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� R&D efforts and outcomes targeting
STING have been rapidly increasing,
giving rise to a growing number of
drug candidates in clinic and
increasing variation in their
pharmacologic classes, with a similar
trend observed in the patenting
activities targeting STING.

� STING patents, as a newly emerging
therapeutic field, have exhibited
extremely fragmental ownership and
an intensively connected citation
network compared with other more
established fields.

� Over 80% of all STING patents are
related to agonist innovation, while
less than 10% are focused on STING
antagonists.

� Patents for small-molecule STING
agonists, including cyclic
dinucleotides (CDNs) and non-CDN
compounds, account for almost one-
half of the nodes in the citation
network and constitute the
innovative basis of technological
developments in this field.

� Improving clinical responses and the
potential applicability of STING
agonists would be a valuable research
focus of next-generation therapies
targeting STING.
g r a p h i c a l a b s t r a c t
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Background: The STimulator of INterferon Genes (STING) plays an essential role in the innate immune
system by inducing the expression of type I interferons (IFNs) and inflammatory cytokines upon sensing
cytosolic DNA. Although modulating STING has shown promise as a potential treatment for cancers and
inflammatory and autoimmune diseases in substantial pre-clinical studies, current preliminary clinical
results of STING agonists have demonstrated limited anti-tumor efficacy. Currently, there is ongoing
R&D targeting STING and focusing on the delivery of next-generation therapeutics. Whereas no compre-
hensive analysis on the STING patent landscape has been conducted to fill the gap between basic research
progress and drug development and commercialization.
Aim of review: This study summarized the current agents in the clinical stage and global patenting pro-
files to help identify the current status, development trends, and emerging technologies of the nascent
field of STING modulation.
Key scientific concepts of review: Rapidly increasing R&D efforts and outcomes targeting STING were indi-
cated by the recently increasing number and pharmacologic classes of drug candidates in clinic as well as
in emergent technological patenting activities. Despite the overall fragmental ownership of patents, sev-
eral pioneers that have advanced the clinical evaluation of novel STING agonists have established the
basis of STING-relevant inventions through their influential patents in the field. These patents also facil-
itated progress on novel STING modulators, relevant delivery systems, pharmaceutical compositions, and
combination strategies with the potential for further enhancing therapeutic outcomes by targeting
STING.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The STimulator of INterferon Genes (STING) is a critical protein
in the innate immune system that acts as a sensor of cytosolic DNA,
including exogenous and endogenous DNA [1]. The activation of
the STING pathway by recognition of cytosolic DNA can induce
the production of type I interferons (IFNs) and other cytokines
[1,2], and modulation of STING activity has recently become an
attractive therapeutic strategy in the field of immunology for the
treatment of cancers, autoimmune diseases, and inflammatory dis-
eases [3,4].
naling pathway for inducing type
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STING proteins are located in the endoplasmic reticulum (ER)
and function as a symmetric dimer that can be activated by cytoso-
lic DNA species (Fig. 1A). Double-stranded DNA (dsDNA) in the
cytoplasm, which can be derived from pathogens (e.g., bacteria
or viruses) and ‘‘self” cells (e.g., cancers, dead cells, or damaged
mitochondria), binds to and activates cyclic guanosine
monophosphate-adenosine monophosphate synthase (cGAS). The
activated DNA-cGAS then catalyzes the synthesis of 2’,3’-cyclic
GMP-AMP (2’,3’-cGAMP, Fig. 1B) using cytosolic GTP and ATP as
substrates [5]. After the binding of 2’,3’-cGAMP to STING, STING
is activated and the complex translocates from the ER to the Golgi
apparatus, where STING recruits and activates TANK-binding
I interferon expression (A) and representative natural CDNs (B).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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kinase 1 (TBK1). The activated TBK1 in turn phosphorylates STING,
which results in the recruitment and phosphorylation of interferon
regulatory factor 3 (IRF3). The phosphorylated IRF3 is dimerized
and enters the nucleus, resulting in the expression of type I IFNs
and inflammatory cytokines and chemokines [6,7]. The IFNs and
cytokines have significant immune-stimulatory functions by pro-
moting the priming and activation of T cells, dendritic cells
(DCs), and natural killer (NK) cells [8]. In addition, bacteria-
derived cyclic dinucleotides (CDNs), including cyclic dimeric GMP
(c-di-GMP or CDG), cyclic dimeric AMP (c-di-AMP or CDA), and
3’,3’-cGAMP, can also directly bind to and activate STING like
2’,3’-cGAMP (Fig. 1B).

On the one hand, activation of STING pathway can stimulate
innate and adaptive immune responses, which reflects its potential
for cancer immunotherapy and action against infection by patho-
gens [9]. On the other hand, excessive IFN production caused by
abnormal STING pathway activation or the aberrant accumulation
of intracellular DNA may lead to the development of autoimmune
diseases [10,11] such that the inhibition of STING pathway may
provide an option for the treatment of autoimmune diseases.

Drug development targeting STINGmodulators focuses on CDN-
based agonists, which are designed with the expectation of over-
coming the poor penetrating capability and high susceptibility to
enzymatic degradation of natural CDNs [12]. More than 10 mole-
cules are currently undergoing clinical evaluation [12]. The first
and most advanced CDN-based STING agonist in clinical develop-
ment, ADU-S100, was developed by Aduro Biotech in collaboration
with Novartis for cancer treatment. However, Novartis dropped
this asset from its portfolio at the end of 2019 due to preliminary
clinical results [13,14]. This may raise questions about the
response performance of current CDN-based drug candidates
under development but also encourages research on the underly-
ing mechanism of STING signaling and next-generation STING
modulators. Still, many novel agents targeting STING are under
development and undergoing pre-clinical studies [15], and collab-
orations in the drug development industry in this area are still very
active. This situation suggests the ongoing interest in STING path-
way. Improvements in clinical responses and in the applicability of
STING modulators, which are the focus of STING drug develop-
ments, should also consider various advances in new molecules,
drug delivery systems, clinical strategies, drug interactions, and
so on. This could also encourage patenting activities in this new
therapeutic field from the perspective of protecting technological
improvements and in light of the real potential for commercial
development. Patent information often provides a critical view of
emerging fields [16–18]. Despite extensive literature on the pro-
gress of the STING pathway and modulators, a global and compre-
hensive analysis focusing on the emerging patent landscape for the
target STING, one which would help understand the innovation
trajectory and technological development process, has not been
conducted.

This study reviewed the current agents targeting STING under
clinical development and investigated global patents related to
STING to present their innovation status, developmental trends,
and emerging technologies and to identify the most influential
inventions in this field.
Data retrieval and analysis methods

The patent applications reviewed in this study were retrieved
from the Derwent Innovation Index (DII) database, which covers
more than 40 patent-issuing authorities and provides organized
and comprehensive patent information based on original informa-
tion. The search was performed with keywords related to STING
(full names, abbreviations, or synonyms of the gene/protein) and
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Derwent Class (DC), as a code of B, pharmaceuticals. In addition,
a keyword search was performed in the scope of the patent topic
(TS), which basically combined titles, abstracts, and claims of
patent information. The full search strategy was TS = (‘‘Stimulator
of Interferon Gene*” OR ‘‘transmembrane protein 173” OR
‘‘TMEM173” OR ‘‘Stimulator Of Interferon Response CGAMP Inter-
actor” OR”Endoplasmic Reticulum Interferon Stimulator” OR
‘‘Mitochondrial Mediator of IRF3 Activation” OR ‘‘STING” OR
‘‘MPYS” OR ‘‘MITA” OR ‘‘HMITA” OR ‘‘ERIS” OR ‘‘NET23” OR
‘‘HSTING”) AND DC = (B*). Moreover, the search was performed
to collect patent records published by the end of 2020. The dataset
was obtained and reviewed to ensure the removal of all palladium-
related hits, such as patent applications for medical devices, com-
positions for insect stings, non-human pharmaceuticals, and so on.
After data clearance, a dataset that included the widest possible
range of STING patents was prepared for further analysis.

The patent applications were grouped into families based upon
the Derwent World Patents Index (DWPI) to ensure that patents in
the same family referred to the same technological invention. A
basic patent represents the first document disclosed in this family.
Thus, each record of the dataset refers to a patent family with a
basic patent as an identifier. The patent analysis in this research
focused on family-based patent information, which generally
includes the basic patent number, the application date, the appli-
cants, the abstract, the claims, the International Patent Classifica-
tion (IPC), the legal status, and the citation information. A
fundamental step of the analysis was to normalize some non-
standard information and organize a lengthy patent description
to generate conclusions concerning the field of interest. The appli-
cants’ names were deduplicated due to misspellings and abbrevia-
tions, and organizational applicants were grouped into two
categories: public organizations (including universities, academic
research institutes, hospitals, and government agencies) and pri-
vate entities (i.e., privately held companies). To identify the part-
nering pattern of STING-related patents, co-patenting behaviors
were collected among organizational applicants based on their sec-
tor category. If a member of a patent family was granted by any
authority, this patent family was identified as granted.

Patent applications related to STING agonists were classified
into several categories based on their technological subjects and
applications:

� Class i, small-molecule agonists targeting STING directly (STING
agonists);

� Class ii, other STING agonists, including non-small-molecule
STING agonists and pharmaceutical compositions that can stim-
ulate STING indirectly (for instance, these pharmaceutical com-
positions were described as modulators for a number of
pathways and targets, which included STING);

� Class iii, new uses for STING agonists, including combinational
methods with other drugs for treating diseases and new appli-
cations for treating particular disorders with STING agonists;

� Class iv, delivery system and formulations for STING agonists;
� Class v, pharmaceutical compositions comprising STING ago-
nists as a part of the compositions;

� Class vi, other pharmaceutical compositions that could be used
in combination with STING agonists.

Additionally, patent applications related to inhibiting the STING
signaling pathway were grouped into a different class: Class vii,
STING antagonists, including compositions of STING antagonists,
uses or applications of STING antagonists, and so on. Patents that
were excluded from the above classes were grouped into Class viii,
others. These subject classifications can help to clarify the techno-
logical structure and development of innovations related to STING.
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Patent citations can reveal the technological references
between STING patents [18]. The patent citation network was gen-
erated based on citation information among all of the STING
patents, considering patent family members, that could contribute
to identifying a significant technological process and trends con-
cerning STING-relevant innovations. If a member of a patent family
was cited by any member of another family, then these two fami-
lies were connected by an edge with directions pointing from the
cited patents to the citing patents. The nodes represented patent
families with colors based on the technological categories of the
patents. The node degree was the number of connections of a
patent family in the network, which was also the sum of the in-
degree and out-degree of the patent. The in-degree of a node was
the number of edges pointed to by other nodes and indicated
how often the node was referenced by other patents, whereas
the out-degree referred to the number of nodes pointed to by each
node, reflecting how often the patent (the node) was referenced by
other patent documents. Higher-degree patents represented more
active interactions within STING innovations, thereby indicating
greater importance in the network. Moreover, the largest compo-
nent of the network, which included the most interconnected
patents, was used to abstract a condensed subnetwork in terms
of the importance of patents in the network and application years
of basic patents in order to present a main developmental process
of a STING innovation.

Before STING patent analysis, a summary on the progress of
drug candidates targeting STING is necessary to help understand
clinical development situation in this specific field.

Drug candidates targeting STING in clinical development

Given the importance of activating the STING signaling pathway
in anti-tumor immunity and its promising anti-tumor activities in
substantial pre-clinical studies, more than a dozen STING agonists
have been advanced to clinical studies to evaluate their safety and
efficacy in various cancer patients (Table 1). The first STING agonist
that entered clinical development was ADU-S100, a synthetic CDN
Table 1
STING agonists in clinical development.

Drug Candidates Developers Molecular Type

ADU-S100 Aduro Biotech (acquired by Chinook
Therapeutics)

CDN analog

MK-1454 Merck Sharp & Dohme Corp CDN analog

MK-2118 Merck Sharp & Dohme non-CDN molecule
GSK-3745417 GlaxoSmithKline non-CDN molecule
BMS-986301 Bristol-Myers Squibb, IFM Therapeutics CDN analog
SB-11285 F-star Therapeutics, Spring Bank

Pharmaceuticals
CDN analog

IMSA-101 Genor Biopharma; ImmuneSensor
Therapeutics

CDN analog

SYN-STING
(SYNB1891)

Synlogic Engineered bacteria

BI-1387446 Boehringer Ingelheim CDN analog
TAK-676 Takeda Oncology CDN analog

E-7766 Eisai non-CDN molecule
exoSTING Codiak BioSciences Inc extracellular vesicle

with CDN
SNX281 Silicon therapeutics non-CDN molecule
HG-381 HitGen Ltd non-CDN molecule
DN-015089 Shanghai De Novo Pharmatech undisclosed

1 The designs of clinical studies with a NCT code could be identified in https://clinica
2 References of pre-clinical studies and current clinical study data are listed in the ta

intramuscular; SC, subcutaneous.
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that was discovered by Aduro Biotech (acquired by Chinook Ther-
apeutics in 2020). Since 2019, 10 agents have advanced to clinic,
including two agents other than small molecules, an engineered
bacterial strain, SYN-STING (SYNB1891) [19,20], and a type of
extracellular vesicle loaded with CDN, exoSTING [21]. All of these
agonists are in Phase I or Phase II study as monotherapies or in
combination with immune-oncology (IO) inhibitors, such as PD-
1/PD-L1 (programmed cell death protein 1/programmed cell death
protein 1 ligand 1) inhibitors and CTLA-4 (cytotoxic T-lymphocyte
antigen-4) inhibitors. It should be noted that only three of these
agonists have had preliminary clinical results released (Supple-
mentary Table S1).

To improve the biostability of natural CDNs, ADU-S100 was
developed to be resistant to digestion by phosphodiesterase and
has demonstrated promising anti-tumor activities by upregulating
type 1 IFNs and inducing tumor-specific CD8 + T cells in pre-
clinical studies [27,28]. This agent has been evaluated in three tri-
als since 2016, with the preliminary results from trials
NCT02675439 and NCT03172936 having been released
[13,14,22,29]. In ADU-S100 monotherapy arms (NCT02675439,
dose escalation, intratumoral injection), no dose-limiting toxicities
were reported, and Grade 3/4 treatment-related adverse events
(TRAEs) were reported in 12.2% of 41 pretreated patients with var-
ious advanced solid tumors or lymphomas [22]. From the perspec-
tive of anti-tumor effectiveness, eleven patients achieved stable
disease (26.8%), and two patients achieved partial responses
(4.9%) [29]. In the Phase Ib study, which used ADU-S100 in combi-
nation with investigational PD-1 inhibitor spartalizumab (devel-
oped by Novartis), the preliminary results reported that of eight
triple-negative breast cancer (TNBC) patients eligible for evalua-
tion of efficacy, two patients achieved partial responses (25%),
and one achieved completed responses (12.5%); of 25 melanoma
patients radiologically eligible for evaluation of efficacy, nine
patients achieved stable disease (36%), and two achieved partial
responses (8%) [14]. Although limited, the efficacy data of the com-
bination therapy seemed better than the results of the ADU-S100
monotherapy. However, the collaboration between Novartis and
Administration
Route

First Clinical Study
Initiation

Clinical
Study1

Ref.2

IT Mar-16 NCT02675439 [22]
NCT03172936 [13,14]
NCT03937141

IT Feb-17 NCT03010176 [23]
NCT04220866

IT/SC Sep-17 NCT03249792
IV Mar-19 NCT03843359
IV/IT/IM Mar-19 NCT03956680 [24]
IV Sep-19 NCT04096638 [25]

IT Sep-19 NCT04020185

vectors IT Nov-19 NCT04167137 [19,20]

IT Mar-20 NCT04147234
IV Mar-20 NCT04420884

NCT04879849
IT Mar-20 NCT04144140 [26]

loaded IT Sep-20 NCT04592484 [21]

IV Nov-20 NCT04609579
IV Aug-21 NCT04998422
IT Oct-21 CTR20212462

ltrials.gov/.
ble. Abbreviations: CDN, cyclic dinucleotide; IT, intratumoral; IV, intravenous; IM,

https://clinicaltrials.gov/
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Aduro Biotech was discontinued because of these weak clinical
data, and the enrollment of these clinical trials has also been sus-
pended. A similar situation was seen in MK-1454, which was the
second STING agonist assessed in clinic. MK-1454 (CDN, intratu-
moral injection) has been evaluated in a Phase I/II trial as a
monotherapy or in combination with the PD-1 inhibitor, pem-
brolizumab, in patients with advanced/metastatic solid tumors or
lymphomas since 2017 and in a Phase II trial in combination with
pembrolizumab versus a pembrolizumab monotherapy in meta-
static or unresectable, recurrent head and neck squamous cell car-
cinoma (HNSCC) since the beginning of 2020. In 2018, preliminary
clinical study data were released, which also demonstrated a better
efficacy profile in patients treated with MK-1454 in combination
with pembrolizumab compared with MK-1454 monotherapy
[23]. However, MK-1454 was removed from Merck’s pipeline in
the second quarter of 2021 with no further clinical data disclosed,
and recruitment for the two trials has been suspended in terms of
their status on clinicaltrials.gov.

SYNB1891 was designed with the capability of localized,
targeted STING activation by inducing the production of cyclic
di-AMP [19]. Its first-in-human study was initiated to evaluate
its safety and tolerability as a monotherapy (dose escalation, intra-
tumoral injection) and in combination with the PD-L1 inhibitor,
atezolizumab, in patients with refractory advanced solid tumors
or lymphoma (Supplementary Table S1). Preliminary data from
eleven patients with SYNB1891 monotherapy demonstrated no
dose-limiting toxicities or discontinuations due to adverse events,
with two patents achieving stable disease [20]. A further dose
escalation study for SYNB1891 as a single agent and combination
therapy data was expected at the end of 2021.

Besides, dozens of novel STING agonists in multiple pharmaco-
logic classes have undergone pre-clinical study, including second-
generation investigation by those who possess assets at the clinical
stage as well as by many new participants, especially developers
from China. For example, Merck, in collaboration with Vesselon,
has used microbubbles and diagnostic ultrasound to enhance
the tumor local concentration of a systemically administered -
CDN-based STING agonist [30]; F-star Therapeutics (under merger
with Spring Bank Pharmaceuticals) is developing STING agonist
antibody drug conjugates (ADCs) for targeted STING agonist deliv-
ery through systemic administration, a strategy also under investi-
gation by Takeda (under in-licensing from Curadev Pharma) [31]
and Mersana Therapeutics [32]. These novel agents may have the
potential for improved safety and efficacy profiles in future clinical
studies and more convenient administration routes.

Moreover, agents inhibiting the STING signaling pathway are
also under investigation for disorders associated with aber-
rant STING activation, like some autoimmune and inflammatory
disorders [33,34]. Several STING antagonist programs are undergo-
ing pre-clinical study and discovery process, although none has yet
been advanced to clinical evaluation [35,36]. Despite the increas-
ing attention on STING antagonist drug development recently,
implied by several big collaborations in this field recently, none
of them has entered clinical development. The development of
drug candidates targeting STING indicates ongoing R&D on the
STING pathway, despite the limited and modest clinical data gen-
erated thus far. More investigational efforts are needed to illustrate
the mechanisms of action of agents and potential issues when
being translated to the clinic. In this context, an overall analysis
of patents concerning STING, one which would reflect activities
from the perspectives of both basic research and industrial applica-
tions, could assist in identifying relevant technological innovation
trends and important inventions in this field in order to help par-
ticipants pursue and realize effective developmental strategies.
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Patenting profiles

The STING patent data used in this study were obtained from
the DII database. A direct search yielded 1,714 patent families pub-
lished by the end of 2020, and 588 patent families were further
obtained for data analysis by manual reading and noise reduction.

Overview of STING patent applications

Fig. 2A describes the continuously increasing number of patent
applications related to STING over time, except for the patenting
activity in 2020. The first STING-related patent, WO2010017248,
was applied in 2009 by a team from the University of Miami
who had discovered and identified the function of STING in innate
immune signaling processes in 2008 [2]. Due to the significant
improvement in the understanding and applications of cancer
immunotherapy represented by PD-1/PD-L1 inhibitors since
2010, active R&D on and promising pre-clinical performance of
STING culminated in a great number of patenting activities from
2016 to 2019, which was much sooner from the first report of
STING’s identification in comparison with R&D targeting PD-1/
PD-L1 [17]. The significant decline in these activities in 2020 was
most likely caused by the COVID-19 pandemic, which restricted
R&D efforts and investments from areas other than those devoted
to combatting COVID-19 [37].

The most frequent IPCs identified by STING patents are listed in
Fig. 2B, which emphasizes medicinal preparations with organic
active ingredients (A61K-031) as well as their potential as antineo-
plastic agents (A61P-035) and anti-infectives (A61P-031) and for
combatting immunological disorders (A61P-037). More specific
technological categories for STING are presented in section of Data
retrieval and analysis methods. Of all of the STING patents, 110 fam-
ilies (�19%) had been granted by at least one authority. This per-
centage of granted patents was higher than that in the patent
landscape analysis of recombinant factor VIII [38] and induced
pluripotent stem cell technologies [39].

Almost three-quarters of STING basic patents, referring to the
first member of the patent family that was published, were inter-
national patent applications filed under the Patent Cooperation
Treaty (PCT) (Fig. 2C). This indicates the extent of interest by
patent applicants in pursuing patent protection across the world.
A similarly high percentage of PCT applications was also observed
in patent analysis targeting PD-1/PD-L1 [17]. Taking all members
in all patent families into account, the geographic distribution
showed that the United States, China, and Europe were the most
active countries/regions for STING patent applications, followed
by Canada, Australia, South Korea, and Japan (Fig. 2D). The signifi-
cant position of China and the subtle difference between China and
the United States regarding the filings of basic patents and national
patent applications is particularly noteworthy. Comparing patents
concerning PD-1/PD-L1 [17], China is becoming a much more
attractive area for investigators seeking patent protection in such
a new field, in turn also indicating that new drug development in
China is becoming increasingly active.

Patent applicants and partnerships

Of all the STING patent families, 421 (72%) were filed by at least
one entity in the private sector (i.e., companies from an industry),
and 211 (36%) were filed by organizations from the public sector
(i.e., universities, hospitals, government/academic institutes). Dif-
ferent patenting activity trends were observed for private entities
and public organizations (Fig. 3A). Industrial applicants surpassed
those from the public sector and filed more patents since 2015,

http://clinicaltrials.gov


Fig. 2. Profiles of global STING patent applications. (A) Annual number of STING patent applications by the year of application of the first member of the patent family
(2009–2020). (B) The most frequent international patent classification (IPC) categories of patents targeting STING. The technical areas of these categories can be accessed in
the World Intellectual Property Organization (WIPO), https://www.wipo.int/classifications/ipc/en. (C) Country distribution of STING patents by the basic country of patent
families. (D) Country distribution of STING patents by application authorities of all of the members in the patent families.
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quickly becoming the main force of STING innovation, especially
after the first STING agonist entered clinical development in
2016. This trend is also suggested by the continuously growing
gap in patent applications between private and public applicants.

Of all STING patents, 104 (18%) were filed by more than one
organizational applicant. Regarding the co-patenting profile in
terms of the applicants’ sector, one-half of these patents were
the outcome of cooperation between private entities and public
organizations, which was much higher than co-patenting activities
among those within either the public sector or the private sector
alone (Fig. 3B). The leading applicants demonstrated internation-
ally based contributions to STING innovation and were equally
split between the public and private sectors (Fig. 3C).

Leading applicants from industry, i.e., Merck Sharp & Dohme,
Novartis, Aduro Biotech, Bristol-Myers Squibb, GlaxoSmithKline,
and IFM Therapeutics, were the first tier of entrants to develop
STING agonists in clinic. Merck Sharp & Dohme is positioned in
the first place, with 24 patents filed (4.1%), a slight number of
which were in cooperation with other applicants. Novartis and
Aduro Biotech, on the other hand, appeared to have similar co-
patenting profiles, and more than one-half of their patents were
filed in cooperation. These patents were developed mostly based
on the established partnership between Novartis and Aduro Bio-
tech. The co-patenting activities of leading applicants from the
public sector were more intensive among organizations in the
same geographic region, such as cooperation among the Dana-
Farber Cancer Institute, the Massachusetts Institute of Technology,
124
and Brigham & Women’s Hospital (Boston, US), and between the
China Pharmaceutical University and Nanjing University (Nanjing,
China). Moreover, the low percentage of the leading applicants of
STING patent filing was much lower than that in the profile in
the established field of recombinant factor VIII: 4.1% versus 8.4%
for the applicant in the first place [38]. This revealed a highly frag-
mented patenting landscape in this new field. The difference in
terms of maturity in technological and market development could
be the main reason for the different concentration profiles between
the two fields.

Technological innovation trends

To be able to present technological subjects of STING-specific
innovations, all STING patents were grouped into eight classes,
Class i � viii, the construction and activity trends of which are
shown in Fig. 4. Patents in Class i � vi focused on different subjects
related to STING agonists, including (i) small-molecule STING ago-
nists, (ii) other STING agonists, (iii) new uses for STING agonists,
(iv) STING agonist delivery systems or formulations, (v) pharma-
ceutical compositions comprising STING agonists as a part, and
(vi) other compositions that could be used in combination with
STING agonists. Patents related to STING antagonists were classi-
fied as a separate group, Class vii.

Patents related to STING agonists (Class i � vi) accounted for
over 80% of all STING patents, while less than 10% were related
to STING antagonist patents (Class vii) (Fig. 4A). The obvious trend

https://www.wipo.int/classifications/ipc/en


Fig. 3. Applicant profiles of STING patents. (A) Patenting activity trends for private entities and public organizations. (B) The co-patenting patterns in terms of different
sectors of the organizational applicants. (C) The leading applicants that filed the most patents and its relevant percentage of co-patenting activities.

Fig. 4. Technological subject classes of STING patents. (A) Distribution of patent technological subject classes, Class i � viii. (B) Patenting activity trends and construction of
technological classes over the years. Class i, small-molecule STING agonists; Class ii, other types of STING agonists; Class iii, new uses for STING agonists; Class iv, STING
agonist delivery systems or formulations; Class v, pharmaceutical compositions comprising STING agonists as a part; Class vi, other compositions that could be used in
combination with STING agonists; Class vii, patents related to STING antagonists; Class viii, others.
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toward STING activation in patenting activities is consistent with
the drug development profile. The increase in the number of
patents filed for new small-molecule STING agonists has princi-
pally contributed to the rapid growth of STING patenting activities
(Fig. 4B), whereas other types of pharmaceutical compositions that
can stimulate STING (Class ii), such as vectors (that can encode
STING or cGAS), polypeptides, oncolytic virus, and so on, were in
a less significant position. A high proportion of patents for new
uses of STING agonists (Class iii) could be observed in the early
years (Fig. 4B). Regarding the focus of this class, patenting activities
concerning new uses of STING agonists in these early years were
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mainly concentrated on applications of STING agonists for various
disorders rather than on innovations focused on new combinations
of STING agonists with other pharmaceuticals for treating diseases.
Of all 59 patents filed in Class iii, 36 (�63%) were focused on com-
binatorial uses or potential combinatorial uses of STING agonists.
These combination strategies could provide important references
for the clinical development of STING agonists. Specifically, one
of the important categories of other pharmaceuticals in combina-
tions were drugs targeting the immune system in cancers, such
as inhibitors of PD-1/PD-L1, CTLA-4, indoleamine 2,3-dioxygenase
(IDO) inhibitors, lymphocyte activation gene 3 (LAG3), and CD73.
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Patenting for delivery systems or formulations for STING ago-
nists (Class iv) is a significant aspect of STING technological inno-
vations (accounting for 9% of STING patents), with intentions of
improving biostability and/or bioavailability as well as of deliver-
ing agents to and retaining agents in target tissues, especially for
CDN-based STING agonists. Applications in Class iv exhibited a
notable increase in 2017, after which they became an important
component of STING innovation. Patent filings related to STING
antagonists or the inhibition of STING signaling (Class vii) began
early. After two years of inactivity, in 2015 � 2016, patenting con-
cerning STING antagonists is now demonstrating a continuous
increase in proportion to all patents, mainly focusing on the dis-
covery of new pharmaceuticals as STING antagonists and new uses
for treating autoimmune or infectious diseases.
Patent citation network

Citation network profiles

Citation relationships among patents in a specific field can pro-
vide a developmental perspective on technological connections
and emerging technologies. The citation network of STING patents
involved 269 applications and 1,301 citation connections among
them, and the patents (nodes) were colored according to their
technological classes (Fig. 5A). The node size was set by its degree
value, i.e., the number of connections with other patents in the net-
work. In the network, 86% of nodes were connected as the largest
component, with many small components around them. This lar-
gest component consisted of more than 80% of all patents filed
regarding small-molecule STING agonists, much higher than the
network involvement of other technological classes. This class also
Fig. 5. Patent citation network and relevant technological distribution. (A) Citation n
involved in the largest component of the network. Nodes in the network represent patent
pointing from the cited patents toward the citing ones. The node size was set by its degre
the network and the donut chart reflect the technological subject class of the patents, w
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included almost one-half of all patents in the largest component,
doubling the percentage of all STING patents (Fig. 4A, 5B). More-
over, the average degree, referring to the average connections per
node in the network, increased from 9.7 for the whole network
to 14.2 for the network within patents in Class i by removing
patents from other classes, which identified intense references
among Class i. This broad, intense involvement of patents in Class
i in the network implies a high dependence on innovation in the
field and high technical coherence within the development of
small-molecule STING agonists.

Patents for new uses of STING agonists (Class iii) constituted
one of the classes that entered the network in the earliest years
(2013 � 2015). Especially in 2013, the patent filed by Glen N. Bar-
ber was described as uses of modulating immune responses by
administrating STING modulators and was cited by two important
patent applications by Aduro Biotech (WO2013185052 and
WO2014093936, also see Table 2) as indicated by their high
degree, which disclosed hundreds of agents of CDN-based STING
agonists, including ADU-S100. Then, the network expanded based
on these patents and grew to one with intense technological inter-
action. Patents concerning STING agonist delivery systems or for-
mulations (Class iv) revealed a different scenario, with the lowest
percentage of patents in the largest component of the network
(�4.3%, Fig. 5B) and relatively late involvement in the network
(from 2017). The most interactive patents regarding STING antag-
onists (Class vii) in the network, represented by patents with a
high degree, were US2014341976 and WO2017106740, also filed
by Aduro Biotech, in 2014 and 2016, respectively. In addition, most
of the other STING antagonist patents were located in the periph-
ery of the network and were connected with a small number of
others. The STING agonist patent WO2017175156, filed by
GlaxoSmithKline, and the patent of a new use of STING agonists
etwork among STING-related patents. (B) Technological class distribution of patents
applications, and the edges represent citation connections between patent families,
e value, which was also the sum of connections of each node. The colors of nodes in
hich are consistent with that in Fig. 4.



Table 2
Detailed information of the influential patent families with high-degree centrality in the patent citation network.

Basic Patent
Number1

Degree Out-
degree

In-
degree

Ratio of
Out- to in-
degree

Applicant Technological Subject Representative
Compounds2

WO2017161349 92 38 54 0.7 ImmuneSensorTherapeutics,
University of Texas System

CDN-based agonists Compound 1,2

US2017044206 83 58 25 2.32 Merck Sharp & Dohme CDN-based agonists Compound 3
WO2014189805 78 63 15 4.2 University of California, Aduro Biotech CDN-based agonists Compound

4, 5
WO2015185565 67 54 13 4.15 GlaxoSmithKline CDN-based agonists Compound 10
WO2014093936 64 49 15 3.27 Aduro Biotech CDN-based agonists Compound 6
WO2016120305 61 48 13 3.69 GlaxoSmithKline CDN-based agonists Compound 11
WO2017093933 59 39 20 1.95 GlaxoSmithKline CDN-based agonists Compound

12,13
WO2015077354 56 55 1 55 University of Chicago, Aduro Biotech Method of treating cancers with

STING agonists
Compound 4

WO2018100558 55 8 47 0.17 Takeda Pharmaceutical CDN-based agonists Compound 21
WO2016145102 50 33 17 1.94 Aduro Biotech CDN-based agonists Compound 7, 8
WO2014179335 48 33 15 2.2 Sloan Kettering Institute, Rockefeller

University, Rutgers University, University
of Bonn

CDN-based agonists Compound 22

WO2017175156 47 40 7 5.71 GlaxoSmithKline ABZI-based agonists Compound
14,15

WO2013185052 45 39 6 6.5 Aduro Biotech, Johns Hopkins University A composition comprising a CDN-
based agonist and inactivated tumor
cells

N/A

WO2017175147 40 33 7 4.71 GlaxoSmithKline diABZI-based agonists Compound
16,17

WO2017123669 40 25 15 1.67 Innate Tumor Immunity CDN-based agonists Compound 23
US2014341976 40 37 3 12.33 Aduro Biotech CDN-based antagonists Compound 9
WO2016096174 39 35 4 8.75 InvivoGen, Kayla Therapeutics CDN-based agonists Compound 24
WO2018009648 36 9 27 0.33 Sperovie Biosciences CDN-based agonists Compound 25
WO2017123657 36 33 3 11 Innate Tumor Immunity CDN-based agonists Compound 26
US2020040009 35 0 35 0 Incyte Tricyclic heteroaryl compounds as

STING agonists
Compound 18

US2020039994 35 0 35 0 Incyte Tricyclic ABZIs as STING agonists Compound 19
US2019359608 35 0 35 0 Incyte Tricyclic ABZIs as STING agonists Compound 20

Abbreviations: CDN, cyclic dinucleotide; ABZI, amidobenzimidazole.
1 The original patent document can be observed by free access to Espacenet patent search, https://worldwide.espacenet.com/.
2 Structure of representative compounds of relevant patents can be found in Fig. 6.
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for treating hepatitis B viral (HBV) infection, WO2015061294, filed
by Drexel University, were the two inventions referred to by many
STING antagonist patent applications (Fig. 5A).

Influential patents in the network

Patents with a high degree of centrality, summarizing out-
degree and in-degree, are hubs in the field of interest with many
technological connections with others. Table 2 lists these influen-
tial inventions, which were identified with the highest degree. All
of these patents were filed by companies from the
pharmaceutical/biotechnological industry or in collaboration with
academic institutes, except for patent WO2014179335, which
was co-filed by four academic institutes. The applicants also
included the pioneers of STING agonist clinical development, like
Aduro Biotech, Merck Sharp & Dohme, GlaxoSmithKline, Immune
Sensor Therapeutics, Takeda Pharmaceutical, and IFM Therapeu-
tics. This also indicated the significant contribution from compa-
nies in drug development to the intense knowledge flow in
innovations related to the exploration of the target STING,
implied by basic technologies with a high out-degree that had
been cited by subsequent patents and technology summarizers
with a high in-degree that had been widely referred to in the
prior state of the art. Specifically, the value of the ratio of out-
to in-degree was larger than 1, thereby reflecting the incline of
a patent as a reference for others comparing its role as a summa-
rizer. More than one-half of these influential patents were posi-
tioned as the basic inventions broadly cited by various classes
of patents related to STING. Notably, 19 of 22 of these patents
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focused on small-molecule STING agonists, indicating that inven-
tions concerning STING agonists were the basic foundation of this
innovation network.

ImmuneSensor Therapeutics Inc.

Patent WO2017161349, co-filed by ImmuneSensor Therapeu-
tics and the University of Texas System in 2017, had the largest
number of total connections to others, with the highest in-
degree. This patent disclosed many novel CDNs with modifications
on interior phosphor linkages, ribose, and nucleobases. Several of
these CDNs (Fig. 6, Compound 1, 2) were reported to have a more
promising effectiveness profile (EC50 less than 100 nM or less
than 30 lM in THP-1 luciferase reporter cells with or without per-
fringolysin O to facilitate the compound uptake) as well as the
capability of resisting the enzymatic hydrolysis of ENPP1 (less than
10% decrease of the EC50 value after fetal bovine serum incuba-
tion) [40]. Since 2019, Immune Sensor Therapeutics has been eval-
uating the safety and efficacy of IMSA-101 (a CDN-based small
molecule) alone or in combination with immune oncology thera-
pies in patients with advanced treatment-refractory solid tumors
in a Phase I/IIa clinical trial (NCT04020185, Supplementary
Table S1).

Merck Sharp & Dohme Corp.

Researchers from Merck Sharp & Dohme generated hundreds of
CDNs as STING agonists in patent US2017044206, which had been
cited by another 58 patents in the network. These compounds were
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Fig. 6. Representative compounds in the influential patents listed in Table 2.
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evaluated in an in vitro STING binding assay (3H-cGAMP filtration
binding assay) and IFN-b release in THP1 cells. One of them, Com-
pound 3, exhibited a relatively high binding activity with EC50 of
less than 1 nM, and four times the IFN-b production of more than
2ʹ,3ʹ- cGAMP at a concentration of 30 lM [41].

Besides, Merck Sharp & Dohme also filed many other STING
patents involved in the network, although the company did not
present very comprehensive connections, including patents on
CDN-based compounds (US2018244712, WO2019125974,
WO2018208667, etc.), benzo[b]thiophen derivatives as STING ago-
nists (US2019337917, WO2019195063, US2018093964, etc.), a
new combination use of STING agonists with PD-1 antagonists
(WO2019027857, WO2018118664), and a new formulation and
compositions for specific drug delivery (WO2020205323,
WO2015130584).

Aduro Biotech Inc.

The STING agonist ADU-S100 (dithio-[Rp,Rp]-cyclic-[A(2ʹ-,5ʹ-]p
A(3ʹ-,5ʹ-)p), also named ML-RR-CDA (Compound 4, Fig. 6), which
first entered clinical research, was disclosed in patent
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WO2014189805, which was discovered in cooperation between
Aduro Biotech and University of California. This patent filing, with
the highest out-degree, provided important references for many
patents for novel STING agonist identification and applications. In
the patent, ADU-S100 and Compound 5 (also named dithio-[Rp,R
p]-cyclic-[G(2ʹ-,5ʹ-]pG(3ʹ-,5ʹ-)p) or ML-RR-CDG) exhibited the
strong ability to induce type I IFN production in THP-1 cells and
human PBMCs, higher than 2030-c-di-AMP and 2030-c-di-GMP [42].
ADU-S100 could significantly inhibit tumor growth and metastasis
in mice bearing various tumors. Moreover, ADU-S100 exhibited a
similar potent resistance to phosphodiesterases (SVPD and NP1)
with Compound 6 (dithio-[Rp,Rp]-cyclic-[A(3ʹ-,5ʹ-]pA(3ʹ-,5ʹ-)p),
which was discovered by Aduro Biotech earlier in patent
WO2014093936.

Aduro Biotech also filed patent WO2015077354 to demonstrate
the anti-tumor potential of DMXAA and CDNs by STING pathway
activation, leading to a high production of IFN-b, IL-6, TNF-a, and
IL-12, enhanced expression of CD86, and profound anti-tumor effi-
cacy in mice models [43]. Other CDN derivatives with modifica-
tions on ribose were also reported by Aduro Biotech (represented
by Compound 7, 8 in WO2016145102).



X. Kong, H. Zuo, Hsien-Da Huang et al. Journal of Advanced Research 44 (2023) 119–133
Moreover, STING-ADCs where CDN-based STING agonists were
conjugated to a specific antibody by a cleavage linker for treating
cancers have been reported by Aduro Biotech and Novartis in
patents WO2020092617 and WO2020089815 as second-
generation compounds.

GlaxoSmithKline PLC

Another prominent patent applicant was GlaxoSmithKline,
which also started its investigation of STING stimulators from
CDN-based compounds, i.e., WO2015185565, WO2016120305,
and WO2017093933, and then further designed a class of ami-
dobenzimidazole (ABZI)-based STING agonists and developed
GSK-3745417, the only non-CDN compound as a STING agonist
in clinical development. Patent WO2017175156 first disclosed
numerous ABZI-based compounds (represented by Compound
14, 15) that exhibited high binding affinities of STING by competi-
tion with 3H-cGAMP (pIC50: 3.7� 6.0) and induced IFN production
in human embryonic kidney cells (HEK293T) (pEC50: 6.0 � 6.2)
[44]. These activities were significantly improved by further mod-
ifications, as diABZIs in patent WO2017175147 (represented by
Compound 16, 17), some of which exhibited much higher pIC50
values of larger than 9.0, and a pEC50 of larger than 7.0 [45]. The
diABZI, Compound 17, was further reported in patent
WO2019069275 with considerable anti-tumor efficacy based on
IV administration, which could be rapidly distributed into tumors
with a half-life of about 25 h, induce the production of multiple
cytokines and MHC-I expression in NK, B, and T cells, and activate
CD8 + T cells [46].

IFM Therapeutics Inc.

IFM Therapeutics is another biotech company that focuses on
modulating innate immune system including STING pathway. For
STING stimulators, IFM Therapeutics filed two important patents
(WO2017123669 and WO2017123657) that were assigned to
Innate Tumor Immunity under the collaboration of IFM Therapeu-
tics with Bristol-Myers Squibb (Table 2). The patents disclosed doz-
ens of synthetic CDN derivatives and their preparation process,
represented by Compound 23 that can stimulate IRF3 with an
EC50 of 1 � 10 lM and activate NF-jB signaling with an EC50 of
less than 1 lM [47]. Besides STING stimulators, IFM also filed many
patents related to STING inhibitors.

Incyte Corp.

Researchers from Incyte synthesized a series of diABZI-based
compounds with tricyclic modifications in patents
US2020040009, US2020039994, US2019359608, and
WO2020146237 that exhibited the activation of IRF3 in a THP-1
dual cell-based assay with an EC50 of less than 100 nM [48–51].
In contrast, no STING agonist has been released in Incyte’s pipeline
so far.

Patents of STING antagonists

Patents of STING antagonists were more likely to be positioned
in the periphery of the network with fewer connections with other
patents in the field. The most influential STING antagonist patent
in the network was filed by Aduro Biotech in 2014,
US2014341976. The patent described ML-propargyl-CDA (2ʹ-O-pro
pargyl-cyclic-[A(2ʹ,5ʹ)pA(3ʹ,5ʹ)p] CDA, Compound 9), which can
bind to the same binding pocket of STING and thus interfere with
the binding of activating CDNs [52]. Following this, patent
WO2017106740 and WO2019055750 in the network were also
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filed by Aduro Biotech, which disclosed other CNDs as STING
antagonists.

Like Aduro Biotech, other pioneers in STING pathway also have
initiated STING inhibitor development through internal R&D or
external partnerships, which include IFM Therapeutics, Novartis
(through partnering with IFM Therapeutics), GlaxoSmithKline,
Bristol-Myers Squibb (under acquisition of Celgene), and Eli Lilly
(through partnering with Aduro Biotech). Moreover, more types
of molecules have been disclosed with inhibiting STING function
to suppress immune response, and have showed their potential
for treatment of autoimmune and inflammatory diseases. For
instance, IFM DUE (a subsidiary of IFM Therapeutics) described a
bunch of non-CND compounds with potent STING inhibitory activ-
ity in several patents, such as WO2020150439 (compounds of
indole-based sulfonamide derivatives), WO2020010092
(pyrrolopyridine-based urea derivatives), WO2020010155 (pyra-
zole Urea-Based derivatives), and so on. These new patent applica-
tions targeting STING antagonists extended the citation network of
the field of interest, which represents the new drug development
opportunities of targeting STING.

Disease treatment potential of STING patents

In addition to the treatment exploration on cancers and typical
autoimmune and inflammatory diseases, modulating STING also
shows a new therapeutic potential for some specific disorders
(e.g., liver disease and central nervous system disease) as the
improving understanding of the role of STING pathway [53,54].
However, in the patent applications, cancers still are the most
prevalent use for STINGmonotherapy or in combination with other
drugs, which is consistent with the drug development profile in
pre- and clinical studies. Moreover, although many indications
are always covered by proposed claims of a STING patent applica-
tion, few have presented an appropriate example to demonstrate
the activity of STING modulators in an exact in vitro or in vivo
model of a specific disease in patent documents, especially for a
specific inflammatory and autoimmune diseases. Specifically,
patent WO2015061294 in the citation network first reported that
DMXAA, a STING agonist, could result in suppressed HBV DNA
replication and reduced the amounts of HBV capsid protein in
mouse hepatocytes through inducing type I IFN production in
mouse macrophages [55]. This patent application of STING ago-
nists against HBV infection has been approved by the authority
of China, the United States, and Australia. Additionally, the patents
CN106540260 and CN106539814 described the activities of STING
agonists against Alzheimer’s disease and rheumatoid arthritis
respectively through in vivo mouse models, while neither of them
was approved by the authority.

Patents of STING drug delivery system

Delivering STING modulators to specific tissues is an important
direction of developing next-generation STING drugs that over-
come the drawbacks of current ones, especially CDN-based STING
agonists. In the citation network, patents on delivery system of
STING drugs involve compositions of CDNs and carrying systems,
such as exosome (WO2019183578), liposomes and other lipid-
based carriers (WO2020210317, WO2017186711), hydrogels
(WO2018045058), and so on.

More specifically, patent WO2019183578 describes a prosta-
glandin F2 receptor negative regulator (PTGFRN)-overexpressed
exosome comprising CDN-based STING agonists, one which exhib-
ited significantly potent anti-tumor efficacy in a 100-fold lower
dose of free STING agonists and highly promoted the selectivity
of STING agonist delivery to DCs [56]. Patent WO2020210317 dis-
closes phosphatidylserine (PS)-coated nanoparticles (NP) contain-
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ing cGAMP (NP-cGAMP), which exhibited significantly more effi-
cient cytosolic uptake of cGAMP than free cGAMP and higher pro-
duction of type I IFNs in mouse antigen presenting cells [57].
Another example further showed significantly synergic antitumor
effect of NP-cGAMP (via inhalation) in combination with radiother-
apy in both mouse melanoma and breast cancer lung metastases.
Lipid agent complexing with CDNs in order to enable CDNs’ cellular
uptake was prepared and demonstrated that the lipid-CDN com-
plex could increase production of various cytokines by several to
hundred fold than free CDNs in both in vitro and in vivo models
in patent WO2017186711 [58]. This patent further disclosed the
anti-tumor activity of lipid-CDN complex at five times lower drug
concentration was similar with that of CDN. This obviously indi-
cated the potential of lipid-encapsulated STING agonists in reduc-
ing the systemic toxicity of free agonists.

Patent WO2018045058 disclosed a locally slow dissemina-
tion system using hydrogels loaded with compounds of interest
including STING agonists. The hydrogel drug delivery mode could
be implanted in the tumor site. In vivo studies showed significant
durable survival benefit with the CDN-payload modes than intra-
tumoral injection of CDNs [59].
Conclusion and perspectives

This study showed rapidly increasing R&D activity targeting
STING since its important role in the innate immune response
was first reported in 2008. There is an obvious incline toward
STING agonists other than STING inhibitors in terms of drug devel-
opment as well as patenting activities. Several dominant compa-
nies in this field, like Audro Biotech, GlaxoSmithKline, IFM
Therapeutics, and Merck Sharp & Dohme, have pioneered advance-
ments in the clinical evaluation of novel STING agonists and also
established the field of technological innovation of STING with
their influential inventions in the network. These innovations were
based on generating new small-molecule STING agonists to
improve biological activity and overcome pharmaceutical short-
ages of natural CDNs and were intended for the development of
next-generation therapies to improve clinical responses and poten-
tial applicability.
Patenting landscape: STING versus PD-1/PD-L1

Targeting the STING pathway is a promising IO strategy as it
stimulates the innate immune system and enhances tumor
immunogenicity, turning ‘‘cold tumors” into ‘‘hot tumors” [60].
The rich development experience of checkpoint inhibitors, repre-
sented by PD-1/PD-L1 inhibitors, generally promoted the mecha-
nism of understanding and the clinical applications of cancer
treatment by targeting the immune system, which helps the rapid
translation of STING agonists to clinic.

The profile of STING patents was similar with that of the PD-1/
PD-L1 field from some perspectives, such as the significant growth
in a short period before the studies, fragmented ownership, and the
similar citation network structure (i.e., one main component sur-
rounded by several small ones) [17]. More notably, the patenting
activities concerning STING also appear with some particular
aspects. First, the patent citation network of STING is much denser
than that of PD-1/PD-L1, with a network average degree of 9.6 ver-
sus 4.1, respectively. This means that new inventions regarding
STING were highly connected with previous patents, especially
the discovery of new STING agonist molecules. Second, although
most patents filed in the two fields are intended to secure patent
protection across the world via the first filing under PCT, the
national distribution of patent applications portrayed a significant
increase in interest in China as a potential market of STING devel-
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opment. Third, the involvement of companies from the private sec-
tor was much more extensive and active in cooperative innovation
in the field of STING, including the co-patenting activities between
the public and private sectors and among those in the private sec-
tor. Whereas, in the field of PD-1/PD-L1 patents, one-half of co-
patenting activities were observed among the public sector alone.
In this study, some fundamental STING patents were invented
based on collaboration between a biotech company and universi-
ties, and most of the co-developments concerning therapeutics tar-
geting STING between big pharma and small to medium-
sized biotech companies started as early as in the pre-clinical
stage, including R&D on next-generation STING agonists. All of
these aspects of STING patents are associated with rapid therapeu-
tic developments in this field and with the early and profound
involvement of the industry.

What should be noted is that, of all the STING patents which
disclosed thousands of compounds, only 15 compounds, by now,
entered the clinical evaluation for future commercialization. The
extremely low commercialization percentage and the closely con-
nected patent network might raise potential risks of patent
infringement in this field, especially for the most typical pharma-
ceutical class, CDN based compounds. As most patents filed in
the past three years have not yet been approved, drug developers
need to be aware of legal status and approval claims of important
patents in the same category by different authorities, which would
impact development and commercialization strategies of com-
pounds in its pipeline.

STING next-generation therapies

Although CDN derivatives showed promising anti-tumor effi-
cacy and potent phosphodiesterase resistance in pre-clinical stud-
ies, current preliminary and limited clinical results published from
the two STING agonists (ADU-S100 and MK-1454) appeared not so
optimistic concerning the modest response rate [13,14,22,23].
However, R&D efforts regarding STING continue to intensify. Many
STING patents have been filed, and many new drug candidates
have been in pre-clinical development and advanced to clinical
evaluation, in the last two years [12].

The development of next-generation therapies targeting STING
generally aims to improve clinical responses and potential applica-
bility. First, new classes of STING agonists and related structure
modifications are emerging to enhance their bioactivity as well
as to promote the potential of systematic administration, including
CDN-based molecules and non-CDNs. CDN-based molecules are
the first and dominant class in clinical development, and are also
the major topics of new patent filings. Multiple modifications on
the phosphor linkages (e.g., introducing thiol or boron, changing
linkage positions), ribose (e.g., altering hydroxyls), and nucle-
obases could be demonstrated with refined biological activities
and stability against phosphodiepesterases in many fundamental
patents. These patents were also closely referred to by the discov-
ery and optimization of non-CDN molecules, like ABZI identifica-
tion as STING agonists. The promising results of ABZIs in pre-
clinical studies provide an important option for STING agonists in
clinical development upon systematic administration [61]. Second,
the development of delivery systems for STING agonists, especially
for CDN-based molecules, are a rapidly increasing topic of innova-
tion concerning STING from the perspective of patent filings, aim-
ing to enhance precise drug delivery and retention in tumor sites
and cells. Two therapeutics (SYNB1891 and exoSTING) with speci-
fic carriers are under clinical evaluation. Many other drug delivery
systems have been employed for CDNs in pre-clinical studies [62],
and novel systems are also covered or specifically designed for
CDNs, which may improve their efficacy or generate synergistic
outcomes in cancer immunotherapy, such as STING ADCs [63–
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65]. Third, recent progress on understanding STING signaling acti-
vation and relevant tumor microenvironment changes provide the-
oretical support for the combined development of STING agonists
with other therapeutics and further pharmaceutical compositions
involving STING agonists [66–69]. From the limited clinical data
of CDN-based STING agonists, combination with PD-1/PD-L1 pre-
sented a slight efficacy advantage concerning specific cancer types
compared with STING agonist monotherapy [13,14,23], and a com-
bination with checkpoint inhibitors is involved in most of all of the
current clinical trials of STING agonists. Furthermore, another
attempt to improve the clinical outcome of STING agonists may
be to differentiate subjects who would not respond to STING ago-
nists or would likely be resistant to STING activation. STING activ-
ity may be suppressed as functional mutations or epigenetic
silencing of STING genes [69], and, as such, determining STING
functional activity or gene status may guide the design of novel
biomarkers for STING agonist administration or other anti-cancer
drugs [70].
STING antagonist drug development

Drug development regarding STING antagonists for inflamma-
tory and autoimmune diseases is warranting increasing attention
but is still in a very early stage. None of the STING antagonists
are under clinical development, although some big pharma and
biotech companies announced their R&D efforts and compound
identifications several years ago, like Eli Lilly and Aduro Biotech/
Chinook Therapeutics, IFM Therapeutics, Nimbus Therapeutics,
and so on. Recent big collaborations with respect to STING inhibi-
tors (i.e., deals between Bayer and Curadev and between Biogen
and ISD Immunotech) have suggested the keen interest of the
industry in this field. Patent filings for STING antagonists also
entered the network as early as 2014 and expanded to the edge
of the network in the last three years. These patents disclosed
novel compounds and uses related to inhibiting STING signaling,
which were supported by the findings and applications of the
STING function and improved understanding of STING signaling
in autoimmune diseases.
Conclusion

This study showed a rapidly increasing R&D targeting STING
since its important role in the innate immune response was first
reported in 2008. There is an obvious incline toward STING ago-
nists other than STING inhibitors in terms of drug development
as well as patenting activities. Several dominant companies in this
field, like Audro Biotech, GlaxoSmithKline, IFM Therapeutics, and
Merck Sharp & Dohme, have pioneered advancements in the clini-
cal evaluation of novel STING agonists and also established the
field of technological innovation of STING with their influential
inventions in the network. These innovations were based on gener-
ating new small-molecule STING agonists to improve biological
activity and overcome pharmaceutical shortages of natural CDNs
and were intended for the development of next-generation thera-
pies to improve clinical responses and potential applicability.
Novel STING modulators (including CDN-based and non-CDN-
based molecules), relevant delivery systems, pharmaceutical com-
positions, and combination strategies are under development with
the potential to further promote the therapeutic outcomes of
STING agonists. Along with improving understanding of the under-
lying mechanism of the STING signaling pathway, better perfor-
mance of STING agonists in clinic is expected in the future but
needs to be carefully evaluated in different disease conditions
under well-designed trials.
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