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In addition to inducing apoptosis, caspase inhibition 
contributes to necroptosis and/or autophagy depending 
on the cell type and cellular context. In macrophages, 
necroptosis can be induced by co-treatment with Toll-like 
receptor (TLR) ligands (lipopolysaccharide [LPS] for TLR4 and 
polyinosinic-polycytidylic acid [poly I:C] for TLR3) and a cell-
permeable pan-caspase inhibitor zVAD. Here, we elucidated 
the signaling pathways and molecular mechanisms of cell 
death. We showed that LPS/zVAD- and poly I:C/zVAD-
induced cell death in bone marrow-derived macrophages 
(BMDMs) was inhibited by receptor-interacting protein kinase 
1 (RIP1) inhibitor necrostatin-1 and autophagy inhibitor 
3-methyladenine. Electron microscopic images displayed 
autophagosome/autolysosomes, and immunoblotting data 
revealed increased LC3II expression. Although zVAD did not 
affect LPS- or poly I:C-induced activation of IKK, JNK, and 
p38, it enhanced IRF3 and STAT1 activation as well as type I 
interferon (IFN) expression. In addition, zVAD inhibited ERK 
and Akt phosphorylation induced by LPS and poly I:C. Of 
note, zVAD-induced enhancement of the IRF3/IFN/STAT1 
axis was abolished by necrostatin-1, while zVAD-induced 
inhibition of ERK and Akt was not. Our data further support 
the involvement of autocrine IFNs action in reactive oxygen 

species (ROS)-dependent necroptosis, LPS/zVAD-elicited 
ROS production was inhibited by necrostatin-1, neutralizing 
antibody of IFN receptor (IFNR) and JAK inhibitor AZD1480. 
Accordingly, both cell death and ROS production induced by 
TLR ligands plus zVAD were abrogated in STAT1 knockout 
macrophages. We conclude that enhanced TRIF-RIP1-
dependent autocrine action of IFNβ, rather than inhibition of 
ERK or Akt, is involved in TLRs/zVAD-induced autophagic and 
necroptotic cell death via the JAK/STAT1/ROS pathway.
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INTRODUCTION

Cell death is an evolutionarily conserved biological process 

that is crucial for embryonic development, tissue homeosta-

sis, and immune responses. Several studies have identified 

various forms of cell death, such as apoptosis, necroptosis, 

autophagic cell death, and pyroptosis. In addition to the mor-

phological distinction, each type of cell death relies on a sub-

set of proteins and molecular pathways (Denton and Kumar, 
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2019; Doherty and Baehrecke, 2018; Kist and Vucic, 2021). It 

is clear that none of these pathways operate alone. Instead, 

many pathways share components and signaling principles 

and have intricate connections, even switching the death 

signals to activate respective death pathways (Kist and Vucic, 

2021).

 Necroptosis is a recently identified alternative cell death 

caused by necrosis (Grootjans et al., 2017; Hanson, 2016; 

Zhang et al., 2020; Zheng and Kanneganti, 2020). This can 

be induced by caspase inhibition under certain circumstanc-

es. Necroptosis is an ancient and evolutionarily conserved 

cell death modality that participates in several pathogeneses, 

such as embryonic abortion, ischemic injury, neurodegener-

ation, viral infection, colitis, and acute kidney injury (Galluzzi 

et al., 2017; Pasparakis and Vandenabeele, 2015; Xia et al., 

2020; Yuan et al., 2019). Recent studies have indicated the 

involvement of the assembly of a supramolecular complex 

called the necrosome to mediate the execution of necropto-

sis. Receptor-interacting protein (RIP) 1 and RIP3 are two Ser/

Thr protein kinases that undergo caspase-dependent protein 

cleavage (Hanson, 2016; Yuan et al., 2019). Inhibition of 

caspase activity by caspase inhibitors, such as carboben-

zoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone 

(zVAD), results in RIP1- and RIP3-contained necrosome 

formation, and their coordinated kinase activities deliver a 

pronecrotic signal relying on the production of mitochondrial 

reactive oxygen species (ROS) (He et al., 2009; Mandal et al., 

2020; Vandenabeele et al., 2010a).

 Autophagy is an evolutionarily conserved process in innate 

immunity and metabolism, whereas excess autophagy leads 

to cell death. Accumulating evidence indicates the interplay 

between autophagy and necroptosis by observing the co-oc-

currence of autophagy during the necroptotic process. For 

example, the RIP1 inhibitor necrostatin-1 (Nec-1) can block 

light chain 3 (LC3)-II induction and neuronal damage in the 

retina after ischemia-reperfusion injury (Rosenbaum et al., 

2010). Moreover, autophagy-dependent necroptosis has also 

been demonstrated in palmitic acid-stimulated endothelial 

cells (Khan et al., 2012) and in ovarian cancer cells with BMI1 

inhibition (Dey et al., 2016). Autophagy-dependent necro-

ptosis is an alternative strategy for overcoming the resistance 

of childhood acute lymphoblastic leukemia (Bonapace et al., 

2010).

 Toll-like receptors (TLRs) are crucial pattern recognition re-

ceptors involved in innate immunity. One mechanism for host 

defense is the induction of autophagy in macrophages. As re-

ported, TLR4 and TLR3 activation by lipopolysaccharide (LPS) 

and polyinosinic-polycytidylic acid (poly I:C), respectively, can 

cause autophagy not only in macrophages via the Toll-IL-1R 

domain-containing adaptor-inducing IFN-β factor (TRIF)-RIP1 

pathway, but also in various cell types, such as cardiomyo-

cytes and cancers (Gao et al., 2018; Lai et al., 2018; Shi and 

Kehrl, 2008; Xu et al., 2006, 2007). The induction of auto-

phagy by TLR3/4 activation contributes to cancer cell migra-

tion and invasion (Zhan et al., 2014) and heart failure after 

myocardial infarction (Gao et al., 2018). Studies have shown 

that inhibition of caspase-dependent degradation of TRIF1 

and RIP1 by zVAD can induce TRIF/RIP1/ROS-dependent au-

tophagic cell death in TLR3/4 activated macrophages (Jabir et 

al., 2014; Xu et al., 2006, 2007). In addition to inducing au-

tophagy-dependent cell death, LPS/zVAD and poly I:C/zVAD 

can induce necroptosis via TRIF/RIP1/RIP3 in macrophages 

(Seya et al., 2012), cancer cells (Seya et al., 2012; Takemura 

et al., 2015) and microglia (Kim and Li, 2013). A study further 

revealed that inhibition or elimination of caspase 8 during 

stimulation of TLR4 and TLR3 can directly induce TRIF asso-

ciation with the necrosome for cell necroptosis (Kaiser et al., 

2013). A recent report further showed that TRIF turnover is 

regulated by autophagy and downregulation of the autopha-

gy-related gene Atg16l1 promotes TRIF accumulation and its 

downstream signaling in macrophages (Samie et al., 2018). 

Although the above studies suggest that the TLR/TRIF signal-

ing axis mediates autophagic and necroptotic death in mac-

rophages under TLR3/4 activation and caspase inhibition, the 

molecular link between both death modes remains unclear. 

Therefore, in this study, we used primary BMDMs as the cell 

model to explore the effects of zVAD on LPS- and poly I:C-in-

duced signaling pathways and the molecular link between 

autophagy and necroptosis. We found that TRIF-RIP1-depen-

dent autocrine action of interferon-β (IFNβ) may participate 

in the process of zVAD-induced autophagic and necroptotic 

death in TLR3- and TLR4-activated macrophages via the JAK/

STAT1/ROS pathway.

MATERIALS AND METHODS

Reagents
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine 

serum (FBS), trypsin-ethylenediaminetetraacetic acid (EDTA), 

penicillin G, and streptomycin were purchased from Invit-

rogen Corporation (USA). LPS, poly I:C, 3-methyladenine 

(3-MA), bafilomycin A1, 3-(4,5-cimethylthiazol-2-yl)-2,5-di-

phenyl tetrazolium bromide (MTT), 2’7’-dichlorodihydrofluo-

rescein diacetate (DCFH2-DA), and butylated hydroxyanisole 

(BHA) were obtained from Sigma-Aldrich (USA). zVAD was 

obtained from Bachem (USA). Nec-1, U0126, and PD98059 

were obtained from Calbiochem (USA). AZD1480 was 

purchased from Selleckchem (USA). Mouse type I IFN recep-

tor-neutralizing antibody was purchased from e-Bioscience 

(USA). The tumor necrosis factor (TNF) receptor neutralizing 

antibody, Embrel, was purchased from Wyeth (USA). LC3 

antibody was purchased from MBL (USA). Antibodies against 

extracellular signal-regulated kinase (ERK)-2, c-Jun NH2-ter-

minal kinase (JNK)-1, p38, IκB kinase (IKK)-α/β, and signal 

transducer and activator of transcription protein (STAT)-1, 

as well as horseradish peroxidase-coupled anti-rabbit and 

anti-mouse antibodies were purchased from Santa Cruz Bio-

technology (USA). Antibodies against phosphorylated IKKα 

(Ser176)/IKKβ (Ser177), JNK, ERK, p38, Akt, STAT-1, and IRF3 

were obtained from Cell Signaling Technology (USA). The 

antibody against β-actin was obtained from Upstate Biotech-

nology (USA).

Mice
Wild-type (WT) and STAT1-/- C57BL/6 mice were bred under 

specific pathogen-free conditions at the Animal Center of the 

National Taiwan University College of Medicine. The animal 

experiments were conducted in accordance with institutional 
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regulations after receiving approval from the Ethics Commit-

tee of the National Taiwan University College of Medicine 

(No. 20130391).

Preparation of BMDMs
Mice at 8-12 weeks of age were killed by cervical dislocation, 

and both tibias and femurs were dissected free of adher-

ent tissues. The ends of the bones were cut off and flushed 

by irrigation with DMEM until the bone cavity appeared 

white. The cells were resuspended by vigorous pipetting and 

washed by centrifugation at 1,000 rpm for 10 min. The cells 

were then cultured in 150 mm plastic tissue-culture dishes 

(Corning, USA) with 25 ml DMEM containing 15% FBS and 

20% L929 fibroblast conditional medium as a source of 

mouse macrophage colony-stimulating factor (M-CSF). The 

L929 fibroblast conditioned medium was the supernatant of 

5 × 105/ml L929 fibroblasts cultured for 7 days in a 75T flask 

containing 25 ml complete DMEM medium. Macrophages 

were obtained from adherent cells after 7-10 days of culture. 

The purity of differentiated macrophages was assessed by 

staining with antibodies against CD11b-FITC (eBioscience, 

USA) and F4/80-PE (BD Pharmingen, USA). The cell popula-

tion of CD11b+ and F4/80+ double-positive cells was 90%, as 

previously described (Lin et al., 2010). All animals were bred 

under specific pathogen-free conditions at the Laboratory 

Animal Center, National Taiwan University College of Med-

icine (Taiwan). All experimental procedures were approved 

by the National Taiwan University College of Medicine Ethics 

Committee in accordance with the guidelines for the care of 

animals (IACUC No. 20140278).

MTT assay
Cells (104/ml) in 96-well plates were incubated with the indi-

cated drugs at 37°C for 24 h. MTT (5 mg/ml) was added for 

60 min, the culture medium was removed, and the formazan 

granules generated by live cells were dissolved in dimethyl 

sulfoxide (DMSO). The optical density values at 550 nm and 

630 nm were measured using a microplate reader. The net 

absorbance (OD550-OD630) indicates the enzymatic activity of 

mitochondria and cell viability.

Propidium iodide uptake assay
Cell membrane integrity was assessed by determining the 

ability of cells to take up propidium iodide (PI). Cells were 

trypsinized, collected by centrifugation, washed once with 

phosphate-buffered saline (PBS), and resuspended in PBS 

containing 25 mg/ml PI. The cells were incubated for 20 

min at 37°C. After incubation, the cells were analyzed using 

FACScan flow cytometry. The level of PI uptake by cells was 

quantified, and the percentage of cell population with posi-

tive PI staining indicating necrosis was determined.

Electron microscopic detection of autophagy
Cells were collected and fixed with 4% paraformaldehyde in 

0.1 M cacodylate buffer at 4°C overnight. The cells were then 

rinsed with cacodylate buffer, post-fixed with 1% osmium 

tetroxide in 0.1 M cacodylate buffer, dehydrated in a graded 

series of ethanol (75%, 85%, 95%, and 100%), and em-

bedded in an Epon-araldite mixture. After the resin had so-

lidified, the plastic culture dish was broken up to release the 

resin containing the embedded cells. Specimens were sec-

tioned with a Diatome diamond knife on a Rechert Ultracut 

E ultramicrotome (Leica, Germany). Ultrathin sections were 

stained with uranyl acetate and lead citrate and viewed using 

an H-7100 electron microscope (Hitachi, Japan). All images 

were captured using an ORCA-ER CCD digital camera system 

(Advanced Microscopy Techniques, USA).

Immunoblotting analysis
After the treatment, the medium was aspirated. Cells were 

rinsed once with ice-cold PBS, harvested, and lysed directly 

with 1X sodium dodecyl sulfate (SDS) gel-loading buffer (50 

mM Tris-HCl, pH 6.8, 2% 2-mercaptoethanol, 0.1% bro-

mophenol blue, and 10% glycerol). Samples were heated at 

95°C for 5 min and equal amounts of the whole cell extracts 

were electrophoresed on 8%-15% SDS-polyacrylamide gel 

electrophoresis (PAGE), and transferred to Immunobilon-P 

(Millipore, USA). Membranes were blocked with Tris-buffered 

saline with Tween 20 (TBST) (50 mM Tris-HCl, pH 7.5, 150  

mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk 

for 1 h at room temperature to minimize nonspecific binding. 

After hybridization with the primary antibodies, membranes 

were washed three times with TBST and incubated with a 

horseradish peroxidase-conjugated secondary antibody for 

1 h. After washing three times with TBST, the protein bands 

were detected using an ECL detection reagent (PerkinElmer 

[USA] or Millipore). β-Actin was used as the internal control.

Measurement of cytosolic ROS
To measure cytosolic ROS levels, we used DCFH2-DA. After 

treatment for the indicated time periods, cells were collected 

and incubated in PBS containing the reagent DCFH2-DA (5 

μM) for 30 min at 37°C. After incubation, cells were washed 

twice with PBS, re-suspended in 0.3 mL PBS, and subjected 

to flow analysis using a FACScan flow cytometer. The data 

based on FL1 channels were analyzed using the CellQuest 

program.

Real-time reverse transcription-polymerase chain reaction 
with SYBR Green detection
The expression of cytokines and TLR3/4 was determined by 

real-time reverse transcription-polymerase chain reaction 

(RT-PCR) analysis. After treatment, the cells were homoge-

nized with 500 μl RNA-Bee isolation reagents (Tel-test), and 

total RNA was extracted following the commercial standard 

protocol. Reverse transcription was performed using an RT-

PCR kit (Promega, Germany), and 5 μg of total RNA was 

reverse transcribed to cDNA following commercial standard 

procedures. The specific primer sequences for IFNβ, IFNα, in-

terleukin (IL)-6, IL-1β, cyclooxygenase (COX)-2, TNF-α, TLR3, 

and TLR4 were listed in Table 1. Amplification products using 

SYBR Green detection were routinely checked using dissoci-

ation curve software (PerkinElmer Life Science, USA) and by 

gel electrophoresis on a 1% agarose gel and then visualized 

under UV light following staining with 0.05% ethidium bro-

mide to confirm the size of the DNA fragment and that only 

one product was formed. Samples were compared using the 

relative (comparative) Ct method to analyze the results. The 
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fold of induction was measured relative to time-matched 

vehicle-treated controls and calculated after adjusting for 

β-actin using 2-ΔΔCt, where ΔCt = target gene Ct – β-actin Ct, 

and ΔΔCt = ΔCt treatment – ΔCt control.

Enzyme-linked immunosorbent assay (ELISA)
BMDMs cultured in 3.5 cm dishes were stimulated with the 

indicated agents at 37°C and 5% CO2. Culture supernatants 

were harvested and centrifuged at 1,000 rpm to remove cell 

debris. The concentration of IFNβ in the supernatants was 

measured using the DuoSet ELISA development kit (R&D Sys-

Table 1. The specific primers for target gene

Gene Sense Antisense

TLR3 TCTGGAAACGCGCAAACC GCCGTTGGACTCTAAATTCAAGAT

TLR4 GCCTTTCAGGGAATTAAGCTCC AGATCAACCGATGGACGTGTA A

IFNα TCTGATGCAGCAGGTGGG AGGGCTCTCCAGAYTTCTGCTCTG

IFNβ AGCTCCAAGAAAGGACGAACAT GCCCTGTAGGTGAGGTTGATCT

IL-6 TTCCTCTCTGCAAGAGACTTC GGTCTGTTGGGAGTGGTATC

IL-1β TTCAAGGGGACATTAGGCAG TGTGCTGGTGCTTCATTCAT

TNF-α ATGAGAAGTTCCCAAATGGCC TCCACTTGGTGGTTTGCTACG

COX-2 GAGAGAAGGAAATGGCTGCAGAA GGCTTCCAGTATTGAGGAGAACAGA

Actb CGGGGACCTGACTGACTACC AGGAAGGCTGGAAGAGTGC

Fig. 1. zVAD co-treatment with TLR3 and TLR4 ligands induces the RIP1-dependent necroptosis in BMDMs. BMDMs were pre-treated 

with vehicle (veh) or necrostatin-1 (Nec-1) (10 μM) for 30 min, followed by zVAD (20 μM for most experiments or at the indicated 

concentrations) for another 30 min. Cells were then stimulated with LPS (1 μg/ml) or poly I:C (20 μg/ml) for 24 h, and cell viability was 

assessed by MTT assay (A) or PI uptake (B). Data were presented as the mean ± SEM from at least three independent experiments. *P < 

0.05, indicating significant cytotoxic effects. #P < 0.05, indicating a significant effect of Nec-1 in inhibiting cytotoxicity induced by zVAD/

TLR ligands.
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tems, USA) according to the manufacturer’s instructions.

Phagocytosis
BMDMs (5 × 105) were seeded and stimulated with LPS 

(1 μg/ml) or poly I:C (20 μg/ml) for 4 h or 8 h at 37°C and 

5% CO2. In the last 1 h, pHrodo Escherichia coli bioparticles 

(Thermo Fischer Scientific, USA) were added at 20 μg/ml. 

One hour later, the cells were washed and trypsinized, and 

the phagocytose particles were determined using FACScal-

ibur (BD Biosciences). Mean fluorescence was determined 

and analyzed using the CellQuest Pro software.

Statistical evaluation
Values were expressed as the mean ± SEM of at least three 

independent experiments. Student’s t-test was used to deter-

mine the statistical significance (P < 0.05).

RESULTS

zVAD induces necroptosis and autophagic cell death in 
TLR3- and TLR4-activated BMDMs
Before elucidating the molecular events underlying necro-

ptosis upon caspase inhibition, we first treated BMDMs with 

zVAD and TLR ligands (LPS or poly I:C). LPS (1 μg/ml), poly 

I:C (20 μg/ml), and zVAD (10 μM or 20 μM) alone failed to 

change cell viability, whereas co-treatment of zVAD with 

each TLR ligand for 24 h caused apparent cytotoxicity as as-

sessed by MTT assay (Fig. 1A) or PI uptake (Fig. 1B). Next, we 

found that LPS/zVAD- and poly I:C/zVAD-induced cell death 

could be reversed by the necroptosis inhibitor Nec-1 (Fig. 1). 

We also examined the effects of zVAD on other TLR ligands, 

including Pam3CysSerLys4 (Pam3CSK4) (Pam, TLR2/TLR1 li-

gand), flagellin (TLR5 ligand), R848 (TLR7/8 ligand), and CpG 

oligodeoxynucleotides (CpG ODNs) (TLR9 ligand). Neverthe-

less, we did not observe cell death when these TLR ligands 

were treated together with zVAD (data not shown), indicat-

ing that TRIF- rather than the MyD88-dependent pathway of 

Fig. 2. zVAD/LPS and zVAD/poly I:C induce autophagic cell death in BMDMs. (A and B) BMDMs were pretreated with zVAD (20 μM) 

for 30 min prior to stimulation with LPS (1 μg/ml) or poly I:C (20 μg/ml) for different periods. The total cell lysates were subjected to SDS-

PAGE and immunoblotting with LC3 antibody (A). In electron micrographs, BMDMs were conducted with 8 h drug treatment, either LPS/

zVAD or poly I:C/zVAD, compared to control group. The white arrows indicate autolysosome, and the black arrow indicates the double 

membrane components, autophagosome. “N” indicates nuclei, “M” indicates mitochondria and the scale bar is 500 nm (B). (C) BMDMs 

were pretreated with zVAD (20 μM), 3-MA (1 mM), and/or bafilomycin A1 (100 nM) for 30 min, followed by the stimulation with LPS 

(1 μg/ml) or poly I:C (20 μg/ml). After treatment for 24 h, the cell viability was assessed by MTT assay. veh, vehicle. Data were the mean 

± SEM from at least three independent experiments. *P < 0.05, indicating significant cytotoxic effects. #P < 0.05, indicating significant 

effect of 3-MA and bafilomycin A1 to inhibit cytotoxicity induced by zVAD/TLR ligands.
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TLRs is involved in evoking necroptosis under conditions of 

caspase inhibition.

 To determine whether autophagy is induced and con-

tributes to cell necroptosis in zVAD/LPS- and zVAD/poly 

I:C-treated BMDMs, we examined the autophagic marker 

LC3-II, which is converted from LC3-I during the initiation of 

autophagy. Results revealed that within 8 h of treatment, 

LPS/zVAD and poly I:C/zVAD synergistically increased LC3-

II levels. Compared with the weak effects of TLR3/4 ligands, 

zVAD alone induced a more apparent induction of LC3-II (Fig. 

2A). Consistently, we found that zVAD can also induce mor-

phological autophagic features in TLR3/4-activated BMDMs. 

Compared with the control, 8 h treatment with LPS/zVAD or 

poly I:C/zVAD induced the formation of a double membrane 

component, autolysosome (white arrows), and autophago-

some (black arrow) (Fig. 2B). During the autophagic process, 

the morphology of the mitochondria was not affected by 

agent treatment (Fig. 2B). Notably, LPS/zVAD- and poly I:C/

zVAD-induced cell death was blocked by 3-methyladenine (3-

MA) and bafilomycin A1, two autophagy inhibitors (Wu et 

al., 2011) (Fig. 2C). These results suggest that autophagic cell 

death contributes to necroptosis in BMDMs treated with LPS/

zVAD or poly I:C/zVAD.

zVAD differentially regulates LPS- and poly I:C-induced 
signaling pathways: No effects on JNK, p38, and IKK, 
while inhibition of ERK and Akt, and stimulation of IRF3 
and STAT1 are observed
After observing that zVAD and TLR ligands exerted a syner-

gistic effect on cell death, we examined the signaling cas-

cades under combination treatment. We found that zVAD 

did not affect LPS- and poly I:C-induced activation of JNK, 

p38, or IKK. However, LPS- and poly I:C-activated ERK and 

Akt were inhibited by zVAD (Figs. 3A and 3B). On the other 

hand, TLR3 and TLR4 activate the TRIF-dependent IRF3 path-

way to induce type I IFN production, which then functions 

in an autocrine manner to activate STAT1 phosphorylation. 

Here, we found that LPS and poly I:C induced the activation 

of IRF3 and STAT1, and zVAD can further enhance both 

responses upon co-treatment with LPS (Fig. 3C) or poly I:C 

Fig. 3. zVAD differentially affects LPS- and poly I:C-induced signaling pathways: Inhibition of ERK and Akt, and enhancement of IRF3-

STAT1 pathway, but no effects on IKK, JNK, and p38. BMDMs were pretreated with zVAD (20 μM) for 30 min prior to stimulation with 

LPS (1 μg/ml) (A and C) or poly I:C (20 μg/ml) (B and D). After incubation for different periods as indicated, the total cell lysates were 

subjected to SDS-PAGE followed by immunoblotting for JNK, p38, IKK, ERK, Akt (A and B), IRF3, and STAT1 (C and D). The results were 

representative traces that were repeated in three independent experiments.
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Fig. 4. Effects of zVAD on LPS- and poly I:C-induced inflammatory gene expression and phagocytosis. (A-C) BMDMs were pretreated 

with zVAD (20 μM) prior to treatment with LPS (1 μg/ml) or poly I:C (20 μg/ml) for 6 h. Real time-PCR was conducted to measure gene 

expression. (D) Cells were treated with agents as mentioned above for 4 h and 8 h. E. coli bioparticles were treated at the last one hour. 

Phagocytosis was determined by flow cytometry. Data were the mean ± SEM from at least three independent experiments. *P < 0.05, 

indicating significant effects of TLR ligands. #P < 0.05, indicating significant effect of zVAD to inhibit the effects of TLR ligands.
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(Fig. 3D). These findings suggest that zVAD can enhance the 

TLR3/4-mediated TRIF-IRF3 signaling pathway.

Effects of zVAD on LPS- and poly I:C-induced inflammato-
ry gene expression and phagocytosis
Next, we determined the pro-inflammatory gene expression 

induced by LPS and poly I:C. We found that LPS-induced 

IL-6, IL-1β, TNF-α, and COX-2 gene expression at 6 h was 

attenuated by zVAD (Fig. 4A). On the other hand, poly I:C 

treatment at 20 μg/ml upregulated moderate IL-6, TNF-α and 

COX-2 gene expression as compared to LPS (Fig. 4B), but 

did not significantly induce IL-1β gene expression (data not 

shown). Notably, zVAD only reduced the responses of COX-

2 under poly I:C stimulation (Fig. 4B). Moreover, LPS and poly 

I:C can upregulate TLR3 gene expression with a higher effect 

of poly I:C than LPS. In contrast, LPS, but not poly I:C, can 

downregulate TLR4 mRNA levels. zVAD treatment further 

enhanced poly I:C-induced TLR3 gene expression, but did not 

alter the effects of LPS on the increase and inhibition of TLR3 

and TLR4 gene expression, respectively (Fig. 4C).

 Because phagocytosis is the innate immune response of 

macrophages, we also determined the effect of zVAD on cell 

phagocytosis. As previously described, LPS and poly I:C in-

creased macrophage phagocytosis, while the effects of both 

TLR agonists were blocked by co-treatment with zVAD (Fig. 

4D).

Fig. 5. RIP1 positively regulates IFN expression and STAT1 signaling. (A) BMDMs were pretreated with zVAD (20 μM) prior to treatment 

with LPS (1 μg/ml) or poly I:C (20 μg/ml) for 5 or 8 h. After incubation soluble IFNβ in culture medium was measured with commercial 

mouse IFNβ ELISA kit. (B) BMDMs were pretreated with zVAD (20 μM) either in the absence or presence of Nec-1 (10 μM) or 3-MA 

(1 mM) prior to the treatment with LPS (1 μg/ml) or poly I:C (20 μg/ml). After incubation for 3 h, mRNA was extracted and reversely 

transcribed for qPCR analyses of IFNβ and IFNα gene expression. Values were normalized to β-actin gene expression and expressed 

relative to the control group. Data were the mean ± SEM from at least three independent experiments. *P < 0.05, indicating significant 

enhancement of IFNs expression in the presence of zVAD. #P < 0.05, indicating significant effects of 3-MA and Nec-1 to inhibit IFNs 

expression induced by zVAD/TLR ligands. (C) Similar procedure as (B) was applied, and STAT1 phosphorylation at different time points 

was determined by immunobloting.
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RIP1-dependent increases of IFNβ production and JAK/
STAT1 signaling
After observing the ability of zVAD to enhance TRIF-medi-

ated IRF3 signaling, we verified whether the major cytokine 

produced via this pathway (i.e., type I IFNs, especially IFNβ) is 

concomitantly increased. Additionally, because Nec-1, 3-MA, 

and bafilomycin A1 can prevent necroptosis, as shown in Figs. 

1 and 2, we aimed to understand the effects of both agents 

on the TRIF-mediated signaling pathway. First, we collected 

the culture medium and measured the IFNβ expression. In the 

resting state with zVAD treatment alone, we could not detect 

the cytokine levels in the medium (data not shown). Howev-

Fig. 6. IFNβ mediates cell necroptosis under LPS/zVAD and poly I:C/zVAD treatment. (A-C) BMDMs were pretreated with zVAD (20 

μM), AZD1480 (1 μM), IFNR-Ab (1 μg/ml) or Embrel (10 ng/ml) for 30 min and stimulated with LPS (1 μg/ml) or poly I:C (20 μg/ml). 

After incubation for 24 h, cell viability was determined by PI uptake (A) and MTT assay (B). In some experiments, STAT1 phosphorylation 

was determined by immunobloting at different periods (C). (D) The wild type and STAT1 knockout BMDMs were pretreated with zVAD 

(20 μM) for 30 min prior to LPS (1 μg/ml) or poly I:C (20 μg/ml) stimulation. After 24 h incubation, the cell viability was assessed by MTT 

assay. (E) BMDMs were pretreated with zVAD (20 μM) for 30 min prior to IFNβ (10 ng/ml) stimulation. Cell viability was determined by 

MTT assay after 24 h incubation (upper panel), and STAT1 activation status was determined at different periods of time as indicated (lower 

panel). veh, vehicle. Data were the mean ± SEM from at least three independent experiments. *P < 0.05, indicating significant effects 

of zVAD/TLR ligands on cell viability. #P < 0.05, indicating significant reversal effects of AZD1480, IFNR-Ab and STAT1 KO on cytotoxicity 

induced by zVAD/TLR ligands.
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er, we found that zVAD enhanced LPS- and poly I:C-induced 

IFNβ release at 5 h and 8 h (Fig. 5A). Accordingly, the mRNA 

level of IFNβ was upregulated by LPS and poly I:C with higher 

efficacy of poly I:C, and both responses were further in-

creased in the presence of zVAD. For IFNα mRNA expression, 

only poly I:C slightly upregulated gene transcription (Fig. 5B), 

while LPS did not exert this effect (data not shown). Likewise, 

zVAD further increased IFNα gene expression under poly 

I:C treatment (Fig. 5B). Moreover, these increased respons-

es of zVAD to IFNα and IFNβ expression were inhibited by 

Nec-1 and 3-MA (Fig. 5B). In agreement with the effects of 

decreasing IFN expression, 3-MA and Nec-1 can reduce the 

stimulated STAT1 phosphorylation caused by LPS/zVAD and 

poly I:C/zVAD (Fig. 5C). These results suggest that zVAD can 

enhance TRIF-dependent IFN expression and STAT1 signaling, 

and both actions rely on RIP1 kinase activation.

Autocrine IFNβ involves in cell death via JAK-STAT1 path-
way
After observing the increased IFNβ production, we examined 

the contribution of type I IFNs to LPS/zVAD- and poly I:C/

zVAD-induced cell death. To this end, we used a neutralizing 

antibody of type I IFN receptor (IFNR-Ab) and JAK inhibitor 

AZD1480 to manipulate endogenous IFN function and sig-

naling, respectively. Using PI uptake and MTT assay as indi-

ces of cell death, we found that treatment with IFNR-Ab or 

AZD1480 decreased LPS/zVAD- and poly I:C/zVAD-induced 

necroptosis (Figs. 6A and 6B). Meanwhile, AZD1480 was 

found to decrease STAT1 activation induced by LPS and poly 

I:C, even in the presence of higher phospho-STAT1 expres-

sion under zVAD pretreatment (Fig. 6C). Notably, we found 

that necroptotic cell death was abrogated in STAT1 knockout 

BMDMs (Fig. 6D). Therefore, we suggest that RIP1-depen-

dent necroptotic cell death caused by TLR ligands/zVAD 

co-treatment in macrophages relies on autocrine JAK/STAT1 

signaling of IFNR.

 To further address this notion, we determined the effects 

of exogenous IFNβ treatment. IFNβ treatment, either alone 

or in combination with zVAD, failed to change the viability 

of BMDMs (Fig. 6E, upper panel). In addition, IFN-induced 

Fig. 7. ERK and Akt inhibition are not mediated by RIP1 and not involved in necroptosis. (A) BMDMs were pretreated with zVAD (20 

μM) in the absence or presence of 3-MA (1 mM) or Nec-1 (10 μM) for 30 min and then treated with poly I:C (20 μg/ml). After incubation 

for different periods as indicated, the total cell lysates were subjected to SDS-PAGE followed by immunoblotting for ERK and Akt. (B) 

BMDMs were pretreated with U0126 (3 μM) or PD98059 (10 μM) for 30 min and then treated with LPS (1 μg/ml) and/or zVAD (20 

μM). After 24 h, the cell viability was determined by MTT assay. veh, vehicle. Data were the mean ± SEM from at least three independent 

experiments. *P < 0.05, indicating synergistic cell death caused by LPS and zVAD.
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STAT1 phosphorylation was not affected by zVAD (Fig. 6E, 

lower panel). These results suggest that RIP1-depednent 

signaling for enhancing IFNβ production is a prerequisite 

modulator of cell necroptosis; however, IFNβ itself is not suf-

ficient to induce this event even in the presence of zVAD. This 

implies that events downstream of the TRIF-RIP1 pathway 

beyond STAT1 activation are necessary to integrate death 

mechanisms for cell necroptosis.

 In addition to IFNs, we considered the possible involve-

ment of TNF-α in necroptosis. The reason for this specula-

tion is based on previous studies showing that TNF-α can 

trigger necroptosis in mouse embryonic fibroblasts (Lin et 

al., 2004) and L929 fibrosarcoma cells (Vandenabeele et al., 

2010b). Moreover, the autocrine action of TNF-α is involved 

in zVAD-induced cell necrosis in L929 cells (Chen et al., 

2011; Wu et al., 2011). To address this possibility, we treated 

BMDMs with a TNFα neutralizing antibody, Embrel (10 ng/

ml). We found that cell death caused by zVAD/LPS and zVAD/

poly I:C was unaffected in the presence of Embrel (Figs. 6A 

and 6B).

RIP-1 independent inhibition of Akt and ERK signaling 
might not involve in LPS/zVAD-induced cell necroptosis
Next, we investigated whether zVAD-mediated ERK and Akt 

inhibition, as shown in Fig. 3, might contribute to RIP1-de-

pendent death. First, we found that 3-MA itself did not affect 

EKR activity, but enhanced poly I:C-induced ERK phosphor-

ylation. Under these conditions, zVAD reduced the increase 

in ERK phosphorylation under TLR3 activation (Fig. 7A). 

Unsurprisingly, 3-MA, a dual inhibitor of class I and class III 

PI3Ks (Lin et al., 2012; Wu et al., 2010), abrogated Akt acti-

vation under poly I:C stimulation. For Nec-1, we found that 

it failed to alter ERK and Akt activation caused by poly I:C or 

the inhibitory effects of zVAD on both signals (Fig. 7A). These 

results suggest that zVAD-induced ERK and Akt inhibition 

occurs through a mechanism independent of RIP1 kinase ac-

tivation.

 To understand whether ERK inhibition contributes to 

zVAD-induced necroptosis in TLR-activated BMDMs, we used 

pharmacological ERK inhibitors to determine cell viability. We 

found that the MEK inhibitor, U0126 or PD98059, did not al-

ter the viability of BMDMs when treated with LPS and zVAD, 

regardless of individual treatment and co-treatment (Fig. 7B). 

These findings suggest that RIP1-independent ERK inhibition 

caused by zVAD/TLR ligands might not be involved in TLR 

ligands/zVAD-induced necroptosis in BMDMs. Because Nec-1 

did not alter the inhibitory effect on Akt, we suggest that Akt 

inhibition might not contribute to cell death caused by TLR/

zVAD.

ROS production participates in TLR/zVAD-induced auto-
phagic cell necroptosis
ROS have been shown to participate in non-caspase-induced 

cell necrosis. We hypothesized that ROS play a crucial role 

in the necroptosis induced by zVAD plus TLR ligands. First, 

we used the antioxidant BHA to test cell viability. The results 

showed that BHA protected cells from death (Fig. 8A). Next, 

we measured intracellular ROS production using the DCFH2-

DA. We found that LPS alone significantly increased ROS pro-

duction after 3 h of treatment and then gradually declined. 

In the presence of zVAD, the peak of ROS production at 3 h 

was enhanced and ROS level was still maintained at a higher 

level compared to control cells within 8-16 h (Fig. 8B). Of 

note, we only detected a slight increase in the effect of poly 

I:C on cytosolic ROS production, which was only about a 

15% increase at 3 h. At 1 h and 6 h after poly I:C (20 μg/ml) 

treatment, the cytosolic ROS level did not change (data not 

shown). Due to the marginal effect on ROS, we did not ob-

serve any significant effect of zVAD. We speculate that these 

data for poly I:C might result from the weaker effect of poly 

I:C than LPS and the low sensitivity of ROS detection. Next, 

we used Nec-1, AZD1480, and IFNR-Ab to examine wheth-

er the RIP1-IFN-JAK-STAT1 pathway is associated with ROS 

regulation. The results revealed that the LPS/zVAD-induced 

increase in ROS at 3, 8, and 12 h was inhibited by all manip-

ulations (Fig. 8C). Moreover, the elevated ROS production by 

LPS, either in the absence or presence of zVAD, was abrogat-

ed in STAT1 knockout BMDMs (Fig. 8D). Therefore, it is sug-

gested that elevated ROS production resulting from the RIP1/

IFNβ/JAK/STAT1 pathway participates in LPS/zVAD-induced 

cell death.

 Given that both autophagic cell death (Fig. 2C) and ROS 

production (Fig. 8A) are responsible for necroptosis, we 

attempted to further understand the link between these 

events. Using LC3-II conversion as an index of autophagic in-

duction, we found that LPS/zVAD- and poly I:C/zVAD-elicited 

LC3-II expression was attenuated by BHA (Fig. 9A). Similarly, 

Nec-1 was effective in attenuating the action of LPS/zVAD 

(Fig. 9B, upper panel). In contrast, U0126 had no effect on 

this event (Fig. 9B, lower panel). Moreover, BMDMs deficient 

in STAT1 also displayed less autophagic induction than WT 

cells (Fig. 9C). These data suggest that ROS are involved in 

TLR ligands/zVAD-induced autophagy.

DISCUSSION

The caspase inhibitor, zVAD, has been shown not only to 

protect cells from apoptosis but also to induce caspase-inde-

pendent cell necroptosis. Moreover, zVAD can also enhance 

autophagic cell death in TLR-activated macrophages (Mar-

tinet et al., 2006; Xu et al., 2006, 2007). In this study, we 

confirmed this notion in simultaneous TLR3/4-activated and 

zVAD-treated BMDMs by observing the increased LC3-II ex-

pression and the appearance of autophagosomes and autol-

ysosomes by electronic microscopy. In addition, we demon-

strated that LPS/zVAD or poly I:C/zVAD-induced cell death in 

BMDMs can be protected by the autophagy inhibitors 3-MA 

and bafilomycin A1, suggesting autophagic death of BMDMs 

under TLR/zVAD stimulation. This suggests that autophagy 

might coordinate with necroptosis in zVAD-induced cell 

death in TLR-activated BMDMs. In addition, we found that 

TRIF-RIP1-dependent autocrine action of IFNβ may participate 

in the process of zVAD-induced autophagic and necroptotic 

death in TLR3- and TLR4-activated macrophages via the JAK/

STAT1/ROS pathway.

 The downstream of TLR4 contains two pathways: 

MyD88-dependent and TRIF-dependent. Although both sig-

naling pathways have been demonstrated for TLR-mediated 
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autophagy (Shi and Kehrl, 2008), the TRIF-RIP1 pathway is 

more widely recognized after zVAD treatment. As reported, 

caspase-1-dependent RIP1 cleavage inhibits autophagy; 

conversely, zVAD can induce autophagy by increasing down-

stream signaling of RIP1 (Jabir et al., 2014). Here, our study 

indicates that the TRIF-dependent IRF3 pathway shared by 

TLR3 is enhanced by zVAD. Accordingly, the subsequent in-

crease in type I IFNα/β production and its autocrine action via 

IFNR to trigger JAK-STAT1 signaling were enhanced by zVAD.

 Type I IFNs play important roles in innate immune and 

adaptive immune responses by inducing the transcription 

of a select set of genes called IFN-stimulated genes. In this 

study, confirming previous findings (Legarda et al., 2016; 

McComb et al., 2014), we demonstrated the essential role 

of IFNs in LPS/zVAD- and polyIC/zVAD-induced cell death. 

The evidence for this conclusion includes the ability of neu-

tralizing antibodies against IFNR, JAK inhibitor AZD1480, and 

genetic STAT1 knockout to prevent cell death. Previously, 

STAT1 was shown to be involved in LPS/zVAD-induced cell 

death in macrophages (Kim and Lee, 2005). In this study, we 

provide more comprehensive evidence to link previous find-

ings from TRIF-RIP1 to IFN production and then to autocrine 

IFNR-JAK-STAT1 actions for ROS production and subsequent 

cell death. Despite the essential role of IFNs-JAK-STAT1 in 

TLR ligand/zVAD-induced cell death, exogenous βIFN-γ/zVAD 

co-treatment did not induce cell death, and zVAD did not 

affect STAT1 phosphorylation caused by IFNβ. This suggests 

that events downstream of the TRIF-RIP1 pathway besides 

the IFNs-JAK-STAT1 axis is a prerequisite for integrating death 

mechanisms for autophagic cell necroptosis.

 In our results, LPS and poly I:C induced p38, JNK, ERK, Akt, 

and IKK activation. However, only ERK and Akt phosphory-

Fig. 8. ROS production resulting from STAT1 activation contributes to necroptosis. (A) BMDMs were pretreated with BHA (100 μM) 

and/or zVAD (20 μM) for 30 min prior to LPS (1 μg/ml) or poly I:C (20 μg/ml) treatment. After incubation for 24 h, the cell viability was 

assessed by MTT assay. (B) Cells were pretreated with zVAD, LPS (1 μg/ml) and/or poly I:C for different periods, and then intracellular ROS 

was measured by DCFH2-DA fluorescence. (C) Similar experiments as (B) were conducted in cells treated with Nec-1 (10 μM), AZD1480 (1 

μM) or IFNR-Ab (1 μg/ml). veh, vehicle. (D) BMDMs from WT and STAT1 KO mice were treated with zVAD and/or LPS, and ROS levels at 8 

h and 18 h were measured. Data were the mean ± SEM from at least three independent experiments. *P < 0.05, indicating enhancement 

effects of zVAD on cytotoxicity and ROS production. #P < 0.05, indicating reversal effects of BHA, Nec-1, AZD1480, IFNR-Ab, and STAT1 

knockout on zVAD-induced cytotoxicity and ROS production.
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lation were inhibited by zVAD. Although we still do not have 

detailed molecular mechanisms for the distinct actions of 

zVAD on TLR signals via MyD88 and TRIF, our data exclude 

the involvement of ERK and Akt inhibition in cell death. 

This is because the ERK inhibitor U0126 and MEK inhibitor 

PD98059 did not mimic the action of zVAD to induce cell 

death in TLR-activated BMDMs. Undeniably, as we men-

tioned above for the situation of IFNs, we still need to consid-

er other death elements that might orchestrate or leverage a 

more complicated death mechanism by interacting with ERK.

 In the TRIF-dependent pathway, RIP1 and TBK/IRF3 are 

divided into two pathways. TBK/IRF3 can regulate the in-

flammatory response to produce cytokines, such as type I 

IFNs (Schmalz et al., 2011). On the other hand, RIP1 is at the 

crossroad position to control cell fate (Witt and Vucic, 2017). 

It can activate IKK-NF-B to regulate cell viability (Meylan et al., 

2004; Schmalz et al., 2011; Takeda et al., 2003), but can also 

induce necrosis in the absence of caspase activity (Jabir et al., 

2014; Kaiser et al., 2013; Seya et al., 2012; Xu et al., 2006, 

2007). In this study, we found that RIP1 inhibitor does not 

Fig. 9. RIP1-dependent ROS 

production and STAT1 activation, 

but not ERK, are involved in 

autophagy initiation. BMDMs 

were pretreated with BHA (100 

μM) (A), U0126 (3 μM), or Nec-

1 (10 μM) (B) for 30 min followed 

by treatment with zVAD (20 μM), 

LPS (1 μg/ml), poly I:C (20 μg/ml), 

or different periods as indicated. 

In (C), STAT1 knockout BMDMs 

were treated in a similar manner. 

Total cell lysates were subjected to 

SDS-PAGE and immunoblotting 

with an LC3 antibody.
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alter polyIC-induced Akt activation but can suppress zVAD-in-

duced enhancement of IFN expression, phospho-STAT1 ex-

pression, and cell death. Taken together, we suggest that the 

RIP1 pathway downstream of TRIF controls IRF3 activation for 

IFN expression and subsequent cell death in zVAD/TLR-treat-

ed macrophages.

 ROS play an essential role in caspase-independent cell 

death in many different cell systems. NADPH oxidase, an im-

portant mediator of ROS production, is involved in TLR-medi-

ated signaling pathways, including NF-kB for innate immunity 

(Liu et al., 2015). ROS also participates in zVAD-induced 

non-apoptotic autophagic cell death in RAW 264.7 macro-

phages (Xu et al., 2006). In our previous study, we found 

that in mouse embryonic fibroblasts, zVAD plus Fas ligand 

induced non-apoptotic necrosis with the production of ROS 

(Chen et al., 2009). Herein, we found that zVAD can enhance 

LPS-induced ROS production, and BHA can protect BMDMs 

from zVAD-induced autophagic cell necroptosis upon LPS 

and poly I:C stimulation. Unexpectedly, we only detected a 

slight increase (15%) in cytosolic ROS within 6 h of treatment 

with poly I:C. We speculate that this effect different from LPS 

might be due to the limitation of detection sensitivity of the 

ROS dye. Despite this effect, the protective effect of BHA on 

cell death caused by poly I:C/zVAD suggests the involvement 

of ROS in cell death resulting from autophagy and necropto-

sis.

 Moreover, zVAD-enhanced ROS production in TLR-acti-

vated BMDMs was inhibited by Nec-1, AZD1480, and IFNR 

neutralizing antibodies as well as by STAT-1 knockout. These 

findings suggest that zVAD-induced ROS production is reg-

ulated by the RIP1 and IFN/JAK/STAT pathways in TLR-acti-

vated BMDMs. Apart from ROS-dependent STAT1 activation 

(Liu et al., 2017), STAT1 seems to control ROS in a positive 

feedback manner, although the detailed mechanism is not 

clear (Kim et al., 2017). Moreover, we showed that ROS can 

mediate LC3-II expression under LPS/zVAD or poly I:C/zVAD 

treatment. Previously depending on the cell types and con-

texts ERK has been shown to induce (Chen et al., 2011) or 

inhibit autophagy (Gorentla et al., 2011; Wang et al., 2009). 

In this study, besides TRIF-RIP1 and STAT1-ROS axis, which 

participate in LC3-II expression, more detailed molecular 

mechanisms, especially in signaling integration and cytokine 

involvement, require further investigation.

 In this study, we also found differential effects of zVAD 

on LPS- and poly I:C-induced inflammatory gene expression. 

zVAD significantly decreased LPS-induced IL-1β, IL-6, TNF α 

and COX-2 gene expression, while only COX-2 induction by 

poly I:C was reduced by zVAD. We also considered whether 

TLR receptor expression might contribute to these findings, 

and in particular, if the increased TRIF signaling pathway by 

zVAD results from the change in TLR3. We found that only 

LPS treatment could downregulate TLR4, and zVAD had no 

effect in this event. As for TLR3 mRNA, which is upregulated 

by LPS and poly I:C, zVAD only increased the effect of poly 

I:C. The finding that poly I:C has a higher effect than LPS 

on upregulation of TLR3 is consistent with previous studies 

(Chen et al., 2021; Pan et al., 2011). Although these find-

ings might partially support our observation that zVAD can 

enhance poly I:C-induced signaling, this mechanism cannot 

be applied in the case of LPS. Therefore, the enhancement of 

Fig. 10. Signaling pathway and molecular mechanisms underlying TLR/zVAD-induced autophagic cell necroptosis. In TLR3/4 activated 

macrophages, TRIF-mediated RIP1/IRF3 and RIP1/RIP3 signaling pathways are enhanced by the caspase inhibitor zVAD, leading to IFN 

production and necrosome formation, respectively. Autocrine IFNR-JAK-STAT1 action further increases ROS production, which is a 

prerequisite for autophagic cell necroptosis. zVAD also inhibits LPS- and poly I:C-elicited ERK and Akt activation, both of which are not 

involved in the cell death mechanism.
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TRIF-mediated signaling by zVAD is a major contributor to cell 

death. The reason for the effect of LPS on increasing TLR3 

gene expression was not changed by zVAD requires further 

investigation. In addition, the differential effects of zVAD on 

TLR3- and TLR4-mediated inflammatory gene expression 

imply that more complicated mechanisms are involved in the 

expression of these genes. We observed that the signaling 

pathways of TLR3/TLR4 are differentially affected by zVAD, 

which does not affect IKK, p38, or JNK but inhibits ERK and 

Akt. Therefore, crosstalk between signaling pathways and 

differential regulatory roles of signaling molecules and tran-

scription factors for individual genes are suggested for the 

effects of zVAD on gene regulation.

 In summary, caspase inhibition by zVAD enhanced LPS- and 

poly I:C-induced autophagic cell necroptosis in macrophages. 

TRIF-dependent RIP1 activation contributes to type I IFN pro-

duction, and autocrine signaling of JAK-STAT1 contributes to 

ROS production, autophagy, and cell necroptosis. A summary 

graph of this study is shown in Fig. 10.
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