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Patients with liver disease are susceptible to infection with Vibrio vulnificus (V. vulnificus), but
the specific reasons remain elusive. Through RNA-seq, we found that when mice with
alcoholic liver disease (ALD) were infected with V. vulnificus by gavage, compared with the
Pair group, the small intestinal genes affecting intestinal permeability were upregulated; and
the number of differentially expressed genes related to immune functions (e.g., such as cell
chemotaxis, leukocyte differentiation, and neutrophil degranulation) decreased in the liver,
spleen, and blood. Further analysis showed that the number of white blood cells decreased
in the Pair group, whereas those in the ALD mice did not change significantly. Interestingly,
the blood bacterial load in the ALD mice was about 100 times higher than that of the Pair
group. After the ALD mice were infected with V. vulnificus, the concentrations of T cell
proliferation-promoting cytokines (IL-2, IL-23) decreased. Therefore, unlike the Pair group,
ALD mice had weaker immune responses, lower T cell proliferation-promoting cytokines,
and higher bacterial loads post-infection, possibly increasing their susceptibility to V.
vulnificus infection. These new findings we presented here may help to advance the
current understanding of the reasons why patients with liver disease are susceptible to V.
vulnificus infection and provides potential targets for further investigation in the context of
treatment options for V. vulnificus sepsis in liver disease patient.

Keywords: Vibrio vulnificus, alcoholic liver disease, RNA-seq, cytokines, bacterial loads
INTRODUCTION

Vibrio vulnificus (V. vulnificus), a Gram-negative aquatic bacterium, can cause severe gastroenteritis
from raw seafood consumption, with sepsis-related mortality rates of 50% (1). Although infections
are rare, this pathogen is responsible for over 95% of seafood-related deaths, and carries the highest
fatality rate of any food-borne pathogen in the USA (2). In addition, peer-reviewed reports on V.
vulnificus infections in Europe, China, South America, and Japan have been published and showed
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that human infections usually occurred following the
consumption of contaminated seafood, which can cause
gastroenteritis and septicemia (3–7). Global warming and
rising sea temperatures have caused the geographic area
affected by V. vulnificus to expand into previously unaffected
areas, suggesting that infections may increase in future (8).
Almost all V. vulnificus cases occur in patients with underlying
diseases (9). The most common risk factors are liver disease and
diabetes (2). In a case series of 181 patients reported by Shapiro
et al. (1998), chronic liver disease was present in 80% of the
patients and, even more strikingly, 61% of the fatal cases had an
underlying chronic liver disease, of which, 74% had cirrhosis or
alcoholic liver disease (ALD) and 24% had hepatitis (10). Bross
et al. (2007) reported that 97% of patients have some form of
chronic disease, including liver disease (80%), alcoholism (65%),
and diabetes (35%) (11). Thus, liver disease, especially ALD, is a
major susceptible factor for V. vulnificus infection.

Many researchers believe that elevated serum iron levels is the
main reason why ALD patients are susceptible to V. vulnificus
infection, since iron has been shown in numerous studies to be
critical for the survival and growth of V. vulnificus (12, 13).
Researchers have used the inoculated iron dextran-treated mouse
model to indicate that high serum iron levels can increase the
pathogenicity of V. vulnificus (14). However, the serum iron
concentration in many patients with liver disease is not
significantly elevated (15); it is, in fact, much lower than the
corresponding serum iron concentration in animal models (14).
Therefore, elevated serum iron concentrations may not be the
only factor causing ALD patients to be susceptible to V.
vulnificus infection. It is important to acknowledge that in
addition to being susceptible to V. vulnificus infection, ALD
patients are also susceptible to infections with other
microorganisms (16). Hence, the reason for their susceptibility
may be related to other common factors such as the immune
status of the patient. Compared with the blood of healthy people,
the activity of blood neutrophils in patients with chronic liver
disease is reduced and the complement content is lower, which
favors V. vulnificus and Escherichia coli survival in the blood
(17). In addition to neutrophils, macrophages have also been
suggested to play a part in the defense against V. vulnificus (18,
19). Although there are many clinical studies on liver disease
with V. vulnificus infections, there are a few systematic studies in
animal models. Therefore, it remains unclear if the above factors
differ in ALD patients and healthy people. It is also unclear which
factors affect the susceptibility of ALD patients to V.
vulnificus infection.

To explore why ALD patients are susceptible to V. vulnificus
infection, we established a C57 mouse ALD model based on the
NIAAA model (20), and simulated food-borne infection by
gavage with V. vulnificus YJ016, a clinical strain isolated from
patients with sepsis (21). At 12 hours post-infection when the V.
vulnificus had spread from the intestine (22), we collected the
mouse small intestine, liver, spleen, and whole blood samples for
RNA-seq analysis; calculated the blood bacterial loads and cell
counts; and assessed the inflammatory factors and other
indicators. Unlike the Pair group, we found that ALD mice
Frontiers in Immunology | www.frontiersin.org 2
had weaker immune responses, lower T cell proliferation-
promoting cytokines, and higher bacterial loads post-infection,
possibly increasing their susceptibility to V. vulnificus infection.
These new findings we present here may help to advance the
current understanding of the reasons why patients with liver
disease are susceptible to V. vulnificus infection and provide
potential targets for further investigation in the context of
treatment options for V. vulnificus sepsis in liver disease patients.
MATERIALS AND METHODS

Ethics Statement
All animals were kept in a specific pathogen-free (SPF)
environment. Procedures for care and use of the animals were
approved by the Ethics Committee of Academy of Military
Medical Sciences (Ethics Board approval number: IACUC-
DWZX-2020-008) . Al l appl icable inst i tutional and
governmental regulations concerning the ethical use of animals
were followed.

Bacterial Strains and Culture Conditions
V. vulnificus YJ016 was isolated from patients with sepsis (21),
which was sub-cultured in solid medium (Columbia blood or
LBS agar plates containing 20 mg/ml polymyxin B) at 37°C.
Before being used for gavage, YJ016 was grown to log phase in
Luria-Bertani salt (LBS) medium (37°C, 150 rpm with shaking).

Animals and Experimental Approach
The NIAAA model was improved upon to establish a mouse
ALD model, as shown in Figure 1A. Nine-week-old female
C57BL/6 mice (Beijing Vital River Laboratory Animal
Technology Co.) were randomly divided into ethanol (EtOH)-
fed group (n = 35) and Pair-fed group (n = 30). The EtOH-fed
group received a 5% Lieber-DeCarli-EtOH (wt/vol) alcohol
liquid diet (Lieber, Dyets, Inc.) for 15 days. The Pair group
received non-EtOH liquid diets (Lieber-C), containing the same
number of calories as the EtOH group. To adapt to the liquid
diets, all the mice were fed a non-EtOH liquid diet for 5 days
before being fed an EtOH or non-EtOH liquid diet. On day 10,
the EtOH group was given 31.5% (vol/vol) ethanol and the Pair
group was given 45% (wt/vol) maltodextrin by gavage. The
volume (µl) of both was equal to the weight of the mouse (g)
multiplied by 20. At 9 hours post gavage, 100 µl of blood was
collected from 20 mice in each group through the tail vein; the
serum was removed from each sample. Alanine Transaminase
Activity Assay Kit (ab105134) and Aspartate Aminotransferase
Activity Assay Kit (ab105135) were used to detect the
concentrations of serum alanine transaminase (ALT) and
aspartate aminotransferase (AST). The mice were then fed for
another 5 days. On day 15, the two groups of mice without blood
sampling (n = 10) were divided into two subgroups (n = 5), and
then given 300 µl of LBS or YJ016 (~108 colony forming units;
CFU) by gavage. After 12 h of fasting, the blood and tissue
samples of the liver, small intestine, and spleen were stored in
TRIzol (Invitrogen) and quickly frozen in liquid nitrogen.
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Twenty mice in the EtOH and Pair groups with blood drawn
from their tail veins, which were divided into two subgroups (n =
5), were given 300 µl of LBS or YJ016 (~108 CFU) by gavage. At
12 h post fasting, the livers were taken for hematoxylin and eosin
(HE) staining and red oil O staining to evaluate the construction
of the model. For H&E staining, the liver pathology scores were
performed by the degree of hepatocyte steatosis and vacuolar
degeneration (23). Whole blood (anticoagulated with EDTA)
was taken from each mouse via eyeball, 150 µl of which was
taken for bacterial and blood counts. The remaining blood was
Frontiers in Immunology | www.frontiersin.org 3
centrifuged at 3,000 × g for 15 min to separate the plasma and
stored frozen at -80°C for further measurement.

Sample Collection and Sequencing
RNA integrity was assessed using the RNA Nano 6000 Assay Kit
for the Bioanalyzer 2100 system (Agilent Technologies, CA,
USA), the library preparations were sequenced on the Illumina
Nova seq platform and 150 bp paired-end reads were generated
(Novogene Experimental Department). Raw reads of FASTQ
format were firstly processed through in-house Perl scripts. In
A B

C

E

D

FIGURE 1 | Evaluating the mouse model of ALD. (A) Representative oil red O and H&E staining in the liver tissues from the Pair and EtOH groups. Scale bars, 100
mm. There are round vacuoles of varying sizes, which are lipid droplets formed by fat accumulation in the liver cells of the EtOH group. (B) Serum ALT and AST levels
(U/L) in mice from the EtOH group or the Pair group 9 hours post alcohol or maltodextrin gavage, respectively. (n = 20, ***P < 0.001, ****P < 0.0001). (C) Representative
H&E in the liver tissues from mice in the Pair_Y and EtOH_Y groups. (D) Pathological scores of liver tissues in the Pair, EtOH, Pair_Y, and EtOH_Y groups. (E) Cytokine
concentrations in plasma 9 hours and 5 days post gavage (n = 10). The concentrations of cytokines were standardized by z-score, with red indicating a higher
concentration and blue indicating a lower concentration. ns, no significant.
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this step, clean reads were obtained by removing the reads
containing adapter, poly-N, and low quality from the raw data.
The index of the reference genome was built using the Hisat2
v2.0.5 (http://daehwankimlab. github.io/hisat2), and the clean
paired-end reads were aligned to the reference genome using the
same software (24). Feature Counts v1.5.0-p3 (http://subread.
sourceforge.net/) was used to count the read numbers mapped to
each gene of mouse (25). Default parameters were used in
all software.

Differential Expression Analysis and
Enrichment Analysis
Differential expression analysis on four groups of samples (small
intestine, liver, spleen, and blood) was performed using the
DESeq2 R package v1.20.0 (http://bioconductor.org/packages/
release/bioc/html/DESeq2.html) (26). The resulting P-values
were adjusted using the Benjamini and Hochberg’s approach.
Genes with adjusted P-values < 0.05 found by DESeq2 were
assigned as differentially expressed genes (DEGs). Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Reactome enrichment analysis of DEGs was
implemented by the clusterProfiler v3.8.1 (https://yulab-smu.
github.io/clusterProfiler-book/chapter5.html) (27). For the
small intestine and blood samples, the number of DEGs was
below 100 when using the adjusted P-values < 0.05, so genes with
P-values < 0.05 and |log2Fold change| > 1 found by DESeq2 were
assigned as differentially expressed in the enrichment analysis.
Default parameters were used in all software.

Real-Time Quantitative PCR (RT-PCR)
RT-PCR was conducted using the qTOWER 2.2 Quantitative
Real-Time PCR Thermal Cyclers (Germany). First-strand cDNA
was synthesized using the TUREscript 1st Stand cDNA
SYNTHESIS Kit (Aidlab) according to the instructions of the
manufacturer. Relevant information is provided in Supplementary
Table 1. Detection was based on SYBR-Green I fluorescence.
Thermal cycling conditions were 95°C for 3 min, followed by
40 cycles of 10 s at 95°C, 30 s at 58°C, 20 s at 72°C, and 60–95°C,
+1°C/cycle, and a holding time of 4 s for the melting curve
analysis. Gene expression was normalized to that of b-actin.
The 2−DDCt method was used to calculate the relative gene
expression levels.

Blood Bacterial Load and Blood Count
Whole blood (100 µl) was diluted 10-fold in four gradients, and
100 µl of each gradient was evenly spread on LBS agar medium
(containing 20 µg/ml polymyxin B). After 24 h of incubation at
37°C, the clones on the plate were counted. Blood counts were
performed using the PET-6800 VET animal automatic blood cell
counter (Shenzhen Prokan Electronics Co., Ltd.).

Plasma Complement C3, C5, and
Cytokine Detection
Plasma Complement C3 and C5 concentrations were measured
by ELISA using the Complement C3 Mouse ELISA Kit
(ab157711) and the Complement C5 Mouse ELISA Kit
Frontiers in Immunology | www.frontiersin.org 4
(ab264609), respectively. Plasma from the mice with LBS
gavage in the Pair groups (n = 10) and EtOH groups (n = 10)
were thawed and then tested according to operate as the
instructions in the handbook. The Procarta Plex TM
immunoassay kit (EPX170-26087-901) was used to measure
the plasma cytokine concentrations. The following target
cytokines were in 17-Plex immunoassay: IL-12p70, IL-13, IL-
1b, IL-2, IL-4, IL-5, IL-6, TNF-a, IFN-g, GM-CSF, IL-18, IL-10,
IL-17A, IL-22, IL-23, IL-27, and IL-9. All samples included a
repeat, and the average values were calculated.

Statistical Analysis
All data were graphed and analyzed using the GraphPad Prism
7.04. Paired t-test was used to compare the number of DEGs.
Pearson’s test was applied to analyze the correlation between
RT-PCR and RNA-Seq results. Mann-Whitney test was used
to compare the blood bacterial load. Unpaired t-test was used to
compare complement C3 and C5. Two-way ANOVA was used to
compare the differences between the white blood cells (WBC)
and cytokines.
RESULTS

Alcoholic Liver Injury of Mice in
Different Groups
To explore the underlying mechanisms of ALD patients who are
susceptible to V. vulnificus infection, we performed the
optimized NIAAA model, using alcohol fed mice (EtOH
group) and non-alcohol fed mice (Pair group). The mock-
infected mice of Pair and EtOH group (LBS gavage) were
named as “Pair” and “EtOH”, respectively. Similarly, the Vibrio
vulnificus-infected mice in the Pair and EtOH groups (YJ016
gavage) were named as “Pair_Y” and “EtOH_Y”, respectively.

After the EtOH-fed for 15 days, oil red O staining showed that fat
accumulated in the cells and formed red lipid droplets in the livers,
and H&E staining showed that there were round vacuoles of
varying sizes in the livers of the EtOH group (Figure 1A). At 9 h
post EtOH gavage, the serum ALT and AST level (U/L) of the EtOH
group was higher than that of the Pair group (Figure 1B), and the
IL-1b, IL-6, TNF-a, and IFN-g cytokines levels of the EtOH group
had also increased significantly (Figure 1E). At this time, the acute
inflammation caused by alcohol was dominant, which could affect
the observation of the pathogenic process of bacteria. Therefore, we
continued to feed the mice for another 5 days to avoid any
interference from the alcohol gavage (Figure 2A) and most
cytokines levels were restored to no significant difference compared
with the Pair group (Figure 1E and Supplementary Figure 1).

The liver damage caused by V. vulnificus infection in the mice
was previously reported (28, 29). In addition to the steatosis
caused by ALD, we also found obvious vacuolar degenerations in
livers of the Pair_Y group (Figure 1C). The pathological scores
of the mice in the Pair and EtOH groups both increased after
YJ016 infection (Figure 1D). However, there was no significant
difference between the EtOH and EtOH_Y groups (Figure 1D),
which may be due to the serious pathological damage by ALD.
August 2021 | Volume 12 | Article 695491
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Quality Control of the Mouse
Transcriptome
An average yield of 45.12 million raw reads was obtained from
sequencing a single sample from each of the 80 libraries and 42.38
million clean reads were read into the mouse transcriptome on
average. The total mapping rate was 96.89%–97.38%. The Q20 of
the clean data was 97.66%–98.67%, and the Q30 was 93.17%–
95.95%. The ratio of unique mapped reads to total mapped reads
was 39.18%–51.29% for the blood samples, 89.06%–91.57% for
the small intestine samples, 88.28–91.74% for the liver samples,
and 83.0%–92.57% for the spleen samples. The read summary of
the sequences is provided in Supplementary Table 2.

Transcriptome Response of Mice in the
EtOH and Pair Groups after Infection
With YJ016
The number of DEGs between the “EtOH_Y” and “EtOH” was less
than that between the “Pair_Y” and “Pair” in the small intestine,
liver, spleen, and blood of the mice (Figure 2B), the detailed data
was provided in Document S1. It implied that the mice in the Pair
group might have a stronger transcriptome response after YJ016
infection than the EtOH group. It was worth noting that among
the genes that changed more than twice after YJ016 infection, the
number of downregulated genes was far more than that of the
upregulated genes. A similar result was reported for Pseudomonas
plecoglossicida and V. parahaemolyticus infections (30, 31), which
showed that the number of genes that was downregulated in the
host was higher than the number of genes that was upregulated in
the early stages of infection. However, the downregulation of gene
Frontiers in Immunology | www.frontiersin.org 5
expression was not a proxy for a weakened function, so we
conducted further studies through gene enrichment analysis and
the specific function of the DEGs.

Enrichment Analysis of the Immune-
Related DEGs Between the EtOH and
Pair Groups
We selected characteristic pathways in signal transduction, cell
proliferation and differentiation, chemotaxis and migration, and
immune response to compare the functional changes of the
EtOH and Pair groups after YJ016 infection (Figure 3), the
detailed data was provided in Document S2. The GO annotation
results (Figure 3A) showed that the number of DEGs related to
these pathways in the Pair group was about three times more
than that of the EtOH group in the liver, and 10 times in the
spleen. KEGG and Reactome annotation results were consistent
with GO annotation (Figures 3B, C).

Neutrophils play a central role in the early defense of most
bacterial infections. In response to infection, they leave the
circulation and migrate toward inflammatory lesions (32).
Neutrophils can secrete cytokines and other inflammatory
mediators through degranulation, and present antigens
through MHC II to stimulate T cells (33). The number of
DEGs related to neutrophil degranulation in the Pair group
was three times more than that of the EtOH group (Figure 3C,
95 vs 26), which indicated that neutrophils might not function
normally in ALD mice. The neutrophil degranulation
dysfunction may affect the cytokines secretion, antigen
presentation, and T cell function, which may lead to an
A

B

FIGURE 2 | Experimental design and transcriptome response in mice after YJ016 infection. (A) On the fifth day after gavage (the 15th day of alcohol feeding), mice
were given 108 CFU V. vulnificus YJ016 culture or LBS as a control by gavage (n = 15 for the Pair and EtOH groups). After LBS or YJ016 gavage, five mice in each
subgroup were used for RNA sequencing; The others were used for further analysis. (B) Transcriptome response of mice in the EtOH and Pair groups after infection
with YJ016.
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impaired differentiation of other cells. The number of DEGs
related to leukocyte differentiation (Figure 3A, 120 vs 34 in the
liver, 81 vs 11 in the spleen) and Th17 cell differentiation
(Figure 3B, 31 vs 9) in the Pair group was 3–7 times more
than that of the EtOH group, which suggested that the
Frontiers in Immunology | www.frontiersin.org 6
differentiation of leukocytes was blocked, and the expression of
immune molecules was abnormal in ALD mice. Leukocyte
differentiation antigens are involved in recognizing and
capturing antigens and can promote the interaction between
immune cells and antigens, immune molecules, or immune cells
A

B

C

FIGURE 3 | GO (A), KEGG (B), and Reactome (C) annotation for DEGs. Bars represent the number of DEGs involved in the corresponding pathway. After YJ016
infection, the number of DEGs in the immune-related pathways in the Pair group was significantly higher than that in the EtOH group. The mean differences of three
different methods were GO (45.69, P = 0.0003), KEGG (21.92, P < 0.0001), and Reactome (-31.33, P = 0.0082), respectively.
August 2021 | Volume 12 | Article 695491
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(34). Leukocyte differentiation dysfunction can affect the
exchange of information between immune cells. The number
of DEGs related to the immune response-regulating signaling
pathway (Figure 3A, 84 vs 21) and chemokine signaling pathway
(Figure 3B, 42 vs 12), signaling by Rho GTPases (Figure 3C, 71
vs 2) in the Pair group was 3–35 times more than that of the
EtOH group. Chemokine signals are transduced by the
chemokine receptors (G protein coupled receptors) expressed
on immune cells, and various members of GTPases are involved
in this process (35). An effective inflammatory immune response
first requires the recruitment of immune cells (such as
neutrophils, cytotoxic T cells, and dendritic cells, etc.) to the
inflammation site, and then identifying the pathogens through
specific signaling pathways (such as NOD-like receptor signaling
pathway, Toll-like receptor signaling pathway, etc.). After
passing through the relevant signal pathways, the activated
immune cells can phagocytose bacteria and release cytokines to
promote the elimination of bacteria. The chemokine signal
transduction pathway and immune regulation function
incomplete will affect the migration and function of leukocytes.
The number of DEGs related to chemotaxis (Figure 3A, 91 vs
17), leukocyte transendothelial migration (Figure 3B, 40 vs 7) in
the Pair group was about five times more than that of the EtOH
group, which suggested that the leukocytes could not migrate to
the inflammation site normally in ALD mice. The migration of
leukocytes from the blood to the tissues is crucial in dealing with
bacterial infections (32), leukocyte migration dysfunction will
directly lead to a weak immune response to bacteria. The number
of DEGs related to the response to the bacterium, leukocyte
mediated immunity (Figure 3A, 66 vs 19) in the Pair group was
three times more than that of the EtOH group.
Frontiers in Immunology | www.frontiersin.org 7
The degranulation of neutrophils, leukocyte differentiation,
and chemotaxis can affect each other, and jointly promote the
immune response and the elimination of pathogens. However,
compared with the Pair group, these function-related DEGs were
rare in ALD mice, suggesting that immune function might be
impaired and bacterial clearance may be affected. Therefore, we
subsequently determined the specific gene expression level and
bacterial load to verify the results of the transcriptomics.

DEGs Between EtOH_Y and Pair_Y
In order to further analyze the DEGs after YJ016 infection, we
compared the DEGs between EtOH_Y and Pair_Y (Figure 4A).
Some genes in the EtOH and Pair groups did not change with
LBS gavage, but their expression increased or decreased
significantly with YJ016 gavage (Figure 4B). The number of
up- and downregulated genes, respectively, were 119 and 74
(small intestine), 127 and 86(liver), 219 and 99(spleen), and 133
and 77 (blood). We also looked for genes whose expression levels
differed between the EtOH and Pair groups, with D values
(|log2EtOH_Y vs Pair_Y-log2EtOH vs Pair|) > 1 after YJ016
infection (Figure 4C).

The function of the characteristic genes is shown in Table 1,
the detailed data was provided in Supplementary Table 3. In the
small intestine, Cma2 and Mcpt9 genes were upregulated in the
small intestine in the EtOH group, and their levels increased
further after infection with YJ016. The mast cell protease plays an
important role in the inflammatory response and may affect the
permeability of the intestine and vascular endothelium (36). In
the process of V. vulnificus infection, TLR 5 participate in the
recognition of different bacterial components and play important
roles in the immune response (37). In blood, the TLR5
A B

C

FIGURE 4 | Differential expression analysis between EtOH_Y and Pair_Y. (A) Method for selecting the upregulated and downregulated genes in EtOH_Y compared
with Pair_Y. The statistical parameters used as thresholds were: (1) |log2FCa| < 1 in control mice and |log2FCb| > 1, adjusted P-value < 0.05 in the case of YJ016
infection (2) |log2FCa| > 1 in control mice, |log2FCb| > 1, adjusted P-value < 0.05 and D values (|log2FCb-log2FCa |) > 1 in the case of YJ016 infection. (B) The log2FC
of DEGs selected by method A1. (C) The log2FC of DEGs selected by method A2.
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expression level in ALD mice was significantly lower than that of
the Pair group after infection. It may affect the downstream
signal pathway, which is consistent with the results of the
enrichment analysis (Figures 3B, C).Genes coding heat shock
protein 1A and 1B in the blood of the EtOH group were
upregulated, suggesting that ALD mice were in a stress state
after infection (38).

Quantitative Real-Time PCR (RT-PCR)
Analysis of DEGs
After the analysis of DEGs, we verified the results of
transcriptomics at the two levels of gene expression and
phenotype. The RT-PCR analysis (Figure 5, with detailed data
in Document S3) showed that in the small intestine, the Mcpt1,
Mcpt2, and Mcpt9 genes encoding mast cell proteases were
upregulated in EtOH_Y compared with Pair_Y; in the blood,
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the genes encoding the chemokine (C-X3-C motif) receptor 1, B
cell CLL/lymphoma 11A (zinc finger protein), and lymphocyte
protein tyrosine kinase were downregulated in EtOH_Y
compared with Pair_Y. A high correlation (Pearson’s R2 =
0.9329) was found between the RT-PCR and RNA-Seq results
(Figure 5C), which showed that the results of transcriptomic
sequencing were reliable.

Post-Infection Blood Differences Between
the EtOH and Pair Groups
An interesting finding in the phenotypic verification is that the
blood bacterial load (CFU/ml) of 4 out of 10 mice in the pair
group was below the lower limit of detection at 12 hours post
infection, others are less than 103; the blood bacterial load (CFU/
ml) was more than 103 in 6 mice and even more than 104 in 2
mice in the EtOH group (Figure 6A). The bacterial load of the
TABLE 1 | Several characteristic DEGs between EtOH_Y and Pair_Y.

Tissue Gene name log2FoldChange D-value Description

EtOH_Y vs Pair_Y EtOH vs Pair

small intestine Nkx2-9 -5.40 -0.12 -5.28 NK2 homeobox 9
mt-Tc -2.71 0.09 -2.80 mitochondrially encoded tRNA cysteine
Sycp3 2.45 -0.70 3.15 synaptonemal complex protein 3
Rgs13 1.69 -0.92 2.62 regulator of G-protein signaling 13
Cyp1a1 4.67 -3.58 8.25 CYP450, subfamily 1a, polypeptide 1
Cma2 3.58 1.46 2.12 chymase 2, mast cell
Mcpt9 3.20 1.21 1.99 mast cell protease 9

liver Derl3 -3.71 0.45 -4.16 Der1-like domain family, member 3
Zfp966 3.68 0.40 3.28 zinc finger protein 966
Syngr1 2.66 3.99 -1.34 synaptogyrin 1

spleen Sln -2.20 0.97 -3.17 sarcolipin
Ccne2 1.71 -0.90 2.60 cyclin E2
Arhgdig 2.37 -1.33 3.69 Rho GDP dissociation inhibitor gamma
Hist4h4 2.07 -1.30 3.37 histone cluster 4, H4

blood Tlr5 -1.81 0.91 -2.72 toll-like receptor 5
Mrgpra2b -2.22 0.24 -2.46 MAS-related GPR, member A2B

Hspa1b 2.80 0.08 2.72 heat shock protein 1B
Melk 2.92 1.58 1.34 maternal embryonic leucine zipper kinase

Hspa1a 2.59 1.23 1.36 heat shock protein 1A
Au
A B C

FIGURE 5 | RT-PCR analysis of DEGs. (A) RT-PCR results of DEGs in the small intestine. TheMcpt1,Mcpt2, andMcpt9 genes had higher expression levels in EtOH_Y
than in Pair_Y (n = 5). (B) RT-PCR results of DEGs in the blood. The Cx3cr1, Bcl11a, and Lck genes had lower expression levels in EtOH_Y than Pair_Y (n = 5). (C) The
correlations were measured by dispersing the fold changes of DEGs between RNA-Seq and RT-PCR. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). ns, no significant.
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EtOH group was about 100 times higher than that of the Pair
group, which might be related to the increased intestinal
permeability and weaker immune response in ALD mice. The
blood counts showed that the number of WBC in the peripheral
blood of the Pair group significantly decreased after infection
(Figure 6B). It is consistent with the transcriptomics results of
chemotaxis and migration (Figure 3). Plasma complement (C3,
C5) content in mice with LBS gavage revealed no significant
difference between the EtOH and Pair groups (Figure 6C). This
indicates that the difference in the blood bacterial load was
probably not caused by complement.

Cytokines Differences Between the
EtOH and Pair Groups
The differences of cytokines between the EtOH and Pair groups post
infectionwere analyzed in the present study (Figure 7A). The results
showed that after infection with YJ016, the plasma levels of IL-2 and
IL-23 in the Pair group were higher than those in the EtOH group;
IL-13 and IFN-gwere lower in theEtOHgroup than in thePair group
(Figure 7B). IL-2 has been shown to be an essential T cell growth
factor for theproliferationofT cells (39). IL-23 is a pro-inflammatory
cytokine which induces the proliferation and differentiation of Th17
cells (40). IFN-g can inhibit the proliferation of Th17 cells driven by
IL-23 (40). IL-13 can inhibit the production of inflammatory
cytokines and chemokines, and indirectly affect the activation of T
cells by other immune cells (41). These results showed that after
infection, ALD mice might have an immune cell dysfunction and a
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certain degree of immunosuppression, which is consistent with the
decrease in thenumber ofDEGs and the increase in the bacterial load
in transcriptomics. But the reasons for immunosuppression and
specific function of the immune cells need further study.
DISCUSSION

The mortality rate for sepsis caused by V. vulnificus infection is
about 50%, of which, the morbidity and mortality in ALD patients
are higher than others (2, 11). Studies have shown that the
immune function of patients with ALD is generally impaired
(16). However, after infection with V. vulnificus, whether the
immune response of ALD patients is different from others
remains unclear. Exploring the difference in the immune
response between healthy individuals and ALD patients and its
impact on the outcome of infection is crucial to understanding the
reasons why ALD patients are susceptible to V. vulnificus
infection. The present research found that many DEGs are
immune response-related, and possibly play important roles in
the susceptibility of ALD patients to V. vulnificus infection.

In the face of infection, the immune system will first recognize
microorganisms, then promote the proliferation and differentiation
of immune cells through signal transduction, and secrete cytokines
to induce leukocytes to migrate to the location of the pathogen (42).
The enrichment analysis results showed that the number of DEGs
related to neutrophil degranulation, leukocyte differentiation, and
A B

C

FIGURE 6 | Blood bacterial loads, blood counts, plasma complement. (A) Blood bacterial loads in the Pair and EtOH groups (n = 10). (B) White blood cell counts in
the Pair and EtOH groups (n = 10). The number of white blood cells decreased significantly in the Pair group compared with the EtOH group post-infection. (C) Plasma
complement C3 and C5 concentrations in the Pair and EtOH groups (n = 10). There was no statistically significant difference in complement C3 and C5 between the Pair and
EtOH groups. (ns. P > 0.05, ***P < 0.001, ****P < 0.0001).
August 2021 | Volume 12 | Article 695491

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Feng et al. ALD Mice Infected With V. vulnificus
chemotaxis in ALD mice were greatly less than those in the Pair
group. The same difference was reflected in signal transduction
pathways that affect pathogen recognition (43) [e.g., NOD-like
receptor and Toll-like receptor signaling pathway (Figure 3B)]; cell
differentiation (44) [e.g., the Wnt signaling pathway (Figure 3A),
PI3K-Akt signaling pathway (Figure 3B)]; chemotaxis (45) [e.g.,
the Rap1 signaling pathway (Figure 3C)]. Previous studies have
found that compared with healthy people, the activity of blood
neutrophils in ALD patients is reduced, which favors V. vulnificus
survival in the blood. Our research suggests that in addition to
neutrophil activity, there may also be obstacles to the signaling
transduction pathways in ALDmice, which may affect the immune
response and the elimination of bacteria V. vulnificus. Besides, the
NLR signaling is crucial for V. vulnificus infection, the absence of
NLRP3 in macrophages impaired V. vulnificus-induced
phagosome acidification and phagolysosome formation, leading
to a reduction of intracellular bacterial clearance (46, 47). In our
study, we found that the number of DEGs related to the NLR
signaling pathway was reduced in ALD mice. It may be related to
the immune dysfunction caused by ALD, and the specific reasons
need to be further studied.
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In addition to the difference in the number of DEGs with signal
transduction and immune response, there were also differences in
the gene expression levels. In the small intestine ofALDmice, genes
encoding mast cell proteases, related to intestinal wall and blood
vessel permeability, were upregulated (36) (Figure 4A), suggesting
that YJ016 can enter the blood more easily after infection in ALD
mice. In the blood ofALDmice, genes encoding chemokine (C-X3-
C motif) receptor 1 and proteins of immune cells were
downregulated (Figure 4B), implying an abnormal chemotaxis
and functionof immune cells in the blood (48).The bacterial load of
ALDmice increased by about 100 times to the Pair group, while the
number of peripheral blood leukocytes before and after infection
did not change significantly, indicating that there were barriers to
bacterial clearance and leukocyte chemotaxis in ALD mice.

The cytokine determination suggests that there may be obstacles
to T cell function in ALDmice. IL-2 is mainly produced by activated
T cells which can stimulate the proliferation of T cells and promote
the production of cytokines (39). IL-2 increased significantly in the
Pair group post-infection and was higher than the ALD mice
(Figure 7B). The obstacle of T cell activation might be the reason
for the decreased secretion of IL-2, and the low level of IL-2 can act
A

B

FIGURE 7 | Cytokine concentrations in the Pair and EtOH groups. (A). The values of cytokines concentrations were standardized by z-score, and the means were
used to draw the heat map with red indicating a higher concentration and blue indicating a lower concentration (n = 10). (B) Cytokines with significantly different
concentrations in the EtOH and Pair groups after YJ016 infection (n = 10). The plasma levels of IL-2 and IL-23 in the Pair group were higher than those in the EtOH
group; IL-13 and IFN-g were lower in the EtOH group than those in the Pair group. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
August 2021 | Volume 12 | Article 695491

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Feng et al. ALD Mice Infected With V. vulnificus
against T cells, further affecting their activation (39). Besides, IL-23
that promotes T cell proliferation (40) decreased, and the
concentration of cytokines (IL-13, IFN-g) that inhibit T cell
function increased (41). The combined effect of the two factors
have blocked the differentiation of mouse T cells in the EtOH group.
Other inflammatory factors such as IL-1b, IL-6, and TNF-a were
not significantly different (Figure 7A), while the number of DEGs in
the TNF-related signaling pathway was significantly different
(Figure 3). Transcriptomics results showed that Tnfrsf1a
encoding TNF-a receptors were upregulated in the liver and
spleen of mice in the Pair group after infection, suggesting that
the expression level of the receptors can also affect the immune
response. The relationship between the downregulation of receptor
expression and the decrease in the number of DEGs involved in
immune response in ALD mice remains to be clarified.

In fact, most severe infections of V. vulnificus occur in patients
with underlying conditions resulting in primarily alcohol-associated
liver cirrhosis or immuno-compromisedmales, but it does not cause
severe illness in healthy individuals (11). Although there have been
many studies on V. vulnificus, few animal models that mimic
human infection were used to elucidate the underlying
mechanisms that contribute to acute infections by V. vulnificus in
liver disease patient. To sum up, this is the first systematic study on
V. vulnificus infection using an ALD murine model. We found that
after V. vulnificus gavage, compared with the Pair group, the
number of DEGs related to immune function decreased in the
liver, spleen, and blood in ALD mice, possibly making them
susceptible to infection with V. vulnificus. This study is a valuable
resource for describing mice with ALD after infection with V.
vulnificus, and it provides potential targets for further investigation
in the context of treatment options for V. vulnificus sepsis.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.
Frontiers in Immunology | www.frontiersin.org 11
ETHICS STATEMENT

The animal study was reviewed and approved by The Ethics
Committee of Academy of Military Medical Sciences.
AUTHOR CONTRIBUTIONS

Z-HF, YY, and J-LW conceived and designed the experiments. Z-
HF, S-QL, X-RB, and J-HX performed the animal experiments.
Z-HF and S-QL performed the sample collection, blood bacterial
load, and cytokine analysis. Z-HF, YY, and J-XZ performed the
sequencing data and bioinformatics analysis. BN, Z-bL, W-WX,
LK, SG, JW, and J-XL contributed the reagents/materials/analysis
tools. Z-HF, YY, and J-LW wrote the paper. All authors
contributed to the article and approved the submitted version.
ACKNOWLEDGMENTS

We are grateful to Prof. Lien-I Hor of National Cheng Kung
University for providing the YJ016 strain for this study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
695491/full#supplementary-material

Supplementary Figure 1 | Cytokine concentrations in different periods. (A).
Cytokine concentrations in plasma 9 hours and 5 days post gavage (n = 10). The
concentrations of cytokines were standardized by z-score, with red indicating
higher concentration and blue indicating lower concentration. (B, C). The
concentration of IL-18 and IL-4 (ns P>0.05, **P<0.01, ****P<0.0001).
REFERENCES
1. Phillips KE, Satchell KJ. Vibrio Vulnificus: From Oyster Colonist to Human

Pathogen. PloS Pathog (2017) 13(1):e1006053. doi: 10.1371/journal.ppat.1006053
2. Jones MK, Oliver JD. Vibrio Vulnificus: Disease and Pathogenesis. Infect

Immun (2009) 77(5):1723–33. doi: 10.1128/IAI.01046-08
3. Raszl SM, Froelich BA, Vieira CR, Blackwood AD, Noble RT. Vibrio

Parahaemolyticus and Vibrio Vulnificus in South America: Water, Seafood and
Human Infections. J Appl Microbiol (2016) 121(5):1201–22. doi: 10.1111/jam.13246

4. Zhao H, Xu L, Dong H, Hu J, Gao H, Yang M, et al. Correlations Between
Clinical Features and Mortality in Patients With Vibrio Vulnificus Infection.
PloS One (2015) 10(8):e0136019. doi: 10.1371/journal.pone.0136019

5. Newton A, Kendall M, Vugia DJ, Henao OL, Mahon BE. Increasing Rates of
Vibriosis in the United States, 1996-2010: Review of Surveillance Data From 2
Systems. Clin Infect Dis (2012) 54 Suppl 5:S391–5. doi: 10.1093/cid/cis243

6. Baker-Austin C, Stockley L, Rangdale R, Martinez-Urtaza J. Environmental
Occurrence and Clinical Impact of Vibrio Vulnificus and Vibrio
Parahaemolyticus: A European Perspective. Environ Microbiol Rep (2010) 2
(1):7–18. doi: 10.1111/j.1758-2229.2009.00096.x
7. Osaka K, Komatsuzaki M, Takahashi H, Sakano S, Okabe N. Vibrio Vulnificus
Septicaemia in Japan: An Estimated Number of Infections and Physicians’
Knowledge of the Syndrome. Epidemiol Infect (2004) 132(5):993–6.
doi: 10.1017/s0950268804002407

8. Baker-Austin C, Oliver JD, AlamM, Ali A,WaldorMK, Qadri F, et al.Vibrio Spp.
Infections. Nat Rev Dis Primers. (2018) 4(1):8. doi: 10.1038/s41572-018-0005-8

9. Baker-Austin C, Oliver JD. Vibrio Vulnificus: New Insights Into a Deadly
Opportunistic Pathogen. Environ Microbiol (2018) 20(2):423–30.
doi: 10.1111/1462-2920.13955

10. Shapiro RL, Altekruse S, Hutwagner L, Bishop R, Hammond R, Wilson BR S,
et al. The Role of Gulf Coast Oysters Harvested in Warmer Months in Vibrio
Vulnificus Infections in the United States, 1988–1996. J Infect Dis (1998) 178
(3)752–9. doi: 10.1086/515367

11. Michael HB, Kathleen S, Robert M, Mitchell R. Vibrio Vulnificus Infection:
Diagnosis and Treatment. Am Family Physician (2007) 76:539–44.
doi: 10.1007/s00586-008-0790-y

12. Kim HY, Ayrapetyan M, Oliver JD. Survival of Vibrio Vulnificus Genotypes in
Male and Female Serum, and Production of Siderophores in Human Serum and
Seawater. Foodborne Pathog Dis (2014) 11(2):119–25. doi: 10.1089/fpd.2013.1581
August 2021 | Volume 12 | Article 695491

https://www.frontiersin.org/articles/10.3389/fimmu.2021.695491/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.695491/full#supplementary-material
https://doi.org/10.1371/journal.ppat.1006053
https://doi.org/10.1128/IAI.01046-08
https://doi.org/10.1111/jam.13246
https://doi.org/10.1371/journal.pone.0136019
https://doi.org/10.1093/cid/cis243
https://doi.org/10.1111/j.1758-2229.2009.00096.x
https://doi.org/10.1017/s0950268804002407
https://doi.org/10.1038/s41572-018-0005-8
https://doi.org/10.1111/1462-2920.13955
https://doi.org/10.1086/515367
https://doi.org/10.1007/s00586-008-0790-y
https://doi.org/10.1089/fpd.2013.1581
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Feng et al. ALD Mice Infected With V. vulnificus
13. Bogard RW, Oliver JD. Role of Iron in Human Serum Resistance of the
Clinical and Environmental Vibrio Vulnificus Genotypes. Appl Environ
Microbiol (2007) 73(23):7501–5. doi: 10.1128/AEM.01551-07

14. Thiaville PC, Bourdage KL, Wright AC, Farrell-Evans M, Garvan CW, Gulig
PA. Genotype Is Correlated With But Does Not Predict Virulence of Vibrio
Vulnificus Biotype 1 in Subcutaneously Inoculated, Iron Dextran-Treated
Mice. Infect Immun (2011) 79(3):1194–207. doi: 10.1128/IAI.01031-10

15. Pietrangelo A. Iron and the Liver. Liver Int (2016) 36(Suppl 1):116–23.
doi: 10.1182/blood-2018-06-815894

16. Kim AC, Epstein ME, Gautam-Goyal P, Doan TL. Infections in Alcoholic Liver
Disease. Clin Liver Dis (2012) 16(4):783–803. doi: 10.1016/j.cld.2012.08.008

17. Hor L-I, Chang T-T, Wang S-T. Survival of Vibrio Vulnificus in Whole Blood From
PatientsWith Chronic Liver Diseases: AssociationWith Phagocytosis by Neutrophils
and Serum Ferritin Levels. J Infect Diseases (1999) 179:275–8. doi: 10.1086/314554

18. Kashimoto T, Ueno S, Hayashi H, Hanajima M, Yoshioka K, Yoshida K, et al.
Depletion of Lymphocytes, But Not Neutrophils, via Apoptosis in a Murine
Model of Vibrio Vulnificus Infection. J Med Microbiol (2005) 54(Pt 1):15–22.
doi: 10.1099/jmm.0.45861-0

19. Kashimoto T, Ueno S, Hanajima M, Hayashi H, Akeda Y, Miyoshi S, et al.
Vibrio Vulnificus Induces Macrophage Apoptosis in Vitro and in Vivo. Infect
Immun (2003) 71(1):533–5. doi: 10.1128/iai.71.1.533-535.2003

20. Bertola A, Mathews S, Ki SH, Wang H, Gao B. Mouse Model of Chronic and
Binge Ethanol Feeding (the NIAAA Model). Nat Protoc (2013) 8(3):627–37.
doi: 10.1038/nprot.2013.032

21. Chen CY, Wu KM, Chang YC, Chang CH, Tsai HC, Liao TL, et al.
Comparative Genome Analysis of Vibrio Vulnificus, a Marine Pathogen.
Genome Res (2003) 13(12):2577–87. doi: 10.1101/gr.1295503

22. Jeong HG, Satchell KJF. Correction: Additive Function of Vibrio Vulnificus
MARTX Vv and Vvha Cytolysins Promotes Rapid Growth and Epithelial
Tissue Necrosis During Intestinal Infection. PloS Pathog (2019) 15(6):
e1007895. doi: 10.1371/journal.ppat.1007895

23. Sang L, Kang K, Sun Y, Li Y, Chang B. FOXO4 Ameliorates Alcohol-Induced Chronic
Liver Injury via Inhibiting NF-kb and Modulating Gut Microbiota in C57BL/6J Mice.
Int Immunopharmacol (2021) 96(1):107572. doi: 10.1016/j.intimp.2021.107572

24. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-Based Genome
Alignment and Genotyping With HISAT2 and HISAT-Genotype. Nat
Biotechnol (2019) 37(8):907–15. doi: 10.1038/s41587-019-0201-4

25. Liao Y, Smyth GK, Shi W. The Subread Aligner: Fast, Accurate and Scalable
Read Mapping by Seed-and-Vote. Nucleic Acids Res (2013) 41(10):e108.
doi: 10.1093/nar/gkt214

26. Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059-014-0550-8

27. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: An R Package for Comparing
Biological Themes Among Gene Clusters. OMICS (2012) 16(5):284–7.
doi: 10.1089/omi.2011.0118

28. Xie DL, Zheng MM, Zheng Y, Gao H, Zhang J, Zhang T, et al. Vibrio Vulnificus
Induces Mtor Activation and Inflammatory Responses in Macrophages. PloS One
(2017) 12(7):e0181454. doi: 10.1371/journal.pone.0181454

29. Huang XH, Ma Y, Lou H, Chen N, Zhang T, Wu LY, et al. The Role of TSC1 in
the Macrophages Against Vibrio Vulnificus Infection. Front Cell Infect
Microbiol (2021) 10:596609. doi: 10.3389/fcimb.2020.596609

30. Luo G, Sun Y, Huang L, Su Y, Zhao L, Qin Y, et al. Time-Resolved Dual RNA-
Seq of Tissue Uncovers Pseudomonas Plecoglossicida Key Virulence Genes in
Host-Pathogen Interaction With Epinephelus Coioides. Environ Microbiol
(2020) 22(2):677–93. doi: 10.1111/1462-2920.14884

31. Yu M, Zheng L, Wang X, WuM, Qi M, FuW, et al. Comparative Transcriptomic
Analysis of Surf Clams (Paphia Undulate) Infected With Two Strains of Vibrio
Spp. Reveals the Identity of Key Immune Genes Involved in Host Defense. BMC
Genomics (2019) 20(1):988. doi: 10.1101/gr.1295503

32. van Rees DJ, Szilagyi K, Kuijpers TW, Matlung HL, van den Berg TK.
Immunorec Eptors on Neutrophils. Semin Immunol (2016) 28(2):94–108.
doi: 10.1016/j.smim.2016.02.004
Frontiers in Immunology | www.frontiersin.org 12
33. Li T, Zhang Z, Li X, Dong G, Zhang M, Xu Z, et al. Neutrophil Extracellular
Traps: Signaling Properties and Disease Relevance.Mediators Inflamm (2020)
2020(3):1–14. doi: 10.1155/2020/9254087

34. Zhu J. T Helper Cell Differentiation, Heterogeneity, and Plasticity. Cold Spring
Harb Perspect Biol (2018) 10(10):a030338. doi: 10.1101/cshperspect.a030338

35. Tiberio L, Del Prete A, Schioppa T, Sozio F, Bosisio D, Sozzani S. Chemokine
and Chemotactic Signals in Dendritic Cell Migration. Cell Mol Immunol
(2018) 15(4):346–52. doi: 10.1038/s41423-018-0005-3

36. Caughey GH. Mast Cell Proteases as Pharmacological Targets. Eur J
Pharmacol (2016) 778:44–55. doi: 10.1016/j.ejphar.2015.04.045

37. LeeSE,KimSY, JeongBC,KimYR,BaeSJ,AhnOS,et al.ABacterialFlagellin,Vibrio
Vulnificus Flab, has a Strong Mucosal Adjuvant Activity to Induce Protective
Immunity. Infect Immun (2006) 74(1):694–702. doi: 10.1128/IAI.74.1.694-702.2006

38. Tukaj S. Heat Shock Protein 70 as a Double Agent Acting Inside and Outside
the Cell: Insights Into Autoimmunity. Int J Mol Sci (2020) 21(15):1–13.
doi: 10.3390/ijms21155298

39. Abbas AK, Trotta E DRS, Marson A, Bluestone JA. Revisiting IL-2: Biology
and Therapeutic Prospects. Sci Immunol (2018) 3(25):1–9. doi: 10.1126/
sciimmunol.aat1482

40. Estelle B, Oukka M, Kuchroo VK. TH-17 Cells in the Circle of Immunity and
Autoimmunity. Nat Immunol (2007) 8:345–50. doi: 10.1038/ni0407-345

41. Junttila IS. Tuning the Cytokine Responses: An Update on Interleukin (IL)-4
and IL-13 Receptor Complexes. Front Immunol (2018) 9:888. doi: 10.3389/
fimmu.2018.00888

42. Jacqueline P, Cohen B. An Overview of the Immune System. Lancet (2001)
357:1777–89. doi: 10.1016/S0140-6736(00)04904-7

43. Mogensen TH. Pathogen Recognition and Inflammatory Signaling in Innate
Immune Defenses. Clin Microbiol Rev (2009) 22(2):240–73. doi: 10.1128/
CMR.00046-08

44. Mossahebi-Mohammadi M, Quan M, Zhang JS, Li X. FGF Signaling Pathway:
A Key Regulator of Stem Cell Pluripotency. Front Cell Dev Biol (2020) 8:79.
doi: 10.3389/fcell.2020.00079

45. Boettner B, Van Aelst L. Control of Cell Adhesion Dynamics by Rap1 Signaling.
Curr Opin Cell Biol (2009) 21(5):684–93. doi: 10.1016/j.ceb.2009.06.004

46. Huang XH, Ma Y, Zheng MM, Chen N, Hu MN, Wu LY, et al. NLRP3 and
Mtor Reciprocally Regulate Macrophage Phagolysosome Formation and
Acidification Against Vibrio Vulnificus Infection. Front Cell Dev Biol (2020)
8:587961. doi: 10.3389/fcell.2020.587961

47. Toma C, Higa N, Koizumi Y, Nakasone N, Ogura Y, McCoy AJ, et al.
Pathogenic Vibrio Activate NLRP3 Inflammasome via Cytotoxins and TLR/
Nucleotide-Binding Oligomerization Domain-Mediated NF-Kappa B
Signaling. J Immunol (2010) 184(9):5287–97. doi: 10.4049/jimmunol.0903536

48. Liu W, Jiang L, Bian C, Liang Y, Xing R, Yishakea M, et al. Role of CX3CL1 in
Diseases. Arch Immunol Ther Exp (Warsz) (2016) 64(5):371–83. doi: 10.1007/
s00005-016-0395-9

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

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

Copyright © 2021 Feng, Li, Zhang, Ni, Bai, Xu, Liu, Xin, Kang, Gao, Wang, Li, Li,
Yuan and Wang. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
August 2021 | Volume 12 | Article 695491

https://doi.org/10.1128/AEM.01551-07
https://doi.org/10.1128/IAI.01031-10
https://doi.org/10.1182/blood-2018-06-815894
https://doi.org/10.1016/j.cld.2012.08.008
https://doi.org/10.1086/314554
https://doi.org/10.1099/jmm.0.45861-0
https://doi.org/10.1128/iai.71.1.533-535.2003
https://doi.org/10.1038/nprot.2013.032
https://doi.org/10.1101/gr.1295503
https://doi.org/10.1371/journal.ppat.1007895
https://doi.org/10.1016/j.intimp.2021.107572
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/nar/gkt214
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1371/journal.pone.0181454
https://doi.org/10.3389/fcimb.2020.596609
https://doi.org/10.1111/1462-2920.14884
https://doi.org/10.1101/gr.1295503
https://doi.org/10.1016/j.smim.2016.02.004
https://doi.org/10.1155/2020/9254087
https://doi.org/10.1101/cshperspect.a030338
https://doi.org/10.1038/s41423-018-0005-3
https://doi.org/10.1016/j.ejphar.2015.04.045
https://doi.org/10.1128/IAI.74.1.694-702.2006
https://doi.org/10.3390/ijms21155298
https://doi.org/10.1126/sciimmunol.aat1482
https://doi.org/10.1126/sciimmunol.aat1482
https://doi.org/10.1038/ni0407-345
https://doi.org/10.3389/fimmu.2018.00888
https://doi.org/10.3389/fimmu.2018.00888
https://doi.org/10.1016/S0140-6736(00)04904-7
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.3389/fcell.2020.00079
https://doi.org/10.1016/j.ceb.2009.06.004
https://doi.org/10.3389/fcell.2020.587961
https://doi.org/10.4049/jimmunol.0903536
https://doi.org/10.1007/s00005-016-0395-9
https://doi.org/10.1007/s00005-016-0395-9
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Analysis of Gene Expression Profiles, Cytokines, and Bacterial Loads Relevant to Alcoholic Liver Disease Mice Infected With V. vulnificus
	Introduction
	Materials and Methods
	Ethics Statement
	Bacterial Strains and Culture Conditions
	Animals and Experimental Approach
	Sample Collection and Sequencing
	Differential Expression Analysis and Enrichment Analysis
	Real-Time Quantitative PCR (RT-PCR)
	Blood Bacterial Load and Blood Count
	Plasma Complement C3, C5, and Cytokine Detection
	Statistical Analysis

	Results
	Alcoholic Liver Injury of Mice in Different Groups
	Quality Control of the Mouse Transcriptome
	Transcriptome Response of Mice in the EtOH and Pair Groups after Infection With YJ016
	Enrichment Analysis of the Immune-Related DEGs Between the EtOH and Pair Groups
	DEGs Between EtOH_Y and Pair_Y
	Quantitative Real-Time PCR (RT-PCR) Analysis of DEGs
	Post-Infection Blood Differences Between the EtOH and Pair Groups
	Cytokines Differences Between the EtOH and Pair Groups

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
    /ENP ()
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


