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Abstract: There is a complex interplay between viral infection and host innate immune response
regarding disease severity and outcomes. Neutrophil hyperactivation, including excessive release
of neutrophil extracellular traps (NETs), is linked to exacerbated disease in acute COVID-19, no-
tably in hospitalized patients. Delineating protective versus detrimental neutrophil responses is
essential to developing targeted COVID-19 therapies and relies on high-quality translational animal
models. In this study, we utilize a previously established feline model for COVID-19 to investigate
neutrophil dysfunction in which experimentally infected cats develop clinical disease that mimics
acute COVID-19. Specific pathogen-free cats were inoculated with SARS-CoV-2 (B.1.617.2; Delta
variant) (n = 24) or vehicle (n = 6). Plasma, bronchoalveolar lavage fluid, and lung tissues were
collected at various time points over 12 days post-inoculation. Systematic and temporal evaluation of
the kinetics of neutrophil activation was conducted by measuring markers of activation including
myeloperoxidase (MPO), neutrophil elastase (NE), and citrullinated histone H3 (citH3) in SARS-CoV-
2-infected cats at 4 and 12 days post-inoculation (dpi) and compared to vehicle-inoculated controls.
Cytokine profiling supported elevated innate inflammatory responses with specific upregulation of
neutrophil activation and NET formation-related markers, namely IL-8, IL-18, CXCL1, and SDF-1, in
infected cats. An increase in MPO-DNA complexes and cell-free dsDNA in infected cats compared
to vehicle-inoculated was noted and supported by histopathologic severity in respiratory tissues.
Immunofluorescence analyses further supported correlation of NET markers with tissue damage,
especially 4 dpi. Differential gene expression analyses indicated an upregulation of genes associated
with innate immune and neutrophil activation pathways. Transcripts involved in activation and
NETosis pathways were upregulated by 4 dpi and downregulated by 12 dpi, suggesting peak activa-
tion of neutrophils and NET-associated markers in the early acute stages of infection. Correlation
analyses conducted between NET-specific markers and clinical scores as well as histopathologic
scores support association between neutrophil activation and disease severity during SARS-CoV-2
infection in this model. Overall, this study emphasizes the effect of neutrophil activation and NET
release in SARS-CoV-2 infection in a feline model, prompting further investigation into therapeutic
strategies aimed at mitigating excessive innate inflammatory responses in COVID-19.
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1. Introduction

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the causative agent of coronavirus disease 2019 (COVID-19), has stretched the limits of
our ability to maintain global health on a scale unparalleled in recent history [1]. As
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evidenced by the reported mortality of approximately 7 million people as of July 2024
and the continued emergence of new variants and subvariants, the pandemic has ex-
hausted healthcare systems, strained economies, and challenged societies worldwide [1,2].
COVID-19 manifests as a spectrum of clinical presentations, ranging from mild upper
respiratory symptoms to severe pneumonia, acute respiratory distress syndrome (ARDS),
and multi-organ dysfunction [1,3]. This variability in disease severity accentuates the
complexity of host–pathogen interactions and the critical role of host immune responses
in determining disease outcomes. The unique host is a decisive factor when explaining
disease heterogeneity, infection rates, and long-term medical consequences. While there
have been substantial advances in understanding clinical manifestations, prevention, and
epidemiology of COVID-19 in people, there is still an urgent need to explore pathogenesis
and immune responses more comprehensively [1,4]. The complexity of these immune
responses, particularly the role of neutrophils, is increasingly evident when examining the
pathogenesis of COVID-19 [5,6].

Neutrophils, the most abundant white blood cells in circulation and sentinel first
line defenders, are integral to the innate immune response against microbial pathogens,
including SARS-CoV-2 [7–10]. Rapid recruitment of neutrophils to the site of infection is
initiated through the detection of viral components by pattern recognition receptors (PRRs)
such as toll-like receptors (TLRs), complement receptors, and other sensing mechanisms.
Chemokines and cytokines, such as interleukin-8 (IL-8), released by infected cells and other
immune cells facilitate recruitment, highlighting a coordinated immune response aimed
at containing viral spread and mitigating tissue damage [8,10–12]. Upon arrival at the
site of infection, neutrophils deploy a variety of antimicrobial strategies. These include
phagocytosis, in which they engulf and digest pathogens, and degranulation, in which they
release a plethora of antimicrobial peptides, enzymes (e.g., lysozyme), and reactive oxygen
species (ROS) to directly target and eliminate engulfed microbes. Additionally, neutrophils
can undergo a specialized form of programmed cell death known as NETosis, distinct from
apoptosis and necrosis, wherein they extrude chromatin fibers adorned with antimicrobial
proteins into the extracellular milieu [8,9,11].

Moderate to severe COVID-19 is driven by immunopathological effects such as cy-
tokine storms and poor adaptive immunity; robust neutrophil infiltration and dysfunc-
tion has been identified as a prominent finding in many of these more severe cases. In
post-mortem studies of COVID-19 patients, neutrophil extravasation has been markedly
observed in pulmonary capillaries, the myocardium, and the liver [6,13]. Furthermore,
increased SARS-CoV-2 severity correlates with higher neutrophil-to-lymphocyte ratios
(NLRs), which are subsequently linked to worsened clinical outcomes [14]. Neutrophils
contribute to tissue damage through the release of reactive oxygen species, proteases, and
neutrophil extracellular traps (NETs), which intensify the inflammatory cascade and exac-
erbate epithelial and endothelial damage, leading to organ failure and death in patients
with ARDS [5,15]. Recent studies have documented alterations in oxidative bursts, phago-
cytic function, and reduced myeloperoxidase (MPO) activity in neutrophils collected from
critically ill COVID-19 patients, yet these descriptive interpretations do not yet elucidate
the mechanisms underlying neutrophil dysfunction and the complex interplay between
virus-induced immune dyscrasias and COVID-19 disease progression [6,13,15]. Increased
neutrophil recruitment and activation is similarly known to promote cytokine storms and
severe disease progression in hospitalized patients with COVID-19, yet few studies have
applied in vivo models to delineate the interdependence between viral infection, innate
immune activation, and perturbations of neutrophil function as they contribute to clinical
outcomes [16–18].

NETosis is a type of programmed cell death in neutrophils that is distinguished by
the extrusion of DNA, histones, and antimicrobial proteins in the form of neutrophil ex-
tracellular traps (NETs). A key component of NETs is citrullinated histone-H3 (citH3) and
neutrophil elastase (NE), both of which contribute to NETs’ antimicrobial properties [12,19].
CitH3, a post-translationally modified protein, plays a crucial role in the formation and



Int. J. Mol. Sci. 2024, 25, 10054 3 of 23

stability of NETs, while neutrophil elastase is an enzyme that assists in the breakdown of
extracellular matrix components and enhances the antimicrobial potency of NETs [20,21].
NETs constitute a double-edged sword in host defense and immunopathology during
COVID-19. In the context of SARS-CoV-2, NETosis can be induced by several factors,
including direct recognition of viral antigens by neutrophils, the action of pro-inflammatory
cytokines like IL-8, and tumor necrosis factor-alpha (TNF-α) [6,22]. These cytokines con-
tribute to the recruitment and activation of neutrophils, enhancing their ability to release
NETs. Additionally, ROS generated as a result of respiratory bursts in neutrophils are also
an important requirement for NET formation. Oxidative bursts causes post-translational
modifications of nuclear and granular proteins that enable decondensed chromatin along
with antimicrobial proteins to be released into the extracellular space. Moreover, their
interaction with activated platelets and other immune cells in the processes of coagulation
and inflammation may further activate neutrophils to undergo NETosis [17,20,23]. Initially
recognized for their role in immobilizing and killing pathogens extracellularly, NETs also
serve as a physical barrier that prevents viral dissemination and augments localized antimi-
crobial activity. However, dysregulated NET formation can contribute to tissue damage and
immunopathological responses observed in severe COVID-19 cases [17,24]. Excessive NET
release has been associated with endothelial dysfunction, microvascular thrombosis, and
inflammation, exacerbating lung injury and systemic complications in critically ill patients.
Despite an increasing amount of literature that provides insight into the clinical picture of
COVID-19, much is unknown about the pathophysiology of SARS-CoV-2 as it relates to
innate immunity [6,15,21]. These gaps in our understanding of the drivers of SARS-CoV-2-
associated innate immune dysfunction underscore a critical need for translational studies
to explore the mechanistic foundations of this disease.

The persistent emergence of SARS-CoV-2 variants emphasizes the need for adaptable
and translational animal models for COVID-19 [25–27]. Importantly, domestic cats are both
naturally and experimentally infected with SARS-CoV-2, which mimics acute COVID-19
in humans [28–31]. In the context of neutrophil biology, there are unique advantages to
feline models for understanding immune responses to SARS-CoV-2. Comparative studies
elucidate species-specific variations in neutrophil dysfunction and evaluate implications
for disease progression. This study evaluates and characterizes neutrophil activation, the
role of neutrophil extracellular traps in viral clearance, and immunopathology. Findings
from our study contribute to the formulation of the global framework that characterizes
the biology of neutrophils in the context of COVID-19, further translating insights from the
feline viral model into clinical practice and public health. Additionally, insights provided
through this study will support the development of targeted therapies that modulate
neutrophil function to reduce disease severity and improve patient outcomes. Furthermore,
the identification of immune pathways conserved between humans and felines should
accelerate the translation of experimental findings into clinical settings, facilitating the
development of more effective vaccines and therapeutic interventions against SARS-CoV-2.

2. Results
2.1. Significant Alterations in Inflammatory Markers in Plasma and Bronchoalveolar Lavage Fluid
Observed in SARS-CoV-2-Infected Cats

Plasma concentrations of cytokines and chemokines from a pre-selected panel were
measured and compared between 4 dpi SARS-CoV-2-infected cats (n = 12), 12 dpi cats
(n = 12), and sham-inoculated controls (n = 6) to determine differences in systemic immune
responses over time using a multiplex immunoassay. The results indicated distinctive
patterns of alterations between measured inflammatory markers in response to SARS-
CoV-2 infection. Significantly increased levels of IFN-γ, IL-6, IL-8, SDF-1, and RANTES
were observed in SARS-CoV-2-infected cats at 4 dpi compared to sham-inoculated controls.
Additionally, IL-18 levels were significantly increased at 12 dpi when compared to sham-
inoculated controls, underscoring a sustained inflammatory response. SDF-1, PDGF and
KC levels were significantly decreased at 12 dpi relative to 4 dpi in SARS-CoV-2-infected
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cats. Conversely, MCP-1 was upregulated at 12 dpi compared to 4 dpi in SARS-CoV-
2-infected cats, further supporting ongoing systemic inflammatory processes (p < 0.05,
p < 0.01, p < 0.001, p < 0.0005) (Figure 1A). Similarly, the utilization of multiplex im-
munoassay for cytokine and chemokine profiling in bronchoalveolar lavage fluid (BALF) of
4 dpi SARS-CoV-2-infected cats (n = 12), 12 dpi cats (n = 12), and sham-inoculated controls
(n = 6) revealed substantial differences in the infected cats, confirming localized lung in-
flammation in response to SARS-CoV-2 infection. A significant increase in levels of IL-1β,
IL-8, TNF-α, IL-18, RANTES, and MCP-1 was evident in 4 dpi-infected cats compared to
sham-inoculated controls. In contrast, IL-6 was significantly increased in 12 dpi infected
cats when compared to sham-inoculated controls. Over the course of infection, levels of
SDF-1, RANTES, MCP-1, PDGF, and KC were significantly decreased in 12 dpi cats relative
to 4 dpi cats (p < 0.05, p < 0.01) (Figure 1B). A full overview of all analyzed cytokines and
chemokines is available in Figure S1.
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Figure 1. Comparison of cytokine concentrations in plasma and BALF of SARS-CoV-2-infected cats.
Plasma cytokine concentrations were measured in SARS-CoV-2-infected cats 4 dpi (n = 12) and 12 dpi
(n = 12) and in sham-inoculated controls (n = 6) using multiplex immunoassay: (A) IFN-γ, IL-8,
TNF-α, IL-18, SDF-1, RANTES, MCP-1, PDGF, and KC show significant alterations between study
groups. (B) Cytokine concentrations in BALF of SARS-CoV-2-infected 4 dpi cats (n = 12), 12 dpi
cats (n = 12), and sham-inoculated controls (n = 6) were measured using multiplex immunoassay.
Significant differences were observed in levels of IL-1β, IL-8, TNF-α, IL-18, SDF-1, RANTES, MCP-1,
PDGF, and KC among the study groups. One-way ANOVA statistical analysis was performed. Data
are represented as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0005.
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2.2. Increased Expression of NET-Related Markers in the Lungs of SARS-CoV-2-Infected Cats

Protein and mRNA expression levels of myeloperoxidase (MPO), neutrophil elas-
tase (NE), and citrullinated Histone-3 (citH3)/histone-3 were quantified in SARS-CoV-2-
infected cats and sham-inoculated control cats to assess differences in NETs and neutrophil
activation-related markers in the lungs. Representative images show MPO, NE, and citH3
protein expression patterns across the three groups (Figure 2A). Expression of these proteins
is significantly increased at 4 dpi compared to sham-inoculated controls (p < 0.05), with pro-
tein expression levels decreasing from 4 dpi to 12 dpi. MPO protein levels were significantly
increased at 4 dpi compared to sham-inoculated controls (p < 0.05) (Figure 2B). NE protein
levels were significantly elevated at both 4 dpi (p < 0.01) and 12 dpi (p < 0.01) relative to
sham-inoculated controls (Figure 2C). citH3 protein levels were significantly increased at
4 dpi compared to sham-inoculated controls (p < 0.05) (Figure 2D). Quantification of mRNA
from NET-related markers revealed results similar to those from Western blot analyses.
MPO and NE mRNA levels significantly increased at 4 dpi compared to sham-inoculated
controls (p < 0.05) (Figure 2E,F). MPO and Histone-3 (H3) mRNA levels were significantly
reduced at 12 dpi relative to levels at 4 dpi (p < 0.05) (Figure 2G).
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Figure 2. Expression of NET-related markers in lung tissues from SARS-CoV-2-infected cats. Lung
tissues were collected from SARS-CoV-2-infected cats at 4 dpi (n = 12) and 12 dpi (n = 12), and
from sham-inoculated controls (n = 6). For Western blot analyses: (A) samples from randomly
selected SARS-CoV-2-infected 4 dpi cats (n = 5), SARS-CoV-2-infected 12 dpi cats (n = 5), and sham-
inoculated controls (n = 3) were analyzed for protein expression of NET-related markers (MPO, NE,
and citrullinated H3); objective quantification and comparisons were carried out using densitometric
analysis of MPO, NE, or CitH3 protein expression relative to GAPDH: (B) significantly increased
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MPO protein was quantified in 4 dpi cats versus controls, (C) significantly increased NE protein was
quantified in 4 and 12 dpi cats relative to controls, and (D) significantly increased CitH3 protein was
quantified in 4 dpi cats relative to controls. For mRNA expression of NET-related markers, samples
from SARS-CoV-2-infected 4 dpi cats (n = 12), 12 dpi cats (n = 12), and sham-inoculated controls
(n = 6) were analyzed using real-time quantitative PCR analysis. Fold changes from 0 dpi were
analyzed between study groups for MPO, NE, and Histone-3: (E) The fold change in mRNA expression
of MPO relative to GAPDH was significantly higher in 4 dpi relative to controls and reduced 12 dpi
relative to 4 dpi (F) The fold change in mRNA expression of NE relative to GAPDH was significantly
higher in 4 dpi compared to controls. (G) The fold change in mRNA expression of Histone H3 relative
to GAPDH indicates significant reduction in expression from 4 dpi to 12 dpi. Statistical comparisons
were performed using one-way ANOVA analysis. Data are represented as the mean ± SEM. * p < 0.05,
** p < 0.01.

2.3. Increased Concentrations of NET-Related Markers in Plasma and Bronchoalveolar Lavage
Fluid from SARS-CoV-2-Infected Cats

NET-related markers, namely, MPO-DNA complexes and cell-free DNA, were quanti-
fied in the plasma and BALF of SARS-CoV-2-infected cats using MPO-DNA ELISA and
quanti-pico dsDNA assays, respectively. MPO-DNA complexes were significantly in-
creased in the plasma of infected cats at 4 dpi (p < 0.05) and 8 dpi (p < 0.01) as compared
to controls; there was significant reduction by 12 dpi versus 4 dpi (p < 0.05) and 8 dpi
(p < 0.01) (Figure 3A). Similarly, MPO-DNA levels in BALF were increased in infected
cats at both 4 dpi (p < 0.01) and 12 dpi (p < 0.05) relative to controls (Figure 3B). Cell-free
DNA in plasma showed similar trends, with significant increases at 4 dpi compared to
0 dpi (p < 0.05) in SARS-CoV-2-infected cats (Figure 3C). However, in BALF, cell-free DNA
levels were significantly increased at 12 dpi versus 0 dpi (p < 0.05) but increases lacked
significance at 4 dpi compared to sham-inoculated cats (Figure 3D).
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Int. J. Mol. Sci. 2024, 25, 10054 7 of 23

at 0 dpi, 4 dpi, 8 dpi, and 12 dpi. BALF was collected from SARS-CoV-2-infected cats at 4 dpi
(n = 6), and 12 dpi (n = 12), and from sham-inoculated controls (n = 12). (A) MPO-DNA complexes
in plasma were measured using MPO-DNA ELISA. Results indicate significant increases in these
complexes in infected cat plasma relative to sham-inoculated controls, most markedly at 4 and 8 dpi.
(B) MPO-DNA complexes in BALF were measured using MPO-DNA ELISA and indicate significant
increases in complexes in infected cats relative to controls at both 4 and 12 dpi. (C) Cell-free DNA in
plasma measured using Quanti-pico dsDNA assay showed a significant increase in infected cats from
inoculation to 4 dpi. (D) Cell-free DNA in BALF measured using Quanti-pico dsDNA assay showed
significant increase in DNA detection at 12 dpi relative to control cats. Statistical comparisons were
performed using two-way ANOVA analysis and one-way ANOVA analysis. Data are represented as
the mean ± SEM * p < 0.05, ** p < 0.01.

2.4. NET-Specific Markers Are Localized with Infiltrated Neutrophils in Lung Tissues of
SARS-CoV-2-Infected Cats

Lungs were collected at 4 dpi and 12 dpi and compared to sham-inoculated controls.
In sham-inoculated controls, histopathological analysis revealed largely preserved alveolar
architecture with minimal inflammation. In contrast, SARS-CoV-2-infected lungs exhibited
progressive pathology. On day 4, there was perivascular infiltration of inflammatory cells
(Figure 4A), whereas on day 12 there was intense neutrophil infiltration. Notably, the
infected tissues showed increased intra-alveolar neutrophils admixed with edema and
fibrin. The neutrophils extended to interstitium as well as to bronchioles (Figure 4A).
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on lung tissues collected from SARS-CoV-2-infected cats at 4 dpi (n = 12) and 12 dpi (n = 12) and
sham-inoculated controls (n = 6). (A) Representative images of histopathological lesions in infected
cats; 4 dpi cats showed increased perivascular infiltration of inflammatory cells (open arrowhead)
including neutrophils (arrow/arrowhead), while 12 dpi cats showed an intense neutrophil infiltration
(arrow/arrowhead). (B) Representative images for MPO, NE, and citrullinated H3 in the lungs of
SARS-CoV-2-infected 4 dpi cats, SARS-CoV-2-infected 12 dpi cats, and sham-inoculated controls.
NETs were identified by co-localization of DNA (blue) with MPO/NE/citrullinated H3 (orange).
White arrows show activated neutrophils with an indication of NET formation and release within
infected lungs of 4 dpi and 12 dpi cats. Magnification: (A) 4x, scale bar = 500 µm; 40×, scale bar = 50 µm;
(B) 20x, scale bar = 50 µm.

Immunofluorescence assay (IFA) staining highlighted the presence of NET-related
markers with infiltrated neutrophils, suggesting active NET formation during infection.
There are marked increases in MPO, NE, and citH3 at 4 dpi compared to 12 dpi, suggesting
more localized and intense neutrophil activation at 4 dpi with a notable reduction in extent
and intensity of the markers at 12 dpi (Figure 4B).

2.5. A Positive Correlation Is Evident between Histopathological/Clinical Scores and Neutrophil
Activation/NET-Related Markers during SARS-CoV-2 Infection in Cats

Correlation analyses present any correlation between histopathological scores and
clinical scores as disease severity parameters versus NET-specific (MPO-DNA complexes
and cell-free DNA of BALF) and neutrophil activation-related markers (IL-8, KC of BALF)
to determine the strength and direction of the association. Parameters were obtained from
SARS-CoV-2-infected 4 dpi cats (n = 12), 12 dpi cats (n = 12), and sham-inoculated controls
(n = 6). Collectively, all parameters showed varying degrees of positive correlation be-
tween the two disease severity variables, as indicated by the Pearson correlation coefficient.
MPO-DNA complexes (r = 0.5428, p = 0.001), cell-free DNA (r = 0.3573, p = 0.0526), and
IL-8 (r = 0.4831, p = 0.0069) show a moderately strong positive correlation with histopatho-
logical scores, while KC demonstrate a weaker positive correlation (r = 0.3329, p = 0.0723)
(Figure 5A–D). Cell-free DNA (r = 0.4382, p = 0.01) and KC (r = 0.5106, p = 0.0039) show
a significant, moderately positive correlation with clinical scores while MPO-DNA ELISA
(r = 0.3093, p = 0.0962) and IL-8 (r = 0.3554, p = 0.0539) show a relatively weaker positive
correlation (Figure 5E–H).
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conducted for histopathological scores from right cranial lung lobes from SARS-CoV-2-infected 4 dpi
cats (n = 12), 12 dpi cats (n = 12), and sham-inoculated controls (n = 6) with NET-specific markers:
(A) MPO-DNA complexes (r = 0.5428, p = 0.001), (B) cell-free DNA (r = 0.3573, p = 0.0526); and
neutrophil activation associated markers: (C) IL-8 (r = 0.4831, p = 0.0069) and (D) KC (r = 0.3329,
p = 0.0723). Positive correlations were evident following the correlation analysis conducted for the
clinical scores of these cats with NET-specific markers revealed positive correlations: (E) MPO-DNA
complexes (r = 0.3093, p = 0.0962), (F) cell-free DNA (r = 0.4382, p = 0.01); and neutrophil activation-
associated markers: (G) IL-8 (r = 0.3554, p = 0.0539) and (H) KC (r = 0.5106, p = 0.0039). Statistical
comparisons were performed using Pearson coefficient correlation analysis. Data are represented
using the Pearson correlation coefficient (r).

2.6. RNA Sequencing Data Reveal a Significant Association between SARS-CoV-2 Infection,
Innate Immune Response, and Neutrophil Activation in Cats

Comprehensive gene expression analysis was conducted using bulk RNA sequences
from the lungs of infected cats to investigate the differentially expressed genes (DEGs) and
corresponding biological processes and pathways affected by SARS-CoV-2 infection, with
an emphasis on innate immune responses. Comparisons between SARS-CoV-2-infected
4 dpi cats and sham-inoculated controls reveal a total of 3544 DEGs which are upregulated
and 1708 genes that are downregulated (Figure S2A). Significant upregulation of genes
related to innate immune responses and neutrophil activation was noted, including ESPL1,
MCP-1, HMGB2, CXCL8, MYD88, CCL8, DHX58, NCF1, HMGB3, NCF2, CCR1, RAC2,
CXCL13, CLEC7A, S100A12, CYBC1, CARD9, and CCL5 (Figure 6(A1)). Selected genes
were further analyzed using GO and KEGG pathway analysis. GO analysis identified
genes involved in several neutrophil and NETosis pathways, including innate immune
responses, neutrophil activation, and IL-8 production (p < 0.05) (Figure 6(A2)). Notably,
KEGG pathway analyses from these DEGs highlight their function in COVID-19 and
neutrophil extracellular trap formation (Figure 6(A3)).

DEG analyses between SARS-CoV-2-infected 12 dpi cats and sham-inoculated controls
identified 860 downregulated genes and 2904 upregulated genes (Figure S2B). There was a
significant decrease in neutrophil activation and innate immune response-related genes
including LTF, CXCL8, CAMP, ELANE, ADAM8, and OAS1 (Figure S3). Emphasis on the
innate immune responses and related pathways revealed that although the pathways seem
related, they are not significantly related, but they loosely support reduction in neutrophil
involvement and inflammation during the course of infection (Figure S3).

DEG analysis between 4 dpi cats and 12 dpi cats revealed 3188 downregulated genes
and 4776 upregulated genes (Figure S2C). Significant increases in inflammation and in-
nate immune response-related pathways were noted, including MCP-1, OASL, DHX58,
OAS1, CCL8, RSAD2, OAS3, MYD88, NCF2, GSDMD, FCGR3A, IFIH1, CASP4, CARD9,
NCF1, FCER1G, TMX1, CD14, CXCL13, CXCL10, CX3CL1, PRKCA, CCL24, and NOD1
(Figure 6(B1)). The enrichment analysis revealed that the DEGs were involved in numerous
innate immune pathways, including the innate immune response, neutrophil activation,
and IL-8 production, suggesting the modulation of pathways is more intense during the
early acute phase of infection (Figure 6(B2)). KEGG pathway analysis further revealed the
association of the selected genes with COVID-19 and NET formation at 4 dpi compared to
12 dpi (Figure 6(B3)).
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Figure 6. Heatmap and enrichment analysis of differentially expressed genes in SARS-CoV-2-infected
cats. The figure includes heatmaps and bar plots illustrating the enriched gene ontology (GO) terms
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with differentially
expressed genes in SARS-CoV-2-infected cats. (A1,B1) Heatmaps showing the expression levels of
differentially expressed genes across various conditions and time points revealed significant increases
of neutrophil activation-related genes at 4 dpi compared to both sham-inoculated controls and 12 dpi
SARS-CoV-2-infected cats. (A2,B2) Bar plots of enriched GO terms suggest significant upregulation of
neutrophil activation and recruitment pathways with an overall increase of innate immune response
in 4 dpi cats compared to both sham-inoculated controls and 12 dpi SARS-CoV-2-infected cats.
(A3,B3) Bubble plot of top enriched KEGG pathways supporting the association of DEGs from 4 dpi
cats with COVID-19 and neutrophil trap formation compared to DEGs from sham-inoculated controls
and 12 dpi SARS-CoV-2-infected cats.

3. Discussion

In this study, we investigated neutrophil kinetics and related immune responses in
the context of COVID-19 in a feline model, which has been shown to mimic acute COVID-
19 in hospitalized patients [30,31], underscoring this animal model as translational for
the study of disease in people. Enhanced production of inflammatory cytokines and
chemokines during SARS-CoV-2 infection orchestrates a robust immune response, pivotal
in modulating and mitigating disease progression [32–35]. This study delineates a clear
temporal pattern in the cytokine response to SARS-CoV-2 infection with an initial surge
in pro-inflammatory cytokines including IFN-γ, IL-6, and TNF-α at 4 dpi, indicating
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immediate immune response and a decline at 12 dpi, reflecting a regulatory mechanism
to alleviate the immune response and avoid excessive tissue damage. These results are
consistent with what has been observed in people and other in vivo models of SARS-CoV-
2 infection [36–38]. Interestingly, a noticeable shift in cytokine profiles in plasma from
SARS-CoV-2-infected cats at 12 dpi shows marked increases in IL-18 and MCP-1, further
underscoring persistent inflammation and a systemic inflammatory condition that could
impact other organs such as the liver, kidneys, intestines, brain, and heart [39–41]. Observed
modulations of cytokine and chemokine levels in BALF mirror localized responses within
the lungs, the primary site of infection. Elevated levels in BALF in infected cats not only
corroborate the presence of intense inflammation but align with findings in human COVID-
19. The sustained increase in IL-6 level measured in BALF through 12 dpi supports the
continuous engagement of IL-6 in immune mechanisms, likely to address persistent viral
particles and tissue repair, which may contribute to pathology seen in severe cases. This
finding supports that the conclusion that sustained IL-6 expression is linked with prolonged
disease severity [42].

Notably, the majority of these cytokines are directly associated with the recruitment
and activation of neutrophils, which are pivotal in the initial immune response but also
contribute to inflammatory pathology if excessively activated [43]. Elevations in IL-8,
SDF-1, KC, and RANTES highlight a significant role in promoting neutrophil activation and
NETosis which could, in part, explain prolonged inflammation observed in infected cats.
Persistently elevated IL-8 and IL-18, particularly at 4 dpi, suggest sustained recruitment and
activation of neutrophils. The modulation of SDF-1, MCP-1, and KC levels also supports
neutrophil recruitment, influencing the extent and duration of NET formation [36,37,42].
Moreover, the upregulation of RANTES suggests platelet activation and thrombosis, in
which NETs play a pivotal role [44]. Overall, characterization of NETosis is crucial for
delineating the pathogenesis of SARS-CoV-2 infections. This comprehensive analysis
demonstrates dynamic changes in cytokine and chemokine profiles in SARS-CoV-2-infected
cats, offering insights into systemic and localized immune responses. Importantly, the
observed cytokines and chemokines play a functional role in neutrophil activation and
NETosis with IL-8 and IL-18 identified as critical activators [16,20]. The modulation of
SDF-1, MCP-1, and KC levels further suggests their role in neutrophil recruitment into
infection sites, underscoring their potential impact on inflammation and tissue damage
during SARS-CoV-2 infection [16,20,45].

A hallmark of COVID-19 in hospitalized ICU patients is the excessive production
of NETs in their lungs, leading to detrimental outcomes [6]. Hence, understanding the
involvement of NETosis in a feline model for COVID-19 is an important translational
step. NETs consist of several components that are deliberately excreted from activated
neutrophils, such as extracellular DNA strands and associated MPO, NE, and citrullinated
histone-3 [17]. Data reveal a marked increase in the protein expression of NET-related
markers such as MPO, NE, and citH3 at 4 dpi, indicating a strong activation of neutrophils
and the formation of NETs early in the infection process. The significant increase in
the expression of citH3, a specific marker of NETosis, at 4 dpi highlights likely NET
formation via several pathways [46,47]. Cell-free DNA and citH3 are not produced in
the neutrophil cell death pathways, which are independent from NETosis [48,49]. The
decrease in these protein markers at 12 dpi supports a potential regulatory mechanism
to prevent excessive tissue damage. The mRNA levels for MPO and NE did not show
a significant increase, suggesting post-transcriptional regulation or rapid protein turnover
as potential factors influencing NETosis pathways. This discrepancy between mRNA and
protein levels highlights the complex regulation of neutrophil responses at multiple levels
of gene expression and protein synthesis [22,50].

Elevation of NET-related markers during systemic infection indicate NETosis and
neutrophil activation as a part of the innate immune response to the initial viral infection.
Observed trends that peak at 4 dpi followed by a gradual decline in plasma suggest the
NETosis process is most aggressive during the early, acute phase of infection. Increases
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in NET-specific markers in both plasma and BALF, namely MPO-DNA complexes and
cell-free DNA, suggest neutrophil activation and NETosis occur in response to SARS-CoV-2
infection both locally and systemically. Given significant increases observed in BALF, it is
plausible that initial neutrophil activation is predominantly localized in the lungs where
direct contact with SARS-CoV-2 virus occurs. A lung environment, enriched with virus
and inflammatory cytokines, should serve as an ideal site for the activation of neutrophils.
However, the additional presence of elevated NET-related markers in plasma suggest that
systemic activation occurs as well, prompted by circulating inflammatory cytokines such as
IL-8 and IL-18 [5,51]. Circulation of NETs may activate neutrophils to translocate from the
lungs back to the bloodstream as well. A recirculation such as this may explain sustained
levels of NET markers in plasma over time. Moreover, activated neutrophils could migrate
back into the bloodstream upon concluding their functions in the lungs, a crucial step in
amplifying systemic immune responses. Systemic activation further suggests an attempt by
the host response to mobilize innate defenders and prepare other potential sites to combat
infection [5,47]. Overall, results indicate a marked increase in neutrophil activation and
NETosis-related markers in the infected lung tissues at 4 dpi with a subsequent decline by 12
dpi, suggesting a significant role of neutrophil responses during the course of SARS-CoV-2
infection in cats.

Colocalization of NET-specific markers with neutrophil recruitment to the lung is well
evidenced in hospitalized COVID-19 patients and results in more severe outcomes such as
impaired gas exchange, dyspnea, acute lung injury, and acute respiratory distress syndrome
(ARDS) [52]. Histological and immunofluorescence analyses provide visual evidence of
pathology and hyperactivated innate immune responses in lung tissues from SARS-CoV-
2-infected cats. Histopathological analysis and scoring provide further insight into the
relationship between neutrophil activation and pulmonary tissue damage. Increased
cellular infiltration and alterations in lung architecture of infected cats indicate progressive
inflammation through varied stages of acute infection. Similar to people with COVID-19,
NETs are predominantly observed within alveolar spaces and around small airways [53].
Increased intensity of NET formation, as indicated by immunofluorescence assay, correlates
with areas of amplified neutrophil infiltration and suppurative inflammation similar to
severe COVID-19 cases in which excessive NET formation is noted to contribute to alveolar
damage. The presence of NETs with increased cellular infiltration and associated pulmonary
damage support that NETs are both a vital part of the robust host immune response
aiming to contain virus but also contributing to pathology [53,54]. Reduction in NETs by
12 dpi support resolution of initial immune responses and depletion of neutrophil reserves.
This progression and resolution of NETosis likely have varied timelines and dynamics,
influenced by differences in immune system functions and clinical management.

Correlation analyses aim to elucidate the association between disease severity param-
eters and innate immune response, particularly focusing on the role of neutrophils and
NETs in the pathogenesis of the disease. Moderately strong correlations suggest that if one
variable increases the other would increase as well at a relatively consistent rate. A weaker
positive correlation suggests that the variables are related, yet the impact on each other’s
changes is less consistently associated with changes in others. Hence, the experimented
parameters certainly correlate well with tissue damage while the clinical progression of the
disease may be influenced by many other variables. A strong correlation of NET markers
with histopathological scores correlates the formation of NETs with exacerbation of tissue
injury during SARS-CoV-2 infection [54]. The weaker correlation of MPO-DNA complexes
and IL-8 with clinical scores suggests that while these parameters are linked to the clinical
scores, the relationship may be more complex and multi-factorial.

Bulk RNA sequencing provides valuable insight into molecular mechanisms underly-
ing SARS-CoV-2 infection in cats, with a specific focus on neutrophil activation and related
innate immune response and functions. Our findings reveal significant upregulation of
genes associated with innate immunity and neutrophil activation in 4 dpi SARS-CoV-2-
infected cats, highlighting the involvement of neutrophils in host responses in addition
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to viral evasion in the early acute phase. Notably, the enrichment analyses of DEGs iden-
tified key biological processes and pathways involved in neutrophil activation and NET
formation, emphasizing their role in the pathogenesis of COVID-19 in the feline model.
Conversely, a notable decrease in the expression of neutrophil activation-related genes at
12 dpi suggests potential dampening of the inflammatory response in late stages of infec-
tion. This temporal modulation of neutrophil pathways underscores the dynamic nature
of the host response to SARS-CoV-2, with distinct patterns of gene expression observed
during the early acute phase versus late acute stages of infection.

Moreover, the presence of cell-free DNA in plasma and BALF at 12 dpi further suggests
incomplete clearance and may thus promote chronic inflammation by acting as damage-
associated molecular patterns [51,55,56]. In the context of vital NETosis, it should mirror
apoptosis following viral clearance, in which no intracellular components are released
externally. The presence of cell-free DNA at high levels suggests the incidence of suicidal
NETosis [57–59]. This form of NETosis involves the extensive release of NETs, which
contain DNA strands, histones, and proteases. These components, particularly histones,
are cytotoxic and can severely damage endothelial and epithelial cells. Such damage
not only increases vascular permeability but also compromises the integrity of epithelial
barriers, facilitating further pathogen invasion and fluid leakage into tissues like the
lungs [55,60–63]. Additionally, the extracellular components from NETs, such as cell-free
DNA and histones, act as pro-inflammatory signals that can attract further immune cells,
leading to a hyper-inflammatory state [47,51,64,65].

From a therapeutic standpoint, our data suggest that therapeutic strategies targeting
NETs could be beneficial, particularly if implemented in the early phase of infection when
NET formation is most aggressive. In addition, the correlations of NET-related markers,
including IL-8, KC, dsDNA, and MPO-DNA complexes, with histopathological scores
and clinical scores further imply their capacity to act as therapeutic targets. Therapeutic
interventions blocking excessive NETosis or stimulating its resolution may avoid tissue
damage and reduce disease severity. Several studies have focused on the alteration of and
inhibition of NETs to mitigate associated pathology during SARS-CoV-2 infection [56,58,66].
Research includes the use of DNases, inhibition of PAD-4, and reduction of IL-8, which
is proven to reduce NET production which has effectively reduced lung inflammation
and damage during infection [2,58,67–71]. However, the timing of such interventions is
crucial, as the suppression of NETs might also interfere with their protective functions
against viral spread. Therefore, this necessitates a delicate balance between the beneficial
and detrimental roles of NETs.

The translation of findings from a feline model to human clinical applications holds
significant promise for advancing medical treatments, especially concerning interventions
targeting NETs in SARS-CoV-2 infections [25–27,72]. Feline models, which closely mimic
human responses to SARS-CoV-2, provide essential insights into the pathophysiology of
the disease and the effectiveness of potential therapies [27,30,31,73]. This research is instru-
mental in establishing the optimal dosing, timing, and delivery methods that can later be
adapted for human clinical trials. For instance, evidence from feline studies demonstrating
the benefits of reducing NET formation can directly inform the development of similar
therapeutic strategies in humans, aiming to alleviate severe symptoms and reduce mortal-
ity associated with COVID-19. Furthermore, the controlled environment of feline studies
offers a clearer understanding of the therapeutic mechanisms, enhancing the predictability
and translatability of outcomes to human settings. The insights gained from such studies
are crucial for designing human trials that are more targeted and efficient, potentially
accelerating the regulatory approval process and the availability of new treatments.

For the first time in feline SARS-CoV-2 research, we show that excessive neutrophil
recruitment at the infection site is functionally active and that these activated neutrophils
undergo NETosis. Further, NET-specific markers coincide with histopathological damage
in the lungs. By demonstrating a similar correlation to those observed in human studies
as well as other animal studies [5,60], our findings validate the feline model as a relevant
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and reliable translational model to study innate immune responses during COVID-19.
Nevertheless, additional research is required to definitively determine the impact of various
NETosis pathways on tissue damage and disease progression. Although our study provides
valuable insights, it does not comprehensively address other confounding factors that
may affect tissue damage during SARS-CoV-2 infection. Such factors could encompass
the roles of different immune cell types, the effects of concurrent bacterial infections, or
the influence of pre-existing conditions on the severity of the disease. The sample size,
although adequate for statistical analysis, limits the generalizability of the results. Also,
while specific for NETosis and neutrophil activation, selected markers may be regulated via
other mechanisms and pathways that were not evaluated during this study. Addressing
these gaps will be essential for the development of targeted therapies that can modulate
NET formation without undermining their fundamental defensive functions.

In conclusion, neutrophils remain a dichotomy in our host immune responses. Sig-
nificant upregulation of NETosis in acute SARS-CoV-2 infections highlights a sometimes
excessive, dysfunctional response of neutrophils as host defense against viral infection.
Subsequent reduction in these markers for NETosis suggests a sophisticated regulatory
mechanism that modulates intensity of inflammation and protects from sustained tissue
damage. Better understanding of the peaks and reductions of these responses will highlight
their contribution as effective targets for therapeutic interventions aimed at modulating
neutrophil activation and inflammation to mitigate disease severity. Furthermore, contin-
ued validation of the feline model for COVID-19 expands the repertoire of animal models
available for preclinical research, facilitating the development and evaluation of these novel
therapeutic approaches.

4. Materials and Methods
4.1. Animals and Ethics Approval

A total of thirty specific pathogen-free (SPF) cats were obtained from Marshall Biore-
sources (North Rose, NY, USA) and acclimatized for a duration of 30 days in accordance
with standard guidelines as previously published [31]. Briefly, animals intended for SARS-
CoV-2 infection (n = 24) were housed at Animal Biosafety Level 3 (ABSL-3) facilities,
whereas animals intended for sham inoculation (n = 6) were housed at standard animal
facility at Oklahoma State University. All cats had access to water and food ad libitum. Cats
were assessed for health parameters including baseline body weight, body temperature,
and clinical examination prior to inoculation to ensure their overall health. The study was
approved by the ethics committee at OSU on the use of animals (IACUC 20-48 STW).

4.2. Virus Propagation and SARS-CoV-2 Infection

A human isolate of the SARS-CoV-2 virus B.6.617.2 (Delta variant) was obtained from
BEI Resources (Manassas, VA, USA) and propagated as previously published [31]. In brief,
the virus was passaged seven times on Vero cells (CCL-81; ATCC, Manassas, VA, USA) in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Carlsbad, CA, USA) consisting of 5%
fetal bovine serum (Hyclone, Logan, UT, USA) in addition to 1% Penicillin-Streptomycin
(Gibco, Carlsbad, CA, USA). The obtained viral stocks were titrated based on TCID50 using
the Reed and Muench calculation [74] as previously described [30].

Age-matched (1-year-old) and sex-matched (15 male and 15 female) cats were ran-
domly assigned to study groups as previously published [31]. Prior to inoculation pro-
cedures, all cats were sedated via intramuscular administration of ketamine (4 mg/kg),
dexmedetomidine (20 µg/kg), and butorphanol (0.4 mg/kg) as previously published and
described [30,31]. Concisely, a total of twenty-four cats were intratracheally and/or in-
tranasally inoculated with SARS-CoV-2 (Delta) virus, while 6 of the cats were inoculated
with DMEM as sham-inoculated controls. Cats (n = 24) were inoculated with an equal dose
of virus, 1.26 × 106 TCID50 in a weight-dependent manner using 1 mL of DMEM. The
remaining controls (n = 6) were inoculated with 1 mL DMEM. Of the thirty cats, fifteen were
sedated and humanely euthanized using pentobarbital >80 mg/kg at 4 days post-infection
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(dpi) and the rest of the cats at 12 dpi. Each time point included SARS-CoV-2-infected cats
(n = 12) and sham-inoculated cats (n = 3). Following euthanasia, necropsy occurred for
tissue collection (Figure 7).
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Figure 7. Experimental design. This diagram illustrates the experimental timeline and procedures
throughout the study. The study consisted of a total of 30 cats, 24 of which were inoculated with
SARS-CoV-2 (Delta variant), and 6 of which were sham-inoculated. Twelve SARS-CoV-2-infected
and 3 sham-inoculated were euthanized and samples collected 4 DPI. The remaining twelve infected
and 3 sham-inoculated cats were euthanized for sample collection 12 DPI. Blood, tissues, and
bronchoalveolar lavage were all collected for analysis. Image made in Biorender.

4.3. Clinical Evaluation

Clinical evaluation was carried out by a licensed veterinary practitioner utilizing
a modified clinical scoring system for each considered factor (0 = normal, 1 = mild,
2 = moderate, 3 = severe) as previously published and stated [30,31]. In brief, all ani-
mals were monitored twice daily at minimum throughout the duration of the study, and
clinical data were documented for each time point. The clinical parameters were then
summated to gain an overall clinical score per animal and each time point.

4.4. Sample Collection and Processing

A total volume of 4–5 mL of whole blood was collected in EDTA from all cats by jugular
puncture, following sedation at 0, 4, 8, and 12 dpi (Figure 7). Plasma was immediately
separated from blood by centrifugation at 2000× g for 10 min at 4 ◦C and plasma was
stored at −80 ◦C till further analysis [75]. BALF was collected from all cats in both time
points (4 dpi and 12 dpi), post euthanasia (Figure 7). Briefly, a sterile endotracheal tube
was placed in the trachea and 80 mL of sterile phosphate-buffered saline (PBS, Gibco,
Carlsbad, CA, USA) was instilled into the lungs through the tube. The saline solution was
allowed to settle, and the fluid was then gently aspirated back into a conical tube [76].
Supernatants were collected by centrifugation of the content at 400× g for 7 min at 4 ◦C [77].
Supernatants were transferred into new Eppendorf tubes and stored at −80 ◦C till further
analysis. Equal volumes of BALF were collected in all cats. Right cranial lung tissues were
collected from all the cats at necropsy on both 4 dpi and 12 dpi (Figure 7). Tissues were
subdivided and either frozen at −80 ◦C or collected into tissue cassettes and fixed for 5 days
in 10% neutral-buffered formalin before transferring to ethanol for 3 days as previously
published [31]. Viral quantification and analyses of all animals were performed via droplet
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digital PCR as detailed in Tamilselvan et al. Results confirmed the presence of viral loads
in all infected cats, while no infection was detected in sham-inoculated controls [31].

4.5. Multiplex Immunoassay for Cytokine Profiling

Plasma and BALF samples were utilized to measure systemic and respiratory cytokine
concentrations respectively, using a commercially available feline cytokine–chemokine
magnetic bead panel ELISA kit (Millipore-Sigma, Burlington, MA, USA) according to
the manufacturer’s instructions. A comprehensive set of soluble cytokine molecules (s-
Fas, TNFα, IL-12p40, SCF, PDGF-BB, IL-13, IL-18. IL-6, IL4, IL-2, GM-CSF, KC, RANTES,
SDF-1, FLT-3L, IL-1β, IFNγ, MCP-1, and IL-8 were detected using a composite panel of
microspheres coupled with capture antibodies [78]. In summary, 25 µL of plasma or BALF
was combined with 25 µL of antibody-immobilized beads and 25 µL of assay buffer or
matrix in a 96-well plate and incubated overnight at 4 ◦C on a shaker along with the
standards. Subsequently, 25 µL of biotinylated detection antibodies was added to each well
following the addition of streptavidin-phycoerythrin. The fluorescence was measured by
the Bio-Plex® 200 multiplex detection system (Bio-Rad, Hercules, CA, USA). Data were
acquired and processed using the Bio-Plex manager software (v 6.0.) (Bio-Rad, Hercules,
CA, USA).

4.6. RNA and Protein Isolation from Lung Tissues

Total RNA and proteins were isolated from the cranial lungs of all cats using the TRI-
reagent method (MRC, Cincinnati, OH, USA) according to the manufacturer’s instructions.
Briefly, 50–100 mg of lung from each cat was homogenized in TRI reagent and separated
into phases using 1–bromo–3–chloropropane (BCP MRC, Cincinnati, OH, USA). RNA,
and proteins were isolated from the aqueous phase and organic phase, respectively. RNA
was precipitated using isopropanol and then purified using ethanol washes. Air-dried
pellets were resuspended in nuclease-free water and stored at −80 ◦C until further analysis.
Proteins were precipitated using acetone and then purified using guanidine hydrochloride,
ethanol, and glycerol washes. The pellets were resuspended in 1% sodium dodecyl sulfate
(SDS) and stored at −20 ◦C for further analysis [79,80].

4.7. Western Blot

The total proteins from lung of all cats were quantified using the dye reagent concen-
trate according to the manufacturer’s recommendations (Bio-Rad, Hercules, CA, USA).
Protein concentrations were obtained using bovine serum albumin as the reference stan-
dard (Bio-Rad, Hercules, CA, USA). The readings were acquired using the spectrometric
reader at 595 nm absorbance. Quantified protein samples were processed in 1X SDS sample
buffer containing 0.06 M Tris (pH 6.8), 2.1% (w/v) SDS, 5% (v/v) glycerol, and 1% (v/v)
2-mercapto-ethanol. Equal amounts of the samples (20 µg) were separated on 10% SDS
PAGE gels along with a pre-stained protein ladder (ThermoFisher Scientific, Waltham,
MA, USA). Following SDS-PAGE, proteins were transferred onto a nitrocellulose mem-
brane in a semi-dry electro-blotting apparatus (Transblot, Biorad, Hercules, CA, USA).
Membranes were blocked for 1 h at room temperature with 5% skim milk before immun-
odetection. The membranes were then incubated overnight at 4 ◦C with intermittent
shaking in respective primary antibodies: Myeloperoxidase in 1:500 dilution (MPO, Fab-
Gennix, TX, USA), Neutrophil elastase in 1:500 dilution (NE: Invitrogen, Thermofisher,
Wilmington, DE, USA), citrullinated histone H3 in 1:1000 dilution (Cit.H3, Abbomax, CA,
USA), and housekeeping protein Glyceraldehyde 3-phosphate dehydrogenase in 1:2000 di-
lution (GAPDH, (Abclonals, MA, USA) as the loading control. Membranes were incubated
with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody in dilution
1:2000 (ThermoFisher Scientific, Waltham, MA, USA) for 1 h at room temperature. The
signal was developed by adding chemiluminescent peroxidase substrate (ThermoFisher
Scientific, Waltham, MA, USA) and images were acquired with Amersham Imager 600
(GE Healthcare, Pittsburg, PA). The protein band intensities were quantified using Image J
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software (v 1.8.0) and the relative expression of the target proteins was normalized to the
reference protein, GAPDH during interpretation.

4.8. Quantitative Real-Time PCR

The purity of the total RNA from the lung was evaluated and quantified spectropho-
tometrically using NanoDrop ND-1000 (Thermo Fisher Scientific, Wilmington, DE, USA).
RNA from all cats were diluted to equal amounts (1000 ng) and reverse transcribed to
cDNA using superscript II reverse transcriptase according to the manufacturer’s recom-
mendations (Invitrogen, Carlsbad, CA, USA) in individual reactions. The PCR reactions
were run using SYBR green PCR master mix (Thermo Fisher Scientific, Wilmington, DE,
USA). Primers were designed using the IDT-DNA website as listed in Table S1. The final
reaction mixture (20 µL) consisted of 10 µL 2X SYBR green PCR master mix, 1 µL of the
10 µM forward and reverse primers of the gene of interest (MPO, NE, and Histone 3), 5 µL
of the cDNA template with 4 µL nuclease-free water which was then added to a 96 well
plate with nuclease-free water as the negative control. The qRT-PCR was performed and
analyzed using QuantStudio 6 Pro Real-Time PCR Systems (Applied Biosystems, Carlsbad,
CA, USA) according to the manufacturer’s instructions. The thermal cycle was as follows;
initial denaturation step at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 15 s, 60 ◦C
for 60 s, followed by thermal dissociation at 95 ◦C for 15 s, 60 ◦C for 60 s, and 95 ◦C for
1 s. Melting curve analysis of every qPCR was conducted after each cycle. The relative
expression was calculated as previously described [81]. The fold change was calculated
by expressing the target gene expression in the infected samples relative to the controls,
normalized to GAPDH.

4.9. Histopathology and Immunofluorescence Assay

As previously published, 5 µm-thick paraffin sections of right cranial lung tissues were
collected onto positively charged slides prior to hematoxylin and eosin (H&E) staining
and immunofluorescence assay (IFA) [31]. H&E staining, microscopic evaluation, and
histopathologic scoring of the lung tissues were carried out as previously published [31].
Briefly, the lung tissues were assigned a quantitative histopathological score from 0 to 4
(0 = no change, 1 = minimal change, 2 = mild change, 3 = moderate change, 4 = marked
change) and scored by a blinded, board-certified veterinary pathologist. In IFA, slides were
rehydrated using toluene and ethanol changes. Citrate unmasking solution (Cell Signal,
Danvers, MA, USA) was then used for antigen retrieval. Slides were blocked with 10%
goat serum for 1 h following overnight incubation with respective primary antibodies;
MPO in 1:200 dilution (Thermofisher, Wilmington, DE, USA), neutrophil elastase in 1:200
dilution (NE: Invitrogen, Thermofisher, Wilmington, DE, USA), citrullinated histone H3
in 1:200 dilution (Cit. H3, Abbomax, CA, USA). Immunoreactivity was detected using
anti-rabbit Alexa fluor 555 secondary antibody (Cell Signaling, Danvers, MA, USA) and
4′,6-diamidino-2-phenylindole (DAPI, Cell Signaling, Danvers, MA, USA) as the nuclear
counterstain [82]. The slides were visualized using Zeiss LSM 980 Airyscan 2 Confocal
Laser Scanning Microscope (Zeiss, White Plains, NY, USA) and images were retrieved and
analyzed using ZEN blue software (v.1.10).

4.10. MPO-DNA ELISA

MPO-DNA complexes in both plasma and BALF were detected via MPO-DNA
enzyme-linked immunosorbent assay (ELISA) which was adopted from previous liter-
ature [83]. In brief, a 96-well plate was coated with 100 µL of rabbit anti-myeloperoxidase
polyclonal antibody (Thermofisher, Wilmington, DE, USA) diluted at 1:1000 and incu-
bated overnight on a plate shaker at 4 ◦C. Following the washes, the plate was blocked
with 1% bovine serum albumin (Millipore-Sigma, Burlington, MA, USA) in PBS and in-
cubated for 2 h at room temperature. Plasma or BALF samples (20 µL) were mixed with
peroxidase-labeled anti-DNA detection antibody (Cell Death Detection ELISA kit, Roche,
Millipore-Sigma, Burlington, MA, USA) which was diluted 1:40 in the incubation buffer
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provided with the kit. A total volume of 100 µL was added to each well. The complexes
were detected by adding 100 µL of 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid
(ABTS) as the substrate following the addition of ABTS stop solution, both provided with
the kit. The optical density of each well was measured at 405 nm using the spectrometer
and compared against the controls.

4.11. Quant-iT PicoGreen dsDNA Assay

The NET-derived DNA was measured using Quant-iT Pico Green dsDNA assay kit
(Thermofisher, Wilmington, DE, USA), according to the manufacturer’s recommendations.
Briefly, the experimental samples were diluted at a 1:1 ratio in TE buffer to a final volume of
100 µL in a 96-well plate following the addition of 100 µL of the aqueous working solution
of the Quant-iT™ PicoGreen™ dsDNA Reagent to each sample. Sample fluorescence was
measured using a fluorescence microplate reader (Cytation-5, Agilent, Santa Clara, CA,
USA) at standard fluorescein wavelengths (excitation ∼480 nm, emission ∼520 nm).

4.12. Lung RNA Sequencing and Analysis

RNA sequencing was performed on the lungs of all cats as previously published [31].
Briefly, RNA was extracted from lungs using a QIAGEN RNA isolation kit (Thermofisher,
Wilmington, DE, USA). cDNA library preparation and RNA sequencing was performed
by Novogene Co Ltd. (Sacramento, CA, USA), generating paired-end reads at 150 bp
length on an Illumina platform. The raw sequencing data reads were deposited under Bio-
Project accession number PRJNA842733 in the NCBI Sequence Read Archive database
(SRA) [31]. These sequences were downloaded and utilized for the current analysis.
Briefly, the metadata were downloaded and converted to fastq format using a Linux
command pipeline via the SRA toolkit [84]. The fastq files were then aligned with the
F.catus_Fca126_mat1.0_genome sequence file [85] using STAR (v 2.7.3a) [86] with the default
parameters and quantification mode of gene counts. Gene counts were utilized for differen-
tial expression analysis in R (v 4.3.2) using the package DESeq2 (v1.40.2) [87]. Differentially
expressed genes (DEGs) were obtained for controls vs. 4 dpi, controls vs. 12 dpi, and 4 dpi
vs. 12 dpi with Benjamini–Hochberg (BH) adjusted p-value < 0.05. The ggplot2 package
(v 3.4.4.) [88] was used to create volcano plots that graphically represented the statistical
outcomes of the comparisons. The plot was created using the negative logarithm (base
10) of the p-values on the y-axis and the log fold changes on the x-axis. Heatmaps were
drawn to further elaborate the alterations in DEGs related to neutrophil activation and
NETosis in each compared category. The DEGs from all comparisons (4 dpi vs controls,
12 dpi vs controls, 4 vs 12 dpi) were subjected to the Gene Ontology (GO) [89] and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis [90] through the online
DAVID bioinformatics tools (v 6.8) [91]. GO terms and KEGG pathways with BH-adjusted
p-value < 0.05 were retained in the enrichment analysis. The bubble plots and bar plots for
enrichment analysis were drawn for selected neutrophil activation and NETosis-specific
pathways using the ggplot2 in R. Heatmaps were drawn to further elaborate the alterations
in DEGs related to neutrophil activation and NETosis in each compared category.

4.13. Statistical Analyses

All statistical analyses were performed using GraphPad Prism (V10.1.2) [92]. Non-
parametric data were represented as mean ± SEM. One-way or two-way ANOVA and
post hoc Tukey’s test were used for multiple group comparisons. Correlations were cal-
culated using Pearson coefficient correlation. A p-value of 0.05 or less was considered
statistically significant.
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