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Abstract
STING is a newly identified adaptor protein for sensing cytosolic nucleic acid. It is well established that STING plays a crucial
role in innate immune response via inducing production of type I IFN. Emerging evidence suggests that the activation of STING-
dependent signaling is also implicated in the process of cell death, such as apoptosis, pyroptosis, necroptosis, and autophagy. Of
note, the pro-death outcome is even predominant in certain cell types, like lymphocytes, myeloid cells, and hepatocytes. Given
that STING agonists are being tested for enhancing antitumor immune responses, it is necessary to fully understand the outcome
of STING activation. The anti-microorganism response mediated by STING has been well described; therefore, we focus on the
role of STING-dependent signaling on cell death in this review.
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Introduction

STING (stimulator of interferon genes, encoded by
TMEM173) is a cytosolic DNA sensor and plays an essential
role in innate immune responses [1]. The identification of
STING-dependent signaling pathway represented a milestone
for nucleotide sensing research. Beyond resisting invading
pathogens, recent findings suggested that STING also partic-
ipated in the process of various autoinflammatory diseases and
even cancer [2].

STING is widely expressed in endothelial and epithelial
cells, especially in hematopoietic cells, such as T lympho-
cytes, and myeloid cells [3]. Cytosolic DNA species involves
exogenous DNA from the invading pathogens and self-DNA
leaked from the nucleus or mitochondria [4, 5]. When sensing
cytosolic DNA species, cyclic GMP-AMP synthase (cGAS)
catalyzes the formation of a type of cyclic dinucleotide (CDN)
termed cGAMP (cyclic GMP-AMP) [6]. cGAMP further ac-
tivates STING in the endoplasmic reticulum (ER). Then,

activated STING migrates to perinuclear Golgi accompanied
the recruitment of TANK-binding kinase 1 (TBK1). The
STING-TBK1 complex phosphorylates interferon regulatory
factor 3 (IRF3) and nuclear factor-κB (NF-κB). These tran-
scription factors then traffic into the nucleus for inducing type
I IFN-related gene transcription [7]. In certain cases, STING
might be directly activated by CDNs derived from bacteria,
such as cyclic di-AMP (c-di-AMP) secreted by Listeria
monocytogenes [8, 9]. The above description presents the full
process of innate immunity from sensing the invading patho-
gens or dying cells to producing inflammatory cytokines.

Self-DNA from tumors is also reported to be capable of
activating STING pathway, which further enhances antitumor
immune response [10, 11]. This finding contributed to the
development of tumor immunotherapy using STING agonists.
As the earliest applied STING agonist, DMXAA (5,6-
dimethylxanthenone-4 acetic acid) presented promising anti-
tumor effects in mouse models, but failed in clinical trials
because of the different structure of STING between mouse
and human [12]. Current studies mainly focused on the nucle-
otide STING agonist termed CDNs. CDNs are small-
molecule second messengers that activate STING directly. It
contains c-di-AMP, c-di-GMP derived from bacteria, and
cGAMP produced by cGAS. Intratumoral injection of CDNs
has shown remarkable efficacy in mouse xenograft models
[10, 13, 14]. It was also reported that CDNs had synergistic
effects with chemotherapy, radiotherapy, and immunotherapy
[15]. At present, three phase I clinical trials of intratumoral
injected CDNs alone or combination with anti-PD-1 therapy
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are under evaluated (NCT02675439, NCT03172936,
NCT03010176) [16]. Simultaneously, to improve the intracel-
lular delivery efficiency and overcome the clinical limitation
of intratumoral injection, various nanoparticles were applied,
such as liposomal nanoparticles, poly (beta-amino ester)
(PBAE) nanoparticles, PEGylated lipid nanoparticles, ultra–
pH-sensitive nanoparticles, and cationic silica nanoparticles
(CSiNPs) [17–21]. In addition, some novel non-nucleotide
STING agonists are also under investigation [22].

Although STING signaling pathway is well characterized
for generating the innate immune response, emerging evi-
dence has uncovered that STING activation was also involved
in non-inflammatory responses, such as autophagy, cross-pre-
sentation, and even cell death [23–25]. Given that STING
agonists are considered a promising sort of immunotherapy
adjuvant, it is necessary to fully understand the outcome of
STING activation. In this review, we will focus on the role of
STING-dependent signaling on cell death (Table 1).

STING signaling and apoptosis

STING signaling was first reported to be involved in apoptosis
in 2014 [38, 39]. Rongvaux et al. and White et al. proved
independently that during apoptosis, Bak/Bax induced the
leakage of mitochondrial DNA (mtDNA), which was sensed

by cGAS/STING pathway and further initiated IFN produc-
tion. Of note, they noticed that apoptotic caspases could sup-
press this response and subsequently silencing the mtDNA-
mediated immune response during apoptosis [38, 39].
Although these two studies clarified the interaction between
STING signaling and apoptosis, the function of STING sig-
naling was still limited in pro-inflammatory response. Recent
studies have proved that STING-dependent signaling could
promote apoptosis directly in various types of cells, especially
in lymphocyte.

STING signaling promotes apoptosis of lymphocytes

Tang et al. first reported that STING agonist was capable of
triggering apoptosis both in normal and malignant B cells
[26]. In vivo tests clarified that STING agonists might be a
promising therapeutic agent for B cell malignancies. In addi-
tion, this study further analyzed the reason why STING ago-
nist induced apoptosis in B cells, while triggered production
of IFNs in other types of cells [26]. They found that STING
was degraded more slowly in B cells, causing the prolonged
activation of STING signaling, and then might engage
mitochondria-mediated apoptosis. With respect to T cells,
Larkin and colleagues elucidated that activation of STING
not only provoked production of IFN but also triggered cell
death [40]. These results were confirmed by another study

Table 1 Examples of cell death induced by STING-dependent signaling in individual components

Model and Cell Cell death
type

Cell death parameters Reference

cGAMP-induced STING activation; normal and malignant B
cells

Apoptosis Increased cleaved caspase-3,7,9 Tang et al. 2016 [26]

CMA or DMXAA-induced STING activation; normal and
malignant T cells

Apoptosis Increased two BH-3 only proteins Noxa and
Puma

Gulen et al. 2017 [24]

HTLV-1 virus infection; monocytes Apoptosis Increased IRF3-Bax complex Sze et al. 2013 [27]

M. bovis infection; macrophage Apoptosis Increased IRF3-Bax complex, caspase-8/3 Cui et al. 2016 [28]

Ethanol-induced alcoholic liver disease; hepatocyte Apoptosis Increased ER stress Petrasek et al. 2013
[29]

CCl4-induced liver fibrosis; hepatocyte Apoptosis Increased ER stress Iracheta-Vellve et al.
2016 [30]

High-fat diet-induced nonalcoholic fatty liver disease; hepa-
tocyte

Apoptosis Increase cleaved caspase-3 Qiao et al. 2018 [31]

Chlamydia trachomatis infection; bone marrow derived
macrophages

Pyroptosis Increased AIM2 inflammasome Webster et al. 2017
[32]

Francisella infection; bone marrow derived macrophages Pyroptosis Increased IRF1, guanylate-binding proteins,
AIM2 inflammasome

Man et al. 2015 [33]

Lipofected DNA-induced STING activation; myeloid cells Pyroptosis Increased lysosomal cell death,
NLRP3-inflammasome

Gaidt et al. 2017 [34]

MHV68 virus infection; fibrosarcoma L929 cell line Necroptosis Increased TNF Schock et al. 2017 [35]

DNA transfection-induced STING activation; bone marrow
derived macrophages

Necroptosis Increased type I IFN and TNF, activated RIPK3 Brault et al. 2018 [36]

STING transfection; MCF-7 cells Autophagy Increased p62, NDP52 Bhatelia et al. 2017
[37]

Immunol Res (2019) 67:290–296 291



recently [24]. Gulen et al. elucidated that T cells exhibit a
proapoptotic response rather than the production of IFNs un-
der the stimulation of STING agonists [24]. Mechanistically,
they found that the expression level of STING in T cells was
higher than other cell types, so T cells exhibited an intensified
STING response. The intensified STING response was asso-
ciated with the induction of two BH3-only proteins, Noxa and
Puma. Additionally, the proapoptotic STING response also
existed in malignant T cells, providing a potential therapeutic
target for T cell malignancies [24].

Taken together, it seems that the intensity of STING re-
sponse determines the outcome of STING signaling activa-
tion. The intensified STING response tends to trigger apopto-
sis, while the non-intensified STING response tends to trigger
production of type I IFN. As apoptosis is also considered as a
way for the host to resist intracellular microorganism [41, 42],
we speculate that at the early stage of infection or stimulated
by a small number of microorganisms, activated STING sig-
naling tends to induce the production of IFNs. Instead, at the
chronic stage of infection or stimulated by a large number of
microorganisms, activated STING signaling tends to trigger
apoptosis. Of note, STING-mediated apoptosis exists in nor-
mal lymphocyte. It sounds the alarm for the therapeutic appli-
cations of STING agonists in treating cancers.

STING signaling promotes apoptosis of myeloid cells

Besides lymphocytes, the proapoptotic effect of STING was
elucidated in myeloid cells. Sze et al. demonstrated that when
human T cell leukemia virus type 1 (HTLV-1) invaded mono-
cytes, cytosolic reverse transcription intermediates (RTI)
could induce the production of IRF3-Bax complex through
activating STING [27]. The IRF3-Bax complex further
evoked the mitochondria-mediated apoptosis. Similarly, Cui
et al. found that during Mycobacterium bovis (M. bovis) in-
fection, activated STING-TBK1-IRF3 pathway engaged apo-
ptosis of macrophages by interacting with Bax and caspase-8/
caspase-3 [28].

Recently, Chattopadhyay et al. have uncovered the mech-
anism of IRF3-mediated pathway of apoptosis [43]. Unlike
activated by phosphorylation as a transcription factor, IRF-3
was activated by ubiquitination in the proapoptotic pathway.
Two specific Lys residues, located in 193 and 313, of IRF3
could be polyubiquitinated by LUBAC (the linear
polyubiquitinating enzyme complex). This modification trig-
gered IRF-3 to connect with Bax and finally induced apopto-
sis. Although this study reported that the proapoptotic signal-
ing complex was assembled in IPS1 (mitochondrial antiviral-
signaling protein), it appears plausible to extrapolate these
results to STING. Interestingly, a recent study has successfully
observed the process of mtDNA efflux during BAK/BAX-
driven apoptosis by live-cell lattice light-sheet microscopy

[44]. These leaked mtDNA subsequently activated STING-
mediated inflammatory response.

Based on these results mentioned above, we speculate
that there might be a proapoptotic positive feedback loop
formed by STING, IRF-3, and mtDNA. STING/TBK1 ac-
tivated IRF-3 by ubiquitination; ubiquitinated IRF-3 links
to BAX, inducing mitochondrial apoptosis and mtDNA
leakage, which in turn activates STING. These results pro-
vided an emerging cell death pathway to resist viral or bac-
terial infections in myeloid cells.

STING signaling promotes apoptosis of hepatocytes

Szabo and colleagues showed for the first time that STING/
TBK1/IRF3 pathway played a crucial pathogenic role in liver
disease by triggering hepatocyte apoptosis [29, 30]. Under the
stimulation of ethanol or CCl4, STING/TBK1/IRF3 mediated
interaction between ER stress and apoptosis in hepatocytes,
determining the early stage of alcoholic liver disease (ALD)
and liver fibrosis. Recently, another group reported a similar
phenomenon in nonalcoholic fatty liver disease (NAFLD)
[31]. They found that high-fat diet could activate STING-
IRF3, which further promoted both inflammation and apopto-
sis signaling pathway of hepatocytes. Collectively, the cross-
talk between ER stress and apoptosis mediated by STING-
dependent signaling plays an essential role in the development
of liver disease. This provides a probable therapeutic target for
early intervention programs for liver injury.

In summary, the outcome of STING activation varies in
distinct cell types. The proapoptotic effect seems to be more
prominent in lymphocytes, myeloid cells, and hepatocytes.
Mechanistically, as shown in Fig. 1, three major pathways are
implicated in STING-mediated apoptosis: 1. Activated STING
recruits LUBAC, which triggers IRF3 by ubiquitination. Then
ubiquitinated IRF3 binds Bax, contributing to mitochondrial
apoptosis. 2. IRF3 stimulated by STING could alternatively
promote the transcription of Noxa and Puma; these BH3-only
proteins further interact with Bax/Bak to induce cell death. 3.
Activated STING/IRF3 recruits FADD and caspase-8 and sub-
sequently triggers downstream caspases.

STING signaling and pyroptosis

Pyroptosis is a form of lytic cell death programmed by the
inflammatory caspase and plays a fundamental role in antimi-
crobial response [45]. It is mediated by caspase-1 canonical
inflammasomes or caspase-11 non-canonical inflammasomes.
A series of studies have uncovered the interaction between
pyroptosis and STING-dependent signaling [32]. Webster and
colleagues reported that the metabolite of intracellular
Chlamydia trachomatis, cyclic di-AMP was detected directly
by STING, which further activated both canonical and non-
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canonical inflammasomes [32].Mechanistically,Man et al. sug-
gested that the transcription factor IRF1 mediated the STING-
driven pyroptosis [33]. During infection of Francisella
tularensis subspecies novicida (F. novicida) in macrophages,
cGAS/STING pathway was activated; elevated production of
type I IFN-induced expression of IRF1, allowing the induction
of guanylate-binding proteins (GBPs). GBPs contributed to the
leakage of bacterial DNA and finally activated the absent in
melanoma (AIM2) inflammasome [33]. In addition, it was doc-
umented in human myeloid cells, STING-dependent NLRP3
activation functioned as the fundamental mediator in cell
pyroptosis. Different from the classical signaling pathway that
involves TBK1 and IRF3, activated STING could alternatively
migrate directly to lysosomes, resulting in their disruption and
subsequently trigger lysosomal cell death (LCD) [34]. LCD
further initiated K+ efflux and finally engaged NLRP3-
mediated pyroptosis.

However, recent studies have drawn different conclusions
about the relationship between STING signaling and
pyroptosis [46, 47]. It is well established that cytosolic DNA
is sensed by cGAS and AIM2, leading to type I IFN responses
and inflammasome, respectively. Corrales et al. and Banerjee
et al. reported subsequently that activation of the AIM2
inflammasome antagonized the STING pathway [46, 47].
Mechanistically, gasdermin D triggered by the AIM2

inflammasome initiated K+ efflux through membrane pores,
which was sufficient to restrain cGAS/STING-dependent type
I IFN response [47]. These findings provided a probable IFN
regulatory module during pyroptosis. Therefore, more studies
are warranted for the precise role of STING-dependent signal-
ing in pyroptosis.

STING signaling and necroptosis

Necroptosis is a programmed form of cell death characterized
by early loss of plasma membrane integrity, cell swelling, and
leakage of cytosolic contents into the intercellular space [42].
Unlike other types of necrosis, necroptosis is a tightly regulat-
ed process, which is governed by RIP1/RIP3/MLKL signaling
pathway. A series of studies implied that STING signaling
might function as a mediator in the process of necroptosis
[35, 36, 48]. Schock et al. elucidated that murine
gammaherpesvirus-68 (MHV68) were capable of triggering
cell necroptosis through STING pathway in a TNF-
dependent fashion [35]. Another group drew a similar conclu-
sion in bone marrow-derived macrophages [36]. They found
that introduction of cytosolic DNA could activate RIPK3 and
necroptosis mediated by cGAS/STING-driven production of
type I IFN and TNF. Notably, Chen et al. revealed a positive

Fig. 1 The dichotomous roles of STING-dependent signaling.
Exogenous DNA or self-DNA is sensed by cyclic GMP-AMP synthase
(cGAS), which catalyzes the production of a second message-termed
cyclic GMP-AMP (cGAMP). cGAMP further activates STING in the
endoplasmic reticulum (ER). Then, activated STING migrates to
perinuclear Golgi accompanied the recruitment of TANK-binding kinase
1 (TBK1). The STING-TBK1 complex phosphorylates interferon regu-
latory factor 3 (IRF3) and nuclear factor- κB (NF-κB), leading to the

induction of type I IFN. On the other hand, activated STING/TBK1
complex might trigger IRF3 by ubiquitination. Ubiquitinated IRF3 binds
Bax, which contributes to the release of Cyt C and activation of Caspase-
9/-3/-7; finally triggers mitochondrial apoptosis. IRF3 stimulated by
STING might alternatively promote the transcription of Noxa and
Puma; these BH3-only proteins further interact with Bax/Bak to induce
cell death. Activated STING/IRF3 could also recruit FADD and caspase-
8 and subsequently triggers downstream caspases
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feedback loop between necroptosis and STING [48]. They
found that during necroptosis, PUMA was transcriptionally
activated, mediated by RIP3/MLKL pathway. Activated
PUMA resulted in the leakage of mtDNA; then enhanced
the phosphorylation of RIP3 and MLKL in a STING-
dependent manner, contributing to signal amplification of
necroptosis in a positive feedback cycle.

STING signaling and autophagy

Autophagy is a cellular catalytic process that disassembles un-
necessary or dysfunctional components [49]. It assists in main-
taining cell homeostasis through the orderly degradation and
recycling of cellular constituents [50]. Autophagy participates
in various biological processes. Beyond nutrient starvation, au-
tophagy is also reported to be implicated in animal develop-
ment, cell differentiation, innate immune response, cancer, etc.
[51–54]. Although it remains unclear whether autophagy is the
origin of death or a survival mechanism to prevent it, autoph-
agy is intimately associated with cell death [55, 56].

Recently, there have been compelling suggestions that
STING-dependent signaling functions in the process of autoph-
agy [25, 37, 57]. Bhatelia et al. demonstrated that STING could
inhibit the fusion of autophagosome with lysosome, which led
to the accumulation of mitochondrial ROS and finally cell
death in breast cancer cells [37]. In contrast, more studies
showed the positive effect of STING signaling on autophagy
[25, 57]. Liang et al. suggested that cGAMP induced autopha-
gy in a STING-dependent manner, allowing degradation of
microbial DNA and well-balanced immune responses [57].
These results were confirmed by another group; Moretti and
colleagues revealed that once sensing c-di-AMP derived from
Gram-positive bacteria, STING subsequently triggered ER
stress, mTOR inactivation, ER-phagy, and eventually curtailed
cell death [25, 58]. Autophagy triggered by STING not only
maintains homeostasis to prevent cell death but also controls
the infection of microbial. Watson et al. and Liu et al. proved
respectively that STING interacted with LC3 to trigger autoph-
agy, that contributed to host defense of Mycobacterium
tuberculosis (Mtb) and Zika virus [59, 60]. Interestingly, a re-
cent study uncovered a mechanism how STING induces au-
tophagy [61]. They elucidated that STING contains classic
LC3 interacting regions (LIRs), which directly binds to LC3
and leads to the activation of autophagy [61].

Conclusion

As a crucial component in innate immune response, STING-
dependent signaling has been well characterized for implication
in the production of type I IFN. However, as shown in Table 1,
increasing findings suggest that STING-dependent signaling

also participates in the process of cell death, such as apoptosis,
pyroptosis, necroptosis, and autophagy. The pro-death outcome
is even predominant in certain types of cells, like lymphocytes,
myeloid cells, and hepatocytes. Given that STING agonists are
being tested for enhancing antitumor immune responses, more
studies are warranted to elucidate the precise molecular connec-
tion between STING signaling and cell death.
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