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Abstract

Background: The recently emerged variants of the severe acute respiratory coronavirus 2 (SARS-CoV-2) pose a threat to public health.
Understanding the pathogenicity of these variants is a salient factor in the development of effective SARS-CoV-2 therapeutics. This
study aimed to compare the expression patterns of genes involved in immune responses in K18-hACE2 mice infected with the wild-type,
Delta, and Omicron SARS-CoV-2 variants. Methods: K18-hACE2 mice were intranasally infected with either wild-type (B.1), Delta
(B.1.617.2), or Omicron (B.1.1.529) variants. On day 6 post-infection, lung, brain, and kidney tissues were collected from each variant-
infected group. The mRNA expression levels of 39 immune response genes in all three groups were compared by RT-qPCR. Viral titers
were measured using the median tissue culture infectious dose (TCIDs50) assay and expressed as Logl0 TCIDs0/0.1 g. The statistical
significance of the differences in gene expression was determined by one-way analysis of variance (ANOVA) (alpha = 0.05). Results:
The expression of toll-like receptors (TLRs) was upregulated in the lung and brain tissues of the wild-type- and Delta-infected groups but
not in those of the Omicron-infected group. The highest expression of cytokines, including interleukin (IL)-1 v, IL-13, IL-17 v, interferon,
and tumor necrosis factors, was observed in the lungs of mice infected with the wild-type variant. Additionally, CCL4, CCL11, CXCL9Y,
and CXCL10 were upregulated (>3-fold) in wild-type-infected mice, with markedly higher expressions in the brain than in the lungs.
Most of the apoptotic factors were mainly expressed in the brain tissues of Omicron-infected mice (caspase 8, caspase 9, p53, Bax, Bak,
BCL-2, and Bcl-XL), whereas neither the lung nor kidney showed more than 3-fold upregulation of these apoptotic factors. Conclusions:
Collectively, our findings revealed that the wild-type SARS-CoV-2 variant exhibited the highest pathogenicity, followed by the Delta
variant, then the Omicron variant.
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1. Introduction of concern (VOC), such as Delta and Omicron, and vari-
ants of interest (VOI), such as Alpha, Beta, and Gamma

The outbreak of the coronavirus-associated acute res- [5]. The SARS-CoV-2 Delta (B.1.617.2) variant is 40—
piratory disease (COVID-19), caused by the severe acute 60% more transmissible than the Alpha variant (B.1.1.7),

respirator}./ synQrome cor(.)naviru.s 2 (SARS-COV—Z), first increasing the risk of hospitalization [6]. Eight mutations
emerged in China (Hubei PI‘O.V.IIICG)). in December 2019 have been identified in the S protein of the Delta vari-
[1]. SARS-CoV-2 has a positive single-stranded, non- ant (T19R, G142D, del157/158, L452R, T478K, D614G,
segmented RNA genome, and its virion comprises four ma- P681R, and DI6ON), two of which (L452R and T478K) are

jor structural proteins: the nucleocapsid (N), transmem- in the RBD of the S protein [7]. Following the emergence
brane (M), envelope (E), and spike (8) proteins [2]. The of the Delta variant, a distinct variant emerged and was

receptor-binding domain (RBD) of the S proteins interacts identified as Omicron (B.1.1.529) by the WHO on Novem-

with the host receptor, angiotensin-converting enzyme 2 ber 24, 2021 [8]. An epidemiological study has reported a
(ACE2), invading epithelial cells in the respiratory and gas- 48% increased risk of transmission when infected with the

trointestinal tracts [3]. Omicron variant than with the Delta variant, owing to the

SARS-CoV-2 continuously evolves via genetic muta-
tions, mainly in the spike genes, and circulates in the hu-
man population, causing viral adaptation to human cells
[4]. In March 2021, the World Health Organization (WHO)
declared nomenclature for global SARS-CoV-2 variants

markedly high binding affinity of the Omicron variant with
human ACE2 [1,6]. However, the Omicron variant is as-
sociated with lower disease severity than the Delta variant,
with a case fatality ratio of 1.9% versus 3.4% for Delta [9].
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The immune system detects SARS-CoV-2 infection
by recognizing pathogen-associated molecular patterns
(PAMPs), triggering the production of several inflamma-
tory cytokines and chemokines, including interleukin /L-
18, IL-2, IL-6, IL-7, IL-8, IL-9, IL-10, IL-17, IL-18, IL-
22, IL-33, granulocyte-colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-
CSF), interferon (IFN)-v, tumor necrosis factor (TNF)-
a, chemokine ligand (CXCL)10, monocyte chemoattractant
protein 1 (MCP-1) A, CX3CL1, and macrophage inflamma-
tory protein-1beta (MIP-13)/(CCL4) [10]. This cytokine
storm results in an inflammatory response that is associated
with acute respiratory distress syndrome (ARDS), a SARS-
CoV-2-associated complication [11].

The pathogenicity and virulence of the SARS-CoV-2
ancestral strain and other VOCs, including Delta and Omi-
cron, have been mainly investigated using clinical sam-
ples from hospitalized patients and in silico studies. How-
ever, in vivo studies on the pathogenicity of VOCs have
been limited. Transgenic mice with human angiotensin I-
converting enzyme 2 (hACE2) receptor and promoter cy-
tokeratin 18 (K18; K18-hACE2) are well-established an-
imal models that can reproduce human SARS-CoV-2 in-
fection [12—15]. Mouse models mimic the gene expres-
sion patterns of human inflammatory genes [16]; therefore,
they have been used to evaluate the pathogenicity of human
SARS-CoV-2 and the efficacy of prophylactics and thera-
peutics against infections [17-19].

SARS-CoV-2 associated complications have been re-
ported to be triggered by the expression of different patterns
of immune response genes. Therefore, a comprehensive un-
derstanding of these expression patterns is paramount for
developing effective therapeutics for SARS-CoV-2 infec-
tions and terminating the pandemic. However, there is a
lack of studies evaluating the pathogenicity of Delta and
Omicron variants by comparing the gene expressions of
immune-related genes. This study aimed to evaluate and
compare the differences in the mRNA expression patterns
of cytokines, chemokines, and apoptotic factors in K18-
hACE2 transgenic mice infected with the ancestral strain,
Delta, and Omicron variants.

2. Materials and Methods
2.1 Animals

Female K18-hACE2 transgenic mice [B6. Cg - Tg
(K18-ACE2)2Prlmn/J; 6-7 weeks old] were acquired from
the Jackson Laboratory (Bar Harbor, ME, USA). The mice
were regularly fed a standard chow diet and water.

2.2 Virus and Cells

SARS-CoV-2 viruses were provided by the Korea
Center for Disease Control (KCDC): wild-type [SARS-
CoV-2/Korea/KCDCO03/2020(B.1)], Delta variant [hCoV-
19/Korea/KDCA119861/2021(B.1.617.2)], and Omicron
variant [hCoV-19/Korea/KCDC447321/2021(B.1.1.529)].

All viruses were propagated in Vero-E6 cells obtained from
American Type Culture Collection (VERO C1008, Man-
assas, VA, USA). Vero E6 cell cultures were maintained in
minimal essential medium (MEM) supplemented with 10%
fetal bovine serum (FBS) and 1 x antibiotic-antimycotic so-
lution (Sigma-Aldrich, St. Louis, MO, USA).

All experiments with SARS-CoV-2 were performed in
a biosafety level -3 (BSL-3) facility certified by the Korean
government.

2.3 Infection of hACE2 Transgenic Mice with SARS-CoV-2
Variants

K18-hACE2 transgenic mice (n = 10 per group) were
intranasally infected with 50 uL of 1 x 10* PFU/mL wild-
type, Delta, or Omicron variants after being anesthetized
using isoflurane USP (Troikaa Pharmaceuticals Ltd., Gu-
jarat, India). Infected mice were monitored for up to 14
days post-infection (d.p.i). K18-hACE2 transgenic mice (n
=5) were inoculated with 50 pL phosphate buffered saline
(PBS) as control.

2.4 Measurement of Body Weight and Survival Rates

The survival of the mice infected with the three SARS-
CoV-2 variants was monitored for 14 d.p.i. The change in
body weight of the surviving mice after infection was mea-
sured at a two-day interval for 14 d.p.i. or until death. Simi-
larly, the body weight of PBS mock K18-hACE2 transgenic
mice (n = 5) was measured as a control.

2.5 Measurement of Viral Titers

Lung, brain, and kidney tissues were isolated from
wild-type-, Delta-, and Omicron-infected mice on day 6 p.i.
Each tissue (0.1 g) was homogenized with 1 mL of PBS (pH
7.40). The homogenized solutions were filtered using 0.2
pm syringe filters and centrifuged to obtain the supernatant.
The supernatants were serially diluted in MEM with 1.5%
bovine serum albumin (BSA) to obtain a 10-fold dilution.

Vero cells were cultured in 96-well cell culture plates
in MEM supplemented with 10% FBS and 1x antibiotic-
antimycotic solution and incubated at 37 °C in a humidified
incubator. After reaching 80% confluence, Vero cells were
washed with warm PBS (pH 7.40). Then, 100 uL of the
diluted supernatant from each tissue sample was added to
the Vero cell culture and incubated at 37 °C for 4 days in a
humidified incubator.

After fixation, cells were permeabilized with 80%
cold acetone (Samchun Pure Chemical Co., Seoul, Repub-
lic of Korea). SARS-CoV-2 nucleocapsid rabbit polyclonal
antibody (Thermo Fisher Scientific, Waltham, MA, USA)
was added to the cells, followed by incubation with fluo-
rescently labeled goat anti-rabbit antibody (Thermo Fisher
Scientific, Waltham, MA, USA). Endpoint titers were eval-
uated using the Muench and Reed method [20].
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2.6 Quantification of Inflammatory Cytokines, TLRs, and
Apoptotic Factors by Real-Time Quantitative PCR

2.6.1 RNA Extraction

Total RNA was extracted from infected mice using the
TRIzol RNA extraction kit. Lung, brain, and kidney tis-
sues were obtained from wild-type-, Delta-, and Omicron-
infected mice (n = 3 per group) at 6 d.p.i. Each tissue sam-
ple (0.1 g) was treated with 1 mL TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) and incubated at room temper-
ature for 5 min. Chloroform (200 uL; Sigma-Aldrich, St.
Louis, MO, USA) was added to the TRIzol solution and
vortexed for 15 s, followed by centrifugation at 12,000 rpm
and 4 °C for 10 min. The aqueous phase containing RNA
was transferred to a new 1.5 mL microcentrifuge tube. Iso-
propanol (500 pL; Samchun Pure Chemical Co., Seoul, Re-
public of Korea) was added to each tube and centrifuged at
10,000 rpm at 4 °C for 10 min. The resulting RNA pellet
was washed with 100 pL of 75% ethanol and centrifuged
at 10,000 rpm at 4 °C for 5 min. Finally, the RNA was
resuspended in 50 pL nuclease-free water.

2.6.2 cDNA Synthesis

cDNA was synthesized using 2.5 pug of RNA and 1
uL of 0.5 uM of oligo dT primer (Promega, Madison, W1,
USA) by an initial incubation at 70 °C for 5 min and cooling
to 4 °C for 5 min. The reaction mixture contained 4 uL of
5 X reverse transcriptase enzyme buffer, 4 yL of 25 mM
MgCls, 1 pL of 10 mM nucleotide mixture, 1 4L of reverse
transcriptase enzyme, and 0.5 uL of RNase inhibitor at 4 °C
and was further incubated at 25 °C for 5 min, 42 °C for 60
min, and 70 °C for 15 min.

2.6.3 Analysis of Gene Expression Levels

RT-qPCR was performed to analyze the expression
levels of genes encoding cytokines, chemokines, TLRs, and
apoptotic factors in the lung, brain, and kidney of SARS-
CoV-2 variant-infected mice. The RT-qPCR reaction was
set up for a total volume of 20 uL containing 10 puL of
TOPreal™ gPCR 2 x Premix (SYBR Green with low
ROX) (Enzynomics Inc., Daejeon, South Korea), TLR, cy-
tokines, chemokines, and apoptotic factors-specific primers
(Supplementary Table 1); 1 uL of each forward and re-
verse primer (10 pmol) and 2 uL of 350 ng/uLL cDNA. Du-
plicates of each reaction were performed with 45 PCR cy-
cles (denaturation at 95 °C for 10 s, annealing at 60 °C for
15 s, and elongation at 72 °C for 15 s) in a Rotor-Gene
6000 apparatus (Corbett Life Science, Mortlake, Australia).
Gene expression levels in tissues were normalized using the
mouse beta-actin gene. Relative fold change in gene ex-
pression was calculated using the 222 method. Gene
expression levels in the lungs, brain, and kidneys of unin-
fected mice (n = 1) were used as controls.
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2.7 Lung Pathology Analysis

To determine tissue histopathology, the lung tissues
of mice infected with SARS-CoV-2 variants (n = 3 per
group) were collected at 6 d.p.i., fixed in 10% phosphate-
buffered formalin (Triangle Biomedical Sciences, General
Data Healthcare, Cincinnati, OH, USA) for 6 h, washed
with running tap water, and embedded in paraffin. Tis-
sue sections (5 pm) were prepared and stained with Harris
hematoxylin for 1 min and 30 s and 1% Eosin Y solution
for 1 min and 30 s. The stained tissues were mounted on
Canada balsam and observed for pneumonia-related signs
using an Olympus DP70 microscope (Olympus Corpora-
tion, Tokyo, Japan).

2.8 Statistical Analysis

Statistical significance was determined using the un-
paired two-tailed #-test method, and one-way analysis of
variance (ANOVA) alpha =0.05. Data were analyzed using
the GraphPad Prism software (version 8.0.1) (Dotmatics,
San Diego, CA, USA).

3. Results

3.1 Changes in the Survival Rate and Body Weight of Mice
Infected with SARS-CoV-2

To compare the differences in survival rates after in-
fections with the SARS-CoV-2 variants, we infected K18-
hACE2 mice with wild-type, Delta, or Omicron variants (n
= 10 per group) and observed mortality and body weight
for 14 days. All mice that received the wild-type virus died
within 7 days. Delta-infected mice showed 100% survival
until 7 d.p.i, then died within two days. However, all mice
infected with the Omicron variant and mock PBS exhibited
a 100% survival rate until 14 d.p.i. (Fig. 1A).

Wild-type and Delta-infected mice started to lose body
weight after 4 d.p.i. and showed 83% and 71% initial
mean body weight at 6 d.p.i., respectively. Interestingly,
the body weight of Omicron-infected mice increased at 6
d.p.i. and reached 110.5% of the initial mean body weight
at 14 d.p.i., whereas mock mice reached 125% of the mean
body weight (Fig. 1B). These results indicate that the Omi-
cron group exhibited body weight gain, similar to the mock
group, whereas the wild-type and Delta groups showed
body weight reduction. However, these differences were
not statistically significant.

3.2 Viral Loads in Infected Lung Tissues

The viral titers in each tissue of the infected mice
were measured using the Logl0 median tissue culture
infectious dose (TCIDj5g) assay at 6 d.p.i. Wild-type-
and Delta-infected mice showed similar viral titers in the
nasal turbinate, brain, and kidney tissues. In the brain,
the viral titers in wild-type- and Delta-infected mice (8.5
TCID50/0.1 g and 9.5 Logl0 TCID5p/0.1 g) were signif-
icantly higher than those in Omicron-infected mice (4.5
TCIDs5(/0.1 g). The viral titers in the lung tissues were the
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Fig. 1. The surviving rate, body weight changes, and viral titers of K18-hACE2 transgenic mice infected with the SARS-CoV-
2 variants (n = 10 per group). (A) Survival rate of mice infected with wild-type, Delta, and Omicron SARS-CoV-2 and uninfected
mice. (B) Body weight changes after infection with wild-type, Delta, Omicron, and PBS. (C) Viral titers in tissues of mice infected with
wild-type, Delta, or Omicron determine by Log10 TCID50/0.1 g. * p < 0.05, ** p < 0.01.

highest in the Delta group (6.5 TCID5y/0.1 g), followed
by the wild-type group (4 TCIDs0/0.1 g), and the Omi-
cron group (3 TCID50/0.1 g). The viral titers in the brain,
lung, and kidney of Omicron-infected mice were lower
than those of the other variant-infected mice. The viral
titers in the nasal turbinate were the highest in the Omicron
group (5.5 TCID5(/0.1 g), followed by the Delta group (4
TCID50/0.1g), then the wild-type group (3.5 TCID5(/0.1 g)
(Fig. 1C).

3.3 Analysis of Gene Expression Levels of Immune
Response Genes During SARS-CoV-2 Infections

To evaluate the pathogenicity of the wild-type, Delta,
and Omicron SARS-CoV-2 variants at the molecular level,
we analyzed the expression levels of 39 immune response
genes in the lung, brain, and kidney tissues of mice col-
lected at 6 d.p.i. by RT-qPCR. The selected 39 immune
response genes belong to various functional categories, in-
cluding TLRs, cytokines, chemokines, and apoptotic fac-
tors. Relative gene expression levels were determined by
relative fold change based on the gene expression levels of
the PBS mock-treated group. The differential expression
of each gene in different tissues of the wild-type, Delta, and
Omicron groups is illustrated and summarized in a heatmap
(Figs. 2,3,4,5,6 and Supplementary Figs. 1,2).

3.3.1 TLR expression

To identify innate immune activation following
SARS-CoV-2 infection, we evaluated 7LR gene expres-
sion in the lung, brain, and kidney of wild-type-, Delta-,

and Omicron-infected mice. TLRI, TLR2, and TLR7 were
upregulated (>3-fold) in the lung tissues of both wild-
type- and Delta-infected mice (Fig. 2A). TLR8 was up-
regulated by 3.59-fold only in the lung tissues of mice in-
fected with the wild-type variant compared to control mice
(Figs. 2A,3A). However, TLRI and TLR7 were both sig-
nificantly upregulated (p < 0.0001) in the lungs of wild-
type- and Delta-infected mice (Fig. 3A). Similar to the
lungs, the kidneys of wild-type- and Delta-infected mice
showed upregulation of 7LR2 (4.74-fold and 4.09-fold, re-
spectively; Fig. 3C). TLR2 expression in the brain of the
wild-type group was markedly higher (31.15-fold) than
that in the brain of the control group (Fig. 3B). More-
over, TLRS and TLRY were upregulated in the brains and
kidneys of the wild-type and Delta groups, respectively
(>3-fold; Fig. 2A). TLR7 was upregulated in the brains
of wild-type-infected mice (6.95-fold, p < 0.001) and the
kidneys of Omicron- and Delta-infected mice (3.08-fold
and 3.84-fold, respectively) compared to the control group
(Fig. 3B,C). Furthermore, TLRS5, TLRS, and TLRI were
considerably downregulated (<3-fold) in the brains and
kidneys of Delta-infected and wild-type-infected mice, re-
spectively (Figs. 2B,3B,C).

Overall, these results indicate that infections with the
wild-type and Delta SARS-CoV-2 resulted in increased
TLR expression in the lung and brain tissues, whereas in-
fection with the Omicron variant did not.
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Fig. 2. Differential expression of immune response genes in K18-hACE2 transgenic mice after infections with the SARS-CoV-2

variants. (A) Upregulated mRNA expression of genes related to the
Delta-, or Omicron-infected mice. (B) Downregulated mRNA expre

immune response in the lung, brain, and kidney tissues of wild-type-,
ssion of genes related to the immune response in the lung, brain, and

kidney after infection with wild-type, Delta, or Omicron (>3-fold change = upregulation and <3-fold change = downregulation).

3.3.2 Cytokine Expression

IL-1«v and IL-183 were highly expressed in the lung
and brain tissues of mice infected with the wild-type. In
the kidney, IL-I« was upregulated only after infection
with the Delta variant, whereas /L-1/3 was upregulated af-
ter infections with the Delta variant and wild-type. Up-
regulation of /L-2 was only observed in the lungs of the
wild-type- and Delta-infected groups and kidneys of the
Delta-infected group. However, IL-2 was downregulated in
the kidneys (0.29-fold) and brain (0.16-fold) of wild-type-
infected mice. /L-13 was overexpressed (947.68-fold) in
the kidneys of Delta-infected mice, lung tissues of wild-
type- or Delta-infected mice, and brains of wild-type- or
Omicron-infected mice (Figs. 2A,4A-C).

IL-4 and IL-6 expression levels were upregulated by
5.43 and 51.65, respectively, in the brain tissues follow-
ing infection with the wild-type, and the increase in /L-6
expression was statistically significant (p < 0.001). The
kidney tissues of both wild-type- and Delta-infected mice
showed upregulated /L-6 expression levels by 3.65-fold and
14.38-fold, respectively. Surprisingly, /L-6 was signifi-
cantly downregulated (0.05-fold, <0.01) in the lung tis-
sues of Omicron-infected mice, whereas it was expressed
at basal levels in the lungs of wild-type- and Delta-infected
mice (Figs. 2B,4A-C).
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1L-17A4 was moderately upregulated in lung tissues af-
ter infection with the wild-type or the Delta variant by 12.0-
fold and 8.91-fold, respectively. The brain tissues of wild-
type- and Omicron-infected mice exhibited increased /L-
174 expression levels by 21.27-fold and 7.40-fold, respec-
tively, whereas those of Delta-infected mice showed drastic
IL-17A4 downregulation compared to the control. Interest-
ingly, IL-17A expression levels were markedly increased
in the kidney after infections with wild-type, or Delta and
Omicron variants compared to the control (Fig. 4A—C).

In addition, we evaluated the expression levels of IFN
and 7NF in the lungs, brain, and kidneys of the mice in-
fected with the three variants. [FN-«, IFN-3, and IFN-vy
were differentially expressed in the lungs, brain, and kid-
neys of all three groups. Significantly increased /FN-vy
expression levels were observed in the lungs and brains
(>3-fold increase) of wild-type- and Delta-infected mice
and the kidneys of Delta-infected mice. However, /FN-y
expression was downregulated (>3-fold) in the brain tis-
sues of Omicron-infected mice. /FFN-a: was upregulated in
the brain tissues of Omicron-infected mice and downregu-
lated (<3-fold) in both the lungs and kidneys of wild-type-
infected mice and in the kidneys of Delta-infected mice.
TNF-a was upregulated by more than 3-fold in all tissues of
wild-type-infected mice and kidneys of mice infected with
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brain, and kidneys of K18-hACE2 transgenic mice infected
with SARS-CoV-2 variants.
gene was normalized to that of mouse [S-actin mRNA, and the

The mRNA expression of each

fold changes were calculated using the 2724¢T method. Statis-
tically significant differences in gene expression levels between
each group compared to PBS mock-infected mice (n = 3) were
analyzed using an unpaired two-tailed #-test. * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001. (A) TLR gene expression in
the lung tissues of wild-type-, Delta-, and Omicron-infected mice.
(B) TLR gene expression in the brain tissues of wild-type, Delta-,
and Omicron-infected mice. (C) TLR gene expression in kidney
tissues of wild-type-, Delta-, and Omicron-infected mice.

Delta or Omicron. In addition, G-CSF was upregulated
in the lungs of wild-type- and Delta-infected mice and the
brains of wild-type-infected mice (Figs. 2A,B,4A-C).
Overall, these results indicate that cytokine production
was the highest in the lungs of mice infected with wild-type
compared to that in different tissues of the other groups.

3.3.3 Chemokine Expression

The lungs, brain, and kidneys of wild-type-infected
mice showed the highest chemokine expression compared
to the other infected groups. Overall, CCL4, CCLII,
CXCLY9, and CXCL10 were upregulated (>3-fold) in both
the lungs and brains of wild-type-infected mice and were
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Fig. 4. Cytokine expression in K18-hACE2 mice after infec-
tions with SARS-CoV-2 variants. The expression levels of 13
cytokine genes (seven interleukins, 7NF-c, interferon type I and
II, G-CSF, and MG-CSF) were evaluated after infections with
wild-type, Delta variant, or Omicron variant. (A) mRNA expres-
sion of cytokine-related genes in the lungs after inoculation with
wild-type, Delta, or Omicron. (B) mRNA expression of cytokine-
related genes in the brain after inoculation with wild-type, Delta,
or Omicron. (C) mRNA expression of cytokine-related genes in
the kidney after inoculation with wild-type, Delta, or Omicron. *
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

markedly higher in the brain than in the lung. CCL4 ex-
pression was significantly upregulated in the lung and brain
by 29.54-fold and 648.91-fold, respectively, of wild-type-
infected mice compared to that in control mice. The ex-
pression levels of CXCL/I and CXCL12 were reduced in
the lungs and brain, respectively, in response to infec-
tion with the Delta variant. However, when mice were
challenged with the Omicron variant, CXCL9 was upreg-
ulated by 5.08-fold and 5.89-fold in the lung and brain, re-
spectively. CXCLI2 and CCL22 were only upregulated in
the brain (4.49-fold) and kidney (3.64-fold) of Omicron-
infected mice, respectively. CCLI7 was significantly up-
regulated (3.83-fold) in the brain of Delta-infected mice
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Fig. 5. Chemokine expression in K18-hACE2 mice infected
with SARS-CoV-2. The mRNA expression levels of nine
chemokine genes (CCL4, CCLI11, CCL17, CCL21A4, CCL22,
CXCL1, CXCL9, CXCLI0, and CXCL12) were evaluated after in-
fection with wild-type, Delta variant, or Omicron variant. (A)
mRNA expression of the chemokine genes in the lung after inoc-
ulation with wild-type, Delta, or Omicron. (B) mRNA expression
of the chemokine genes in the brain after inoculation with wild-
type, Delta, or Omicron. (C) mRNA expression of the chemokine
genes in the kidney after inoculation with wild-type, Delta, or
Omicron. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001.

but significantly downregulated in the lungs (0.18-fold).
Moreover, the lung and brain tissues of wild-type- and
Delta-infected mice showed differential expression levels
of CCL214, CXCLI10, and CXCLI12 (13.43-fold, 49.51-
fold, and 0.04-fold, respectively). A more than 3-fold in-
crease in expression was observed in the kidneys of mice
infected with the Delta variant (Figs. 2A,B,5A-C).

3.3.4 Apoptotic Factor Expression

Apoptotic factors, including caspase 8, caspase 9,
p53, Bax, Bak, BCL-2, and Bcl-XL, were mainly expressed
in brain tissues of Omicron-infected mice; neither the lung
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Fig. 6. Expression levels of apoptotic genes in K18-hACE2
mice infected with SARS-CoV-2 variants. The expression levels
of eight apoptotic factor-related genes (TRAIL, caspase 8, caspase
9, p53, Bax, BCL-2, Bcl-XL, and Bak) were evaluated after infec-
tion with wild-type, Delta variant, or Omicron variant. (A) mRNA
expression of apoptotic genes in the lungs after inoculation with
wild-type, Delta, or Omicron. (B) mRNA expression of apoptotic
genes in the brain after inoculation with wild-type, Delta, or Omi-
cron. (C) mRNA expression of apoptotic genes in the kidney after
inoculation with wild-type, Delta, or Omicron. * p < 0.05, ** p
< 0.01, *** p < 0.001, **** p < 0.0001.

nor the kidney showed more than 3-fold upregulation of
these apoptotic factors. TRAIL was upregulated by >3-
fold in the lung, brain, and kidney of Delta-infected mice
and the brain of wild-type-infected mice. Caspase 8 was
upregulated in brain tissues after infection with the Delta
or Omicron variants (Fig. 6B). In contrast to the brain of
Omicron-infected mice, the kidneys of Delta-infected mice
exhibited downregulated (<3-fold) expression levels of the
apoptotic factors caspase 8, caspase 9, p53, Bak, BCL-2,
and Bcl-XL (Fig. 6A-C).
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3.4 Histopathology of the Lungs of SARS-CoV-2 Infected
Mice

To compare the disease severity caused by the SARS-
CoV-2 variants, the lung pathology of K18-hACE2 trans-
genic mice infected with the wild-type, Delta, and Omicron
was observed at 6 d.p.i. after H&E staining. No signs of
pneumonia were observed in the lung tissues of PBS mock
mice (Fig. 7A). In contrast, mice infected with the wild-
type showed signs of severe interstitial pneumonia, which
is characterized by inflammatory cell infiltration (Fig. 7B).
The lung tissue of mice infected with the Delta variant ex-
hibited mild pneumonia (Fig. 7C). Interestingly, the lung
tissues of mice infected with the Omicron variant exhib-
ited considerably milder interstitial pneumonia than those
of mice infected with the Delta variant (Fig. 7D).

Fig. 7. Lung histopathology of K18-hACE2 transgenic mice
infected with SARS-CoV-2 variants. At 6 d.p.i., the lung tis-

sues of mice infected with the wild type, Delta, or Omicron vari-

ants were collected, and hematoxylin and eosin staining was per-
formed. Lung histopathology was used to compare disease sever-
ity caused by each variant and wild-type. (A) Lung tissue of mock-
infected mice. (B) Lung tissue of wild-type-infected mice. (C)
Lung tissue of Delta-infected mice. (D) Lung tissues of Omicron-
infected mice.

4. Discussion

Among the known VOCs, the Delta and Omicron vari-
ants have been identified as dominant variants at different
time points during the COVID-19 pandemic and are still
persistent in the human population. Although the Delta
variant has been reported to have overt pathogenicity, Omi-
cron is the most recent variant reported to have remark-
ably attenuated pathogenicity and robust transmissibility
[21,22]. The pathogenicity of a viral pathogen depends on
three factors: the accessibility of the virus to the host tissue,
host cell susceptibility to virus multiplication, and virus sus-

ceptibility to host defense mechanisms [23].

Considering the outbreak indices, we focused on the
pathogenicity profiles of the wild-type and the variants
Delta and Omicron by analyzing the expression of immune
response-related genes and the dynamics of infections in
K18-hACE2 transgenic mice. Our results revealed that
the wild-type and Delta variant resulted in a pronounced
weight loss from 4 d.p.i. until death in vivo. In con-
trast, mice infected with the Omicron variant did not lose
weight and survived until study termination. Moreover,
our results indicated that the viral burden in the Omicron-
infected K18-hACE2 mice was lower than that in the Delta-
and wild-type-infected mice. Collectively, our results re-
veal that the Omicron variant exhibited lower pathogenic-
ity in K18-hACE2 mice than the Delta variant and wild-
type, which is consistent with the preliminary findings on
the pathogenicity of SARS-CoV-2 in humans. Moreover,
multiorgan tropism, including in the brain and kidney, was
observed in the Delta- and Omicron-infected K18-hACE2
mice as well as in the infection of wild-type. The tissue
tropism of the SARS-CoV-2 variants may be mainly at-
tributed to the enhanced affinity and accessibility of the S
protein to the ACE2 receptor. Although Omicron-infected
mice showed lower viral loads in the lung, brain, and kid-
ney tissues compared to those infected with the wild-type
or Delta variant, the nasal turbinate of the Omicron-infected
mice had significant viral titer even after 6 d.p.i. This may
explain viral shedding and transmissibility associated with
Omicron.

Other research works conducted using K18-hACE2
mice showed significantly attenuated replication of Omi-
cron (B1.1.529) in lung and brain implying similar results
to our findings [24-26]. As reported by Meng et al. [27]
the impaired cleavage of spike protein and inefficient usage
of TMPRSS?2 cellular protein which is required in cell en-
try are the factors associated with the lower replication of
Omicron compared to the other SARS-CoV-2 variants.

Most COVID-19 complications occur due to the dys-
regulated immune response caused by SARS-CoV-2 in-
fection. Inflammation and cell death have been proposed
as major mechanisms underlying severe COVID-19 [28—
31]. Our findings indicate that the wild-type and the
Delta variant result in a more pronounced upregulation of
TLR, cytokine, and chemokine genes compared to the Omi-
cron variant. Moreover, genes that were differentially ex-
pressed in wild-type- and Delta-infected mice overlapped
closely, showing similar disease progression patterns. Al-
though TLR and cytokine expression was lower in Omicron-
infected mice, high apoptotic factors-related gene expres-
sion levels were observed in these mice, especially in the
brain, suggesting immune evasion. These results suggest
that the Omicron variant is more evolved than the other
SARS-CoV-2 variants.

In SARS-CoV-2 infections, 7LRs act as double-
edged swords that induce immune-mediated pathology
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rather than preventing the progression of infection [32—34].
Among TLRs, TLR?2 recognizes SARS-CoV-2 and other -
coronaviruses and may subsequently promote the secre-
tion of inflammatory cytokines (/L-6, IFN-v, TNF) and
chemokines (CXCL10) and create dysregulated immune re-
sponses during SARS-CoV-2 infection [35,36]. Similarly,
our results indicate that TLR2 expression was substantially
high in wild-type- and Delta-infected mice, accompanied
by high mRNA transcription levels of TNF-a and IFN-.
Moreover, another study has reported that severe SARS-
CoV-2 pathogenicity was associated with upregulated ex-
pression levels of TLRI, TLR4, TLR5, TLRS, and TLR9Y,
whereas moderate cases were associated with increased lev-
els of TLR7 [35]. Consistent with these results, our study
revealed the upregulation of TLR1, TLR2, TLR7, TLRS, and
TLR9 following SARS-CoV-2 infection.

Cytokines are key drivers of inflammatory responses,
which directly modulate disease severity [37]. Many stud-
ies have described the increased expression of cytokines,
including 1L-1/2/4/6/10/17, IFN-I/1I/1ll, TNF, G-CSF, GM-
CSF, MCP-1, MIP-1a, and IP-10 in patients with COVID-
19 [38-40]. IL-17 promotes the production of other proin-
flammatory mediators (/L-1, IL-6, TNF-c)) but does not
affect host antiviral gene expression upon infection with
respiratory viruses [41]. IL-17A is considered the silent
amplifier of COVID-19 as it stimulates neutrophils in pa-
tients with severe COVID-19 [39,42], increases the viral
load, and worsens disease severity [43]. Interestingly, in
our study, we observed increased /L-17A4 levels mainly in
the lung of wild-type- and Delta-infected mice, confirming
the higher pathogenicity of the wild-type and Delta SARS-
CoV-2 viruses. Another study reported that elevated G-
CSF and GM-CSF levels have been observed in patients
with COVID-19 who required ICU admission [39]. More-
over, we also observed /L-I-stimulated G-CSF and GM-
CSF production by Th17 cells in the lungs of wild-type-
infected mice and brains of Delta-infected mice, respec-
tively. These factors play a vital role in inflammatory pro-
cesses by stimulating the proliferation and activation of
macrophages, ecosinophils, and neutrophils. Another im-
portant cytokine: IL-10 has been reported with dramatic
expression in COVID-19 patients as initial response to the
virus and it has correlated with the expression of elevated
IL-6 [44]. Moreover, [L-12, IL-27 and IL-21 have re-
ported to affect the upregulation of IL-10 expression by T
helper 1 cells [45—47] and /L-4 also mediates in increase ex-
pression of /L-10 in Lipopolysaccharide (LPS) stimulated
macrophages [48]. Enhanced levels of /L-4 and IL-6 in
our study implicate the elevation of /L-10 in COVID-19 pa-
tients.

In addition to cytokines, we also observed overex-
pression of chemokines in our study. Chemokine-mediated
acute respiratory complications have been reported to be
associated with 40% of deaths. Furthermore, we ob-
served increased expression levels of TLRs, cytokines,
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and chemokines in the kidney, especially in Delta-infected
mice, which may lead to acute kidney injury (AKI) as a
complication of long-term COVID-19 infections. Our re-
sults are consistent with several studies reporting that pa-
tients with COVID-19 infected with the Delta variant expe-
rienced lingering AKI [49,50].

Moreover, programmed cell death has been proposed
as a pathway for SARS-CoV-2 pathogenesis [51]. In agree-
ment with this hypothesis, in our study, Omicron-infected
mice expressed higher levels of apoptotic factors compared
to mice infected with the other two SARS-CoV-2 variants.
Elevated expression levels of caspase 8 and caspase 9 in
the brain tissues of the Omicron infected mice ratified the
involvement of caspase mediated apoptotic pathways in
SARS-CoV-2 infection. The experiments using Vero E6
cells have reported that the activation of caspase 8 and 9
and BID was induced by the SARS-CoV-2 ORF3a which
ultimately results the cell death [52]. Upregulation of Bax,
and BAK genes which cause the mitochondrial outer mem-
brane permeabilization provide evidence for the activation
of intrinsic pathway of apoptosis cell death by Omicron in
the brain. However, the opening of the gateways of caspase
8 ultimately initiates apoptosis [53].

Our study stressed that even though the impaired Omi-
cron viral replication in the brain, it can cause the upregu-
lation of certain apoptosis factor related genes. This result
complies with the findings of Frank ef al. [54]; the S1 sub-
unit of spike protein of SARS-CoV-2 is solely enough to
act as a pathogen associated molecular pattern (PAMP) and
drive the neuroinflammatory responses independent of vi-
ral infection. However, the low viral titers in brain shown
with Omicron was not found to be associated with either the
neuropathological changes or levels of immune response
gene expression [55,56]. Similarly, RT-qPCR and immuno-
histopathological analysis of brain tissues of de positive pa-
tients by Matschke et al. [57] has confirmed the presence of
SARS-CoV-2 virus in brain even though it’s not correlated
with the neuropathology of brain. Our results also corrob-
orated with the above-mentioned research findings on dif-
ferences of viral titer and the neuropathological changes.

As Omicron induce the programmed cell death associ-
ated immune responses in brain, the central nervous system
associated manifestations might be occurred in the Long
COVID sequelae. The experiment in mice provides evi-
dence for persistent post-acute neurological complications
after exposure to COVID-19 [58]. Another study which
uses cohort of COVID-19 patients has reported the partic-
ipants diagnosed with the neurological conditions includ-
ing memory impairment, cerebrovascular disorders, cog-
nition and sensory disorders in post-acute phase and fur-
thermore COVID-19 patients have a 42% risk of devel-
oping neurological complications within a year post in-
fection [59,60]. Not only neurological complications but
also pulmonary, cardiovascular, endocrine, hematologic,
renal, gastrointestinal, dermatologic, immunological issues
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were encompassed by long COVID sequelae [60]. There-
fore, therapeutic and diagnostic algorithms should be aided
for the resolution of consequences of acute and post-acute
COVID conditions.

In addition, our histopathology results suggest that
severe pneumonia in the lungs of wild-type- and Delta-
infected mice may have arisen due to a cytokine storm
resulting from the increased levels of cytokines and
chemokines.

5. Conclusions

Our study revealed that the pathogenicity of SARS-
CoV-2 varies in the following order: wild-type >Delta
variant >Omicron variant. Wild-type SARS-CoV-2 exhib-
ited the highest pathogenicity, which is mediated by in-
flammatory cytokines that contribute to cytokine storms.
The pathogenicity of the Delta variant is also driven by in-
creased cytokine and chemokine expression levels. Omi-
cron infection results in upregulated programmed cell death
pathways, indicating invasion of host antiviral defenses by
the Omicron variant. In conclusion, our study provides in-
sights into host immune responses to several SARS-CoV-2
variants, which may help in the development of therapeutic
strategies against SARS-CoV-2.
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