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Abstract: The Coronavirus disease 2019 (COVID-19) pandemic disproportionately affects immuno-
competent and immunocompromised individuals, with the latter group being more vulnerable to
severe disease and death. However, the differential pathogenesis of SARS-CoV-2 in the context of a
specific immunological niche remains unknown. Similarly, systematic analysis of disease pathology
in various extrapulmonary organs in immunocompetent and immunocompromised hosts during
SARS-CoV-2 infection is not fully understood. We used a hamster model of SARS-CoV-2 infection,
which recapitulates the pathophysiology of patients with mild-to-moderate COVID-19, to determine
the dynamics of SARS-CoV-2 replication and histopathology at organ-level niches and map how
COVID-19 symptoms vary in different immune contexts. Hamsters were intranasally infected with
low (LD) or high (HD) inoculums of SARS-CoV-2, and the kinetics of disease pathology and viral
load in multiple organs, antibody response, inflammatory cytokine expression, and genome-wide
lung transcriptome by RNAseq analysis were determined and compared against corresponding
responses from chemically induced immunocompromised hamsters. We observed transient body
weight loss proportional to the SARS-CoV-2 infectious dose in immunocompetent hamsters. The
kinetics of viral replication and peak viral loads were similar between LD and HD groups, although
the latter developed more severe disease pathology in organs. Both groups generated a robust serum
antibody response. In contrast, infected immunocompromised animals showed more prolonged
body weight loss and mounted an inadequate SARS-CoV-2-neutralizing antibody response. The
live virus was detected in the pulmonary and extrapulmonary organs for extended periods. These
hamsters also had persistent inflammation with severe bronchiolar-alveolar hyperplasia/metaplasia.
Consistent with the differential disease presentation, distinct changes in inflammation and immune
cell response pathways and network gene expression were seen in the lungs of SARS-CoV-2-infected
immunocompetent and immunocompromised animals.

Keywords: immune suppression; COVID-19; immunopathology; extrapulmonary; antibody; RNAseq;
gene networks; thrombosis; animal models

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2), continues to be a significant global health concern. To
date, at least 250 million cases and 5 million deaths have been confirmed worldwide [1].
COVID-19 pathology is associated with host immune alterations, which begin during the
early stages of SARS-CoV-2 infection. This results in hyper-inflammation that progresses
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to acute respiratory distress syndrome (ARDS) and ultimately death in severe cases [2,3].
COVID-19 patients with delayed virus clearance (>20 days) were at higher risk of progres-
sion to ARDS and death [4,5]. Pre-existing host immunosuppression is a significant risk
factor for delayed virus clearance and compromised antibody response against SARS-CoV-
2 [6]. However, the intricate association between immunosuppression and its effect on the
progression of SARS-CoV-2 infection remains unclear.

In addition to pulmonary pathology, including pneumonia and ARDS, the severity
of COVID-19 can manifest as a multisystem disorder that can compromise neuronal,
cardiovascular, gastrointestinal, urogenital, endocrine, and other systems [7]. Therefore, it
is imperative to analyze the extent of pathological complications caused by SARS-CoV-2 in
the extrapulmonary system, which are currently poorly understood [8]. However, a key
challenge to characterizing disease pathology caused by SARS-CoV-2 in various tissues
is the biosafety-based restrictions on autopsies of patients who died of COVID-19 [9]. To
alleviate this limitation, animal models of SARS-CoV-2 have been utilized [10-12]. These
studies have contributed to our understanding of the host—pathogen interactions during
SARS-CoV-2 infection. However, a majority of the reports on COVID-19 pathology in
animal models are confined mainly to the respiratory tract, and the systematic, longitudinal
analysis of extrapulmonary pathology is scant [10-12].

The extent of protection against progressive SARS-CoV-2 infection into severe COVID-
19 correlates with the viral-neutralizing antibody titer in patient sera [13]. Thus, the
antibody-mediated immune response, elicited in the host upon vaccination and/or expo-
sure to SARS-CoV-2, has a host-protective role against disease progression. However, it has
been shown that immunocompromised individuals, such as those with cancer or HIV-1 in-
fection, lack a strong antibody response against SARS-CoV-2 upon infection, which would
explain the occurrence of severe COVID-19 in these individuals [6]. In addition, the effect
of reducing hyper-inflammation by treatment with steroids and other immunosuppressive
drugs, such as those used to treat cancer, on the progression of SARS-CoV-2 infection, and
associated COVID-19 pathology, are not fully understood. Since immunocompromised
hosts are more vulnerable to severe COVID-19, it is crucial to understand the impact of
immunosuppression caused by immunosuppressive therapy on the antibody response and,
subsequently, on the progression of SARS-CoV-2 infection. A comprehensive and compara-
tive analysis of the kinetics of viral replication and disease pathology during SARS-CoV-2
infection in various organs of an immunocompetent and immunocompromised host would
help to devise better disease control strategies against COVID-19.

The current study reports a systematic and comprehensive analysis of disease severity
in various organs of a Golden Syrian hamster model of pulmonary SARS-CoV-2 infection.
We analyzed the kinetics of viral replication, antibody response, cytokine storm marker
expression, and disease pathology in pulmonary and extrapulmonary tissues of immuno-
competent and immunocompromised hamsters infected intranasally with a low or high
dose of a virulent strain of SARS-CoV-2. Further, using genome-wide RNAseq analysis
of the lungs, we determined the differential immune correlates of disease pathogenesis
between immunocompetent and immunocompromised hamsters during SARS-CoV-2 in-
fection. Our data suggest that the disease pathology in the pulmonary and extrapulmonary
systems is the key and prominent indicator for the severity of progressive SARS-CoV-2 in-
fection over the serum antibody response and viral load in internal organs. The differential
expression of network and pathway genes between immunocompetent and immunocom-
promised hamsters corroborates the underpinning differential SARS-CoV-2 pathogenesis
in these animals.

2. Materials and Methods
2.1. Virus and Cell Lines

SARS-CoV-2 (strain USA-WA1/2020)-infected Vero E6 cell supernatant was obtained
from BEI Resources (BEI Resources, Manassas, VA, USA). Virus propagation, virus titra-
tion, infectivity assays, and antibody titration were performed using Vero E6 cells (ATCC,
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Manassas, MA, USA) [14,15]. Experiments involving infectious SARS-CoV-2 were con-
ducted in Biosafety level 3 facilities at Rutgers University, as per approved standard
operating procedures. Unless specified, all chemicals and reagents were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).

2.2. SARS-CoV-2 Infectivity Titration

We performed a plaque assay to determine live viruses in the inoculum and tissue
homogenates, as described previously [16]. The Vero E6 cell monolayer was infected
with SARS-CoV-2 using DMEM media (supplemented with 2% FBS). The plaques were
visualized on the 3rd day by staining with 0.2% crystal violet, and plaque-forming units
per mL of inoculum were determined [16].

2.3. Golden Syrian Hamster Infection and Sample Collection

Seventy-five (n = 75) male Golden Syrian hamsters (Mesocricetus auratus) between 6
and 8 weeks old were purchased (Envigo corporation, Denver, PA, USA) and housed at
two animals/cage. Feed and water were given ad libitum throughout the experiment. The
animals were acclimatized for seven days in the BSL3 facilities. Body weight, food, and
water intake were monitored twice a day for each animal throughout the experiment.

Immunocompetent hamsters: For intranasal infection, SARS-CoV-2 was prepared in

two doses; low dose (LD; 10>° PFU) and high dose (HD;10° PFU) in 50 uL of sterile 1xPBS.
LD was administered to 30 animals, and HD was inoculated to 15 healthy hamsters. Due to
a very low viral load, the LD-inoculated animals might show variability in the amount of
virus lodged into the lungs; therefore, we included 6 animals per timepoint in this group to
account for this variability. We used only male animals due to their ease of handling and
ability to house together. Since we used only one biological sex (male) and observed more
consistent viral delivery to the lungs, we used 3 animals from the HD group to get enough
statistical values for testing. For the uninfected control group, 5 hamsters were intranasally
inoculated with 50 uL of sterile 1xPBS.

Immunosuppression treatment of hamsters: Cyclophosphamide was injected intra-
peritoneally into 30 animals at 70 mg/kg on the day of intranasal SARS-CoV-2 inoculation
with 102% PFU (CP-LD), and then every 3 days until the end of the experimental time point
(16 dpi). This method has previously been shown to immunocompromise hamsters and
causes them to be more vulnerable to progressive SARS-CoV infection [17]. Five animals
treated with Cyclophosphamide, as mentioned above, were intranasally inoculated with
50 pL of sterile 1xPBS as the control group. Six animals from the LD and Cyclophosphamide-
LD (n = 6) groups and three animals from the HD group were euthanized 2, 4, 7, 12, and
16 days post-infection. Blood was collected by cardiac puncture before necropsy. The
turbinates, larynx and trachea, lung, heart, liver, spleen, adrenal, kidney, colon, epididymal
fat, brain, and eyes were collected and weighed aseptically. A portion of the harvested
tissues was used for the homogenization for plaque assay, stored in 10% buffered formalin
for histopathology analysis, or stored in Trizol (ThermoFisher Scientific, Waltham, MA,
USA) at —80 °C for RNA extraction.

2.4. Histopathology Analysis

The tissues were fixed in 10% buffered formalin, made into paraffin blocks, sectioned
to 5-micron thickness, and stained with hematoxylin and eosin or Trichrome, as described
previously [18]. The identity of samples was blinded before analysis, and histopathological
examination was performed by a board-certified veterinary virologist (S.R) using the EVOS
FL Cell imaging system (ThermoFischer Scientific, Waltham, MA USA). Histopathology
images were organized and labeled using Adobe Photoshop v22.1.1 and Adobe Illustrator
v25.1. Spleen white pulp cells were quantified manually using Image] (NIH, Bethesda,
MD, USA). The pulmonary pathology was scored (0—4/5) based on the degree of mononu-
clear infiltration, edema, alveolar/bronchiolar hyperplasia, emphysema, vascular lesions,
bronchiolar/arteriolar smooth muscle thickening, and foamy macrophages.



Biomedicines 2022, 10, 1343

4 of 28

2.5. Immunohistochemistry Analysis

The formalin-fixed, paraffin-embedded tissue blocks were sliced into 5-micron sections
and processed following standard procedures [18]. The sections were stained with rabbit
anti-hamster ACE2 antibody (Product no. HPA000288, Millipore Sigma, Burlington, MA,
USA) followed by Alexa-488 labeled anti-rabbit secondary antibodies (Cat no. ab150077,
Abcam, MA, USA), as described previously [19]. For the mRNA-FISH technique, labeled
smRNA-FISH probes (Biosearch Technologies, Dexter, MI, USA) corresponding to specific
host genes were added to the top of the sections and processed as described previously [19].
Images were captured using Axiovert 200 M inverted fluorescence microscope (Zeiss,
Oberkochen, Germany) using 20 or 63 oil-immersion objective with Prime sCMOS cam-
era (Photometrics, Tucson, AZ, USA) by Metamorph image acquisition software (Molecular
Devices, San Jose, CA, USA), Image] software was used for analyses. The number of cells
positive for a marker was normalized to the total number of cells in each field (3-5 fields con-
taining at least 100 cells were analyzed per sample). Further, GraphPad Prism-8 (GraphPad
Software, San Diego, CA, USA) was used for the statistical analysis of data. p-values < 0.05
were considered statistically significant.

2.6. Virus Infectivity Assays on Tissues

Tissue homogenates were centrifuged, and the supernatant was filtered through a
0.45 p filter. The filtrate was diluted in serum-free DMEM, and 400 uL was used to infect
the Vero E6 cell monolayers in the 6-well plates and plaque assays were performed as
described previously [20]. The plaque-forming units per gram of tissues were determined.

2.7. Plaque Reduction Neutralization (PRNT) Assay

Hamster serum samples were heat-inactivated at 56 °C for 30 min and diluted in
DMEM (1:16, 1:32, 1:80, 1:160, 1:320, 1:640, 1:1280). Each dilution was incubated with
20-30 PFU of SARS-CoV-2 at 37 °C for 1 h. The virus-antibody complexes were added to
Vero E6 cells in a 6-well plate at 37 °C for 1 h. The PFU assay was performed as described
above. The PRNTyy was calculated as the reciprocal of serum dilution, which inhibited the
number of plaques by 90% compared to virus-DMEM control without antibodies [20].

2.8. RNA Isolation from Hamster Lungs

Total RNA was extracted from the lungs of uninfected and SARS-CoV-2-infected
hamsters with or without immune suppression using Trizol reagent and purified by RNeasy
mini columns (Qiagen, CA, USA), as described previously [21]. cDNA synthesis was
performed using a High-Capacity cDNA Reverse Transcription Kit with 500 ng of total
RNA, as per the standard protocol (Applied Biosystems, Waltham, MA, USA).

2.9. RNAseq Analysis of Lung Transcriptome

The quality of RNA was checked for integrity on an Agilent 2200 TapeStation (Agilent
Technologies, CA, USA), and samples with RNA integrity number (RIN) > 7.0 were used for
subsequent processing. Total RNA was subjected to two rounds of poly(A) selection using
oligo-d(T)25 magnetic beads (New England Biolabs, CA, USA). The [llumina-compatible
RNAseq library was prepared using NEB next ultra RNAseq library preparation kit. The
cDNA libraries were purified using AmpureXP beads and quantified on an Agilent TapeSta-
tion and Qubit 4 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA). An equimolar
amount of barcoded libraries were pooled and sequenced on the Illumina NovaSeq plat-
form (Illumina, San Diego, CA, USA) using the 1 x 100 cycles configuration of the CLC
Genomics Workbench 20.0.4 version (Qiagen, Valencia, CA, USA). De-multiplexed fastq
files from RNA-Seq libraries were imported into the CLC software. Bases with low quality
were trimmed, and reads were mapped to reference genome Mesocricetus auratus (assembly
BCM_Maur_2.0). The aligned reads were obtained using the RNA-Seq Analysis Tool of
the CLC Genomics Workbench. Statistical analysis of differentially expressed genes was
carried out based on a negative binomial model using the CLC Genomic Workbench tool.
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Replicates were averaged and statistically differentially expressed genes (SDEG) were
identified with a false discovery rate (FDR) p-value < 0.05 and fold change of an absolute
value > 1.5. We compared the following groups: (1) immunocompetent uninfected versus
SARS-CoV-2-infected animals at 4 and 16 dpi; (2) immunosuppressed SARS-CoV-2-infected
animals at 4 and 16 dpi versus immunocompetent animals at respective time points. To
account for the gene expression changes caused by immunosuppression treatment, the data
from the immunosuppressed/infected animals were normalized to the corresponding un-
infected (immunosuppressed) controls before comparison analysis with the corresponding
immunocompetent counterparts.

2.10. Gene Network and Pathway Analysis

The SDEG was subjected to further visualization analysis, including a heat map using
Partek Genomics Suite version 7.0 (Partek Inc., St. Louis, MO, USA) software, as described
previously [21,22]. The SDEG were also analyzed by using Ingenuity Pathway Analysis
(IPA) software (Ingenuity® Systems, Inc., Redwood City, CA, USA) to determine the net-
works and pathways that are affected in SARS-CoV-2-infected and/or uninfected hamster
lungs with or without immunosuppression at 4 and 16 dpi, as described previously [21,22].
In this software, the significance of a network or pathway is determined by both the p-value
calculated using the right-tailed Fisher’s Exact Test and the Z-score. For these statistical
calculations, the total number of genes in the IPA knowledgebase was compared and
computed against the experimental data set from each test group.

2.11. Determination of Total Viral Load by Quantitative PCR

Quantitative PCR was performed using total RNA and SARS-CoV-2 N gene-specific
primers (SARS-CoV-2_N-F1: GTGATGCTGCTCTTGCTTTG and SARS-CoV-2_N-R1: GT-
GACAGTTTGGCCTTGTTG) and Power SYBR Green PCR MasterMix as per the manufac-
turer’s protocol (Applied Biosystems, Waltham, MA, USA) [23]. The purified N gene PCR
products were used to prepare a standard curve and determine the viral copy numbers in
the lung samples. The list of primers used in this study is available in Table S5.

2.12. Statistical Analysis

Data from immunocompetent and immunocompromised SARS-CoV-2-infected ham-
sters were presented relative to corresponding uninfected (control) groups. Statistical
analysis was performed using GraphPad Prism-8 (GraphPad Software, La Jolla, CA, USA),
and the mean = standard deviation (SD) values were plotted as graphs. Unpaired Student’s
t-test with Welch correction was used to analyze the data between two groups, and one-way
ANOVA with Tukey’s correction was used for multiple group comparison. For all the
experimental data, p < 0.05 was considered statistically significant.

2.13. Ethics Statement

All animal procedures were performed in bio-safety level 3 (BSL3) facilities according
to the ethical policies and procedures approved by the Rutgers University Institutional
Animal Care and Use Committee (IACUC Approval no. PROT0202000103), which is
consistent with the policies of the American Veterinary Medical Association (AVMA), the
United States Center for Disease Control (CDC), and the United States Department of
Agriculture (USDA).

3. Results
3.1. Distinct Disease Progression in SARS-CoV-2-Infected Immunocompetent and
Immunocompromised Hamsters

Following intranasal infection, hamsters from all groups survived until the experimen-
tal euthanasia. Compared to the uninfected, healthy animals, both the LD and HD-infected
immunocompetent hamsters showed a reduction in body weight from the day of infection
until six days post-infection (dpi). The animals gradually gained weight from 8 to 16 dpi,
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suggesting that they experienced inappetence or anorexia during the early stages of the
disease, as determined by food/water intake. A maximum mean weight loss of 2.63%
and 8.4%, respectively, was observed in LD and HD infection groups at 6 dpi (Figure 1a).
To model immunosuppressed host conditions, a group of hamsters was treated with CP
(70 mg/kg) before and during LD intranasal SARS-CoV-2 infection (see Methods). Previous
reports indicate that hamsters treated with CP at this dose had about a 15-fold reduction
in the total white blood cells, a surrogate of immunosuppression [17]. In contrast to the
immunocompetent animals, the immunocompromised (CP-LD) hamsters showed slow
weight loss up to 8 dpi from the day of infection. These animals also showed a slow-weight
gain between 8 and 16 dpi (Figure 1a). The maximum mean weight loss observed was
7.67% at 8 dpi. However, the mean body weight on day 16 was only 2.8% higher than the
mean weight at infection (Figure 1a).
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Figure 1. COVID-19 disease in SARS-CoV-2-infected hamsters. Comparison of body weight change
(a) in LD (10%° PFU, n = 30), HD (10° PFU, n = 15), and CP-LD (immunocompromised; 10%° PFU,
n = 30) SARS-CoV-2-infected hamsters over 2-16 dpi. Median weight change (g) over 2-16 dpi,
compared to weight at the time of infection. Comparison of viral load (b—f) in SARS-CoV-2-infected
hamsters (LD vs. HD, and LD vs. CP-LD) at 2-16 dpi, expressed as PFU/g of tissues. The expression
of SARS-CoV-2 N gene copies/g of lungs over 2-16 dpi in LD, HD, and CP-LD-infected hamsters
(g). Kinetics of plaque reduction neutralization titer in hamster sera collected at 2-16 dpi (h). Data
represent mean +SD. and each dot represents data from an individual hamster. LD and CP-LD;
n = 4-6, HD, n = 3 per time point; only animals that showed a positive response were included
in the plots. Statistical analysis was performed by one-way ANOVA with Tukey’s multiple group
comparisons. ** p < 0.01; *** p < 0.005. Significant p-values in (b—g) are indicated above the plots.
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3.2. Viral Burden in Immunocompetent Hamsters Infected with a Low or High Dose Inoculum

In both LD and HD-infected hamsters, the highest viral burden was detected in the
lungs, turbinate, and larynx/trachea at 2 dpi (Figure 1b). The viral load in these organs did
not significantly change between 2 and 4 dpi. At this time point, infectious viral particles
were also detected in the heart, adrenal gland, epididymal fat pad, brain (including olfactory
bulb), and eyes of both LD and HD-infected animals (Figure 1b,c). However, at both 2 and
4 dpi, the viral load in these extrapulmonary organs was about 3—4 logs, significantly lower
than in the lungs (Figure 1b,c).

In the LD-infected hamsters, viruses were detected in the colon, kidney, and adrenal
glands of one out of six animals at 2 and 4 dpi in the liver and spleen. In contrast, at 4 dpi,
none of the hamsters had viruses in the colon and kidney, and three had viruses in the
adrenal glands (Figure 1b,c, Table 1). Four out of six hamsters at 2 dpi and all six at 4 dpi
had infectious viral particles in the heart. However, the viral load in the extrapulmonary
organs was not significantly different between 2 and 4 dpi (Figure 1b,c). Four out of six
hamsters at 7 dpi showed viral load in the nasal turbinate, while one animal each showed
viruses in the lungs and nasal lavage (Figure 1d, Table 1). The viral load in these tissues
was significantly lower at 7 dpi than at 2 and 4 dpi (Figure 1b—d).

Table 1. The detectable SARS-CoV-2 in infected hamster organs at different time points.

Day 2 Day 4 Day 7 Day 12 Day 16
Organ LD HD CP-LD LD HD CP-LD LD HD CP-LD LD HD CP-LD LD HD CP-LD
Nasal wash X X X X X X X X - - X - - X
Nasal turbinates X X X X X X X X X - - X - - X
Ve X XXX x o ox - - - . )
Lung X X X X X X X X X - - X - - X
Heart X X X X X X - - X - - X - - X
Adrenal X X X X X X - - - - - - - x
Kidney X X X X - - X - - - - - -
Epididymal fat X x X X X X - - X - - - - - X
Brain with
olfactory bulb x X % x X x X .
Eye X X X X X X X
Colon X X X
Bone marrow X X X X X X X
Liver X X X X
Spleen X X X X X X

LD—low-dose, HD—high-dose, CP-LD—Cyclophosphamide-treated (immunosuppressed) and low-dose infected,
x—detectable viral load in respective organs. —no viral particles detected.

Following HD infection, the peak viral load was detected at 2 and 4 dpi. Two out of
three hamsters had viruses in the heart, spleen, adrenal, epididymal fat, and brain at 4 dpi.
At this time, one out of three hamsters showed viral load in the liver, kidney, and colon
(Figure 1c). At 7 dpi, the infectious virions were detectable in the lungs and turbinates
of one out of three hamsters (Figure 1d). The viral loads in the lung, nasal lavage, nasal
turbinates, larynx/trachea, heart, epididymal fat, and brain were not significantly different
between LD and HD at 2 and 4 dpi (Figure 1b,c). To summarize, the viral burden in
pulmonary and extrapulmonary organs was not significantly different between LD and
HD SARS-CoV-2-infected immunocompetent hamsters at 2, 4, 7, 12, and 16 dpi.

3.3. Disparate Tissue Viral Burden between Immunocompetent and Immunocompromised Hamsters
Infected with SARS-CoV-2

Next, we examined the effect of immune suppression on SARS-CoV-2 replication and
time to viral clearance in tissues. In contrast to LD-infected immunocompetent hamsters,
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the immunocompromised animals had infectious SARS-CoV-2 virions in their respiratory
tract from 2 dpi until 16 dpi (Figure 1b—f). In these animals, the viral load in the nasal
lavage gradually decreased from 2 to 7 dpi and stabilized at similar levels up to 16 dpi
(Figure 1b—f). The viral load peaked in the lungs at 4 dpi in the immunocompromised
hamsters (CP-LD) (Figure 1c), then gradually declined between 7 dpi to 12 dpi (Figure 1d,e).
A similar viral load was observed between 12 and 16 dpi (Figure le,f). In contrast, the peak
viral load was noted at 2 dpi in the nasal turbinates and larynx/trachea, which gradually
declined at 7 dpi (Figure 1b,d). The viral load was not significantly different in these organs
at7,12, and 16 dpi. The infectious virus in the heart was detectable at 2, 4, and 7 dpi that
declined at 12 dpi (one out of six animals had the virus) before rebounding at 16 dpi (five
out of six had a detectable virus) (Figure 1b—f). All the immunocompromised and infected
hamsters had infectious viruses in the adrenal gland, brain, eye, colon, bone marrow, liver,
and spleen; five out of six animals in kidneys and four out of six in epididymal fat at
2 dpi (Figure 1b). The mean viral load in the adrenal gland, bone marrow, liver, and colon
declined gradually from 2 until no live virus was detected in 7 dpi (Figure 1b-d). At
12 dpi, the virus was detected only in the heart (one out of six), eyes (three out of six), and
respiratory system (Figure le). Interestingly, infectious viruses were detected in the heart,
adrenal gland, epididymal fat, brain, eye, and bone marrow of some immunocompromised
and infected hamsters at 16 dpi (Figure 1f).

No significant difference in the viral load was observed in the nasal lavage, turbinates,
larynx/trachea, heart, adrenal gland, brain, eyes, and bone marrow between immuno-
competent (LD) and immunosuppressed (CP-LD) animals at 2 and 4 dpi. However, a
significantly higher viral load was noted in the lungs of infected immunocompromised
hamsters at 2 and 4 dpi and in the nasal lavage of immunocompetent hamsters at 2 dpi.
Similarly, the live virus was detected in the liver and spleen of only immunocompromised
hamsters at 2 dpi and in the kidneys at 4 dpi. Replicating viral load was observed in the
heart, adrenal, epididymal fat pad, brain, eyes, and bone marrow in these animals at 7 and
16 dpi (Figure 1b—f).

The total viral burden in the lung was also determined by measuring the SARS-
CoV-2 N gene (+and—strand RNA) transcripts, which were detected in the lungs of
immunocompromised and immunocompetent infected hamsters (both LD and HD) from
day 2 to 16 dpi. A peak in viral RNA load was observed in LD and HD groups at 2 and
4 dpi, although the viral RNA load was not significantly different between these two groups
at2,4,7,12, and 16 dpi (Figure 1g). Interestingly, although more infectious viruses were
detected in the infected immunocompromised hamster lungs from day 2 to 16 dpi, the
viral RNA load was not significantly different from the immunocompetent (LD) group
(Figure 1g).

3.4. Heterogeneity in Neutralizing Antibody Titer in SARS-CoV-2-Infected Immunocompetent and
Immunocompromised Hamsters

The plaque reduction neutralization test (PRNT) revealed that both LD and HD SARS-
CoV-2-infected hamsters elicited detectable virus-neutralizing antibodies at 7 dpi. At7 and
16 dpi, LD-infected hamsters showed 90% PRNT neutralization (PRNTyg) at 1:160 to 1:640
dilutions, respectively. The HD-infected hamsters showed PRNTy at 1:360 to 1:640 serum
dilutions at these time points (Figure 1h). Notably, the sera from immunocompromised
hamsters showed PRNTy at <1:16 dilution except for one hamster serum at 7 dpi, which
showed a PRNTy at 1:64 dilutions (Figure 1h). These observations suggest that SARS-CoV-2
neutralizing antibody production was reduced in immunocompromised hamsters. Further,
the presence of viable SARS-CoV-2 until 16 dpi in the infected immunocompromised
animals, as well as a significant reduction or absence of infectious viruses starting at 7 dpi
in LD and HD-infected immunocompetent hamsters, indicate that the extent and rapidity
of SARS-CoV-2 clearance are associated with the levels of production of virus-neutralizing
antibodies at the systemic level.
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3.5. Cytokine Storm Marker Expression in SARS-CoV-2-Infected Immunocompetent and
Immunocompromised Hamsters

Both LD and HD-infected hamsters showed more than 10-fold induction of IL6
(Figure 2), IFNG (Figure 2), CCL2 (Figure 2), CCL5(Figure 2), IL10 (Figure 2), IL4 (Figure 2),
and a moderate increase in TNFa (Figure 2), IL1B (Figure 2), and MIP1A (Figure 2) tran-
scripts over 2-16 dpi, compared to the uninfected hamsters. The expression of IL7 tran-
scripts was downregulated at all the tested time points (Figure 2). The SARS-CoV-2-infected
immunocompromised (CP-LD) hamsters showed more than a 10-fold increase in the ex-
pression of IL6 (Figure 2), IFNG (Figure 2), CCL2 (Figure 2), CCL5 (Figure 2), IL10 (Figure 2),
IL4 (Figure 2), MIP1A (Figure 2), and a slight increase in the levels of TNFA (Figure 2), and
IL1B (Figure 2). The level of TNFax expression was not significantly different between LD
and HD-infected, as well as immunocompromised and immunocompetent hamster groups
at day 2 to 16 pi (Figure 2). The level of CCL5 expression was higher in LD than in the HD
and CP-LD-infected hamsters at 7 dpi (Figure 2). While the expression of IL4 (Figure 2)
and MIPIA (Figure 2) were similar in both LD and HD, the infected immunocompromised
hamsters showed 10-60-fold lower IL4 (Figure 2) and 2-fold higher MIP1A (Figure 2) ex-
pression than LD. The expression of IL1B was higher in the lungs of HD than in LD-infected
hamsters at 2, 4, and 7 dpi (Figure 2). In comparison, the infected immunocompromised
hamsters showed elevated levels of IL1B at 2 and 16 dpi (Figure 2). The level of IL6 ex-
pression was significantly higher 12 dpi in LD than in HD-infected hamsters (Figure 2).
The infected immunocompromised (CP-LD) hamsters also had comparable levels of IL6
expression to LD except at 12 and 16 dpi (Figure 2). CCL2 expression was higher in LD than
HD at 2 dpi (Figure 2), while infected immunocompromised hamsters showed elevated
CCL2 transcript levels compared to the LD group at 4 and 7 dpi (Figure 2). Although IL10
expression was similar between LD and HD-infected hamsters (Figure 2); it was higher in
infected immunocompromised hamsters at 7 dpi (Figure 2). IENy was high in HD than LD
at4 and 7 dpi (Figure 2); however, CP-LD showed slow induction and increased expression
at 4 to 12 dpi compared to LD (Figure 2).

3.6. Severity of Pulmonary/Bronchiolar Pathology and Thrombosis in SARS-CoV-2-Infected
Immunocompetent and Immunocompromised Hamsters

In both LD (Figure 3a-h) and HD (Figure 3i—p) groups, the lungs showed multifocal
to diffuse infiltration of mononuclear cells in the interstitial spaces with the maximum
infiltration 4 (Figure 3a,b,e f,i,jm,n) and 7 dpi (Figure 3c,d,g,h,k,L,0,p). The inflammatory
cellular infiltrations obliterated the alveoli and resulted in alveolar collapse (Figure 3b,c,j,k).
A lower degree of inflammatory cell infiltration was noted in the immunocompromised
animals 4 and 7 dpi (Figure 3r,t) compared to immunocompetent hamsters infected with LD
SARS-CoV-2 (Figure 3b,c,s,w). The pulmonary parenchyma of immunocompetent hamsters
infected with LD SARS-CoV-2 showed moderate levels of mononuclear cells infiltration
in the interstitium (Figure 3a,b,e and Table 2), congestion of capillaries in the alveolar
wall (Figure 3a,b), mild bronchiolar epithelial hyperplasia (Figure 2), bronchiolitis with
lymphocytes infiltration, and necrotic bronchiolar epithelial cells in the bronchiolar lumen
(Figure 3b,f) at 4 dpi. In these animals, the presence of foamy macrophages and interstitial
edema was prominent at 7 dpi (Figure 3c,g).
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Figure 2. Expression of pro and anti-inflammatory cytokines/chemokines in SARS-CoV-2-infected
hamster lungs. Comparative expression levels of IL6, IFNy, CCL2, CCL5, IL10, IL4, TNF«, IL13,
MIP1«, and IL7 gene transcripts in immunocompetent LD (blue) and HD (green), or immunocom-
promised LD (CP-LD) SARS-CoV-2-infected hamster lungs collected at 2, 4, 7,12, and 16 dpi. (n =3
for each time point and condition repeated 3 times; each dot represents the average of 3 technical

replicates). The gene expression levels of target genes were normalized to GAPDH transcript levels

and represent the fold change in expression compared to uninfected hamsters. Statistical analysis

was performed using an unpaired Student’s f-test with Welch correction. Data represent mean =+ SD.
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Figure 3. Interstitial pneumonia, bronchioalveolar, and vascular pathology in SARS-CoV-2-infected
hamsters. Histopathological analysis of LD, HD, and CP-LD-infected hamster lungs revealed in-
filtration of mononuclear cells in the interstitium (a-h; arrows in a), in the bronchiolar lumen
(b.f; arrows in f), alveolar and interstitial edema (c,g; arrows in g), foamy macrophages (arrows
heads in g) and early thrombus (c,d,g/h; arrow in h), interstitial /alveolar capillary congestion (b) of
LD-infected hamsters. Bronchiolar hyperplasia (i,1,m,p; arrow in i), alveolar epithelial hyperplasia
(i,m; arrow in m), interstitial hemorrhages (j,n; arrows in n), and severe infiltration of inflammatory
cells in the alveoli and interstitium caused the obliteration of alveoli in HD-infected hamsters. Foamy
macrophages (j k,n,o0; arrows in o), bronchiolar epithelial hyperplasia and detachment, bronchiolitis,
and bronchiolar smooth muscle hyperplasia (1,p; arrows in p) were also noted in HD-infected ham-
sters. Moderate infiltration of mononuclear cells and congestion of the interstitium (q-x; arrows in
u), multiple alveolar epithelial hyperplasia (arrows in v), and obliteration of alveoli (r,s,v,w), severe
bronchiolar epithelial hyperplasia, and obliteration of lumen (t,x) were observed in the immunosup-
pressed infected (CP-LD) hamsters. Images (a-d,i-1,q-t) are 100 x magnifications, and (e,f,m—p,u—x)
are 400 x magnifications (marked in 100 x images). Scale bar represents 100 p (e,f,m—p,u—x) or 400 p
(a—d,i-1,q-t). Note: panels (a,b,e f,i,jmn,q,t,ux) are 4 dpi, (c,gk,0,r,v) are 7 dpi, and (d,h,j,p,s,w)
are 16 dpi.
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Table 2. Histopathological scoring of SARS-CoV-2-infected hamster lungs.
. . Day 4 Day 7 Day 16
Lesion Parameters (Scale) Virus Dose/Treatment (Mean + SD) (Mean + SD) (Mean + SD)
LD 2.33 + 0.577 3.667 4 0.288 2+0
Mononuclear cells
infiltration (0-5) HD 3.33 +0.577 433+ 115 440
CP-LD 240 2.33 £+ 0.288 240
LD 0.66 + 0.577 1.833 £ 1.25 1.16 = 0.76
Alveolar hyperplasia (0-5) HD 2.66 + 0.57 5+0 4+0
CP-LD 2.16 £+ 0.288 240 3+0
LD 0.66 £+ 0.288 2.33 £ 0.577 0.166 4= 0.288
Interstitial and alveolar HD 1.33 £ 0.577 1.66 & 0.577 0.5+ 0.7
edema (0-4)
CP-LD 0.66 + 0.288 2.166 4 0.288 0
LD 0.33 + 0.577 1+0 0
Emphysema (0-4) HD 1.33 +£1.15 2.66 + 0.577 0.5+ 0.707
CP-LD 1.66 £ 0.577 1+0 1+0
Bronchiolar epithelial LD 1.66 + 0.577 2.66 + 0.577 1.83 +0.28
hyperplasia and HD 2,66 +1.15 440 35+07
inflammation (0—4)
CP-LD 2.33 + 0.577 240 2.33 +1.52
LD 0.5 £+ 0.866 0.66 & 1.15 0.66 &= 1.15
Bronchiolar smooth muscle
hyperplasia (0-4) HD 0.66 &+ 1.15 1+1 3+£0
CP-LD 1+1 0 0
. .. LD 2+0 2.66 + 0.577 1.33 = 0.577
Vascular lesions; vasculitis,
congestion, perivasculitis HD 2.66 £+ 0.577 3.66 = 0.577 240
0-4) CP-LD 1.33 + 0577 1.66 + 1.15 1.5+ 0.70
LD 1.33 £ 1.15 1+ 0.866 2+1
Hyperplasia/hypertrophy of HD 2.83+0.76 2.16 £ 1.04 440
vascular smooth muscle (0—4)
CP-LD 1+1 1.66 = 0.577 3+0
LD 0+0 2+0 1+0
Foamy macrophages (0—4) HD 0£0 1.66 £ 0.577 05+£0.7
CP-LD 0+0 1+0 0.5 + 0.866

LD—Ilow-dose, HD—high-dose, CP-LD—Cyclophosphamide-treated (immunosuppressed) and low-dose in-
fected.

The immunocompetent hamsters infected with HD SARS-CoV-2 had severe multifocal
to diffused mononuclear cell infiltration in the interstitium at 4 dpi (Figure 3ij,m,n). At
this time, extensive bronchiolar epithelial hyperplasia with the detachment of hyperplastic
epithelial cells and lymphocyte infiltration in the lumen (Figure 3i) and alveolar epithelial
hyperplasia wherein proliferation of type II alveolar cells was noted (Figure 3i,m). In
addition, multifocal edema of the interstitium and alveoli, congestion of capillaries in the
alveolar walls (Figure 3i,m), focal hemorrhages (Figure 3jn), and foamy macrophages
(Figure 3n) (one in three hamsters) were observed (Figure 2 and Table 2). Trichrome
staining of the lung sections showed multifocal thickening of alveolar walls. At 7 dpi,
severe pneumonia appeared as a pseudolymphoid tissue (Figure 3k,0), and the infiltration
of foamy macrophages (Figure 30) in the pulmonary interstitial connective tissue was
observed. At7 and 16 dpi, lung sections showed “forming thrombi or early thrombi” in
the arterioles (Figure 3g,h). However, a lesser degree of pulmonary interstitial pneumonia
was noted at 16 dpi (Figure 3d,h,1,p) than at 7 dpi (Figure 3c,g k,0 and Table 2). Overall, the
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degree of interstitial pneumonia and bronchiolar-alveolar hyperplasia was severe in HD
SARS-CoV-2-infected hamsters compared to LD-infected hamsters.

The immunocompromised SARS-CoV-2-infected hamsters (CP-LD) showed a lower
number of inflammatory cells (Figure 3q—x) and edema in the interstitium (Figure 2) than
the immunocompetent/LD-infected animals. In the CP-LD group, mild infiltration of foamy
macrophages was observed at 7 dpi (Figure 3v). However, CP-LD hamsters revealed severe
hyperplasia of bronchiolar-alveolar epithelial cells (Figure 3r,v,s,w) with the occlusion of
alveolar (Figure 3s,w) and bronchiolar lumen (Figure 3t,x) were observed throughout the
lung parenchyma (Table 2).

The trachea of LD and HD-infected immunocompetent hamsters revealed multifocal
denudation of mucosal epithelial cells into the lumen, metaplasia of tracheal epithelium,
hyperplastic goblet cells, infiltration of lymphocytes and neutrophils in the lumen and
submucosa, and mucous exudate in the tracheal lumen at 4 and 7 dpi (Figure S1). On
day 16, elevated mononuclear and neutrophil infiltration was noted in the LD group
(Figure Sla,d). However, the degree of neutrophil infiltration in the submucosa was higher,
with some hamsters showing a complete detachment of the mucosa-submucosal layer from
the cartilage in the HD group (Figure S1b,e). In contrast, severe hyperplasia and necrosis
of mucosal epithelia, severe infiltration of neutrophils, and mild lymphocytes infiltration
in the submucosa were observed in the CP-LD hamsters as early as 4 dpi (Figure Slc and
Figure 1f). In these animals, multifocal necrosis and detachment of mucosal and submucosal
layers were observed at 7 and 16 dpi (Figure Slc and Figure 1f). Inmunocompromised
(CP-LD) hamsters had a lesser degree of inflammatory cell infiltration and the delayed
resolution of inflammation in the lungs than LD-infected hamsters. Meanwhile, CP-LD
hamsters showed more severe bronchiolar-alveolar hyperplasia than LD-infected hamsters.
It indicated that the disease is prolonged in CP-LD-infected hamsters, as observed in body
weight change.

Consistent with the histopathologic findings, qPCR analysis of B and T cell lineage
markers in LD and CP-LD-infected hamster lungs revealed upregulated expression of mark-
ers of the B cell (CD22) and plasma cell markers (CD138) and the Treg marker (CD25) was
significantly downregulated in LD, compared to CP-LD-infected hamster lungs (Figure S2).
However, the levels of T cell markers, CD3, CD4, and CD94, expression in the lungs were
not significantly different between LD and CP-LD-infected animals at 7 dpi (Figure S2).

3.7. Hypertension-like Vascular Smooth Muscle Hyperplasia/Hypertrophy in the Lungs and
Kidneys of SARS-CoV-2-Infected Hamsters

We observed the thickening of the vascular smooth muscle layer/tunica media in
the histology sections of the lungs (Figure 4a—f) and kidneys (Figure 4g-1) of immuno-
competent animals infected with LD (Figure 4a,d,g,j) and HD (Figure 4b,e,h k) at 7 dpi.
Two of the immunocompetent/HD-infected hamsters showed hypertrophy of the muscu-
lar layer in the arteriole and mononuclear cells infiltration in the adventitial layer of the
arteriole (perivasculitis) and proliferation of tunica externa (Figure 4b,e). In contrast, in
the immunocompromised LD-infected hamsters, severe vascular lesions, denudation of
endothelial cells into the lumen, mononuclear cells infiltration in the adventitia of small
blood vessels, and rupture of the arteriolar wall, including muscular layer and leakage of
vascular contents, was noted at 7 dpi (Figure 4c,f).

The LD, HD, and CP-LD-infected hamsters had severe adrenal cortical and medullary
degeneration, necrosis, and liquefaction (Figure S2a-1) with cortical hypertrophy in some
hamsters (Figure S2e,f). A moderate-to-severe arteriolar smooth muscle hypertrophy and
hyperplasia were also observed in the renal arterioles (Figure 4g-1). Thus, in addition to
the hypertrophy /hyperplasia of vascular smooth muscles and adrenal cortical pathology,
which are reported to be associated with hypertension, the thickening of vascular smooth
muscles can also be an indication of hypertension induced by SARS-CoV-2.
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Figure 4. Arteriolar pathology in lungs and kidneys of SARS-CoV-2-infected hamsters. Histopatho-
logical analysis of pulmonary parenchyma revealed mild arteriolar smooth muscle hyperplasia
(a), severe perivasculitis and smooth muscle hyperplasia (b; arrows), detachment of endothelial
cells into the arteriolar lumen, and mild perivasculitis (c) in LD, HD, and CP-LD-infected hamsters,
respectively. The images (d—f) are a magnification of the boxed area in (a—c), respectively. Moderate
(LD and CP-LD) (g,i) to severe (HD) (h) vascular smooth muscle hyperplasia in the renal arterioles
in SARS-CoV-2-infected hamsters. The images in (j k1) are a magnification of the boxed areas in
(g-i), respectively. The images (a—c,g-i) are 100x, and (d—f,j-1) are 400 x magnifications (marked in
100x images). Scale bar represents 100 pm (d—f,j-1) or 400 pm (a—c,g-i).

3.8. Multi-Organ Pathology Induced by SARS-CoV-2 Infection in Immunocompetent and
Immunocompromised Hamsters

Consistent with the clinical studies [21], the spleens of immunocompetent LD and
HD SARS-CoV-2-infected hamsters showed a reduction in size and number of white pulp
compared to uninfected hamsters at 4 dpi (Figures 4g,h and S3). In the infected animals,
white pulp lymphocytes were replaced by trabecular connective tissues. In contrast, the
immunocompromised LD SARS-CoV-2-infected hamsters (CP-LD) showed a high degree of
white pulp atrophy at all the time points tested (4, 7, and 16 days post-infection) (Figure 4i,1).

The kidneys of immunocompetent hamsters infected with LD or HD showed mild
lymphocyte infiltration in the interstitial tissues and multifocal tubular degeneration,
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acute tubular necrosis with the detachment of tubular cells into lumen, tubular epithelial
cells degeneration with pyknotic nuclei or karyorrhexis, or chromatolysis at 4, 7, and
16 dpi (Figure S4a-h). In these animals, focal regions of tubulointerstitial edema were also
observed. The degree of acute tubular necrosis was higher in hamsters infected with HD
than in LD (Figure 54d,f). At 7 (two out of three hamsters) and 16 dpi (three hamsters), a
moderate renal arteriolar media (smooth muscle) hyperplasia/hypertrophy was observed
in the LD-infected hamsters (Figure S4g,j). These pathological manifestations appeared
early (4 dpi) in the HD-infected animals (Figure S4h k).

The kidneys of CP-LD hamsters showed lymphocyte infiltration in the interstitial
tissues, focal/multifocal acute tubular necrosis with the detachment of tubular epithelial
cells from the basement membrane (Figure 54ij), forming concentric layers of eosinophilic
masses with necrotic nuclei in the tubular lumen (Figure S4k,1), at 4, 7, and 16 dpi. However,
the degree of tubular necrosis in these animals was less compared to the kidneys of immuno-
competent LD-infected hamsters. Further, the arteriolar media hyperplasia/hypertrophy
was less prominent in these animals (Figure 4i,1). The CP-LD hamsters also showed ba-
sophilic ground-glass bodies in the tubular epithelial cells and glomerular degeneration at
4,7, and 16 dpi (Figure S4k,1).

Since steatosis (vacuolation) of hepatocytes is commonly observed among COVID-
19 patients [22], we investigated these pathological features in the SARS-CoV-2-infected
hamsters. Liver histology revealed the diffuse infiltration of a few lymphocytes and
neutrophils in LD, HD, and CP-LD-infected hamsters (Figure 5A(a-1)) and degeneration of
hepatocytes with pyknosis at 4 and 7 dpi (Figure 5). In addition, mild steatosis and portal
vein congestion was observed at 16 dpi (not shown). The LD-infected hamsters showed
mild steatosis (Figure 5A(a,d,g,j)); in contrast, immunocompetent HD SARS-CoV-2-infected
hamsters showed moderate-to-severe multifocal to diffuse steatosis (Figure 5A(b,e)) and
portal vein congestion at 4, 7, and 16 dpi (Figure 5A(h,k)).

In contrast, in the CP-LD group, one of the three hamsters at 4 and 7 dpi and all
hamsters at 16 dpi had severe liver degeneration, marked with eosinophilic granular
cytoplasm and pyknosis (Figure 5A(i1)). In these animals, mild-to-moderate steatosis,
portal vein congestion, and edema in the sinusoids surrounding the portal vein were
observed (Figure 5A(c,f)).

3.9. SARS-CoV-2 Host Cell Entry Receptor Expression in Immunocompetent and
Immunocompromised Hamster Lungs

We observed a slightly elevated level of SARS-CoV-2 N protein in the immunocom-
promised compared to immunocompetent infected hamsters at 4 and 16 dpi (Figure 6¢—f),
though the difference in the number of cells positive for the SARS-CoV-2 N gene was
not statistically significant (Figure 6s). At both 4 and 16 dpi, ACE2 receptor expression
was insignificantly lower in the infected immunocompetent and immunocompromised
hamsters compared to the respective uninfected control groups (Figure 6g-1,t). In contrast,
CD147 expression was higher in the infected immunocompromised hamsters at both 4 and
16 dpi compared to the infected and uninfected immunocompetent animals. However, the
difference was not statistically significant between these groups (Figure 6m-r,u). Together,
the data suggest that key SARS-CoV-2 host cell entry receptors (ACE-2 and CD147) show
distinct expression patterns between immunocompetent and immunocompromised ham-
ster lungs, although the difference in expression pattern did not correlate with the disease
pathology in respective infection groups.
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Figure 5. Histopathology of liver (A) and spleen (B) in SARS-CoV-2-infected hamsters.
(A): Histopathological analysis of LD, HD, and CP-LD-infected hamster liver (4, 7, and 16 dpi,
n = 3 per time point) showed the infiltration of lymphocytes in sinusoids at 4 dpi (a,d), and py-
knosis (arrows in d), karyorrhexis, and karyolysis in necrotic hepatocytes (g, arrows in j) at 7 dpi.
Necrotic hepatocytes with pyknotic nuclei and mild to moderate steatosis (b, arrows in e) and severe
congestion in the portal vein (h) were noted at 4 dpi, while severe congestion in the portal vein,
sinusoids, and mild steatosis (c, arrows in k) were observed at 7 dpi in HD-infected hamsters. Severe
degeneration and necrosis of hepatocytes near the parietal surface were observed at 4 dpi in CP-LD
animals (i, arrows in 1). Images (a—c,g-i) are 100 x, and (d—f,j—-1) are 400 x magnifications. Scale bar
represents 100 pm (d—f,j-1), or 400 um (a—c,g-i). (B): Histopathological analysis of the spleen revealed
a reduction in the number and area of white pulp lesions and cellular composition with increased
trabecular connective tissues at 4 dpi in LD (a,d,g), HD (b,e h), and CP-LD (c,f,i)-infected hamsters.
Images (a—c) are 40x, (d—f) are 100X, and (g-i) are 400 x magnifications. Scale bar represents 100
(g-i), 400 (d—f), or 1000 pm (a—c).
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Figure 6. Spatial expression of SARS-CoV-2 host cell entry receptors in immunocompetent and im-
munocompromised hamsters. Lung sections were stained for SARS-CoV-2 (a—f), ACE-2 receptor (g-1),
or CD147 (m-r). Images (a,g,m) are uninfected immunocompetent hamster lung sections, and (b,h,n)
are uninfected immunocompromised hamster lung sections. Images (c,i,0) are SARS-CoV-2-infected
immunocompetent hamster lung sections at 4 dpi; and (d,j,p) are SARS-CoV-2-infected immunocom-
promised hamster lung sections at 4 dpi. Images (e k,q) are SARS-CoV-2-infected immunocompetent
hamster lung sections at 16 dpi; and (f,1,r) are SARS-CoV-2-infected immunocompromised hamster
lung sections at 16 dpi. The red color in (c—f) indicates the presence of SARS-CoV-2, and the green

color indicates ACE-2 receptor expression in (g-1) or CD147 expression in (m-r). Image (s) shows lung

cells positive for SARS-CoV-2 in immunocompetent (LD) and immunocompromised (Cyclo) hamsters

at 4 (D4) and 16 dpi (D16); image (t) shows lung cells positive for ACE-2 in uninfected and SARS-CoV-
2-infected immunocompetent (LD) and immunocompromised (Cyclophosphamide-treated) hamsters

at 4 (D4), and 16 dpi (D16) and (u) shows lung cells positive for CD147 in uninfected and SARS-CoV-
2-infected immunocompetent (LD) and immunocompromised (Cyclophosphamide-treated) hamsters

at 4 (D4) and 16 dpi (D16). n = 3 per group.
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3.10. SARS-CoV-2 Infection Elicits Distinct Transcriptome Profiles in the Lungs

The principal component analysis (PCA) showed the segregation of uninfected groups
from those at different stages of infection with or without immunosuppression (Figure 7a,b).
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Figure 7. Genome-wide lung transcriptome analysis of immunocompetent and immunocompromised
hamsters infected with SARS-CoV-2. (a) PCA plot of immunocompetent and immunocompromised
hamsters without infection at 4 dpi. (b) PCA plot of immunocompetent and immunocompromised
hamsters without infection at 16 days post SARS-CoV-2 infection. (c¢) Venn diagram showing the
number of significantly differentially expressed genes (SDEG) in the lungs of immunocompetent
and immunocompromised hamsters at 4 or 16 dpi. Data from the infected animals were normalized
to corresponding uninfected animal data. (d) Heat-map of SDEGs commonly perturbed in all four
groups. Scale bar shows up (red) and downregulation (cyan). n = 3 per group.

Analysis of differentially expressed genes showed a greater number of significantly
differentially expressed genes (SDEG) at 4 dpi than 16 dpi in both immunocompetent
and immunocompromised animals upon SARS-CoV-2 infection (Figure 7c). However, the
number of SDEGs in the immunosuppressed animals was less than in immunocompetent
animals at 4 dpi (1273 versus 1829). In contrast, the former group had more SDEGs at 16 dpi
(646 versus 273). Thus, immunocompetent and immunocompromised hosts showed distinct
gene expression profiles at different stages of infection (i.e., 4 dpi/acute and 16 dpi/chronic
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stages). Among the 4 groups (i.e., 4 and 16 dpi in immunocompromised and immunocom-
petent groups), 42 common SDEGs were identified. Of these, 31 were upregulated in the
immunocompetent group, compared to 10 SDEGs in the immunocompromised group at 4
and 16 dpi, respectively (Figure 7d). Furthermore, 50% of the 42 SDEGs were expressed in
opposite directions between the immunocompetent and immunocompromised groups at 4
and 16 dpi.

3.11. SARS-CoV-2 Infection Elicits Distinct Acute and Chronic Transcriptome Profiles in the
Lungs of the Immunocompetent Host

Canonical pathways upregulated at 4 dpi strongly suggests the induction of a classical
innate and proinflammatory host response. This includes natural killer (NK) cell signaling,
hypercytokinemia/chemokinemia, pattern recognition receptor (PRR) signaling, dendritic
cell (DC) maturation, communication between DC and NK cells, and the Thl pathway
(Figure S5). Interferon (IFN) lambda-3 and IFN beta-1 were among the top upregulated
genes in this group (Figure 8a—d). In contrast, the top canonical pathways perturbed at
16 dpi involved tissue thrombosis, such as intrinsic prothrombin activation, MSP-RON
signaling in macrophages and coagulation system pathways (Figure S6). Other pathways
involved in host cell activation, including LXR/RXR activation, production of reactive
oxygen and nitrogen intermediates in macrophages, and acute phase response signaling,
were significantly dampened at this time when the animals recovered from viral infection
(i.e., no live virus) and gained body weight. Thus, the genome-wide lung transcriptome
profile is consistent with the corresponding pathophysiological manifestations observed
during acute (4 dpi) and chronic (16 dpi) stages of infection. Notably, the expression of
the SDEGs involved in hypercytokinemia/chemokinemia (e.g., CCL5, IFNB1, IFNG, IFNL3,
IL1B, IL1, IL18, IRF7, and IRF9) and interferon signaling pathways (e.g., CXCL9, CXCL11,
IFIT2,IFIT3, and APOBECT) were upregulated at 4 and 16 dpi in infected immunocompetent
hamsters (Figures 8e,f, S7 and S8).

Transcriptomes in SARS-CoV-2-infected immunocompetent hamsters and uninfected
controls at 4 dpi were subjected to Ingenuity Pathway Analysis (IPA). The biological pro-
cesses affected included the upregulation of host cell death, cytotoxicity, antimicrobial
response, various types of immune cell development, recruitment and activation, and
the inflammatory response. In contrast, biological functions associated with organismal
survival were dampened in these animals (Table S1). At 16 dpi, the biological processes
related to immune cell infiltration, edema, tissue necrosis, and organismal death were
upregulated. At the same time, other functions related to lipid metabolism, including fatty
acid metabolism and lipid transport, as well as the survival of organisms, were dampened
in the infected immunocompetent hamsters compared to uninfected controls (Table S2).
In contrast, the analysis of immunocompromised hamster lung transcriptome indicated
that host biological functions associated with organismal survival, cell signaling, molecular
transport, cell-mediated immunity, immune cell trafficking, and function were dampened,
while cell death-related functions, such as apoptosis, were upregulated at 4 dpi (Table S3).
However, some of these functions, including cell movement and molecular transport, and
cell function and maintenance, were upregulated in the infected immunocompromised ham-
ster lungs at 16 dpi. Importantly, humoral immune response functions, such as the number
of B lymphocytes and quantity of immunoglobulin (Ig), were significantly downregulated
in these animals (Table S4). This observation is consistent with the loss of antibody response
in the infected immunocompromised animals. Together, the biological functions that are
significantly perturbed in the immunocompetent and immunocompromised hamster lungs
upon SARS-CoV-2 infection are consistent with and support the disease pathology and
immune/antibody response in the respective animals.
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Figure 8. Distribution of differentially expressed genes in immunocompetent and immunocompro-
mised hamsters infected with SARS-CoV-2. (a) Scatter plot of SDEG in immunocompetent hamster
lungs at 4 dpi. (b) Scatter plot of SDEG in immunocompetent hamster lungs at 16 dpi. (c) Scat-
ter plot of SDEG in immunocompromised hamster lungs at 4 dpi. (d) Scatter plot of SDEG in
immunocompromised hamster lungs at 16 dpi. (e) Heat-map of SDEG involved in the hypercytokine-
mia/chemokinemia network. (f) Heat-map of SDEG involved in the canonical IFN signaling pathway.
Scale bar shows upregulation (red) and no expression (black). FDR—false discovery rate.

3.12. Dampened Proinflammatory Response Pathways in the Lungs of SARS-CoV-2-Infected
Immunocompromised Hamsters

To determine the differential regulation of gene networks and pathways in the lungs
of immunocompromised versus immunocompetent hamsters infected with SARS-CoV-
2, we interrogated the RNAseq data at 4 and 16 dpi between these two groups after
normalization to uninfected controls. The dampening of proinflammatory, innate immune
function pathways, including phagosome formation, production of reactive oxygen and
nitrogen species (ROS and RNS), dendritic cell maturation, and NK cell activation was
noted at 4 dpi in the immunocompromised, compared to immunocompetent animals
(Figures 9a—c and S9). At 16 dpi, network genes involved in MPN-RON signaling and
prothrombin signaling were upregulated in the SARS-CoV-2-infected immunocompetent
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hamsters (Figures 9d,e and 510). In contrast, LXR/RXR signaling was upregulated in the
infected immunocompromised hamsters (Figures 9f and S10). However, the B cell receptor
signaling and the network genes that determine the number of B cells were downregulated
in this group (Figure 9g). This observation is consistent with and supported by the lack of
antibodies in the sera of infected immunocompromised hamsters.

a
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Figure 9. Expression of network genes in immunocompetent and immunocompromised hamsters
infected with SARS-CoV-2. (a) Heat map of SDEG involved in the inflammatory response in immuno-
competent hamster lungs at 4 dpi. (b) Heat map of SDEG involved in the inflammatory response
in immunocompromised hamster lungs at 4 dpi (4 dpi CP). (c¢) Heat map of SDEG involved in NK
cell activation network in immunocompetent (4 dpi) and immunocompromised (4 dpi CP) hamster
lungs at 4 dpi. (d) Heat map of SDEG involved in canonical MPN-RON signaling in macrophages net-
work in immunocompetent (16 dpi) and immunocompromised (16 dpi CP) hamster lungs at 16 dpi.
(e) Heat map of SDEG involved in prothrombin signaling network in immunocompetent (16 dpi)
and immunocompromised (16 dpi CP) hamster lungs at 16 dpi. (f) Heat map of SDEG involved in
canonical LXR/RXR signaling pathway in immunocompetent (16 dpi) and immunocompromised
(16 dpi CP) hamster lungs at 16 dpi. (g) Heat map of SDEG involved in B cell recruitment and
accumulation network in immunocompetent (16 dpi) and immunocompromised (16 dpi CP) hamster
lungs at 16 dpi. Scale bar shows up (red) and downregulation (green).

4. Discussion

The differential pathogenesis of COVID-19 between immunocompromised and im-
munocompetent individuals is poorly understood [24]. Similarly, predictors of disease
severity, including the pathological manifestations of extrapulmonary organs upon SARS-
CoV-2 infection in immunocompetent and immunocompromised hosts, are not well de-
scribed. Previous studies have shown that Golden Syrian hamsters are reliable and pre-
dictable animal models that can recapitulate the pulmonary pathological manifestations
of COVID-19 as seen in humans [25-28]. These reports show that following intranasal
SARS-CoV-2 inoculation, high viral load and disease pathology were mainly localized
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to the trachea and lungs, with interstitial pneumonia being the main hallmark of severe
disease [25-28].

Here, we report the dynamic changes in SARS-CoV-2 replication and pathological
manifestations in pulmonary and extrapulmonary organs of immunocompetent and im-
munocompromised hamsters. We also report the molecular correlates of the host response
to infection with different initial inoculum doses of SARS-CoV-2 in immunocompetent
hamsters. Together, our data suggest that the histopathological manifestations caused
by progressive SARS-CoV-2 infection predict COVID-19 severity better than individual
measures of viral load, antibody response, and cytokine storm at the systemic or local
(lungs) levels in the immunocompetent and immunocompromised hosts.

In patients with COVID-19, the highest viral load has been reported in the lungs, and
low levels of viral RNA were detected in the cardiovascular, endocrine, gastrointestinal, uro-
genital, hemopoietic, and central nervous systems [29,30]. Furthermore, the infectious/live
viruses were isolatable from most of the COVID-19 patients within 10 days of symptoms
onset, despite detectable viral RNA for a longer time [31]. Consistent with these reports,
we observed the highest live viral load in the pulmonary system of SARS-CoV-2-infected
hamsters and a lower viral load was detected in the extrapulmonary organs. Notably,
a similar viral load was observed in various tissues of LD and HD-infected hamsters,
despite a 5-log difference in the inoculum used for infection between these two groups. In
both LD and HD groups, infectious/live viruses were observed in the lungs up to 7 dpij;
though the SARS-CoV-2 N gene transcript, an indicator of total viral burden (i.e., live and
non-replicating viruses), was detected until 16 dpi. These findings are consistent with and
supported by a previous study on the hamster model by Imai et al. [25]. Together, these
observations suggest that the kinetics of viral replication and persistence in hamster tissues
recapitulates the findings in COVID-19 cases.

In humans, the neutralizing antibodies generated following exposure to SARS-CoV-2
or vaccination constitute a significant determinant of virus clearance and protection [13,25].
Most of the SARS-CoV-2-infected individuals develop antiviral antibodies by 7-14 days [26].
In addition, clinical data shows that the high viral load and the severe disease correlate
with increased antibody titer among COVID-19 cases [25,27]. Consistently, in our hamster
studies, neutralizing antibodies were observed at 7 dpi, and virus clearance coincided with
the appearance of these serum neutralizing antibodies. The virus-neutralizing antibody
titer in these hamsters was proportional to the initial infectious dose of the virus, as reported
in other studies [26,32,33]. Importantly, we did not observe any SARS-CoV-2 neutralizing
antibodies in the sera of infected immunocompromised hamsters, which was also reported
in a previous study [34]. Consequently, no virus clearance was observed in the tissues of
SARS-CoV-2-infected immunocompromised animals up to 16 dpi. Interestingly, the lung
transcriptome analysis at 16 dpi revealed significant downregulation of the B cell activation
network genes, including CD19, CD22, CD72, FcgR, and IL-4 in the immunocompromised
hamsters infected with SARS-CoV-2. It was reported that the Cyclophosphamide treatment
could inhibit B cell activation, proliferation, differentiation, and immunoglobulin secretion
in patients undergoing Cyclophosphamide therapy [17,35]. Indeed, patients treated with
Cyclophosphamide for eosinophilic granulomatosis and polyangiitis did not produce any
SARS-CoV-2-specific antibodies after they acquired symptomatic COVID-19 [36].

It is likely that the immunosuppression treatment of hamsters with Cyclophosphamide
treatment would likely have diminished the number of T and B cells and/or abolished
the ability to produce antibodies upon antigen exposure [36]. Furthermore, severely
atrophied splenic lymphoid follicles were noted in the immunocompromised compared to
immunocompetent hamsters. Thus, the lack of IL4-mediated B and/or T cell activation and,
therefore, the antibody production during SARS-CoV-2 infection might have compromised
the onset of an effective antiviral response in the immunosuppressed host.

A pathologic hallmark of severe COVID-19 cases is the onset of inflammatory “cy-
tokine storm”, marked by elevated IL1B, TNFA, CCL2, IL6, MIP1A, and IL10 in the
plasma [37]. Severe COVID-19 was also correlated with body weight loss [38]. Consistent
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with these reports, we observed elevated inflammatory cytokine levels in the infected
immunocompetent and immunocompromised hamsters. Furthermore, body weight loss
was significantly higher among HD-infected animals, which also showed more robust
inflammation and disease pathology than LD-infected animals. However, the cytokine
expression between LD and HD was not significantly different except for IFNG (4 dpi) and
IL4 (16 dpi). Thus, it appears that once the active disease is established at about 4 dpi, the
expression pattern of many of the cytokine storm molecules does not correlate with the
infectious dose or the degree of pathological manifestations in the SARS-CoV-2-infected
hamsters. In contrast, the SARS-CoV-2-infected immunocompromised hamsters had mild
pulmonary lymphocytic infiltration and poor resolution of pneumonia and sustained a
prolonged weight loss, compared to immunocompetent hamsters, which is consistent with
previous observations in hamsters [25,34]. The elevated IL-10 expression in these hamsters
might have played a role in reducing the immune cell infiltration to the site of infection
(i.e., the lungs).

The lungs of immunocompetent hamsters infected with SARS-CoV-2 revealed upreg-
ulation of innate immune and inflammatory pathway genes, including IFNB and IFNL,
NK cell activation, and hypercytokinemia as observed in previous studies [39]. A similar
hyper induction of proinflammatory cytokines, such as IL6, IL1B, and IFNG, was observed
in COVID-19 patients, and the level of induction in these cases was proportional to the
severity of the disease [37]. Importantly, the induction of these inflammatory pathways
persists even in the absence of active viral replication in the lungs, which is consistent with
and supported by a recent multi-omics study performed in hamsters [40]. However, many
of these pathways were dampened in the immunocompromised SARS-CoV-2-infected ham-
sters. The lack of optimal activation of proinflammatory immune response correlated with
prolonged viral persistence in the infected immunocompromised hamsters. In addition,
Cyclophosphamide treatment has been shown to inhibit Treg cell functions, and low dose
Cyclophosphamide treatment in mice was reported to cause alterations in immune cells
in the spleen and lymph nodes [39,41,42]. However, the causal link between Cyclophos-
phamide treatment and reduced proinflammatory cytokines and inflammation levels in
COVID-19 cases remains unknown. Since the treatment regimen for COVID-19 patients
includes a combination of anti-inflammatory agents, such as steroids, it is challenging to de-
termine the differential immunomodulatory effect due to the treatment versus SARS-CoV-2
infection.

Clinical studies show that a significant proportion of COVID-19 patients had bronchial /
bronchiolar wall thickening in computed tomography (CT) scan reports [43,44]. In general,
the thickening of bronchiolar smooth muscles is a pathognomonic characteristic of asthma,
which is mediated by a TH2 response, marked by elevated levels of IL4 and airway in-
flammation [45]. Further, CT scans from COVID-19 patients showed a thickening of blood
vessels in the lungs, rupture of pararenal aortic aneurism, and cerebral aneurysm [46,47].
Although rhinoviruses have been reported to exacerbate asthma in infected patients [48,49],
whether asthma is induced or exacerbated in COVID-19 patients remains unclear. We
observed the thickening of bronchiolar smooth muscles in SARS-CoV-2-infected hamsters
in an infectious-inoculum dose-dependent manner. In addition, as reported in human
clinical studies [50], we observed extensive smooth muscle hypertrophy /hyperplasia in the
SARS-CoV-2-infected hamster pulmonary arterioles and renal arterioles and the rupture
of pulmonary vessels in some animals. While the exact mechanism underlying vascular
thickening during SARS-CoV-2 infection is not fully understood, the disruption of the
renin-angiotensin system during COVID-19 could contribute to this anomaly [51].

Autopsies have revealed that cortical degeneration and necrosis, adrenalitis, and
cortical hyperplasia of adrenal glands are associated with COVID-19 infection [52,53].
Similar adrenal cortical and medullary lesions were also observed in the hamsters, affecting
deregulating blood pressure during SARS-CoV-2 infection [54,55]. However, the causal
association between adrenal cortical/medullary insufficiency and the severity of COVID-19
is yet to be unraveled. Clinical studies have also shown microvesicular hepatic steatosis
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among COVID-19 cases with or without underlying health conditions [56,57]. Although
previous studies in the hamster model did not report any abnormality in the liver [16,17],
we observed mild degeneration and steatosis in both LD and HD SARS-CoV-2- infected
hamsters. The discrepancy between these studies could be due to the inherent differences
in the experimental design and the extent of pathological analysis performed.

Severe COVID-19 is associated with acute kidney injury and renal failure [58-60].
Autopsy reports indicate the presence of proximal convoluted tubular epithelial necrosis,
loss of brush border, and detachment into the lumen of the kidney in patients who died
of COVID-19 and during biopsy [58,59]. Additional symptoms of acute kidney injury,
including proteinuria and elevated serum creatinine levels, were also noticed in these
cases [59,60]. Consistent with these reports, we observed acute tubular epithelial necrosis of
kidneys following SARS-CoV-2 infection in immunocompetent and immunocompromised
hamsters. However, the precise mechanism of renal injury during COVID-19 is yet to be
determined.

5. Conclusions

In conclusion, our findings reveal the kinetics of viral replication, antibody response,
and associated disease pathology of various internal organs in immunocompetent and im-
munocompromised hamsters following SARS-CoV-2 infection (Figure 10). The histopatho-
logic findings in our hamster models closely mimic the clinical and pathological manifesta-
tions observed in human COVID-19 cases. The two hamster models described in this work
could be used to unravel the pathogenesis, tissue injury, and viral transmission within and
outside of the infected host. These models can also serve as a preclinical tool to evaluate
potential intervention strategies such as therapeutics and vaccines to combat the ongoing
COVID-19 pandemic.
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Figure 10. Graphical summary of experimental design and key findings of this study. LD infection of
immunocompetent hamsters was associated with mild body weight changes, rapid viral clearance, el-
evated CCL2 and CCLS5 expression, and the presence of neutralizing plasma antibodies. HD infection
of immunocompetent hamsters was associated with severe body weight loss and disease pathology, el-
evated IFN-y expression, and strong neutralizing antibody in the plasma. In contrast, LD infection of
immunocompromised hamsters was associated with less severe but prolonged bodyweight changes,
persistent viral load, elevated IL10, IL1b, MIP1A, and dampened IL4 expression. No neutralizing
antibodies were detected in the plasma of these animals. LD—low-dose infection; HD—high-dose
infection; CP-LD—Cyclophosphamide (immunosuppressed)-treated-low dose infection.
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