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clinic success as evidenced by several U.S. Food and Drug Administration (FDA)-approved anti-
programmed death receptor 1/ligand 1 or anti-cytotoxic T lymphocyte associated protein 4 antibodies.
However, the majority of cancers have low clinical response rates to these ICIs due to poor tumor immu-
nogenicity. Indeed, the cyclic guanosine monophosphate-adenosine monophosphate synthase—stimulator
of interferon genes—TANK-binding kinase 1 (cGAS—STING-TBK1) axis is now appreciated as the major
signaling pathway in innate immune response across different species. Aberrant signaling of this pathway
has been closely linked to multiple diseases, including auto-inflammation, virus infection and cancers. In
this perspective, we provide an updated review on the latest progress on the development of small mole-
cule modulators targeting the cGAS—STING—TBKI signaling pathway and their preclinical and clinical
use as a new immune stimulatory therapy. Meanwhile, highlights on the clinical candidates, limitations
and challenges, as well as future directions in this field are also discussed. Further, small molecule inhib-
itors targeting this signaling axis and their potential therapeutic use for various indications are discussed

as well.

© 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The human immune system, including adaptive immunity and
innate immunity, plays a pivotal role for efficient host defense
against foreign genetic invasions. As the first immune barrier, the
innate immunity enables the body to fight against pathogen
infection through a series of signaling events, including sensing,
integration and transmission of non-self or foreign dangerous
signals by various pattern recognition receptors (PRRs) in den-
dritic cells (DCs). As the host cellular proteins, PRRs can
recognize pathogen-associated molecular patterns and initiate pro-
inflammatory cytokine response and cell-death pathways'. The
adaptive immunity enables the body possess specific “memory” or
long-lasting immune response against the encountered antigens.
The innate immune system generally responds quickly to eradi-
cate various foreign dangerous signals, whereas the adaptive im-
munity is highly dependent on the innate immunity and often
requires time to generate a full-blown response.

Immune system has been extensively studied as a critical
function during viral invasion and bacterial infection, and its
significance in cancer has captured explosive attention in recent
years”. Tumor can effectively surpass immune response by acti-
vating immune homeostasis-associated negative regulatory path-
ways (checkpoints) to escape deletion. Therefore, immune evasion
is a hallmark of cancer, and harnessing the power of the human
immune system against cancer has been widely recognized as a
tumor-curative approach”™”. Indeed, recent years have witnessed
multiple cancer immunotherapies successfully developed to treat
various cancers, including oncolytic virus, chimeric antigen re-
ceptor T cell, bispecific antibodies, and immune checkpoint in-
hibitors (ICIs), most of which are capable of motivating the
adaptive anti-tumor immunity™.

ICIs are designed to target the negative regulatory checkpoint
molecules that are expressed in cancer and constrain T cell
reactivity or cause exhaustion of the immune system. Therefore,
ICIs are expected to restore tumor immuno-surveillance. The
approval of the first cytotoxic T lymphocyte associated protein 4
(CTLA-4) inhibitory antibody ipilimumab in 2011° and the pro-
grammed death receptor 1l/ligand 1 (PD-1/PD-L1) antibodies
pembrolizumab and nivolumab in 2014”* by the U.S. Food and

Drug Administration (FDA) announced the clinical effectiveness
of ICIs as a new and revolutionized cancer treatment. Subse-
quently, enormous efforts have been ignited subsequently for
pursuit of more potent and specific next-generation checkpoint
inhibitors”~'?, mounting to over ten antibodies receiving regula-
tory approval worldwide along with over thousands of active
clinical trials'*"'®. However, the initial clinical promise of these
immune checkpoint blockades is restricted to a small fraction of
patients averagely around 20% and to limited tumor types. The
majority of patients have minor or no response, and even for the
initial responders, a significant number was reported to eventually
suffer from relapse due to drug resistance or life-threatening
adverse effects, such as cytokine release syndrome and neuro-
toxicity'”'®. Therefore, new checkpoint immunotherapies target-
ing other negative regulators of T cell activation other than PD-1/
PD-L1 and CTLA-4 are highly expected, and many of these have
already been undergoing clinical trials including those targeting
lymphocyte activation gene-3, transmembrane immunoglobulin
and mucin domain 3, carcinoembryonic antigen cell adhesion
molecule 1, T cell immunoglobulin and ITIM domain, V-domain
Ig suppressor of T cell activation, B and T lymphocyte attenuator,
and the poliovirus receptor-like receptors CD96 and
CD112R" ', Undoubtedly, these approaches will further
broaden the horizon of tumor immunotherapy, by not only
providing more promising checkpoint inhibitors but also providing
a chance to treat a larger number of patients including those
untreatable by current therapies.

The checkpoint blockade approach directly targets the adaptive
immune system, acting as a controller to release the brakes on
anti-tumor T cells’”. The clinically observed durable anti-tumor
effects of the current approved ICIs suggest that these treatable
patients have pre-existing T cell-mediated immunity in the tumor
(also called “hot” or inflamed tumor), which is deactivated before
treatment by checkpoint antibodies. Tumors that are unresponsive
to checkpoint inhibitors, especially those immunologically non-
inflamed tumors (lack of T cell infiltration, or low or absent of
chemokine expression) are “cold” tumors'®*’. To treat these
“cold” tumors and turn them “hot”, new immune stimulatory
strategies have been developed to activate the innate immune
system, thus enhancing tumor immunogenicity'***. In fact, the
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majority of cancers in clinic are non-inflamed, and generally have
low response rates to current suppressive immunotherapies.
Therefore, new type of tumor immunotherapy has been proposed
and extensively tested by targeting immune stimulatory mole-
cules, including stimulator of interferon genes (STING), tumor
necrosis factor receptor superfamily 4 (TNFSF4, also known as
0X40), TNFSF5 (also known as CD40), TNFRSF9,
glucocorticoid-induced tumor necrosis factor receptor, and
inducible co-stimulator'***. Among these approaches, the recent
advance on the development of activators targeting the guanosine
monophosphate-adenosine monophosphate synthase—stimulator of
interferon genes—TANK-binding kinase 1 (cGAS—STING-TBK1)
axis is particularly appealing, and a few candidate compounds
have already been undergoing clinical trials> >*. Herein, in this
perspective, we provide an updated review on the latest progress
on the development of small molecule activators targeting the
cGAS—-STING-TBKI1 signaling pathway and their preclinical and
clinical trials as a new immune stimulatory therapy. Meanwhile,
highlights on the clinical candidates, limitations, challenges, as
well as the future directions of this field will be discussed. In
addition to activators, inhibitors of this signaling axis and poten-
tial therapeutic use for other diseases will also be discussed which
will be useful to gain a full interaction landscape of this signaling
pathway.

2. The cGAS-STING-TBKI1 signaling pathway

STING (also known as TMEM173, MITA, ERIS, and MPYY) is
an endoplasmic reticulum (ER) dimeric adaptor protein with
42 kDa 379 amino acids (aa). It contains a transmembrane region
(TM1—4, aa 1—154), a cyclic dinucleotide (CDN)-binding
domain (CBD, aa 155—341) and a C-terminal tail (CTT, aa
342—-379). STING is expressed in various endothelial and
epithelial cells, as well as in haematopoietic cells, such as T
cells, macrophages and DCs, and acts as a master regulator of
type I interferon (IFN) production and the innate immune sys-
tem” %, In tumor settings, STING is also the major mediator of
innate immune sensing of cancerous cells. In normal eukaryotic
cells, DNA is strictly packed and separated from cytoplasm to
avoid auto-inflammation. However, aberrant localization of DNA
in the cytosol occurs due to foreign DNA invasion by either
pathogen-derived DNA, self-DNA that leaks from the nucleus of
the host cell upon DNA damage, or by DNA infiltration under
oxidative mitochondria stress. Presence of these foreign double-
stranded DNA (dsDNA) in the cytosol is a dangerous signal to
the innate immune system and can be promptly sensed and
detected by cyclic guanosine monophosphate (GMP)-adenosine
monophosphate (AMP) synthase (cGAS). Subsequent binding of
dsDNA with cGAS leads to activation of cGAS and initiates the
catalytic synthesis of 2',3’-cyclic GMP-AMP (cGAMP) from
guanosine triphosphate (GTP) and adenosine triphosphate (ATP).
As a CDN, 2/,3’-cGAMP contains two distinct phosphodiester
linkages, one between 2'-OH of GMP and 5’-phosphate of AMP,
and the other between 3’-OH of AMP and 5'-phosphate of GMP.
Compared to other endogenous 3’,3’-CDNs from bacteria or
virus, the cGAS-synthesized 2',3'-cGAMP is the endogenous
specific ligand that binds and activates STING with high potency.
As depicted in Fig. 1, the activated STING is then transported
from ER to the Golgi complex, where it recruits the

TANK-binding kinase 1 (TBK1) and IxB kinase (IKK), and re-
locates them to perinuclear regions of the cell. Subsequently,
these kinases phosphorylate the transcription factors interferon
regulatory factor 3 (IRF3) and nuclear factor-«B (NF-xB) for
activation. The incitement of IRF3 and NF-«B triggers the pro-
duction of type I IFN and many other pro-inflammatory cyto-
kines (Fig. 1)* 27, IFNs selectively stimulate cross-presentation
of tumor antigens and mobilization of tumor-specific CD8" T
cells, which prime the adaptive immune response against tumors.

The spontaneous sensing and prompt responding toward
foreign invading DNA is a fundamental capacity of host defense.
However, the underlining intrinsic mechanism remains complex
and largely elusive. cGAS, STING and TBK1 are the key effectors
involved in host defense, and the cGAS—STING-TBKI1 axis is
now appreciated as the major signaling pathway in the immune
response across different species. Aberrant signaling of this
pathway has been closely linked to multiple diseases, and thus it
is reasonable to propose that targeting the cGAS—STING—
TBKI1 pathway would represent a promising immunotherapeutic
strategy for treating auto-inflammation, virus infection and
cancers?>26:29-31

3. Structural determination of the cGAS—STING-TBK1
signaling pathway

3.1.  Structural determination and activation mechanism of
cGAS

cGAS is the DNA-sensing nucleotidyl transferase (NTase) that can
recognize various cytosolic non-self DNA, including various
viruses, such as DNA virus and retroviruses, bacterial DNA, and
tumor-derived DNA*>. ¢GAS consists of an N-terminal tail (aa
1—160) and a NTase domain (aa 161—512). The function of the
N-terminal tail is unknown, whereas the NTase domain is crucial
for recognition of dsDNA and production of the second messenger
2/,3'-cGAMP* .

The structures of ¢cGAS in complex with dsDNA have been
reported from various species. Human and mouse cGAS share
56% identity in amino acid sequences and exhibit similar U-shape
structure in the unbound apo state (Fig. 2B)*®. ¢cGAS can ubig-
uitously bind with dsDNA from different species through their
phosphate backbones, indicating that the binding is non-sequence
dependent. Hopfner and co-workers®’ recently found that cGAS
preferentially senses longer dsDNA (>20 base pair) with high
potency. In the crystal structure of mouse cGAS in complex with a
39 bp dsDNA, two cGAS dimers assemble on two dsDNA in
“head-to-head” orientation to form a ladder-like network which
has enhanced enzymatic activity (Fig. 2C). They also found that
compared to mouse cGAS, human cGAS prefers longer dsDNA
due to its two amino acid substitutions in the DNA-binding
domain. Therefore, high-order oligomers of cGAS—DNA may
exist in mammalian cells or in vivo. In addition, the Chen
group”®* confirmed that cGAS—dsDNA binding is mediated
through electrostatic and multiple H-bonds between cGAS’s
positively charged surface and DNA’s sugar-phosphate backbone.
Such interactions subsequently induce a significant conforma-
tional change of cGAS in the NTase domain, leading to a struc-
tural switch of the catalytic pocket to allow binding of ATP and
GTP for their cyclization to synthesize 2',3'-cGAMP. Although
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The cGAS—STING-TBKI signaling pathway. Cytosolic dsDNA is recognized by cGAS, catalyzing the production of cGAMP, which

directly binds to the STING dimer on the ER and leads to its activation. The activated STING dimer is then translocated to perinuclear microsome
from ER via Golgi apparatus, where the C-terminal tail is released leading to STING polymerization. This translocation results in the recruitment
and activation of TBK1 by autophosphorylation, which in turn catalyzes the phosphorylation and nuclear translocation of IRF3 to induce

transcription of type I IFN genes and other inflammatory genes.

the synthesis of 2/,3-cGAMP occurs in two steps through a linear
dinucleotide intermediate, the exact mechanism for cGAS to
preferentially synthesize 2/,3’-cGAMP other than other CDNs
(e.g., 2/,2-cGAMP, 3',3'-cGAMP and 3',2’-cGAMP) is still un-
clear®®°, In general, it is proposed that the catalytic activation of
cGAS is likely controlled by dsDNA-specific conserved structural
switch, which is responsible for the preferred synthesis of 2/,3'-
cGAMP to bind with STING™.

A —
Human ¢GAS
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3.2.  Structural determination and activation mechanism of
STING

STING functions both as an ER adaptor protein sensing cyto-
plasmic dsDNA and as a direct immunosensor of endogenous
CDNs. Human (h) STING and mouse (m) STING share 81%
amino acid sequence similarity with 61% identity in the ligand-
binding domain (LBD) and exhibit similar structural
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Structural basis of ¢cGAS and its interaction with dsDNA. (A) Human cGAS domain composition. (B) Superimposition of human

(colored in cyan, PDB ID: 4LEV) and mouse cGAS (colored in magenta, PDB ID: 4K8V) in apo state. (C) Mouse cGAS in complex with 39 bp
dsDNA (PDB ID: 5N6I). cGAS and 39 bp dsDNA are colored in cyan and yellow, respectively.
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conformation®®**~% (Fig. 3B). hSTING gene is highly hetero-
geneous and has distinct sequence alleles, including the most
common allele R232 with an arginine at amino acid 232, the
minor allele H232 with a histidine at amino acid 232, and the
second most common human allele HAQ containing triple non-
synonymous single nucleotide polymorphisms (R71H-G230A-
R293Q). In addition, it was found that ~4% population in Africa
are AQ/AQ (R230A-R293Q), which is absent in other ethnic
populations. Africans also have the Q293 allele which is likely the
founder allele for Africans. Generally, ~30% of East Asians and
~10% of Europeans are HAQ/HAQ, HAQ/H232, or H232/H232.
AQ and HAQ might be derived from the founder allele Q293
during the human migration*’.

In view of the central role of STING in the cGAS—STING—
TBK1 signaling pathway, the structural study on its apo- and
bound-structures would provide fundamental insights in under-
standing its activation and functioning mechanism™. In 2012, the
crystal structures of the C-terminal domain (CTD) region of
hSTING in its apo (apo-STING ™) and in complex with cyclic-
di-GMP (CDG-bound-STING“™) were solved by Gu and co-
workers*', respectively, as a similar V-shaped dimer. In the apo-
STING®™ structure, two molecules of STING form a V-shaped
homodimer with a dimeric interface formed from a1—a3 helices
and a surface a2—a3 loop by van der Waals interaction and
multiple H-bonds (Fig. 3B). Similarly, the CDG-bound-
STINGC™™ structure shows a dimeric STING (monomers A and
B) in complex with one CDG molecule with 2:1 stoichiometry,
and the U-shaped CDG molecule centers in the bottom of the cleft
formed by the dimeric STING®™ through multiple H-bonds and
stacking interactions (Fig. 3C). Compared to the conformations of
the dimeric interface in both structures, there is no significant
change in the overall structure of STING™ upon CDG-binding.
However, superposition of both structures indicates a major
structural alternation occurring at the $2—@33 loop in the CDG-
bound-STING®™ by shifting 1.5—6.3 A away from the corre-
sponding loop of apo-STING-™,

Recently, Zhang and co-workers** reported the cryo-electron
microscopy (EM) structures of full-length STING from human
and chicken in the apo state (about 80 kDa in size) and the 2’,3'-
cGAMP-bound chicken STING in both the dimeric and tetra-
meric states. The apo-structures from human and chicken are
similar, in which the LBD adopts inactive conformations and the
eight transmembrane helices in the STING dimer form a central
(TM2 and TM4) and a periphery (TM1 and TM3) layers
(Fig. 3D). The cryo-EM structure of 2',3’-cGAMP-bound
chicken STING contains both dimer and higher-order oligomers
with a 4:1 ratio. The oligomers predominantly consist of two
dimers aggregated in a linear manner through side-by-side
packing. The LBD-dimer in full length STING adopts a closed
conformation that tightly holds 2',3'-cGAMP in the ligand-
binding pocket (Fig. 3D). Compared to the apo-structure of
chicken STING, a 180° rotation is found for the LBD relative to
the transmembrane in the cGAMP-bound chicken STING. This
rotation is believed to induce a conformational change in a loop
on the side of the LBD dimer, leading to tetrameric and higher-
ordered oligomeric STING.

Since cGAS-produced 2’,3’-cGAMP and other CDNs, including
CDG and cyclic-di-AMP (CDA) from bacteria all activate the
STING pathway, Li and coworkers*’ recently conducted an

extensive crystal structure study and found that both 2/,3’-cGAMP
and CDA, but not CDG, induce the closing of the open apo-STING
dimer (Fig. 3E). However, only 2',3’-cGAMP and CDG directly
bind with STING in high potency, whereas the binding affinity of
CDA is much weaker (>100 fold less potent than 2’,3’-cGAMP).
Further, they confirmed that CDG is able to inhibit cGAMP-induced
STING signaling as well. These results indicated that inducing the
conformational closing of dimeric hNSTING by CDN:ss is required to
achieve higher binding potency, not for STING activation. Mean-
while, the structural study on the hSTING oligomer revealed that
binding of cGAMP induces oligomerization of homodimeric
STING via CTT release, and CTT is requested to protect the poly-
mer interface and prevent auto-activation by facilitating the for-
mation of disulfide-linked polymers via Cys 148.

3.3.  Structural determination and activation mechanism of
TBK1

TBKI1 is a noncanonical member of IKK family, and plays a key
role in the innate immune system. Earlier structural studies sug-
gest that TBK1 exists as a compact dimer containing an N-ter-
minal kinase domain (KD), a ubiquitin-like domain (ULD), and an
a-helical scaffold and dimerization domain (SDD, Fig. 4)44'45 .
Upon binding with 2',3’-cGAMP, STING activates TBK1 and
IRF3, leading to the release of type I IFN and many other
cytokines™.

To detect the direct contact of STING with TBK1, Chen and
co-workers®’ recently obtained the cryo-EM structure of human
TBK1 in complex with cGAMP-bound full-length chicken
STING, in which STING was found to form stable oligomers upon
2/,3'-cGAMP binding and release its CTTs. As shown in Fig. 4B
and C, the CTTs from the STING oligomers adopt (-strand-like
conformations and insert into a groove in the TBK1 dimer formed
between the KD of one TBK1 monomer and SDD of another
monomer. TBK1 dimer was found to bind STING from the top of
cytosolic LBD dimer. However, the transmembrane domain of
STING is not involved in the binding interface. Both STING and
TBK1 function and signal through phosphorylation, which is
induced by 2',3’-cGAMP-binding, and the binding of STING with
TBK1 is enhanced as well by their phosphorylation. In the
meantime, Li and co-workers*® reported a crystal structure of
TBK1 bound to human STING, and determined the exact STING
residues involved in the binding with TBK1. They found that a
highly conserved PLPLRT/SD motif in the C-terminal residues of
STING mediates the recruitment of TBK1 by directly binding
with the dimeric interface of TBKI1. Further analysis of the
structure of TBK1 bound to the CTT of STING (STING®™T)
revealed that the dimeric TBKI1 binds two peptides from
STING ™™, and each peptide binds with two TBK1 monomers
simultaneously to form a 2:2 complex. It seems that the proximity
of TBKI1 induced by adjacent STING molecules in the STING
oligomers mediates the activation of TBK1. The STING ™" adopts
an extended coil structure that binds TBK1 at the PLPLRT/SD
motif through hydrophobic interaction and H-bonds (Fig. 4D). All
together, these results suggested that 2’,3’-cGAMP-binding initi-
ates activation of STING by formation of stable oligomers, and the
PLPLRT/SD motif in the CTT of STING oligomers then binds
with the interface of dimeric TBK1 to induce phosphorylation and
activation of both STING and TBKI. Further recruitment and
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Structural basis of CDN recognition by STING. (A) Human STING domain composition. (B) Superimposition of human (colored in

blue, PDB ID: 4EMU) and mouse STING (colored in yellow, PDB ID: 4KCO) in apo state. (C) Human STING (colored in palecyan, PDB ID:
4F5Y) in complex with CDG. (D) Full length chicken STING in 2’,3’-cGAMP-bound state (PDB ID: 6NT7). (E) Human STING in complex with

2/,3'-cGAMP (colored in green, PDB ID: 4LOH).

phosphorylation of IRF3 and TBK1 lead to the engagement of
downstream signaling components and regulation of the induction
of type I IFN transcription, a hallmark signaling of the cGAS—
STING-TBKI1 pathway** %,

4. Drug development targeting the cGAS-STING-TBK1
signaling pathway

Many types of cancers can induce a spontaneous adaptive T cell
response, and foster an immunosuppressive microenvironment
favoring its development®. Therefore, targeting the cGAS—
STING-TBK1 pathway by using agonists to “heat up” tumor
microenvironment via secretion of IFNs and other cytokines
would enhance anti-tumor immune response. Recent years have
witnessed the rapid advances in the development of CDN ana-
logues or non-nucleotidyl small molecules as STING agonists to

mimetic functions of the endogenous 2’,3’-cGAMP, and many
compounds have showed exciting preclinical and clinical ben-
efits®' *33°72 However, agonists targeting cGAS and TBK1 are
rare. Meanwhile, inhibitors targeting cGAS—STING-TBKI1 have
also been developed with potentials for treatment of auto-
inflammation, virus infection and cancers.

4.1.  Development of STING agonists

4.1.1.  Natural and synthetic CDNs as direct STING agonists
4.1.1.1.  2",3'-cGAMP is an endogenous high-affinity STING
agonist. The endogenous 2',3’-cGAMP produced by cGAS in

mammalian cells contains two distinct phosphodiester linkages,
one between 2'-OH of GMP and 5'-phosphate of AMP, and the
other between 3’-OH of AMP and 5'-phosphate of GMP. There are
many other similar endogenous CDN analogues with differences
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Structural determination of STING/TBK1 complex. (A) Human TBK1 domain composition. (B) and (C) Human TBK1 structure in

complex with chicken STING CTT (PDB ID: 6NT9): (B) side view of TBK1, (C) bottom view of TBK1. The conserved motif of STING CTT and
the SDD, KD, and ULD of TBK1 are colored in megenta, green, light blue and cyan, respectively. (D) Interaction between the human STING and
mouse TBK1 (PDB ID: 608C). The conserved motif of STING CTT and the SDD, KD, and ULD of TBKI1 are colored in megenta, green, light
blue and cyan, respectively. H-bond interactions between STING CTT and TBK1 are depicted as red dashed lines.

only in the phosphodiester linkages. To secure the unique 2’,3'-
cGAMP structure preferentially recognized by STING over other
c¢GAMP isomers, Chen et al.”® chemically synthesized all
cGAMPs containing the four possible phosphodiester linkages
including 2',3’-cGAMP, and found that 2',3’-cGAMP shows
distinct difference from other cGAMP isomers in NMR signals of
the two anomeric H-1’ (Fig. 5). 2/,3’-cGAMP obtained by chem-
ical total synthesis was confirmed in complete agreement with the
one produced by cGAS through stimulation of mouse and human
cells with dsDNA in the presence of ATP and GTP substrates by
all spectroscopic data. Isothermal titration calorimetry (ITC) ex-
periments showed that the natural agonist 2',3'-cGAMP binds
STING with a Ky value of appropriately 4 nmol/L, which is much
lower than other CDN analogues including the other three
cGAMP isomers (287 nmol/L to 1.6 umol/L, Fig. 5) and CDG
(1.2 pmol/L). Interestingly, all these cGAMPs induce IFN-3
secretion with similar ECs, values (16—42 nmol/L), which are
much more potent than CDG (>500 nmol/L).

In 2014, Deng et al.>* reported that treatment with low dosage
of 2/,3’-cGAMP (0.5 mg/kg) does not induce appreciable anti-
tumor effect, but can enhance anti-tumor immunity induced by
radiation. Later, the Tan group’> conducted a systematic study on
both the anti-tumor activity and molecular mechanism of 2’,3'-

cGAMP against murine colon 26 adenocarcinoma. They found
that the anti-tumor effect of 2/,3'-cGAMP is dose-dependent and
an intravenously injected dosage up to 20 mg/kg is able to
significantly boost the expression of STING and IRF3, thus pro-
ducing a tumor inhibition rate up to 60%. Meanwhile, combina-
tion of 5-fluorouracil with 2/,3’-cGAMP can potentiate both the
anti-tumor effect and the survival rate. Interestingly, 2',3'-
cGAMP still shows modest tumor suppressive activity in Sting ™'~
mice, indicating 2',3’-cGAMP may stimulate additional pathways
other than STING. This result may explain that all the cGAMP
isomers in Fig. 5 induce similar levels of IFN-@ despite of their
distinct binding affinity against STING.

4.1.1.2. ADU-S100 (ML RR-S2 CDA) bearing dithio mixed-
linkages. Since the endogenous CDNs including 2/,3’-cGAMP
are less active in vivo and susceptible to degradation by phos-
phodiesterases in host cells or in the systemic circulation,
Gajewski et al.’® developed a series of synthetic CDN-derivatives
bearing dithio mixed-linkages with both R,R- and R,S-dithio di-
astereomers. The lead molecule 1 (ML RR-S2 CDA, also ADU-
S100, Fig. 6) shows improved stability and lipophilicity, and
significantly enhances STING signaling by inducing much higher
levels of IFN-g than the endogenous 2/,3-cGAMP and other
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pathogen derived CDNs. This synthetic CDN is found to not only
activate all known hSTING allelic variants but also show signifi-
cant tumor growth suppression or regression than the natural
STING ligand 2',3’-cGAMP in several mice models, including
BALB/c mice bearing B16 melanoma and BALB/c mice bearing
established 4T1 colon or CT26 mammary carcinomas after three
50 pg intratumoral (i.t.) injections. Further, it is found that i.t.
injection with ADU-S100 eradicates multiple tumor types and
primes an effective systemic CD8" T cell immune response to
suppress the growth of distal untreated tumors. Although the ne-
cessity using i.t. injection to achieve maximal therapeutic effect
may cause some limitations on the treatment approach, ADU-
S100 has been aggressively approached into clinical trials to
generate T cell responses against tumor-specific antigens
expressed by a patient’s individual cancer.

4.1.1.3.  Cyclic adenosine-inosine monophosphates (cAIMPs) as
potent synthetic CDNs. In 2016, Lioux et al.’’ from InvivoGen
reported a series of cAIMP analogues containing one adenosine
nucleoside and one inosine nucleoside to replace the two nucleosides
(adenosine and guanosine) in the natural CDNs with various sugar
moieties (ribose, 2'-deoxyribose, or 2’-fluoro-2'-deoxyribose). These
CDN:ss are also featured by different internucleotide linkage positions
(2/,2/;2',3';3',3'; or 3’,2") and phosphate natures (bis-phosphodiester
or bis-phosphorothioate, Fig. 6). Many of these cAIMP analogs are
found to significantly stimulate the IRF and NF-«B signaling path-
ways in human and murine immune cell lines. Interestingly, there is
no marked difference in the activity between these 3',3’-cAIMPs and
corresponding 2',3'-isomers. Distinctly different from cAIMPs, nat-
ural 2/,3’-cGAMP is much more potent than its 3',3'-cGAMP isomers
to bind STING. In THP1 human monocyte reporter cell (THP1-Dual)
lines, the representative cAIMP analogs 2—5 induce the greater
activation on both IRF production (ECsy = 0.3—5.1 pmol/L) and
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NF-kB signaling (ECsy = 1.6—16 pmol/L) than the human
2/,3'-cGAMP (ECs, = 7.2 and 39.1 umol/L, respectively, for IRF and
NF-kB). In human blood ex vivo, these cAIMPs induce the
secretion of IFNs and proinflammatory cytokines with ECsq values of
6.4 pumol/L for 2, 10.6 pmol/L for 3, 0.7 umol/L for 4, and 0.4 pmol/L
for 5, respectively, which are much more potent than 2/,3’-cGAMP
(ECs9 = 19.6 umol/L). Notably, cAIMPs 4 and 5 containing two
2/-fluoro-2'-deoxyriboses are the most potent in this series in the in-
duction of type I IFNs. Importantly, these cAIMP analogs are more
resistant than 2/,3’-cGAMP to the enzymatic cleavage in vitro.
Particularly, compound S shows no degradation even after 2 h incu-
bation with either nuclease P1 or snake venom phosphodiesterase. On
the basis of the high in vitro potency and stability of these compounds,
it would be valuable to test their STING-dependent immunothera-
peutic responses in vivo.

4.1.14. CDN analogue 2'**,3'™“-cGAMP bearing an uncharged
linkage. 1Tt is reported that the negatively charged 2'-5'-phos-
phodiester bond in 2',3’-cGAMP is the active site for specific
degradation by ecto-nucleotide pyrophosphatase/phosphodies-
terase 1. Carell and co-workers™ recently designed 2" 3/T--
c¢GAMP (6), an analogue of 2',3’-cGAMP lacking the unique but
unstable 2’-5'-phosphodiester linkage. This compound bears a
3'-5'-triazole bond and a 2’-5"-amide bond (Fig. 6), and is obtained
by total synthesis in nearly 20 steps with less than 2% overall
yield. Unfortunately, this compound is inactive to bind STING.

4.1.2.  Non-nucleotidyl small molecule STING agonists
4.1.2.1.  mSTING specific small molecule agonists
4.1.2.1.1.  5,6-Dimethylxanthenone-4-acetic acid (DMXAA) and

its analogues. The previous clinically failed vascular disrupting
agent 5,6-dimethylxanthenone-4-acetic acid 7 (DMXAA, Fig. 7)
has been reported as an immune modulator, but the mechanism is
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unclear. In 2012, Vogel et al.”” reported that compound 7 induces
the expression of IFN-$ in murine macrophages dependent on
STING, thus indicating that STING is the target of 7. Subsequent
structure—function studies of mSTING and hSTING revealed that
compound 7 is a direct agonist for mSTING, but not hSTING™*%°,
This result at least in part rationalizes the insufficient anti-tumor
efficacy observed in the earlier unsuccessful human clinical tri-
als in spite of the high potency in the preclinical mouse study.

To validate the anti-tumor efficacy in mice by directly targeting
and activating STING, Gajewski et al.’® showed that i.t. injection
of 500 pg compound 7 effectively primes CD8" T cell responses
and promotes elimination of the established tumors in a STING-
dependent fashion. Striking durable disease regression is also
observed in multiple mouse tumor models. Based on these proof-
of-concept results, compound 7 has been recognized as the pro-
totypic structural model for the development of non-CDN small
molecule STING agonists.

In 2014, by combining the structural, biophysical, and cellular
assays, Patel and co-workers®' studied the interaction of com-
pound 7 with mouse and human chimeric proteins of STING.
Through point mutations, they identified that compound 7 binds
hSTING by forming an inactive “open” conformation, and a single
substitution G230I enables the conformation transition to an active
“closed” state. The substitution Q2661 within the binding pocket
that cooperates with G230l together with a point substitution
S162A at the binding-pocket was identified as well to render
hSTING highly sensitive to compound 7. On the basis of the
complex structure of the engineered hSTING with 7, especially in
view of the large nonpolar hydrophobic pocket formed by Q266,
1165, L170 and 1235 around the C7 position of compound 7
(Fig. 7), the Han group®” recently designed a series of C7-
substituted analogues with the H-bonding donor or acceptor na-
tures. Compared to compound 7 itself (K4 = 83.4 umol/L), much
weaker binding was observed for all these analogues with the
affinity in the order of Br (8, K4 = 149 pumol/L) > OH (9,
K4 = 522 pmol/L) > CH,0H (10) > CH,CH,O0H (11) ~I (12)
~CHO (13) in a thermal shift assay using differential scanning

fluorimetry. The highest affinity of 7-bromo analogue 8 is likely
due to a strong hydrophobic interaction between the bromine atom
and the surrounding 1165, 1266, L170, and 1235 residues. Quite
disappointingly, all these analogues fail to show any binding in-
teractions with three tested hSTING variants.

4.1.2.1.2.  Other small molecule agonists specifically targeting
mSTING. Similar to DMXAA, flavone-8-acetic acid (14, FAA),
2,7-bis(2-diethylamino ethoxy)fluoren-9-one (15, tilorone), and
10-carboxymethyl-9-acridanone (16, CMA) are also the small
molecules developed earlier in 1970s as antiviral agents (Fig. 7).
Recent studies indicate that these antiviral compounds mediate
cell-intrinsic type I IFN responses by activating STING®. The
more potent compound 16 is confirmed to directly bind STING
and trigger a strong antiviral response through the TBK1/IRF3
signaling pathway. However, this extraordinary activity is only
observed in mSTING, but not in hSTING-dependent cells. Crys-
tallographic studies showed that two 16 molecules bind to the
mouse STING dimer domain in a fashion similar to that of
CDG".

4.1.2.2.  hSTING small molecule agonists

4.1.2.2.1. Dispiro diketopiperzine 17 (DSDP). The Chang
group® recently conducted a high throughput screening (HTS) of
16,000 compounds and identified a dispiro diketopiperzine com-
pound 17  (2,7,2",2"-dispiro[indene-1",3"-dione]-tetrahydro
dithiazolo[3,2-a:3’,2'-d]pyrazine-5,10(5aH,10aH )-dione, Fig. 8)
as a cGAS/STING pathway activator. Further study indicated that
compound 17 activates a cellular component downstream of
c¢GAS, which is at or upstream of STING. In addition, compound
17 dose-dependently induces the mRNA expression of both type I
(IFN-B) and type III (IL-28A and IL-29) IFNs. Interestingly, the
induction of cytokine response by compound 17 is dependent on
the expression of functional hSTING, but not mSTING.
4.1.2.2.2.  Benzo[b][1,4]thiazine-6-carboxamide 18 (G10) as an
indirect STING agonist. Similarly, through an HTS approach, 4-
(2-chloro-6-fluorobenzyl)-N-(furan-2-yl methyl)-3-oxo-3,4-dihydro-
2H-benzo[b][1,4]thiazine-6-carboxamide (18, Fig. 8)05 is identified
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capable of activating IRF3, but not canonical NF-kB pathways in
human fibroblasts. Further examination of the cellular response
revealed that compound 18 induces the expressions of multiple IRF3-
dependent antiviral effector genes, as well as type I and III IFN sub-
types, which promote the cell to prevent the replication of emerging o-
virus species. Unfortunately, compound 18 is unable to stimulate the
similar activation in murine cells. By employing a reverse genetics
approach, IRF3, STING, and the IFN-associated transcription factor
STAT1 are found necessary for the observed gene induction and
antiviral effects. However, subsequent thermal shift assay indicated
that there is no direct binding of compound 18 to STING. Therefore,
compound 18 is a synthetic indirect hNSTING activator and its potential
use needs to be investigated.

4.1.2.2.3.  «a-Mangostin (19, a«-MG) as a hSTING-preferring
agonist. «-Mangostin is a well-known dietary xanthone with
moderate anti-tumor and antiviral activities (Fig. 8). Although a-
mangostin shares the same xanthone skeleton with DMXAA,
Quan and co-workers® recently revealed that it is an hSTING
agonist with less activity against mSTING. a-Mangostin induces
type I IFN production in 293T cells transfected with hSTING
plasmids including both hSTING"**? and hSTING®**? in a dose-
dependent manner, and hSTING"2*? is more sensitive to a-man-
gostin than hSTING®**2. The endogenous agonist 2',3'-cGAMP is
found to be a fast-acting STING agonist to induce rapid and robust
type I IFN signal that peaks at 2 h, while a-mangostin is a less
potent and slow-acting hSTING agonist to induce type I IFN
signal peaking at 6 h. Further studies indicated that a-mangostin
directly binds and stabilizes hSTING®™, and subsequently en-
hances the phosphorylation of both TBK1 and IRF3 in a dose- and
time-dependent manner, whereas no such effect is observed in
Sting-knockout THP1 cells®*°.

4.1.2.2.4.  Benzamide 20 (BNBC) and its analogues 21 and
22.  6-Bromo-N-(naphthalen-1-yl)benzo[d][1,3]dioxole-5-
carboxamide (20) is a recently identified STING agonist bearing a
benzamide framework (Fig. 8)°’. It induces type I and III IEN
dominant cytokine responses in primary human fibroblasts and
peripheral-blood mononuclear cells (PBMCs). In addition,

S,

8 (X = Br);
9 (X = OH);
10 (X = CH,0H);
11 (X = CH,CH,0H)
12 (X =1);
7 (DMXAA, X = H) 13 (X = CHO)

(Only active against mSTING)

CO,H

g

15 (Tilorone) 16 (CMA)

mSTING specific agonists 7—16 and co-crystal structure of 7 (DMXAA) bound to murine STING (PDB code 4LOL) with their key

compound 20 also induces the cytokine response in PBMC-derived
myeloid DCs and promotes their maturation, suggesting that
STING agonist treatment can potentially regulate the activation of
CD4" and CD8" T lymphocytes. Further, compound 20 induces the
perinuclear translocation of HepG2 cells expressing hSTING but
not those expressing mSTING. A preliminary structure—activity
relationship (SAR) study was then conducted, and the minimum
effective concentrations to induce 5-fold luciferase activity
(MinECs,) relative to the mock-treated controls and the maximum
induction (MI) fold of interferon stimulated gene 54 (ISG54)-pro-
moter activity were tested in HepG2/hSTING cells. It is found that
more polar compounds by introduction of an electronegative
nitrogen to either the B ring or D ring, or introduction of the water-
soluble morpholine to the 2-position of the C ring lead to loss of
their activity with MinECs, value greater than 200 pmol/L when
compared to compound 20 (2.2 pmol/L). In contrast, the A ring
opening analogue 21 (57093Z) and D ring opening analogue 22
(57071Z) maintain low MinECs, values of 2.5 and 2.6 umol/L,
respectively. Notably, compound 21 has a significantly increased
maximum fold of 28.0 to induce ISG54-promoter activity, which is
much higher than 20 (20.5-fold) and 22 (17.3-fold) indicating that it
might be a more potent STING activator.

4.1.2.2.5. Dimeric amidobenzimidazoles (diABZIs) as a sys-
temic STING agonist. Recently, a HTS program led by Ram-
anjulu and co-workers®® at GlaxoSmithKline identified a series
of small molecule STING agonists bearing a key amidobenzi-
midazole (ABZI) component, among which compound 23 shows
a moderate inhibitory effect (ICso™"" = 14 + 2 umol/L) against
the *H-cGAMP binding to STING (Fig. 9). The structure of
compound 23 in complex with the STING®™ confirms that
compound 23 binds in the cGAMP binding pocket with two
bound molecules per STING dimer, and each molecule interacts
with one STING subunit, spanning the entire side of the pocket
without obvious contacts across the dimer interface. Subse-
quently, they replaced the NI-hydroxyphenethyl moiety of
the ABZI component with a linker between the two molecules
to create a single dimeric ligand diABZI 24, showing more
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than 1000-fold enhanced binding affinity to STING
(ICsy™ = 20 + 0.8 nmol/L). The complex structure with
STING confirms that compound 24 maintains the same
protein—ligand contacts as observed with compound 23, and
there is no interaction between the linker and the protein (Fig. 9).
Unfortunately, compound 24 induces a moderate secretion of
IFN-8 (EC5¢™"P = 3.1 £ 0.6 pmol/L), thus encouraging a further
structural optimization to improve cell membrane permeability.
Finally, diABZI 25 is identified retaining high binding affinity
with improved potency in primary cells and functional activity
across different human haplotypes and mouse STING. In human
PBMCs, compound 25 induces the dose-dependent activation of
STING and the secretion of IFN-B8 with an ECsy*"P value of
130 nmol/L. It exhibits optimal systemic exposure with a half-
life time of 1.4 h and satisfactory plasma concentrations. Inter-
mittent dosing of 25 at 1.5 mg/kg intravenously in subcutaneous
CT-26 tumors results in the significant tumor growth inhibition
as measured by tumor volume AUC analysis (P < 0.001), and
significantly improves survival (P < 0.001) with 8 out of 10 mice
remaining tumor free at the end of the study (Day 43). Inter-
estingly, unlike cGAMP and DMXAA, these diABZIs efficiently
activate STING function while maintaining an open STING
confirmation. Based on these studies, diABZI 25 represents the
first intravenously efficacious non-CDN STING agonist with
systemic anti-tumor activity, and is warranted for further pre-
clinical or clinical study.

In addition to the patent from GlaxoSmithKline, recently
scientists from the HITGEN® at China also disclosed a series of
diABZIs either by replacing the benzoimidazole component in
diABZI 25 with an imidazopyrimidine motif or replacing the
solvent—interaction alkoxy groups with other groups (Fig. 9).
The representative compounds 26—28 show low micromolar
binding affinity to STING (K4 = 1—3 pmol/L) and high potency
(ECs59 = 8.6—330 nmol/L) in the induction of chemokine (C-X-
C motif) ligand-10 (CXCL-10) in PBMC cells. Particularly,
intermittent injection of compound 26 either intratumorally or
intraperitoneally shows significant tumor growth inhibition or
regression in BALB/c mice bearing established CT26 mammary
carcinomas.
4.1.2.2.6. Bicyclic benzamides. Recently, Curade Pharm
at India disclosed three patents claiming three series of bicyclic

70—72

hSTING active small molecule agonists.

benzamides as potent STING agonists (Fig. 10). Representative
compounds of the first series include 3-ox0-3,4-dihydro-2H-benzo
[b][1,4]thiazine-6-carboxamide (29), 2-oxo0-2,3-dihydro-1H-pyr-
ido[2,3-b][1,4]thiazine-7-carboxamide (30), and 2-oxo-1,2,3,4-
tetrahydroquinoline-7-carboxamide (31)°. All these compounds
have micromolar range of activity in the HEK293T-hSTING
luciferase assay, and potently induce the secretion of IFN-a/f3,
IL-6, CXCL-10, and TNF-« in human PBMC cells. In the BALB/c
mice bearing R232 hSTING-expressed CT26 tumor, i.t. injections
of all the three compounds at 200 pg dosage thrice a week induce
significant tumor growth suppression. Compounds 29 and 30 are
more potent than 31, suggesting a contribution of the ring het-
eroatoms N or S. 2-Oxo-1,2,3,4-tetrahydroquinazoline-7-
carboxamides 32—34 represent the second series of compounds
and also show significant activation effects on STING’'. Lt. in-
jections of these three compounds at 200 pg dosage thrice a week
introduce significant tumor growth inhibition. Especially, com-
pound 34 nearly completely suppresses the tumor growth. Com-
pounds 35—37 represent the third series of compounds bearing a
2-oxoindoline-6-carboxamide skeleton, and show similar po-
tency in hSTING activation assays’>. Similarly, these compounds
induce significant tumor growth suppression in BALB/c mice
bearing established CT26 tumor.

4.1.2.2.7.  Benzothiophene derivatives. Merck Sharp & Dohme
Corp.” recently claimed a series of multi-substituted benzothio-
phenes 38 (Fig. 11) as STING agonists. The 4-oxobutanoic acid
side chain is important for the activity, and subtle alternations on
the phenyl cause significant difference in potency. It is found that
the conformation of the cyclopropane moiety within the side
change is also important, and the cis-isomer 39 is less potent than
trans-isomer 40 with ECsy values of 114 and 703 nmol/L,
respectively, in the STING-binding assay. Interestingly, despite
the moderate binding affinity (mostly in micromolar range),
compounds 41—43 show significant functional activity with
percent activation (% effect) several folds higher than 2',3'-
c¢cGAMP in IFN-§ secretion of THP1 cells. Although the in vivo
anti-tumor efficacy is not disclosed in this patent, recently two
additional patents from Merck’* further claimed that these ben-
zothiphene compounds have significant STING-dependent anti-
tumor activity in advanced MC38 mouse syngeneic tumor model
with i.t. intermittent injection, and clinical study in the treatment
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Development of diABZIs as potent systemic STING agonists and co-crystal structure of diABZI 24 bound to human STING (PDB

ID: 6DXL). Red dashed lines depict the key H-bond interactions of diABZI 24 with human STING.

of patients with advanced/metastatic solid tumors or lymphomas
had been proposed either alone or in combination with anti-PD-1
antibodies’”

4.2.  Development of STING inhibitors

4.2.1.  Tetrahydroisoquinolone acetic acids (THIQCs)

Since earlier structural analysis of 2',3'-cGAMP in complex with
STING®™ indicated that the binding of the agonist induces the
apo state STING to transition from an “open” conformation to a
“closed” conformation*'. Therefore, stabilization of the “open”
conformation would lead to inactivation of STING, whereas sta-
bilization of the “closed” conformation might lead to activation of
the protein. Based on the large binding pocket of STING, Siu and
co-workers’® recently established a robust platform to identify
STING inhibitors, and 1-oxo-1,2,3,4-tetrahydroisoquinolin-4-yl
carboxylic acid (44, Fig. 12A) was initially obtained as a low
activity hit with an ICsy value of 7300 nmol/L in the HAQ
STING-cGAMP displacement assay. The easy one-pot synthesis
of this compound led to subsequent generation of diverse

derivatives, providing compound 45 as a high potent STING
inhibitor with an ICsy value of 84 nmol/L. To improve
the poor pharmacokinetic properties of 45 (calculated
pK. = 4.3; oral bioavailability, F' = 5%; permeability, MDCK
Pypp = 9 X 107% cm/s), extension of the carboxylic acid to the
homologated acid provides THIQC 46 that has slightly higher
potency (ICso = 68 nmol/L) and much improved oral bioavail-
ability of 60% with high intrinsic clearance. Co-crystal structure
of 46 bound to STING protein confirms that this compound binds
in a 2:1 ratio to the STING homodimer in the “open” inactive
conformation (Fig. 12B). Since stabilizing the “open” conforma-
tion is proposed to prevent all STING signaling, THP1 cells were
then incubated with 45 and 46, respectively, with or without
cGAMP stimulation, and no significant stimulation of IFN-8
production (ECso > 30 pmol/L) were observed. Intriguingly,
functional study indicated that the inhibition of the cGAMP-
induced IFN-8 production by either compounds 45
(ICs¢p = 11.5 pumol/L) or 46 (ICsy = 11.0 pmol/L) is unexpect-
edly modest, which is over 100-fold less potent compared to their
binding affinity.
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4.2.2.  Small molecule covalent inhibitors

Recently, Ablasser and co-workers’’ from IFM Therapeutics
performed a cell-based chemical screening and identified a series
of compounds as covalent inhibitors of STING (Fig. 13). First,
two nitrofuran derivatives 47 and 48 were found to strongly reduce
STING-mediated IFN-g reporter activity. Their high selectivity is
confirmed by broad reduction of 498 (99.6%) of the 500 most-
upregulated genes induced by a STING agonist. Mechanism
study suggested that these compounds covalently target the pre-
dicted transmembrane Cys 91 thereby blocking the activation-
induced palmitoylation of STING. The species-specific study
suggested that the two compounds directly target mSTING but not
hSTING. Further SAR study indicated that the nitrofuran moiety
and the central amido NH are critical for the inhibitory activity
and the N-methyl analogue 49 is inactive. Meanwhile, two addi-
tional compounds 50 and 51 were identified to efficiently inhibit
both hSTING and mSTING through the same mechanism of ac-
tion. Meanwhile, a new urido compound 52 was also found as a
potent hSTING inhibitor, which is depended on Cys91 as well.
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Bicyclic benzamides from patents of Curade Pharm.

Notably, pretreatment with 52 markedly reduces systemic cyto-
kine responses in the sting agonist-treated mice. Trex-1 is the most
abundant 3’,5'-exonuclease in mammalian cells that digests
cytosolic DNA. Mutation or deletion of TREX gene in humans can
cause several autoimmune diseases. Compound 52 exhibits
marked efficacy in Trex]”~ mice expressing a bioluminescent
IFN-@ reporter. Therefore, this compound is a highly potent and
selective small molecule antagonist of STING that has noteworthy
inhibitory activity both in vitro and in vivo.

4.2.3.  Natural cyclopeptide Astin C and its analogue

Wang and co-workers’® recently isolated a series of natural
chlorinated cyclopentapeptides from roots and rhizomes of the
traditional Chinese medicinal plant Aster tataricus. Compositae-
type cyclopeptides consist of one proteinogenic amino acid (L-
Ser) and four nonproteinogenic amino acids, such as L-3-Phe, L-
Abu, L-allo-Thr, and chlorinated L-Pro derivatives. Among them,
the cyclopeptide Astin C (53, Fig. 13) bearing a unique 3,4-
dichloropyrrolidine-2-carboxylic acid moiety exhibits potent
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/ JOOS S\
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ECso = 1143 nmoliL;
% Effect=77%

ECso =703 nmol/L;
% Effect = 130%

41(X=0Me, Y=CI, Z=H)
ECso = 9335 nmoliL;
o) % Effect = 290%

42 (X =Br, Y =MeO, Z = H)

ECso = 2575 nmol/L;
% Effect = 298%

43 (X =Y =OMe, Z=H)

ECso = 4073 nmollL;
% Effect = 394%

OH

Benzothiophene derivatives from patents of Merck. ECs, values were obtained from *H-cGAMP filtration binding assay, and %

effect values represent the ability to induce IFN-8 secretion in THP-1 cells relative to 2',3'-cGAMP at 30 pumol/L.
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and specific activity in blocking STING-dependent signaling
with ICsq values of 3.42 4+ 0.13 and 10.83 £+ 1.88 umol/L,
respectively, for m- and h-STING fibroblasts, whereas the
analogue 54 without the 3,4-dichloropyrrolidine component is
inactive. Compound 53 binds STING®TP-H232 with a K value
of 2.37 £+ 0.38 umol/L, roughly equivalent to that of the
endogenous CDNs (K4 for CDG, 2.77 + 0.54 pmol/L; K4 for
2'.3’-cGAMP, 2.18 + 0.32 umol/L). Further mutagenesis analysis
revealed that compound 53 specifically targets STING and
competes with CDNs for binding the C-terminal activation
pocket of STING. To facilitate in vivo study, compound 53
complexed with hydroxypropyl B-cyclodextrin was prepared to
improve the water solubility and this complex was delivered into
mice via tail vein injection once every 2 days. Administration of
the complex consistently and strongly inhibited the mRNA
expression of IFN-G, CXL10, ISG15, ISG56, and TNF-«, and
alleviated the auto-inflammatory symptoms in Trex/ '~ bone
marrow-derived macrophages and STING-mediated disease ani-
mal model”®.

4.3.  Development of cGAS inhibitors

As the cytosolic DNA sensor, cGAS is a critical alarming mole-
cule to detect invading dangerous pathogens. However, persistent
activation of cGAS can cause autoimmune diseases, such as
Aicardi-Goutieres syndrome and lupus. Therefore, manipulating
c¢GAS may pave a new avenue for treatment of acute or chronic
inflammatory diseases through modulation of the cGAS—STING
pathway. Although activation of cGAS can produce significant
signaling amplification, development of cGAS agonists proves to
be challenging. Alternatively, several research groups have re-
ported the progress on the development of cGAS inhibitors, which

4.3.1.  cGAS indirect inhibitors

4.3.1.1. DNA intercalators as indirect cGAS inhibitors. In
2016, Hammond and coworkers’® reported their development of
an RNA-based fluorescent biosensor, which allowed for high
throughput screening of cGAS inhibitors by quantifying the levels
of cellular 2',3-cGAMP produced by cGAS. From their com-
pound library, they found that anti-malarial drug quinacrine hy-
drochloride (55) and fluorescent probe ethidium bromide (56,
Fig. 14), both previously used as DNA intercalators, show full
inhibition of cGAS activity at 100 pmol/L, and RNA polymerase
inhibitor actinomycin D (57) shows partial inhibition. Therefore,
nucleic acid intercalators are a class of cGAS inhibitors, which
likely act indirectly by intercalating and shifting DNA helix
conformation and interfering DNA—cGAS binding.

4.3.1.2.  Repurposing antimalarial drugs as indirect GAS
inhibitors. By in silico prediction based on a mouse cGAS-DNA
co-crystal structure, Elkon and co-workers"® identified a series of
antimalarial drugs bearing aminoacridine or aminoquinolone
scaffold as new cGAS inhibitors (Fig. 15). Among these, quina-
crine (QC, 58), 9-amino-6-chloro-2-methoxyacridine (ACMA,
59) and hydrochloroquine (HCQ, 60) are found to be the most
potent with ICsy values of 13—354 pmol/L for inhibiting the
synthesis of 2/,3’-cGAMP to prevent IFN-g8 production in THP1
cells. Subsequent studies confirmed that these compounds dose-
dependently disrupt the DNA—cGAS complex, likely by insert-
ing into the DNA’s minor groove of the DNA—cGAS interface, to
indirectly impair DNA-stimulated cGAS activity. Further, several
N-alkylated analogues were prepared, and the resulting 3-amino
acridines 61—63 (Fig. 15) show compatible activity, but com-
pound 63 has the optimal aqueous solubility and cell penetration
with less cytotoxicity®'. Therefore, compound 63 was further

may be wuseful as potential treatment of autoimmune tested in the Trex] ™'~ mice developing a severe type I IFN-
disease” "7, dependent inflammatory myocarditis. Since these drugs have
A OMe
]
44 (rac)
HAQ STING cGAMP HAQ STING cGAMP HAQ STING cGAMP
displacement assay: displacement assay: displacement assay:
ICgo = 7300 nmol/L ICs0 = 84 nmollL; ICs4 = 68 nmol/L;
B Bioavailability: F% = 5% Bioavailability: F% = 60%
“Open™ form
Figure 12 (A) hSTING inhibitors 44—46 bearing 1-oxo-tetrahydroisoquinolin-4-yl carboxylic acid fragment; (B) co-crystal structure of human

STING in complex with compound 46 (PDB ID: 6MEX), and red dashed lines depict their key interactions.
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already been clinically prescribed, further modification focusing
on improving cGAS activity would lead to potent druggable
c¢GAS inhibitors.

4.3.1.3. DNA mimic compound suramin as an indirect cGAS
inhibitor. Through HPLC-based medium throughput screening
of 268 compounds library, Sintim and co-workers®” identified
the river blindness and African sleeping sickness drug suramin
(64) as an inhibitor of cGAS (Fig. 15). It dose-dependently in-
hibits the synthesis of 2',3’-cGAMP and downregulates the
production of IFN-{ in THP1 cells. It is found that suramin does
not directly bind DNA, but likely disrupt the dsDNA-cGAS
binding through acting as a DNA displacement without cGAS
activation function.

4.3.2.  cGAS direct inhibitors

4.3.2.1.  Mouse- and/or human-specific direct inhibitor of
cGAS. Using a mass-spectrum based HTS assay, Ascano et al.*
screened a library of over 1000 compounds for their inhibitory
effects on mouse cGAS (m-cGAS) to inhibit the production of
2/,3'-cGAMP, leading to four compounds 65—68 showing ICsq
values of 110—1890 nmol/L (Fig. 16). The co-crystal structure of
the representative compound 65 (RU365, ICsq = 1.89 umol/L) in
complex with dsDNA and cGAS was obtained. Structural anal-
ysis and subsequent point mutations showed that this compound
adopts an active conformation in the DNA-induced “open
pocket”, similar to that of 2’,3’-cGAMP with cGAS. The benz-
imidazole ring and portion of the pyrazole ring in compound 65
partially stack with Arg 364 and Tyr 421, forming the key
intermolecular interactions. Further structural modification led to
the dichloro compound 66 (RU521) showing much improved
activity (ICsp = 0.11 pmol/L) against cGAS catalytic activity.
The crystal structure shows that the two chloro moieties in
compound 66 insert deeper in the catalytic pocket of cGAS that
increases the stacking surface of the compound with Arg 364 and
Tyr 421 (Fig. 17A). Kinetic analysis showed that compound 66
occupies the catalytic site of cGAS, thus blocking its binding
with ATP and GTP, the two substrates for synthesis of 2',3'-
cGAMP. In the murine RAW macrophage cells, treatment with
compound 66 reduces cGAS-dependent IFN induction with an
ICso value of 0.7 pmol/L. Unfortunately, despite the high

biochemical and cellular activity together with high cGAS
selectivity, compound 66 is only active against m-cGAS
(ICs9 = 0.11 umol/L), but not against human cGAS (h-cGAS,
IC59 = 2.94 pumol/L). Since m- and h-cGAS share 60% amino
acid identity, an alternative method for characterization of h-
c¢GAS inhibitors is needed.

To obtain direct h-cGAS inhibitors, Tuschi et al.>* recently
established a fast and more costive screening strategy of h-cGAS
specific inhibitors. Using this method, they successfully identified
two hit compounds 69 (JO01) and 72 (G001) showing ICsq values
of 1—2 pumol/L against h-cGAS, but these two hits are 2- to 4-fold
less potent than m-cGAS (Fig. 16). Subsequently, they conducted
a medicinal chemistry optimization campaign to boost h-cGAS
activity and selectivity based on both hit compounds. Optimiza-
tion of hit 69 leads to the identification of 70 as the most potent m-
and h-cGAS inhibitors with ICsy values of 100 and 60 nmol/L,
respectively. However, the cellular potency is much lower in
both cGAS mRNA-expressing human monocytic THP1
(ICs0 = 2.63 pumol/L) and mouse macrophage RAW 264.7
(ICsp = 3.58 umol/L) cells. Compound 71 lacking the nitro
moiety is much less potent than 70, indicating the nitro group is
essential for cGAS activity. Considering that nitroarenes generally
have carcinogenic and genotoxic liability, further modification of
this series was terminated. Structural optimization of the pyr-
idoindole tricyclic chemotype 72 led to a number of compounds
with different selectivity for either m- or h-cGAS (Fig. 16). It is
found that the ortho-dichloro substitution pattern on the indole
phenyl ring prefers to recognize h-cGAS, and the representative
compounds 73—75 show high biochemical potency against h-
cGAS with ICsq values of 28.0, 14.0 and 10.0 nmol/L, respec-
tively. An additional substituent on the indole phenyl has a minor
effect on h-cGAS, but can alter the h-/m-cGAS selectivity. 3-
Amino-pyrid-6-yl substituted compound 75 (G150) is the most
potent and selective h-cGAS inhibitor but is inactive against m-
c¢GAS (ICs50 > 25 pmol/L). The crystal structure of compound 75
in complex with apo h-cGAS catalytic domain (h-cGAS®P,
K427E/K428E) indicates that this compound partially occupies
the binding pockets of ATP and GTP, and forms several key in-
teracts between cGASP and the dichloroindole, 2-aminopyridine,
and the hydroxyacetamide components (Fig. 17B). In the THP1
cells, the highly potent h-cGAS specific inhibitors 73—75 show
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dose-dependent inhibitory effects against the expression of /FNBI
mRNA with ICsy values of 2.95, 1.70 and 1.96 pumol/L, respec-
tively. In spite of the lower cellular potency, the high biochemical
activity together with the high cGAS dependency and h-cGAS
selectivity make these compounds valuable for further studies.

4.3.2.2. cGAS direct inhibitor PF-06928215. Through
fragment-based "H-NMR screening, scientists at Pfizer® identi-
fied a hit compound tetrazolo[1,5-a]pyrimidin-7-ol (76) showing
c¢GAS binding affinity of 171 pmol/L (Ky) in the surface plasmon
resonance (SPR) assay and functional inhibition of 78 pmol/L
(ICsp) in the fluorescence polarization (FP)-based assay (Fig. 18).
The crystal structure of this compound in complex with cGAS
shows that it occupies a binding site similar to that of the adenine
base in either ATP or 2’,3’-cGAMP. Compound 76 is instable to
readily undergo ring-opening, and then isomerize to 77. A
scaffold-hopping approach was then conducted leading to a series
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Nucleic acid intercalators 56 and 57 as indirect cGAS inhibitors.

of 7-hydroxy-5-phenylpyrazolo[1,5-a]pyrimidine-3-carboxamides
78—80 with improved stability. The N-methyl amide 78 retains
modest binding affinity again cGAS (K4 = 78 pmol/L), but the
affinities of analogues 79 and 80 are significantly improved with
Ky values of 2.7 and 0.2 pmol/L, respectively. Both compounds
show good functional activity with ICsy values of 17.5 and
4.9 pmol/L, respectively. Intriguingly, despite the high biochem-
ical and functional potency, the most potent compound 80 (PF-
06928215) fails to show detectable activity in cellular cGAS assay
measuring dsDNA-induced IFN-( expression, and the underlying
reason is unclear.

4.3.2.3.  Pyrazolopyrimidinones as c¢GAS inhibitors. Aduro
Biotech®® recently disclosed a large series of pyrazolopyr-
imidinones as cGAS inhibitors (Fig. 19). Among these, com-
pounds 81—83 are the representative compounds in each
subseries, showing ICsy values less than 20 pmol/L in the
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Figure 15

Repurposing antimalarial and antivirus drugs as indirect cGAS inhibitors.
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suppression of cGAMP production. More specifically, compound
82 containing 4-methoxybenzo[d]oxazol-2-yl as the Cb6-
substituent in the pyrazolopyrimidinone core displays appre-
ciable inhibitory effect on the secretion of cytokines CCL5 and
CCL2 in cGAS-dependent THP1 cells with ICsy values of 1.25
and 6.93 umol/L, respectively. However, the underlying mecha-
nism for inhibition of cGAS activity is not mentioned.

4.4.  Development of TBKI inhibitors

Since aberrant regulation of TBK1 has been reported to be
implicated in the induction of antiviral innate immune response
and tumor migration/progression, TBK1 has been proposed as a
drug target for drug development against multiple diseases related
to the cGAS—STING-TBK1 pathway** “. On one hand, virus
invading is an important activation pathway of TBK1, which might
be useful for host to boost its immune system against virus. On the
other hand, over-activation of TBK1 may cause the progression of
many diseases, including autoimmune, cancer and obesity.
Therefore, inhibitors of TBK1 would provide a potential treatment
of these diseases. Since it is challenging to develop direct activators
of a kinase such as TBK1, numerous efforts have been devoted to
the screening and characterization of TBK1 inhibitors** #*%7,
2,4-Diaminopyrimidine 84 (BX795, Fig. 20) is the earliest
TBK1 inhibitor reported in 2009 with an ICsy value of
6.0 nmol/L®®. This compound is originally developed as a modest
potent inhibitor of 3-phosphoinositide-dependent protein kinase 1
(PDK1, IC5¢p = 111 nmol/L), but also shows high potency against
a number of other kinases including IKKe, Aurora B, MLK1—3

(mixed lineage kinase 1—3), and MARKI—4 (AMP-activated
protein kinase 1—4) with ICsoy values of 5—100 nmol/L. The
multi-kinase profile of compound 84 is likely ascribed to its 2,4-
aminopyrimidine core that forms key interactions in the hinge
binding region of many APT-competitive kinases through H-
bondings with the pyrimidine N1 and the 2-amino substituents.
Compounds 85 (MRT67307)% and 86 (CYT387)"° are among the
earlier selective TBK1 inhibitors. Compound 85 is derived from
84 with improved selectivity for TBK1 (ICsy = 19 nmol/L) and
IKKe (ICs9 = 160 nmol/L) over other kinases, whereas com-
pound 86 is repurposed from momelotinib, a clinically prescribed
JAK1/2 inhibitor for treatment of myelofibrosis. Since all of these
earlier TBK1 inhibitors bear a central aminopyrimidine frame-
work, subsequently many research groups both from academia and
industry spent tremendous efforts to generate more potent and
selective analogues. The work published before 2014 has been
highlighted by Cho and co-workers®’. Notably, aminopyrimidines
87—90 represent the highly potent TBK1 inhibitors with ICsg
values less than 2 nmol/L. Compounds 87 and 88 developed by
Domainex’! are over 200-fold more potent for TBK1 than IKKg,
JNK-1 and JNK-3, and are able to inhibit the secretion of a
number of pro-inflammatory cytokines in inflammatory disease
mouse model. Similarly, compounds 89 and 90 developed by the
Scripps Research Institute” are TBKI specific inhibitors
(ICs0 < 1 nmol/L), showing distinct suppression of tumor cell
proliferation and tumor development in the xenograft and allograft
mice (100 mg/kg, daily i.p.).

To identify new potent and selective TBK1 inhibitors to probe
the function of TBK1-involving signaling pathway, Rauh and co-
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workers”” conducted an activity-based assay of a large compound
library from GSK, ROCHE as well as their own in-house
collection. This approach led to identification of many
clinically used kinases inhibitors showing high potency
against TBK1, including K252a (ICsy < 1 nmol/L), dovitinib
(IC59 = 60 nmol/L), oxindole 91 (IC5, = 3 nmol/L) as well as
many other aminopyrimidines (Fig. 21). Since these compounds
can form similar H-bonding network as compound 84 in the ki-
nase hinge binding region, it is not surprising that they generally
act as multi-target inhibitors including TBK1. Subsequently, they
focused on the Aurora kinase inhibitor tozasertib that shows
moderate potency for TBK1 (ICso = 6.22 pmol/L) and estab-
lished a traceable SAR, leading to identification of the more
potent TBK1 inhibitors 92—94 (Fig. 21). Interestingly, the most
potent compound 92 with an ICs value of 60 nmol/L, nearly 100-
fold more potent than the prototypic compound tozasertib, fails to
show effect on the IFN production in RAW macrophages,
whereas significant suppressive effects are observed in the cases
of the less potent compounds 93 (IC5o = 340 nmol/L) and 94
(ICs59 = 840 nmol/L).

Amlexanox (95, Fig. 22), an FDA-approved drug for asthma
and aphthous ulcer, is recently found showing modest activity
against TBK1 with an ICsy value of 0.8 pmol/L. Since chronic
low-grade inflammatory is a hallmark of obesity and type 2 dia-
betes, this drug is further tested in clinic and shows positive

Human cGAS

Figure 17

response to a subset of obesity and diabetic patients. Encouraged
by this result, Tesmer and co-workers” resolved the crystal
structure of amlexanox in complex with TBK1 showing the hinge
region binding of the aminopyridine fragment in the kinase cat-
alytic domain (Fig. 23). Subsequently, a series of analogues were
synthesized focusing on the replacement of the C3-carboxylic
moiety. Elimination of the acid moiety or its conversion to am-
ides leads to the reduced potency, whereas the bioisosteric tetra-
zole 96 shows increased potency with an ICsy value of
400 nmol/L. Unfortunately, this compound has lower aqueous
solubility than amlexanox, and fails to significantly increase both
pTBKI1 response and gene expression of IL-6. Recently, Showalter
and co-workers” reported a large series of analogues by
replacement of the C7-isopropyl of amlexanox, among which a
few compounds have compatible or slightly improved potency
against TBK1. The representative compounds 97 and 98 are
further tested in 3T3-L1 adipocytes, and both of them significantly
enhance the phosphorylation of TBK1 and IL-6 secretion.
Bergamini and co-workers’® from the GlaxoSmithKline
recently reported a highly selective TBK1 inhibitor GSK8612 (99,
Fig. 22), which also bears a central aminopyrimidine chemotype.
It shows a high binding affinity of 10 nmol/L (Ky), and no off-
targets are identified within 10-fold affinity range. In addition to
its high aqueous solubility and cellular permeability, this com-
pound inhibits IRF3 phosphorylation in Ramos cells, and

(A) Co-crystal structure of m-cGAS in complex with 66 (RU521, PDB ID: 5XZG). The m-cGAS and 66 are colored in cyan and

magenta, respectively. (B) Co-crystal structure of h-cGAS catalytic domain in complex with 75 (G150, PDB ID: 6MJW). The human cGAS and
75 were depicted in green and magenta, and H-bonds are depicted as red dashed lines.
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suppresses the secretion of IFN-8 in THP1 cells stimulated with
2',3'-cGAMP or ds-DNA-containing virus.

Recently, Crews and co-workers’’ developed a series of pro-
teolysis targeting chimeras (PROTACs) as TBKI1 degraders
(Fig. 24). The TBK1 inhibitor 2,4-diaminopyrimidine 100 with a
binding Ky value of 1.3 nmol/L and the von Hippel—Lindau
(VHL) E3 ubiquitin ligase binder hydroxyproline 101 with an
ICsp value of 800 nmol/L were selected as the model to be con-
nected through a flexible oxygen-containing linker. It is found that
a linker with greater than 12-atom is essential for achieving over
90% degradation. The representative compound 102 bearing a 15-
atom linker retains potent TBK1 binding affinity with a Ky value
of 4.6 nmol/L and degradation with a DCsy (concentration for
50% degradation) value of 12 nmol/L. Further modification of the
pyrimidine C5-bromo of the TBK1 binder led to compound 103
with both stronger binding potency (K4 = 4 nmol/L) and degra-
dation activity (DCs 3 nmol/L) toward TBKI1. However,
optimization of the 7-butyl moiety of the VHL ligand portion did
not provide better compounds with sufficient degradation of
TBK1. The potential of the PROTACS is further confirmed in
several cancer cell lines harboring wild-type or mutant K-RAS
and PROTAC 102 shows complete degradation of TBK1 in both
cell types without significant difference.
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Discovery of cGAS direct inhibitor PF-06928215.

4.5.  Development of ecto-nucleotide pyrophosphatase/
phosphodiesterase 1 (ENPP1) inhibitors

ENPP1 is a type II transmembrane glycoprotein, which hydro-
lyzes extracellular ATP to AMP and pyrophosphoric acid (PPi).
The produced AMP is then metabolized by the ecfo-5'-nucleo-
tidase CD73 to the immuno-suppressive adenosine, whereas the
diphosphate PPi is an inhibitor of bone mineralization. Inacti-
vating mutations and overexpression of ENPP1 have been re-
ported in various diseases including cancer’®”’. However, the
role of this enzyme in the dSDNA/cGAS/STING innate immune
pathway is not clear. To this end, Mitchison and co-workers”’
conducted a systemic study through activity-guided fraction-
ation to identify the key hydrolase for specific degradation of
2'.3’-cGAMP, which may be used as an alternative potential
drug target to modulate the cGAS—STING-TBKI1 pathway.
First, they ruled out the 11 classes of phosphodiesterases
(PDE1-11) that are known as hydrolytic enzymes for the
cleavage of 3'—5'-phosphodiester bond in cAMP and ¢cGMP, as
well as PDEI12 that is the only known PDE for hydrolysis of
2'—5'-phosphodiester bond. Subsequently, ENPP1 was identified
as the dominant and direct 2',3'-cGAMP hydrolase in cells,
tissue extracts, and blood. This enzyme has similar hydrolysis
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Pyrazolopyrimidinones from ADURO Biotech.
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potency for 2/,3-cGAMP (K, = 15 pmol/L, Koo = 4 s 1),
compared to the substrate ATP (K, = 20 pmol/L,
K. = 124 s7Y. Since the phosphodiester 2/,3’-cGAMP is
instable and the corresponding phosphothioate diester congeners
are generally believed to be more stable and resistant to the
hydrolysis by PDEs and nucleases. Therefore, a few phospho-
thioate analogues of 2',3’-cGAMP were enzymatically synthe-
sized by either replacing the 3’-5'-phosphodiester bond (104,
2/,3’-cG*AMP) or the 2’-5'-phosphodiester bond (105, 2’,3'-
cGA*MP) or both (106, 2',3’-cG°A*MP) with phosphothioate
linkage (Fig. 25). It is found the 2’,3’-cG’A®MP is the most
stable in THP-1 cell lysates and is ~40 times more resistant to
ENPP1 hydrolysis than 2’,3’-cGAMP. Therefore, 2/,3’-cG*A*MP
(106) is worthy for further investigation either as a vaccine
adjuvant or as a new cancer treatment.

Recently, the structure of ENPPI in complex with 3',3'-
cGAMP is reported (Fig. 26), providing more mechanism insights
on how this enzyme adopts a conformation to specifically bind and
hydrolyze 2',3-cGAMP'®. A single active site of ENPP1 is
proposed to preferentially recognize the adenine and guanine
bases in the N-pocket and G-pocket, respectively, which then
initiate the sequential degradation of the two distinct 2-5'- and 3'-
5'-phosphodiester bonds in 2/,3-cGAMP. This result will be
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useful for further elucidation of the degradation mechanism by
ENPP1 and provides insights to design drug-like ENPP1 inhibitors
for in vivo study.

5. Clinical status of the cGAS—STING—TBK1 modulators

5.1. ADU-S100 (Table 1)

This compound is the earliest STING agonist that enters in human
clinical trial developed by Aduro Biotech as stimulatory immu-
notherapy for cancers. It is a CDN analogue of the endogenous
agonist 2/,3’-cGAMP containing 2’-3'- and 3’-5'-thiophosph-
odiester linkages on the c-di-AMP scaffold. It is designed to
enhance resistance to ENPP1-mediated degradation, resulting in
prolonged systemic half-life time while maintaining elevated
activation of STING. Lt. injection of ADU-S100 in several syn-
geneic mouse models has showed significant anti-tumor immunity
with tumor regression, long-lived immunologic memory, and
suppression of distant metastases. In March 2015, Aduro entered
into a worldwide agreement with Novartis for the joint research,
development and commercialization of ADU-S100. Although
many aspects of the activation mechanism are unclear, based on

HN-«/K
“*@
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60 nmol/L
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ICsq = 840 nmol/L 340 nmol/L

TBKI1 inhibitors 91—94.
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the exciting preclinical results, ADU-S100 has been aggressively
launched into phase I clinical trials since 2016 for patients with
advanced metastatic solid tumors or lymphomas alone or in
combination with anti-CTAL-4 monoclonal antibody ipilimumab
(NCTO02675439) or with an anti-PD-1 monoclonal antibody
spartalizumab (NCT03172936). Partial results from ongoing
phase Ib show that ADU-S100 in combination with spartalizumab
demonstrates anti-tumor activity without dose-limiting toxicities
(DLT) in triple-negative breast cancer (TNBC) and melanoma
previously treated by immunotherapy (data cut-off: April 5, 2019).
One of the eight TNBC patients for efficacy evaluation has ach-
ieved a complete response, and two have showed partial re-
sponses. Two of 25 melanoma patients previously treated by
immunotherapy attain partial responses. The five confirmed re-
sponders achieve the median reduction of 73% in the target lesion
diameters. Pharmacokinetic study indicated the absorption of
ADU-S100 from injection site was rapid within minutes, and its
plasma exposure increased in a dose-dependent manner from 50 to
800 ug. The systemic clearance from circulation was also quick
with a terminal half-life of approximately 10—23 min. 78% of
patients displayed treatment-related adverse events (TRAEs), of
which 12.2% were relatively serious grade 3/4. The most common
(>or = 10% of patients) TRAEs were pyrexia, injection site pain
and headache. Grade 3/4 TRAEs mainly included increased lipase
(3.6%), diarrhea, and elevated AST and ALT (2.4% each).
Maximum tolerated dose was not reached due to established with
the increased lipase. Overall, the toxicity profile of ADU-S100

Figure 23
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TBKI1 inhibitors 95—99.

was manageable. More complete data is expected available in
2020. Very recently, Novartis and Aduro BioTech launched a
phase 11 efficacy and safety trial of ADU-S100 as the first line in
combination with pembrolizumab in 33 patients with PD-L1
positive recurrent or metastatic head and neck squamous cell
carcinoma (HNSCC) in the US (NCT03937141). The clinical trial
is estimated to be completed in 2022. However, in December
2019, Aduro and Novartis terminated the clinical trials of ADU-
S100 based on the disappointing clinical efficacy, and their deci-
sion was believed not to be the result of any safety concern.

5.2. MK-1454

The drug candidate MK-1454 is another synthetic CDN analogue
with structure unknown that is developed by Merck & Co. for
the treatment of advanced/metastatic solid tumors or
lymphomas. Currently, it is undergoing phase I trial as mono-
therapy and in combination with PD-1 inhibitor pembrolizumab
(NCT03010176). Interim data shows that MK-1454, as a single
agent, is able to boost pro-inflammatory cytokines, but no
complete or partial responses (n = 0/20) has been achieved in
the monotherapy group. The combination arm with pem-
brolizumab shows overall response rate up to 24% with median
reductions of 83% in the size of the target tumor. Pharmacoki-
netic study demonstrated the plasma exposure of MK-1454
increased in a dose-dependent manner with a half-life time of
1.5 h in the circulation. In both the monotherapy and

B

Co-crystal structure of human TBK1 bound with 95 (amlexanox, PDB ID: 5W5V). The TBKI and 95 are depicted in purple and

magenta, respectively, and H-bond interactions in the hinge region of TBK1 are depicted as red dashed lines.
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combination arms, treatment related adverse events (TRAEs) are
82.6% and 82.1%, respectively. Three DLTs were observed
including vomiting at 1500 pg monotherapy, erythema multi-
forme at 540 pg as well as injection site pain or tumor necrosis at
1500 pg in combination. Severe TRAEs leading to trial discon-
tinuation were observed in 7.1% of patients in the combination
therapy. However, there is no TRAE discontinuation in the
monotherapy arm. The complete results are proposed to be
released in 2021.

53. MK-2118

In 2017, Merck & Co. launched another phase I clinical trial of a
STING agonist MK-2118 in combination with pembrolizumab for
the treatment of solid tumors or lymphomas (NCT03249792) to
assess its safety, tolerability, maximum tolerated or suggested
phase II doses. The first result is expected in 2021. However, the
structure of MK-2118 is unknown.

54. BMS-986301

The candidate BMS-986301 is a synthetic STING agonist origi-
nally developed by IFM Therapeutics, which was later acquired by
Bristol-Myers Squibb. In CT26 or MC38 mouse models, mono-
therapy of BMS-986301 at the dose of 250 ng (Q4D X 3) shows
90% complete regressions, whereas the same dose of ADU-S100
provides only 13% complete regressions. In CT26 model, the
combination of BMS-986301 with anti-PD-1 monoclonal antibody
provides 80% complete regressions, while no complete re-
gressions are achieved when treated with anti PD-1 alone. All
CT26 mice with complete tumor regressions are found to generate
immunological memory to reject fresh tumor cells without further
treatment. Currently, BMS-986301 is in phase I trial (CA046-006,
NCT03956680) in both Canada and the USA under development
by Bristol-Myers Squibb as a monotherapy and in combination
with nivolumab and ipilimumab for treating advanced solid can-
cers. However, the structure of BMS-986301 has not been dis-
closed yet.
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5.5. GSK-3745417

The drug candidate GSK-3745417, developed by GlaxoSmithK-
line, is believed to be a synthetic non-CDN STING agonist with
dimeric ABZI scaffold suitable for systemic administration.
Intravenous administration of GSK-3745417 to immunologically
active mice bearing syngeneic colon tumors elicits strong anti-
tumor immunity with complete and lasting regression of tumors.
Since 2019, GSK-3745417 has been launched by GlaxoSmithK-
line into phase I clinical trial in 300 participants with refractory/
relapsed solid tumors to assess the safety, tolerability, and pre-
liminary clinical efficacy, as well as to establish an optimal i.v.
dose for GSK3745417 alone or co-administered with pem-
brolizumab (NCT03843359). The first result of this trial is ex-
pected to be disclosed in 2022. So far, the exact chemical structure
of GSK-3745417 is not disclosed.

5.6. SB-11285

The drug candidate SB-11285 is a small molecule-nucleic acid
hybrid STING agonist developed by Spring Bank Pharmaceuticals
for the potential treatment of cancer and viral infections. It could
cause STING-dependent inductions of IRF and NF-«kB with ECsq
values of 2 and 200 nmol/L, respectively, which were at least 200-
fold more potent than 2',3’-cGAMP. In vivo study showed that
SB-11285 in combination with cyclophosphamide demonstrated
durable and potent anti-tumor response in A20 and CT26 syngeneic

NH,
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Xz\'ﬁ’ 5 <N N/)
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HaN 9, oH\s -
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Figure 25  Phosphothioate analogues of 2',3’-cGAMP.
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Figure 26  Co-crystal structure of mouse ENPP1 in complex with

3,3’-cGAMP (PDB ID: 6AEL). ENPPI1 and 3',3’-cGAMP are depicted in

cyan and magenta, respectively, and H-bonds in the complex are depicted as red dashed lines.

mouse tumor models upon intra-tumoral, intraperitoneal or i.v.
administration, and the SB-11285-treated groups displayed CD8 " T-
and NK cell infiltration into the tumor and surrounding tissues
without systemic inflammatory response. Based on the preclinical
data, a phase Ia/Ib trial in patients (expected n = 110) with advanced

solid tumors including melanoma and head and neck squamous cell
carcinoma was planned to begin in the USA to examine the efficacy
of SB-11285 in combination with nivolumab in September 2019
(NCT04096638), and the trial result is expected in 2020. The
structure of BMS-986301 has not been disclosed yet.

Table 1  STING agonists currently in clinical trials.
Drug name Developer Status Study start date Content of clinical trials
ADU-S100 (compd. Novartis (Aduro Trial termination Dec 2019 Clinical trials of ADU-S100 was terminated by Novartis
1) Biotech) due to lack of enough activity or efficacy
Phase II Jun 2019 NCT03937141: efficacy and safety trial of ADU-S100
in combination with anti-PD1 monoclonal antibody
in head and neck cancer
Phase Ib Sep 2017 NCT02675439: safety and efficacy of ADU-S100 with
spartalizumab on patients with advanced/metastatic
solid tumors or lymphomas
Phase I Mar 2016 NCT03172936: safety and efficacy of ADU-S100 alone
or in combination with ipilimumab in patients with
advanced/metastatic solid tumors or lymphomas
MK-1454 (structure Merck & Co. Phase I Feb 2017 NCT03010176: safety and efficacy of MK-1454 alone
not disclosed) or in combination with pembrolizumab in
participants with advanced/metastatic solid tumors or
lymphomas
MK-2118 (structure Merck & Co. Phase 1 Sep 2017 NCT03249792: safety and efficacy of MK-2118
not disclosed) administered intratumorally alone or in combination
with pembrolizumab or co-administered
subcutaneously with pembrolizumab for patients with
advanced/metastatic solid tumors or lymphomas
BMS-986301 Bristol-Myers Squibb ~ Phase I Mar 2019 NCT03956680: safety and efficacy of BMS-986301
(structure not alone or co-administered with nivolumab and
disclosed) ipilimumab to participants with advanced solid
cancers
GSK3745417 GlaxoSmithKline Phase I Mar 2019 NCT03843359: safety and efficacy of GSK3745417
(structure not administered intravenously alone or in combination
disclosed) with pembrolizumab in participants with advanced
solid tumors
SB-11285 (structure  Spring Bank Phase I Sep 2019 NCT04096638: safety, tolerability and initial anti-tumor
not disclosed) Pharmaceuticals activity of SB-11285 in combination with nivolumab
in participants with advanced solid tumors
IMSA-101 (structure ~ ImmuneSensor Phase I/II Sep 2019 NCT04020185: safety and efficacy of IMSA-101 alone

not disclosed)

Therapeutics Inc.

or in combination with ICIs in patients with advanced
solid tumors

Searched through Biomedtracker at https://pharma.id.informa.com on Jan 10, 2020.
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5.7. IMSA-101

IMSA-101 is an analog of cGAMP developed by ImmuneSensor
Therapeutics as the small molecule STING agonist. In preclinical
studies, it demonstrated highly effective anti-tumor activity alone
or co-administrated with checkpoint inhibitors for the potential i.t.
treatment of advanced solid tumors resistant to anti-PD-1/-L1
monoclonal antibodies. An open-label and non-randomized phase
I/IT trial was initiated in September 2019 to assess the safety and
therapeutic efficacy of IMSA-101 alone or in combination with
IClIs as dose escalation (phase I) and dose expansion (phase Ila) in
patients (expected n = 115) with advanced solid tumors
(NCT04020185). The trial is expected to complete in 2023. The
chemical structure of GSK-3745417 is not known.

As mentioned in the previous paragraphs, the researches on
cGAS—STING—TBKI1 inhibitors have mainly focused on the
preclinical stage, and no inhibitor has been launched into the
clinical trials yet. Nevertheless, we believe that there will be
clinical trials of these inhibitors to be carried out in the near
future.

6. Conclusions and perspectives

Thanks to the rapid evolution of tumor basic biology and clinical
treatment practice, therapeutic modalities against cancer have
been advanced from radiation therapy, hormonal manipulation,
cytotoxic chemotherapy, and targeted therapy, which all focus on
the constantly proliferative cancer cell itself, to current immuno-
therapy that kills cancer cells indirectly by harnessing the host’s
innate and adaptive immune system. Antibodies targeting the
immunosuppressive checkpoint molecules CTLA-4 and PD-1/
PD-L1 have met great success and the 2018 Nobel Prize in
Medicine and Physiology has been awarded to James P. Allison
and Tasuku Honjo to acknowledge their discovery of immune-
oncology (I0) therapy.

Indeed, IO therapy has now become an established pillar
treatment for hematological and solid malignancies with curable
potentials for certain tumors'’'. However, many challenges and
limitations are increasingly raised during the clinical practice.
Particularly, only one quarter of patients effectively respond to
PD-1/PD-L1 blockers and an effective biomarker to predict and
stratify potential responders is still lacked'®"'%?. Therefore, pre-
cise immunotherapy is far beyond our reach. It is found that many
non-responsive tumors treated by ICIs are immunologically non-
inflamed “cold” tumors (lack of T celll infiltration, or low or
absent of chemokine expression), and might be reversed to be
active responders of ICIs by stimulating immune cells infiltration
to “heat up” the “cold” tumors'® ', Among these strategies,
activation of the cGAS—STING-TBKI signaling pathway to
stimulate the innate immune system and enhance tumor immu-
nogenicity has been found as the most promising approach.

The ¢cGAS—STING-TBKI axis is initially recognized as the
essential mechanism for the host to defeat bacteria and virus in-
vasions, and is now believed as the major innate immune pathway
implicated in the generation of spontaneous anti-tumor T cell
response by sensing tumor-derived dsDNA. Among this pathway,
cGAS is the critical enzyme to sense DNA dangerous signals from
pathogens, cancer or cellular breakdown and trigger the fast-
acting innate immune response. The free cGAS exists as a
dimer to bind two molecules of dsDNA in “head-to-head” orien-
tation to form a ladder-like network and induce a significant

conformational change in the NTase domain, leading to a struc-
tural switch of the catalytic pocket to allow binding of ATP and
GTP for the synthesis of 2',3’-cGAMP. The produced 2',3'-
cGAMP then acts as the specific endogenous high potent agonist
of STING. The dimeric V-shaped apo-STING binds one molecule
of 2/,3'-cGAMP in the dimeric interface, leading to a “closed”
conformation in the “lid” loop. STING is then activated by for-
mation of stable oligomers with the CTT released. The PLPLRT/
SD motif in the CTT of STING oligomers binds with the interface
of dimeric TBK1 to induce phosphorylation and activation of both
STING and TBKI, thus eventually leading to engagement of
downstream signaling components and induction of type I IFN
transcription, a hallmark signaling of the cGAS—STING-TBK1
pathway.

Although development of cGAS and TBKI1 activators is
reasonable and potentially useful, activation of the cGAS—
STING-TBKI1 signaling pathway has mainly focused on STING
agonistic approach”>'97'% " Earlier efforts have provided a
CDN analogue ADU-S100 that is more enzymatically stable than
the endogenous ligand 2',3'-cGAMP, and is found to show
appealing tumor suppressing effect and sustain immune memory
in preclinical mice model through i.t. injection. ADU-S100 and
another CDN analogue MK-1454 are now in a number of clinical
trials. Small molecule STING agonists have also been pursued and
GSK-3745417, one of the dimeric ABZIs, is the first small
molecule suitable for systemic administration and has recently
been investigated in human clinical study. Although several other
STING agonists, either CDN analogues or small molecules, are
also claimed to undergo clinical trials, their structures have not
been decoded yet. In addition, inhibitors of cGAS, STING and
TBKI1 have also attracted more and more interests, but their
application in human diseases need to be further explored.
Meanwhile, in addition to directly stimulating STING itself, in-
hibition of phosphodiesterase ENPP1, a key negative regulator of
the STING pathway is an alternative appealing approach to show
controllable enhancement of STING signalling in certain tumoral
models. Indeed, a small molecule MAVU-104 (structure is un-
known) developed by Mavupharm is claimed as the first-in-class
orally active ENPP1 inhibitor to initiate clinical trial later this
year.

Despite the high enthusiasm and rapid progress in drug dis-
covery of the cGAS—STING-TBKI1 signaling pathway, our un-
derstanding and capability for modulating this pathway are still at
the early stage, and there are more questions and challenges than
answers. On one hand, although the advance in the structural
biology has essentially enhanced our understanding on the acti-
vation mechanism and interaction network of this pathway, yet
how cGAS selectively senses dangerous dsDNA from the abun-
dant other DNA (self DNA, ssDNA, etc.) and cellular molecules is
unclear. Also, how and by what means the endogenous 2',3'-
cGAMP after synthesis by cGAS transitions and specifically binds
to STING is of no firm clues. Meanwhile, our understanding on
the 2',3’-cGAMP-binding-induced STING activation is insuffi-
cient without consideration of the CTD since it is buried in the
back of the currently reported ligand—STING complex structures,
which is also importantly involved in the activation mechanism. In
addition, it is not for sure that how and when the activated STING
traffics from the ER membrane to Golgi, upon or after binding
with TBK1. On the other hand, although quite optimistic, clinical
use of STING activators needs to be cautious. According to the
interim data from ongoing phase I clinical trials, STING agonists
elicit disappointingly modest efficacy. Therefore, combination
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therapy of STING agonists with checkpoint inhibitors may ach-
ieve higher overall response than monotherapy. Some modified
CDN analogues have been aggressively advanced into clinical
studies, but their clinical applications might be soaked by their
poor druglikeness and costive drug delivery techniques. The small
molecule non-CDN STING agonists open a new avenue to achieve
systemic administration of the drug, but no clinical data has been
released yet. A more serious concern on the stimulant immune
therapy is the risk of potential “cytokine storm”. The continuing
activation of STING may lead to the excessive production of
cytokines that are severely toxic and even deadly, but so far little is
known on whether this is true in clinic and how to properly shut
down the activated signaling to prevent the “cytokine storm” once
it is triggered'®''". Therefore, it is too early to draw any
conclusion on how much the tumor-bearing patients will benefit
from the stimulant immune therapy, and much more effort on all
aspects of the cGAS—STING-TBKI1 signaling pathway is needed.
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