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Introduction: The pathogenesis of Vibrio mimicus infection in yellow catfish
(Pelteobagrus fulvidraco) remains poorly understood, particularly regarding the
impact of infection with the pathogen on primary target organs such as the skin
and muscle.

Methods: In this study, we aim to analyze the pathological intricacies of the skin
and muscle of yellow catfish after being infected with V. mimicus using a 1/10
LCso seven-day post-infection model. Furthermore, we have utilized integrated
bioinformatics to comprehensively elucidate the regulatory mechanisms and
identify the key regulatory genes implicated in this phenomenon.

Results: Our histopathological examination revealed significant pathological
changes in the skin and muscle, characterized by necrosis and inflammation.
Moreover, tissue remodeling occurred, with perimysium degeneration and lesion
invasion into the muscle along the endomysium, accompanied by a
transformation of type | collagen into a mixture of type | and type Ill collagens
in the perimysium and muscle bundles. Our eukaryotic transcriptomic and 4D
label-free analyses demonstrated a predominantly immune pathway response in
both the skin and muscle, with downregulation observed in several cell signaling
pathways that focused on focal adhesion-dominated cell signaling pathways.
The upregulated genes included interleukins (IL)-1 and -6, chemokines, and
matrix metallopeptidases (mmp)-9 and -13, while several genes were
significantly downregulated, including colla and collala. Further analysis
revealed that these pathways were differentially regulated, with mmp-9 and
mmp-13 acting as the potential core regulators of cytokine and tissue
remodeling pathways. Upregulation of NF-kB1 and FOSL-1 induced by IL-17C
and Nox 1/2-based NADPH oxidase may have held matrix metallopeptidase and
cytokine-related genes. Also, we confirmed these relevant regulatory pathways
by gPCR and ELISA in expanded samples.
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Discussion: Our findings unequivocally illustrate the occurrence of a cytokine
storm and tissue remodeling, mediated by interleukins, chemokines, and MMPs,
in the surface of yellow catfish infected with V. mimicus. Additionally, we unveil
the potential bidirectional regulatory role of MMP-9 and MMP-13. These results
provide novel perspectives on the intricate immune response to V. mimicus
infection in yellow catfish and highlight potential targets for developing

therapies.
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Vibrio mimicus, Yellow catfish (Pelteobagrus fulvidraco), skin and muscle,
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1 Introduction

Vibriosis, which is caused by members of the genus Vibrio, is
one of the most prevalent fish diseases and a common cause of
foodborne illness and wound infections (1). Among others, Vibrio
mimicus is a highly pathogenic species that infects many aquatic
and terrestrial animals, including humans. Vibrio mimicus is
associated with several dysfunctions and pathologies in humans
such as gastroenteritis, wound infections, and septicemia (2). Vibrio
mimicus, which is widely distributed in both freshwater and
estuarine environments, is a virulent pathogen causing septicemia,
resulting in high morbidity and mortality in farmed fish. Various
species are susceptible to infection caused by V. mimicus, including
members belonging to Perciformes (3), Cypriniformes (4), and
Siluriformes (5), as well as crustaceans such as Procambarus
clarkia (6) and Eriocheir sinensis (7). Several Siluriformes species
are widely cultured in China, such as southern catfish (Silurus
meridionalis), yellow catfish (Pelteobagrus fulvidraco), and channel
catfish (Ictalurus punctatus), all of which are highly susceptible to V.
mimicus (5, 8). Onset of clinical signs in infected fish is typically
after 5-7 days post-infection, and the mortality rate is more than
90% (5). Pathological lesions related to infection of catfish with V.
mimicus have been previously reported. These include focal
hemorrhage, muscular necrosis, and inflammation in various
organs, such as the heart and muscles (5). Although the infection
is believed to trigger a complex immune response that activates
inflammation, the underlying molecular mechanisms are largely
unknown and warrant further studies.

Yellow catfish is a valuable freshwater fish which is widely
cultured in China for its excellent meat quality and high market
value. The annual production of yellow catfish is approximately
500,000 tons in China (9), and the economic value of the total
harvest of the fish exceeds four billion dollars. However, V. mimicus
infection is a serious challenge for sustainability of catfish production
and results in substantial economic losses to fish farmers.
Understanding the mechanisms associated with infection with V.
mimicus and developing more effective treatments against the
pathogen can improve health status and welfare of farmed catfish
(10). Currently, a significant literature exists on the virulence factors

Frontiers in Immunology

of V. mimicus (11, 12), including our prior research which identified
several factors such as the type II secretion system, TonB iron uptake
system, hemolysin, sialic acid, and prtV metalloprotease, that
contribute to its pathogenesis (13-16). Additionally, Lee et al.
discovered the toxic effects of V. mimicus phospholipase on fish
cells (17). However, the understanding of the host specificity
mechanisms of V. mimicus remains limited. Only Tao et al. have
studied the effect of V. mimicus on cell catalytic activity, immunity,
antioxidant response, and cytoskeleton formation in infected carp
(18), while Li et al. have investigated the mucosal immune regulatory
pathways of the grass carp intestine post-infection with V. mimicus
(19). Despite the fact that skin and muscle are the main target organ
of V. mimicus (20), there exists a paucity of studies pertaining to
mechanisms associated with host response to infection with the
pathogen. This study aims to comprehensively analyze integrated
bioinformatics to uncover the mechanisms involved in infection with
V. mimicus in yellow catfish, providing novel insights into the
complex immune response to V. mimicus infection and identifying
new targets for vaccine and therapy development.

2 Materials and methods
2.1 V. mimicus infected model

The strain V. mimicus SCCFO01, isolated from diseased yellow
catfish at a commercial aquaculture site in Sichuan province, China,
in 2014, was identified using genome analysis (21). For the
challenge trial, V. mimicus strains were incubated in BHI at 28°C
for 24 hours. Yellow catfish (69.6 + 6.8 g) were procured from a
commercial farm in Wenjiang, Sichuan, China, and acclimatized at
the research facility for two weeks. They were fed commercial
pellets twice a weekday and maintained under a light: dark cycle
of 12:12 h. Water temperature, water ammoniacal nitrogen and
nitrite, and water pH were maintained at 23 + 2°C, 0-0.02 mg/L, at
23 + 2°C, and 7.0-7.5, respectively. The culture water was replaced
daily after pretreatment with an aeration process. All animal
handling procedures were approved by the Animal Care and Use
Committee of Sichuan Agricultural University and followed the
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guidelines for animal experiments of Sichuan Agricultural
University under permit number 2020103001.

Healthy yellow catfish with good vitality, complete appendages,
and no disability were randomly allocated to control and challenge
groups. The control group was treated with 0.65% physiological
saline, while the challenge group was treated with purified strains
(1.0 x 10* CFU/mL). The fish were immersed in different pre-trialed
water for 30 minutes and trans-cultured in fresh water. During the
experiment, the water temperature was maintained at 23 + 2°C, the
pH was 7.5-8.5, and commercial feed for yellow catfish was fed at
5% fish weight once daily at 6:00-7:00 pm. The experiment duration
was seven days, and the mortality and activity of the fish in each
group were observed and recorded. At seven days post-challenge,
yellow catfish skin, and muscle tissues were collected randomly
from each group, fixed using Neutral Buffered Formalin Fixative for
paraffin sectioning, and frozen in liquid nitrogen for RNA and
protein analysis and storage at -80°C.

2.2 Light microscopy

The skin and muscle tissues were fixed in a fixative, trimmed
into cassettes, dehydrated in graded ethanol solutions, cleared in
xylene, and embedded in paraffin wax. Subsequently, four um
sections were prepared for microscopic analysis using
hematoxylin-eosin (H&E), Alcian Blue/Periodic Acid-Schift (AB-
PAS), Masson Trichrome, and Picrosirius Red staining. The degree
of histopathological changes in the organs, including swelling,
necrosis, and inflammation, were scored based on the method
proposed by Baums et al. (22). A histopathological score ranging
from 0 to 6 was assigned depending on the degree and extent of
alteration, where 0 indicated no change, 2 indicated mild
occurrence, 4 indicated moderate occurrence, and 6 indicated
severe occurrence (diffuse lesion), with intermediate values also
considered. The histopathological scores were assessed by a
pathologist in a blinded manner.

2.3 Eukaryotic transcriptome analysis

2.3.1 RNA library construction and sequencing
RNA-seq was performed by separately sampling four skins and
muscles from each group. The concentration and purity of total
RNA extracted were measured using a Nanodrop, and its integrity
was assessed using Agilent 2100. Magnetic beads with Oligo (dT)
were used to enrich mRNA, which was then fragmented using a
fragmentation buffer. cDNA was synthesized using the mRNA
template and purified with AMPure XP beads. The ends were
repaired, adapters were connected, and AMPure XP beads were
used for fragment size selection. The library was subjected to PCR
amplification, and PCR products were purified using AMPure XP
beads to obtain the final library, which was then diluted to 1.5 ng/
UL. The effective concentration of the library was quantified using
q-PCR (the effective concentration >2nM), and transcriptome
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sequencing was performed using Illumina HiSeqTM 2500 based
on the effective concentration.

2.3.2 Differential miRNA expression analysis

The raw data quality was evaluated, and the unigenes were
obtained by assembling the reads and removing redundancy. Clean
reads were obtained by removing subassembly and low-quality
sequences, and transcripts were performed by merging the clean
reads using Trinity 0.12.8 (23). Then, clean reads were compared with
the referred P. fulvidraco genome GCF_022655615.1 (https://
www.ncbi.nlm.nih.gov/assembly/GCF_022655615.1/) using
BOWTIE to obtain the SAM/BAM file. The list of read counts was
obtained by clustering and quantifying the transcripts using CORSET
1.03. Fragments from each sample were compared to transcripts
using BOWTIE, and the abundance of information for each fragment
was statistically analyzed. Annotation information was obtained by
comparing the unigenes with the Ref-Seq non-redundant proteins
(Nr), Swiss-prot, Pfam, complete eukaryotic genomes (KOG), Gene
Ontology (GO) analysis, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases (e value < le-5) using BLAST
software. Transcripts Per Million (TPM) values were used to
determine the expression levels of differentially expressed genes
(DEGs). DESeq2 algorithms were used to select a subset of DEGs,
and the P-value was corrected by multiple hypothesis tests using the
BH method (screening threshold: FDR < 0.05, Abs (log2 Fold
Change) > 2). The annotation information was used to screen for
DEGs, and KEGG significant enrichment analysis was performed on
the DEGs to determine regulatory pathways.

2.4 4D label-free quantitative
proteomic analysis

Proteomic profiling was performed on three skins from each
group using liquid chromatography-tandem mass spectrometry (LC-
MS) analysis. The skins were lysed in a lysis buffer containing 8 M
urea and 1% protease inhibitor cocktail using ultrasonic waves and
then centrifuged at 12,000 g for 30 min. The supernatant was
collected, and protein concentration was determined using the
bicinchoninic acid assay kit. Dithiothreitol (DTT) was added to the
protein solution to a final concentration of 5 mM, followed by a
reduction reaction at 56°C for 30 min. Next, iodoacetamide was
added to a final concentration of 11 mM and incubated for 15 min at
room temperature in the dark. The urea was diluted by
supplementing triethylammonium bicarbonate to a concentration
of less than 2 M. Trypsin was added to the protein solution at a ratio
of 1:50 (protease: protein, m/m) for overnight hydrolysis, followed by
a ratio of 1:100 (protease: protein, m/m) for another four hours. The
resulting peptides were separated using a Brucker NanoElute ultra-
high-performance liquid chromatography (UHPLC) system with a
liquid phase gradient setting of 0-45 min, 2%-22%B; 45-50 min,
22%-35%B; 50-55 min, 35%-80%B; 55-60 min, 80%B, and a flow rate
maintained at 300 nL/min. The peptides were ionized using a
Capillary ion source and analyzed by timsTOF Pro mass
spectrometry with parallel accumulated serial fragmentation
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(PASEF) mode. The data were processed using the Proteome
Discoverer " Software v2.2 against the P. fulvidraco proteome
database (Genebank: GCF_022655615.1_HZAU_PFXX_2.0_
protein.faa_unique.fasta), and differential proteins were identified
using the student’s t-test with a fold change of >1.20 or <0.83 and
P value < 0.05. Perseus Version 1.6.15.0 was used for statistical
analysis, and a heatmap was plotted using k-means clustering.
Protein GO analysis and KEGG pathway enrichment analysis were
performed to examine the biological pathways of the differentially
expressed proteins. The enrichment analysis was also performed
using Metascape software. The statistical significance was
determined using a corrected P value < 0.05, indicated by the
Benjamini-Hochberg method. Correlation analysis was performed
using the STATS Package and pcaPP package of the R language.

2.5 Real-time quantitative polymerase
chain reaction

RNA isolation from the skin and muscle was performed using
an animal tissue total RNA extraction kit (Fuji, Chengdu, China).
Subsequently, cDNA was synthesized from 1 pg of RNA using a
PrimeScript RT reagent kit with gDNA Eraser (Fuji) and a Thermo
Cycler (BioRad, Hercules, CA, USA) were used to perform qPCR,
where 188, B-actin, and GAPDH were employed as reference genes
to determine the relative expression of target genes (24). The primer
sequences of each gene used in this analysis are given in Table SI.
The ten pL reaction mixture for qPCR contained five uL SYBR
Green PCR Master Mix, three UL diethylpyrocarbonate-treated
water, 0.5 UL of forward primer, 0.5 UL of reverse primer, and
one UL cDNA. The following thermal cycling program was used: 30
s at 95°C for one cycle, 40 cycles of amplification at 95°C for 10 s, a
melting temperature based on the specific primer pair for 20 s, and
72°C for 10 s. A melting curve analysis was conducted at the end of
each run to distinguish between specific and nonspecific reaction
products. The 2-AACT method was used to calculate relative
changes in mRNA transcript expression from the qPCR results,
where ACT = CTiurger gene ~ Clrcterences gencss and AACT =
ACT xperimental - ACTcontrat (25).

2.6 Enzyme-linked immune response

The tissue weight was measured, and a volume of ethanol nine
times that of the weight (g) was added (volume (mL) = 1:9). The
sample was mechanically homogenized on ice, followed by
centrifugation at 600 G for 10 minutes. The activity of MMP-9,
Type I Collagen, TLR 5, IL-1f, and IL-6 was determined using fish-
specific kits (MIBIO, Shanghai, China), according to the
manufacturer’s instructions.

2.7 Statistical analysis

The mean and standard deviation were used to express the
results, and statistical significance was assessed by performing
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Student’s t-test using SPSS software version 20.0 (IBM Corp.,
Armonk, New York, USA). A P-value of less than 0.05 was
considered significant, while a P-value of less than 0.01 was
considered highly significant.

3 Results

3.1 Histopathological analysis of skin and
muscle changes in yellow catfish infected
with V mimicus

In our previous study, skin and muscle were identified as
target organs after V. mimicus infection in yellow catfish
(Figure 1A). This study aimed to investigate the related
pathological changes and response mechanisms of skin and
muscle using a post-infection model of 1/10 LCs, for seven days
(Figure 1B). Under histopathology, the skin and muscle of the
control group exhibited neatly arranged layers of homogenous
stained structures with loose connective tissue (subcutaneous
layer) connecting the skin and muscle (Figures 1C i-iv).
However, after V. mimicus infection, the skin and muscle
displayed significant pathological changes, including
necroinflammation (Figures 1C v-vii). The epidermis
demonstrated varying degrees of structural alterations, such as
mucinous cell proliferation, multinucleated mucinous cells,
epithelial cell chemosis, uneven epidermal thickness, neutrophil
infiltration, and even overall detachment. The dermis exhibited a
disorganized fibrous structure, edema-like laxity, and neutrophil
infiltration. Neutrophil infiltration was evident in the loose
connective tissue, while sarcoplasmic coagulation, myofibrillar
necrosis, and neutrophil infiltration were found in the muscle
layer. Additionally, varying degrees of vasculitis was observed in
the skin and muscle layers. The lesions of interest in both groups
were scored and analyzed statistically according to the lesions.
During the evaluation process, skin and muscle were divided into
five layers: epidermis, dermis, loose connective layer, superficial
muscle layer (within =800 pm from the loose layer), and deep
muscle layer (outside =800 wm from the loose layer). Based on the
analysis of the five-layer structure, cell necrosis changes displayed
an outward-to-inward progression based on severity. In contrast,
inflammatory changes primarily developed in the loose connective
layer and superficial muscle layer based on severity (Figure 1D).

3.2 Tissue remodeling in perimysium and
foci of the muscle bundles

In our study, AB-PAS staining was applied to the control
samples, showing a blue-purple coloration of the epidermis,
purplish-red dermis, and pink muscle fibers (Figures 2A i-iii).
However, after V. mimicus infection, the perimysium exhibited
vacuolar degeneration, and the lesion extended to myofibers with
muscle bundles, accompanied by cellular infiltrates within the
perimysium (Figures 2A iv-vii). Masson staining revealed a
reduction in red-stained portions of the dermis after V.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1172849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Feng et al.

Acclimation
4

V. mimicus

10.3389/fimmu.2023.1172849

D Scores Percenta

-
. W contolgrowp

V. mimicus group

Y
\l
.
L 3
§ !
I ..'w:
s_ruuap‘lda%n

1-Brain 2-Gill 3-Heart 4-Skin & Muscle
5-Kidney 6-Intestine 7-Liver 8-Spleen 0 14

Days

C| i ‘ ii

Control

V. mimicus

FIGURE 1

Analysis

=
<
—uotons
= = =
R S 3
siuueq

04

i
I

Y

A 50um 50um

FEF—F
{ur 00g<) apsnyy dsag

Histopathological evaluation of skin and muscle in yellow catfish. (A) Schematic representation of V. mimicus parasitizing yellow catfish

(20); (B) Experimental challenge with V. mimicus in catfish; (C) Histopathology of skin and muscle in control and V. mimicus-infected groups;
(D) Histopathological scores of skin and muscle in control and V. mimicus-infected groups. N controt=9, Nv. mimicus =15. * P < 0.05, %« P < 0.01,
*** P < 0.001 represents a significant or highly significant difference between groups

mimicus infection, along with the appearance of small body-like
structures (Figures 2B). Furthermore, the lesion entered the
muscle along the endomysium. Only the vacuolated designs of
the endomysium were found to be atrophied, with the
proliferation of collagen fibers within (Figures 2B vii-viii).
Picrosirius Red staining was employed to differentiate the type
of collagen, showing red in the perimysium and pink in the
epidermis and myofibrils of the control sample (Figures 2C i-iii).
Collagen under polarized light exhibited different refractive
lights. The dermis, reticular structures of the lesioned areas
within the muscle, and perimysium were bright red, and a dark
background was observed in the epidermis and myofibers
(Figures 2C i-iii’). However, collagen in the dermis of the V.
mimicus group appeared sparse and dark red under polarized
light, and the reticular structures in the intramuscular lesion area
showed different colors other than red (Figures 2C iv-vi’). Upon
magnification, collagen structures, mainly type I collagen, were
observed in the skin and muscles of the control group. In
contrast, a mixed state of type I and type III collagen was
found in the muscle of the V. mimicus group. Our analysis
revealed significant tissue remodeling in reticular structures
and foci of the muscle bundles, indicating the extent of damage
caused by the infection.
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3.3 Bioinformatics analysis shows increased
immune response and decreased structural
stability

In this study, we performed bioinformatics analyses of the skin
and muscle tissues using the following strategies: 1) identification of
shared regulatory pathways between the two organs through
transcriptome analysis, and 2) clarification of gene-protein
regulatory pathways in the skin through transcriptome and 4D
Label-free analyses. The PCA analysis of the three bioinformatics
approaches is presented in Figure 3A after quality control
processing of the data (Table S2; Figure S1). In this study, a total
of 28,444, 2,435, and 27,427 expressed genes/proteins were
identified from the skin transcriptome, skin 4D Label-free, and
muscle transcriptome, respectively (Table S3; Figure S2). Among
them, 17,187, 1,744, and 15,830 genes/proteins were found to be
expressed at a minimum of 1 peptide number of proteins or 1
transcript per million of genes (Figure 3B). Using the DESeq2
algorithm with a screening threshold of: |log2FC| >=1 & P adjust <
0.05, we performed differential gene analysis between groups and
obtained a total of 488 (up: 367; down: 121), 707 (up: 128; down:
579), and 682 (up: 422; down: 260) differentially expressed genes/
proteins from the three bioinformatics analyses (Figure 3C). The
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GO annotation analysis of the differentially expressed genes/
proteins revealed that cellular processes, binding, and hydrolytic
activities were significantly enriched in all three bioinformatics
analyses (Figure 3D). The Directed Acyclic Graph (DAG) analysis
of GO enrichment of the transcriptome also indicated an acute
inflammatory response in the skin and muscle, as well as changes in
purine metabolism and extracellular matrix (Figure S3). The KEGG
enrichment analysis showed that the most enriched pathways in the
three bioinformatics analyses were the interleukins (IL) -17
signaling pathway, Ribosome, and IL-17 signaling pathway,
respectively (Figure S4). The integrated analysis of the results
demonstrated that the upregulated expression genes were mainly
associated with inflammatory pathways dominated by the IL-17
signaling pathway (Figure 3E). In contrast, the downregulated
pathways were mainly focal adhesion-dominated cell signaling
pathways (Figure 3F). Our findings suggest that the skin and
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muscle tissues exhibited a significantly increased immune

response and decreased structural stability.

3.4 MMP-9&-13 mediate inflammation and
tissue remodeling

We performed KEGG enrichment analysis to identify up-
regulated or down-regulated pathways with high enrichment and
significance. Among these pathways, we found that many genes were
shared between up-regulated and down-regulated pathways and
between the skin transcriptome, skin proteome, and muscle
transcriptome (Figures 4A, B). To further investigate the
involvement of these genes in the pathways, we selected genes/
proteins involved in more than two pathways. Multiple interleukins
(mainly IL-1f3 and IL-6, IL-8 [CXCL-8]) and chemokines (mainly
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Gene expression in enriched pathways. (A) Venn diagram of genes in significant enrichment pathways of upregulated genes; (B) Venn diagram of
genes in critical pathways of downregulated genes; (C) Expression of significant genes in the skin transcriptome; (D) Relative expression of major
proteins in the skin proteome; (E) Expression of significant genes in the muscle transcriptome; (F) Diagram of the major protein interaction network.
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CCL-3, CXCL-2, and CCL-18) were identified as being upregulated in
the V. mimicus group (Figures 4C-E), indicating a cytokine-
dominated activation that is indicative of a cytokine storm. We also
observed up-regulation of matrix metallopeptidase (MMP) -9 and
MMP-13 in all three bioinformatics analyses (Figures 4C-E).
Notably, a protein network analysis of differentially expressed genes
revealed that changes in inflammatory cytokines and collagen were
centrally regulated by MMP-9 and MMP-13 (Figure 4F), suggesting a
crucial role for Matrix metalloproteinases in the pathogenesis of V.
mimicus-causing yellow catfish skin and muscle.

3.5 1L-17C and Nox1/2 may be the
upstream of inflammation and tissue
remodeling

We analyzed the regulatory pathways of MMP-9 & -13 and
cytokines to identify their upstream regulatory targets in yellow
catfish. Our results indicate that upregulation of IL-17C instead
other IL17s may activate downstream cytokines and MMP-9 & -13
via activation of NF-kB (NF-kB1, nuclear factor of kappa light
polypeptide gene enhancer in B-cells 1) and AP-1 (FOS like 1, AP-1
transcription factor subunit b) and inhibition of antimicrobials such
as Mucin (MUC) 5AC and MUC 5B (Figure 5). However, the
intermediate regulatory process remains unclear. Moreover, the
activation of NADPH oxidase, specifically Nox 1/2, is also observed,
which can induce upregulation of NF-xBI and FOSL-1 (Figure 5).
These findings suggest that multiple pathways are involved in the
upregulation of MMP-9 & -13 and cytokines providing a potential
target for intervention in the disease.

10.3389/fimmu.2023.1172849

3.6 Confirmation of cytokine storm and
tissue remodeling with qPCR and ELISA

We employed pathological analysis and integrated
bioinformatic revealed the existence of cytokine storms and tissue
remodeling, as evidenced by the upregulation of critical genes and
proteins involved in these processes. Moreover, to validate our
findings, we conducted qPCR (n=8) and ELISA (n=10) tests on a
more extensive set of skin and muscle samples from yellow catfish
infected with V. mimicus. The present study sought to validate the
pathways of differential expression identified in our previous
histological and bioinformatics investigations through the
implementation of 20 gene-level tests and 7 protein-level tests
(Figure 6). Specifically, we focused on the Toll-like receptor
signaling pathway, IL-17 signaling pathway, cytokine-cytokine
receptor interaction, cell death pathway, and collagen and
enzyme-related pathways. The expression profiles of the
annotated genes and proteins related to these pathways are
presented in Figures 6A, B. The qPCR results were consistent
with the transcriptomic results, as shown in Figures 6A, B. The
ELISA results confirmed the label-free proteomics results and
showed that the proteins in muscle had similar expression trends
to those in the skin (Figures 6B, D). Our findings indicate that
inflammation, necrosis, and tissue remodeling in the skin and
muscle are associated with the regulatory pathways of these genes.
Notably, the qPCR assay identified 52 microglobulin (b2m) (138.04
+ 1.27-fold), mmp-9 (53.16 * 0.18-fold), NLR family CARD
domain-containing protein (nlrc) -3 (15.55 + 1.64-fold), and il-1/3
(7.68 £ 0.2-fold) as highly expressed genes, highlighting their
importance in the regulation of these pathways (Figure 6C).
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Gene expression in yellow catfish after V. mimicus infection. (A) Relative expression of gPCR genes corresponding to transcripts in skin and muscle
(n=4); (B) Abundance of relevant annotated proteins in the skin proteome (n=3); (C) Results of qgPCR assays for gene expression (n=8); (D) Results of
ELISA assays for relevant proteins (n=10). = P < 0.05, = P < 0.01, *** P < 0.001 represents a significant or highly significant difference between groups.

4 Discussion

Outbreaks of disease caused by the pathogenic bacterium V.
mimicus has resulted serious economic losses in catfish aquaculture.
Despite its economic and ecological importance, the mechanism of
V. mimicus infection is largely unknown in yellow catfish. To
address this knowledge gap, we comprehensively analyzed
integrated bioinformatics to reveal the mechanism of V. mimicus
infection in yellow catfish. By histopathological analysis, we found
that infected fish exhibited pathological changes dominated by
necrosis and inflammation in their skin and muscles.
Additionally, infected yellow catfish showed significant tissue
remodeling, manifested by degeneration of the perimysium, and
the lesion entered the muscle along the endomysium. Only the
vacuolated structures of the endomysium were observed. Picrosirius
red staining revealed that the collagen in the perimysium and the
foci of the muscle bundles changed from type I to a mixture of type I
and type III collagens. We further conducted eukaryotic
transcriptomic and 4D Label-free analyses, which revealed a
predominantly inflammatory pathway response, a cytokine storm
in skin and muscle, and a downregulation of tight junctions and
other pathways. We observed significant upregulation of IL-1f3, IL-
6, chemokines, MMP-9, and MMP-13, while significant
downregulation of colla and other genes. Our further analysis
revealed that these pathways were differentially regulated with
MMP-9 and MMP-13 as the potential core regulators of cytokine
and tissue remodeling pathways. Moreover, MMP and cytokine-
related genes may be held by the upregulation of NF-xBI and FOSL-

Frontiers in Immunology

09

I induced by IL-17C and NADPH oxidase. We validated the
relevant regulatory pathways by qPCR and ELISA in expanded
samples. This study provides new insights into the complex
immune response to V. mimicus infection in yellow catfish.

The cytokine storm is a well-known phenomenon characterized
by clinical manifestations from an overactivated immune system.
Here, we report a significant increase of cytokines, mainly IL-1f, IL-
6, and many chemokines, on the skin and muscles of yellow catfish
during V. mimicus infection, suggesting the occurrence of a
cytokine storm. This phenomenon involves a positive feedback
loop between cytokine release and cell death pathways, where
specific cytokines, PAMPs, and DAMPs activate inflammatory
cell death, leading to further cytokine secretion (26). For instance,
TNF-o and IFN-y have been shown to cause a lethal cytokine shock
in mice, which mirrors the tissue damage and inflammation (27). In
our study, inflammation and necrosis were observed to coexist in
the skin and muscle with a high expression of interleukins and
chemokines. While we do not have direct evidence to suggest a
closed loop between necrosis and cytokines, we interpret this
phenomenon as a cytokine storm. Another feature of the cytokine
storm is a disturbance in its regulatory mechanisms, which is also
observed in our study. Normally, inhibitory cytokines regulate
excessive immune responses. Our research findings indicate the
presence of negative regulators, namely the suppressor of cytokine
signaling (SOCS)-1 protein, which effectively inhibits cytokine
signaling through a negative feedback loop (28). However, our
observations also found that the SOCS-1 protein might be
inadequate in suppressing its target Jak-STAT pathway (29),
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suggesting that the negative feedback regulation in yellow catfish is
inadequate and resulting in an imbalance in the immune network
(28). Additionally, V. mimicus sensitization of yellow catfish often
results in square-shaped hemorrhagic ulcers on the body surface
and causes more than 90% mortality in 3-5 days, consistent with
aseptic shock. This shock is a subset of sepsis characterized by
hypotension and significantly increased mortality risk (30). The
cytokine storm observed in our study further indicates that V.
mimicus can elicit a severe immune response in the host, resulting
in tissue damage and a high mortality rate. Therefore,
understanding the mechanisms of cytokine storm caused by V.
mimicus infection could provide insights into developing effective
treatments against this pathogen.

This study revealed that V. mimicus infection leads to
perimysium extension into inflammatory necrosis and the
formation of a collagen remodeling network. Tissue remodeling is
an essential process responsible for developing and maintaining
tissues and organs (31). A previous study has demonstrated that
myocardial infarction induces tissue remodeling in a three-phase
process: 1) massive necrosis in the infarcted area, 2) inflammatory
cells replaced by myofibroblasts that produce large amounts of
collagen, and 3) myofibroblast numbers reduced by apoptosis,
allowing for infiltration by endothelial cells and cardiomyocytes
(32). In this study, the myofibrillar lesions were encapsulated by
collagen, indicating the second step of tissue remodeling. However, in
most cases, tissue remodeling is pathological, resulting in a large
amount of fibrous tissue (33). We found that collagen in the
perimysium and the foci of the muscle bundles shifted from the
tougher type I collagen to the sparser type III collagen (34), and
bioinformatics analysis revealed a significant decrease in type I
collagen. We hypothesize that V. mimicus may have utilized this
process to assist its growth. Vibrio mimicus was found to prefer a
purine and short peptide-rich microenvironment for growth in our
study (data not shown), thus suggesting that type I collagen is broken
down into short peptides, some of which are used to resynthesize type
III collagen. At the same time, the rest is utilized by V. mimicus. In
addition, V. mimicus contains collagenase for degrading collagen to
form short peptides (35), and the collagenase of the host found in this
study may also be involved in this process. The core genes revealed in
this study, MMP-9, and MMP-13, play a crucial role in the
degradation of extracellular matrix components that allow cellular
movement, migration, and rearrangement (36). Moreover, it should
be noted that MMP-9 and MMP-13 play a pivotal role not only in
regulating the degradation of collagen but also in displaying
degradative impacts on diverse non-collagenous extracellular
matrix substrates, including aggrecan, elastin, fibronectin, and
laminin (37). The tissue remodeling process possesses the potential
to enhance the infectivity of V. mimicus by effectively promoting the
infiltration of the bacteria between tissues through the reduction of
intercellular connections. As a result, this tissue remodeling
mechanism may furnish a favorable environment for V. mimicus to
thrive and enhance its pathogenicity.

MMPs are a family of over 25 zinc-dependent enzymes that are
capable of cleaving numerous structural components. Their
substrates include not only extracellular matrix proteins, but also
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ligand and receptor substrates such as cytokines, chemokines, growth
factors, and adhesion molecules (38). Based on their collagen-
degrading properties, MMP-9 belongs to the gelatinase B subgroup,
while MMP-13 belongs to the collagenase 3 subgroup. Several studies
have demonstrated the significant regulatory roles of MMP-9 and -13
on non-matrix extracellular proteins (39). These two enzymes have
been implicated in various inflammatory diseases, infections, and
cancers (40). Specifically, MMP-9 has been shown to target CXCLS5,
IL-1B, IL2-R, plasminogen, pro-TNF-o, SDF-1, and TGF-f (36),
while MMP-13’s targets include Casein, plasminogen activator 2,
proMMP-9 and -13, and SDF-1 (37). In addition, Ke et al. conducted
a detailed genetic evolution and structural analysis of MMP9 in
yellow catfish and revealed its significant role in innate immunity
against Aeromonas hydrophila infection (41), suggesting the
conservation of MMP’s function in yellow catfish. Therefore, the
discovery of MMP-9 and MMP-13 in this study suggests their
potential core regulatory roles in cellular necrosis, inflammatory
response, and tissue remodeling after V. mimicus infection (42-44).
Moreover, Luchian et al. indicated that MMP-13 also participates in
certain anti-inflammatory activities intracellularly (39). However,
given our discussion on the inflammatory storm, the overall
inflammatory response in the skin and muscles of yellow catfish
presents a dysregulated and amplified state, which may be an
important reason for the rapid death of yellow catfish caused by V.
mimicus infection.

Therefore, based on the present study’s findings, which identified
the two central phenomena of the inflammatory storm and tissue
remodeling, and a comprehensive analysis of gene networks, MMP-9
and MMP-13 were identified as core genes that play critical roles in
regulating essential biological processes. Moreover, the study suggests
multiple pathways may control their upstream regulation, such as
NF-xBI and FOSL-1 activation due to IL-17C and Nox-1/2-based
NADPH oxidase (45, 46). Previous study has suggested that skin
inflammation in mammals, including mice, is regulated by
transcription factors such as AP-1 (Fos/Jun), NF-xB, NFATs, and
STATs (47). Specifically, NF-xB translocates into the nucleus and
induces the expression of genes related to a wide range of biological
functions, such as cytokines, oxidant-free radicals, ultraviolet
irradiation, and bacterial or viral products (48). On the other hand,
FOSL-1 is involved in DNA-binding transcription factor activity and
RNA polymerase II transcription regulatory region sequence-specific
DNA binding (47). Our research has found that the regulation of skin
and muscle inflammation in the yellow catfish is similar to that in
mammals, with an upregulation of NF-xB1, FOSL-1, and even STATs
during the inflammatory response. Therefore, upstream regulation of
MMPs, interleukins, and chemokines may be associated with these
proteins, but whether the pathways regulating these downstream in
yellow catfish are conserved remains unknown. Additionally, Further
investigation of their mechanisms could provide insights leading to
new treatments for various pathological conditions. Several drugs,
including Doxycycline, Minocycline, and TISAM, have shown good
inhibition of MMP-9 or MMP-13 (49). Of note, Doxycycline has
demonstrated a good killing effect on some V. mimicus strains (50),
and the research on the therapeutic development and formulation of
V. mimicus is worth conducting.
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ACKR2

atypical chemokine receptor 2

acp5a acid phosphatase 5a, tartrate resistant, transcript variant X1

act-3 adenylate cyclase type 3-like, transcript variant X1

ACTNI alpha-actinin-1 isoform X2

ACTN4 alpha-actinin-4 isoform X1

agt angiotensinogen

b2ml beta-2-microglobulin, like

bada BCL2 associated agonist of cell death a, transcript variant X1
calcium/calmodulin-dependent protein kinase type II subunit

CAMK2 beta isoform X1

camk2d> calciumfcalmor‘iulin-d.ependent protein kinase (CaM kinase) IT
delta 2, transcript variant X1

CAPN2L calpain-2 catalytic subunit-like

cardo caspase recruitment domain family, member 9, transcript
variant X1

CAS3B caspase-3b

casp23 izsg:;et )2(31 apoptosis-related cysteine peptidase, transcript

Casp8 caspase-8-like, transcript variant X1

ccl18 C-C motif chemokine 18-like

ccl18x2 C-C motif chemokine 18-like, transcript variant X2

ccll9a.1 chemokine (C-C motif) ligand 19a, tandem duplicate 1

ccl3 C-C motif chemokine 3-like

CDC42 cell division control protein 42 homolog isoform X2

COLIA collagen alpha-1(IV) chain

collala collagen, type 1, alpha la

colla2 collagen, type 1, alpha 2, transcript variant X1

col3l collagenase 3-like

CRKL crk-like protein

CTNNAIX2 catenin beta-1 isoform X2

cxc5/6 alveolar macrophage chemotactic factor-like

cxcl8a chemokine (C-X-C motif) ligand 8a

cxclSh3 chefnokine (C-X-C motif) ligand 8b, duplicate 3, transcript
variant X1

CXCRI C-X-C chemokine receptor type 1

cxcr2 chemokine (C-X-C motif) receptor 2, transcript variant X2

cytib245 cytochrome b-245 heavy chain

ddx58 DEAD (Asp-Glu-Ala-Asp) box polypeptide 58, transcript
variant X1

dhxss DEXH (Asp-Glu-X-His) box polypeptide 58, transcript variant
X2

epsilon-1 14-3-3 protein epsilon-like
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Continued
f3a coagulation factor Illa
fefr3 fibroblast growth factor receptor 3, transcript variant X2
fosl1b FOS like 1, AP-1 transcription factor subunit b
gbp2 guanylate binding protein 2, transcript variant X1
GNAIA guanine nucleotide-binding protein G(i) subunit alpha
GNAIA1 guanine nucleotide-binding protein G(i) subunit alpha-1
GNAIAIIL guanine nucleotide-binding protein subunit alpha-11-like
GNAIALB guanine Tlucleotide binding protein (G protein), beta
polypeptide 1b
GRB2B growth factor receptor-bound protein 2b
glycogen synthase kinase 3 beta, genome duplicate b, transcript
gsk3bb variant X1
HSP70B4 heat shock 70 kDa protein 4b
HSP90A1 heat shock protein HSP 90-alpha 1
hsp90aal.2 fue:; ::1021; 11:;1:;211290, alpha (cytosolic), class A member 1,
ifnphi3 interferon phi 3
il1b interleukin 1, beta
il1bl interleukin-1 beta-like
ILIR2 interleukin-1 receptor type 2
il1f3l interleukin-1 beta-like
il1flt2 interleukin-1 beta-like, transcript variant X2
il6 interleukin 6 (interferon, beta 2)
irf9 interferon regulatory factor 9, transcript variant X2
irgll immunoresponsive gene 1, like
LBP-like lipopolysaccharide-binding protein-like
LOCI113635103 = uncharacterized LOCI113635103
LOCI125145525 | uncharacterized LOC125145525
map3ks mitf)gen—activated protein kinase kinase kinase 5, transcript
variant X1
MAPK3 mitogen-activated protein kinase 3 isoform X2
dual specificity mitogen-activated protein kinase kinase 6
MAPK6 isoform X4
mmpl3 collagenase
mmp13b matrix metallopeptidase 13b
MMPI3L collagenase 3-like
mmpl3x2 collagenase 3-like, transcript variant X2
mmp9 matrix metallopeptidase 9
mmp9l matrix metalloproteinase-9-like
mx1l interferon-induced GTP-binding protein MxI-like
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mx2l interferon-induced GTP-binding protein Mx2-like traf3 TNF receptor-associated factor 3, transcript variant X2
2l interferon-induced GTP-binding protein Mx2-like, transcript vegfab vascular endothelial growth factor Ab, transcript variant X1
variant X1
vegfd vascular endothelial growth factor D, transcript variant X1
mx3l interferon-induced GTP-binding protein Mx3-like
tyrosine 3-monooxygenase_tryptophan 5-monooxygenase
mxe myxovirus (influenza virus) resistance E, transcript variant X1 ywhaga activation protein, theta polypeptide a
ncfl neutrophil cytosolic factor 1, transcript variant X1 ZFA89 claudin-like protein ZF-A89 isoform X1
nef2 neutrophil cytosolic factor 2
nfikbiab nucle’arfa?tor of kappa light polypeptide gene enhancer in B-
cells inhibitor, alpha b
nlrp3l NLR family CARD domain-containing protein 3-like
noxl NADPH oxidase 1
NRAS GTPase NRas
pif2l permeability factor 2-like
PIP3B2 I-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-
3 isoform X2
PPP2R s'erine/threonine-protein phosphatase 2A catalytic subunit beta
isoform
ooy e 2550
PRKCB protein kinase C, beta a isoform X2
ptkl tyrosine-protein kinase Lyn-like, transcript variant X1
ptx3a pentraxin 3, long a, transcript variant X1
raflb Raf-1 proto-oncogene, serine_threonine kinase b
RASC3TSIB ras-related C3 botulinum toxin substrate 1b
RHOAD rho-related GTP-binding protein RhoA-D
RRASIB ras-related protein Rap-1b
socsla suppressor of cytokine signaling la
socs1b suppressor of cytokine signaling 1b, transcript variant X2
socs3a suppressor of cytokine signaling 3a
socs3b suppressor of cytokine signaling 3b
SRCLX3 proto-oncogene tyrosine-protein kinase Src-like isoform X3
stat2 signal transducer and activator of transcription 2, transcript
variant X1
STAT3 signal transducer and activator of transcription 3 isoform X2
tap2-like antigen peptide transporter 2-like
tapasin tapasin
tgfb3 transforming growth factor, beta 3, transcript variant X1
THBSI thrombospondin-1
TLN1X2 talin-1 isoform X2
tin2b talin 2b, transcript variant X1
tnfb tumor necrosis factor b (TNF superfamily, member 2)
tnfsf13b TNF superfamily member 13b, transcript variant X2
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