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A B S T R A C T

RIG-I and MDA5 are members of RIG-I-like receptors (RLRs) that detect viral RNA within the cytoplasm and 
subsequently initiate antiviral immune responses. Necroptosis is a form of programmed cell death (PCD) 
executed by mixed lineage kinase domain-like (MLKL), which, upon phosphorylation by receptor-interacting 
protein kinase 3 (RIPK3), causes necrotic cell death. To date, no link between RLRs and necroptosis has been 
observed during bacterial infection. Edwardsiella tarda is a zoonotic bacterial pathogen that can thrive in host 
macrophages. In a previous study, we identified RIG-I and MDA5 as two hub factors of RAW264.7 cells 
responsive to E. tarda infection. The present study aimed to determine the specific form of cell death triggered by 
E. tarda and explore the association between RIG-I/MDA5 and PCD in the context of bacterial infection. Our 
results showed that E. tarda infection induced RIPK3-MLKL-mediated necroptosis, rather than pyroptosis or 
apoptosis, in RAW264.7 cells. Meanwhile, E. tarda promoted RIG-I/MDA5 production and activated the RIG-I/ 
MDA5 pathways that led to IRF3 phosphorylation, IFN-β secretion, and interferon-stimulated gene (ISG) and 
cytokine expression. Both RIG-I and MDA5 were essential for E. tarda-triggered necroptosis and required for 
effective inhibition of intracellular bacterial replication. Furthermore, the regulatory effect of RIG-I/MDA5 on 
necroptosis was not affected by type I IFN or TNF-α signaling blockage. Together these results revealed that 
necroptosis could be triggered by intracellular bacterial infection through the RIG-I/MDA5 pathways, and that 
there existed intricate interplays between PCD and RLRs induced by bacterial pathogen.

1. Introduction

Retinoic acid-inducible gene I (RIG-I) like receptors (RLRs) are a 
family of DExD/H box RNA helicases, including RIG-I, melanoma 
differentiation-associated protein 5 (MDA5), and laboratory of genetics 
and physiology 2 (LGP2) (Loo and Gale, 2011; Yoneyama and Fujita, 
2009). During viral infection, RIG-I and MDA5 can sense viral 
double-stranded RNA (dsRNA) and interact with mitochondrial antiviral 
signaling protein (MAVS) via the caspase activation and recruitment 
domain (CARD), thereby eliciting the production of type I interferons 
(IFN1) through pathways mediated by interferon regulatory factor 3 
(IRF3) and IRF7 (Schweibenz et al., 2022; Seth et al., 2005; Thoresen 
et al., 2021). IFN1 binds to its receptor (IFNAR) and induces down
stream signaling, resulting in the expression of a variety of 
interferon-stimulated genes (ISGs) to facilitate pathogen clearance 

(Brisse and Ly, 2019). While viruses are well known to be inducers of 
varied RLR cascades, only three intracellular bacteria, i.e., Listeria 
monocytogenes, Mycobacterium tuberculosis, and Salmonella enterica 
serovar Typhimurium, have been reported to activate the RLR signaling 
(Abdullah et al., 2012; Bullen et al., 2023; Hagmann et al., 2013; 
Schmolke et al., 2014). Furthermore, the immunological consequences 
and signaling processes of RLR activation during bacterial infection are 
largely unclear.

Necroptosis is an inflammatory form of programmed cell death 
(PCD) executed by the pore-forming protein mixed lineage kinase 
domain-like (MLKL). MLKL exists as an inactive protein that can be 
activated by receptor-interacting protein kinase (RIPK) 3, which phos
phorylates MLKL at the C-terminal region, the hallmark of necroptosis 
(He et al., 2016; Linkermann and Green, 2014). The phosphorylated 
MLKL forms oligomers, which translocate to the plasma membrane and 
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form channels in the membrane, leading to membrane rupture and the 
release of cytoplasmic contents, including damage-associated molecular 
patterns (DAMPs) (Humphries et al., 2015; Seo et al., 2021; Sethi et al., 
2022). Necroptosis is known to be triggered by bacterial pathogens, but 
no reports on bacteria-induced connection between necroptosis and the 
RLR pathways have been documented.

Edwardsiella tarda is a Gram-negative, facultative intracellular bac
terial pathogen with a wide range of hosts, including fish and humans 
(Leung et al., 2012; Li et al., 2019; Sun et al., 2022). E. tarda is equipped 
with an array of virulence factors that enable bacterial survival and 
proliferation within host cells, including macrophages (Chen et al., 
2017; Li et al., 2021; Merrifield et al., 2012; Sun et al., 2012; Wei et al., 
2019; Zhou et al., 2015). In a recent study, we found that E. tarda 
infection promoted the expression of MLKL and RIPK3 in the teleost fish 
Paralichthys olivaceus (Hao et al., 2024), but the mechanism is unclear. 
No other association of E. tarda and necroptosis has been reported. In 
this study, we discovered that E. tarda induced necroptosis of murine 
macrophages in a manner that depended on activation of the RIG-I and 
MDA5 pathways. Our results added new insights into the roles of pro
grammed cell death and RLRs in the mechanism of host-bacterial 
pathogen interaction.

2. Materials and methods

2.1. Cell lines and bacteria strains

HEK293T cells (American Type Culture Collection) and RAW264.7 
cells (American Type Culture Collection) were cultured in DMEM me
dium (Corning, NY, USA) supplemented with 10 % fetal bovine serum at 
37 ◦C with 5 % CO2. RAW264.7 derived cells of RAW-Lucia™ ISG (wild 
type), RAW-Lucia™ ISG-KO-RIG-I (RIG-I-/-), and RAW-Lucia™ ISG-KO- 
MDA5 (MDA5-/-) were purchased from InvivoGen (San Diego, CA, USA) 
and cultured in DMEM with 200 µg/mL Zeocin (InvivoGen, San Diego, 
CA, USA). To determine the luciferase activity of these cells, the cell 
culture supernatants were mixed with QUANTI-Luc™− 4 Reagent 
(InvivoGen, San Diego, CA, USA), and the luciferase activity was 
measured using a microplate reader (Biotek, Winooski, USA). The 
Edwardsiella tarda strain TX1 and the GFP-expressing TX1 (TX1 G) were 
grown as reported previously (Sui et al., 2017; Zhang et al., 2008).

2.2. Cellular infection

RAW264.7 cells were infected with E. tarda as reported previously 
(Li et al., 2019). In brief, the cells were infected with E. tarda at a 
multiplicity of infection (MOI) of 3:1 at 30 ◦C for 1 h The extracellular 
bacteria were killed by gentamicin (300 µg/mL). The cells were washed 
with PBS and incubated for various hours in Opti-MEM containing 30 
µg/mL gentamicin for subsequent assays. The control group was treated 
in the same manner with PBS.

2.3. Cell death observation

RAW264.7 cells were plated into 24-well plate or 35 mm glass- 
bottom culture dish (Nest Biotechnology, Wuxi, China) at about 60 % 
confluency and subjected to the indicated treatment. PI (Invitrogen, 
Carlsbad, CA, USA) was added to the culture medium to monitor cell 
death. To visualize the cell death process, the cells were infected with 
GFP-expressing E. tarda in the presence of Annexin V-Alexa Fluor 647 
(Yeasen, Shanghai, China), and the process of cell death were recorded 
using confocal microscope (Carl Zeiss, Jena, Germany) as described 
previously (Jiang et al., 2023; Xu et al., 2022a). Lactate dehydrogenase 
(LDH) release was perfromed as reported previously (Xu et al., 2022a).

2.4. Immunoblotting and ELISA

RAW 264.7 and derived cells were infected with E. tarda as above. 

The preparation of cell lysates and culture supernatants, and subsequent 
immunoblotting were conducted as reported previously (Xu et al., 
2022a). In brief, the lysates and supernatants were collected and sub
jected to 12 % SDS-PAGE (GenScript, Piscataway, NJ). The proteins 
were transferred to nitrocellulose blotting membranes (Millipore, MA, 
USA), and the membranes were blocked with 5 % BSA or 5 % skimmed 
milk for 1 h and treated with appropriate primary antibodies. The 
membranes were then incubated with HRP-conjugated secondary anti
body for 1 h, and the target proteins were visualized using an ECL kit 
(Sparkjade Biotechnology Co. Ltd, Shandong, China). 
Anti-phospho-RIPK3 antibody (ab222320), anti-phospho-MLKL anti
body (ab196436), anti-GSDMD (ab219800) antibody, anti-caspase-3 
(ab219800) antibody, and anti-MAVS antibody (ab31334) were pur
chased from Abcam (Cambridge, UK). Anti-phosphp-IRF3 antibody 
(D601 M), anti-MDA5 antibody (D74E4), and anti-RIG-I antibody 
(D14G6) were purchased from Cell Signaling Technology (Beverly, MA, 
USA). Anti-IRF3 antibody (bs-2993R) was purchased from Bioss (Bei
jing, China). Anti-RIPK3 antibody (A5431), anti-MLKL antibody 
(A17312), anti-IFN-β antibody, (A16223), anti-GAPDH antibody 
(AC001), and anti-β-actin antibody (AC026) were purchased from 
ABclonal (Wuhan, China). Anti-ISG54 antibody (12604-1-AP) was pur
chased from Proteintech (Wuhan, China).

The secretion of IFN-β was quantified with a Mouse IFN-β ELISA kit 
(Finetest, Wuhan, China) following the manufacturer’s protocol.

2.5. Co-immunoprecipitation (Co-IP)

Co-IP was performed as reported previously (Wu et al., 2024). 
Briefly, HEK293T cells were transfected with plasmids expressing the 
indicated Myc- or Flag-tagged proteins for 24 h and lysed with lysis 
buffer. The cells lysates were loaded onto anti-Myc affinity gels (Beyo
time, Shanghai, China), and the gels were incubated at room tempera
ture for 4 h, followed by washing with PBS for five times. The samples 
were analyzed by immunoblotting with anti-Myc/Flag antibodies as 
described above.

2.6. Nitric oxide (NO) measurement

RAW264.7 cells were incubated with 2′,7′-dichlorofluorescein diac
etate (DCFH-DA) (Beyotime, Shanghai, China) at 37 ◦C for 2 h and then 
washed with PBS. The cells were infected with E. tarda as above for 
different hours. NO production was measured at 495 nm excitation and 
515 nm emission using a fluorescence spectrophotometer (Infinite 
M1000, Tecan, Switzerland).

2.7. Antibody neutralization

Antibody blocking of IFNAR1 was performed using InVivoMab anti- 
mouse IFNAR1 (BioXCell, New Hampshire, USA) and InVivoMab anti- 
mouse IgG1 isotype control (BioXCell, New Hampshire, USA). Anti
bodies were added to RAW264.7 cells at a final concentration of 100 ng/ 
ml, followed by incubation for 2 h. For antibody blocking of TNF-α, 
different doses of InVivoMAb anti-mouse TNF-α (BioXCell, New 
Hampshire, USA) or isotype control were added to E. tarda-infected 
RAW264.7 cell.

2.8. Quantitative real-time PCR (qRT–PCR)

RAW264.7 cells were infected with E. tarda as above. Total RNA was 
extracted from the cells with a FastPure Cell/Tissue Total RNA Isolation 
Kit V2 (Vazyme Biotech Co. Ltd., Nanjing, China). The total RNA was 
used for cDNA synthesis with a First Strand cDNA Synthesis Kit 
(TOYOBO, Osaka, Japan). qRT-PCR was conducted in an Eppendorf 
Mastercycler (Eppendorf, Hamburg, Germany) as reported previously 
(Xu et al., 2022a). The PCR primers used are listed in Table S1.
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2.9. RNA interference (RNAi) and RNA transfection

RNAi was performed as described previously (Xu et al., 2022b). 
Briefly, RAW264.7 cells were transfected with or without (control) small 
interfering RNA (siRNA) targeting RIG-1 (siRIG-I), MDA5 (siMDA5), 
MAVS (siMAVS), or the negative control siRNA (siNC) by Lipofectamine 
RNAiMAX (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s protocol. After transfection for 24 h, the efficiency of 
gene knockdown was verified by qRT-PCR and immunoblotting. The 
siRNAs used were synthesized by GenePharma (Shanghai, China) and 
listed in Table S2. For RNA transfection, E. tarda RNA was extracted as 
described above and transfected into RAW264.7 cells with Lipofect
amine RNAiMAX.

Fig. 1. Edwardsiella tarda-induced death of RAW264.7 cells. (A) Representative time-lapse microscopic images showing Annexin V-Alexa Fluor 647 stained 
RAW264.7 cells infected with GFP-tagged E. tarda. Scale bar, 10 μm. The red arrows indicate dying cells. (B) RAW264.7 cells were infected with E. tarda for 4, 8, 12, 
or 14 h, and the cell lysate was immunoblotted with antibody against the indicated proteins. (C) RAW264.7 cells were infected with E. tarda for 4, 8, or 12 h, and LDH 
release was measured. (D) RAW264.7 cells were infected with E. tarda as above in the absence or presence of the RIPK3 inhibitor, GSK-872. LDH release was then 
determined. For (C) and (D), values are the means of three experimental replicates and shown as means ± SD. ***p < 0.001; **p < 0.01; *p < 0.05.
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2.10. Statistical analysis

Data were analyzed with Student’s t-test (for Fig. 1C and D and 
Fig. 2B), one-way analysis of variance (ANOVA) (for Fig. 3), or two-way 
ANOVA (for all others). Statistical analysis was performed with Graph
Pad Prism 7 (www.graphpad.com/) software. Statistical significance 
was defined as p < 0.05.

3. Results

3.1. E. tarda induces RIPK3-MLKL-mediated necroptosis

Time-lapse imaging showed that RAW264.7 cells infected with GFP- 

expressing E. tarda exhibited morphological changes over time, 
including cell membrane swelling and phosphatidylserine exposure 
(Annexin V-Alexa Fluor 647-positive), which ultimately led to mem
brane rupture (Fig. 1A, Video S1). These observations indicated a 
necrotic form of cell death induced by E. tarda. To further examine the 
molecular characteristics of the cell death, the activations of MLKL and 
gasdermin D (GSDMD), which are indicators of necroptosis and pyrop
tosis, respectively, were determined. The result showed that E. tarda 
induced a time-dependent increase in the phosphorylation of MLKL, 
along with the phosphorylation of RIPK3, the activating kinase of MLKL 
(Fig. 1B), suggesting the occurrence of necroptosis. In contrast, E. tarda 
infection had no apparent effect on the cleavage and activation of either 
GSDMD or caspase-3 (the effector of apoptosis) (Fig. 1B), suggesting the 

Fig. 2. Effect of Edwardsiella tarda on RIG-I/MDA5 pathway activation. (A) RAW264.7 cells were infected with or without (control) E. tarda for indicated hours. 
The cell lysates and supernatants were immunoblotted (IB) with antibodies against the indicated proteins. (B) RAW264.7 cells were treated as above, and the IFN-β 
mRNA level was determined by qRT-PCR. (C) RAW264.7 cells were treated with live or dead E. tarda for different hours. RIG-I/MDA5 production and FN-β secretion 
were determined as above. (D) RAW264.7 cells were transfected with different doses of E. tarda RNA for different hours. ISG-Lucia activity was then assessed. (E) 
RIG-I-/-, MDA5-/-, or wild type (WT) RAW264.7 cells were treated with 50 ng E. tarda RNA for 16 h, and ISG-Lucia activity was then determined. (F-G) IFN-β secretion 
(F) and ISG-Lucia activity (G) in RIG-I-/-, MDA5-/-, or wild type (WT) RAW264.7 cells following E. tarda infection were determined. (H) RIG-I-/-, MDA5-/-, or WT 
RAW264.7 cells were incubated with a NO probe for 1 h and then infected with E. tarda. The production of NO was measured at different hours. (I) RIG-I-/-, MDA5-/-, 
or WT RAW264.7 cells were infected with E. tarda for indicated hours, and the intracellular bacterial proliferation rate was determined. For (B, and D-I), values are 
the means of three experimental replicates and shown as means ± SD. ***p < 0.001; **p < 0.01.
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lack of pyroptosis and apoptosis. Furthermore, in support of the occur
rence of necroptosis, the release of LDH was significantly elevated in 
E. tarda-infected cells. Both LDH release and MLKL phosphorylation 
were significantly attenuated in E. tarda-infected cells treated with GSK- 
872, a specific inhibitor of RIPK3 (Fig. 1C,D and Figure S1). The specific 
inhibitors of RIPK1 and MLKL, i.e., Nec-1 s and NSA, respectively, also 
significantly inhibited E. tarda-triggered cell death (Figure S2).

3.2. E. tarda activates the RIG-I/MDA5 pathways that inhibit 
intracellular bacterial replication

In a previous transcriptome analysis, we identified the genes 
encoding RIG-I (DDX58) and MDA5 (IFIH1) as the hub genes in the 
immune network of RAW264.7 cells in response to E. tarda infection (Li 
et al., 2019). In the present work, we found that E. tarda infection 
induced time-dependent productions of RIG-I and MDA5, which were 
accompanied by IRF3 phosphorylation and enhanced ISG54 production, 
IFN-β expression, and IFN-β secretion (Fig. 2A,B). In contrast, 

Fig. 3. The effect of RIG-I/MDA5 knockdown on cytokine expression in Edwardsiella tarda-infected RAW264.7 cells. RAW264.7 cells were treated with or 
without (control) siRIG-I, siMDA5, or siNC. The cells were incubated with E. tarda or PBS (“Uninfected” group) for 4 h The mRNA levels of the inflammatory cy
tokines and chemokines in the cells were determined by qRT-PCR. Values are the means of three experimental replicates and shown as means ± SD. ***p < 0.001; **p 
< 0.01; *p < 0.05.
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inactivated (dead) E. tarda had no apparent effect on RIG-I or MDA5 
production (Fig. 2C). RAW264.7 cells transfected with E. tarda RNA 
exhibited a significant increase in ISG production in a manner that 
depended on the dose of the RNA (Fig. 2D). However, the ability of 
E. tarda RNA to induce ISG production was significantly reduced in 
RIG-I-/- and MDA5-/- RAW264.7 cells (Fig. 2E). Upon E. tarda infection, 
RIG-I-/- and MDA5-/- RAW264.7 cells exhibited significantly decreased 
IFN-β secretion, ISG production, and NO synthesis, than the wild type 
cells. (Fig. 2F-H). As a result, the bacterial proliferation rates in RIG-I-/- 

and MDA5-/- cells were significantly higher than that in the wild type 
cells (Fig. 2I). To further examine the importance of the RLR pathways in 
E. tarda infection, RIG-I and MDA5 expressions in RAW264.7 cells were 
knocked down by RNAi (Figure S3). Comparing with normal cells, in 
which E. tarda stimulated the expression of inflammatory cytokines 

(IL1β, IL6, and TNF-α) and a wide range of chemokines (CCL1/3/4/5/7 
and CXCL2), cells with RIG-I and MDA5 knockdown exhibited signifi
cantly decreased expressions of these cytokines during E. tarda infection 
(Fig. 3).

3.3. RIG-I and MDA5 are essential for E. tarda-induced necroptosis

Since E. tarda infection, on the one hand, induced necroptosis and, on 
the other hand, activated RIG-I/MDA5, we investigated the potential 
link between these two cellular processes. The results showed that, 
following E. tarda infection, the death of RIG-I-/- and MDA5-/- RAW264.7 
cells was much less than that of the wild type cells, as evidenced by the 
significantly lower amounts of PI-positive cells and LDH release 
exhibited by the RIG-I/MDA5 knockout cells (Fig. 4A-C). Similarly, in 

Fig. 4. RIG-I and MDA5 are required for Edwardsiella tarda-induced necroptosis. (A-D) RIG-I-/-, MDA5-/-, or wild type (WT) RAW264.7 cells were infected with 
E. tarda for 1 h After killing the extracellular bacteria, the cells were cultured for 4, 8, or 12 h and then treated as follows. (A) The cells were stained with PI and then 
observed using a confocal microscope at different time points. Scale bar, 50 μm. (B) The percentages of PI-positive cells were calculated. (C) LDH release from the 
cells was measured. (D) The cells were lysed and then subjected to immunoblotting using the indicated antibodies. (E) RAW264.7 cells were transfected with or 
without (control) siMAVS or siNC for 24 h The cells were infected with E. tarda for various hours and then determined for LDH release. (F, G) HEK293T cells were 
transfected with plasmids expressing Myc-tagged MAVS and/or Flag-tagged RIPK1 (F) or Myc-tagged MAVS and/or Flag-tagged RIPK3 (G). The cell lysates were 
immunoprecipitated (IP), and the input and IP samples were immunoblotted (IB) with anti-Myc/Flag antibodies. For panels B, C and E, values are the means of three 
experimental replicates and shown as means ± SD. ***p < 0.001; **p < 0.01.

H. Xu et al.                                                                                                                                                                                                                                       Current Research in Microbial Sciences 7 (2024) 100318 

6 



RIG-I knockdown and MDA5 knockdown cells, LDH release during 
E. tarda infection significantly decreased (Figure S4). RIG-I and MDA5 
were also required for E. tarda-induced MLKL phosphorylation, which 
was markedly diminished in RIG-I-/- and MDA5-/- cells (Fig. 4D). In line 
with these observations, when MAVS, a key adaptor in the RIG-I/MDA5 
pathways, was knocked down by siRNA, the release of LDH from 
E. tarda-infected cells significantly decreased (Figure S5 and Fig. 4E). 
Furthermore, Co-IP analysis detected MAVS interaction with RIPK1 and 
RIPK3 (Fig. 4F,G). To examine whether RIG-I/MDA5 functioned via 

IFN1, E. tarda infection was performed in the presence of anti-IFNAR1 
antibody. The result showed that antibody blocking of IFNAR1 had no 
apparent effect on the cell death of RAW264.7 cells caused by E. tarda 
(Fig. 5A,B), suggesting that the RIG/MDA5-mediated necroptosis was 
independent of IFN1 signaling. However, IFNAR1 blockage significantly 
enhanced intracellular bacterial proliferation (Fig. 5C). Antibody 
blocking of TNF-α had no apparent effect on the death of RAW264.7 
cells infected with E. tarda (Fig. 5D and E).

Fig. 5. The effect of IFNAR1 and TNF-α neutralization on Edwardsiella tarda-induced cell death. (A-C) RAW264.7 cells were treated with or without (control) 
anti-IFNAR1 antibody or isotype control for 4 h, and then infected with E. tarda for indicated hours. The cells were then treated as follows. (A) The cells were stained 
with PI and observed with a confocal microscope at different time points. Scale bar, 50 μm. (B) The percentages of PI-positive cells were calculated. (C) The 
intracellular bacterial number (shown as Colony Forming Unit, CFU) was determined by plate count. Values are the means of triplicates and shown as means ± SD. 
***p < 0.001; **p < 0.01. (D) RAW264.7 cells were incubated with or without (control) different doses of anti-TNF-α antibody or isotype control, and then infected 
with E. tarda for various hours. LDH release from the cells was determined. (E) RAW264.7 were treated with anti-TNF-α antibody and infected with E. tarda as above. 
The cells were stained with PI and observed with a microscope at different time points.
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4. Discussion

Intracellular pathogens are able to thrive inside host cells. As a 
countermeasure, the hosts have evolved a variety of molecular machines 
that carry out PCD, such as apoptosis, pyroptosis, and necroptosis, to 
destroy the replication niches of the pathogens (Bertheloot et al., 2021; 
Humphries et al., 2015; Yuan and Ofengeim, 2023). On the other hand, 
pathogens may utilize PCD to eliminate the host immune cells or to 
break the physical barriers for bacterial dissemination (Bleriot and 
Lecuit, 2016; Zhang et al., 2022). E. tarda infection has been reported to 
be associated with pyroptosis and apoptosis (Chen et al., 2017; He et al., 
2020; Niu et al., 2023; Wang et al., 2021; Zhou and Sun, 2016), but its 
association with necroptosis remains to be explored. In the present 
work, we found that E. tarda induced RAW264.7 cells to exhibit necrotic 
cell death with enhanced phosphorylation of RIPK3 and MLKL, sug
gesting the occurrence of RIPK3-MLKL-mediated necroptosis. This 
conclusion was further supported by the observation that the cell death 
was significantly blocked by RIPK1, RIPK3 or MLKL inhibition. E. tarda 
has been shown to prevent apoptosis in various hosts and cells, including 
murine macrophages, zebrafish cells and larvae, and blue gourami fish 
(He et al., 2020; Zhou and Sun, 2016). In line with these reports, we 
found that E. tarda-infected cells exhibited no apparent apoptosis 
morphology. This observation, together with the lack of caspase-3 
activation, indicated the absence of apoptosis. Similarly, gasdermin D, 
which executes pyroptosis, was not activated by E. tarda. It is possible 
that the silence of the pyroptosis and apoptosis pathways may be the 
result of some immune evasion mechanisms of E. tarda.

RLRs are best known as the key sensors of viral infection that act by 
direct interaction with viral RNAs, whereby promoting the production of 
type I IFN and other antiviral molecules to establish antiviral immunity 
(Chow et al., 2018). In this study, we found that E. tarda infection 
significantly augmented RIG-I/MDA5 production, IRF3 phosphoryla
tion, IFN-β expression/secretion, and ISG production, which together 
indicated activation of the RIG-I and MDA5 pathways. Consistently, 
E. tarda-induced IFN-β expression and secretion in RIG-I/MDA5 knock
down cells and RIG-I/MDA5 knockout cells significantly decreased, 
implying that the observed IFN-β production in the wild type cells was 
indeed due to RIG-I/MDA5 signaling. In line with the fact that RIG-I and 
MDA5 are RNA sensors, we found that E. tarda RNA stimulated ISG 
production in a RIG-I/MDA5-dependent manner, suggesting that during 
intracellular infection, E. tarda RNA may serve as a ligand for RIG-I and 
MDA5. Previous studies showed that RIG-I and MDA5 played important 
roles in eliminating cytoplasmic viruses (Chow et al., 2018). Here, we 
found that in RIG-I-/- and MDA5-/- cells, E. tarda proliferation signifi
cantly increased compared to that in the wild type cells, suggesting that 
the RIG-I and MDA5 pathways were required for optimal inhibition of 
the intracellular infection of E. tarda. This result is similar to that of a 
previous report, which showed that RIG-I and MDA5 were essential for 
intracellular bacterial removal during septicemia (Asadpour-Behzadi 
and Kariminik, 2018). It is known that RIG-I and MDA5 signaling can 
also lead to NF-κB activation. Likewise, in our study, we found that in 
addition to type I IFN, the expressions of inflammatory cytokines and 
chemokines were also enhanced in a RIG-I/MDA5-dependent manner, 
suggesting activation of the NF-κB pathway. It is likely that the 
enhanced expression of these cytokines, as well as NO production, 
accounted for the effect of RIG-I/MDA5 against E. tarda replication.

Pathogen-induced RLR-mediated necroptosis has been observed only 
with Sendai virus, which induced necroptosis in the fibrosarcoma L929 
cell line by activating the RIG-I pathway (Schock et al., 2017). Nec
roptosis mediated by RLRs has not been reported in the context of 
bacterial infection. In this study, we found that E. tarda-mediated nec
roptosis, including RIPK3/MLKL activation and cell death, was mark
edly weakened in RIG-I-/- and MDA5-/- cells, indicating a vital 
contribution of RIG-I/MDA5 to necroptosis. Since the effects of 
RIG-I/MDA5 were not significantly affected by IFNAR1 neutralization, 
the functions of RIG-I/MDA5 in necroptosis were probably independent 

of type I IFN. TNF-α has been reported to be involved in the onset of 
necroptosis (Ting and Bertrand, 2016). In this work, we found that 
E. tarda-triggered RIG-I/MDA5 signaling stimulated the expression of 
TNF-α. However, antibody blocking of TNF-α had no apparent effect on 
the death of E. tarda-infected cells, implying that E. tarda-induced nec
roptosis was likely not a downstream event of TNF-α signaling. In 
contrast, MAVS knockdown significantly inhibited E. tarda-induced cell 
death, indicating an important role of MAVS in the signaling cascade of 
E. tarda-induced necroptosis. MAVS has been reported to interact with 
RIPK1/3 to regulate innate anti-viral immunity against Influenza A virus 
(Downey et al., 2017). In accordance with this report, in this study we 
found interactions between MAVS and RIPK1/3. It is possible that these 
interactions may contribute to the activation of necroptosis by the 
RIG-I/MDA5 pathway during E. tarda infection of RAW264.7 cells.

5. Conclusions

In this study, we discovered that the intracellular bacterial pathogen 
E. tarda specifically activated RIPK3-MLKL-mediated necroptosis and 
the RIG-I/MDA5 pathways. Furthermore, both RIG-I and MDA5 were 
essential for necroptosis induction, likely in a type I IFN-independent 
manner, and effective inhibition of intracellular infection. These find
ings indicated the existence of complex interactions between RLRs and 
necroptosis, and provided new insights into the host immune response 
against intracellular bacterial pathogen.
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