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The rapid evolution of SARS-CoV-2 variants, have posed significant public health
challenges due to their heightened transmissibility and varying clinical outcomes.
While the impact of these variants in humans has been extensively studied, their
effect on domestic animals has not been explored thoroughly. Given the close
contact between humans and pets, combined with documented cases of virus
transmission from humans to domestic animals and the potential for these
animals to act as viral reservoirs, highlights the importance of understanding
the molecular dynamics of SARS-CoV-2 infection in them. Consequently, there is
an increasing demand for infection models that closely mimic viral behavior in
animal tissues. In vivo infection of cats or any other non-laboratory animal
species is extremely resource intensive, time consuming, require ABSL3
facilities, and animal ethical clearances which are not practically possible for
the majority of researchers. In this scenario the ex vivo cultures model can be an
excellent alternative. Therefore, in this study, we have utilized an ex vivo lung
explant culture model derived from domestic cats to examine the host's
response to Delta and Omicron variants of SARS-CoV-2 in cat lung explant
culture. Comprehensive transcriptomic profiling at multiple time points post-
infection revealed significant disruptions in genes associated with cell adhesion,
structural components, extracellular matrix (ECM) organization and regulation,
secreted and growth factors, and immune responses. Our study revealed that the
Delta variant triggered early activation of genes associated with tissue damage as
early as 12 hours post-infection (hpi). By 24 hpi, both the Delta and Omicron
variants showed significant activation of these genes, with the Delta variant linked
to the activation of a larger number of tissue damage-related genes. Notably, we
identified several hub genes, including MMP9, CCL5, MCP-1/CCL2, VWF, HGF,
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ANGPT1, CD34, CD68, SPP1, IGF1, CSF1, and VCL, involved in critical signaling
pathways such as focal adhesion, PI3K-Akt signaling, and TNF signaling. These
hub genes hold potential as valuable biomarkers. This study provides key insights
into the pathogenesis of SARS-CoV-2 in cats and highlights the utility of ex vivo
lung explant cultures as a platform for studying viral infections.
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Introduction

The global impact of SARS-CoV-2, the causative agent of
COVID-19, has been profoundly influenced by the emergence of
SARS-CoV-2 variants with enhanced transmissibility, immune
evasion, and altered pathogenicity (Chaudhari et al., 2022). Among
these, the Delta (B.1.617.2) and Omicron (B.1.1.529) variants have
been responsible for driving successive waves of infection, each
associated with distinct clinical outcomes (Aleem et al., 2023). This
evolving landscape underscores the critical need for validated animal
models that can be dynamically adapted to mimic the course of
human SARS-CoV-2 infections and associated disease progression.
Various animal models, including mice, ferrets, hamsters, mink, and
non-human primates, have been widely utilized for studying SARS-
CoV-2 (Cool et al., 2022; Gunasekara et al., 2022; Kim et al., 2022; Lee
and Lowen, 2021; Mufioz-Fontela et al,, 2022). However, these
models often present certain limitations. For instance, wild-type
mice lack the natural receptors required for viral entry, while
transgenic huACE2 mice, ferrets, and hamsters do not fully
replicate severe pulmonary disease or acute respiratory distress
syndrome (ARDS) (Tamil Selvan et al., 2022). Non-human
primates, although closer to humans in terms of disease pathology,
face challenges such as limited availability and zoonotic concerns.
Similarly, mink require specific pathogen-free environments,
complicating their use (Tamil Selvan et al, 2022). In contrast,
domestic cats provide a more practical model for studying SARS-
CoV-2. Cats can naturally acquire the infection through ACE2
receptor binding, develop respiratory and systemic symptoms
during acute infection, and transmit the virus to other cats. These
characteristics make them a valuable model for studying the virus’s
pathogenesis and transmission dynamics (Zhou et al., 2020; Jiang
et al,, 2020; Ryan et al,, 2021; Sia et al., 2020; Lu et al., 2020; Shuai
et al., 2021; Bosco-Lauth et al., 2020; Halfmann et al., 2020; Rudd
et al,, 2021; Tamil Selvan et al,, 2022). The susceptibility of cats to
SARS-CoV-2 infection, offer a unique model for studying host-
pathogen interactions, as they exhibit key aspects of COVID-19
pathology similar to those seen in humans (Rudd et al, 2021;
Tamil Selvan et al,, 2022; Saravanan et al., 2022). Previous studies
have shown that intratracheal inoculation of wild-type SARS-CoV-2
in domestic cats leads to significant clinical signs—including lethargy,
fever, dyspnea, and dry cough—as well as pulmonary lesions such as
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diffuse alveolar damage and hyaline membrane formation. These
pathological features are consistent with the early exudative phase of
COVID-19 in humans and are influenced by the distribution of feline
ACE2 receptors (Rudd et al., 2021). Furthermore, the transmission of
SARS-CoV-2 to domestic cats and other felids from infected owners
or caretakers has been well-established (Barrs et al., 2020; Garigliany
et al,, 2020; Hosie et al., 2021; Klaus et al,, 2021). Although direct
zoonotic transmission from felids to humans has not been reported,
the possibility remains, particularly with the emergence of new viral
variants. Investigating the molecular mechanisms of SARS-CoV-2
infection in cats is therefore essential. This can be achieved using
transcriptomics and various methodological approaches, such as in
vivo, in vitro, and ex vivo systems. Traditional cell line models, despite
their utility for virological studies, fall short in replicating the
complexity of intact tissues and fail to account for interactions
between different cell types and the extracellular matrix. In vivo
studies, while providing valuable insights into the systemic and
pathological aspects of SARS-CoV-2 infection, are often resource-
heavy, time-intensive, and require specialized ABSL3 facilities and
ethical approvals, which can limit their widespread use. To address
these challenges, we adopted an ex vivo lung explant culture model,
which retains the structural integrity and immune microenvironment
of the lung tissue, making it a more biologically relevant system for
examining host responses to SARS-CoV-2 variants (Gordhan et al,,
2024). Although this model overcomes many limitations of in vitro
studies and avoids the practical constraints of in vivo experiments, its
application is limited by its finite lifespan and the absence of systemic
immune components. Nonetheless, given the emergence of SARS-
CoV-2 variants and their documented transmission from infected
humans to domestic cats, concerns about cross-species adaptability
and potential reservoirs have intensified. While zoonotic
transmission from cats back to humans has not yet been reported,
the possibility remains, particularly with the ongoing evolution of the
virus. These factors underscore the need to investigate the molecular
mechanisms of SARS-CoV-2 infection in cats. Therefore, in this
study we performed transcriptomic profiling of cat lung explant
cultures infected with SARS-CoV-2 Delta and Omicron variants at
three distinct time points, enabling the investigation of temporal and
variant-specific host responses under physiologically relevant ex vivo
conditions. Differential gene expression, functional enrichment, and
hub gene network analyses revealed key molecular pathways and
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regulatory genes associated with viral pathogenesis and immune
activation. Hub genes, defined by their extensive interactions and
high connectivity within gene networks, often play central roles in
coordinating complex biological responses (Yu et al., 2017). To assess
the discriminatory potential of these genes, we conducted receiver
operating characteristic (ROC) curve analysis using the pROC
package in R (Robin et al, 2011). The area under the ROC curve
(AUC) served as a quantitative indicator of gene performance across
conditions, with values of 0.7-0.8 considered acceptable, 0.8-0.9
excellent, and >0.9 outstanding (Hosmer et al., 2013). Expression
profiles of selected hub genes were further validated using real-time
PCR. Together, these findings enhance our understanding of SARS-
CoV-2 infection dynamics in cats and highlight the relevance of lung
explant cultures as a robust ex vivo model for studying respiratory
viral infections.

2 Materials and methods
2.1 Source of experimental tissue

Lung tissue samples were obtained from recently deceased cats
(n=3) who have died from non-lung-related causes, such as
accidents, fractures, or injuries, ensuring no pre-existing lung
pathology in collaboration with AASRA, a Non-Governmental
volunteer organization, and the State Veterinary Hospital in
Bhopal, India. Following postmortem collection, the tissues were
placed on ice in RPMI media supplemented with a 2X
concentration of antibiotics (Gentamicin and antimycotic) and
transported to the ICAR-National Institute of High Security
Animal Diseases (NIHSAD).

2.2 Explant culture preparation, virus
source, and infection

All experiments were performed in a Biosafety Level 3 (BSL-3)
containment facility at the National Institute of High Security
Animal Diseases (NIHSAD), Bhopal, India. Lung tissues were
collected immediately postmortem and washed twice with RPMI
media (Gibco, Thermo Fisher Scientific, USA; Cat. No. 11875093),
supplemented with a 2X concentration of antibiotics, including
Gentamicin (Thermo Fisher Scientific, USA; Cat. No. 15710064)
and Antimycotic Solution (Thermo Fisher Scientific, USA; Cat. No.
15240062). The tissues were then finely chopped into
approximately 1 mm?® fragments using sterile curved surgical
scissors in a petri dish placed on ice to preserve cellular integrity.
The resulting explant suspension was transferred into sterile tubes
containing RPMI medium with antibiotics. A portion of this was
reserved as a mock (non-infected) control, while the remaining
explants were inoculated with SARS-CoV-2 Delta and Omicron
variants at a multiplicity of infection (MOI) of 1, using viral stocks
previously propagated in Vero E6 cells under BSL-3 conditions.
Explants were plated in 6-well culture plates, targeting an
approximate cell density of 107 cells per well based on yield
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estimates from processed tissue. Cultures were incubated at 37 °C
in a humidified atmosphere with 5% CO,. Mock-infected control
samples were harvested at 6 hours post-infection (hpi) to serve as a
baseline. Infected explants were collected at 0, 6, 12, and 24 hpi into
tubes containing TRIzol™ Reagent (Thermo Fisher Scientific, USA;
Cat. No. 15596026).

2.3 RNA Isolation, and quantification, and
gqRT-PCR to check explant culture

Total RNA was extracted from lung explant cultures at mock, 0,
6, 12, and 24 hours post-infection (hpi) using the PureLink " RNA
Mini Kit (Thermo Fisher Scientific, USA; Cat. No. 12183018A),
following the manufacturer’s protocol. RNA concentration was
determined using the Qubit™ RNA High Sensitivity (HS) Assay
Kit (Thermo Fisher Scientific, USA; Cat. No. 2935440).

2.4 Checking explants using real time PCR

Quantitative reverse transcription PCR (qRT-PCR) was
performed in collected samples (mock, Ohpi, 6hpi, 12hpi, and
24hpi) using VIRALDTECT-II Multiplex Real Time PCR kit for
COVID-19 (Genes2Me; Cat. No. G2M020220), containing specific
primers and fluorescent probes targeting RdRp, E, and N gene of
SARS-CoV-2, following the manufacturer’s instructions.

2.5 Data generation

Approximately 500 ng of RNA from mock, 6hpi, 12hpi, and
24hpi samples was used for data generation using Illumina Novaseq
6000 platform. 2 x 150 bases paired-end sequencing was performed to
generate approximately 10 Gb of data per sample. RNA quality was
assessed prior to sequencing using Nanodrop spectrophotometry
(260/280 and 260/230 ratios) and 1% agarose gel electrophoresis to
ensure sample integrity. Detailed information on RNA quality
control metrics, sample identifiers, sequencing depth, and read
alignment percentages is provided in Supplementary Material 1.

2.6 Data filtration and DEGs identification

Raw sequence data from each sample was subjected to quality
control checks using FastQC (Babraham Bioinformatics). Adaptor
and low-quality sequences were removed using Cut adapt with the
default parameters. Quality filtered reads from mock and infected
samples were mapped to Felis catus reference genome. The gene
counts were obtained using Hisat2 in RSEM (Li and Dewey, 2011).
The counts were used for calculating differentially expressed genes
(DEGs) by use of R package, DESeq2 (Love et al.,, 2014). Genes
satisfying the criteria of a |log 2 (fold change) | > 1 for upregulated,
< -1 for downregulated and the p-value < 0.01 were defined as
DEGs. DEGs were identified and visualized using a volcano plot.
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2.7 Short time-series expression miner
analysis

Short Time Series Expression Miner (STEM) software, which
clusters genes both by significance and expression patterns (Ernst
and Bar-Joseph, 2006) was used to identify longitudinal patterns of
gene expression changes throughout infection. We used a number
of model profiles set as 10 and a maximum unit change in model
profiles between time points set at 1. Gene expression values were
transformed to log ratios relative to the expression value at control.
Then, each gene was assigned to the filtering criteria of the model
profiles, and the correlation coefficient was determined. The boxes
in the figures were colored if the profiles were statistically significant
and boxes of the same color with high similarity could be analyzed
together. Gene Ontology (GO) and Kyoto encyclopedia of genes
and genomes (KEGG) pathway analyses of significant profiles were
performed using DAVID (Sherman et al., 2022) and a p-value <
0.05 was considered statistically significant.

2.8 Construction of a PPl network, module
analysis, hub gene identification, and AUC
analysis for hub genes

The PPI network was constructed using the Search Tool for the
Retrieval of Interacting Genes (STRING; http://string-db.org)
(version 12) online database. For omicron variant the PPI
network of DEGs from profiles 0 and 9 was constructed, and for
delta variant the PPI Network of Profile 0, 5, and 9 was constructed
using the STRING database, and interaction with a combined score
> 0.4 was considered statistically significant. Then, the results were
visualized with CytoScape software v3.10.2. MCODE v2.0.3, a
CytoScape plug-in was used for identifying significant modules
(MCODE score 2 6), the selection criteria were as follows: degree
cut-off = 2, MCODE scores > 6, Max depth = 100, node score cut-off
= 0.2, and k-score = 2. Further, hub genes were selected using
CytoHubba v0.1, which is another plug-in of CytoScape, according
to the number of associations with other genes in the PPI network.
Five common algorithms (MNC, Degree, Closeness, Radiality, and
EPC) were used for evaluating and selecting hub genes. Further,
Receiver-operating characteristic (ROC) analyses was also
performed to calculate AUC value of hub genes using R “pROC”
package (Robin et al., 2011). AUC values between 0.7 and 0.8 are
considered acceptable, those between 0.8 and 0.9 are deemed
excellent, and values above 0.9 are regarded as outstanding
(Hosmer et al., 2013).

2.9 Validation using RT-gPCR

To validate the RNA-Seq results, we performed quantitative
real-time PCR (qRT-PCR) using the same RNA samples that were
utilized for library preparation. qRT-PCR was conducted using the
NeoScript One Step qRT-PCR Kit with SYBR Green (Genes2Me;
Cat: #0S01) following the manufacturer’s protocol. Each 10 pL
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reaction contained 5 pL of 2X One Step SYBR Green Mix, 0.5 pL of
One Step SYBR Green Enzyme Mix, 0.5 pL each of forward and
reverse primers (10 uM), and 3.5 pL of RNA template (15 ng). The
thermal cycling conditions were as follows: reverse transcription at
50°C for 3 minutes, initial denaturation at 95°C for 5 minutes,
followed by 30-35 cycles of denaturation at 95°C for 10 seconds and
annealing/extension at 60°C for 30 seconds. Relative gene
expression levels were calculated using the 2A-AACT method,
with GAPDH and ACTB used as internal reference genes.
Primers used in this study are listed in Table 3 of Supplementary
Material 1.

3 Results

3.1 Confirmation of viral infection in
explant culture

Throughout the experiment, the colour of RPMI medium
remained unchanged indicating viable, uncontaminated explant
culture. Real-time PCR using the VIRALDTECT-II Multiplex kit
confirmed viral infection, with Ct values ranging from 24-29 for
samples at Ohpi, and between 16-22 for samples collected at 6, 12,
and 24hpi after Delta and Omicron variant infection, whereas no
amplification was observed in mock (non-infected) samples.
Although Ct values decreased over time, the change was modest,
suggesting limited replication in our cat lung explant ex vivo model.
Details of Ct value obtained across different time points are given in
Supplementary Material 1.

3.2 RNA seq data generation

Raw sequencing data in FASTQ format were obtained for mock,
6 hpi, 12 hpi, and 24 hpi samples, with data sizes ranging from 8 to
17 Gb per sample. Detailed information on RNA quality control
metrics, sample identifiers, sequencing depth, and read alignment
percentages is provided in Supplementary Material 1.

3.3 Differentially expressed genes for delta
and omicron variant infection at different
time points

Following SARS CoV-2 Delta variant infection in cat lung
explant culture 22, 222, and 580 DEGs were identified at 6, 12,
and 24hpi, respectively. Among these, 22 DEGs were upregulated at
6hpi, with no DEGs downregulated,118 DEGs were upregulated
and 104 DEGs were downregulated at 12hpi while 112 DEGs were
upregulated and 468 DEGs downregulated at 24hpi (Figure 1).
Similarly, following Omicron variant infection in cat lung explant
culture, 17, 114, and 543 DEGs were identified at 6, 12, and 24 hpi,
respectively. Among these, 13 DEGs were upregulated and 4 were
downregulated at 6 hpi. At 12 hpi, 67 DEGs were upregulated and
47 were downregulated, while at 24 hpi, 114 DEGs were upregulated
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FIGURE 1

Bar plot showing the number of differentially expressed genes (DEGs) (log2FC > 1 for upregulated and < -1 for downregulated, pvalue < 0.01) at each
time point among two variants. Blue bars correspond to the Delta variant, and red bars correspond to the Omicron variant. The numbers above the

bars indicate the exact count of DEGs for each condition.

and 429 were downregulated (Figure 1). Figures 2A, B represents
the volcano plot after Delta and Omicron variant infection in cat
lung explants culture, respectively.

3.4 Short time-series expression miner

In this study, to gain insights into the dynamics of gene
expression during early disease progression, short time-series
expression miner (STEM) software was used to categorize the
identified DEGs in the 6hpi vs. Mock, 12hpi vs. Mock, and 24hpi
vs. Mock comparisons into a pattern based on 10 profiles. In Delta
variant infection, pattern analysis revealed three significant gene
expression profiles (Figure 3A). Profile 0 was downregulated, Profile
9 was upregulated, and Profile 5 remained temporally stable from 0
to 6 hours post-infection (hpi), then became upregulated from 6 to
12hpi, and finally downregulated from 12 to 24hpi. For Omicron
variant infection the pattern analysis results showed that two
profiles exhibited significant gene expression patterns (Figure 3B),
with Profile0 downregulated, and profile 9 upregulated.

3.4.1 GO and KEGG pathway analysis of
significant profiles

To further investigate the function of the two significant profiles
obtained for Delta and Omicron variants above, we performed Gene
Ontology (GO) and KEGG pathway enrichment analyses (p < 0.05) on
two major gene expression profiles: Profile 0, comprising significantly
downregulated DEGs, and Profile 9, comprising significantly
upregulated DEGs. In Profile 0, enrichment of biological processes
revealed a range of pathways associated with both Delta and Omicron
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infections, as shown in Figures 4A, 5A. Pathways commonly enriched
in both variants included extracellular matrix organization,
angiogenesis, cell adhesion, and surfactant homeostasis. In contrast,
some pathways were uniquely enriched in each variant. Signal
transduction, fibrinolysis, lung development, and alveolus
development were specific to Delta, while proteolysis and innate
immune response were uniquely enriched in Omicron infection.
These results are provided in detail in Supplementary Material 2.
Among all enriched pathways, those related to extracellular matrix
organization, proteolysis, cell adhesion, and signal transduction
involved the largest number of genes, highlighting their critical role
in the host response to SARS-CoV-2 infection. The analysis of cellular
components associated with downregulated genes in Profile 0 revealed
significant enrichment of terms such as extracellular matrix, collagen-
containing extracellular matrix, elastic fiber, extracellular region, and
basement membrane in both Delta and Omicron infections, as
illustrated in Figures 4B, 5B. In comparison, cellular component
analysis of upregulated genes in Profile 9 showed that both Delta
and Omicron infections were associated with enrichment in the
extracellular space and extracellular region, as depicted in Figures 6B,
7B. Key structural components, including the basement membrane and
collagen-containing extracellular matrix, were prominently affected,
suggesting a loss of tissue architecture and structural integrity during
infection. The enrichment of extracellular matrix components points to
active tissue remodeling in response to viral damage. Furthermore,
changes observed in the plasma membrane and extracellular region
imply alterations in cell surface interactions that are essential for
immune coordination and intercellular communication. KEGG
pathway analysis for Profile 0 indicated that complement and
coagulation cascades, focal adhesion, and the PI3K-Akt signaling
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FIGURE 2

Volcano plots showing differentially expressed genes (DEGs) in cat lung explant cultures infected with the SARS-CoV-2 Delta (A) and Omicron (B)
variants at 6, 12, and 24 hours post-infection (hpi). The x-axis represents the log2(Fold Change) of gene expression, while the y-axis represents the
-log10(P-value) of statistical significance.

pathway were enriched in both Delta and Omicron infections, as
shown in Figures 4C, 5C. For Profile 9, the biological processes
enriched in Delta-infected tissue involved key inflammatory
mechanisms, including the inflammatory response, chemokine-
mediated signaling, cellular response to interleukin one, and cellular

response to type two interferon, which are presented in Figure 6A. In
Omicron-infected tissue, the upregulated genes in Profile 9 were
enriched in processes such as inflammatory response, positive
regulation of the ERK one and ERK two cascade, IL-27 mediated
signaling, negative regulation of viral genome replication, among
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FIGURE 3

Trend analysis of gene expression in Delta- and Omicron-infected cat lung explant cultures at different time points post-infection using STEM. (A)
Three significant expression profiles (p-value < 0.01) were identified in Delta-infected cat lung explants. (B) Two significant expression profiles (p-
value < 0.01) were identified in Omicron-infected cat lung explants. Each profile box represents a model temporal expression pattern generated by
STEM. The top-left number indicates the profile ID, and the bottom-left number shows the p-value representing the statistical enrichment of gene
assignment to that profile. The black line depicts the overall mean expression trend of all genes assigned to the profile, while the red lines represent
the expression trajectories of individual genes, scaled to align with the model profile. Colored backgrounds denote statistically significant profiles,
automatically generated by the STEM software.

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1553464
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Panwar et al.

10.3389/fcimb.2025.1553464

FIGURE 4

GO term bar graphs representing functional enrichment of genes for (A) Biological processes (BP), (B) Cellular components (CC), and (C) KEGG
pathways from profile O for Delta variant infection in cat. Horizontal bars represent the number of genes mapping to each GO term, while color
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others, as shown in Figure 7A. KEGG pathway analysis of Profile 9
revealed that both Delta and Omicron infections showed enrichment in
pathways such as viral protein interaction with cytokine and cytokine
receptors, cytokine-cytokine receptor interaction, influenza A, NOD-
like receptor signaling, TNF signaling, and chemokine signaling, as
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illustrated in Figures 6C, 7C. However, several pathways, including
metabolic pathways, interleukin seventeen signaling, and mitogen-
activated protein kinase signaling, were uniquely enriched in Delta
infection. Taken together, the enrichment patterns indicate that genes
involved in focal adhesion and extracellular matrix receptor interaction
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FIGURE 5
GO term bar graphs representing functional enrichment of genes for (A)

pathways from profile O for Omicron variant infection in cat. Horizontal bars represent the number of genes mapping to each GO term, while color

intensity represents the —log(p-value) value of the corresponding GO an

Biological processes (BP), (B) Cellular components (CC), and (C) KEGG

d KEGG terms.

pathways were consistently downregulated, while genes associated with
inflammatory responses and cytokine signaling were consistently
upregulated in SARS-CoV-2 infected tissue. This relationship
between immune activation and extracellular matrix dysregulation

Frontiers in Cellular and Infection Microbiology

suggests that inflammation triggered by the virus may drive
degradation and remodeling of the lung tissue microenvironment. A
comprehensive list of all enriched Gene Ontology and KEGG pathways
is available in Supplementary Material 2.
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pathways from profile 9 for Delta variant infection in cat. Horizontal bars represent the number of genes mapping to each GO term, while color
intensity represents the —log(p-value) value of the corresponding GO and KEGG terms.

3.4.2 Screening of genes in profile O following
delta and omicron variant infection

Transcriptomic analysis of Profile 0 revealed significant
downregulation of genes related to cell adhesion and structural
integrity, ECM regulation and organization, secreted and growth
factors as well as several immune response genes for both delta and
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omicron variants. This disruption is observed in both Delta and
Omicron variant infections, with distinct differences in the
magnitude and specificity of these changes between the two variants.
Genes involved in cell adhesion and structural components, including
laminins (LAMAZ2), elastin (ELN), and collagens (COL16A1, COL13A1,
COLS8AI) were significantly downregulated at 24 hours post-infection
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(hpi) in both variants. However, COL14A1, COLECI1, and COLECI2
were uniquely downregulated following Delta infection at 24 hpi.
Notably, the suppression of ELN was more pronounced in Delta-
infected tissues, suggesting a greater impairment in lung elasticity
compared to Omicron. Among tight junction-associated genes,
CLDNI1 was downregulated in both infections at 24 hpi, whereas
CLDNI16 and CLDN18 were specifically downregulated following Delta
infection. Several integrins such as IGFI, ITGAS, and ITGA7 were
consistently downregulated in response to both variants. Additionally,
genes related to cell adhesion such as ADGRF5, CAVIN2, FATS,
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FILIPI, GSN, and TSPANI1I were downregulated in both the variants
at 24hpi whereas CAVI, CAVINI, GPC3, POSTN, SUSD2, and
TSPAN7 were downregulated only after Delta variant infection at 24
hpi. A broad downregulation of ECM-affiliated genes was observed,
including CLEC14A, EFEMP2, EFNB2, MUCI15, LAMP3, and PRELP,
all significantly downregulated in both variants at 24 hpi. EFEMPI and
LTBP4 were additionally downregulated at 12 hpi and 24 hpi following
Delta infection, while EGFL6 and FBLN5 showed consistent
downregulation at both time points in Omicron infection.
Surfactant-associated genes (SFTPB, SFTPC, SFTPD, SFTA2) also
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demonstrated marked downregulation during both variant infections.
Several genes involved in ECM regulation, including ADAMTS2,
ADAM33, ADAMTS5, ADAMTS8, and ADAMTSY9, were
significantly downregulated. Among these, ADAMTS4, ADAMTSS,
and ADAMTS9 were downregulated at both 12 and 24 hpi in Delta-
infected lungs, indicating persistent ECM disruption and likely
impairment in tissue repair and remodeling processes. Several
secreted and growth factor related genes also showed widespread
downregulation. Commonly affected genes across both variants at 24
hpi included ANGPT1, ANGPT4, ANGPTLI, ANGPTL4, CCL24, HGF,
IGF1, NAPSA, S100A1, and S100P. Notably, ANGPTI and ANGPTLI
were suppressed at both 12 and 24 hpi specifically in Delta infection.
Additionally, growth factors such as FGF2 and FGF20 were
downregulated only in Delta infection and remained unaffected in
Omicron. These findings underscore variant-specific differences in the
regulation of key factors involved in lung function and repair. Lastly,
other immune-related genes such as VWF, CD34, CD38, CD3D, CD84,
CD1I163, and CDI177 were downregulated in both variants at 24 hpi,
further emphasizing the extensive molecular alterations triggered by
SARS-CoV-2 in feline lung tissue. Figure 8 represents the heatmap
displaying the differential expression of genes across key functional
categories in cat lung explant cultures infected with SARS-CoV-2 Delta
and Omicron variants, including (A) cell adhesion and structural
components, (B) extracellular matrix (ECM) organization and
regulation, (C) growth factors and secreted factors, and (D) few
others. These genes represent downregulated DEGs identified in
Profile 0. Genes with statistically significant expression changes (p-
value < 0.01) are indicated with asterisks (*).

3.4.3 Screening of genes in profile 9 following
delta and omicron variant infection

In Profile 9, we observed a significant upregulation of genes
involved in secretory and immune responses, with moderate
upregulation of genes related to antiviral defense, cell adhesion,
integrins, and extracellular matrix (ECM) regulation. Figure 9
represents the heatmap displaying the differential expression of genes
involved in antiviral response, immune Signaling, and tissue
remodeling following SARS-CoV-2 (A) Delta and (B) Omicron
variant infection in cat lung explant culture. These genes represent
upregulated DEGs identified in Profile 9. Genes with significant p-value
< 0.01 are marked with asterisks (*). Among the secreted and
inflammatory mediators, ANGPT2, CCL5, JAGI, SPP1, and MCP-1
were strongly upregulated in both Delta and Omicron infections,
indicating activation of cytokine signaling and immune cell
recruitment pathways. Genes associated with ECM remodeling and
structural integrity, including COLGALTI, ITGAX, MMP9, and
MMPI2, were also elevated. Notably, COLGALTI showed consistent
upregulation at 12 and 24 hours post-infection (hpi) following Delta
infection. MMP9 was upregulated in both Delta and Omicron
infections at 12 and 24 hpi, while ITGAX and MMPI12 were
specifically elevated at 24 hpi in both variants. In the context of
antiviral responses, OAS3 and RSAD2 were upregulated
predominantly at 24 hpi, reflecting a host response to viral
replication. This suggests a late induction of antiviral defenses, which
may not be sufficient to counter high viral load early during infection.
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3.5 PPI network construction of significant
profiles and molecular complex detection
cluster modules identification

The PPI network of genes for significant profiles was constructed
separately for Delta (Figure 10A) and Omicron (Figure 10C) variant
infection using STRING and the network was visualized by Cytoscape,
and the most significant module was identified using Cytoscape plug-in
MCODE. MCODE score of > 6 was set as a threshold. For Delta
variant infection the analysis revealed one significant module, cluster 1
with MCODE score = 6.2, having 10 nodes and 28 edges (Figure 10B).
KEGG analysis showed that the genes in this cluster were related to
focal adhesion, MAPK signalling pathway, PI3K-Akt signalling
pathway, Rapl signaling pathway, and Ras signalling pathway. For
Omicron variant two significant modules were identified with MCODE
score of > 6. The first module (Cluster 1) had an MCODE score of 14.4,
consisting of 16 nodes and 108 edges (Figure 10D). KEGG pathway
analysis for this cluster showed that the genes were associated with
pathways such as cell cycle, and motor proteins. While the second
module (Cluster 2) had an MCODE score of 7.7, containing 8 nodes
and 27 edges (Figure 10E), KEGG pathway analysis showed that
genes in this cluster were enriched in pathways related to HIF-1
signaling pathway, focal adhesion, MAPK signalling pathway, PI3K-
Akt signalling pathway, Rapl signaling pathway, and Ras
signalling pathway.

3.6 Selection and analysis of hub genes
from genes in profile 0 and profile 9

The top 20 hub genes were identified using five distinct algorithms
within the CytoHubba plug-in, analyzed separately for the Delta variant
(Figures 11A-F) and the Omicron variant (Figures 12A-E). Each
algorithm generated a ranked list of hub genes based on network
topology features. To identify the most consistently central genes across
methods, we used an UpSet diagram to visualize the overlap among the
five ranking algorithms. The UpSet diagram summarizes the
intersection of hub genes predicted by all five methods, providing a
set of genes that are robustly ranked as hubs regardless of the specific
algorithm. For the Delta variant, 12 hub genes were found to be
common across all five methods (Figure 11F), which includes CCL5,
IGF1, VCL, VWE, CD34, ANGPTI, CD68, HGF, SPP1, CCL2, MMP?9,
and CSFI1. KEGG pathway analysis revealed that these hub genes were
primarily involved in Focal adhesion, PI3K-Akt signaling pathway,
Rapl signaling pathway, Ras signaling pathway, MAPK signaling
pathway, and TNF signaling pathway (Figure 11G). And for Omicron
variant infection 7 common hub genes were identified (Figure 12F)
namely, VWF, CD34, CD68, IGF1, SPPI, CCL5, and MMP9. KEGG
pathway analysis revealed that the hub genes were primarily involved in
Focal adhesion, and PI3K-Akt signaling pathway (Figure 12G). The
AUC values of hub-genes for the Delta and Omicron variant infected
cat lung explants is given in Figures 13A, 13B, respectively. A
comprehensive list of all enriched KEGG pathways (p < 0.05)
associated with hub genes following Delta and Omicron variant
infections, as well as KEGG pathways corresponding to significant
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Heatmap displaying the differential expression of genes involved in antiviral response, immune Signaling, and tissue remodeling following SARS-CoV-
2 (A) Delta and (B) Omicron variant infection in cat lung explant culture. These genes represent upregulated DEGs identified in Profile 9. Genes with

significant p-value < 0.01 are marked with asterisks (*).

clusters with an MCODE score > 6 (p < 0.05) for both variants, is
provided in Supplementary Material 3. Table 1 represents the details of
hub genes after delta and omicron variant infection in cat lung
explant culture.

3.7 Validation by qRT-PCR

For validation, four genes were selected among which 3 were
identified as hub gene (MMP9, CCL2/MCP-1, CSFI) and one was
selected randomly (MMP3). GAPDH and ACTB were used as
housekeeping genes to normalize the qRT-PCR data. Real-time
PCR results aligned with the RNA-Seq data. qRT-PCR bar plots
with standard error is shown in Figures 14A-D.

4 Discussion

Domestic cats, living in close proximity to humans, present a
potential risk for SARS-CoV-2 transmission and may serve as
reservoirs for viral mutations and variant emergence. Cases of
reverse zoonosis, where humans transmit the virus to cats, have been
well-documented (Barrs et al., 2020; Garigliany et al., 2020; Hosie et al,,
2021; Klaus et al, 2021). Experimental studies in cats have
demonstrated animal-to-animal transmission of SARS-CoV-2
(Halfmann et al., 2020; Sailleau et al., 2020; Bosco-Lauth et al., 2020;
Gaudreault et al,, 2020; Shi et al,, 2020), underscoring the need to
understand the molecular mechanisms of infection in companion
animals. Transcriptomic analysis, combined with ex vivo tissue
models, offers a powerful approach to studying virus-host
interactions by overcoming the limitations of traditional in vitro
systems and animal models, which struggle to replicate tissue-specific
immune responses, particularly for SARS-CoV-2 (Kumar et al., 20205
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Gretebeck and Subbarao, 2015). These models preserve tissue
architecture and complexity, enabling more accurate insights into
immune responses and disease progression (Gordhan et al, 2024).
Therefore, in this study we employed an ex vivo lung explant culture
model, to investigate the key changes in gene expression in cats infected
with the Delta and Omicron variants of SARS-CoV-2 at three distinct
time points. COVID-19 induces a profound systemic inflammatory
response that significantly disrupts the extracellular matrix (ECM)—a
critical structure maintaining tissue homeostasis and facilitating repair
(Zhou et al., 2018; Sarker et al., 2021). In the respiratory system, the
ECM provides structural integrity to the upper airways and forms a
specialized basement membrane (BM) in the lower airways and
vasculature, essential for normal tissue maintenance and organ
development (Rozario and DeSimone, 2010). Consistent with this,
our results revealed significant downregulation of surfactant-related
genes, essential for lung function and homeostasis, likely contributing
to respiratory distress (Whitsett et al,, 2010). Surfactant proteins such as
SFTPB, SFTPC, SFTPD, and SFTA2 play critical roles in reducing
alveolar surface tension and stabilizing alveolar structures (Perez-Gil
and Weaver, 2010; Nogee et al, 2000). Their suppression could
exacerbate alveolar collapse and impair gas exchange.
Simultaneously, genes involved in cell-matrix adhesion and
extracellular matrix (ECM) integrity were diminished, including
laminins (LAMA?2), elastin (ELN), and various collagens (COLI6AI,
COLI3AI, COL8AI). Disruption of these ECM components
compromises lung structure, leading to epithelial dysfunction, tissue
damage, and mechanical instability (Leng et al., 2020). Downregulation
of FBLNS, critical for elastogenesis and preservation of lung tissue
elasticity (Papke and Yanagisawa, 2014), was also observed, further
indicating compromised lung function. Notably, elastin (ELN)
downregulation, particularly more pronounced in Delta infection,
reflects loss of lung elasticity, consistent with pathological processes
observed in emphysema (Vlahovic et al, 1999; Deslee et al., 2009).
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FIGURE 10

PPI network construction and module analysis following SARS-CoV-2 Delta and Omicron variant infection in cat lung explant culture. (A) The PPI
network of genes in Profile O (orange), Profile 5 (blue), and Profile 9 (green) was constructed using Cytoscape following Delta variant infection. (B) A
significant gene module (module score > 6) along with associated gene groups (V-shaped nodes) identified from the Delta variant infection. (C) The
PPI network of genes in Profile O (orange) and Profile 9 (green) constructed using Cytoscape following Omicron variant infection. (D, E) represent
significant gene modules (module score > 6) with gene groups attached (V-shaped nodes) identified following Omicron variant infection.

Suppression of tight junction genes such as CLDN11, CLDN16, and
CLDNI8 suggests impaired epithelial barrier integrity, potentially
enhancing vascular permeability and pulmonary edema, as reported
in COVID-19-related lung injury (Hashimoto et al,, 2022). In addition,
downregulation of adhesion molecules such as POSTN, CAVI, and
TSPAN7 may contribute to weakened ECM attachment. POSTN, for
example, is critical for collagen fibrillogenesis and cross-linking in
connective tissues (Canty and Kadler, 2005; Maruhashi et al., 2010).
Pathway analysis highlighted disruptions in ECM organization, cell
adhesion, and angiogenesis (Huang et al., 2023), indicating a broad
impact on lung structure and repair mechanisms. Furthermore,
ADAM and ADAMTS proteases—key regulators of ECM
remodeling—were downregulated (ADAMTS2, ADAMTSS,
ADAMTSS, ADAMTSY, ADAM33), suggesting impaired collagen
processing and tissue regeneration (Wang et al, 2023). Both Delta
and Omicron variants triggered activation of common inflammatory
pathways, such as cytokine-cytokine receptor interaction and
chemokine signaling (Blanco-Melo et al, 2020), both of which are
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known drivers of severe COVID-19 complications (Valle et al.,, 2020).
However, Delta induced broader and more severe changes, including
variant-specific activation of lung development and alveolus formation
pathways, suggesting greater structural damage and compromised
repair (Saito et al, 2022; Rajaiah et al, 2024). A significant
downregulation of growth and secreted factors such as ANGPTI,
HGF, IGF1, and WNT7A was also observed. ANGPTI reinforces
endothelial junctions and promotes vascular stability (losef et al,
2023; Wei et al, 2021). Its suppression may weaken vascular
integrity and enhance leakage. HGF acts as a critical tissue-repair
factor (Perreau et al., 2021), and IGFI regulates immune responses and
cellular repair, with reduced levels associated with worsened outcomes
in respiratory diseases including ARDS (Ahasic et al., 2012; Mohamed
et al., 2023; Poudel et al., 2020).

In the context of inflammation and vascular injury, elevated
ANGPT?2 levels observed in our study are notable. ANGPT2 has
been previously linked with vascular dysfunction and poor
outcomes in COVID-19 and HIN1 infections (Parikh et al,
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Identification of hub genes and associated KEGG pathways following Delta variant infection in cat lung explant culture using multiple algorithms. (A—
E) display hub genes identified by five distinct algorithms: Closeness, Degree, EPC, MNC, and Radiality, (F) shows an UpSet diagram depicting the
overlap across five algorithms, revealing 12 common hub genes, (G) represents the KEGG pathways enriched in these hub genes, highlighting their
biological significance.
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FIGURE 12
Identification of hub genes and associated KEGG pathways following Omicron variant infection in cat lung explant culture using multiple algorithms.
(A—E) display hub genes identified by five distinct algorithms: Closeness, Degree, EPC, MNC, and Radiality, (F) shows an UpSet diagram depicting the
overlap across five algorithms, revealing 7 common hub genes, (G) represents the KEGG pathways enriched in these hub genes, highlighting their
biological significance.
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2006). Similarly, upregulation of SPP1, a mediator of monocyte and
neutrophil activation (Liukang et al, 2024), and increased
chemokines like CCL5 and MCP-1 (Perez-Garcia et al,, 2022;
Ansari et al., 2024) suggest enhanced immune cell recruitment to
lung tissues, potentially contributing to hyperinflammation. Tissue
remodeling signatures were evident through upregulation of genes
such as MMP9, MMPI12, COLGALTI, FHOD3, and WNT5A.
Notably, MMP9, which can degrade ECM components and
promote alveolar capillary destruction, was upregulated in both
variants (Salomao et al., 2023). Upregulation of MMP12, previously
associated with airway remodeling and fibrosis in asthma
(Pouniotis et al., 2006; Meidaninikjeh et al., 2021; Abd-Elaziz
et al, 2021), also points to potential long-term lung damage.
COLGALTI, important for collagen triple helix formation
(Tvaroska, 2024), was consistently elevated, further supporting
extensive ECM alterations. Pathway analysis highlighted
disruptions in ECM organization, cell adhesion, and angiogenesis,
further emphasizing the virus’s impact on tissue structure and
repair mechanisms (Huang et al.,, 2023). Both Delta and Omicron
variants demonstrated activation of common inflammatory

Frontiers in Cellular and Infection Microbiology

pathways, such as cytokine-cytokine receptor interaction and
chemokine signaling, which play critical roles in immune
responses to viral infections (Blanco-Melo et al., 2020). These
pathways have been implicated in hyperinflammatory states
driving severe complications in COVID-19 (Valle et al., 2020).
However, the Delta variant induced broader and more severe
changes, including variant-specific activation of lung development
and alveolus formation pathways, suggesting greater structural
damage and compromised tissue repair (Saito et al., 2022).
Further insights into the host response were gained through hub
gene identification and Area Under the Curve (AUC) analysis. Key hub
genes, such as CCL5, MMP9, and SPPI, were upregulated, reflecting
heightened immune responses and inflammation. CCL5 enhances
immune cell recruitment and antiviral defenses (Pérez-Garcia et al.,
2022), while MMP9 contributes to both lung tissue damage and repair
during inflammation (Gelzo et al., 2022). Conversely, downregulated
hub genes like ANGPTI and HGF suggest weakened vascular stability
and impaired tissue repair (losef et al., 2023; Wei et al,, 2021; Perreau
etal,, 2021). Interestingly, VWF was downregulated in cats, contrasting
with its elevation in severe human COVID-19 cases, potentially
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TABLE 1 Details of the hub genes.

Gene symbol and

full name

NEWT

ANGPT1 plays a key role in vascular stability and repair by binding to the TEK
receptor on endothelial cells, activating pathways that reinforce cell junctions, reduce

10.3389/fcimb.2025.1553464

Hub gene

Delta
(AUC)

Omicron
(1\V]@)]

Y
AGNPTI (Angiopoietin 1) ! vessel leakage, and support angiogenesis. It also helps with tissue repair by enabling b No
(Down) ) o > . . ) A (0.93)
endothelial cell migration and interaction with the extracellular matrix (losef et al.,
2023, Wei et al., 2021).
cclLs CCL5 plays an active role in recruiting a variety of leukocytes including T cells,
. . 1 macrophages, eosinophils, and basophils into inflammatory sites, it also induces the Yes Yes
(C-C motif chemokine L . . i . .
ligand 5) (Up) activation and proliferation of natural killer cells to generate CC chemokine-activated (0.89) (0.85)
& killer cells (Soria and Ben-Baruch, 2008).
CCL2/MCP-1 i CCL2 (MCP-1), a chemokine, plays a critical role in COVID-19 by contributing to
(C-C motif chemokine (Up) inflammation and immune cell recruitment, especially in severe cases (Ansari Yes No
ligand 2) p et al., 2024)
CD34 ! Possible adhesion molecule with a role in early hematopoiesis b‘y med'{ating the Yes Yes
(CD34 molecule) (Down) attachment of stem cells to the bone marrow extracellular matrix or directly to (085) (085)
stromal cells (GeneCards — The Human Gene Database, 2024) . .
CD68 N CD68 plays a role in phagocytic activities of tissue macrophages, both in intracellular Ye Yes
s e
(CD68 molecule) (Up) lysosomal metabolism and extracellular cell-cell and cell-pathogen interactions. (0.89) 093)
P (GeneCards — The Human Gene Database, 2024) : '
CSF1 i CSF1 regulates the survival, proliferation, and differentiation of mononuclear Yes
(colony stimulating (Up) phagocytes, supporting macrophage-mediated immune defense (Chitu and ©078) No
factor 1) P Stanley, 2006). :
HGF gene plays a vital role in countering inflammation and promoting lung tissue
repair in severe COVID-19 cases. HGF, a pleiotropic cytokine produced by
HGF | mesenchymal cells and macrophages, is crucial for preventing lung fibrosis by Yes No
(Hepatocyte Growth Factor) (Down) reducing apoptosis of lung epithelial and endothelial cells. It does so by activating (0.78)
pathways like ERK/MAPK, PI3K/Akt, and STAT3, which support cell survival and
tissue regeneration (Perreau et al., 2021)
IGF1 ! IGFI (Insulin-like Growth Factor 1) plays a significant role in immune regulation and Yes Yes
(insulin like growth inflammation in COVID-19, having both pro-inflammatory and anti-inflammatory
(Down) (0.74) (0.78)
factor 1) effects (Mohamed et al., 2023; Poudel et al., 2020)
Matrix metalloproteinase-9 (MMP9) plays a multifaceted role in COVID-19,
contributing to both lung tissue damage and potential repair mechanisms. Initially,
MMP9 i MMP9., produced by neutrophils and fnonocyteé, is upr'egulate'd during inflammation, Yes Yes
. . where it breaks down the alveolar-capillary barrier, leading to increased lung
(matrix metallopeptidase 9) (Up) o L . . . . ) (0.93) (0.96)
permeability and worsening inflammation, but its persistent elevation during recovery
phase may aid in tissue remodeling and repair, supporting the reorganization of the
extracellular matrix as inflammation subsides (Gelzo et al., 2022)
SPPI plays a vital role in activating pro-inflammatory monocytes and neutrophils,
which are crucial for the immune defense in severe infections. It is essential
SPP1 1 A . i Yes Yes
. immunomodulatory factor that recruits immune cells, particularly T cells and
(secreted phosphoprotein 1) (Up) . K . . (0.74) (0.81)
macrophages, and promotes antiviral cytokine production, such as IFN-y (Matacic,
2020; Liukang et al., 2024)
von Willebrand factor (vWF) is a multimeric glycoprotein primarily secreted by
endothelial cells, where it plays a central role in initiating platelet adhesion following
vascular injury (Rusu and Minshall, 2018). Beyond its well-established function in
vWF 1 hemostasis, VWF is a key mediator of thrombosis and thromboinflammation, Yes Yes
(von Willebrand factor) (Down) responding dynamically to changes in blood shear flow (Wagner, 1990). Elevated vWF (0.85) (0.78)
levels have been associated with poor clinical outcomes in acute lung injury and
ARDS (Ware et al., 2004) and are implicated in thrombo-inflammatory processes and
coagulopathies observed in SARS-CoV-2 infection (Morici et al., 2020).
VCL | Vinculin was identified as a component of focal adhesions and adherens junctions Yes No
(Vinculin) (Down) (Bays and DeMali, 2017) (0.74)
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indicating a reduced risk of vascular injury (Wang et al., 2021; Wibowo
et al, 2022). The detailed roles of these hub genes are summarized
in Table 1.

The pronounced disruption of ECM-related genes and
pathways underscores the structural vulnerabilities caused by
SARS-CoV-2, likely contributing to respiratory distress and
compromised lung function. The Delta variant’s more aggressive
response, as reflected in broader gene dysregulation, may explain its
increased pathogenicity. While recovery-associated gene expression
was not prominent within the 24-hour post-infection window,
seropositivity studies suggest that cats may develop immune
responses over time (Bosco-Lauth et al, 2020). This raises the
possibility that reparative pathways could emerge at later stages of
infection, warranting further investigation. Overall, our findings
demonstrate the utility of the ex vivo lung explant culture model in
studying zoonotic viruses and their molecular impact. The
identification of key hub genes involved in ECM integrity,
immune modulation, and inflammation provides significant
insights into the pathogenesis of SARS-CoV-2. Therapeutic
strategies aimed at restoring surfactant production, preserving
ECM integrity, and modulating angiogenesis hold promise for
mitigating lung injury. These findings contribute to our
understanding of viral pathogenesis and offer a foundation for
developing targeted interventions to improve outcomes in both
veterinary and human medicine. Although we observed a consistent
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decline in Ct values from 6 to 24 hours post-infection, indicating
progressive viral RNA accumulation, the overall change was
modest, suggesting limited replication in our ex vivo feline lung
explant model. For instance, Hui et al. (2020) reported a ~2-log;o
increase in viral titres in human bronchial explants over 72 hours,
whereas Caco-2 cells showed increases exceeding 4-log;. Similarly,
Chu et al. (2020) documented a 1.20 to 2.04-log increase in viral
titres in human lung explants between 2 and 48 hours post-
infection. Furthermore, our 24-hour observation window may
have been insufficient to detect later stages of viral amplification.
Future studies incorporating extended timepoints and assessing
additional respiratory tissues, such as trachea and nasal mucosa,
could provide a more comprehensive understanding of tissue-
specific viral dynamics and host responses in cats.

5 Conclusion

In conclusion, our RNA-seq analysis highlights transcriptional
responses in cat lung explant cultures following SARS-CoV-2
infection. The observed downregulation of key genes related to
extracellular matrix (ECM) organization, surfactant homeostasis, and
cell adhesion suggests that the virus may affect molecular components
critical for lung structure and function. These molecular alterations
provide valuable insights into the host’s transcriptomic response to
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SARS-CoV-2, with the Delta variant causing more pronounced
changes compared to the Omicron variant. These findings offer
valuable insight into the feline host response to SARS-CoV-2
infection. However, they are specific to cat lung tissue and due to
species-specific differences in ACE2 receptor structure and TMPRSS2
expression, direct extrapolation of these results to other animal models
or humans should be approached with caution. Moreover, as the study
is based solely on transcriptomic data without histopathological
validation, therefore the observed molecular alterations should be
considered indicative rather than demonstrative of tissue-level
damage or functional impairment. Future studies incorporating
histopathological examination and viral titration will be essential
to confirm the biological consequences of these transcriptomic
changes and to better characterize virus-induced effects on lung
tissue. Despite these limitations, the identification of dysregulated
hub genes provides a foundation for the development of targeted
therapeutic strategies and prognostic biomarkers. For instance,
interventions aimed at restoring surfactant production, preserving
ECM composition, and modulating angiogenic signaling may hold
potential in mitigating virus-associated molecular effects. Finally, our
findings highlight the relevance of the ex vivo cat lung explant culture
model as a powerful and biologically meaningful platform for studying
SARS-CoV-2 infection dynamics and for advancing research on
emerging zoonotic viruses.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: NCBI/PRJNA1328388.

Ethics statement

The animal study was approved by Institutional Animal Ethics
Committee (IAEC). IAEC, approval number: 121/TAEC/NIHSAD/
21. The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

ARP: Formal analysis, Software, Validation, Visualization, Writing
- original draft. AR: Supervision, Validation, Writing — original draft,
Writing - review & editing. SB: Investigation, Project administration,
Resources, Writing — review & editing. AP: Investigation, Writing —
review & editing. AK: Formal analysis, Software, Writing — review &
editing. RS: Resources, Writing — review & editing. SS: Resources,
Writing - review & editing. PS: Formal analysis, Validation, Writing -
review & editing. AJ: Formal analysis, Resources, Writing — review &
editing. AZ: Formal analysis, Writing - review & editing.
AM: Conceptualization, Formal analysis, Funding acquisition,
Investigation, Methodology, Project administration, Resources,
Software, Supervision, Validation, Writing — original draft, Writing -
review & editing.

Frontiers in Cellular and Infection Microbiology

19

10.3389/fcimb.2025.1553464

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by ICAR-NASF, India (NASF/ABA-8029/2020-21) - Studies on host-
pathogen interaction and development of vaccine against zoonotic
coronaviruses; ICMR, India (VU/10/2024/ECD) - Creation of a
national network of high-risk pathogen laboratories (BSL-3/4) and
their interlinkages; and NOHM-ICMR, India (SN ID-P1) - Building a
surveillance model for detecting zoonotic spillover in bird-human
interaction settings using the One Health Approach.

Acknowledgments

The authors would like to thank ICAR- National Bureau of
Animal Genetic Resources, Haryana, India for providing
computational facilities for data carrying out data analysis. The
authors would like to thank Director ICAR-National Institute of
High Security Animal Diseases, Bhopal, India for providing
infrastructure and facility for the animal experiments. We would
like to thank ChatGPT, an AI language model developed by
OpenAl, for its assistance in basic language editing and
enhancing the readability of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
constructed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/
fcimb.2025.1553464/full#supplementary-material.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2025.1553464/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2025.1553464/full#supplementary-material
https://doi.org/10.3389/fcimb.2025.1553464
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Panwar et al.

References

Abd-Elaziz, K., Jesenak, M., Vasakova, M., and Diamant, Z. (2021). Revisiting matrix
metalloproteinase 12: its role in pathophysiology of asthma and related pulmonary
diseases: Its role in pathophysiology of asthma and related pulmonary diseases. Curr.
Opin. Pulm. Med. 27, 54-60. doi: 10.1097/MCP.0000000000000743

Ahasic, A. M., Zhai, R., Su, L., Zhao, Y., Aronis, K. N., Thompson, B. T., et al.
(2012). IGF1 and IGFBP3 in acute respiratory distress syndrome. Eur. J. Endocrinol.
166, 121-129. doi: 10.1530/EJE-11-0778

Aleem, A, Samad, A., and Vagqar, A. B. (2023). Emerging variants of SARS-coV-2 and
novel therapeutics against coronavirus (COVID-19) (Treasure Island: StatPearls).

Ansari, A. W., Ahmad, F., Alam, M. A, Raheed, T., Zaqout, A., Al-Maslamani, M.,
et al. (2024). Virus-induced host chemokine CCL2 in COVID-19 pathogenesis:
Potential prognostic marker and target of anti-inflammatory strategy. Rev. Med.
Virol. 34, €2578. doi: 10.1002/rmv.2578

Barrs, V. R,, Peiris, M., Tam, K. W. S,, Law, P. Y. T., Brackman, C. J., To, E. M. W.,
et al. (2020). SARS-CoV-2 in quarantined domestic cats from COVID-19 households
or close contacts, Hong Kong, China. Emerg. Infect. Dis. 26, 3071-3074. doi: 10.3201/
€id2612.202786

Bays, J. L., and DeMali, K. A. (2017). Vinculin in cell-cell and cell-matrix adhesions.
Cell. Mol. Life Sci. 74, 2999-3009. doi: 10.1007/s00018-017-2511-3

Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W.-C., Uhl, S., Hoagland, D., Meller, R.,
etal. (2020). Imbalanced host response to SARS-CoV-2 drives development of COVID-
19. Cell 181, 1036-1045.€9. doi: 10.1016/j.cell.2020.04.026

Bosco-Lauth, A. M., Hartwig, A. E., Porter, S. M., Gordy, P. W., Nehring, M., Byas, A.
D., et al. (2020). Experimental infection of domestic dogs and cats with SARS-CoV-2:
Pathogenesis, transmission, and response to reexposure in cats. Proc. Natl. Acad. Sci. U.
S. A. 117, 26382-26388. doi: 10.1073/pnas.2013102117

Canty, E. G., and Kadler, K. E. (2005). Procollagen trafficking, processing and
fibrillogenesis. J. Cell Sci. 118, 1341-1353. doi: 10.1242/jcs.01731

Chaudhari, A. M., Joshi, M., Kumar, D., Patel, A., Lokhande, K. B., Krishnan, A, et al.
(2022). Evaluation of immune evasion in SARS-CoV-2 Delta and Omicron variants.
Comput. Struct. Biotechnol. ]. 20, 4501-4516. doi: 10.1016/j.csbj.2022.08.010

Chitu, V., and Stanley, E. R. (2006). Colony-stimulating factor-1 in immunity and
inflammation. Curr. Opin. Immunol. 18, 39-48. doi: 10.1016/j.c0i.2005.11.006

Chu, H., Chan, J. F.-W., Wang, Y., Yuen, T. T.-T., Chai, Y., Hou, Y., et al. (2020).
Comparative replication and immune activation profiles of SARS-CoV-2 and SARS-
CoV in human lungs: An ex vivo study with implications for the pathogenesis of
COVID-19. Clin. Infect. Dis. 71, 1400-1409. doi: 10.1093/cid/ciaa410

Cool, K., Gaudreault, N. N., Morozov, L, Trujillo, J. D., Meekins, D. A,
McDowell, C., et al. (2022). Infection and transmission of ancestral SARS-CoV-2
and its alpha variant in pregnant white-tailed deer. Emerg. Microbes Infect. 11, 95-112.
doi: 10.1080/22221751.2021.2012528

Deslee, G., Woods, J. C., Moore, C. M., Liu, L., Conradi, S. H., Milne, M., et al. (2009).
Elastin expression in very severe human COPD. Eur. Respir. ]. 34, 324-331.
doi: 10.1183/09031936.00123008

Ernst, J., and Bar-Joseph, Z. (2006). STEM: a tool for the analysis of short time series
gene expression data. BMC Bioinf. 7, 191. doi: 10.1186/1471-2105-7-191

Garigliany, M., Van Laere, A.-S., Clercx, C., Giet, D., Escriou, N., Huon, C, et al.
(2020). SARS-CoV-2 natural transmission from human to cat, Belgium, March 2020.
Emerg. Infect. Dis. 26, 3069-3071. doi: 10.3201/eid2612.202223

Gaudreault, N. N., Trujillo, J. D., Carossino, M., Meekins, D. A., Morozov, I,
Madden, D. W., et al. (2020). SARS-CoV-2 infection, disease and transmission in
domestic cats. Emerg. Microbes Infect. 9, 2322-2332. doi: 10.1080/22221751.2020.
1833687

GeneCards - The Human Gene Database. (2024). Weizmann Institute of Science.
Available online at: https://www.genecards.org/cgi-bin/carddisp.pl?gene=CD34
(Accessed September 29, 2025).

Gelzo, M., Cacciapuoti, S., Pinchera, B., De Rosa, A., Cernera, G., Scialo, F., et al.
(2022). Matrix metalloproteinases (MMP) 3 and 9 as biomarkers of severity in COVID-
19 patients. Sci. Rep. 12, 1212. doi: 10.1038/s41598-021-04677-8

Gordhan, B. G, Liebenberg, D., Scarlatti, G., Herrera, C., Chiodi, F., Martinson, N.,
et al. (2024). Ex vivo challenge models for infectious diseases. Crit. Rev. Microbiol. 50,
785-804. doi: 10.1080/1040841X.2023.2274855

Gretebeck, L. M., and Subbarao, K. (2015). Animal models for SARS and MERS
coronaviruses. Curr. Opin. Virol. 13, 123-129. doi: 10.1016/j.coviro.2015.06.009

Gunasekara, S., Tamil Selvan, M., Miller, C. A., and Rudd, J. M. (2022).
Thinking outside the box: Utilizing nontraditional animal models for COVID-19
research. Int. J. Trans. Med. 2, 113-133. doi: 10.3390/ijtm2010010

Halfmann, P. J., Hatta, M., Chiba, S., Maemura, T., Fan, S., Takeda, M., et al. (2020).
Transmission of SARS-CoV-2 in domestic cats. N. Engl. J. Med. 383, 592-594.
doi: 10.1056/NEJMc2013400

Hashimoto, R., Takahashi, J., Shirakura, K., Funatsu, R., Kosugi, K., Deguchi, S., et al.
(2022). SARS-CoV-2 disrupts respiratory vascular barriers by suppressing Claudin-5
expression. Sci. Adv. 8, eabo6783. doi: 10.1126/sciadv.abo6783

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2025.1553464

Hosie, M. J., Hofmann-Lehmann, R., Hartmann, K., Egberink, H., Truyen, U., Addie,
D. D, et al. (2021). Anthropogenic infection of cats during the 2020 COVID-19
pandemic. Viruses 13, 185. doi: 10.3390/v13020185

Hosmer, D. W., Lemeshow, S., and Sturdivant, R. X. (2013). Applied logistic
regression. 3rd Ed (Nashville, TN: John Wiley & Sons).

Huang, J.-J., Wang, C.-W,, Liu, Y., Zhang, Y.-Y,, Yang, N.-B,, Yu, Y.-C,, et al. (2023).
Role of the extracellular matrix in COVID-19. World J. Clin. cases 11, 73-83.
doi: 10.12998/wjcc.v11.i1.73

Hui, K. P. Y., Cheung, M.-C,, Perera, R. A. P. M., Ng, K.-C,, Bui, C. H. T., Ho, J. C.
W., etal. (2020). Tropism, replication competence, and innate immune responses of the
coronavirus SARS-CoV-2 in human respiratory tract and conjunctiva: an analysis in
ex-vivo and in-vitro cultures. Lancet Respir. Med. 8, 687-695. doi: 10.1016/S2213-2600
(20)30193-4

Tosef, C., Knauer, M. J., Nicholson, M., Van Nynatten, L. R., Cepinskas, G., Draghici,
S., et al. (2023). Plasma proteome of Long-COVID patients indicates HIF-mediated
vasculo-proliferative disease with impact on brain and heart function. J. Transl. Med.
21, 377. doi: 10.1186/s12967-023-04149-9

Jiang, R.-D., Liu, M.-Q., Chen, Y., Shan, C., Zhou, Y.-W,, Shen, X.-R, et al. (2020).
Pathogenesis of SARS-CoV-2 in transgenic mice expressing human angiotensin-
converting enzyme 2. Cell 182, 50-58.e8. doi: 10.1016/j.cell.2020.05.027

Kim, Y.-I,, Casel, M. A. B., and Choi, Y. K. (2022). Transmissibility and pathogenicity
of SARS-CoV-2 variants in animal models. J. Microbiol. 60, 255-267. doi: 10.1007/
$12275-022-2033-z

Klaus, J., Zini, E., Hartmann, K., Egberink, H., Kipar, A., Bergmann, M, et al. (2021).
SARS-CoV-2 infection in dogs and cats from southern Germany and northern Italy
during the first wave of the COVID-19 pandemic. Viruses 13, 1453. doi: 10.3390/
v13081453

Kumar, S., Yadav, P. K., Srinivasan, R., and Perumal, N. (2020). Selection of animal
models for COVID-19 research. Virusdisease 31, 453-458. doi: 10.1007/s13337-020-
00637-4

Lee, C.-Y., and Lowen, A. C. (2021). Animal models for SARS-coV-2. Curr. Opin.
Virol. 48, 73-81. doi: 10.1016/j.coviro.2021.03.009

Leng, L., Cao, R,, Ma, J., Mou, D, Zhu, Y., Li, W,, et al. (2020). Pathological features
of COVID-19-associated lung injury: a preliminary proteomics report based on clinical
samples. Signal Transduction Targeting Ther. 5, 240. doi: 10.1038/s41392-020-00355-9

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinf. 12, 323. doi: 10.1186/1471-
2105-12-323

Liukang, C., Zhao, J., Tian, J., Huang, M., Liang, R., Zhao, Y., et al. (2024).
Deciphering infected cell types, hub gene networks and cell-cell communication in
infectious bronchitis virus via single-cell RNA sequencing. PloS Pathog. 20, €1012232.
doi: 10.1371/journal.ppat.1012232

Love, M. L, Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/
s13059-014-0550-8

Lu, S, Zhao, Y., Yu, W,, Yang, Y., Gao, J., Wang, J., et al. (2020). Comparison of
nonhuman primates identified the suitable model for COVID-19. Signal Transduction
Targeting Ther. 5, 157. doi: 10.1038/s41392-020-00269-6

Maruhashi, T., Kii, I, Saito, M., and Kudo, A. (2010). Interaction between periostin
and BMP-1 promotes proteolytic activation of lysyl oxidase. J. Biol. Chem. 285, 13294
13303. doi: 10.1074/jbc.M109.088864

Matacic, C. (2020). Blood vessel injury may spur disease’s fatal second phase. Science
368, 1039-1040. doi: 10.1126/science.368.6495.1039

Meidaninikjeh, S., Sabouni, N., Marzouni, H. Z., Bengar, S., Khalili, A., and Jafari, R.
(2021). Monocytes and macrophages in COVID-19: Friends and foes. Life Sci. 269,
119010. doi: 10.1016/j.1f5.2020.119010

Mohamed, A. A., Nour, A. A, Mosbah, N. M., Wahba, A. S. M., Esmail, O. E,, Eysa,
B., et al. (2023). Evaluation of circulating insulin-like growth factor-1, heart-type fatty
acid-binding protein, and endotrophin levels as prognostic markers of COVID-19
infection severity. Virol. J. 20, 94. doi: 10.1186/s12985-023-02057-4

Morici, N., Bottiroli, M., Fumagalli, R., Marini, C., and Cattaneo, M. (2020). Role of
von Willebrand factor and ADAMTS-13 in the pathogenesis of thrombi in SARS-CoV-
2 infection: Time to rethink. Thromb. Haemost. 120, 1339-1342. doi: 10.1055/s-0040-
1713400

Murioz-Fontela, C., Widerspick, L., Albrecht, R. A., Beer, M., Carroll, M. W., de Wit,
E., et al. (2022). Advances and gaps in SARS-CoV-2 infection models. PloS Pathog. 18,
€1010161. doi: 10.1371/journal.ppat.1010161

Nogee, L. M., Wert, S. E., Proffit, S. A., Hull, W. M., and Whitsett, J. A. (2000). Allelic
heterogeneity in hereditary surfactant protein B (SP-B) deficiency. Am. J. Respir. Crit.
Care Med. 161, 973-981. doi: 10.1164/ajrccm.161.3.9903153

Papke, C. L., and Yanagisawa, H. (2014). Fibulin-4 and fibulin-5 in elastogenesis and
beyond: Insights from mouse and human studies. Matrix Biol. 37, 142-149.
doi: 10.1016/j.matbio.2014.02.004

frontiersin.org


https://doi.org/10.1097/MCP.0000000000000743
https://doi.org/10.1530/EJE-11-0778
https://doi.org/10.1002/rmv.2578
https://doi.org/10.3201/eid2612.202786
https://doi.org/10.3201/eid2612.202786
https://doi.org/10.1007/s00018-017-2511-3
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1073/pnas.2013102117
https://doi.org/10.1242/jcs.01731
https://doi.org/10.1016/j.csbj.2022.08.010
https://doi.org/10.1016/j.coi.2005.11.006
https://doi.org/10.1093/cid/ciaa410
https://doi.org/10.1080/22221751.2021.2012528
https://doi.org/10.1183/09031936.00123008
https://doi.org/10.1186/1471-2105-7-191
https://doi.org/10.3201/eid2612.202223
https://doi.org/10.1080/22221751.2020.1833687
https://doi.org/10.1080/22221751.2020.1833687
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CD34
https://doi.org/10.1038/s41598-021-04677-8
https://doi.org/10.1080/1040841X.2023.2274855
https://doi.org/10.1016/j.coviro.2015.06.009
https://doi.org/10.3390/ijtm2010010
https://doi.org/10.1056/NEJMc2013400
https://doi.org/10.1126/sciadv.abo6783
https://doi.org/10.3390/v13020185
https://doi.org/10.12998/wjcc.v11.i1.73
https://doi.org/10.1016/S2213-2600(20)30193-4
https://doi.org/10.1016/S2213-2600(20)30193-4
https://doi.org/10.1186/s12967-023-04149-9
https://doi.org/10.1016/j.cell.2020.05.027
https://doi.org/10.1007/s12275-022-2033-z
https://doi.org/10.1007/s12275-022-2033-z
https://doi.org/10.3390/v13081453
https://doi.org/10.3390/v13081453
https://doi.org/10.1007/s13337-020-00637-4
https://doi.org/10.1007/s13337-020-00637-4
https://doi.org/10.1016/j.coviro.2021.03.009
https://doi.org/10.1038/s41392-020-00355-9
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1371/journal.ppat.1012232
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41392-020-00269-6
https://doi.org/10.1074/jbc.M109.088864
https://doi.org/10.1126/science.368.6495.1039
https://doi.org/10.1016/j.lfs.2020.119010
https://doi.org/10.1186/s12985-023-02057-4
https://doi.org/10.1055/s-0040-1713400
https://doi.org/10.1055/s-0040-1713400
https://doi.org/10.1371/journal.ppat.1010161
https://doi.org/10.1164/ajrccm.161.3.9903153
https://doi.org/10.1016/j.matbio.2014.02.004
https://doi.org/10.3389/fcimb.2025.1553464
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Panwar et al.

Parikh, S. M., Mammoto, T., Schultz, A., Yuan, H.-T., Christiani, D., Karumanchi, S.
A., et al. (2006). Excess circulating angiopoietin-2 may contribute to pulmonary
vascular leak in sepsis in humans. PloS Med. 3, e46. doi: 10.1371/journal.pmed.0030046

Pérez-Garcia, F., Martin-Vicente, M., Rojas-Garcia, R. L., Castilla-Garcia, L., Mufioz-
Gomez, M. ], Hervas Fernandez, 1, et al. (2022). High SARS-CoV-2 viral load and low
CCLS5 expression levels in the upper respiratory tract are associated with COVID-19
severity. J. Infect. Dis. 225, 977-982. doi: 10.1093/infdis/jiab604

Perez-Gil, J., and Weaver, T. E. (2010). Pulmonary surfactant pathophysiology:
current models and open questions. Physiol. (Bethesda) 25, 132-141. doi: 10.1152/
physiol.00006.2010

Perreau, M., Suffiotti, M., Marques-Vidal, P., Wiedemann, A., Levy, Y., Laouénan, C.,
et al. (2021). The cytokines HGF and CXCL13 predict the severity and the mortality in
COVID-19 patients. Nat. Commun. 12, 4888. doi: 10.1038/s41467-021-25191-5

Poudel, S. B., Dixit, M., Neginskaya, M., Nagaraj, K., Pavlov, E., Werner, H,, et al.
(2020). Effects of GH/IGF on the aging mitochondria. Cells 9, 1384. doi: 10.3390/
cells9061384

Pouniotis, D. S., Plebanski, M., Apostolopoulos, V., and McDonald, C. F. (2006).
Alveolar macrophage function is altered in patients with lung cancer. Clin. Exp.
Immunol. 143, 363-372. doi: 10.1111/j.1365-2249.2006.02998.x

Rajaiah, R, Pandey, K., Acharya, A., Ambikan, A., Kumar, N., Guda, R, et al. (2024).
Differential immunometabolic responses to Delta and Omicron SARS-CoV-2 variants
in golden Syrian hamsters. iScience 27, 110501. doi: 10.1016/.isci.2024.110501

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J.-C., et al. (2011).
pROC: an open-source package for R and S+ to analyze and compare ROC curves.
BMC Bioinf. 12, 77. doi: 10.1186/1471-2105-12-77

Rozario, T., and DeSimone, D. W. (2010). The extracellular matrix in development
and morphogenesis: a dynamic view. Dev. Biol. 341, 126-140. doi: 10.1016/
j.ydbi0.2009.10.026

Rudd, J. M, Selvan, M. T., Cowan, S., Kao, Y.-F., Midkiff, C. C,, Ritchey, ]. W., et al.
(2021). Clinicopathologic features of a feline SARS-CoV-2 infection model parallel
acute COVID-19 in humans. bioRxiv. 13, 1550. doi: 10.1101/2021.04.14.439863

Rusu, L., and Minshall, R. D. (2018). “Endothelial cell von Willebrand factor
secretion in health and cardiovascular disease,” in Endothelial dysfunction - old
concepts and new challenges (Norderstedt, Germany: InTech).

Ryan, K. A, Bewley, K. R, Fotheringham, S. A,, Slack, G. S., Brown, P., Hall, Y., et al.
(2021). Dose-dependent response to infection with SARS-CoV-2 in the ferret model
and evidence of protective immunity. Nat. Commun. 12, 81. doi: 10.1038/s41467-020-
20439-y

Sailleau, C., Dumarest, M., Vanhomwegen, J., Delaplace, M., Caro, V.,
Kwasiborski, A., et al. (2020). First detection and genome sequencing of SARS-CoV-2 in
an infected cat in France. Transbound Emerg. Dis. 67, 2324-2328. doi: 10.1111/tbed.13659

Saito, A., Irie, T., Suzuki, R, Maemura, T., Nasser, H., Uriu, K., et al. (2022).
Enhanced fusogenicity and pathogenicity of SARS-CoV-2 Delta P681R mutation.
Nature 602, 300-306. doi: 10.1038/541586-021-04266-9

Salomdo, R., Assis, V., de Sousa Neto, I. V., Petriz, B., Babault, N,, Durigan, J. L. Q,,
et al. (2023). Involvement of matrix metalloproteinases in COVID-19: Molecular
targets, mechanisms, and insights for therapeutic interventions. Biol. (Basel) 12, 843.
doi: 10.3390/biology12060843

Saravanan, U. B., Namachivayam, M., Jeewon, R, Huang, J.-D., and Durairajan, S. S.
K. (2022). Animal models for SARS-CoV-2 and SARS-CoV-1 pathogenesis,
transmission and therapeutic evaluation. World J. Virol. 11, 40-56. doi: 10.5501/
wjv.vl1.i1.40

Sarker, H., Haimour, A., Toor, R, and Fernandez-Patron, C. (2021). The emerging
role of epigenetic mechanisms in the causation of aberrant MMP activity during human
pathologies and the use of medicinal drugs. Biomolecules 11, 578. doi: 10.3390/
biom11040578

Frontiers in Cellular and Infection Microbiology

21

10.3389/fcimb.2025.1553464

Sherman, B. T., Hao, M., Qiu, J., Jiao, X., Baseler, M. W., Lane, H. C,, et al. (2022).
DAVID: a web server for functional enrichment analysis and functional annotation of
gene lists, (2021 update). Nucleic Acids Res. 50, W216-W221. doi: 10.1093/nar/gkac194

Shi, J., Wen, Z., Zhong, G., Yang, H., Wang, C., Huang, B., et al. (2020). Susceptibility
of ferrets, cats, dogs, and other domesticated animals to SARS-coronavirus 2. Science
368, 1016-1020. doi: 10.1126/science.abb7015

Shuai, L., Zhong, G., Yuan, Q., Wen, Z., Wang, C,, He, X,, et al. (2021). Replication,
pathogenicity, and transmission of SARS-CoV-2 in minks. Natl. Sci. Rev. 8, nwaa291.
doi: 10.1093/nsr/nwaa291

Sia, S. F.,, Yan, L.-M,, Chin, A. W. H,, Fung, K, Choy, K.-T., Wong, A. Y. L, et al.
(2020). Pathogenesis and transmission of SARS-CoV-2 in golden hamsters. Nature 583,
834-838. doi: 10.1038/s41586-020-2342-5

Soria, G., and Ben-Baruch, A. (2008). The inflammatory chemokines CCL2 and
CCL5 in breast cancer. Cancer Lett. 267, 271-285. doi: 10.1016/j.canlet.2008.03.018

Tamil Selvan, M., Gunasekara, S., Xiao, P., Griffin, K., Cowan, S. R., Narayanan, S.,
etal. (2022). SARS CoV-2 (delta variant) infection kinetics and immunopathogenesis in
domestic cats. Viruses 14, 1207. doi: 10.3390/v14061207

Tvaroska, 1. (2024). Glycosylation modulates the structure and functions of collagen:
A review. Molecules 29 (7), 1417. doi: 10.3390/molecules29071417

Valle, D., Kim-Schulze, D. M., Huang, S., Beckmann, H. H., Nirenberg, N. D.,
Wang, S., et al. (2020). An inflammatory cytokine signature predicts COVID-19
severity and survival. Nat. Med. 26, 1636-1643. doi: 10.1038/s41591-020-1051-9

Vlahovic, G., Russell, M. L., Mercer, R. R,, and Crapo, J. D. (1999). Cellular and
connective tissue changes in alveolar septal walls in emphysema. Am. J. Respir. Crit.
Care Med. 160, 2086-2092. doi: 10.1164/ajrccm.160.6.9706031

Wagner, D. D. (1990). Cell biology of von Willebrand factor. Annu. Rev. Cell Biol. 6,
217-246. doi: 10.1146/annurev.cb.06.110190.001245

Wang, Z., Li, W., Chen, S., and Tang, X. X. (2023). Role of ADAM and ADAMTS
proteases in pathological tissue remodeling. Cell Death Discov. 9, 447. doi: 10.1038/
541420-023-01744-z

Wang, X., Xu, G, Liu, X,, Liu, Y., Zhang, S., and Zhang, Z. (2021). Multiomics:
unraveling the panoramic landscapes of SARS-CoV-2 infection. Cell. Mol. Immunol.
18, 2313-2324. doi: 10.1038/541423-021-00754-0

Ware, L. B, Eisner, M. D., Thompson, B. T., Parsons, P. E,, and Matthay, M. A. (2004).
Significance of von Willebrand factor in septic and nonseptic patients with acute lung injury.
Am. J. Respir. Crit. Care Med. 170, 766-772. doi: 10.1164/rccm.200310-14340C

Wei, X., Jessa, S., Kleinman, C. L., and Phoenix, T. N. (2021).
Mapping Angiopoietinl expression in the developing and adult brain. Dev. Neurosci.
43, 321-334. doi: 10.1159/000518351

Whitsett, J. A., Wert, S. E., and Weaver, T. E. (2010). Alveolar surfactant homeostasis
and the pathogenesis of pulmonary disease. Annu. Rev. Med. 61, 105-119. doi: 10.1146/
annurev.med.60.041807.123500

Wibowo, A., Pranata, R., Lim, M. A., Akbara, M. R., and Martha, J. W. (2022).
Endotheliopathy marked by high von Willebrand factor (vWF) antigen in COVID-19 is
associated with poor outcome: a systematic review and meta-analysis. Int. J. Infect. Dis.
117, 267-273. doi: 10.1016/j.ijid.2021.06.051

Yu, D, Lim, J., Wang, X,, Liang, F., and Xiao, G. (2017). Enhanced construction of
gene regulatory networks using hub gene information. BMC Bioinf. 18, 186.
doi: 10.1186/s12859-017-1576-1

Zhou, Y., Horowitz, J. C,, Naba, A., Ambalavanan, N., Atabai, K., Balestrini, J., et al.
(2018). Extracellular matrix in lung development, homeostasis and disease. Matrix Biol.
73, 77-104. doi: 10.1016/j.matbio.2018.03.005

Zhou, P., Yang, X.-L., Wang, X.-G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature
579, 270-273. doi: 10.1038/s41586-020-2012-7

frontiersin.org


https://doi.org/10.1371/journal.pmed.0030046
https://doi.org/10.1093/infdis/jiab604
https://doi.org/10.1152/physiol.00006.2010
https://doi.org/10.1152/physiol.00006.2010
https://doi.org/10.1038/s41467-021-25191-5
https://doi.org/10.3390/cells9061384
https://doi.org/10.3390/cells9061384
https://doi.org/10.1111/j.1365-2249.2006.02998.x
https://doi.org/10.1016/j.isci.2024.110501
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1101/2021.04.14.439863
https://doi.org/10.1038/s41467-020-20439-y
https://doi.org/10.1038/s41467-020-20439-y
https://doi.org/10.1111/tbed.13659
https://doi.org/10.1038/s41586-021-04266-9
https://doi.org/10.3390/biology12060843
https://doi.org/10.5501/wjv.v11.i1.40
https://doi.org/10.5501/wjv.v11.i1.40
https://doi.org/10.3390/biom11040578
https://doi.org/10.3390/biom11040578
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1126/science.abb7015
https://doi.org/10.1093/nsr/nwaa291
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.1016/j.canlet.2008.03.018
https://doi.org/10.3390/v14061207
https://doi.org/10.3390/molecules29071417
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1164/ajrccm.160.6.9706031
https://doi.org/10.1146/annurev.cb.06.110190.001245
https://doi.org/10.1038/s41420-023-01744-z
https://doi.org/10.1038/s41420-023-01744-z
https://doi.org/10.1038/s41423-021-00754-0
https://doi.org/10.1164/rccm.200310-1434OC
https://doi.org/10.1159/000518351
https://doi.org/10.1146/annurev.med.60.041807.123500
https://doi.org/10.1146/annurev.med.60.041807.123500
https://doi.org/10.1016/j.ijid.2021.06.051
https://doi.org/10.1186/s12859-017-1576-1
https://doi.org/10.1016/j.matbio.2018.03.005
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.3389/fcimb.2025.1553464
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Comparative temporal transcriptome analyses of SARS-CoV-2 delta and omicron variants ex-vivo infection in cat lung explant culture
	Introduction
	2 Materials and methods
	2.1 Source of experimental tissue
	2.2 Explant culture preparation, virus source, and infection
	2.3 RNA Isolation, and quantification, and qRT-PCR to check explant culture
	2.4 Checking explants using real time PCR
	2.5 Data generation
	2.6 Data filtration and DEGs identification
	2.7 Short time-series expression miner analysis
	2.8 Construction of a PPI network, module analysis, hub gene identification, and AUC analysis for hub genes
	2.9 Validation using RT-qPCR

	3 Results
	3.1 Confirmation of viral infection in explant culture
	3.2 RNA seq data generation
	3.3 Differentially expressed genes for delta and omicron variant infection at different time points
	3.4 Short time-series expression miner
	3.4.1 GO and KEGG pathway analysis of significant profiles
	3.4.2 Screening of genes in profile 0 following delta and omicron variant infection
	3.4.3 Screening of genes in profile 9 following delta and omicron variant infection

	3.5 PPI network construction of significant profiles and molecular complex detection cluster modules identification
	3.6 Selection and analysis of hub genes from genes in profile 0 and profile 9
	3.7 Validation by qRT-PCR

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


