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Introduction
Parvoviruses, which belong to the family Parvoviridae, 
constitute a group of small, non-enveloped viruses with 
single-stranded DNA genomes. These viruses possess 
a linear DNA genome approximately 4.5-5 kb in length, 
characterized by hairpin structures formed by inverted 
terminal repeats (ITRs) at each end of the genome [1,2]. 
The remaining portion of the viral genome consists of 
two major open reading frames (ORFs) that encode both 
non-structural proteins (NS1 and NS2) and structural 
proteins (VP1 and VP2) within the same mRNA through 
alternative splicing [3,4]. Parvoviruses are currently 
widespread globally and capable of naturally infecting a 
diverse range of hosts [5-8]. Due to their rapid evolution 
and efficient transmission, the range of potential hosts for 

parvoviruses is continually expanding, posing significant 
threats to numerous endangered wild animal species and 
domestic pets [9].

Carnivore protoparvovirus 1 belongs to the Protoparvovirus 
genus within the Parvoviridae family and is characterized 
as a distinct viral species [1]. Notable members of this species 
include feline panleukopenia virus (FPV) and canine 
parvovirus (CPV) [10-12]. FPV is one of the deadliest viral 
pathogens in pets and can cause diarrhea, vomiting, and 
feline panleukopenia [13,14]. FPV has a wider host range and 
higher pathogenicity. In addition to domestic cats, FPV 
have been reported to infect monkeys [15], tigers [16], lions [17], 
and linsangs [18], causing significant economic losses. In 
recent years, FPV has emerged as a significant threat to 
companion animals, economically valuable species, and 
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Abstract

Feline panleukopenia virus (FPV) is an extremely contagious pathogen that induces 
severe vomiting, diarrhea, and dehydration in cats, often resulting in high mortality rates 
and substantial economic losses. Host responses are crucial for viral entry, replication, 
assembly, and disease progression, despite so much is not known, especially regarding 
the interactions between hosts and viruses. Herein, we employed the FPV strain FPV-
XJ-04, which was previously isolated and characterized by our team in Xinjiang, China. 
To perform a comparative transcriptomic analysis of the gene expression profile in 
Crandell-Reese feline kidney (CRFK) cells following infection with the FPV-XJ-04 
strain. Following infection of CRFK cells with the FPV-XJ-04 strain, the differentially 
expressed genes in CRFK cells were predicted to be involved in several key signaling 
pathways, including the TNF signaling pathway, IL-17 signaling pathway, cytokine-
cytokine receptor interaction, Toll-like receptor signaling pathway, MAPK signaling 
pathway, and RIG-I-like receptor signaling pathway. In addition, the immune response 
was significantly enriched in the Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways. Furthermore, we highlight 11 key genes in the TNF 
signaling pathway that are associated with host defense response to the invasion of 
FPV-XJ-04 strain. This research provides valuable insights into the gene transcription 
processes within immune cells, elucidating the pathways critical to the early stages of 
infection pathogenesis.
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wild fauna in China. Consequently, there is an urgent 
need for scientific research to curb the dissemination of 
FPV and to elucidate its molecular pathogenesis.

Host responses are crucial for viral entry, replication, 
assembly, and pathogenesis [19-21]. Despite significant 
progress, many aspects remain to be elucidated, especially 
regarding the intricate interactions between hosts and 
viruses. The non-structural protein 1 (NS1) of human 
parvovirus B19 can interact with AP-1 and AP-2 on the 
TNF-α promoter of the host to regulate the expression of 
TNF-α [22]; the NS1 protein of B19 can activate relevant 
factors in the endothelial cell inflammation signaling 
pathway, thereby affecting the host cell inflammation 
response [23]. The NS1 protein also plays a significant role 
in the host cell apoptosis process, and studies have shown 
that the B19 virus NS1 protein induces red blood cells 
to arrest in the G1 phase, leading to apoptosis [24]. Other 
interactions between the virus and the immune system 
include immune evasion and suppression of potent innate 
immune responses. In the context of FPV infection, it  
has been observed that the NS2 protein of FPV interacts 
with the host cell’s TANK-binding kinase 1 (TBK1) 
molecule, thereby antagonizing the binding of TBK1 to 
stimulator of interferon genes (STING). This interaction 
reduces the phosphorylation of downstream STING and 
interferon regulatory factor 3 (IRF3) molecules, ultimately 
preventing the activation of IFN-I transcription [25]. 
Insight into these modulations will further elucidate the 
pathogenesis of these viruses.

Few studies have investigated cellular host responses to FPV 
infection, especially using clinical isolates. Transcriptome 
studies based on next-generation sequencing have the 
potential to elucidate cellular responses following viral 
infection, thereby providing further insight into viruses’ 
pathogenesis. Analyzing the transcriptome of infected 
cells can provide valuable information on virus replication 
and host-pathogen interactions [26]. Therefore, the present 
work was conducted to investigate the role of mRNA in 
the immune defense of host cells against FPV infection. 
We used RNA-seq to profile mRNA expression in two 
groups of feline kidney cells: FPV-infected and uninfected, 
and identified many differentially expressed transcripts. 
The primary objective of this study was to identify the 
differentially expressed transcripts and determine mRNA 
expression patterns during FPV-XJ-04 infection of CRFK 
cells, elucidating the associated pathways and biological 
processes.

Material and Methods
Ethical Statement

This study did not involve any human participants, animal 
experiments, or the use of personal data. Therefore, ethical 
approval was not required. All procedures were carried 
out in accordance with the relevant laws and regulations.

Viruses and Cell Culture

Crandell-Reese Feline Kidney (CRFK) cell lines were 
purchased from Pricella Biotechnology Co., Ltd. (Wuhan, 
China) and the cells were maintained in Dulbecco’s 
Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, 
CA) containing 5% fetal bovine serum and 1% penicillin-
streptomycin at 37ºC with 5% CO2. FPV strain (FPV-
XJ-04) was originally isolated from feces of infected 
cats in a pet hospital of Xinjiang, China. Initially, the 
fecal samples were confirmed positive for FPV using a 
colloidal gold strip test. Subsequently, the fecal material 
was suspended in cell culture medium, centrifuged, 
and the resulting supernatant was filtered through a 
0.22 µm filter membrane. The filtered supernatant was 
then inoculated into CRFK cells for blind passage up 
to the fifth generation, during which cytopathic effects 
(CPE) became evident. Viral DNA was extracted from 
individual fecal samples utilizing the TIANamp Virus 
DNA Kit (TIANGEN, China). The extracted DNA served 
as the template for detecting FPV using a set of universal 
primers (FPV-F: 5′-TAACTCCTCTGACTCCGGAC-3′; 
FPV-R: 5′-ACCACCGTCTGGTTGAACTG-3′). These 
primers amplify a 750 bp fragment within the FPV 
genome, specifically covering nucleotides 2,062 to 2,819 [27]. 
The supernatant from the FPV positive sample was 
sterilized using a 0.22 µm filter membrane. Subsequently, 
the filtered supernatant was inoculated into CRFK cells 
and incubated at 37ºC in a 5% CO2 atmosphere. The CPE-
positive cell cultures were subjected to centrifugation at 
28.000 × g for 12 min. Subsequently, the samples were 
negatively stained with 0.5% phosphotungstic acid and 
examined using transmission electron microscopy (TEM). 
To further characterize the harvested virus, an indirect 
immunofluorescence assay (IFA) was performed. In this 
assay, murine polyclonal antibodies specific to FPV were 
employed as the primary antibody, while FITC-conjugated 
goat anti-mouse IgG (H&L) served as the secondary 
antibody. Finally, the cells were washed, mounted on glass 
slides, and examined under a fluorescence microscope.

Growth Characterization of the Isolated Virus

To evaluate the viral growth kinetics, CRFK cells were 
infected with the isolated parvovirus at a multiplicity 
of infection (MOI) of 0.01. Supernatants from the cell 
culture medium were harvested at 12 h intervals from 
0 to 72 h post-infection (hpi). Viral titers (TCID50/mL) 
were determined using endpoint dilution assays with 
CRFK cells. Each experiment was performed in triplicate 
independently, and the results are expressed as the mean 
± standard deviation.

RNA-seq and Data Analysis

In the investigation of host transcriptomic responses, 
CRFK cells were infected with FPV-XJ-04. and CRFK 
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cells were cultured in six-well plates (Corning, USA) and 
divided into two groups, each containing three replicates, 
for the construction of mRNA libraries. The first group 
was inoculated with FPV-XJ-04 at a concentration of 
1×106 TCID50, while the second group served as an 
uninfected control. At 24 h post-infection, total RNA from 
both groups was isolated using Trizol reagent (Invitrogen, 
CA, USA) according the manufacturer’s instructions. The 
RNA quality was evaluated via the Bioanalyzer (Agilent, 
Santa Clara, CA, United States) and sent (1 µg per sample) 
for mRNA sequencing to Novogene, Inc. (Sacramento, 
CA, United States). Then, the high-quality clean reads 
were compared with the specified reference genome by 
using Bowtie software. The Padj ≤0.05 and the absolute 
value of log2 ratio ≥2 were used to identify DEGs. The 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) databases were used to analyze  
the pathways.

Quantitative Real-time PCR

To validate the findings from the RNA-seq experiment, a 
set of 12 genes associated with the TNF signaling pathway 
were selected for further analysis through quantitative 
real-time PCR (qRT-PCR). Total RNA was extracted from 
both uninfected and FPV-infected CRFK cells, cDNA 
synthesis was performed using 1.0 μg of the extracted 
total RNA, in accordance with the protocol provided by 
the reverse transcription kit manufacturer (RIBOBIO, 
China). The primers are listed in Table 1. The qRT-PCR 
conditions included a pre-incubation step at 95ºC for 
5 min, followed by 40 amplification cycles (95ºC for 30 
sec, 58ºC for 30 sec, and 72ºC for 30 sec). Each sample 
was analyzed in triplicate using a 20 µL reaction mixture 
containing 2× SYBR Premix Ex Taq II (Takara, USA). The 
reactions were performed on a Roche Light Cycler 480 II 
system (Basel, Switzerland), with each reaction containing 
100 nM of each primer and 1 µg of cDNA template. All 
experiments were conducted in triplicate.

Statistical Analyses

When comparisons were made, a Student’s t-test was 
performed and P value <0.05 was considered statistically 
significant. The data was presented as “mean ± SD”. 

Result
Characterization of the FPV-XJ-04 Strain

The PCR analysis using the extracted viral DNA 
demonstrated a prominent and bright band at 750 bp 
(Fig. 1-A), indicative of a positive result. To further verify 
the infection status, fecal samples were inoculated into 
CRFK cells in an effort to the virus. As shown in Fig. 1-B, 
after five blind passages in CRFK cells, CPE induced by 
parvovirus became evident, manifesting as cell rounding, 
pyknosis, disruption of the monolayer, and eventually 
complete necrosis. By the tenth passage, the viral titer of 
the nonclonal virus population, as measured by endpoint 
dilution assay, had increased to 1 × 106 TCID50/mL. TEM 
analysis of negatively stained and purified cell supernatant 
showed spherical particles with an average diameter of 
about 20 nm, which is consistent with the characteristic 
morphology of parvoviruses (Fig. 1-C). The growth 
kinetics of the resulting clonal virus, named FPV-XJ-04, 
were subsequently analyzed. The results showed that viral 
replication initiated steadily and reached its peak at 60 h 
post-infection (Fig. 1-D). 

Identification and Characterization of mRNAs in FPV-
XJ-04 Infected CRFK Cells by RNA-seq

To investigate the cellular host responses to FPV-XJ-04 
infection, we conducted a transcript profiling experiment 
using RNA-seq technology. Gene expression profiles from 
both infected and control samples were compared, with 

Table 1. Primers of qRT-PCR used for this work

Primer  Sequence

GAPDH-F TGGAAAGCCCATCACCATC

GAPDH-R ACTCCACAACATACTCAGCACCA

TNFAIP3-F CTACCAACGGGATCATTCAC

TNFAIP3-R TTCTCGACACCAGTTCAGCT

NFKB1-F CAATCCAGAAATATTTCAACCA

NFKB1-R TTCACTAGACGCACCCGG

IL6-F CTCCTGGTGGTGGCTACT

IL6 -R CAGAGATTTTGCCGAGGA

IFNB1-F TTGCCTCAAGGACAGGAT

IFNB1-R ATCCCGTGCTAGAGGTGC

MAP3K8-F GTGAAGAGCCAGCGGTTT 

MAP3K8-R ACGGAGGACAACCAAGGC

MAPK8-F ATGAGCAGAAGCAAGCGT

MAPK8-R CGGCTCAGCTTCTTGATT

TRAF1-F GTCTGTAAGCCCAGGAAGCC

TRAF1-R TTGGGCTCCCCTTGTAGG

TNF-F CAGGGCTCCGGAAGGTG

TNF-R TGCAGGCCATGTGGGAG

TRAF3-F CGCTGAAGCTGCACCCT

TRAF3-R CTCCGTCTGCTTCGGGT

MAP3K14-F CAGGCGATGGGCAAGAA

MAP3K14-R AGATGGCGGCCAGTCCT

IRF1-F TCCAACCAAATCCCAGG

IRF1-R CTTTTCCCCTGCTTTGT

NFKBIA-F GAGCACGCCCAGGACTG

NFKBIA-R CCGCAGCTCCTTCACCA
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expression levels analyzed using the Illumina HiSeqTM 
2000 platform. Cluster analysis was applied based on 
expression patterns to group the samples, revealing 
potential relationships among them (Fig. 2-A). Our 
comparative transcriptomic analysis identified 2,348 
differentially expressed genes (DEGs) with Padj ≤0.05 and 

fold change ≥1, of which 1,349 genes were upregulated 
and 999 genes were downregulated.

Clustering and Functional Enrichment Analysis of 
Differentially Expressed Genes 

The Volcano Plot is presented in Fig. 2-B. To investigate 
the distribution of candidate target genes and elucidate 
their diverse functions, we employed GO and KEGG 
pathway analyses to identify the enriched target genes. We 
performed a GO enrichment analysis to explore the host 
cell’ biological processes in responding to FPV. The defense 
response, immune system process, positive regulation of 
response to stimulus, cell adhesion, biological adhesion, 
cytokine receptor binding, signaling receptor binding, and 
cytokine activity were the dominant groups in all three 
DEG sets (Fig. 2-C). Based on KEGG pathway enrichment 
analysis, most upregulated genes involved TNF signaling 
pathway, Cytokine-cytokine receptor interaction, IL-17 
signaling pathway, Toll-like receptor signaling pathway, 
NOD-like receptor signaling pathway, RIG-I-like receptor 
signaling pathway, MAPK signaling pathway, and NF-
kappa B signaling pathway (Fig. 2-D). In the GO and 
KEGG analysis, immune signaling is the main pathway 
involved in the FPV infection process (Fig. 2-C,D).

Validation of Selected mRNAs 

Based on the above results, we hypothesize that immune-
related genes and signaling pathways are likely involved 
in the FPV infection process (Fig. 3-A,B). To validate 
this hypothesis, total RNA isolated from FPV-infected 
and uninfected CRFK cells was subjected to qRT-PCR 
analysis to confirm the differentially expressed mRNA 
candidates (Fig. 3-C). Previous studies have indicated that 
the TNF signaling pathway play a central role in virus 
infection process. The gene expression changes related to 

Fig 1. Identification and characterization the FPV-XJ-04 strain. (A) PCR 
products were analyzed by 1.5% agarose gel. Marker, DL 2000 DNA 
marker; lane 1, 2, nucleotide-free water (negative control), lane 3-6, the 
FPV-XJ-04 strain, (B) The cytopathic effect (CPE) and IFA identification, 
(C) Morphology of FPV-XJ-04 particles exhibited with negative-stained 
transmission electron microscopy, (D) Growth curve of FPV-XJ-04 as 
measured by end-point dilution. Each datapoint shows averages of three 
independent replicates, and standard deviations are indicated as error bars

Fig 2. Expression of differentially expressed genes (DEGs) between the 
CRFK cells infected with FPV-XJ-04 and control group. (A) The heatmap 
shows the expression levels of DEGs between the the CRFK cells infected 
with FPV-XJ-04 and control group, (B) Volcano plot of expressed genes 
between CRFK cells infected with FPV-XJ-04 and control group. The red, 
green, and blue denote upregulated, downregulated, and non-regulated 
genes, respectively, (C, D) GO and KEGG analyses of the differentially 
expressed genes (DEGs) between the CRFK cells infected with FPV-XJ-04 
and control group. The rich factor represents the ratio of upregulated 
genes differentially expressed gene numbers annotated in this pathway 
term to all gene numbers annotated with this pathway term. A greater rich 
factor indicates a greater degree of pathway enrichment

Fig 3. Differentially expressed genes (DEGs) were evaluated by quantitative 
reverse transcription PCR (qRT-PCR) assays between the CRFK cells 
infected with FPV-XJ-04 and control group. (A) The heatmap shows the 
expression levels of 11 key genes in the TNF signaling pathway between 
the CRFK cells infected with FPV-XJ-04 and control group, (B, C) The 
11 key genes in the TNF signaling pathway expression levels were further 
detected by qRT-PCR. The results at each time point are expressed as the 
means ± standard deviations from at least three independent experiments
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TNF signaling pathway were assessed to explore whether 
this pathway can respond to FPV infection process. 
Specifically, the major upregulated genes involved in 
the TNF signaling pathway included TNFAIP3, NFKB1, 
IL6, IFNB1, MAP3K8, MAPK8, TRAF1, TNF, TRAF3, 
MAP3K14, IRF1. The expressions of these genes using 
qRT-PCR were in good agreement with the RNA-seq 
results (Fig. 3).

Discussion
Messenger RNA (mRNA) plays a pivotal role in the 
regulation of gene expression by participating in the entire 
process of protein synthesis, thereby serving as a critical 
link between DNA and proteins. Proper mRNA synthesis 
and degradation are indispensable for maintaining cellular 
functions and organismal homeostasis. Moreover, the 
roles of mRNA in the host’s antiviral response have been 
increasingly elucidated through ongoing research [28]. Recent 
research indicates that, CRFK cells which are permissive 
for productive replication of virus, showed induction of 
a large network of immunological and virally induced 
pathways, other interaction between viruses and hosts 
involves a complex interplay between the host’s antiviral 
response and the virus’s immune evasion strategies [29].  

The isolation and characterization of FPV-XJ-04 were 
systematically validated through molecular, cytopathic, 
morphological, and kinetic analyses. The PCR detection of 
a 750 bp amplicon strongly indicated FPV DNA, targeting 
conserved regions of the viral genome nucleotides 2,062 
to 2,819 [27]. Successful virus isolation in CRFK cells was 
confirmed by progressive CPE, including cell rounding 
and necrosis, alongside a rising viral titer, reflecting 
efficient in vitro adaptation. TEM visualization of ~20 
nm spherical particles provided definitive morphological 
evidence consistent with parvoviruses, excluding other 
pathogens. Growth kinetics show that the virus reaches 
its replication peak at 60 h after infection, which might 
be slightly delayed due to unique virus-host interactions 
or replication kinetics. The gradual titer increase aligns 
with the lytic nature of autonomous parvoviruses, which 
depend on host cell cycles.

Furthermore, we identified distinct expression profiles 
between FPV-XJ-04 infected CRFK cells by RNA 
sequencing and comparative transcriptomic analysis. RNA-
seq analysis identified 2,348 DEGs (1,349 upregulated, 999 
downregulated) in FPV-XJ-04-infected cells, reflecting 
extensive transcriptional reprogramming. Upregulated 
genes were enriched in immune pathways (e.g., TLR, 
RIG-I, cytokine signaling), aligning with GO/KEGG 
findings and indicating a robust antiviral response driven 
by innate immunity and inflammation. Downregulation 
of genes may reflect viral evasion via suppression of 
non-essential processes or metabolic rewiring. The 

clear clustering of infected samples and control samples 
highlights the systemic interaction between the host and 
the pathogen. Future studies should prioritize functional 
validation of key DEGs (e.g., cytokines, immune receptors) 
to elucidate their roles in viral control or pathogenesis. To 
further investigate the biological functions of these genes, 
the DEGs were mapped to the GO and KEGG pathways. 
The associated cellular processes discussed below could 
be classified into several main sections: TNF signaling 
pathway, IL-17 signaling pathway, and MAPK signaling 
pathway. We summarized the above analyses and formed 
a gene change model of FPV-XJ-04 infected CRFK cells.

Transcriptome analysis indicated that FPV infection 
significantly activated the host’s TNF-α and IL-17 
signaling pathways. The TNF-α signaling pathway and 
the IL-17 signaling pathway are associated with multiple 
immune and inflammatory pathways [30-32]. TNF-α is a 
major pyrogenic cytokine produced by immune cells 
during inflammatory responses and the acute phase of 
infection, and is closely related to the cytokine storm [33]. 
During viral infections, the expression level of TNF-α is 
correlated with the severity of the disease. In addition, 
TNF-α has been reported to stimulate the replication of 
human polyomavirus in neural cells [34]. Mumps virus 
infection disrupts the blood-testis barrier by inducing 
TNF-α [35]. In our research, we found that the genes related 
to the TNF signaling pathway, including TNFAIP3, 
NFKB1, IL6, IFNB1, MAP3K8, MAPK8, TRAF1, TNF, 
TRAF3, MAP3K14, IRF1, and NFKBI, were significantly 
upregulated after the infection of CRFK cells. Whether 
the production of TNF-α can stimulate viral replication 
has not been confirmed, but the induction of TNF-α 
production by FIPV has been reported [29]. 

The IL-17 family is considered highly relevant to infectious 
diseases occurring in epithelial sites [36]. Research on the 
role of IL-17 in regulating viral infections is also ongoing, 
where it plays multiple key roles. The cytokine IL-17 may 
have completely opposite effects in different circumstances. 
During systemic viral infections, excessive production of 
IL-17 can lead to liver damage and death. The level of IL-
17 during viral infection is closely related to the severity 
of the disease, and at this time, IL-17 plays a pathological 
damage role in this disease. This phenomenon has been 
reported in viruses such as influenza virus, dengue virus, 
and respiratory syncytial virus [37-39]. It has been reported 
that IL-17 plays an important role in virus-induced 
acute lung injury during the H1N1 pandemic. Treating 
H1N1-infected mice with IL-17 monoclonal antibodies 
significantly improved the acute lung injury caused by 
the virus [40]. At the same time, the induction of IL-17 has 
been reported to antagonize the broad-spectrum antiviral 
response of monocyte chemoattractant protein-induced 
protein 1 (MCPIP1) in PRRSV [41]. These results suggest 
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that FPV infection triggers a host immune storm by 
activating the classical pro-inflammatory pathway, and its 
dynamic balance may determine the infection outcome 
(protective immunity or pathological damage). It is 
necessary to further analyse its spatiotemporal regulatory 
mechanism and its relationship with viral replication.

The RNA-seq and qRT-PCR analyses collectively 
demonstrate significant activation of the MAPK signaling 
pathway during FPV infection. Key upstream regulators 
(e.g., MAP3K8, MAPK8) and downstream effectors 
(e.g., NF-κB, IL-6) within this pathway were markedly 
upregulated, suggesting its critical role in amplifying 
pro-inflammatory responses via cytokine production 
(e.g., TNF, IL-6) and immune cell activation [42]. MAPK 
signaling likely intersects with TNF and IL-17 pathways 
to form a synergistic network [43], driving NF-κB-mediated 
transcriptional activation and exacerbating inflammatory 
cascades [44]. While this hyperactivation may enhance 
antiviral defenses, sustained MAPK activity could also 
contribute to tissue damage or viral immune evasion. 
Further studies should delineate whether MAPK signaling 
primarily facilitates host resistance or is exploited by FPV 
to promote replication, potentially identifying therapeutic 
targets to modulate this pathway during infection.

Overall, this research shows a series of genes involved 
in FPV infection and provides a scientific reference for 
exploring some genes which may aggravate or inhibit 
virus replication.
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