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Ovarian cancer is the leading cause of mortality due to gynecologic malignancy. The majority of women diagnosed with the most
common subtype, high-grade serous ovarian carcinoma (HGSC), develop resistance to conventional therapies despite initial
response to treatment. HGSC tumors displaying DNA damage repair (DDR) gene deficiency and high chromosomal instability
mainly associate with higher cytotoxic immune cell infiltration and expression of genes associated with these immune pathways.
Despite the high level of immune infiltration observed, the majority of patients with HGSC have not benefited from
immunomodulatory treatments as the mechanistic basis of this infiltration is unclear. This lack of response can be primarily
attributed to heterogeneity at the levels of both cancer cell genetic alterations and the tumour immune microenvironment.
Strategies to enhance anti-tumour immunity have been investigated in ovarian cancer, of which interferon activating therapies
present as an attractive option. Of the several type I interferon (IFN-1) stimulating therapies, exogenously activating the cyclic GMP-
AMP synthase-stimulator of interferon genes (cGAS-STING) pathway is emerging as a promising avenue. Herein, we highlight our
current understanding of how constitutive and induced cGAS-STING pathway activation influences the ovarian tumour
microenvironment. We further elaborate on the links between the genomic alterations prevalent in ovarian tumours and how the
resultant immune phenotypes can make them more susceptible to exogenous STING pathway activation and potentiate immune-
mediated killing of cancer cells. The therapeutic potential of cGAS-STING pathway activation in ovarian cancer and factors
implicating treatment outcomes are discussed, providing a rationale for future combinatorial treatment approaches on the
backbone of chemotherapy.
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INTRODUCTION
The past decade witnessed several successes with novel therapies
that exploit the immune system as a vehicle to treat cancer. A
vast majority of these include immune checkpoint blockade (ICB)
therapies that block cancer cells’ ability to dampen the
magnitude of anti-cancer immune attacks [1, 2]. Among the
factors influencing response to ICB or any immunomodulatory
therapy, the landscape of the pre-existing tumour immune
microenvironment (TIME), which can either co-evolve during
carcinogenesis or from treatment induced selective pressures, has
emerged to be the most informative [3]. The pre-treatment TIME
is defined as a spectrum from ‘inflamed’ to ‘non-inflamed’ based
on the density and localization of activated T cell infiltration and
interferon (IFN) gene expression patterns, which show distinct
associations with treatment outcomes. As such, significant
advances have been made to understand factors originating
from both host and cancer cells that may contribute to this
spectrum of TIME states within solid tumours [4]. It is noteworthy
that all these factors converge towards rescuing a non-responsive
tumour immune state or host immunity via activation of type I

IFN (IFN-1) and its induced chemokines, CXCL9/10/11, to mobilize
anti-tumour immune cells to the TIME [5]. Given the paradoxical
roles of IFN-1, a balanced exogenous activation commensurate
with the magnitude of IFN-1 activation is critical to achieving
durable and favorable effects. Exogenously inducing activation of
cytosolic innate immune sensing pathways is one strategy
towards IFN-1 activation [6].
Among the wide array of cytosolic innate immune sensing

pathways that activate IFN-1, the cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING) pathway has
emerged as a significant determinant of distinct pre- and post-
treatment TIME states [6]. The molecular underpinnings of the
cGAS-STING pathway and its role in eliciting protective immunity
against pathogens have been extensively reviewed [6]. More
recently, the cGAS-STING pathway has received heightened
attention due to its integral and multifaceted role in cancer
immunosurveillance — particularly its potential as an immuno-
modulatory agent in several cancer types [6, 7]. Herein, we focus
on how the cGAS-STING pathway might be exploited to inform
strategic therapies for the treatment of ovarian cancer.
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THE CGAS-STING PATHWAY AND TYPE I INTERFERON
Under physiologically healthy conditions, cell intrinsic DNA is
confined primarily to the nucleus and mitochondria and is rarely
found in the cytoplasm. In instances where DNA is released into
the cytosol from the nucleus or mitochondria, intra- and
extracellular ribonucleases and scavenger cells degrade this
genetic material [8]. However, when DNA accumulates within
the cytosol it can be detected by the protein cyclic guanosine
monophosphate (GMP)-adenosine monophosphate (AMP)
synthase (cGAS; Fig. 1) [9, 10]. Activation of cGAS by double-
stranded DNA (dsDNA), or to a lesser degree by single-stranded
DNA, initiates synthesis of the messenger protein cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP; Fig. 1).
Apart from intrinsic dsDNA release into the cytosol, extrinsic
dsDNA from pathogens, extracellular vesicles, or dying cells can be
internalized to the cytosol via several endosomal pathways [11].
Detection of any of the aforementioned pattern recognition
receptors (PRRs) by cGAS leads to the synthesis of cGAMP, which
serves as a ligand of the Stimulator of Interferon Genes protein
(STING; also termed TMEM173, STING1, MITA or ERIS) located on
the endoplasmic reticulum [11, 12] and recently identified to
localize in the plasma membrane (Fig. 1) [13]. The binding of
cGAMP to the STING dimer is made possible via transportation of
extracellular cGAMP into the cytosol by SLC19A1, which allows for
a conformational change that converts STING to its active
conformation [12, 14]. The STING protein is then trafficked from
the endoplasmic reticulum (ER) to the Golgi apparatus via
translocon-associated protein beta (TRAPβ). STING binds to and
activates TANK binding kinase 1 (TBK1) via phosphorylation at the
Golgi apparatus (Fig. 1) [15, 16]. Additionally, alternatively spliced
STING isoforms on the plasma membrane can use extracellular
cGAMP which then promotes dimerization of STING and its
subsequent interaction with TBK1 (Fig. 1). The activated STING-

TBK1 complex further phosphorylates the transcription factors
interferon regulatory factor 3 (IRF3) or nuclear factor kappa B (NF-
κB) [16]. The dimerized IRF3 and activated NF-κB then translocate
to the nucleus and bind to the IFN-1 promoter to induce
transcription and expression of IFN-1 associated genes (Fig. 1) [12].
Though the canonical activation of the STING pathway is mainly
discussed due to its relevance to infection and cancer, non-
canonical STING activation has implications in the effect of this
pathway and is reviewed elsewhere [17–19].
IFN-1s are polypeptides that activate intracellular pathways

which regulate innate and adaptive immune responses. These
molecules differ from type II IFN in their activation by PRRs [20].
PRRs serve as innate cellular sensors that recognize danger
signals, which are molecules released by pathogens (pathogen-
associated molecular patters, PAMPs) or damaged/dying cells
(danger-associated molecular patterns, DAMPs) [21]. These PRRs
survey endosomal, cytosolic, and extracellular compartments for
signs of stress, that, upon activation, result in cellular stress
responses. Although several pathways are involved in the
induction of IFN-1 following the activation of PRRs by exogenous
and endogenous ligands, recent demonstration of the potent IFN-
1 response resulting from cGAS-STING pathway activation and its
success in sensitizing tumours to traditional and contemporary
therapies has drawn our attention to its anti-cancer therapeutic
potential [7].
Recruitment of anti-tumour immune cells including T cells, B

cells, natural killer (NK) cells, macrophages, and dendritic cells
(DCs), primarily occurs through chemokine gradients such as
increased levels of IFN-1 induced CXCL9, CXCL10, and CXCL11. The
critical role of cGAS-STING pathway in these processes is now well
established [22, 23]. Thus, furthering our current understanding of
how these TIME states evolve is critical for evaluating clinical
outcomes and response to treatment in ovarian cancer.
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Fig. 1 cGAS-STING pathway. Schematic of double-stranded DNA (dsDNA) detection and activation by cyclic GMP-AMP synthase (cGAS),
which can occur by cellular stress within a cancer cell. Upon binding dsDNA, cGAS is enzymatically activated post-dimerization of GTP and ATP
on its surface. This further synthesizes 2’3’ cyclic GMP-AMP (cGAMP). cGAMP binds to stimulator of interferon genes (STING) on the
endoplasmic reticulum (ER) or plasma membrane (PM). The STING-cGAMP complex traffics to the Golgi apparatus and recruits tank binding
kinase 1 (TBK1). cGAMP also promotes dimerization of PM STING and interaction with TBK1. The phosphorylation of interferon regulatory
factor 3 (IRF3) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) by TBK1 allows for their translocation into the nucleus
and triggers transcription of type I interferon (IFN-1) genes.
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THE TUMOUR IMMUNE MICROENVIRONMENT (TIME) IN
OVARIAN CANCER
As the most lethal gynaecologic malignancy, ovarian cancer
accounts for ~152,000 deaths globally each year [24]. Epithelial
ovarian cancers (EOC) compose > 90% of all ovarian cancer cases,
of which high-grade serous carcinoma of the ovary (HGSC) is the
most common and lethal subtype, with evidence to suggest its
origination both from the fallopian tube and ovarian surface
epithelium [25]. There are five histologically defined subtypes of
EOCs: HGSC, low-grade serous carcinoma (LGSC), mucinous
carcinoma (MC), endometroid carcinoma (EC) and clear cell
ovarian carcinoma (CCOC) [26]. This review will focus on the
implications of STING pathway activation in the context of HGSC,
the most fatal subtype, with a dismal 5-year survival rate of 45%
[24]. Lack of effective screening practices and nonspecific
symptoms lead to late diagnosis, primarily at stage III or IV (>
80%), where the tumour has already spread throughout the
peritoneum [24]. Although most HGSC patients initially respond to
a combination of platinum and taxane-based chemotherapies,
over 70% of cases will relapse due to acquired chemotherapy
resistance [24, 26].
In addition to the broad categorization of ovarian tumours

based on the four molecular subtypes (C1 mesenchymal, C2
immunoreactive, C4 differentiated and C5 proliferative) via their
transcriptomic signatures [27], the complexity of the disease is
further driven by the vast inter- and intratumoural spatial
heterogeneity (Fig. 2) [28, 29]. Unlike other solid tumours that
are localized and metastasize through the blood, HGSC forms
small metastases throughout the peritoneum, resulting in multiple
tumours with unique and distinct microenvironments (Fig. 2). To
compound this heterogeneity, HGSC is characterized by ascites
rich in immunosuppressive factors, which results in its own
broader tumour microenvironment [30]. Several studies have
revealed the inter-tumoural heterogeneity of HGSC, where
underlying genetic alterations and phenotypic differences in
the infiltration patterns of cytotoxic T cells can be observed in
multiple tumours from the same patient sample [31]. Like other
solid tumours, the TIME of HGSC patients at the inter-and

intratumoural level has also been associated with cancer
progression, metastases, and variable response to therapy (Fig. 2)
[32–34]. We, as well as others, have demonstrated the significance
of tumour infiltrating lymphocytes (TILs) that associate strongly
with clinical outcomes [35]. While the presence of intratumoural
cytotoxic T cells correlates with improved clinical outcomes in
advanced HGSC [36, 37], these observations only provide a
glimpse into the dynamic TIME within. Though limitations exist,
these associations have provided the proof of concept that
modulating the HGSC TIME may be therapeutically beneficial [38].
Despite being a highly immunogenic tumour, HGSC has

remained difficult to treat due to a higher magnitude of cancer
cell intrinsic genomic instability, a hallmark of cancer which
imparts both the advantage of evading anti-tumour immunologic
responses and the subsequent growth advantage. Recent ICB
therapies targeting checkpoints such as indoleamine 2,3-dioxy-
genase (IDO1) [39, 40], cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) [41, 42], and the programmed death 1 (PD-1)/
programmed death ligand 1 (PD-L1) axis have not benefited
HGSC patients [41, 42], showing overall response rates of 0–15%,
and 0–11%, for CTLA-4 and PD1/PD-L1 ICBs, respectively. Clinical
trials assessing IDO1 inhibitors have not reported conclusive
findings primarily from their discontinuation due to disease
progression [43]. The failure of these immunotherapies may be
attributed to their focus on activating the adaptive arm of
the immune system, which requires antigen specificity. Treatment
with ICB therapy can indeed be challenged by both high genomic
instability and intratumoural heterogeneity in HGSC. Indeed,
Zhang et al. have demonstrated the dynamic nature of the HGSC
TIME and TIL subtypes that closely associate with clonal
populations of cancer cells [31]. In line with this finding, a recent
single-cell dissection of human ovarian tissues has uncovered
potential molecular mechanisms and interactions that underpin
the variable immune phenotypes that reflect the refined categories
of the inflamed and non-inflamed TIME: immune infiltrated,
excluded, and desert tumours [44]. The T cell infiltration patterns
seen within these variable phenotypes occur, in part, by immune
cell-cancer cell crosstalk via certain chemokine receptor-ligand
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Fig. 2 Variable immune cell infiltration patterns within multiple tumours from a single patient. Representation of the inter-tumoural
heterogeneity seen in high grade serous ovarian cancer (HGSC). Distinct immune profiles representing (a) high, (b) intermediate, and (c) poor
immune infiltration patterns seen in several tumours from the same patient sample which result, in part, by variable cGAS-STING pathway
activation. Unlike other solid tumours, HGSC is further characterized by formation of small metastases throughout the peritoneum, each with
a unique tumour immune microenvironment, which has therapeutic implications.
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interactions, such as the CXCR3/CXCL9/10/11 axis and the CXCR6/
CXCL16 axis [44]. These latest findings support previous tissue
microarray-based studies and emphasize the urgent need to
further reveal the genetic and molecular alterations that are key to
the evolution of a heterogenous TIME at metastatic sites.

IMMUNE CELL SPATIAL HETEROGENEITY IN THE TIME OF
HGSC
Resistance to platinum-based chemotherapy remains a major
hurdle to improving treatment outcomes in HGSC. In a cohort of
734 HGSC patient tumours, we showed that high CD8+ T cell
infiltration and increased expression of IFN genes were associated
with chemotherapy sensitivity [45]. Providing additional evidence,
a multicenter observational study on a cohort of over 3196 HGSC
patient tumours demonstrated a positive correlation between
increased CD8+ TILs and HGSC survival [35]. More recently, other
lymphocytes have been explored for their prognostic impact,
including NK cells and CD20+ B cells. NK cell infiltration has also
been associated with improved overall survival in solid cancers
[46], including HGSC, as demonstrated in a cohort of 283 HGSC
samples [47]. In addition, CD20+ B cell infiltration predicted
overall survival in two independent cohorts of chemotherapy
naïve HGSC patients [48]. Future investigations evaluating the
prognostic benefit of immune cell infiltration should consider
paralleled analysis of the suppressive immune populations in the
tumour microenvironment as reflected by the expression of
regulatory markers and immune checkpoints, such as FoxP3, PD-1,
PD-L1, TIGIT and others.
Given that metastasis to the peritoneum is common in HGSC,

several reports have explored the contribution of myeloid cells.
Specifically, tumour associated macrophages (TAMs) have been
reported to prime this pre-metastatic niche, promoting tumour
cell extravasation and survival [49]. In a recent analysis of immune
cell proportions using tumour transcriptomic profiles from 2000
HGSC patients, an association between high pro-inflammatory M1
and non-activated M0 macrophages with favourable overall
survival (OS), was reported [50]. A similar in silico analysis using
CIBERSORT approximated immune cell infiltration in tumours and
similarly found M1-like macrophages to predict better outcomes,
while M2-like immune suppressive macrophages predicted worse
outcomes [51]. Furthermore, TAMs, which typically express an M2-
like phenotype, can both promote early peritoneal cavity
metastasis and upregulate an immunosuppressive environment,
hindering the effector functions of CD8+ cytotoxic T cells, NK cells,
and DCs [52]. TAMs also play a role in mediating resistance to
chemotherapy via induction of epithelial-mesenchymal transition
(EMT) and cancer stem cell properties [53]. Further, in contrast to
the well-established favourable role of DCs in cross-priming of
T cells, myeloid-derived suppressor cells (MDSCs) have been
shown to promote an immunosuppressive state in the
ID8 syngeneic murine model of HGSC [48, 54].
Overall, findings to date emphasize the importance of activated

anti-tumour infiltrating immune cell populations within ovarian
tumours. Most importantly, these reports highlight studies
evaluating mere infiltration levels of immune cells are limited in
their ability to predict survival and require additional insight into
the overall tumour state. Further research into the factors that
drive variable TIME states induced following activation of IFN-1 in
the HGSC TIME is needed.

THE ROLE OF THE CGAS-STING PATHWAY IN THE TIME OF
HGSC
Several reports have identified the dominant role of the cytosolic
DNA activated cGAS-STING pathway in shaping the TIME, and its
potential defects in ovarian cancer cells [6, 55–57]. The mechanism
behind how the cGAS-STING pathway orchestrates a pro- or anti-

tumour immune response requires additional investigation. This
will be crucial to predicting how this pathway influences
sensitization to immunomodulatory intervention.
Recent studies have suggested a critical function for STING

signalling in lymphocyte recruitment and anti-tumour function.
Woo et al. demonstrated impaired spontaneous anti-tumour T-cell
priming against tumour antigens in vivo in STING knockout and
IRF3 knockout mice [58, 59]. Work exploring T memory stem cells
demonstrated the ability for cGAS-STING mediated DNA sensing
to maintain CD8+ T cell stemness. This study further supported
the key role of IFN-1 signaling in facilitating the maintenance of
stem cell-like CD8+ T cells and their role in maintaining the effects
of T cell therapy [60]. Confirming the role of STING in enhancing
cytotoxic CD8+ T cell recruitment and anti-tumour activity, this
provides a strong mechanistic explanation for the known
prognostic associations between CD8+ TIL infiltration in HGSC
tumours [35, 45]. Furthermore, STING pathway activation can
promote TAM re-polarization to a M1 phenotype, enhancing
cancer cell apoptosis in lung and gastric cancer; however, this has
yet to be described in ovarian cancer [61, 62].
STING signaling may also promote recruitment of suppressive

immune populations through the myriad of chemokines it
induces. Therefore, developing strategies to selectively recruit
anti-tumour immune cells will be critical to the success of STING-
based therapies. For example, therapies that induce a potent
immunogenic cell death effect, such as platinum-based antineo-
plastic agents, anthracyclines, or radiotherapy followed by
addition of a direct (STING agonists or oncolytic viruses) or
indirect (PARP inhibitors or radiation) STING pathway activating
therapy may show improved outcomes and further sensitize
tumours to ICB [63–66]. Thus, a rational exploitation of this
pathway in the neoadjuvant setting, post-chemotherapy, would
be an attractive option to potentiate the immune stimulation
caused by its initial insult. This intervention is supported by our
recent study where we evaluated a combination of carboplatin
and STING agonist in the ID8 model and found increased
proportions of key anti-tumour immune cells and prolonged
overall survival of mice [22]. Leveraging the opportunistic changes
to the TIME caused by STING-induced IFN-1 activity may therefore
prove beneficial in patients. Importantly, stratifying patients to
select those who would benefit from STING immune sensitivity/
stimulation becomes essential.

FACTORS IMPLICATING OUTCOMES OF STING PATHWAY
ACTIVATION IN OVARIAN CANCER
While the cGAS-STING pathway has shown promise as a
therapeutic target in pre-clinical ovarian cancer models, there
are many factors that can influence STING activation pre- and
post-treatment. Au et al. showed that high intratumoural pre-
treatment signal transducer and activator of transcription 1
(STAT1) expression, which may be upregulated by cGAS-STING
signaling through autocrine signaling, was positively correlated
with chemotherapy response and progression free survival (PFS)
in HGSC patients [45, 67]. Therapeutically, neoadjuvant che-
motherapy (NACT) has been shown to induce local immune
activation, potentiating the immunogenicity of tumours [68].
Specifically, evaluation of treatment-naïve and post-NACT HGSC
tumours showed a significant increase in NK and T cell infiltration
following NACT, demonstrating that irrespective of the high
heterogeneity seen in the TIME of advanced HGSC, chemotherapy
alone stimulates immune recruitment, even in immune-excluded
HGSC tumours (Fig. 3) [68]. Thus, activating the immune system in
the neo-adjuvant setting would indeed aid in improving survival
outcomes in HGSC.
Unfortunately, there are many barriers to immune activation

intrinsic to tumours including epigenetic modifications. Epigenetic
modification has been associated with suppression of STING in a
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host of cancers (Fig. 3) [69, 70]. In ovarian cancer, Zhang et al.
recently showed that USP35 deubiquitinates STING, inactivating it
[71]. It was unsurprising that USP35 expression was then
associated with reduced CD8+ T cell infiltration, higher tumour
grade, and poorer prognosis. Epigenetic silencing of the STING
locus was also found to increase sensitivity to oncolytic viral
infection in ovarian cancer [57]. Ongoing trials are indeed
evaluating the combination of DNA methyltransferase inhibitors
and poly-ADP ribose polymerase inhibitors (PARPi) in the
treatment of BRCA deficient patients [72].
Differences in STING haplotypes could also alter the effect of

STING pathway activation and inform response to treatment
(Fig. 3). There are four haplotypes of the STING (TMEM173) gene
(REF, HAQ, AQ and Q) in humans that can be inherited as single
nucleotide polymorphisms which influence the magnitude of
STING pathway activation [73]. Although the HAQ variant is the
second most common STING allele and is present in as many as
20% of individuals, it is associated with significantly lower baseline
STING pathway activity [74], while the HAQ, R232H and R293Q
variants all had reduced IFNβ production in response to a cyclic
dinucleotide (CDN) STING agonist in HEK 293T cell [73]. In
addition, individuals homozygous for HAQ and R232H were
associated with drastically reduced IFN-β production in donor
human B cells and mouse models in response to cyclic
dinucleotide STING agonists [74]. Future studies surrounding the
effect of haplotype on STING pathway activity and response to its
activation will be important and hold the potential to serve as
biomarkers in HGSC.
Additionally, a variety of immune cell-associated receptors and

ligands affect STING pathway activity. For instance, NK cells
isolated from the ascites of ovarian cancer patients have
decreased KIR2D and NKG2D expression, whose altered expres-
sion has previously been shown to be STING-dependent in other
cancers [75, 76]. One possible contributor to this phenomenon
could be tumor-derived exosomes (TDEs) [77], that contain
double-stranded genomic and mitochondrial DNA which can
activate the STING pathway in recipient cells to induce an IFN-1

response [78]. While these microvesicles can activate STING
signalling, TDEs in patient ascites have been shown to have
increased expression of MHC Class I Antigen G, A or HLA-G, which
can inhibit NK cell effector functions. TDEs can also suppress the
STING-related IFN-1 response through the secretion of cytokines
like interleukin 10 (IL-10) and transforming growth factor beta
(TGFβ) [79], which have been associated with later disease stage
and increased metastasis in ovarian cancer. Taken together, it is
possible that differences in cell of origin and cargo of TDEs could
affect outcomes of cGAS-STING pathway activation.
Overall, these associations suggest that prior therapy exposure

and regimen, epigenetic modifications, differences in STING and
cGAS haplotypes, varying immune cell receptors and ligands, and
TDEs are all factors that can contribute to the effect of direct or
indirect STING activation in ovarian cancer. Indeed, outcome of
STING activation influences the pre-existing tumour immune state
and the ever-evolving interplay between cancer and immune cells.

GENOMIC CORRELATES OF TUMOUR IMMUNE LANDSCAPE IN
OVARIAN CANCER AND THE STING PATHWAY
HGSC tumours exhibit a high magnitude of genomic instability
which is a consequence of several copy number alterations and a
higher prevalence of DNA damage repair (DDR) gene mutations
[28]. Given the critical role of genomic alterations in the regulation
of cellular IFN-1 response pathways [80], it is important to
integrate these events with associated immune landscapes and
correlate with therapeutic outcomes (Fig. 3). Such defects in DDR
genes have been reported to prime the IFN-1 response through
STING pathway activation, resulting in downstream innate and
adaptive immune responses [81]. While HGSC is characterized by
ubiquitous TP53 mutations, gene breakages responsible for the
inactivation of tumour suppressors RB1, PTEN, NF1, and RAD51B
are common and contribute to acquired chemoresistance [28].
Additionally, BRCA1/BRCA2 are inactivated in ~25% of cases,
potentially leading to homologous recombination (HR) deficiency
and more widespread DDR gene defects [28, 82]. In assessing DDR
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Fig. 3 Factors altering STING pathway activation in ovarian cancer for potential therapeutic combinations. The factors influencing
activation of the cGAS-STING pathway and treatment response outcomes are not limited to genotype-associated changes such as presence or
absence of DNA damage repair (DDR) gene and tumour suppressor gene mutations, epigenetic modifications, and varying STING haplotypes.
Additional factors which may influence response to treatment in ovarian cancer include prior treatment exposure and its resulting tumour
immune microenvironment (TIME). Understanding and appreciating the several factors which influence cGAS-STING pathway activation can
inform rational combinations of traditional and contemporary therapies. The use of neoadjuvant chemotherapy in any case allows for initial
immune stimulation further strengthened with various combinations of therapies depending on the pre-existing TIME. An increase in immune
cell infiltration is demonstrated with heightened pathway activation, thus, immune desert tumours may see greater benefit from direct STING
pathway activating therapies such as STING agonists and oncolytic viruses and may enhance the effects of immune checkpoint blockade (ICB).
The combination of indirect activators of the STING pathway, such as PARP inhibitors with chemotherapy may improve outcomes and show
promise in further sensitizing tumours to ICB.
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gene function, the nature of these mutations, with respect to their
status as germline versus somatic, may influence the observed
outcomes. Consequently, several studies have reported higher
immune infiltration and activation, increased chemosensitivity,
and more favourable prognosis in ovarian cancer patients with
DDR gene function deficiencies such as germline BRCA1/2 loss
[83, 84], though the mechanism behind this infiltration is unclear.
Despite this commonly known association, tumors with BRCA1/2
deficiency do not always exhibit this phenotype, potentially due to
reversion mechanisms. Additionally, loss of the DDR kinase, ATM,
results in unrepaired DNA lesions and the subsequent induction of
an IFN-1 response in humans and mice by activating cytosolic
DNA sensors such as cGAS [85]. Generally, DDR gene deficiency in
HGSC associates with longer overall survival [83].
It is well-established that leakage of damaged DNA into the

cytosol leads to constitutive activation of the cGAS-STING pathway
inducing chemokine secretion and recruitment of immune cells to
the TIME [86–88]. The cytotoxic insult and associated immuno-
genic cell death effect promote further recruitment and killing
[89, 90]. As mentioned above, therapies that augment the
inhibited repair function caused by these gene deficiencies, such
as PARPi, have shown promise in ovarian cancer. Interestingly,
although this tumour cell-intrinsic inflammation involving IFN-1
and STING has been reported with BRCA1 loss in ovarian cancer,
STING elimination in BRCA1-mutated tumours has been shown to
increase CD8+ T cell infiltration and reduce VEGF-A, decreasing
tumour neoangiogenesis [91]. Thus, despite the ability of BRCA1
loss to reprogram ovarian tumours toward an inflammatory state,
it provides one example, amongst others, that reports a pro-
tumoural role of STING. This phenomenon mainly occurs via
chronic NF-κB-driven inflammation and should be considered to
optimize treatment for patients carrying BRCA1 mutations. Overall,
tumours demonstrating deficiencies in genes that result in poor
immune infiltration or a “non-inflamed” immune phenotype may
therefore benefit from direct STING pathway activating therapies.

THERAPEUTIC POTENTIAL OF STING PATHWAY ACTIVATION IN
OVARIAN CANCER
The dichotomous function of the STING pathway must be
considered to harness its full potential in the treatment of ovarian
cancer. While only one trial assessing the efficacy of direct STING
activation using a STING agonist (NCT04609579) in ovarian cancer
is on-going, several other combination therapies have demon-
strated this feasibility. The PARP inhibitor (PARPi), niraparib, was
recently approved for the maintenance treatment of patients with
advanced epithelial ovarian cancer who experience complete or
partial response to first-line platinum-based chemotherapy
[92, 93]. Patients with germline BRCA1/BRCA2 mutations (DDR
deficient) and/or patients with a high genomic instability
(genomic instability score >42) on this maintenance therapy
displayed enhanced PFS [92, 93]. Remarkably, this trial also
reported an increased PFS in non-HR deficient patients, which may
be attributed to the indirect activation of the STING pathway
resulting from PARP inhibition [92]. These improvements in
response rates highlight the potential of indirect STING pathway
activation as a promising strategy to sensitize ovarian tumours to
immunotherapies, even in those that are DDR proficient.
Indeed, PARPi have shown promise in patients with germline

BRCA1/BRCA2 mutations [94], but not as a single agent. In addition
to inhibiting DNA repair through its typified mode of action
rendering cells with underlying DDR deficiencies unable to divide,
recent work by Shen et al. demonstrated the ability for PARPi to
trigger a STING-dependent immune response. This response was
then shown to enhance the therapeutic efficacy of PD-1 targeting
ICB, independent of BRCA1/2 status in an ID8 syngeneic murine
mouse model [64]. This work demonstrated the ability of PARPi
targeting the PD-1/PD-L1 axis to potentiate the therapeutic

efficacy of ICB [64]. Thus, immunogenic responses of PARPi can
be observed independent of DDR deficiency; however, when
present may result in increased STING pathway activity.
Furthermore, heightened STING activity has been accompa-

nied by upregulation of PD-L1 in both cancer and immune cells,
providing a promising combinatorial approach [95]. Grabosch
et al. demonstrated this phenomenon using high-grade
epithelial 2F8 cells [95]. Encouraging results from pre-clinical
studies evaluating this combination have driven several phase
1-2 clinical trials (NCT04739800, NCT03330405, NCT02734004,
NCT02571725, NCT02484404, NCT02953457) and one phase 3
trial (NCT03598270). PARP inhibitors, used in conjunction with
other STING pathway activating therapies such as anthracyclines
and platinum-based chemotherapies, offer a rational combina-
torial approach with ICB and should be further explored in the
context of HGSC (Fig. 3).
Checkpoint therapy is not limited to the immune cell-cancer cell

interaction, as seen through the work of Lampert et al.,
investigating the immune microenvironment of HGSC patient
tumours from a phase II clinical trial of the cell cycle checkpoint 1
inhibitor (CHK1i) [96]. Interestingly, the involvement of the cGAS-
STING pathway, assessed via expression of TBK1 in biopsies, was
associated with improved PFS. Further, whole transcriptome
profiling of these tumours using bulk RNA-sequencing analysis
revealed an increased infiltration of B and memory T cells
following CHK1i therapy, suggesting an enhanced innate and
adaptive immune response following this treatment [96].
Another attractive therapeutic that is also a direct activator of

the cGAS-STING pathway is oncolytic viral (OV) therapy. A large
proportion of ovarian cancer cells display defective STING
pathway signaling through the suppression of STING and its
upstream sensor, cGAS [57]. However, STING-independent dsRNA-
activated cytokine production via the RIG-I/MDA5 pathway was
not defective and rendered ovarian cancer cells susceptible to OVs
in vitro and in vivo [57]. As mentioned earlier, OVs have a potent
immunogenic cell death-inducing effect, which likely underlies the
response of tumours in the absence of STING or cGAS in ovarian
cancer cells. This work highlights the significance of evaluating
cGAS-STING signalling within ovarian cancer cells to predict
response and outcome to therapies such as OVs (Fig. 3).
While emerging therapies in the treatment of ovarian cancer

focus on immunomodulation, the gold-standard of ovarian cancer
treatment is platinum-based chemotherapy. The varying level of
immunogenicity induced by different platinum chemotherapeu-
tics as single agents or in combination with others, such as
doxorubicin, has been widely explored [97, 98]. However, the
involvement of the cGAS-STING pathway in response to the
different anti-tumour immune-activating agents in ovarian cancer
requires further investigation. Interestingly, both acute and
chronic exposure to cisplatin-induced PD-L1 expression, when
countered with anti-PD-L1 ICB in either a platinum-sensitive
model or in a cisplatin-treated platinum-resistant model of ovarian
cancer, increased OS [95]. In line with this, previous work by our
group demonstrated this phenomenon with the use of carbopla-
tin in combination with PD-1 ICB [22]. This increased activation of
the cGAS-STING pathway using genotoxic agents may not only
enhance the immune response alone through an increased IFN-1
response but also sensitize ovarian tumours to ICB, particularly in a
neoadjuvant setting (Fig. 3).

CONCLUDING REMARKS
As a key innate immune sensor, the cGAS-STING pathway is
important in controlling tumour growth and progression via anti-
tumour immune cell recruitment, priming and activation. Indeed,
both indirect and direct STING pathway activators can elevate the
efficacy of conventional therapies such as chemotherapeutic
agents used in ovarian cancer; however, emerging evidence has
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described the potential pro-tumorigenic roles of these activators.
In order to provide optimal therapeutic combinations, under-
standing and applying the knowledge of factors that influence
STING-associated TIMEs and the underlying biological mechan-
isms are critical. Further work investigating the factors discussed
and their mechanisms and implications on traditional and
contemporary therapies is warranted to allow for optimal
exploitation of this pathway and to provide improved outcomes
in ovarian cancer patients.
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