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Commentary
Since the discovery of escaping mechanism of tumor
from negative immune regulation, the paradigm of drug
discovery for anti-cancer agents has been dramatically
shifted to cancer immunotherapy (e.g., dendritic cell
therapy, CAR-T cell therapy, or antibody therapy) by
stimulating patient’s immune system to treat cancer [13]. Particularly, immune checkpoint inhibitors targeting
PD-1, PD-L1, and CTLA-4 prevent tumor cells from
evading immune surveillance and result in anti-tumor
responses [4]. These immunomodulators were considered
as a ‘game-changer’ with remarkable clinical achievement
[5]. However, the response rate for immune checkpoint
inhibitors was still variable and even quite low in a certain
type of cancer despite their promising clinical outcome [6].
To explain the low response rate and compromised immune
system, diverse biological processes are investigated for
spontaneous anti-tumor immune response, but we aim to
discuss T cell-inflamed tumor microenvironment in this
commentary.
Immunophenotype of solid tumors is classified with two
statuses by tumor microenvironment regulatory pathway –
T cell-inflamed phenotype (‘hot’ tumor) versus non-T cellinflamed phenotype (‘cold’ tumor) [7]. In T cell-inflamed
‘hot’ tumors, type I interferon (IFN) signaling mediates
expression of various chemokines and CD8+ DC lineage
facilitates infiltration of CD8+ T cell [8]. In the clinical
stage, patients with tumor-infiltrating T cell appeared
as an activation of spontaneous immune response and a
benefit with immunotherapy, whereas cancer recurrence
was detected in patients with a lack of T cell infiltration
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[9,10]. Therefore, infiltration of T cells is a prognostic
hallmark for positive clinical outcomes and indispensable
for a desired therapeutic effect of immune checkpoint
inhibitors. Type I IFN-mediated immune activation is one
of the essential parts in the regulation of T cell-infiltration
to guide tumor from ‘cold’ to ‘hot’.
IFNs are produced by activation of the innate immune
system and mainly controlled anti-viral effect. Additionally,
extensive studies suggested the therapeutic effect of IFN
as an anti-cancer therapy. Even though both type I and II
IFNs are important to promote anti-tumor immunity, only
type I IFNs (IFNα and IFNβ) have been shown a favorable
clinical outcome and approved for the treatment of cancer
[11]. In cancer treatment, type I IFNs are usually used in
hematological malignancy such as leukemia, sarcoma,
melanoma, and lymphomas. IFNs are mainly injected by
PEGylated form to improve clinical effect and stability,
however still limited access to particular patients such as
hyperbilirubinemia [12]. For that reason, the continuous
efforts to develop small-molecule based-IFN inducers
have been encouraged in the field of drug discovery.
To facilitate type I IFN signaling for anti-tumor responses,
STING (Stimulator of interferon genes) has emerged as
an innate immune regulator for the last decade [13]. At
first, STING is known to play an important role in type I
IFN-mediated innate immunity and anti-viral responses
by sensing of DNA virus or self DNA [14,15]. STING is an
ER-resident protein and activation of STING by ligand
binding leads to translocate from ER to Golgi/ER-Golgi
intermediate compartment for recruiting downstream
kinase TBK1 [16]. Then, activation of TBK1 promotes
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signaling cascade for STING-TBK1-IRF3, followed by
phosphorylation of STING and IRF3, then dimerization
of phosphor-IRF3 to trigger IFNB gene transcription, and
eventually resulted in activation of type I IFN signaling
[16]. Based on the critical role of type I IFN signaling in
host immune surveillance of cancer, IFNβ production
by activation of the host STING pathway induced
spontaneous T cell response and tumor regression, which
means STING-mediated type I IFN phenotype as a key
mechanism of action for targeting non-T cell-inflamed
tumor [17,18]. Moreover, pharmacological STING
activation demonstrated a positive therapeutic effect to
overcome the current hurdle for drug-resistance cancer
[19,20]. Therefore, the activation of STING pathway
has been spotlighted for the next generation of cancer
immunotherapy.
For the discovery of natural ligands for STING, Burdette
et al. [21] firstly reported that cyclic diguanylate (c-diGMP) from bacteria directly binds STING as a sensor of
cyclic dinucleotide (CDN). Since the discovery of c-diGMP as a second messenger for innate immune response
mediated by STING, subsequent studies demonstrated
that STING directly recognized not only the bacterial cyclic
dinucleotide (CDN) such as c-di-AMP (cyclic diadenylate)
or 3,3-cGAMP (Cyclic GMP-AMP) but also the mammalian
CDN, 2,3-cGAMP produced by cGAS (Cyclic GMP-AMP
synthase) [22-24]. These results led to the development
of synthetic CDN derivatives as a new anti-cancer drug
for immunotherapy by promoting spontaneous immune
response of non-T cell-inflamed tumor. The first synthetic
human STING agonist is ADU-S100 (Figure 1), which is
mimetic of CDN with alternative phosphate bridge and
ADU-S100 remarkably improved anti-tumor efficacy
compared to 2,3-cGAMP and suppressed re-challenge of
the same tumor [17,18]. Based on these features, ADU-S100
is now on phase 2 clinical trial targeting metastatic and
recurrent head and neck cancer combined with immune
checkpoint inhibitors [25]. Nonetheless, CDN derivatives

are limited in clinical study due to narrow application
of tumors because they were mostly administrated by
intratumoral (IT) injection [20]. To address these issues,
there exist continuous effort for the development of nonCDN based STING agonists.
DMXAA (also known as ASA404 and Vadimezan, Figure
1) bearing xanthene structure has been known to produce
an anti-tumor response in mouse model causing vascular
disruption, however, ultimately failed in human clinical
trials [26]. Further mechanistic investigation for DMXAAbinding target elucidated that DMXAA is a murine-specific
STING agonist, thereby the treatment of DMXAA for
type I IFN immunity is only sensitive for mouse STING,
not human STING [27,28]. With a structural insight for
DMXAA, Zhang et al. discovered a natural xanthaonoid,
α-Mangostin (α-MG, Figure 1) binds and stabilized human
STING C-terminal domain to activate TBK1-IRF3 cascade,
followed by type I IFN signaling, but binding affinity and
potency of α-MG are quite controversial compared to
cGAMP [29].
For anti-tumor immunity, the first non-CDN STING
agonist embedded with amidobenzimidazole as a
pharmacophore was reported by Ramanjulu et al. [30].
Based on the structure information of STING, the design
strategy for synthetic STING agonists is two symmetrylinked
amidobenzimidazole
(diABZI)
introducing
dimerization of core skeleton (Figure 1). As a result, diABZI
dramatically improved the binding affinity and efficacy for
STING. diABZI (compound 3) is 400-fold more potent
than cGAMP which demonstrated inhibition of tumor
growth and improvement of tumor-bearing mice survival
by intravenous (i.v.) injection [30]. Moreover, the study
of the structure-activity relationship for ABZI monomer
was reported for STING agonistic effect [31]. Compound
24b with N-carbobenzyloxy aminopropyl moiety (Figure
1) effectively activated STING and type I IFN signaling as
a monomeric form, thereby significantly reduced tumor

Figure 1: Chemical structures for known STING agonists.
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Figure 2: Chemical structure for IFN-inducing compound 5i (left) and STING-dependent immune response of 5i
detected by ISRE reporter assay (right). Briefly, THP-1 WT and STING KO cells were incubated with compound for
24 hr, then the supernant was analyzed by luciferase assay in duplicate.
growth even with 0.15 mpk i.v. administration [31]. On the
other hand, the approach targeting much ‘small’ molecule
discovered a new orally available STING agonist, MSA-2,
by phenotypic screening for chemical inducers of IFNβ
secretion (Figure 1) [32]. In the case of MSA-2, the monomer
is not available to bind STING, whereas the non-covalent
pre-dimerization of MSA-2 induced STING binding and
activation [32]. Besides, MSA-2 can accumulate in tumor
tissue due to an acidic tumor microenvironment, which
allowed the systematic administration of STING agonist
[32]. Recently, we reported a study of a new IFN-inducing
compound, 5i with arylpiperazine as a pharmacophore
(Figure 2) that effectively activated IFNβ secretion and
type I IFN immune response in THP-1 human monocyte
cells [33]. By further verification, we demonstrated
5i-mediated immune response appealed in a STINGdependent manner (Figure 2). These results suggested the
potential ability of a new core skeleton for small-molecule
STING agonists.

Conclusion
The therapeutic effect of small-molecules stimulating
type I IFN phenotype is now considered to open a new
area for cancer immunotherapy. Especially, activation of
STING pathway is extremely important for the regulation
of type I IFN immune response and anti-cancer effect
promoting spontaneous T cell response. The approach
developing small-molecules for STING agonists may lead
to a shift of drug discovery paradigm in cancer therapy to
overcome a low response rate against immune checkpoint
inhibitors and cure non-T cell-inflamed tumors.
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