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Vaccination is an effective measure to prevent infection by pathogens. Live

vaccines have higher protective efficacy than inactivated vaccines. However,

how live vaccines interact with the host from a metabolic perspective is

unknown. The present study aimed to explore whether a live Edwardsiella

tarda vaccine regulates host metabolism and whether this regulation is related

to the protective efficacy of the vaccine. Therefore, a gas chromatography mass

spectrometry (GC-MS)-based metabolomics approach was used to investigate

the metabolomic profile of mice serum after vaccination with live E. tarda

vaccine. Fructose was identified as a key biomarker that contributes to the

immune protection induced by the live vaccine. Moreover, co-administration of

exogenous fructose and the live vaccine synergistically promoted survival of

mice and fish after bacterial challenge. These results indicate that metabolites,

especially fructose, can potentiate the live E. tarda vaccine to increase its

protective efficiency.
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1 Introduction

Edwardsiella tarda is a Gram-negative bacterial species that causes infectious disease

called edwardsiellosis in fish, reptiles, birds, and mammals (1, 2). Symptoms include

gastroenteritis, peritonitis, meningitis, wound infections, and septicemia (3, 4). In the

aquaculture industry, edwardsiellosis results in great economic losses all over the world

(5, 6). Antibiotics are an effective approach to treat edwardsiellosis, but antibiotic overuse

and misuse result in frequent isolation of antibiotic-resistant E. tarda (7, 8). These

antibiotic-resistant E. tarda strains are insensitive to antibiotics. Therefore, alternative

methods are needed to control these bacteria. Among them, vaccination is an effective

way to prevent bacterial infection with few side effects (9–11). Therefore, a vaccine

approach would be highly valuable.
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Among the multiple types of vaccines, whole-cell vaccines were

developed first but are still used (12, 13). Whole-cell vaccines

include live and inactivated vaccines. As inactivated vaccines are

unable to replicate in vivo, this type of vaccine is considered to be

safer than live vaccines (14). However, live vaccines have higher

protective efficacy than inactivated vaccines as live vaccines can be

better recognized by the immune system (15, 16). Thus, improving

the efficacy of a live E. tarda vaccine is a key issue for the

development of a high-quality live E. tarda vaccine.

Metabolic modulation plays a role in immune response against

bacterial pathogens (17–19). Several lines of evidence have shown

that metabolites, such as linoleic acid, leucine, N-acetylglucosamine,

glucose, malic acid, palmitic acid, and glycine, increase hosts’

survival of Vibrio alginolyticus, Streptococcus iniae, and E. tarda

infection (20–27). The protective efficacy of live vaccines against E.

tarda infection has been reported to be related to increased

biosynthesis of palmitic acid (27). These results motivated us to

explore whether metabolites potentiate the protective efficacy of a

live E. tarda vaccine.
2 Materials and methods

2.1 Ethics statement

All work was conducted in strict accordance with the

recommendations of the Guide for the Care and Use of

Laboratory Animals of the US National Institutes of Health. The

protocol was approved by the Institutional Animal Care and Use

Committee of Sun Yat-sen University (animal welfare assurance

number: 16).
2.2 Bacterial strains and animals

Bacterial strain E. tarda EIB202 was obtained from Prof.

Yuanxin Zhang at East China University of Science and

Technology. The strain was grown in tryptic soy broth (TSB)

medium at 30°C and harvested when the optical density at 600

nm (OD600) reached 1.0. SPF Kunming mice (20.2 ± 1.32g) were

provided by the Animal Center of Sun Yat-sen University and fed

twice a day with a dry pellet diet along with sterile water.

Micropterus salmoides (27.8 ± 2.36g) were purchased from a

commercial breeding corporation (Guangzhou Mingfeng Fisheries

Co., Ltd, Guangzhou, P.R. China) and maintained in 25-L open-

circuit water tanks with aeration. The animals were fed with 3% of

their body weight/day. After acclimating for 1 week, the animals

were randomly divided into several groups to investigate the effect

of the live vaccine.
2.3 Preparation of live vaccine

Vaccines were prepared as previously described (13). In brief, a

single colony of E. tarda EIB202 was picked from a TSB plate and
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cultured overnight in TSB medium at 30°C. The cultures were

diluted 1:100 in fresh TSB medium and grown at 30°C. Bacterial

cells with an OD600 of 1.0 were harvested by centrifugation at 4,000

g for 15 min and washed three times with saline. The cells were

resuspended in sterile saline, and the solution was used as the live E.

tarda vaccine.
2.4 Protective efficacy of live vaccine

Twenty mice were divided into two groups, live vaccine and PBS

control. The live vaccine was intraperitoneally injected into mice at

106 CFU/mouse (live vaccine group), with PBS being used as the

control (PBS control). After two injections at an interval of 7 days,

these mice were challenged by 5x108 CFU of EIB202 and observed

twice daily for 7 days.
2.5 Administration of vaccine and
collection of plasma samples

The live vaccine was administered to mice at 106 CFU/mouse by

intraperitoneal injection, with PBS being used as the control. After

two injections at an interval of 7 days, blood was drawn from the

orbit of the live mice, and sodium citrate was added as an

anticoagulant. Plasma was collected by centrifugation at 3,000 g

and 4°C for 10 min. Metabolites were extracted from 50 mL plasma

with 0.2 mL cold methanol (Sigma, USA) containing 10 mL 0.1 mg/

mL ribitol (Sigma, USA) as an analytical internal standard for

normalization across samples. After centrifugation at 12,000 g and

4°C for 10 min, 0.1 mL supernatant was collected and dried using a

vacuum centrifugation device (LABCONCO, USA). The dried

samples were used for gas chromatography mass spectrometry

(GC-MS) analysis, involving six biological samples with two

technical repeats per group.
2.6 GC-MS analysis

Samples were processed by derivatization involving a two-stage

technique, as previously described (28). In brief, 20 mL of 40 mg/L

methoxyamine hydrochloride in pyridine (Sigma) was added to the

dried samples for 90 min at 37°C. Thereafter, 80 mL N-methyl-N-

(trimethylsily)trifluoroacetamide (MSTFA, Sigma, USA) with 1%

trimethylchlorosilane (TMCS) was mixed and reacted with the

samples for 30 min at 37°C.

GC-MS analysis was carried out using an Agilent 7890A gas

chromatograph equipped with an Agilent 5975C VL MSD detector

(Agilent Technologies, USA). 1 mL sample was injected into a DB-

5MS column (30 m length × 250 mm i.d. × 0.25 mm thickness) with

splitless injection and the flow rate of carrier gas (helium) was 1 mL/

min. The initial temperature of the gas chromatograph oven was 85°

C for 5 min followed by an increase to 270°C at a rate of 15°C/min,

and then the temperature was held at 270°C for 5 min. The mass

spectrometer was operated in the range of 50–600 m/z.
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2.7 Data processing and statistical analysis

Mass spectra were analyzed based on the Total ion

chromatogram (TIC) by XCalibur 2.1 software (Thermo Fisher

Scientific), and compounds were identified using the National

Institute of Standards and Technology (NIST) library and NIST

MS Search Program 2.0. Peaks from different samples were aligned

based on retention time and the mass spectrum. After normalization

to ribitol, the data on the peak areas were used for subsequent

analysis. The normalized abundances of differential metabolites were

used in a Z-score analysis, which was based on the sample value

minus the mean and divided by the standard deviation. Principal

component analysis (PCA) and orthogonal partial least squares

discriminant analysis (OPLS-DA) were carried out using SIMCA

12.0 (Umetrics, Umeå, Sweden). Differential metabolites were used

for pathway enrichment analysis using MetaboAnalyst 2.0 (29).

Interactive Pathways (iPath) analysis was carried out by iPath3.0

(https://pathways.embl.de/).
2.8 Protective efficacy of live vaccine
potentiated by fructose

Exogenous fructose was administered as previously described

(25). In brief, Kuming mice and Micropterus salmoides were

acclimatized at 28°C for 7 days. They were randomly divided into

five groups of 30 or 60 per group, respectively. For both the mouse

and fish groups, the animals in the five groups were injected twice at

an interval of 7 days with 0.1 mL one of the following: (1) live

vaccine, (2) live vaccine and 0.18 mg fructose, (3) live vaccine and

1.80 mg fructose, (4) 0.85% sterilized PBS, or (5) 1.80 mg fructose.

The live vaccine was used at dosages of 106 CFU/mouse or 4×103

CFU/fish. Thereafter, the mice and fish were challenged by

intraperitoneal inoculation of EIB202 (5×108 CFU/mouse and

5×105 CFU/fish) and observed twice daily for 15 and 7

days, respectively.
3 Results

3.1 Plasma metabolomic profiling of mice
immunized with live E. tarda vaccine

Mice were immunized twice with live E. tarda vaccine and then

challenged using E. tarda EIB202, which led to 50% survival

(Figure 1A). Plasma was collected from the live mice to explore

the association of metabolites with the protective efficacy of vaccine.

A GC-MS-based metabolomics analysis was performed to profile

the metabolic signature in the plasma after vaccination, with PBS

being used as a control. A total of 130 aligned individual peaks were

obtained from each sample (Figure 1B). After removing the artificial

peaks, 49 metabolites were identified. Scatter plots of the metabolite

abundances in pairs of technical repeats indicated correlation

coefficients ranging between 0.993 and 0.999, demonstrating the

reliability of the methods (Figure 1C). The metabolites were
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classified into five metabolic categories: carbohydrates (22.4%),

amino acids (18.4%), fatty acids (22.4%), nucleotides (2.0%), and

others (34.7%) (Figure 1D). Hierarchical clustering of the 49

metabolites is shown in (Figure 1E). These results indicate that

vaccination induced a metabolic shift.
3.2 Differential abundance of metabolites

There were 19 differential abundance of metabolites between

the live vaccine group and PBS control group (Figure 2A). The Z-

score plot spanned from −4.72 to 85.0 in the live vaccine group

(Figure 2A), with fructose being the metabolite with the most

increased abundance. Among the metabolites with differential

abundances, 31.58% were carbohydrates, 21.05% were amino

acids, 26.32% were fatty acids, 5.26% were nucleotides, and

15.79% were metabolites with unknown function (Figure 2B).

There were more decreased amino acids and fatty acids in the live

vaccine group than the PBS group, while the number of altered

carbohydrates was similar between the two groups (Figure 2C).

These results indicate that the live vaccine induced a differential

metabolome, with fructose being the most elevated metabolite.
3.3 Metabolic biomarkers identified using
multivariate analysis

OPLS-DA was used to identify potential metabolic biomarkers

associated with the protective efficacy of the vaccine. In the PCA,

PC1 separated the two groups (Figure 3A). An S-plot was used to

identify discriminatory variables, and the following biomarkers

were selected from component p[1]: increased fructose and

ethanedioic acid, and decreased oleic acid, 5-adenylic acid, 9,12-

octadecadienoic acid, butanoic acid, and alanine (Figure 3B). These

results confirm that fructose is a key biomarker.
3.4 Enrichment of metabolic pathways

Differential abundances of metabolites indicated that metabolic

pathways were affected. Identifying the enriched pathways is helpful

to identify the altered metabolic pathways. Galactose metabolism

was enriched in the live vaccine group compared to the PBS group

(Figure 4A). In this pathway, the metabolites with differential

abundances included glucose, fructose, and galactopyranose

(Figure 4B). Importantly, fructose was the metabolite with the

most elevated abundance in the metabolic metabolism

(Figures 4B, C). These results indicate that the live vaccine altered

galactose metabolism.

Interactive Pathways Explorer (iPath) was used to provide an

overview of the enriched metabolic pathways (Figure 5). Seven

pathways were up-regulated in the live vaccine group compared to

the PBS group: fructose and mannose metabolism, starch and

sucrose metabolism, glycerolipid metabolism, arachidonic acid

metabolism, purine metabolism, TCA cycle, and riboflavin

metabolism. Two pathways were down-regulated: arginine and
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proline metabolism and alanine, aspartate, and glutamate

metabolism. These results together suggest that the live vaccine

altered metabolism to a large degree.

Notably, enrichment of metabolic pathways and iPath are two

different analysis methods, which seems no overlapped metabolic

pathways between the two identification. However, many

metabolites in fructose and mannose metabolism, starch and

sucrose metabolism, glycerolipid metabolism, glycerolipid

metabolism are included in galactose metabolism (Table 1)

(https://www.kegg.jp/kegg/kegg2.html).
3.5 Fructose improves the protective
efficiency of the live vaccine

The above results show that fructose was the most altered

metabolite. Therefore, increased fructose may contribute to the

protective efficacy of the live vaccine. A mouse model was used to

confirm the effect of fructose on the vaccine protective efficacy. To
Frontiers in Immunology 04
do this, mice were injected with live vaccine (group 1), live vaccine

and 0.18 or 1.80 mg fructose (groups 2 and 3, respectively), PBS

(group 4), or 1.80 mg fructose (group 5). After two injections at an

interval of 7 days, the mice were challenged with EIB202 and their

survival was monitored for 15 days. All mice in groups 4 and 5 died

within 2 days, whereas 50.0%, 56.7% and 76.7% survived in groups

1, 2, and 3, respectively (Table 2). There were significant differences

between groups 3 and 4 (RPS1) and groups 3 and 1 (RPS2),

suggesting the role of fructose. No significance was found between

groups 2 and 3.

Furthermore, a Micropterus salmoides model was used to test

the effect of fructose on the vaccine protective efficacy, using the

same groupings as for the mice. The survival of the fish was

monitored for 7 days. All fish in groups 4 and 5 died within 4

days, whereas 55.0%, 61.7%, and 76.7% survived in groups 1, 2, and

3, respectively (Table 3). There were significant differences in

survival between groups 3 and 4 (RPS1) and groups 3 and 1

(RPS2), confirming the role of fructose. No significance was

found between groups 2 and 3.
A B

D

EC

FIGURE 1

Metabolomic profiling of identified metabolites. (A) Survival of mice immunized by live E. tarda vaccine and then challenged by EIB202.
(B) Representative total ion current chromatogram from control and live groups. (C) Reproducibility of metabolomic profiling platform. The correlation
coeffcient is shown by two technical replicates of metabolite abundances. (D) Category of the identified metabolites. (E) Cluster analysis of metabolites.
Heat map shows differential metabolites. Green and red color indicates decrease and increase of metabolites, respectively (see color scale).
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4 Discussion

The present study explores the role of metabolites in

vaccination. Comparing metabolome between the live vaccine

group and PBS control group, the abundances of metabolites

were significantly changed. Thus, the live vaccine induces a

metabolic response, suggesting that the metabolism plays a role in
Frontiers in Immunology 05
the vaccine-induced immune protection. Pattern recognition

analysis identified fructose as the most important biomarker.

Furthermore, exogenous fructose increased the live vaccine’s

protective efficiency against bacterial challenge in mouse and fish

models. These results indicate that metabolites can promote the

protective efficiency of live vaccine against bacterial challenge, and

fructose was identified as an effective metabolite that potentiates live
B

C

A

FIGURE 2

Differential metabolites analysis in response to vaccine stimulation. (A) Z-score plot of differential metabolites immunized with vaccine compared
with PBS control. Each point represents one metabolite in one technical repeat and colored by sample types. (B) Category of different metabolites in
live bacteria group. (C) Number of differential metabolites in live bacteria group. 1, carbohydrate; 2, amino acid; 3, fatty acid; 4, others.
A B

FIGURE 3

Identification of crucial metabolites. (A) The PCA analysis of the PBS control group and live vaccine group. Each dot represents the technique replicates
in the plot. (B) S-plot generated from OPLS-DA. Circle represents individual metabolite, where potential biomarkers are highlighted with red.
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E. tarda vaccine. To our knowledge, this is the first report on a

metabolite promoting a vaccine’s efficiency.

It has been found that a metabolomics approach is effective at

identifying biomarkers. To explore which biomarkers are

associated with an increase in the protective efficacy of the live

E. tarda vaccine, a GC-MS-based metabolomics analysis was

performed in the present study. The live E. tarda vaccine

induced a differential metabolome, indicating that there is a live

vaccine-induced metabolome. This is consistent with the recent

findings that, according to their sensitivity to antibiotics, bacteria

display either an antibiotic-resistance or antibiotic-sensitive

metabolome (28, 30), while hosts exhibit either an anti-infective

or infective metabolome based on their ability to combat the

infection (21, 31–35). Based on the live vaccine-induced

metabolome, fructose was identified as a key biomarker that

contributes to the immune protection efficiency of the live

vaccine. Indeed, exogenous fructose increased the live vaccine-

mediated immune protection against bacterial challenge in mice

and fish. Thus, positive feedback was found between the live

vaccine and fructose. Specifically, the live vaccine increased
B

CA

FIGURE 4

Metabolomics analysis of enriched pathway. (A) Pathway enrichment of different metabolites in live group. (B) Integrative analysis of metabolites in
enriched pathways. The value was relative content in the live groups compared with control group. Red color and green color indicate increased
and decreased metabolites, respectively. (C) The scatter diagram of different metabolite. The Y-axis is relative content of metabolites. **, P <0.01
using the Chi-square test.
FIGURE 5

Integrated metabolomics analysis of pathway by iPath. The changed
pathway in live group, compared with control group, was shown in
color. Red lines represent increase and green lines indicate decrease.
TABLE 1 Metabolites related to galactose metabolism.

Fructose and mannose metabolism Starch and sucrose metabolism Glycerolipid metabolism

D-Fructose UDP-glucose UDP-glucose

Glycerone phosphate D-Glucose D-Glucose 1-phosphate

D-Glyceraldehyde 3-phosphate D-Fructose 6-phosphate Glycerone phosphate

D-Mannose Sucrose Glycerol

alpha-D-Glucose D-Fructose D-Glyceraldehyde

D-Glyceraldehyde D-Glucose 1-phosphate 3-beta-D-Galactosyl-sn-glycerol

D-Sorbitol

L-Rhamnulose 1-phosphate
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fructose and the increased fructose potentiated the ability of the

vaccine to stimulate immune protection. Recently, we showed that

live and inactivated E. tarda vaccines stimulate the generation of

differential abundances of palmitate that contribute to differential

innate immunities against bacterial infection (27). These results

together indicate that vaccine-induced immune protection is

related to the vaccine’s alteration of the metabolome. Therefore,

the findings highlight that metabolites could be used as

vaccine adjuvants.

Fructose is an important metabolite used for energy supply (36)

and is involved in host–pathogen interactions (37, 38). Exogenous

fructose decreases bacterial growth and biofilm formation (39).

Antibiotic-resistant bacteria have a lower level of fructose than

antibiotic-sensitive bacteria, and exogenous fructose has been

shown to promote kanamycin-mediated killing (40). Fructose

modulates the host’s immune response by increasing the

expression of monocyte chemoattractant protein 1 and uric acid

(37, 38). Monocyte chemoattractant protein 1 is a chemoattractant

for inflammatory monocytes and dendritic cells, and uric acid

activates the inflammasome pathway to release interleukin (IL)-

1b, which enhances inflammation (41, 42). Furthermore, fructose

activates dendritic cells via IL-6 and induces interferon-g secretion
by T cells (43). Therefore, fructose may activate the immune

response as an immunologic adjuvant, indicating that fructose

could be used as an adjuvant to increase the protection efficiency

of vaccines.
Frontiers in Immunology 07
5 Conclusion

In summary, this study provides insights into a new strategy to

increase the protective efficacy of a live vaccine. This strategy

involved using a metabolomics analysis to identify biomarkers

that contribute to the protective efficiency of a vaccine and then

administering a key biomarker with the vaccine in order to enhance

the vaccine’s protective effects. Fructose was identified as the most

crucial biomarker and found to be a metabolite that promotes

protection against E. tarda infection. These findings highlight a way

to identify vaccine adjuvants and how to improve whole-

cell vaccines.
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TABLE 2 Immune protection of live vaccine with fructose in mice.

group Immunogen Total mice Survive No ADR(%) RPS1 (%) RPS2 (%)

1 Live vaccine 30 15 50.0% 50.0%

2 Live vaccine with 0.18mg Fructose 30 17 43.3% 56.7% 13.4%

3 Live vaccine with 1.8mg Fructose 30 23 23.3% 76.7%* 53.4% *

4 PBS 20 0 100.0%

5 1.8mg Fructose 20 0 100.0%
fr
All the treatment was same volume (0.1mL). Survived, the number of mice survived in the experiment. ADR, accumulating death rates; RPS, relative percent survival. RPS was calculated as RPS1 = 1 -
(%mortality of Fructose and/or bacteria treated group/%mortality of control group) × 100. RPS2 = 1 - (%mortality of Fructose and bacteria treated group/%mortality of bacteria treated group) × 100.
The experiments are repeated twice. * P < 0.05.
TABLE 3 Immune protection of live vaccine with fructose in M. salmoides.

Group Immunogen Total fish Survive No ADR(%) RPS1 (%) RPS2 (%)

1 Live vaccine 60 33 45.0% 55.0%

2 Live vaccine with 0.18mg Fructose 60 37 38.3% 61.7% 14.8%

3 Live bacteria with 1.8mg Fructose 60 46 23.3% 76.7% * 48.2%*

4 PBS 60 0 100.0%

5 1.8mg Fructose 60 0 100.0%
All the treatment was same volume (0.1mL). Survived, the number of fish survived in the experiment. ADR, accumulating death rates; RPS, relative percent survival. RPS was calculated as RPS1 =
1 - (% mortality of Fructose and/or bacteria treated group/% mortality of control group) × 100. RPS2 = 1 - (% mortality of Fructose and bacteria treated group/% mortality of bacteria treated
group) × 100. The experiments are repeated twice. * P < 0.05.
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