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A B S T R A C T

Salmonella is a facultative intracellular pathogen that can cause significant morbidity and mortality in humans
and animals. Salmonella plasmid virulence (spv) gene sequence is a highly conserved 6.8 kb region which exists in
the plasmid of most pathogenic Salmonella. Autophagy is a degradation process of unnecessary and dysfunctional
cytoplasm components to maintain cellular homeostasis, which could affect host inflammatory responses, such
as type I interferon response. Type I interferon response can promote the antibacterial activity of macrophage as
well as the secretion of cytokines and neutrophil chemokines. We previously reported that spv locus could
suppress autophagy and the aggregation of neutrophils in zebrafish larvae. To explore the influence of spv locus
on Salmonella escaping from the innate immune responses and the underlying mechanism, the models of
Salmonella enterica serovar Typhimurium infected macrophages in vitro and zebrafish larvae in vivo were used in
this study. The interactions among spv locus, autophagy, type I interferon response and the chemotaxis of
neutrophils were investigated. Western blot was used to detect the expression levels of autophagy related
proteins and RT-qPCR was used to measure the mRNA levels of type I interferon response and the neutrophil
chemokines. The chemotaxis of neutrophils were observed by Laser Scanning confocal microscopy. Autophagy
agonist Torin 1 was also involved to interfere the autophagy influx. Results showed that spv locus could restrain
type I interferon response and the chemotaxis of neutrophils via suppressing autophagy, which provided sub-
stantial foundation to study the mechanism of Salmonella escaping the innate immunity.

1. Introduction

According to the statistics from Centers for Disease Control and
Prevention of USA, 1 million foodborne diseases were caused by
Salmonella every year. To date, the Salmonella enterica species can be
classified into more than 2,600 serotypes, among which Salmonella
enterica serovar Typhimurium (S. Typhimurium, STM) is one of the
most important serovars causing infection with a broad range of hosts
[1]. S. Typhimurium contains a plasmid with a highly conserved 6.8 kb
region which is called Salmonella plasmid virulence (spv) operon. spv
locus is one of the most critical virulence factors in pathogenic Salmo-
nella spp. which can promote bacterial growth and reproduction in host
cells and tissues, leading to severe infection and clinical disease [2,3].
spv operon is consist of positive transcriptional regulator spvR and
structure genes spvABCD. spvB, with the ADP-ribosyltransferase ac-
tivity, could inhibit the formation of autophagosome at the early stage
of autophagy by depolymerization of F-actin filaments [4].

Macrophages and neutrophils are phagocytes in host innate immune

system, which play crucial roles in the clearance of Salmonellae. In
addition, it is well known that macrophages and neutrophils can also
regulate inflammatory responses to protect the mucosa from pathogens
that might breach the gastrointestinal barrier, playing an irreplaceable
role in the early stage of infection [5]. The devoured Salmonella by
macrophages would either be eliminated or spread to other parts of the
body after inducing the death of macrophages. As the most abundant
leukocytes, neutrophils can rapidly migrate to infection sites under the
affection of chemoattractants to clear bacteria, and work as a “sca-
venger” to clear the infected macrophages that failed to control Sal-
monellae by producing a large number of oxidative stress reactions
through virtue of NAPDH and peroxidase [6]. While neutrophil accu-
mulation in the intestinal lumen is a prominent histological feature of
gut inflammation and can mediate clearance of pathogens, whether
they can efficiently navigate to pathogen colonization foci is not clear.
Not only is autophagy a highly conserved eukaryotic cellular recycling
process to affect cellular homeostasis, but also it is verified to combat
infection with pathogens [7,8]. Autophagy can remove bacteria by
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lysosomal degradation directly and affect the inflammatory responses
by regulating neutrophil degranulation, reactive oxygen species (ROS)
production, as well as interferon responses [9–11]. In the process of
autophagy, the autophagosome contained with invading bacteria would
fuse with lysosomes or mature endosomes, on which exists the Toll-Like
Receptor 3 (TLR3). TLR3 can activate TIR-domain-containing adaptor-
inducing INF-β (TRIF) by recognizing double-stranded RNA (dsRNA) of
degraded bacteria. The interaction between TRIF and TNF receptor-
associated factor 3 (TRAF3) would facilitate type I interferon response
to secret IFN-β [12,13]. IFN-β can stimulate natural killer cells (NKs) to
release type II interferon IFN-γ, which would induce the activation of a
variety of IFN-stimulated genes (ISGs) to promote the secretion of
neutrophil chemokines resulting in efficient navigation of neutrophils
to infection foci [14].

As a crucial vertebrate model organism, zebrafish has been em-
ployed on researches for nearly 50 years. In last 10 years, it was widely
used to study on human related illness, owing to its merits of simple
structure, rapid growth, short life cycle, easy of breeding and so on
[15,16]. In addition, zebrafish embryo develops its immune system
since 1 day post fertilization (dfp) and the adaptive immunity does not
mature until 4 week post fertilization (wpf), which provides an ex-
cellent animal model to investigate the interplay between infection and
the innate immune responses [17]. Similar to mammals, type I inter-
feron response also occurs in zebrafish model. With a highly homology
with mammals, IRF3 and IRF7 are the key regulatory factors of type I
interferon response in zebrafish [18]. Zebrafish IFN 1 is homologous to
mammalian IFN-β and is a paramount product of type I interferon re-
sponse. C-X-C motif ligand 8-L1 (CXCL8-L1) and CXCL8-L2 are of great
importance in resisting Salmonella infection, which only exist in zeb-
rafish and human, but not in mice [19,20]. Zebrafish larvae were used
in this project to explore the functions of CXCL8-L1 and CXCL8-L2 on
the chemotaxis of neutrophils properly. Especially, due to their trans-
parency, transgenic zebrafish larvae labeled with specificity fluorescent
proteins, such as Tg (lyz:GFP), make it convenient to track the inter-
action between bacteria and host immune cells directly.

In our previous studies, spv operon can aggravate S. Typhimurium

infection by suppressing autophagy and the functions of phagocytes
(macrophage and neutrophil) at the early period of infection as well as
inducing Th1/Th2 shift to Th2 polarization during the adaptive im-
munity [21,22]. Nevertheless, the specific mechanism on how spv locus
affect the chemotaxis of neutrophils remains unclear. In the present
research, both macrophage and zebrafish were infected with STM-WT
and STM–Δspv to investigate the influence of spv operon on autophagy,
type I interferon response and their interaction. Furthermore, the effect
and mechanism of spv locus on neutrophils chemotaxis were also ex-
plored in zebrafish larvae.

2. Materials and methods

2.1. Zebrafish maintenance and embryo collection

Wild-type AB and transgenic zebrafish Tg (lyz:GFP) were kindly
provided by the Center for Circadian Clocks at Soochow University.
Collecting from natural spawning, embryos were staged according to
the established criteria and reared in Holtfreter buffer (60mmol/L
NaCl, 1.3mmol/L CaCl2, 0.67mmol/L KCl, 0.3mmol/L NaHCO3, pH
7.0 and 10−5% methylene blue) at 28.5 °C [23].

2.2. Bacterial strains

S. Typhimurium strain χ3306 (STM-WT) and spv locus deletion-
mutant strain UF110 (STM-Δspv) were kindly supplied by Professor
Paul A. Gulig [24]. Both strains were grown to mid-logarithmic phase in
Luriae Bertani (LB) broth at 37 °C. STM-WT and STM-Δspv strains with
red fluorescence protein (RFP-STM-WT and RFP- STM-Δspv) were
constructed in our laboratory and cultured in the media with
100 μgml−1 Ampicillin.

2.3. Cell culture

RAW 264.7 mouse macrophage cell lines were cultured in DMEM
High Sugar medium (HyClone) supplemented with 10% fetal calf serum

Fig. 1. The effect of spv locus on autophagy in macrophages. The expressions of autophagy related proteins LC3 and p62 were detected by western blot analysis. (A
and B) The relative ratio of LC3-II/β-actin and p62/β-actin was measured by ImageJ. Student's t-test was used for statistical analysis. Data represented three
independent experiments combined. Errors bars represented SEM. *P < 0.05.
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(Bovogen) and in a humidified incubator containing 5% CO2 at 37 °C.

2.4. Cell in vitro infection assays

After cultured in Luriae Bertani (LB) medium overnight which
containing 0.3 M NaCl, bacteria were diluted 1:33 with LB broth to
subculture for 3 h. The optical density of bacteria was determined by
spectrophotometry at 600 nm with viable plate counts before infection.
Cells were infected with STM-WT and STM-Δspv at the multiplicity of
infection (MOI) of 10 respectively. DMEM High Sugar medium (10%
FBS) containing amikacin (100 μgml−1) was added to cells which were
washed with PBS for 3 times to clear the extracellular bacteria at 1 h
post infection (hpi). Cells were washed with PBS at 3 hpi and added
with DMEM High Sugar medium (10% FBS) containing amikacin
(10 μgml−1) to inhibit the growth of extracellular bacteria released
from infected RAW264.7 cells. Cells were collected at 1, 2, 4 and 6 hpi.

2.5. Bacterial infection in zebrafish larvae

The process of bacterial culture and density determination of bac-
teria are the same with above. Zebrafish larvae at 5 dpf were divided
randomly into the infection groups and the control group (each group
containing 30 larvae). The infection groups of larvae were infected with
109 CFU/ml STM-WT and STM-Δspv by immersion, while the control
group of larvae was treated with the same amount of Holtfreter buffer.
Zebrafish larvae were collected at 6 hpi, 8 hpi and 10 hpi, respectively.

2.6. Western blot analysis

The expressions of autophagy related proteins LC3 and p62 were
detected to investigate the interaction between spv locus and autophagy
in macrophages and zebrafish larvae. With the function of inhibiting
mammalian target of rapamycin (mTOR), Torin 1 (Beyotime
Biotechnology, China) was used as the autophagy agonist to explore the
interplay among autophagy, type I interferon response and neutrophils
chemotaxis [25]. Cells were pretreated with 5 nM Torin1 for 3 h. Zeb-
rafish larvae at 3 dpf were primed with 0.4 μmol/L Torin 1 for 48 h.
Proteins were fractionated on 12% SDS-polyacrylamide gel and trans-
ferred to polyvinylidene difluoride membrane (PVDF). After blocking
with 5% non-fat milk, the PVDF membrane was incubated with LC3
(Novusbio, USA) or p62 (MBL, Japan) antibody overnight at 4 °C and
washed for 3 times with Tris-buffered saline containing 0.1% Tween-20
(TBST). Then the membrane was probed with the second antibody for
1 h at room temperature and washed for 3 times with TBST. Finally, the
protein detection was performed by using chemiluminescence reagent
(ECL, Biological Industries). Protein contents were measured by Image
J software program.

2.7. Assessment of bacterial survival in macrophages and in zebrafish larvae

After washed three times with PBS, the infected macrophages were
added with 200ul μl 0.3% Triton X-100 for 7min. Cell lysates were
collected and serially diluted 10-fold in PBS. A 100 μl aliquot in soft
agar medium were plated on nutrient agar plates and grown overnight
in 37 °C.The infected zebrafish larvae (n=10/group) were collected at
8 hpi and washed three times with PBS. These larvae were grinded in
200 μl 0.3% Triton X-100 and the tissue homogenates were serially
diluted 10-fold in PBS. A 500 μl aliquot in soft agar medium were plated
on nutrient agar plates and grown overnight at 37 °C.

2.8. Real-time quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA of macrophages and zebrafish larvae infected with STM-
WT and STM-Δspv were extracted by Trizol reagent (Invitrogen) and
reverse transcribed by cDNA Reverse Transcription Kit (Transgene).
EvaGreen 2X qPCR MasterMix (abm, Canada) was used as the real-time
quantitative Polymerase Chain Reaction (RT-qPCR) reagent. Reactions
were performed in a 20 μl volume which containing 10 μl EvaGreen 2X
qPCR MasterMix, 7.8 μl double-distilled water, 0.6 μl forward primers,
0.6 μl reverse primers, and 1 μl cDNA template. All primers for RT-qPCR
were shown in Table S1 (macrophage) and S2 (zebrafish). The β-actin
primers were used in all as internal control. The qPCR conditions were
as follows: 95 °C for 5min, then 40 cycles of 95 °C for 3 s, 60 °C for 60 s.

2.9. Laser scanning confocal microscopy

Transgenic zebrafish larvae Tg (lyz:GFP) at 5 dpf were immersed in
109 CFU/ml RFP-STM-WT and RFP-STM-Δspv. Larvae were collected at
different points and covered by 0.2% low melting agarose after an-
esthetized through tricaine to observe the dissemination of bacteria and
the aggregation of neutrophils. The number of bacteria aggregation of
neutrophils in zebrafish intestine were assessed by Image J.

Fig. 2. The influence of spv locus on type I interferon response in macrophages.
The mRNA levels of type I interferon response related genes TRIF (A), TRAF3
(B) and IFN-β (C) were measured by RT-qPCR. Student's t-test was used for
statistical analysis. Data represented three independent experiments combined.
Errors bars represented SEM. *P < 0.05.

L. Wang, et al. Fish and Shellfish Immunology 87 (2019) 721–729

723



2.10. Statistical analysis

Statistical analysis was performed with SPSS 17.0. All data were
represented as the mean ± standard deviation (S.D.) from three re-
plications. Comparisons of data were analyzed by using the Student's t-
tests and the one-way analysis of Variance (ANOVA). It was considered
as significant difference when P value was less than 0.05.

2.11. Ethics statement

All animal experiments described in the present study were con-
ducted at the Center for Circadian Clocks at Soochow University and
approved by the Animal Experimental Committee of Soochow
University (Grant 2111270).

3. Results

3.1. The impact of spv locus on autophagy in macrophages

At 1 hpi, 2 hpi, 4 hpi and 6 hpi, cells were collected to detect the
expressions of autophagy related proteins LC3 and p62 by immunoblot.
The data showed that the expressions of LC3-II in STM-WT infection
groups were significantly lower than those in STM-Δspv infection
groups at 1 hpi and 2 hpi (P < 0.05) (Fig. 1A). At 4 hpi, the expression
of p62 in STM-WT infection group was obviously higher compared with
that in STM-Δspv infection group (P < 0.05) (Fig. 1B). Results de-
monstrated that spv operon could inhibit the autophagy in macrophages
when infected with Salmonella.

3.2. The influence of spv locus on type I interferon response in macrophages

Cells were incubated with STM-WT and STM-Δspv separately to
detect the mRNA levels of TRIF, TRAF3 and IFN-β by using RT-qPCR at
2 hpi, 4 hpi and 6 hpi. According to the results, the mRNA levels of
TRIF, TRAF3 and IFN-β in STM-WT infection group were lower than
those in STM-Δspv (P < 0.05) (Fig. 2A–C). These data suggested that

spv operon could restrain type I interferon response in macrophages.

3.3. The interaction between autophagy and type I interferon response
affected by spv locus

With the intervention of Torin 1, cells were incubated with bacteria
for 2 h to detect the expression of autophagy related protein LC3 by
western blot. It showed that the expression of LC3-II in STM-WT in-
fection group was lower than that in STM-Δspv group without the in-
terference of Torin 1. After the pretreatment of Torin 1, the expression
of LC3-II in STM-WT infection group was improved significantly and
there was no significant difference in the comparison with STM-Δspv
infection group (Fig. 3A).

In order to explore whether the autophagic response is required for
Salmonella clearance and spv locus could inhibit it, Torin 1-mediated
induction of autophagy in bacterial clearance by macrophages was in-
vestigated. With or without the pretreatment of Torin 1, the bacterial
survival was assessed at 2 hpi and 4 hpi. The results showed that the
CFU (Colony-Forming Units) counting in STM-WT infection group were
significantly higher than STM-Δspv infection group without the assis-
tance of Torin 1 at 2 hpi and 4 hpi (P < 0.05)(Fig. 3B). After the
pretreatment of Torin 1, the survival of bacteria was reduced in STM-
WT infection group and the difference between the two groups was
lower (P > 0.05) (Fig. 3B), at 2 hpi. However, at 4 hpi, the bacterial
load with the treatment of Torin 1 in STM-WT group was still sig-
nificantly higher than that in STM-Δspv group. These findings suggested
that the augmentation of autophagy would help cell to eliminate bac-
teria and autophagy is an early response to maintain the homeostasis in
cells.

Cells were incubated with bacteria for 4 h to detect the transcript
levels of gene TRIF, TRAF3 and IFN-β by RT-qPCR with or without the
pretreatment of Torin 1. The results showed that the transcript levels of
TRIF, TRAF3 and IFN-β in STM-WT infection group were lower than
that in STM-Δspv infection group without the assistance of Torin 1
(P < 0.05). But with the pretreatment of Torin 1, the mRNA levels of
type I interferon response related genes were evidently increased in

Fig. 3. The interaction between the inhibition of autophagy and suppression of type I interferon response by spv operon in macrophages. With or without the
intervention of Torin 1, cells were incubated with STM-WT and STM-Δspv. (A) The expressions of autophagy related protein LC3 were detected by western blot
analysis. The relative ratio of LC3-II/β-actin was measured by ImageJ. (B) The intracellular bacterial load was assessed by CFU counting. (C to E) The transcript levels
of type Ι interferon response related genes TRIF (B), TRAF3 (C) and IFN-β (D) were detected by RT-qPCR. One-way analysis of variance (ANOVA) and Student's t-test
were used for statistical analysis. Data represented three independent experiments combined. Errors bars represented SEM.*P < 0.05.
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STM-WT infection groups (P < 0.05) and was comparable to STM-Δspv
infection groups (P > 0.05) (Fig. 3C–E). These data demonstrated that
spv locus could inhibit type I interferon response through affecting
autophagy in vitro.

3.4. Effect of spv locus on autophagy and type I interferon response in
zebrafish larvae

The expressions of LC3 and p62 were detected in zebrafish larvae at
6 hpi, 8 hpi and 10 hpi. It showed that the expressions of LC3-II in STM-
WT infection groups were lower than those in STM-Δspv groups at 6 hpi
and 8 hpi (P < 0.05), the expressions of p62 in STM-WT infection
groups were higher than those in STM-Δspv infection groups at 8 hpi
(P < 0.05). But there were no significant differences in the expressions
of LC3-II at 10 hpi between the two infection groups (P > 0.05)
(Fig. 4A). The data demonstrated that spv operon could inhibit autop-
hagy in zebrafish larvae.

After infected with 109 CFU/ml STM-WT and STM-Δspv, zebrafish
larvae were collected to detect the mRNA levels of IRF3, IRF7 and IFN 1.
Compared with STM-Δspv infection groups, the transcript levels of IRF3,
IRF7 and IFN 1 in STM-WT infection groups were significantly lower at
6 hpi and 8 hpi (P < 0.05) (Fig. 4B–D). There were no statistical dif-
ferences in transcript levels of IRF3, IRF7 and IFN 1 between STM-WT

and STM-Δspv infection groups at 10 hpi (P > 0.05). These findings
indicated that spv locus could suppress the type I interferon response in
zebrafish larvae infection model.

3.5. Effect of spv locus on bacterial survival and the chemotactic function of
neutrophils in zebrafish larvae

Tg (lyz:GFP) larvae at 5 dpf were infected with STM-WT and STM-
Δspv.The dissemination of bacteria and the chemotaxis of neutrophils in
intestine were observed by laser confocal microscopy (Fig. 5A). There
were much more RFP-STM-WT in zebrafish intestinal tract than RFP-
STM-Δspv at 6 and 8 hpi (P < 0.05) (Fig. 5B). At 6hpi and 8 hpi, less
infiltrated neutrophils were observed in the infection sites of RFP-STM-
WT infection groups than that in RFP-STM-Δspv infection groups
(P > 0.05) (Fig. 5C). It demonstrated that spv locus may inhibit the
chemotaxis of neutrophil and augment the burden of bacteria.

The chemotaxis of neutrophils was regulated by CXCL8-L1 and
CXCL8-L2, which were released by macrophages under the modulation
of IFN-γ. RT-qPCR was employed to determine the transcript levels of
gene IFN-γ, CXCL8-L1 and CXCL8-L2 of zebrafish larvae. The results
showed that the transcript levels of IFN-γ, CXCL8-L1 and CXCL8-L2 in
STM-WT infection groups were significantly lower than those in STM-
Δspv infection groups at 6 hpi and 8 hpi (P < 0.05) (Fig. 5D–F). These

Fig. 4. The influence of spv locus on autophagy and type I interferon response in zebrafish larvae. (A) The expressions of autophagy related proteins LC3 and p62
were detected by western blot analysis. The relative ratio of LC3-II/β-actin and p62/β-actin were detected by ImageJ. (B to D) The mRNA levels of IRF3 (B), IRF7 (C)
and IFN 1 (D) were measured by RT-qPCR. Student's t-test were used for statistical analysis. Data represented three independent experiments combined. Errors bars
represented SEM. *P < 0.05.
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data suggested that spv locus could decrease the release of IFN-γ and
chemokines of neutrophils.

3.6. The interplay among autophagy, type I interferon response and
neutrophil chemotaxis influenced by spv locus

Zebrafish larvae were primed with or without Torin 1 for 48 h and
collected to detect the expressions of LC3 by western blot at 8 hpi.
Results showed that the expression of LC3-II in STM-WT infection group
was lower than that in STM-Δspv group without Torin 1 treatment
(P < 0.05). After the treatment with Torin 1, the expression of LC3-II
in STM-WT infection group was increased markedly and there was no
significant difference in comparison with STM-Δspv infection group
(P > 0.05) (Fig. 6A).

With or without the pretreatment of Torin 1, zebrafish larvae were
immersed in bacteria for 8 h to assess the bacterial survival. The results
showed that the survival bacteria of STM-WT infection group were
more than STM-Δspv infection group without the assistance of Torin 1
(Fig. 6B) (P < 0.05). After the pretreatment of Torin 1, the survival
bacteria was evidently declined in STM-WT infection group (P < 0.05)
and was comparable to that in STM-Δspv infection group (P > 0.05).
These findings demonstrated that the depressed autophagy process by

spv locus could affect the elimination of bacteria.
Zebrafish larvae were pretreated with or without Torin 1 for 48 h

and collected at 8 hpi. The transcript levels of type I interferon-related
gene IRF3, IRF7 and IFN 1 were detected in zebrafish. Without the in-
tervention of Torin 1, the transcript levels of IRF3, IRF7 and IFN 1 were
significantly higher in the STM-Δspv infection group than those in the
STM-WT infection group (P < 0.05) (Fig. 6C–E). After the pretreat-
ment of Torin 1, the mRNA levels of IRF3, IRF7 and IFN 1 in STM-WT
infection group were increased, and there were no significant differ-
ences in comparison with STM-Δspv infection group (P > 0.05)
(Fig. 6C–E). The transcript levels of IFN-γ, CXCL8-L1 and CXCL8-L2,
that generating in the downstream of type I interferon response, were
also determined by RT-qPCR. Without the pretreatment of Torin 1, the
transcript levels of IFN-γ, CXCL8-L1 and CXCL8-L2 were significantly
higher in STM-Δspv infection group than in STM-WT infection group
(P < 0.05). However, the mRNA levels of IFN-γ, CXCL8-L1 and CXCL8-
L2 were increased in STM-WT infection groups after the treatment of
Torin 1, and were comparable with STM-Δspv infection group
(P > 0.05) (Fig. 6 F-H). These findings implicated that spv operon
could decrease the secretion of chemokines through inhibiting autop-
hagy and type I interferon response in zebrafish larvae infection model.

Fig. 5. The effect of spv operon on the chemotaxis of neutrophils in zebrafish larvae. (A) Bacteria dissemination and neutrophil chemotaxis were observed by laser
confocal microscopy at 6 hpi, 8 hpi and 10 hpi. (B to C) The bacterial load and aggregation of neutrophils were measured by Image J. The green indicated neutrophils,
while the red indicated STM-WT or STM-Δspv. Scale bar, 100 μm. (D to F) The transcript levels of IFN-γ (D), CXCL8-L1 (E) and CXCL8-L2 (F) were measured by RT-
qPCR. Student's t-test were used for statistical analysis. Data represented three independent experiments combined. Error bars represented SEM. *P < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

Salmonellae are enteric pathogens and responsible for about 115
million human infections per year all around the world [26]. The in-
teraction between Salmonella and host defense has been explored for
many years. Our previous studies demonstrated that spv locus could
affect autophagy and the aggregation of neutrophils. But the specific
mechanism of spv locus on the chemotaxis of neutrophils are still not
fully illuminated.

Exiting on the membrane of lysozymes or mature endosomes, TLR3
could recognize degraded pathogen components residing in the au-
tophagosome when it fused with lysozymes or mature endosomes, sti-
mulating TRIF, TRAF3, IRF3 and the downstream signaling pathway.
Therefore, we hypothesized that the process of antimicrobial autophagy
may initiate the TRIF-dependent type I interferon response. In this
study, the expressions of autophagy associated proteins LC3 and p62
were detected. At the same time, transcript levels of type I interferon
response related gene TRIF, TRAF3 and IFN-β were measured in mac-
rophages. Results indicated that spv locus could inhibit autophagy as
well as type I interferon response in vitro. As an ATP competitive

inhibitor, Torin 1 is commonly used as the autophagy agonist by
combining with the autophagy inhibitor target of Rapamycin (TOR). In
order to investigate the interplay between the inhibition of autophagy
and type I interferon response by spv locus, cells were pretreated with
Torin 1 and the expression of LC3 as well as the transcript levels of
macrophage type I interferon response related genes were detected.
With the intervention of Torin 1, the expression of LC3- II in cells in-
fected with STM-WT was significantly increased to a comparable level
to those incubated with STM-Δspv at 2 hpi. At 4 hpi, the transcript levels
of type I interferon response related genes in STM-WT infection group
were improved and showed no difference with STM-Δspv infection
group by the interference of Torin 1. The bacterial load in STM-WT
infection group is higher than that in STM-Δspv infection group at 2 hpi
and 4 hpi. After being treated with Torin 1, the differences of bacterial
load between two groups are lower at 2 hpi. At 4 hpi, the viable bac-
teria in STM-WT group are more than STM-Δspv group with treatment
of Torin1, which can be explained by the phase of autophagy. These
data suggested that the type I interferon response inhibited by spv locus
could be relieved by the activation of autophagy. In addition, the in-
terplay between suppression of autophagy and type I interferon

Fig. 6. The impact of spv operon on the mechanism for neutrophils chemotaxis in zebrafish larvae. With or without the pretreatment of Torin 1, the larvae at 5 dpf
were immersed in STM-WT and STM-Δspv. (A) The expression of autophagy related protein LC3 was detected by western blot analysis. The relative ratio of LC3-II/β-
actin was measured by ImageJ. (B) The number of viable bacteria was measured by CFU counting. (C to H) The mRNA levels of IRF3 (C), IRF7 (D), IFN 1 (E), IFN-γ
(F), CXCL8-L1 (G) and CXCL-L2 (H) were detected by RT-qPCR. One-way analysis of variance (ANOVA) and Student's t-test were used for statistical analysis. Data
represented three independent experiments combined. Errors bars represented SEM.*P < 0.05.
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response by spv operon were also verified in zebrafish larvae.
IFN-β, the production of type I interferon response, could induce the

secretion of type II interferon IFN-γ and stimulate the secretion of
chemokine CXCL9 and CXCL10 in mice, which was critical for the re-
cruitment of neutrophils to infection foci [13]. However, in zebrafish, it
was demonstrated that the specific neutrophil chemokine CXCL8-L1
and CXCL8-L2 were required for resisting Salmonella infection [19]. To
explore the potential mechanism of spv operon on aggravating Salmo-
nella infection, the mRNA levels of cytokines IFN-γ, CXCL8-L1 and
CXCL8-L2 were measured, transgenic zebrafish larvae were also in-
volved to observe the dissemination of bacteria and neutrophils accu-
mulation visually. Data showed that spv locus could restrain the tran-
script levels of these genes and the recruitment of neutrophils. Torin 1
was used to further confirm the interaction among autophagy, type I
interferon response and chemotaxis of neutrophils in zebrafish. With
the intervention of Torin 1, the levels of autophagy, the transcription of
type I interferon response related genes as well as the neutrophils
chemokines in STM-WT infection group were improved. With the in-
tervention of Torin 1, the difference of bacterial load between two
groups is lower, suggesting that the assessment of bacterial survival was
affected by autophagy rather than type I interferon response. These
results demonstrated that spv locus may restrain the secretion of neu-
trophil chemokines via inhibiting autophagy and type I interferon re-
sponse, and ultimately affect the neutrophil chemotactic function to
promote bacterial survival and proliferation. It is perplexing that the
transcript levels of IRF3 and IRF7 in both STM-WT and STM-Δspv in-
fection groups were enhanced significantly while the transcript levels of
IFN 1, IFN-γ, CXCL8-L1 and CXCL8-L2 were improved only in STM-WT
infection group with the intervention of autophagy agonist (Fig. 6). The
latest research may be helpful for explaining our results, which de-
monstrated that selective autophagy could degrade the adaptor TRIF
thus modulating innate inflammatory signaling [27]. In detail, the ac-
tivation of autophagy in STM-Δspv infection group with Torin 1 spurs a
mass of secretion of IRF3 and IRF7, however, the undue autophagy may
clear the adaptor TRIF to some extent resulting in a slight increase in
the transcript levels of IFN 1, IFN-γ, CXCL8-L1 and CXCL8-L2.

It is widely known that neutrophils play a paramount role in
clearing extracellular bacteria by phagocytosis, but various researches
focused on their functions of eliminating intracellular bacteria in recent
years. Gasdermin D-dependent neutrophils death were induced by ac-
tivated noncanonical inflammasome signaling pathway, which could
mediate the host defense against intracellular Salmonella ΔsifA [28].
The extracellular vesicles that released from Mycobacterium tuberculosis-
infected neutrophils can promote the clearance of intracellular Myco-
bacterium by early superoxide anion production and autophagy induc-
tion [29]. Interestingly, neutrophils from mice that is whether suscep-
tible or resistant to infection can eliminate facultative intracellular
bacterium Listeria monocytogenes effectively. These findings arrest our
great attention to figure out the potent and specific ability of neutrophil
in defending against intracellular bacteria [30].

Since the essential role that neutrophils serve in determining the
outcome of infection as mentioned above, researches on neutrophil
chemotaxis shed novel light on host defense mechanisms against fa-
cultative intercellular pathogens. And the investigation on the specific
intracellular signaling pathway that determining the neutrophil che-
motaxis in vivo was of great significance for the development of anti-
inflammatory therapies [31]. After the primary chemoattractants such
as formyl-peptides were produced by bacteria or necrotic cells in in-
flammatory sites, the activated secondary chemoattractants were re-
leased from the surrounding tissue and resident immune cells, which
would activate the nearby endothelia and recruit neutrophils in a dis-
tance [32].

To date, it was confirmed that CXCL8 served as the most important
secondary chemoattractants among CXCL2, CXCL8 and leukotriene B4

(LTB4) [33]. Acting on C-X-C chemokine receptor 1 and 2 (CXCR1 and
CXCR2) which expressing in a variety of cells, CXCL8 could participate

in the clearance of pathogens and delay disease progressions [34]. Our
data suggested that spv locus might suppress IFN-γ to impact CXCL8-L1
and CXCL8-L2. Similarly, IFN-γ could influence CXCR3 of CXCL9,
CXCL10, and CXCL11 to the defense against Salmonella infection in
mice, which implied that IFN-γ could facilitate macrophages to secret
chemokines and promote the chemotaxis of neutrophil [35]. However,
some researches revealed that IFN-γ may mediate the suppression of
neutrophil by Staphylococcal Enterotoxin Type A (SEA) or increasing
SOCS3 expression in neutrophils [36,37]. It is possible that the mod-
ulation of IFN-γ on the aggregation of neutrophil is dependent on dif-
ferent pathogens.

Recently, more and more investigations focused on motility and
migration of neutrophils in response to infection and the related me-
chanisms were not restricted to the secretion of chemokines. The acti-
vation of transcription factor FOXO1 by bacterial challenge is de-
manded not only to mobilize neutrophils in response to infection, but
also facilitate the functions of neutrophil including chemotaxis, pha-
gocytosis, and bacterial killing in vivo [38,39]. By inducing autocrine
ATP signaling and subsequently promoting myosin light chain phos-
phorylation, lipopolysaccharide (LPS) was identified as a potent signal
for inhibiting neutrophil migration [40]. Moreover, endothelial IL-6
paracrine signaling serves as an essential role in neutrophil migration
and survival during infection [41]. The fact that transendothelial mi-
gration (TEM) of neutrophils is limited to submucosal vessels when
responding to Salmonella/endotoxin-induced inflammation may regard
as the regulator of recruitment of neutrophils to the inflamed intestines
[40]. In addition, the infiltration of neutrophils is a double-edged
sword, which would cause severe inflammation when there is excessive
accumulation of neutrophils. The infiltration of neutrophils in intestine
could lead to damage of tissues, such as disorganization of intestinal
barrier [5]. Accordingly, the balance of neutrophils aggregation is ne-
cessary for the host to stay in good condition, among which neutrophil
reverse migration was proposed recently [42].

In conclusion, this study demonstrated that spv locus could inhibit
type I interferon response and the chemotaxis of neutrophil via re-
straining autophagy. These findings provide substantial information for
studying the mechanism of Salmonella escaping the host innate immune
response. In order to further illustrate the pathogenesis of spv locus on
Salmonella infection, more attention would be paid to both forward and
reverse migration of neutrophils in the following investigations.
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