, the methods for objective
quantification of immunohistochemically labeled cell types as
well as percentage of lung consolidation are outlined using
QuPath, an open-source platform for digital image analysis.

The American Journal of Pathology m ajp.amjpathol.org

Residual type II pneumocyte hyperplasia was observed at 14
and 28 DPI, which is a novel finding in this model. This
study shows that lung weights are greater in infected animals
at peak disease time points, which provides another simple
and objective measurable outcome that has not been previ-
ously reported. These comprehensive and integrated findings
on disease progression and resolution serve as a baseline of
SARS-CoV-2 infection outcome measures in this model and
will be valuable for determining the efficacy of therapeutic
and preventive interventions for COVID-19.
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