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Abstract

Stimulator of interferon genes (STING) plays an important role in infection, autoimmune disease
and cancer. STING-mediated type | interferon (IFN) signaling is well recognized and extensively
studied. Several IFN-independent activities of STING were also discovered in recent years and
their physiological importance has begun to be appreciated. Here, we review recent advance in the
evolutionary origin and molecular mechanisms of STING-mediated IFN-independent activities.
New insights from these studies suggest that STING functions as a hub that converts multiple
environmental cues into diverse cellular responses rather than acts as a simple IFN-producing
machine. This expanded view of STING biology should guide future clinical testing of STING
agonists and treatment of STING-associated human diseases.

STING-mediated interferon response in infection and autoimmune disease

The Innate immune response to invading pathogens is the first line of defense in mammalian
cells. STING plays a vital role in detecting cytosolic pathogens and inducing type |
interferon (IFN) response. STING is a transmembrane protein localized on the endoplasmic
reticulum (ER). It is classically known as the non-redundant adaptor protein downstream of
the cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS). When the mammalian cGAS
is exposed to self or microbial DNA, it converts ATP and GTP into 2’3’ cyclic GMP-AMP
(cGAMP). Then, cGAMP binds and activates STING and the IFN response. Bacterial cyclic
dinucleotides (CDN) can also directly activate STING. Importantly, Sting™~ mice are highly
susceptible to viral and bacterial infections, demonstrating the physiological importance of
STING in host defense against microbial infection [1-5].
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The cGAS-STING pathway has also been implicated in several monogenic autoimmune
and autoinflammatory diseases. One classic example is the Aicardi-Goutiéres syndrome
(AGS), which is a congenital neurological disease affecting infant and young children [6].
The best mouse model of AGS is the 7rexZ/~ mouse (TREX1 is a ER-resident DNase),
which exhibits constitutively elevated IFN signaling due to self-DNA sensing by cGAS.
TrexI™~ mice develop severe systemic autoinflammatory disease that is dependent on
cGAS and STING [7-10]. Targeting the IFN pathway with JAK1/2 inhibitor baricitinib
has shown clinical benefit in AGS patients [11]. Therefore, the classical paradigm of the
STING-mediated IFN response has clear physiological importance in human diseases.

Evidence for IFN-independent STING function in human disease

The earliest evidence of IFN-independent STING function in human disease is
Deoxyribonuclease 11 (DNase Il)-associated polyarthritis. DNase Il is a lysosomal
endonuclease responsible for digestion of apoptotic cellular DNA taken up by the
macrophage. The DNase2”~ mouse is embryonic lethal due to self-DNA mediated
activation of the IFN response [12]. The DNase2'~ mouse lacking the type | IFN

receptor (DNaseZ™!~ Ifar1™) is viable but suffers from severe early onset polyarthritis.
Interestingly, further elimination of STING rescued the polyarthritis phenotype in
DNaseZ™!~ Ifnr1™'~ mice, suggesting a STING-dependent but IFN-independent function in
self-DNA-mediated polyarthritis [13, 14]. Gain-of-function STING mutations cause STING-
associated vasculopathy with onset in infancy (SAVI) due to constitutive activation of the
STING pathway [15, 16]. In SAVI mouse models, we and others recently showed that SAVI
disease develops independently of IFN (also independently of cGAS and IRF3); instead, ER
stress and T cell death appear to play a role [17-20]. Clinical treatment of SAVI patients
with JAK1/2 inhibitors were partially successful in a subset of patients [21, 22], and the

role of IFN-independent activities of STING in humans requires further investigation. The
most surprising finding comes from HSV-1 infection. Both STING and IFN are essential
for host restriction of HSV-1 infection, but the STING-mediated IFN response is not. Using
the Sting>?65A mouse that carries a point mutation that selectively disrupts the IFN activity
of STING, three research groups including ours independently found that STING-mediated
IFN-independent activity plays a dominant role in controlling HSV-1 infection [23-25]. The
nature of IFN-independent antiviral activity of STING remains unclear.

Other STING-associated human diseases where the role of IFN is unknown

STING has been implicated in several human diseases where an elevated IFN response is
observed but whether IFN drives the disease is not known. Stromal Interaction Molecule 1
(STIML) is an ER retention factor for STING. STIM1 loss-of-function results in constitutive
STING trafficking and IFN signaling that are consistent with autoimmune complications
observed in ST/MI patients [26, 27]. Whether the STING-mediated IFN response mediates
disease pathology in Stim1 deficient mice or ST/M1 patients remains to be shown. Loss

of COP-I1 vesicle trafficking also activates STING signaling due to accumulation of STING
on the Golgi, which is associated with COPA syndrome [28-30]. Interestingly, clinical
presentations of SAVI and COPA disease are highly similar; both are characterized by
inflammatory lung disease [31]. We recently showed that STING signaling mediates an early
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onset neurodegenetive disease Niemann-Pick disease type C (NPC) [32]. Loss of function of
the lysosomal protein NPC1 results in activation of STING signaling, increased expression
of IFN-stimulated genes (1SGs) in microglia and death of Purkinje neurons [32]. In addition,
STING has been implicated in several other neurodegenerative diseases in mice, such as
Parkinson’s disease and amyotrophic lateral sclerosis (ALS) [33, 34]. The role of IFN
signaling in STING-mediated neurological disease remains unknown.

Evolutionary evidence for IFN-independent activities of STING

STING protein is conserved throughout evolution including many species that do not have
the IFN system [35, 36]. STING proteins from most species contain an N-terminal multi-
pass transmembrane (TM) domain and a C-terminal CDN-binding domain (CBD) (Figure
1). The C-terminal tail (CTT), which is required for TBK1 binding and IFN signaling,

is only present in mammals and certain vertebrate species such as Danio rerio. High
conservation of the CBD suggests a common mechanism for STING ligand binding and
activation whereas low conservation of the CTT suggests divergent signaling activities
amongst various species.

The most ancient species expressing STING is starlet sea anemone Nematostella vectensis,
living over 600 million years ago [37, 38]. The crystal structure of Nematostella STING
(nvSTING) is similar to that of human STING (hSTING), despite only 29% protein
sequence homology between the two proteins. Both hSTING and nvSTING bind 2°3’-
cGAMP and both induce a similar conformational change. nvSTING does not have the
CTT and Nematostella does not have an IFN system. 2°3’-cGAMP induces expression of
anti-viral genes that are homologs of vertebrate ISGs, indicating that the IFN response
predates the evolution of IFN [39]. 2°3’-cGAMP also induces expression of anti-bacterial
genes through NF-xB, which is a main branch of IFN-independent activity of STING.

STING trafficking

A unique feature of STING signaling is the obligatory trafficking of STING protein through
the secretory pathway. After ligand binding, STING undergoes a drastic conformational
change that is believed to be the trigger for ER-exit. Then, STING translocates to the ER-
Golgi intermediate compartment (ERGIC) and the Golgi, where it recruits kinase TBK1 and
transcription factor IRF3. TBK1 phosphorylates itself, STING and IRF3. Phosphorylated
IRF3 translocates to the nucleus and activates expression of IFN and IFN-stimulated genes
(ISG) [40]. Although STING activation occurs on the Golgi, it does not dwell on the Golgi.
Instead, STING rapidly moves pass the Golgi to the lysosome where it is degraded. ER-exit
is a critical checkpoint for turning on STING signaling, and lysosomal degradation turns off
STING signaling [16, 41]. STING trafficking is an incredibly rapid and dynamic process.
For example, in fibroblasts stimulated with a STING agonist, nearly all STING protein
moves from the ER, across the Golgi, to the lysosome within a few hours, resulting in a
spike of IFN signaling and nearly complete degradation of STING protein in the cell.

STING trafficking allows more dynamic control of an otherwise linear signaling cascade
(Figure 2). This feature is likely a double-edged sword, which allows more precise control

J Mol Biol. Author manuscript; available in PMC 2023 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Yan

Page 4

of the cGAS-STING pathway but also is vulnerable for microbial antagonism. Many
regulators of STING signaling are in fact regulators of STING trafficking. As mentioned
previously, the ER calcium sensor STIM1 moonlights as an ER retention factor that keeps
STING on the ER [27, 42]. Inactive rhomboid protein 2 (iRhom2) recruits the translocon-
associated protein (TRAPP) to STING to facilitate ER-to-Golgi trafficking [43]. YIPF5
binds to STING and facilitate STING sorting into the COP-11 vesicle for translocation
[44]. Cytoplasmic coat protein complex Il (COP-11) and ADP-ribosylation factor (ARF)
GTPases mediate STING ER-to-Golgi trafficking [45]. After arriving on the Golgi, STING
is palmitoylated which is required for oligomerization and IFN activation [46]. Defective
retrograde COP-I vesicle trafficking in COPA syndrome causes STING to accumulate on the
Golgi leading to overactivation of STING signaling [28-30].

STING trafficking from the Golgi to lysosomes is much less understood. Since this segment
of trafficking down-regulates STING signaling, loss of function of a cofactor would increase
STING signaling, which is usually more difficult to capture than decreased IFN response in
in vitro assays. We showed that inhibiting lysosome with Bafilomycin Al increases STING-
mediated IFN response and anti-tumor immunity [41]. We further identified lysosomal
protein NPC1 as a key cofactor that recruits STING to the lysosome for degradation [32,
47]. Whether STING vesicles fuse with or are engulfed by lysosomes remains unclear.
Additional mediators on both sides of the membrane interface likely also exist and remain to
be determined.

STING-mediated autophagy

HSV-1 infection or exogenous DNA stimulation directly activates cGAS- and STING-
dependent autophagy in mammals. This promotes the degradation of viral DNA as an
alternative antiviral response in additional to the IFN response [48]. STING-mediated
autophagy is mechanistically distinct from conventional autophagy, in that it does not
require ULK1 and Beclinl. Instead, STING directly recruits LC3 to the ERGIC membrane
and promotes LC3 lipidation as well as autophagosome formation through WIPI2 and
ATG5 [45]. STING contains a LC3 interacting region (LIR) and directly binds to LC3 to
drive autophagy [49]. In addition to viral infection, STING:LC3 interaction and autophagy
are also important for host defense against bacterial infection such as Mycobacterium
tuberculosis (Mtb)[3-5].

Autophagy is likely one of the most primordial activities of STING. Both Nematostella
vectensis STING and choanoflagellate Monosiga brevicollis STING induce autophagy in
response to stimulation by cGAMP [45, 50]. The physiological function of STING-mediated
autophagy in these organisms has not been fully demonstrated yet, largely due to lack of
molecular tools for these species. Drosgphila STING also lacks the CTT required for IFN
signaling, and STING-mediated autophagy protects Drosophila against Zika virus infection
in the brain [51].

STING-mediated autophagy in mammals does not require recruitment of TBK1, IRF3 or
IFN signaling. This is recently demonstrated in vivo using genetically engineered STING
mutant mice. Sting36A blocks IRF3 binding and Sting-373A blocks TBK1 binding; both
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mutants are inactive for IFN signaling but active for autophagy [23, 24, 52]. Sting?¢77 lacks
the entire C-terminal tail and can still induce autophagy, albeit at a lower level compared to
wild-type STING [23, 24].

STING-mediated T cell death and UPR

STING-mediated cell death was first reported in malignant B cells, where STING agonist
treatment induces mitochondria-mediated B cell apoptosis [53]. STING agonist treatment
also induces T cell death [54]. The underlying mechanism of STING-mediated T cell death
is not completely understood. IRF3 and p53 each plays a partial role [55]. Interestingly, the
level of STING protein expression in T cells is much higher than that in macrophages, even
though macrophages have been the benchmark for the majority of STING signaling studies.
STING agonist stimulation of myeloid cells does not induce cell death [52, 55]. Although,
viral infection could invoke STING-dependent cell death in monocytes. For example, human
T cell leukemia virus type 1 (HTLV-1) infection of monocytes activates STING-TBK1-IRF3
signaling; IRF3 then translocates to mitochondria and induces Bax-mediated apoptosis [56].
STING can also induce lysosomal cell death. In human myeloid cells, STING trafficking

to the lysosome causes membrane permeabilization and LCD; this can further lead to
potassium efflux and activation of NLRP3-mediated pyroptosis [57].

The STING-mediated cell death mechanism is likely cell type- and context-dependent.

It remains an open question how STING balances inflammation and cell death when

the cell is facing different external threats. One possibility is through distinct post-
translational modifications (PTM) of IRF3. IRF3 phosphorylation by TBK1 promotes
nuclear translocation and activation of IFN signaling. IRF3 ubiquitination by linear
ubiquitin chain assembly complex (LUBAC) promotes interaction with BAX, localization
to mitochondria and induction of apoptosis [58]. Other mechanisms and contextual ques are
also likely and remain to be uncovered.

The physiological importance of STING-mediated cell death, at least in T cells, was
shown in the gain-of-function StingV535 mutant mouse. Sting’V2535 mice suffer from T
cell cytopenia, a condition that is genetically independent of cGAS, IRF3 or IFNAR [17,
19, 59]. The N153S mutation (N154S in human STING) causes STING to constitutively
translocate from the ER to Golgi, resulting in altered ER calcium homeostasis as well as
elevated ER stress and unfolded protein response (UPR). This new activity of STING was
mapped to the a-helix between amino acid 322 and 343, which is a highly evolutionarily
conserved motif located at the C-terminal end of the ligand binding domain CBD (we named
it the UPR motif) [18]. Key residues in this motif are also required for STING-mediated
autophagy [45]. Therefore, this motif could mediate multiple IFN-independent activities of
STING.

STING-mediated T cell death also has important implications in anti-tumor immunity.
Tumor infiltrating T cells (TILs) undergo cell death through multiple pathways, including
the STING pathway [52]. Many tumors secrete cGAMP to the extracellular space [60].
Thus, it is possible that tumor-secreted cGAMP can be taken up by surrounding T cells and
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induce T cell death. This could be another way for tumors to antagonize the T cell response
that would be analogous to the PD-1/PD-L1 checkpoint mechanism.

An interesting conundrum arises with using STING agonist to treat tumors. STING agonist
treatment induces favorable anti-tumor response through activation of dendritic cells (DCs)
and cross-priming of T cells in multiple pre-clinical tumor models [61, 62]. However, when
administered at a higher dose, STING agonist causes substantial unintended T cell death that
compromises anti-tumor immunity [63]. As more STING agonists go into human clinical
trials, dosing optimization to balance the pros (e.g. IFN response, DC:T cell priming) and
the cons (e.g. T cell death, tissue toxicity) of STING activation should be considered.

STING-mediated NF-xB signaling

STING-mediated NF-xB signaling was recognized as soon as mammalian STING was
discovered [64, 65]. This signaling activity is evolutionarily conserved, and even nvSTING
induces anti-bacterial gene expression via NF-xB [39]. TBK1 appears to be required for
STING-mediated NF-xB signaling in mouse embryonic fibroblasts (MEFs) [66] but is
functionally redundant with IKKe in primary macrophages [67]. The Sting-37#A mouse
carrying a point mutation that disrupts TBK1 binding fails to activate NF-xB signaling
[68], supporting a role for TBK1. StingS?65A disrupts STING-mediated IFN but not NF-xB
signaling in mice, suggesting that NF-xB signaling occurs independently of IFN.

NF-xB signaling promotes inflammation, which is commonly observed in STING-
associated diseases. STING-mediated NF-xB signaling also has anti-viral and anti-tumor
activities that are traditionally attributed to IFN. For example, both wild-type and Sting>36>A
mice can successfully control HSV-1 infection while both Sting™~and Sting~375A mice

fail to do so. The only known difference between Sting>36A and Sting-3754 is that S365A
induces NF-xB and L373A does not [23, 24, 52]. Moreover, Sting>365A, but not Sting-373A,
can promote a cGAMP-mediated anti-tumor response against Lewis lung carcinoma (LL2)
in mice, demonstrating that STING-mediated NF-xB signaling also has anti-tumor activity
[24]. Taken together, although IFN and NF-xB are two independent branches of STING
signaling, they are also intertwined and contribute to similar physiological responses in
disease. Therefore, an important consideration in treating STING-mediated inflammatory
disease is to distinguish contributions of IFN and NF-xB activities, then target each pathway
or both accordingly.

Other IFN-independent activities of STING

Anti-proliferation.

STING-mediated anti-tumor immunity through activating DC:T cell cross priming is well
recognized. STING also has an anti-proliferation activity intrinsic to cancer cells. For
example, ST/ING gene deletion in several human and mouse cancer cell lines results

in increased proliferation in vitro and increased tumor growth in nude mice [69]. The
underlying mechanism involves NF-xB- and p53-driven activation of p21. Cancer cells
lacking STING prematurely enter the S-phase of the cell cycle, induce activation of CDK1
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and increase chromosome instability. This tumor intrinsic suppressive activity of STING is
consistent with widespread downregulation of STING expression in many type of cancers.

Translational repression.

Although RNA does not directly activate mammalian cGAS or STING, several RNA viruses
activate STING signaling during infection through indirect mechanisms such as membrane
fusion and mitochondrial damage [70, 71]. Sting-deficient cells and mice are also more
susceptible to RNA virus infection [65, 72]. One mechanism for STING-mediated restriction
of RNA virus infection is through translational repression [72]. Viral RNA is sensed by
cytosolic RNA sensor RIG-I, which then signals to STING independently of MAVS. This
RIG-1-STING axis inhibits translational initiation of viral and host proteins, representing a
unique crosstalk between cytosolic DNA and RNA sensing pathways during host defense.

Other uncharacterized pathways.

Whole transcriptome analysis comparing STING signaling activities in wild-type, Sting™~
and Sting>¥6>A mice uncovered many IFN-independent activities of STING in different

cell types [52]. For example, in macrophages, STING activates antigen presentation,
MAPK signaling and HMGB1 signaling, all independently of IFN signaling. Most STING
activities in T cells are IFN-independent, including TH17 signaling, NFAT signaling, TCR
pathway and others. How STING mediates these activities remain uncharacterized and their
physiological relevance requires further investigation.

Future Perspectives

The classical paradigm of STING activation by cGAMP followed by induction of type I IFN
response is clearly important for infection, autoimmune disease and anti-tumor immunity.
However, STING function extends beyond IFN, and several IFN-independent activities are
clearly physiologically important. Many of these new STING functions came from studies
of non-mammalian species or non-myeloid cell types in mammals. As the exploration

of STING biology widens in the field, a new paradigm emerges where STING can be
activated by multiple environmental cues and that STING mediates many cellular responses.
An increasingly diverse array of human diseases is being associated with STING, ranging
from autoimmune and autoinflammatory diseases to neurodegenerative diseases and cancer.
Depending on which STING activity is engaged in a particular disease, solely targeting the
IFN pathway may not be sufficient (or effective at all) for treating that disease. As we begin
to appreciate the evolutionary origin of STING and its many functions, the perception of
STING signaling is shifting from “a simple IFN machine’ to ‘a multi-functional hub’ that
converts different environmental cues into diverse cellular responses.
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Research highlights:

STING is an evolutionarily conserved protein that activates signaling beyond
IFN.

STING trafficking is a unique feature that is dynamically regulated and is
associated with STING-mediated IFN-independent activities.

STING-mediated IFN-independent activities, such autophagy, UPR and cell
death, are physiologically important in various diseases.
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Figure 1. The evolution of STING protein.
The evolution of STING protein homologs from different species [35, 36] is illustrated by

their evolutionary hierarchy. Conserved structure domains and motifs are represented with a
diagram on the right. TM, transmembrane; CBD: cyclic dinucleotide binding domain; CDN,
cyclic dinucleotide, CTT, C-terminal domain; UPR, unfolded protein response.
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Figure 2. STING-mediated IFN-independent activities.
STING localized to the ER through retention by the ER calcium sensor STIM1 [27]. Upon

activation, STING is recruited to COP-II vesicles to exit the ER in a process that is regulated
by many cofactors such as iROM2, YIPF5, SEC24C [43, 44]. STING ER-exit triggers ER
calcium efflux, inducing ER stress and the UPR, which can further lead to cell death in

T cells [18]. Upon arrival on the Golgi, STING forms a complex with TBK1, IKKe and
IRF3, leading to activation of downstream IFN and NF-xb signaling pathways [67]. STING
is also transported from the Golgi back to the ER through COP-I vesicles regulated by
COPA and SURF4 [28, 73]. IRF3 can also be ubiquitinated by LUBAC, then translocates

to mitochondria and induces Bax-mediated cell death [58]. STING can initiated autophagy
from the ERGIC membrane in an non-classical process that is dependent on WIPI2 and
ATG5 but not ULK1 or Beclinl [45]. Post-Golgi STING vesicles are recruited to the
lysosome by NPC1, promoting STING degradation [32]. STING trafficking to the lysosome
can also induce lysosome rupture-mediated cell death in human myeloid cells [74].
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