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Summary

The fact that a subset of human cancers showed evidence for a spontaneous adaptive immune
response as reflected by the T cell-inflamed tumor microenvironment phenotype led to the search
for candidate innate immune pathways that might be driving such endogenous responses.
Preclinical studies indicated a major role for the host STING pathway, a cytosolic DNA sensing
pathway, as a proximal event required for optimal type | IFN production, dendritic cell activation,
and priming of CD8* T cells against tumor-associated antigens. STING agonists are therefore
being developed as a novel cancer therapeutic, and a greater understanding of STING pathway
regulation is leading to a broadened list of candidate immune regulatory targets. Early phase
clinical trials of intratumoral STING agonists are already showing promise, alone and in
combination with checkpoint blockade. Further advancement will derive from a deeper
understanding of STING pathway biology as well as mechanisms of response versus resistance in
individual cancer patients.
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1 Basic Biology of the STING Pathway

The STING pathway is an innate immune pathway that senses cytosolic DNA and activates
several downstream signaling events, the best characterized of which is IRF3 activation and
IFN-B gene expression. Components of the STING pathway are regulated by multiple post-
translational modifications, are highly dependent on vesicular trafficking for their regulation,
and cross-talk with several cellular processes that are relevant for cancer immunotherapy.

1.01 STING Pathway Overview

The STING pathway is triggered by cyclic GMP-AMP (cGAMP) synthase (cCGAS) enzyme
binding directly to DNA and generates the cyclic dinucleotide 2’-5" cGAMP (1). Under
basal conditions, the STimulator of INterferon Genes (STING) is a transmembrane protein
present in the endoplasmic reticulum (ER)(2). Following cGAS activation and cGAMP
synthesis, STING is activated by binding directly to cGAMP (3, 4). STING then translocates
from the ER to the ER-Golgi intermediate complex, through the Golgi apparatus, and
eventually to perinuclear vesicles (5, 6). This vesicular trafficking depends on iRhom2,
Sec61b, TRAPD, Sec5, and VPS34 (5-7). siRNA knockdown of any of these factors
abrogates STING trafficking and blocks IFN-B gene expression, emphasizing the importance
of vesicular trafficking for STING signaling. TANK-binding kinase 1 (TBK1) binds to
activated STING and phosphorylates itself as well as STING (8). This appears to happen as
STING translocates through the Golgi apparatus because Brefeldin A treatment or
knockdown of Sarl both inhibit ER-to-golgi trafficking and prevent TBK1 binding to
STING (9). The vesicles carrying the activated STING-TBK1 complex then translocate to
perinuclear regions (5). The transcription factor IRF3 binds the activated STING-TBK1
complex and is phosphorylated by TBK1 (10), whereby phosphorylated IRF3 dissociates
from the complex and translocates to the nucleus (5, 11, 12) where it induces expression of
target genes including IFN-p.

To prevent chronic signaling, the active STING-TBK1 complex is eventually degraded (13).
Immunofluorescent microscopy has shown that, at later time points, STING co-localizes
with Rab7-containing vesicles (late endosome/lysosome) but not vesicles containing Rab5
(early endosome) or Rab11 (recycling endosomes). Inhibiting lysosomal function by
blocking acidification prevents activation-induced STING degradation (13, 14). To prevent
chronic cGAS activation, the STING pathway also induces autophagy and this is thought to
help clear cytosolic DNA. Cells deficient in either cGAS or STING fail to induce autophagy
in response to cytosolic DNA. In macrophages the autophagosomal marker LC3 co-localizes
with transfected DNA as well as cGAS, STING, and TBKZ1, suggesting a direct role in
targeting DNA for autophagosomal degradation (15-18). As another negative regulatory
process, CGAMP is degraded by the phosphodiesterase ENPP1 (19).

Thus, cytosolic DNA initiates a cGAS-STING-TBK1-IRF3 signaling cascade that induces a
type | IFN response, and signaling becomes resolved by degradation of components of the
STING pathway as well as clearance of the stimulatory DNA (14). There are many post-
translational modifications of both cGAS and STING that regulate their function and allow
cross-talk of the STING pathway with other cellular processes. Understanding these
mechanistic details may be important for developing the next generation of STING pathway
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agonists designed to maximize anti-tumor effects and minimize any undesired effects. A
pictorial representation of STING pathway activation is depicted in Figure 1.

1.02 Mechanistic Insights Into cGAS Function

cGAS is composed of two DNA binding domains and a nucleotidyltransferase domain
which converts ATP and GTP into the cyclic dinucleotide cGAMP (20). STING binds the
secondary messenger cCGAMP with very high (~4 nM) affinity, which means that very small
amounts of cGAMP can elicit a type | interferon (IFN) response (21). Because of this, cGAS
activity must be tightly controlled in order to accurately respond to cytosolic DNA that
arises from a pathogen or cellular damage or stress. Recent molecular studies have shed light
on how this regulation occurs at the level of DNA availability, cGAS transcription and
posttranslational modification, and the subsequent degradation of cGAS and cGAMP. In the
context of cancer therapy, these regulatory mechanisms have the potential to be modulated in
order to make the pathway more sensitive to tumor DNA or augment downstream signal
transduction.

Defects in DNA repair machinery can lead to aberrant accumulation of self-DNA. SAMHD1
is a dNTPase that acts at stalled replication forks to degrade nascent DNA and allow DNA
replication to restart. In its absence, DNA molecules are released from stalled replication
forks and can form duplexes in the cytosol that activate cGAS (22). RNAseH2 is another
protein involved in DNA repair, and its absence leads to genome instability through a failure
to remove incorporated ribonucleotides (23). DNA that fails to segregate properly during
mitosis due to loss of RNAseH?2 or other sources of damage can lead to the formation of
micronuclei. Micronuclear DNA was previously thought to be invisible to immune detection,
but it now seems cGAS can access it when micronuclear membranes become unstable
during subsequent cell division (24, 25). This implies that cells undergoing cell cycle arrest
following DNA damage and micronuclei formation do not activate the STING pathway,
whereas cells that continue to divide can undergo STING pathway activation. These tumor
cell-intrinsic mechanistic studies provide insight into the ways in which genotoxic agents
can sensitize the immune system to tumors and suggest novel ways of regulating DNA repair
in tumor cells to render them more immunogenic.

The DNAse TREX1 is another key factor that regulates the amount of DNA accessible to
cGAS. TREX1 is a known IFN-stimulated gene, and is required for degrading cytosolic
DNA to prevent continuous type | IFN production. Mathematical modeling of the pathway
showed that cGAS is not activated by partial inhibition of TREX1 (26), however complete
loss can induce Aicardi-Goutieres syndrome (27) and other autoimmune disease (28).
Oxidized DNA is less susceptible to TREX1 degradation, and can occur as a result of ROS
or UV exposure and lead to cGAS activation (29). TREX1 inhibitors are currently being
evaluated preclinically and represent a novel approach towards sensitizing the STING
pathway to tumor cell-intrinsic cytosolic DNA.

The zinc finger domain within the DNA binding region of cGAS allows it to recognize
double stranded DNA as opposed to dsSRNA and single stranded nucleic acids (30, 31). DNA
binding creates a steric clash with the activation loop of cGAS which is resolved by the
induction of a dramatic conformational change exposing the catalytic surfaces that bind ATP
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and GTP (32). Recent crystallization of cGAS under various conditions revealed that, at
physiological ATP concentrations, cGAS adopts a pseudo-active conformation. cGAS
becomes fully active when dsDNA stabilizes cGAS residues Gly,p7-Asny1g. A small
molecule capable of stabilizing cGAS at these residues could activate cGAS in the absence
of DNA and might have therapeutic potential (33).

cGAS binding to DNA does not depend on the DNA sequence but does have a minimum
length requirement for optimal activation. This ranges from 45—70 base pairs at 1 mg/mL to
800-2000 bp at lower, more physiological DNA concentrations (34). The binding of cGAS
to DNA is cooperative in that when a cGAS dimer binds two strands of DNA, it orients them
in such a way that favors binding of subsequent cGAS dimers. The resulting structure
resembles a ladder, with cGAS dimers forming rungs between adjacent DNA strands. The
structural DNA binding proteins HMGBY2 and TFAM may facilitate the initial nucleation
step of cGAS,-DNA,, binding by bending DNA into a U shape (35-37). Increasing the
expression of these proteins was reported to orient cytosolic DNA in a way that is more
favorable for cGAS activation (38).

1.03 cGAS Regulation

The cGAS promoter contains two IFN response elements, and type | IFN sensing increases
the expression of cGAS following viral infection or DNA transfection. This is likely because
constitutively expressed DNA sensors such as DDX41 produce an initial wave of type | IFNs
that, through a positive feedback loop, upregulate cGAS expression and subsequent type |
IFN production. DDX41 inhibition and knockout of the type | IFN receptor both were
reported to attenuate cGAS mRNA expression in macrophages (39).

Following cGAS expression, several post-translational modifications are capable of
regulating its enzymatic activity and degradation. TBK1 downstream of STING
phosphorylates and activates Akt (40), which can then phosphorylate cGAS in its catalytic
region and block cGAMP production (41). The tubulin tyrosine ligase-like glutamylases
TTLL4 and TTLL6 glutamylate cGAS and impair its synthase and DNA-binding abilities,
respectively. These glutamates are removed by the carboxypeptidases CCP5 and CCP6,
which promote cGAS activation (42). TRIM14, TRIM41, and TRIM56 are members of the
tripartite motif E3 ubiquitin ligase family, and all alter cGAS ubiquitination in a way that
favors its activation (43-45). TRIM38 sumoylates cGAS and promotes its stability by
preventing ubiquitination mediated degradation, and Senp2 desumoylates cGAS to allow its
degradation (46). Modulating the proteins that regulate cGAS activity or modulating cGAS
itself based on our understanding of its activating and inhibitory posttranslational
modifications represents an as yet untapped therapeutic strategy.

Once cGAMP is produced by cGAS, it can be degraded by the phosphatase ENPP1.
Inhibiting ENPP1 or generating non-hydrolysable cGAMP variants can lead to more potent
downstream STING signaling, and both approaches are being tested in preclinical models
(19, 47).
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1.04 Mechanistic Insights into STING Function and Regulation

It is important to note that STING is more than just a sensor of cGAMP production, rather it
coordinates signals from multiple DNA sensors (48-50). Like cGAS, STING is highly
regulated both in terms of expression and activity. At the level of transcription, IFN-sensing
components and KDM5 demethylases both regulate STING expression. In keratinocytes,
IFN-y but not IFN-B, TGF-p or TNFa was found to up-regulate STING expression.
Phosphorylated STAT1 dimers downstream of IFN-y sensing can bind and activate the
STING promoter (51). In macrophages, on the other hand, type | IFN can induce STING
expression, through STAT1/STAT2/p48 binding to a different region of the promoter (52).
KDMS5 family demethylases carry out additional regulation at the STING promoter by
removing H3K4 trimethylation and limiting transcription. STING expression is
anticorrelated with KDM5 expression across multiple tumor types in The Cancer Genome
Atlas (TCGA), suggesting this is a mechanism by which tumor cells suppress STING
signaling. KDMS5 inhibitors trigger a robust type | IFN response, and could be evaluated
preclinically for immune modulatory effects (53).

The surprising finding that some STING-deficient mice demonstrate worse autoimmune
phenotypes than their counterparts (54) led to the investigation of immune-regulatory roles
of STING and ultimately to the identification of a novel STING isoform. This isoform,
named STING-B, is the product of alternative splicing and dominantly inhibits STING
function. It does so by sequestering STING as well as cGAMP, TBK1, and other signaling
components. Notably, STING-B expression anticorrelates with type | IFN production, and
may rapidly release STING pathway components following stress or infection (55). A third
isoform, MITA-related protein (MRP), inhibits IRF3 activation but is capable of activating
NF-xB (56). Thus, drugs designed to inhibit the regulatory isoforms may allow the
stimulatory isoforms to carry out downstream signaling more successfully.

cGAMP hinding to a dimer of STING on the ER membrane induces a STING
conformational change that initiates its migration through the ER-Golgi intermediate
compartment (ERGIC) to the Golgi. STING recruits TBK1 at the trans-Golgi network where
TBK1 phosphorylates multiple substrates before the complex buds off in vesicles that
translocate to perinuclear sites, where the complex activates IRF3. Every step of this process
is regulated, and has the potential to be tuned therapeutically.

The ER-bound palmitoyl transferase ZDHHC1 promotes STING dimerization, which is a
prerequisite for STING activation (57). iRhom2 is essential for STING to traffic from the
ER to the Golgi, and iRhom2 deficient cells lose the ability to form perinuclear endosomes
containing STING following viral infection or DNA transfection (58). In addition to
promoting cGAS activation, the DNA sensor IFI16 actively recruits TBK1 to STING (59,
60). The IFN-inducible gene IFIT3 also has been reported to promote STING-TBK1 binding
(61), and SCAP is a scaffold adaptor that travels with STING and recruits IRF3 to the
complex with TBK1 (62). Much less is known about the negative regulators of STING
translocation, although increases in intracellular calcium concentration have been shown to
play a role (63). A new study identified STIM1 as the calcium sensor that anchors STING to
the ER membrane (64). In fact, STIM1 deficiency results in spontaneous STING activation
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and type | IFN production. This makes STIM1 inhibition a potential target for future
therapeutic development.

In addition to the binding partners that facilitate STING migration, several proteins promote
STING activation by modifying STING ubiquitination, including the AMFR/INSIG1
complex, TRIM32, TRIM56, MUL1, and UBXN3B (65-69). STING palmitoylation is
another activating modification required for signal transduction following trafficking. In fact,
STING remains palmitoylated even in degradation compartments (70), and small-molecule
inhibitors of STING palmitoylation are being tested in autoimmune models (71). The
autophagy-associated kinase ULK1 is indirectly activated by STING signaling and
phosphorylates STING after it traffics to the Golgi to promote its degradation (72). EIF3S5,
TRIM29, TRIM30a, and RNF5 also target STING for degradation by K48-linked
ubiquitination (58, 73-75). RNF26 blocks RNF5 ubiquitination by adding a K11-linked
ubiquitin (76). STING pathway activation could theoretically be enhanced by inhibiting the
negative posttranslational regulators or by activating the positive regulators.

It is worth noting that much of STING pathway regulation remains to be understood. For
example, loss of the small ubiquitin-like modifiers SUMO2 and SUMO3 results in
spontaneous IFN-B production in the absence of stimuli. However, it appears to do so
independently of all known IFN-inducing pathway components, and IRF3 and IRF7 are
dispensable for this effect. It is possible the mechanism involves activation of non-essential
IFN transcription factors, such as IRF1 and IRF5 or that it somehow alters chromatin
accessibility of the I1fnb1 locus (77). Although it is likely that many molecular details of the
STING pathway remain to be understood, our existing knowledge of its function and
regulation is already providing a rich set of potential nodes for therapeutic intervention.

1.05 STING Pathway Antagonism

The autophagy and inflammasome pathways appear to inhibit STING signaling, and this
natural pathway antagonism has the potential to be targeted therapeutically. Beclinl is an
autophagy protein that binds to cGAS following DNA stimulation and blocks cGAMP
production. Additionally, this binding interaction releases Rubicon from the Beclin-1
autophagy complex, which is then free to activate PI3K and lead to autophagic degradation
of cytosolic DNA (78). Additional inhibition occurs from the autophagy protein Atg9a,
which negatively regulates STING translocation from Golgi to endosomes, as well as its
association with TBK1 (79).

Caspase-1 activation downstream of the inflammasome can directly bind cGAS and cleave
it, abolishing cGAMP synthesis (80). Following non-canonical inflammasome activation
induced by LPS, caspases 5,6, and 11 were also capable of cleaving cGAS. Potassium influx
following caspase-1 cleavage of gasdermin D directly inhibits cGAS enzyme activity (81).
Antiviral and inflammasome programs appear to be mutually inhibitory, as type | IFNs down
regulate the NLRP1 and NLRP3 inflammasomes via STAT1 and IL10/STAT3 signaling to
reduce pro-1L1 production (82, 83). NLRC3, which is an inflammasome component, also
reduces STING translocation and association with TBK1 (84). Several caspase inhibitors
have already been developed as drug candidates, and they should be tested for their potential
to augment the innate immune response. In general, inhibiting the pathway components that
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block STING signal transduction might tip the balance in favor of type | IFN production and
facilitate an anti-tumor immune response.

1.06 The STING Pathway and the AIM2 Inflammasome

There are several different inflammasome complexes that are activated by a variety of innate
immune agonists. The AIM2 inflammasome senses cytosolic DNA and therefore its
functional interaction with the STING pathway is important to consider. After binding
directly to DNA, AIM2 recruits ASC as well as caspase-1 and this complex catalyzes
caspase-1 autoactivation. Typically an initial “signal 1” induces IL-1p and IL-18 expression
after which active caspase-1 cleaves IL-1p and IL-18 to convert both into their active forms.
Sustained inflammasome signaling ultimately activates gasdermin D which induces
necroptosis, a form of inflammatory cell death (85). One study found that cGAMP
stimulation could serve as “signal 1” to induce IL-1f gene expression via autocrine type |
IFN signaling. A second stimulation with cGAMP after initial priming was then able to
induce AIM2 inflammasome activation and IL-1f cleavage independent of cytosolic DNA.
Processing IL-1p in this context was dependent on AIM2, NLRP3, ASC, and caspasel but
did not required caspase 11, indicating cGAMP might directly activate the AIM2
inflammasome. In this context, STING ™" cells lost IL-1B processing in response to cGAMP
suggesting some crosstalk between signaling molecules downstream of STING with the
inflammasome (86).

The AIM2 inflammasome can also regulate cGAS-STING signaling indirectly. Bone
marrow-derived DCs and macrophages deficient in AIM2 inflammasome components
produced higher levels of IFN-B after cytosolic DNA stimulation. This was associated with
increased STING signaling including higher levels of cGAMP as well as greater
phosphorylation of TBK1 and IRF3. AIM2 inflammasome-deficient cells also demonstrated
reduced cell death as shown by decreased LDH release. These results suggest that cytosolic
DNA not only induces cGAS-STING signaling and type | IFN signaling but also activates
the AIM2 inflammasome which can silence chronic STING signaling by inducing cell death
(87).

Together these results suggest that cGAMP produced by cGAS activation can incite
inflammasome activation and this can induce multiple downstream effects including cell
death which serve to counter-regulate STING signaling. Finding ways to induce STING
activation while avoiding cell death in immune cells represents an opportunity to improve
efficacy with STING pathway agonists.

1.07 The STING Pathway and NF-xB

The linear cGAS -> STING -> IRF3 -> IFN- signaling cascade is a well-established and
important consequence of STING signaling for immunity in general and specifically for
cancer immunotherapy. However, there are other aspects and outcomes of STING signaling
that are less well characterized but are likely important for therapeutic exploitation of the
STING pathway.

For example, type | IFNs are induced by STING activation and are an important component
of STING pathway biology for antitumor immunity (88). Earlier studies of IFN-p gene
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expression in response to viral infection revealed a more complex cooperation between IRF3
and additional transcription factors, including NF-xB and AP-1 (89, 90). In certain cellular
contexts, STING is capable of activating all 3 of these factors (2, 11, 91), however this is not
always the case. DNA stimulation of MEFs has been reported to lead to STING-dependent
phosphorylation and nuclear translocation of NF-xBp65 (91). RNAIi knockdown of p65
caused a 50% reduction in IFN-B induced by dsDNA, confirming the importance of NF-xB
in STING signaling. Over-expression of the signaling adaptors TRAF3 or TRAF6 increased
STING-induced NF-xB reporter activity. sSiRNA knockdown of these adaptors displayed
divergent roles with TRAF6 knockdown leading to reduced NF-xBp65 activation while
TRAF3 knockdown lead to reduced non-canonical NF-xBp52 signaling, which typically
opposes canonical NF-xB signaling (91, 92). Follow up experiments found STING
activation in WT MEFs activated non-canonical NF-xBp52, which required IKKa. but not
TBK1 or IKKB.

These results are consistent with a study investigating STING activation following
radiotherapy. Irradiated tumor cells activate the STING pathway in tumor-infiltrating
immune cells which is important for the efficacy of radiation (93). One study demonstrated
mice deficient in the non-canonical NF-xB factor RelB respond better to radiotherapy. This
response was associated with increased type | IFN production that was explained by
removing competition in DNA binding at the IFN-B promoter between canonical and non-
canonical NF-xB complexes (94). Together, these results indicate STING can potentially
activate both canonical and non-canonical NF-xB, which may regulate IFN-B expression in
certain cellular contexts. A greater understanding of the cell-type specific nature of this
signaling as well as the specific molecules involved could allow new therapies designed to
augment IFN-B expression to maximize therapeutic potential.

1.08 Cell Type-Specific Effects of STING Signaling

The STING pathway has also been linked to cell death in a cell-type specific manner. One of
the earliest observations of the mouse STING agonist DMXAA was that it induced
endothelial cell apoptosis (95). DMXAA treatment induced endothelial cell death in murine
tumors based on TUNEL staining and this led to rapid necrotic tumor cell death. Endothelial
cells stimulated in vitro confirmed that DMXAA induced apoptotic cell death and that it was
a TNF-independent effect. More recent studies looking at T cells have similarly identified
apoptosis as a consequence of STING pathway signaling (96). STING pathway activation in
T cells induces IFN-B expression as well as transcriptional up regulation of the pro-apoptotic
molecule BAX and down regulation of the anti-apoptotic protein Bcl2. Other reports have
also found increased transcription of pro-apoptotic Puma and Noxa (97). STING activation
was shown to induce cell death in T cells but not macrophages or DCs (96, 97). T cell death
appeared to occur via apoptosis because over-expression of Bcl2 partially rescued viability.
STING activation also affected the proliferation and memory formation of T cells. After
CD3/CD28 stimulation, T cells co-stimulated with a STING agonist proliferated less.
Detailed studies of mitosis found STING activation was associated with lengthened
metaphase, which slowed proliferation. Persistent STING signaling reportedly affects T cell
function as well. T cells isolated from patients with constitutively activating STING genetic
mutations had fewer circulating memory T cells (98). Based on this biology, STING
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agonists have also been evaluated as a potential therapeutic agent for T cell malignancies.
Interestingly, STING agonists delayed tumor growth of T-ALL murine tumors even in
STING-deficient hosts, suggesting tumor-intrinsic STING activation could have beneficial
anti-tumor effects in T-lineage malignancies (97).

1.09 Tumor Cell-intrinsic STING Signaling

While most studies of STING pathway signaling have investigated effects on host immune
cell subsets and demonstrated necessity using STING™~ mice, in the cancer context it is also
important to consider a role for STING within tumor cells. Some tumor cells display the
presence of cytosolic DNA even in the absence of DNA-damaging therapeutic treatment
(99), which might serve as a stimulus for STING pathway activation. Other studies have
identified micronuclei that appear adjacent to the nucleus and contain cGAS, suggesting that
damaged DNA fragments in these structures might activate the STING pathway (24, 25).
These data indicate tumor cells at least have an opportunity for cell-intrinsic STING
signaling. Preclinical studies have indicated that tumor cell-intrinsic IFN-B expression
driven by a constitutive promoter can leads to tumor regression in vivo. In this case, even
mixed tumors that contained only 10% IFN- expressing cells were rapidly rejected (100).
This observation implies there might be selective pressure for tumor cells to lose IFN-p gene
expression and/or some components of the STING signaling pathway. Consistent with this
idea, colorectal carcinomas and human melanomas reportedly show decreased cGAS and
STING expression (101, 102). Interestingly, some tumors might retain cGAS activity but
lose STING activity and this residual signaling might explain how STING is activated in
tumor-infiltrating host immune cells in certain settings.

1.10 STING Agonist Transfer from Tumor Cells to Immune Cells

Preclinical studies have revealed that STING pathway activation in host immune cells is
necessary for production of IFN-B (103). STING signaling and type | IFNs, in turn, were
necessary for optimal tumor antigen specific CD8* T cell cross-priming by Batf3-lineage
dendritic cells. Based on these observations, many groups have now developed STING
agonists to mimic this activation and facilitate improved anti-tumor immunity. However, one
fundamental question that remains poorly understood is how tumor cells lead to activation of
STING in host immune cells. A deeper understanding of this mechanism might lead to new
therapeutic opportunities to improve anti-tumor immunity.

The two major hypotheses for DC activation by tumor cells are either that tumor-derived
cGAMP can become transferred to host antigen-presenting cells (APCs) thereby activating
the STING pathway directly via STING, or that tumor-derived DNA can be transferred
leading to host STING pathway activation upstream at the level of cGAS. Initial preclinical
studies of STING pathway activation in response to tumor cells in vivo revealed the presence
of labeled tumor DNA within the cytosol of DCs (103). This observation was consistent with
tumor-derived DNA being a stimulus for the STING pathway, a concept further supported
by the observation that both host cGAS and STING are necessary for checkpoint blockade
immunotherapy in the B16 melanoma model in vivo (104). Similarly, after radiation, tumor
cells activate the STING pathway in host immune cells which induces a type | IFN response
that is both cGAS- and STING- dependent (93). The mechanism of DNA transfer to host
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APCs has not yet been elucidated. In principle, tumor-derived DNA would need to avoid
extracellular DNAses, bypass lysosomal degradation via the endocytic pathway, and gain
access to the cytosol of recipient DCs. One potential mechanism that can achieve all of these
is fusion of an extracellular vesicle released by tumor cells with recipient immune cells.
Such a process could deliver cargo directly to the cytosol. In vitro studies of irradiated tumor
cells showed that tumor-derived exosomes can contain DNA, which can be acquired by DCs.
This exosomal DNA was Trex1- sensitive, suggesting that cytosolic DNA after radiation can
be packaged in exosomes, transferred to DCs, and ultimately activate the cGAS-STING
pathway (105).

Other groups have found changes in the lysosomal compartment are an alternative
mechanism to explain how DNA can avoid degradation and stimulate cGAS. Tumor cells
transfected with non-degradable DNA, irradiated to induce cell death, and then used to
stimulate macrophages in vitro led to cGAS-STING signaling in macrophages. They found
that DNAse Il was responsible for limiting STING activation suggesting that tumor-derived
DNA must avoid degradation by lysosomes in order to stimulate the STING pathway. In that
model, tumor cells that expressed cGAS, such as B16-F10, were able to stimulate cGAS™~
macrophages, but at reduced levels compare to WT macrophages. These results argue that,
while cGAMP also might be transferred to APCs, DNA is a more potent stimulus.
Supporting this notion, when 293T cells lacking cGAS expression were used as a stimulus
they failed to activate cGAS ~~ macrophages, indicating DNA transfer was required in this
system (106).

However, in another model system, STING but not cGAS was required in immune cells for
innate immune activation in vivo (107). RMA-S tumor cells and B16-BL6 tumor cells, two
NK-cell sensitive tumor models, had faster tumor outgrowth in STING™~ mice but not in
cGAS™~ mice. Interestingly, RMA parental cells that are not NK cell sensitive grew out at
normal rates in WT or STING™~ mice. RMA-RAE1 cells, that over-express an NK
activating ligand to make them NK cell sensitive, grew out more quickly in STING™~ but
not in cGAS™~ mice. These results imply there may be something special with tumor cells
that are sensitive to NK cell killing that makes them more prone to cGAMP transfer for
STING pathway activation. In studies of anti-viral immunity and STING pathway activation,
inter-cellular cGAMP transfer also has been implicated via GAP junctions (108) or
extracellular vesicles liberated from infected cells (109).

Gaining a greater mechanistic understanding of the process of STING pathway activation
within host APCs in the setting of a growing tumor in vivo may enable improved
opportunities for therapeutic development.

2 STING PATHWAY INVOLVEMENT IN ANTI-TUMOR IMMUNITY IN
PRECLINICAL MODELS

Mouse preclinical models have implicated the host STING pathway is a major innate
immune pathway activated by implanted tumors in vivo (103). STING™~ mice displayed
defective tumor antigen-specific CD8* T cell cross-priming and faster tumor outgrowth.
This was in contrast to mice lacking other innate immune receptors and adapters including
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Trif, MyD88, MAVS, TLR4, TLR9, or P2RX7 that had normal anti-tumor CD8* T cell
cross-priming. This defect was paralleled by deficient IFN-B gene expression by tumor-
infiltrating immune cells in STING™~ hosts. Previous studies had shown host IFN-f
signaling as a critical bridge toward adaptive immune responses against tumors (88, 110).
Mixed bone marrow chimera experiments implied that type | IFN signaling had to occur on
Batf3-lineage DCs for optimal cross-priming of CD8* T cells as well as for tumor growth
control in vivo (88). Collectively, these data argue for a tumor DNA—cGAS/STING—type |
IFN—Batf3DC—CD8+ T cell axis in endogenous anti-tumor immunity against tumors.

Based on these observations of endogenous immune responses, intratumoral injection of
exogenous STING agonists has been explored as a therapeutic strategy. Injection of STING
agonists led to rapid rejection of murine tumors (111). Maximal tumor control depended on
CDS8™ T cells, confirming an immune component of this efficacy, although some tumor
control was observed in the absence of T cells. STING pathway activation was associated
with increased IFN-B expression by tumor-infiltrating immune cells, increased expression of
the T cell costimulatory molecule CD86 on APCs, and increased tumor antigen-specific
CD8* T cell cross-priming. These results indicate that additional STING pathway activation
through pharmacologic manipulation can lead to augmented type I IFN signaling, APC
maturation, CD8* T cell cross-priming, and recruitment of T cells into the tumor
microenvironment where they mediate rejection of tumors. Prior work had revealed that
adoptively transferred tumor-specific CD8* T effector cells failed to accumulate in tumor
sites in the absence of Batf3 DCs in the tumor microenvironment (112). Mechanistically this
was linked to Batf3 DC production of CXCL9/10, which are induced by STING activation.
Therefore, STING pathway activation likely contributes to T cell priming in the tumor-
draining lymph node, and also to effector T cell recruitment into the tumor
microenvironment. An overview of the STING pathway in anti-tumor immunity is
represented in Figure 2.

2.01 Development of STING Agonists as a Cancer Therapeutic

The compound DMXAA was originally characterized as an anti-vascular agent and
displayed anti-tumor efficacy in a variety of mouse tumor models in vivo (113, 114).
However, the molecular target of DMXAA had not been fully elucidated. Based on potent
anti-tumor activity, it nonetheless was advanced to clinical testing, through to phase Il
studies in lung cancer. However, these efficacy studies in patients were negative, in contrast
to the potent effects in mouse models (115, 116). Continued preclinical experimentation
revealed that, in addition to its anti-vascular properties, DMXAA induced cytokine
production by macrophages (117). Biochemical studies then revealed that DMXAA directly
bound to the mouse STING protein (118). Comparison of the structure of mouse and human
STING revealed that key amino acid residues in the DMXAA binding pocket were distinct
in the human molecule, leading to failed binding of DMXAA to human STING (119), thus
potentially explaining lack of efficacy in patients.

In parallel studies, in vivo delivery of DMXAA was found to induce a potent adaptive
immune response against tumors, as evidenced by immunologic memory to re-challenge,
rejection of distant non-treated tumors, and clearance of metastases. This host response
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depended on type | IFN signaling and CD8* T cells, arguing that an adaptive immune
response was a major mechanistic component for efficacy (111, 117, 120). The failure of
DMXAA efficacy in STING™~ mice, as well as lack of activation of STING™~ APCs in
vitro, together argued that DMXAA was indeed a direct STING agonist.

Based on lack of DMXAA binding to human STING, it became desirable to identify new
chemical entities with the potential to activate human STING for immune activation in the
setting of cancer. Initial drug development has focused on cyclic dinucleotides as a starting
point. ADU-S100/MIW815 is a modified cyclic dinucleotide constructed to mimic natural
STING agonists but with increased stability and activation of the five major human STING
allelic variants. The compound BMS-986301 was also developed to activate human STING
variants in addition to mouse STING. BMS-986301 achieved >90% rejection of tested
transplantable tumors, while causing low cytotoxicity to CD8* T cells and less inhibition of
their proliferation compared to ADU-S100 (Society for ImmunoTherapy of Cancer Annual
Meeting 2018 Poster P525). An additional compound was identified (SB11285) that
displayed antitumor activity when delivered via the 1V, IP, and IT routes (American
Association for Cancer Research 2017 Conference on Tumor Immunology and
Immunotherapy Poster A25).

Strategies for STING Agonist Delivery by the Systemic Route

Several groups have performed chemical compound screens to identify non-nucleotide
STING agonists with systemic anti-tumor activity (121-124). Such compounds can be
selected for increased cell permeability and also resistance to hydrolysis by ENPP1 (19).
One such screen identified several amidobenzimidazole (ABZI)-based compounds. The
investigators linked two of these to create a dimeric ligand with even higher STING binding
affinity. This compound demonstrated efficacy in the CT-26 colorectal model when
administered IV (125).

Packaging cGAMP in liposomal nanoparticles has demonstrated improved cellular uptake
and better tumor control in transplantable and genetically engineered triple negative breast
cancer models as well as the B16.F10 melanoma model (126). Another study found that
liposomal formulated STING agonist can cause loss of APC viability, so the authors chose
to load a STING agonist ex vivo into exosomes instead (Exosting). ExoSTING induced
superior IFN-B production compared to soluble STING agonists and the responding mice
were protected against tumor re-challenge (Society for ImmunoTherapy of Cancer Annual
Meeting 2018 Poster P618).

Modifying bacteria is an alternative strategy for developing novel STING agonists that can
be delivered systemically. The SYN-STING method introduces a di-nucleotide cyclase gene
into E. coli Nissle to generate cyclic-di-AMP in the hypoxic tumor microenvironment. SYN-
STING demonstrated robust anti-tumor responses to transplanted tumors and immunologic
memory when re-challenged 40+ days after the initial complete response (Society for
ImmunoTherapy of Cancer Annual Meeting 2018 Poster P624). Another bacterial approach
utilizes a highly attenuated strain of salmonella typhimurium that localizes to tumor due to
auxotrophic consumption of immunosuppressive adenosine and delivers TREX1 RNAI to
block degradation of cytosolic DNA (STACT-TREXL). Following IV delivery, these bacteria
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were found to be 1000-fold enriched in the tumor compared to liver and spleen, and
demonstrated CD8-dependent tumor growth inhibition and regression in multiple tumor
models (Society for ImmunoTherapy of Cancer Annual Meeting 2018 Poster P235).

Other novel preclinical strategies activate the STING pathway by targeting regulatory
components that indirectly activate STING. For example, ENPP1 inhibitors reduce cGAMP
degradation, thus improving STING pathway activation. They can be delivered systemically
to increase sensitivity to endogenous STING agonists (Society for ImmunoTherapy of
Cancer Annual Meeting 2018 Poster Poster P410 and (47)). Blocking endolysosome
acidification with bafilomycin Al (BaFA1) can also support STING signaling by preventing
STING degradation. Intratumoral injection of cGAMP and BaFA1 in B16 subcutaneous
tumors resulted in improved tumor control compared to cGAMP alone (127). As our
molecular understanding of the STING pathway and its regulation improves, there will
likely be additional opportunities for STING pathway therapeutic targeting beyond
administration of cyclic dinucleotides.

Indirect STING Activation by Other Cancer Therapies

Some cancer therapies originally designed with other intended mechanisms of action can
activate the STING pathway. Radiotherapy (RT), certain types of chemotherapy, and some
targeted therapies can lead to activation of the STING pathway and this is important for their
efficacy in preclinical models. Radiation-mediated tumor regression has historically been
linked to cellular damage within tumor cells which promotes cell death and senescence
(128). In some settings, the therapeutic effect of RT has been associated with priming of
anti-tumor T cell responses in vivo (129, 130). In such instances, innate immune pathways
would be imagined to be triggered, and indeed RT has been reported to lead to host STING
pathway activation and type | IFN production (93). Irradiated tumor cells demonstrate
cytosolic DNA fragments which can serve as agonists for cGAS and might be transferred to
host immune cells by tumor-derived exosomes (131). cGAS deficient BM-DCs were not
stimulated by irradiated tumor cells in vitro, implying that tumor-derived DNA activated
DCs (93). Additional studies have shown that TREX1, which degrades cytosolic dsDNA, is
up regulated upon RT treatment and that high doses of radiation induce sufficient TREX1 to
clear cytoplasmic dsDNA. However, multiple lower RT doses activated the STING pathway
and avoided TREX1 induction (132). These and other similar observations are shaping the
design of RT regimens in combination with more targeted immunotherapies.

Certain types of chemotherapies have also been linked to STING signaling. Both cisplatin
and etoposide are chemotherapies thought to act by inducing DNA damage and inhibiting
DNA repair which leads to DNA adducts (133). Treatment with either compound induced
cytosolic DNA that activated cGAS-STING signaling in selected cell models in vitro (134).
Such observations suggest that a component of therapeutic efficacy could be linked to
STING signaling. A better understanding of which chemotherapies activate STING and the
exact mechanism by which it occurs could inform future drug development designed to
optimize their ability to activate STING. These observations also raise the possibility of
eliciting direct cytotoxicity towards tumor cells along with STING activation, which could
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provide additional benefits beyond direct STING agonists but will require careful
consideration of immune suppressive effects as well.

Targeted therapies like PARP inhibitors (PARPI) have also been linked to STING activation.
PARPI are thought to induce DNA damage that leads to double strand breaks in homologous
recombination deficient tumor cells that cannot properly repair the DNA damage (135).
Homologous repair-deficient tumor cells treated with PARPI in vitro induced cytosolic DNA
that lead to STING signaling demonstrated by TBK1 and IRF3 phosphorylation (136-138).
Both of these phosphorylation events were reduced after siRNA knockdown of cGAS or
STING. When PARP inhibitors were used to treat mouse ovarian tumors, co-treatment with
a TBK1 inhibitor abolished efficacy, suggesting that STING signaling was required for
efficacy in this model (136). PARPI can be lethal to tumor cells that lack homologous repair
but one study reports STING activation in tumor cells regardless of their homologous repair
status, implying that STING pathway activation is independent of cell death and may apply
to a broader range of molecular subtypes of cancer (138). As predicted from improved
immune activation, PARPi combine well with checkpoint blockade antibodies in preclinical
models (139).

2.04 Combination Therapies

STING agonists incite inflammatory cytokines that can remodel the tumor
microenvironment and promote stronger anti-tumor T cell responses (111). These qualities
make STING agonists good candidates for combination with established immunotherapies,
such as anti-PD-1/PD-L1 antibodies. In a preclinical model of ovarian cancer, STING
agonist treatment induced inflammation including increased expression of several
chemokines like CXCL10 and CXCL1. These events were associated with an increase in
CD103* DCs and CD8* T cells within the tumor (140).

Anti-PD-1/PD-L1 antibody therapies are thought to work best in tumors with evidence on an
ongoing immune response that includes infiltration with Batf3-lineage DCs and CD8* T
cells (141-143). Tumors infiltrated with CD8* T cells show increased expression of key
chemokines, including CXCL9 and CXCL10, that likely mediate effector T cell recruitment
(88, 112, 143). Preclinical studies have indicated that tumors in mice deficient in Batf3 DCs
fail to produce CXCL9/10 and poorly recruit activated CD8" T cells (112). Tumors that lack
Batf3 DCs also poorly respond to adoptive T cell transfer, as the transferred effector T cells
fail to accumulate within the tumor site. These observations indicate that T cell activation
and expansion in the circulation is not sufficient to reject tumors, because the proper signals
for recruitment into tumor sites are still required. STING agonists are capable of inducing
both tumor antigen specific CD8" T cell expansion as well as expression of chemokines
known to recruit CD8" T cells (103, 144). Therefore, STING agonists seem capable of
promoting several key processes for important for efficacy of checkpoint blockade
immunotherapy. Consistent with this idea, STING agonists combined with PD-1 blockade
reduced tumor growth better than either therapy alone (145). In particular, tumor models that
poorly responded to checkpoint blockade were sensitized when combined with STING
agonists (146). These results are shaping the design of combination clinical trials in cancer
patients.
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3 STING AGONISTS IN THE CLINC

The initial STING agonist to enter clinical development was ADU-S100/MIW815 with first
results reported at the Society for ImmunoTherapy of Cancer meeting in 2018 (147). The
study was a phase I, single-arm dose-escalation study evaluating ADU-S100/MIW815 as an
intratumoral (IT) injection three weeks out of four per cycle. The objectives for the study
included evaluating safety, tolerability, and identifying the recommended phase 2 dose.
Secondary objectives included evaluation of preliminary antitumor activity,
pharmacokinetics, and pharmacodynamics with exploratory objectives surrounding
biomarker analysis. The eligibility population included patients with advanced solid tumors,
age of 18 years or older, Eastern Cooperative Oncology Group (ECOG) performance status
of 0-1 and at least two cutaneous or sub-cutaneous tumor lesions that could be biopsied,
with one accessible for injection. The lesion for injection could measure between 10-100
mm in longest diameter. Pre- and post-treatment biopsies were obtained from both the
injected and non-injected lesions. Prior immunotherapy was allowed but not required.
Bayesian hierarchical logistic regression model dose escalation was pursued testing does
from 50 to 3200 pg.

A total of 41 patients received a dose of ADU-S100/MIW815 with four patients still with
on-going treatment at the time of data lock. All but 3 (7.3%) patients had one or more prior
lines of treatment with 82.9% having had two or more prior treatments and 53.7% having
had prior exposure to checkpoint blockade immunotherapy. Melanoma (excluding uveal)
was the most common tumor type making up 19.5% of patients and the most common
adverse events included headache, injection site pain, and pyrexia. No maximum tolerated
dose was established with elevated lipase being the only grade 3 or higher treatment-related
adverse event reported in more than one patient (n=2; 4.9%). Best treatment response by
Response Evaluation Criteria in Solid Tumors (RECIST) was partial response observed in
two patients (parotid gland adenocarcinoma, PD1 antibody-refractory; Merkel Cell
carcinoma, PD1 antibody-naive) with four patients continuing on treatment more than six
months. Pharmacokinetic analysis suggested drug exposure to systemic circulation was rapid
(within minutes) and generally increased in a dose-dependent manner. Systemic clearance
from circulation was rapid with a half-life of 10 to 23 minutes.

Translational analysis was described in the context of two patients who had demonstrated
clinical benefit. The first was a patient with collecting duct carcinoma continuing on
treatment more than eight months at the 800 g dose level. In this patient, increases in
systemic cytokine levels (/.e. IL-6) were observed consistently following injection, and a
more than two-fold increase in gene expression for pre- to post-treatment injected tumor
biopsy was observed for /FN-y, programmed death-ligand 1 (PD-L1), CD8A and a natural
killer cell gene set. In the non-injected lesion, an increase in CD8-positive tumor-infiltrating
lymphocytes (TIL) and PD-L1 stromal staining also was observed. A second vignette
included a patient with esophageal cancer treated with 800 pg for three cycles with best
response of stable disease. In this patient increased levels of IFN-p were observed following
each injection. Within the injected tumor, biopsy demonstrated more than two-fold increased
expression of CD8A and the NK cell gene set as well as an increase in the staining of CD8*
TIL and PD-L1 stromal staining.
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Data for a second STING agonist administered IT (MK-1454) were disclosed at the 2018
European Society for Medical Oncology meeting. The study was a phase I, multi-arm dose-
escalation study evaluating MK-1454 alone (arm 1; IT injection weekly for 9 weeks then
every 3 weeks thereafter) or in combination with pembrolizumab (arm 2; 200 mg IV every 3
weeks). Endpoints for the study were standard, evaluating safety and tolerability,
pharmacokinetics and pharmacodynamics, and preliminarily evaluating the overall response
rate of the treatment. The eligibility population included subjects with advanced solid
tumors, an age of 18 years or older, ECOG 0-1 who had at least two tumor lesions with one
accessible for injection. Pre- and post-treatment biopsies were obtained from both of the
lesions. Accelerated dose titration was pursued using patient dose cohorts of MK-1454 as
monotherapy from 10-90 ug then 3 patients at 270 ug followed by modified toxicity
probability interval (MTPI) design including 3-6 patients through 3000 pg. In combination
with pembrolizumab, accelerated titration was performed for 90-270 pg then MTPI through
2000 pg. Cross-over of patients from monotherapy to combination was allowed after initial
progression.

Results of the study included 26 patients treated with monotherapy and 25 patients treated in
combination (9 patients crossed over and not included in the 25). Most patients had one or
more lines of treatment though some were treatment naive including 19.2% and 40% in arm
1 and arm 2, respectively. The most common tumor types were triple-negative breast cancer
and head and neck squamous cancer jointly making up 42.2% in arm 1 and 36.0% in arm 2.
The most common adverse events included low grade pyrexia, injection site pain, chills and
fatigue. No maximum tolerated dose was established, although three dose-limiting toxicities
were observed including vomiting at 1500 ug monotherapy as well as erythema multiforme
at 540 ug and injection site pain/tumor necrosis at 1500 ug in combination. No RECIST
responses were observed in monotherapy with best response of stable disease being
observed in a patient with leiomyosarcoma treated with 30 pg for four months. In
combination with anti-PD-1, 24% of patients experienced RECIST response (n=6; 3
HNSCC, 1 TNBC, 2 anaplastic thyroid) with most of these ongoing more than six months at
the time of data cut-off. Disease control rate was 48% versus 20% in the combination and
monotherapy arms. All RECIST responders were treatment-naive to a PD1/L1 antibody.
Pharmacokinetic analysis demonstrated dose-dependent increase in exposure of MK-1454
with a systemic half-life of 1.5 hours. Peripheral blood cytokine analysis demonstrated
approximately two-fold induction of IP-10 at 90 ug and apparent plateau of 4-8 fold
induction between 270-1500 pg. Similarly, a STING-induced 20-gene signature was
induced nearly three-fold at 90 ug and showing a possible plateau between approximately 6—
15 fold induction for the 270-1500 pg dose levels.

Multiple next generation STING agonists or inhibitors of STING regulatory proteins are
being advanced into clinical development though none yet have reported clinical data. A
non-exhaustive list of approaches that highlight the rationale for newer approaches and states
of clinical development are highlighted in Table 1. These include approaches that attempt to
improve the potency of the molecule while limiting the deleterious impact of STING
agonists on activated T cells at high doses, to limit non-canonical NK-xB activation (which
lead to elaboration of IL-6 and TNF-a), as well as to facilitate administration approaches
that do not require intra-tumoral injection.
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4 FUTURE DIRECTIONS

Preclinical studies identified the STING pathway as the innate immune pathway activated by
endogenous tumors. Based on these observations, STING agonists were developed and are
currently undergoing clinical trials with promising initial results. These preliminary data
suggest that not all patients respond to these agonists, raising questions of mechanisms of
response versus resistance in individual patients.

A greater mechanistic understanding of the STING pathway may allow for the development
of agents to more potently activate it and to selectively induce desired outputs while
avoiding immune-suppressive effects. For example, STING pathway activation is linked to
multiple inhibitory feedback loops including AIM2 inflammasome activation, autophagy
induction, and autocrine IFN signaling which are all thought to help attenuate STING
signaling. Agents designed to disrupt one or more of these feedback loops might
synergistically interact with STING agonists or act as single agents. These compounds
would not directly activate the pathway but rather would serve to increase the sensitivity or
magnitude of signaling output of STING signaling activated by endogenous tumors. In this
way, these agents may work well as systemic therapies, only increasing sensitivity of the
pathway and therefore perhaps only eliciting activation at tumor sites. In addition, with
infectious pathogens, activation of a single innate immune pathway rarely occurs in
isolation. Rather, multiple innate immune pathways become activated concurrently or
sequentially. This idea raises the possibility of co-delivering two innate immune pathway
agonists concurrently, such as a STING agonist along with a TLR agonist. Further
fundamental studies of how various innate pathways interact to promote transcription of
desirable immune target genes will be essential.

It will also be important to better understand the microenvironmental changes induced by
type | IFNs elicited by STING pathway activation in both preclinical models and in patients
that are responders or non-responders to STING agonists. For example, chronic type | IFN
signaling can reportedly have pro-tumor effects including immune suppression and promote
metastasis (148). Most STING agonist studies to date haven’t encountered this issue because
treatment is performed with 1 or a few doses that lead to a burst of IFN production that
favors immune activation. The selection of clinical dose is also critical. Single, low dose
intratumoral administration of ADU-S100 appears to be optimal for generating tumor-
specific T cell responses in mouse models, and this depends on type I IFN signaling. In
contrast, high or repetitive doses of ADU-S100 can mediate tumor destruction, yet impair
the anti-tumor T cell response and memory formation. High doses could be promoting tumor
regression through direct cytotoxicity, cytokine-mediated toxicity, or antibody-dependent
cell-mediated toxicity (ADCC) or cellular phagocytosis. It is possible that administration of
a high intratumoral dose in patients could debulk a primary tumor while providing
immunogenic doses of STING agonist systemically. Alternatively, lower doses may prove
more efficacious due to their advantage in generating an adaptive immune response (149).
Loss of STING pathway signaling in tumor cells also needs to be better understood. If
selection of STING pathway-deficient tumor cells occurs as a component of carcinogenesis,
then understanding those mechanisms and countering them could trigger autonomous tumor
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Il cell-cycle arrest or death, and perhaps also lead to chemokine and cytokine production

for downstream immune priming.

Another caveat of the STING agonists currently being tested in the clinic is that they are

de
of

livered via intratumoral injection, which only applies to accessible lesions. New methods
systemic STING agonist delivery are currently being tested in preclinical models and

these new agents give the potential to affect a wider range of lesions. This not only presents
the opportunity to treat a wider range of patients, but also could elicit STING pathway
activation in multiple metastatic sites. As new STING agonists are developed and tested with
these emerging concepts in mind, they have the potential to not only increase response rates
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Figure 1. STING pathway signaling and regulation.

A. Cytosolic DNA activates the enzyme cGAS, which produces the cyclic dinucleotide
CGAMP that activates STING. Active STING recruits TBK1 and leads to IFN-B
transcription downstream of the transcription factors IRF3 and NF-xB. The STING pathway
interacts with various other cellular processes, including autophagy (orange), AIM2
inflammasome signaling (green), non-canonical NFxB signaling (blue) and autocrine
signaling downstream of IFN-B (maroon). B. Several post-translational modifications
regulate cGAS and STING. The modifying factors that promote pathway activation are
shown in green boxes, while those that inhibit are shown in red boxes. C. Upon activation by
cGAMP, STING traffics from the ER through the ERGIC to perinuclear vesicles prior to
lysosomal fusion and degradation. The black arrows show this motion, and the red and green

arrows show positive and negative regulation.
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Pharmacologic STING
Pathway Activation

Figure 2. STING pathway activation initiates the anti-tumor immune response.
Endogenous (left side) and pharmacologic (right side) STING agonists elicit similar, but

slightly different anti-tumor immune responses. The endogenous immune response involves
tumor cell (purple cell) activation of CD11c* cells (orange cells) that leads to type 1 IFN
(red dots) signaling and Batf3* DC (red cell) maturation. This, in turn, leads to CD8* T cell
(blue cell) cross priming and recruitment by CXCL9/10 (green dots). CD8* T cells can then
kill tumor cells (black cells). Treatment with intratumoral STING agonists (green dots)
differs because the agonists are membrane permeable and therefore might activate a wider
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range of cell types including tumor cells, fibroblasts (brown cells), and endothelial cells (red
vessels). Pharmacologic agonists also induce endothelial cell death, elicit higher IFN-f
expression, and more CD8" T cell cross-priming, which can lead to tumor clearance in
preclinical models.
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Novel STING agonism approachesin clinical and pre-clinical development

Table 1.

Page 29

IM = intramuscular; IT = intratumoral; IV = intravenous, SITC 2018 = Society for the Immunotherapy of
Cancer 2018 Annual Meeting, AACR 2017 = American Association for Cancer Research 2017 Conference on

Tumor Immunology and Immunotherapy

Molecule Target Admirrz)ilireation Referenc’\%n(i:)igrical Trial
ADU-S100/MIW815 STING IT NCT02675439
ADU-S100/WIW815 + PDR0O01 | STING +PD-1 | IT+ IV NCT03172936
MK-1454 STING IT NCT03010176
GSK3745417 STING v NCT03843359
BMS986301 STING IT SITC 2018 P525
CRD-100 STING IT 123
ExoSTING STING IT SITC 2018 P618
GSK532 STING \Y 125
Liposomal cGAMP-NP STING v 126
MV-626 ENPP1 IP SITC 2018 P410
SB11285 STING IP, IT, IV AACR 2017 P-A25
SRCB-0001 STING Oral 121
STACT-TREX1 TREX1 IT, IV SITC 2018 P235
SYN-STING STING IT SITC 2018 P624
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