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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a cancer of poor prognosis that presents with a
dense desmoplastic stroma that contributes to therapeutic failure. PDAC patients are mostly
unresponsive to immunotherapy. However, hopes to elicit response to immunotherapy have
emerged with novel strategies targeting the Stimulator of Interferon Genes (STING) protein, which
is a major regulator of tumor-associated inflammation. Combination of STING agonists with
conventional immunotherapy approaches has proven to potentiate therapeutic benefits in several
cancers. However, recent data underscore that the output of STING activation varies depending
on the cellular and tissue context. This suggests that tumor heterogeneity, and in particular the
heterogeneity of the tumor microenvironment (TME), is a key factor determining whether STING
activation would bear benéefits for patients.

In this review, we discuss the potential benefits of STING activation in PDAC. To this aim, we
describe the major components of the PDAC TME, and the expected consequences of STING
activation.
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Pancreatic cancer is one of the most aggressive solid tumors with high mortality and
morbidity rates [1]. The prevailing form of pancreatic cancer is pancreatic ductal adenocarcinoma
(PDAC) which accounts for more than 90% of cases [2]. The care of PDAC patients presents high
unmet needs and major space for improvement. Indeed, contrary to several major cancers for
which significant progress has been made in recent years, PDAC is projected to become the
second leading cause of cancer-related deaths within the next two decades [1]. Additionally,
PDAC patients have not benefited from recent advances in immunotherapy-based cancer
treatments, as they are largely unresponsive to single agent immunotherapy [1]. The poor
responsiveness of PDAC to treatments can be, to a large extent, attributed to late diagnosis, with
most patients presenting locally advanced or metastatic tumors which are profoundly
immunosuppressed and embedded in a dense desmoplastic stroma that restrains drug
accessibility [1, 3]. Breaching through the stroma, modulating its composition, and permitting
reactivation of PDAC immunogenicity could thus allow overcoming treatment resistance.

New therapeutic hopes have emerged in recent years, with the identification of a novel
target protein that can promote reactivation of anti-tumor responses. Indeed, the Stimulator of
Interferon Genes (STING) adaptor protein has been identified as a central player in the initiation
of cancer-related inflammation that in turn promotes anti-tumor responses. STING is a scaffold
protein that is activated upon interaction with cyclic dinucleotides (CDN) such as those produced
by the cyclic GMP-AMP (cGAMP) synthase (cGAS) [4]. cGAS-dependent cGAMP production [4]
is triggered following interaction of cGAS with cytosolic pathological nucleic acids, including
double stranded DNA (dsDNA), single stranded DNA (ssDNA) and RNA:DNA hybrids [5, 6]. The
interaction of cyclic nucleotides with STING promotes its dimerization and recruitment of kinases
and transcription factors [7] that concertedly orchestrate the production of a subset of
inflammatory cytokines and of type | Interferons (IFNa and ) [7]. The expression of this panel of
cytokines in turn influences the recruitment and activation of cells of the adaptive immune system,
including cytotoxic CD8+ T cells that bear anti-tumoral properties. Consequently, tremendous
research efforts have emerged to identify STING agonists, with the aim to reactivate tumor
immunogenicity and the hope for combination strategies with immunotherapies.

Ample experimental evidence suggest that treatment with STING agonists may benefit
PDAC patients [8]. However, there is growing evidence that STING activation (i) does not bring
the same outcomes, depending on cell type-, tissue-, or species-specific parameters (ii) may
promote side-effects, and (iii) may in fact result in adverse immunosuppressive outcomes, such
parameters should not be overlooked. Within the present review, we discuss how tumor
heterogeneity in PDAC represents a major obstacle for therapies, and review the impact of STING
activation in this context. Finally, we examine how combining STING agonists to immunotherapy
regimens, may — or may not — benefit PDAC patients.

Il PDAC tumor heterogeneity: a major obstacle to current therapies

One of the best documented challenges in the treatment of PDAC is resistance to
chemotherapy regimens, notably because of limited drug accessibility, a parameter which is
intrinsically linked to the composition of the PDAC tumor microenvironment (TME) [3]. Indeed, the
PDAC TME is highly fibrotic and poorly vascularized, hindering efficiency of immunotherapy. In
addition, the PDAC landscape is profoundly immunosuppressed with decreased immune
infiltration, rendering therapeutic strategies targeting immune cells poorly effective [3]. Concerted
analysis of PDAC TME composition, comprised of immune (Figure 1A) and non-immune (Figure
1B) cells is paramount to understanding and overcoming treatment resistance.
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Fig. 1: Schematic representation of the immune and non- immune cells present in the
PDAC stroma and which are discussed in the present review. (A) The immune cells
associated with PDAC stroma. There are two existing subtypes: (i) innate immune cells including
Dendritic cells, Macrophages (M2 like macrophages), Myeloid-derived suppressor cells, and
Natural Killer cells. (ii) adaptive immune cells including T and B cells. (B) The non-immune cells
associated with PDAC stroma. There are four major existing cell types including Cancer-
Associated Fibroblasts, Tumor Endothelial cells, Adipocytes, and nerve cells. Created with
Biorender.com.

I1.1. Role of immune cells in the PDAC TME
Il.1. i. The innate immune infiltrate of PDAC

Innate immune cells of myeloid origin, such as dendritic cells (DCs) and macrophages,
play a key role in the initiation of anti-tumor responses. They are involved in the detection of
cancer cells, initiation and maintenance of inflammatory responses, and priming of adaptive
immunity.

In the PDAC landscape, those innate immune cells mostly present immunosuppressive
phenotypes [9]. Indeed, macrophages in the PDAC TME have been found to be mostly
alternatively activated in the M2 immunosuppressive subtype that promotes tumor growth [10].
High levels of M2 macrophages in PDAC patients are associated with shorter survival [11].
Testament to the pivotal role of these cells in determining PDAC tumor fate, there is evidence that
modulating the polarization status of macrophages may benefit PDAC patients. Indeed,
decreased M2 macrophages infiltration in the TME of PDAC animal models, leads to tumor
regression and T cell reactivation [12]. In addition, chemotherapy-induced M2 to M1 macrophage
repolarization in PDAC patients correlates with better survival [13].

Similarly, Myeloid-Derived Suppressor Cells (MDSCs), immature DCs and granulocytes,
are present at high levels in the PDAC TME [14] where they can induce T cell exhaustion while
reducing T cell-induced cytokine production and promoting T cell apoptosis [15]. Additionally,
MDSCs can directly activate regulatory T cells (Tregs) that in turn inhibit T cell activation, favoring
PDAC progression [16]. Interestingly, the deficient priming of tumor-specific adaptive responses,



due to the immature state of DCs in PDAC, can be overcome by DCs vaccine in PDAC mouse
models [17].

In parallel, there is a marked decrease in immune cell populations that would promote
anti-tumor responses. For instance, the NK infiltrate is reduced in PDAC patients [18] and the
cytotoxic function of circulating NK cells is impaired [18]. While stimulating the cytotoxic activity
of NK cells in murine models of PDAC [19] and in patients [20] correlated with longer survival.

Il.1. ii. The adaptive immune cells of PDAC TME

PDAC patients with high CD8+ and CD4+ levels have better survival rates [21]. However,
T cells, and in particular cytotoxic CD8+ T cells, are mostly exhausted within the PDAC TME [22].
Such exhaustion can be, at least in part, attributed to tumor cells expressing checkpoint inhibitors,
such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) which, combined to the
recruitment of innate immunosuppressive cells, restricts the infiltration of effector T cells [23] and
limits T cell expansion [16].

In further agreement with the immunosuppressed characteristic of PDAC tumors, Tregs
are often found associated with PDAC tumors [23, 24]. Tregs block DCs maturation, reducing
their capacity to present tumor antigens to T cells, consequently impeding anti-tumor responses
[25]. Additionally, Tregs increase the expression of programmed death ligand-1 (PD-L1)
checkpoint inhibitor on DCs, thus promoting T cell inactivation. However, testament to the pivotal
role of the interplay between Tregs and DCs in PDAC fate, blocking PD-L1 improved the tumor
response in PDAC xenograft models, by increasing T cell activation [26].

Intriguingly, B lymphocytes in the PDAC TME are found to be highly reactive and
implicated in the production of inflammatory cytokines and chemokines [27]. Although in the case
of PDAC increased B cell density has been shown to predict longer survival [13], it is not clear
how they contribute to PDAC treatment resistance.

In sum, the immune infiltrate of PDAC comprises a large set of immunosuppressive
immune cells while effector CD4+ and CD8+ T cells are scarce [21, 24]. Immune activation in the
PDAC landscape therefore appears as a promising therapeutic avenue.

I1.2. Role of non-immune cells in PDAC TME

A large part of the PDAC TME is comprised of non-immune cell subpopulations, including
cancer-associated fibroblasts (CAFs), tumor endothelial cells, cancer-associated adipocytes and
neuronal cells, which may contribute to define the immunosuppressive nature of the TME.

1l.2.i. Cancer-associated fibroblasts: heterogeneity in origin and function

CAFs, which originate mostly from stellate cells in PDAC, account for up to 90% of the
total PDAC mass [28, 29]. Studies suggest the presence of two major subtypes of CAFs in the
PDAC TME. First, the myCAF subtype, presenting myofibroblastic characteristics, are located
close to neoplastic tumor cells and are responsible for the formation of the desmoplastic stroma
[30]. Second, inflammatory CAFs (iCAFs), that have lost their myofibroblastic characteristics, are
distant from the tumor and are responsible for the secretion of a vast array of soluble factors that
concertedly promote immunosuppression in the PDAC TME [30]. myCAF and iCAFs cooperate
to promote PDAC progression and hamper efficient treatment [31].

Recent single-cell studies have found additional, less abundant, CAF subpopulations that
also influence PDAC progression. For example, CD105 negative (CD105neg) CAFs have been
shown to promote the infiltration of effector CD8+ T cells, T cell memory precursor development,
DCs infiltration, and antigen presentation [32]. Antigen-presenting CAFs (apCAFs), which express
major histocompatibility complex (MHC) class Il antigen presentation machinery, but lack the co-
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stimulatory molecules, have been shown to bear the capacity to activate CD4+ T cells [33]. Thus,
contrary to myCAF and iCAF, these two subpopulations can be expected to promote anti-tumor
immunity. Owing to the presence of these antagonistic CAF subpopulations in the PDAC TME,
the impact of treatments targeting CAFs indiscriminately is difficult to anticipate.

11.2.ii. Other tumor-supporting cells

While CAFs and immune cells are the two major components of the TME and influence
directly tumor immunogenicity, additional cells are present in the PDAC stroma and may be
important when therapies targeting the cGAS-STING pathway are considered. Amongst the
tumor-associated cells that are of importance in this context are endothelial cells, adipocytes and
nerve cells.

Tumor endothelial cells

Endothelial cells are major STING expressers. Tumor cells interact with endothelial cells,
during angiogenesis, primarily to ensure oxygen and nutrient supply to the tumor. However, tumor
endothelial cells also shape the overall PDAC tumor microenvironment, notably by acting as a
selective barrier that governs immune cells’ access to the tumor site [34]. Tumor endothelial cells
can therefore regulate the amplitude and the efficacy of anti-tumor responses [7]. For further
insight on the role of tumor endothelial cells in TME, refer to Nagl et al. [35].

Adipocytes

Adipocytes present in the TME remain poorly studied, despite their contribution to several
aspects of tumorigenesis and their documented crosstalk with tumor cells [36]. Cancer cells,
including pancreatic cancer cell lines, can induce dedifferentiation of adipocytes into cancer-
associated adipocytes [37]. Cancer-associated adipocytes are characterized by a loss in mature
adipocytes markers and a gain in fibroblastic markers, and exhibit two major functions. First, they
release tumor-promoting soluble factors including pro-inflammatory cytokines and chemokines
that enable PDAC progression [38]. Second, cancer-associated adipocytes can support metabolic
rewiring of cancer cells by providing nutrients. In support, Meyer et al. showed that the secretion
of glutamine, a derivative from the catabolism of lipid stores, by cancer associated adipocytes
induces PDAC cell proliferation [39]. Cancer-associated adipocytes may therefore play important
roles in defining PDAC progression.

Neurons

The PDAC TME features a rather dense neuronal cell component and PDAC cancer cells
have been shown to have a “tropism” for nerve cells. Cancer cells are frequently grouped along
nerve fibers, forming structures that are referred to as per-neuronal invasions [40]. This
association between nerve and cancer cells is characterized by a rich cytokine-mediated
crosstalk. In the context of the present review, it is worth noting that cancer cells interaction with
nerves has a significant impact on, and is controlled by, the immunological component of the
TME. Cavel et al. have shown that endoneurial macrophages, which are found in the proximity of
per-neuronal invasions, stimulate the formation of this structure [40] and while promoting the
recruitment of inflammatory monocytes. These differentiate into macrophages and potentiate per-
neuronal invasions nerve invasion by cancer cells [41]. Evidence from other organs than the
pancreas suggests that nerve cells in the PDAC TME may have even more critical roles in
establishing a tumor-permissive immune-microenvironment. Namely, in breast cancer, nerve
density correlates with the expression of immune checkpoint molecules (PD-1, PD-L1) and is
indicative of patient prognosis [42].

lll.  STING activation in PDAC: good or bad?



Several studies in mice demonstrate that STING agonists can reactivate PDAC
immunogenicity. The rationale for STING activation in cancer primarily relies on its ability to
activate immune cells and trigger inflammatory responses. Consequently, STING agonists can
promote anti-tumor immune responses and strengthen immunotherapies. However, STING
expression is not restricted to immune cells and within the TME, it may also be expressed in
stromal and cancer cells. Below, we examine what is known about the consequences of STING
activation in the cells composing the PDAC TME (Fig. 2).
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Fig. 2: Impact of STING agonists in immune and non-immune cells of the PDAC
microenvironment. (A) Impact of STING agonists in immune cells. From top to bottom: In
myeloid cells, STING activation in DCs favors CD8+ T cells recruitment and repolarizes the pro-
tumoral M2-macrophages, into anti-tumoral M1 macrophages. In lymphoid cells, STING agonists
enhance the maturation and activation of NK and B cells, but reduce the proliferation of B
Lymphocytes and reduce proliferation and induce apoptosis of T cells. (B) Impact of STING
Agonists in non-immune cells. From top to bottom: In non-immune cells, STING agonists
promote the activation of anti-tumoral responses in CAFs and endothelial cells while lowering
vascular density. In contrast, STING agonists lead to pro-tumoral responses in nerve cells and
adipocytes, involving STING-dependent chemoresistance in nerve cells and metabolic rewiring in
adipocytes. In green: Impact of STING activation at cellular level that can be expected to be
beneficial for patient outcome. In red: Impact of STING activation at cellular level that can be
expected to be deleterious for patient outcome. White connectors from STING indicate the
immune cells of the PDAC TME, black connectors indicate the non-immune cells of the PDAC
TME. Created with Biorender.com.

l11.1. STING activation in immune cells: inflammation-related or not?

STING activation in myeloid cells




STING is abundantly expressed in myeloid cells and the role of STING activation in
myeloid cells and its impact on PDAC has been well explored [43-45] (Fig. 2A). STING activation
in tumor-resident antigen presenting cells (APCs) is shown to be required to induce antitumor
CD8+ T-cell response in vivo [44] and STING stimulation using a synthetic cyclic dinucleotide
derivative induces activation of DCs in draining lymph nodes [45]. Moreover, STING activation in
macrophages can promote repolarization of immunosuppressive M2 macrophages towards anti-
tumor M1 phenotype [45]. This suggests that repolarization of M2-like macrophages into M1
Macrophages may contribute to the anti-tumor efficacy of CDNs in tumors with high myeloid
infiltrates. Finally, STING-activating CDN can also reduce the immunosuppressive function of the
MDSCs [46]. However, STING activation also promotes the infiltration of immunosuppressive
cells, including the MDSCs, into tumors [47], although this latter effect may be indirect.

STING activation in lymphoid cells

The consequences of STING activation in lymphoid cells remains debated (Fig. 2A). Type
| Interferons (IFNs) are known to regulate NK cell biology and their anti-tumor activity [48],
suggesting that STING activation may promote NK activation. Indeed, Nicolai et al showed that
CDN treatment results in NK cell activation and tumor clearance [49]. Moreover, STING agonists
promote NK cytotoxicity and induce tumor rejection in many tumor models [49, 50]. Inducing type
I IFN production in PDAC tumors also enhanced the anti-PDAC activity of cytotoxic NK cells [51]
,whereas lack of type | IFN impaired NK maturation and cytotoxicity [52]. Altogether, these reports
support that STING activation and type | IFNs enhance NK cells anti-tumor activity.

To the opposite of these potential beneficial outcomes of STING activation in NK cells,
STING activation in T cells appears less enticing. Indeed, STING activation has been shown to
reduce proliferation and promote apoptosis of T cells [53]. Additionally, mutation leading to
constitutive STING activation (STING V155M) led to reduced T cell expansion, proliferation and
elevated apoptosis [54]. These effects were counteracted by expression of the R71H-G230A-
R293Q (HAQ) common STING allele [55] in an IFN-independent manner [54]. Thus, STING is a
negative regulator of T cell proliferation [54], implying that following STING activation, which leads
to its degradation [56], this regulation would be lost. Yet, the consequences on T cell activity in
the context of tumors remain unknown.

In B cells, constitutive expression of STING by genetic engineering or treatment with
STING agonists both result in degradation of membrane-bound immunoglobulins and increase
the rate of malignant B lymphocyte apoptosis [57]. CDNs also activate the responses of normal
B cell in vitro and in vivo leading to a CDN-enhanced antibody production [58]. Moreover, it has
also been shown that type | IFN increases the survival of B cells by protecting resting B cells from
apoptosis [59].The impact on STING activation in B cells present in the PDAC TME that are active
remains unknown.

Therefore, while STING agonists promote innate immune activation, their impact on
adaptive immunity remains difficult to appreciate, and could be expected to bring deleterious
outcomes.

11.2. STING activation in the tumor non-immune microenvironment: the unknown?

The impact of STING activation in non-immune cells in the PDAC TME remains poorly
studied (Fig. 2B), but extrapolation from other cancer types suggest that the outcome is likely to
be difficult to predict.

STING activation in CAFs




The presence of high levels of Interferon regulatory factor 3 (IRF3) in the nuclei of CAFs
predicts that STING is activated in CAFs [60]. Indeed, IRF3 is a transcription factor activated
downstream of STING and that translocates to the nucleus to promote the transcription of type |
IFNs and STING-dependent cytokines. It was shown that the transfer of cytosolic material from
cancer cells to CAFs can fuel cGAS-dependent cGAMP production, subsequent STING activation
and anti-tumor responses [60]. However, the impact of STING activation in the different CAF
subtypes described in PDAC is as of today not elucidated.

STING activation in endothelial cells

Endothelial cells have been shown to govern type | IFN production in response to cGAMP
injection in vivo and ex vivo [61]. Indeed, endothelial cells produce type | IFNs upon intratumoral
injection of STING agonists in multiple mouse tumor models [61]. Moreover, STING agonists or
cGAMP injections consistently lowered hypoxia indicators and vascular density, while increasing
intratumoral CD8+ T cell infiltration and slowing tumor growth. These effects are dependent on
STING expression in cells of the microenvironment, and were lost in STING-deficient mice [62].
Of note, 5,6-dimethylXAA (xanthenone-4-acetic acid) (DMXAA) or other STING agonists was
initially designed as an anti-vascular agent [9], indeed, several studies in mice have shown that
DMXAA promotes inhibition of vascular endothelial growth factor receptor (VEGFR) tyrosine
kinases [63]. In agreement, treating tumors with the DMXAA STING agonist led to a decrease in
tumor vessel density thus promoting restoration of vessel structure and function, together with
tumor regression [62]. Thus, it is unclear how much of the impact of DMXAA during tumorigenesis
is linked to type I IFN production or to anti-angiogenic effects.

STING activation in adipocytes: impact on lipid metabolism?

STING was shown to be involved in obesity-induced inflammation. Indeed, high-fat diet
feeding of mice induces mitochondrial DNA release in the cytosol of adipocytes, leading to STING
activation [64]. More recently, STING was also shown to directly inhibit lipid metabolism
independently of its immune function [65], and alters the expression of the immune response
genes [66]. This role of STING could be important in adipocytes, which are the main cells involved
in the lipid storage and metabolic rewiring of cancer cells by providing nutrients, but the non-
immune function of STING has not been studied in cancer cells. Interestingly several cancer types
have been documented to downregulate STING [67]. This may indicate that these cancer cells
downregulating STING to avoid immune system activation might also benefit from lipid
metabolism reprogramming for their proliferation and invasion. In addition, the chronic use of
STING agonist as an immunostimulatory adjuvant, could be expected to lead to decreased STING
levels in cancer cells in turn promoting metabolic rewiring that may favor cancer proliferation [68].
Therefore, STING agonists might induce metabolic side effects, the latter is yet to be investigated
in PDAC.

STING in neurons: a way to alleviate PDAC-associated pain?

A common symptom in PDAC patients is unmanageable pain, which has been associated
with perineural invasion by cancer cells [69]. It was recently demonstrated that STING is a critical
regulator of nociception [70]. Indeed, STING agonists provide long-lasting analgesia and
suppress nociception in a murine model chemotherapy-induced peripheral neuropathy [70]. This
role of STING and type | IFN in inhibiting pain could help alleviate cancer-associated pain [70].
However, STING activation in neuronal cells may also lead to adverse outcomes. For instance, it
was reported that metastatic brain cancer cells transfer cGAMP to astrocytes, leading to STING
activation that, in this context, promotes tumor growth and chemoresistance [71]. Thus, close
examination of the impact of STING activation in neurons and supporting cells is required before
clinical applications could be envisioned.



While targeting the TME is a therapeutic approach gaining growing interest [12], our
understanding of the consequences of STING activation in non-immune cells of the TME remains
sketchy.

lll.3. STING agonists as a therapeutic option.
STING agonist delivery challenge

While the physicochemical properties of STING agonists have long hampered their clinical
use [72], novel molecules now allow systemic administration [73]. Indeed delivering STING
agonists in vivo, most of which being highly hydrophilic, has been challenging as the plasma
membrane is highly hydrophobic [74]. Additionally, hydrolases have been described to readily
degrade cGAMP [75]. To overcome these issues, allow crossing the plasma membrane while
protecting STING agonists from degradation and slowing-down their clearance, several delivery
systems have been designed, including liposomes [76], hydrogels [77] or polymers [78].
Moreover, new synthetic STING agonists [79] present a U-shaped conformation (e.g. E7766) or
antibody-coupling (e.g. TAK 500) that enhance cell permeability and in vivo potency. (Figure 3)

STING agonist

/ @Cell Entry

Vessel

ECM
Plasma Mb

@ Degradation/
Clearance

@ Activation

Fig. 3: Schematic representation of the challenges associated with STING agonist
administration. To reach their target, STING agonists must (1) cross the extracellular matrix
(ECM) and the Plasma membrane (Mb). Once in the cytosol, (2) they must be resistant to
degradation/clearance by nucleases. STING agonists modified to meet these criteria should (3)
retain the ability to activate STING. Created with Biorender.com.
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STING agonists in clinical trials

The anti-tumoral activity of STING agonists observed in many studies has led to the
development of various STING agonists currently used in clinical trials [80], some of which already
bringing promising results [81]. The DMXAA STING agonist was initially broadly used in first pre-
clinically studies. However, it was shown to be mouse STING-specific [82] leading to null effect in
human [83]. In recent years, many efforts have been made to develop efficient, stable and human-
specific STING agonists. Two major classes of STING agonists are currently under development:
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synthetic CDN that mimic the natural STING ligand, and non-CDN agonists [8]. Currently, several
CDN and non-CDN agonists are being tested in clinical trials, mostly in combination therapies
(Table 1). Indeed, STING activation boosts immune responses and enhances existing cancer
therapy efficiency — in particular immunotherapy.

Recent improvements in STING agonist delivery routes, coupled to the fact that STING
agonists have been proven efficient as adjuvants to immunotherapies [8, 37], raise the hope that
they may benefit PDAC patients. Indeed, STING agonists have been shown to boost the activity
of immune checkpoint blockade-based immunotherapy approaches in different tumors [84],
including PDAC [85]. Moreover, combining Chimeric antigen receptor (CAR) T immunotherapy
[37] with STING agonist produces synergistic effect on antigen presenting cell activation in mice
where PDAC tumor cells were orthotopically transplanted [86]. Although several clinical trials
(Table I) are now ongoing to assess the efficiency of combining immunotherapy with STING
agonist in solid tumors or lymphoma, it is important to bear in mind that careful assessment at the
cellular level of the impact of such combination therapies is crucial. In addition, in several
instances, STING agonists have been tested in combination with chemotherapy or radiotherapy
[87]. Since recent evidences point towards a role for cGAS and STING in controlling DNA repair
outcomes [88, 89], particular attention has to be taken when combining genotoxic agents and
STING agonists.

Table I: Main on-going clinical trials using STING agonists in oncological indications.

Agonist Class Cancer condition Status Phase Co-therapy NCT Number
Bl CDN aNeoplasms Recruiting I None NCT04147234
1387446
BMS- CDN oAdvanced Solid Recruiting I Nivolumab/ NCT03956680
986301 Cancers -
Ipilimumab
E7766  Non- alymphoma Recruiting | None NCT04144140
CDN nAdvanced Solid
Tumors
GSK374 Non- aNeoplasms Recruiting I Dostarlimab NCT03843359
5417 CDN
MK- CDN aSolid Tumors Active, not I Pembrolizumab ~ NCT03010176
1454 recruiting
Lymphoma
MK- CDN nHead and Neck Active, not Il Pembrolizumab NCT04220866
1454 Squamous Cell recruiting
Carcinoma (HNSCC)
MK- Non- nSolid Tumor Recruiting I Pembrolizumab NCT03249792
2118 CDN
alLymphoma
SB1128 CDN aMelanoma Recruiting I Atezolizumab NCT04096638
5

nHead and Neck
Squamous Cell
Carcinoma
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uSolid Tumor

SNX281 Non- nAdvanced Solid Not yet I Atezolizumab / NCT04609579
CDN Tumor recruiting Tiragolumab
nAdvanced
Lymphoma
TAK- Non- nPancreatic Cancer Not yet I Pembrolizumab NCT05070247
500 CDN recruiting
aHepatocellular
Cancer

aSquamous Cell
Cancer (SCC)

(and 5 more...)

TAK- Non- aSolid Neoplasms Recruiting I Pembrolizumab NCT04420884
676 CDN
TAK- Non- nCarcinoma, Non- Recruiting I Pembrolizumab  NCT04879849

676 CDN Small-Cell Lung

aTriple Negative
Breast Neoplasms

aSquamous Cell
Carcinoma of Head
and Neck

TAK- Non- aSolid Tumor Recruiting I aCarboplatin NCT04541108
676 CDN 1 5-FU

(and 9 more...)

VL. DISCUSSION

The objective of cancer immunotherapy is to harness the host immune system in order to
eliminate tumor cells. Although single-agent immunotherapy is ineffective in PDAC, there is
evidence for a weak, but significant, benefit in combination with chemotherapy in patients that
have undergone surgical resection of the tumor [73], suggesting that this therapeutic avenue may
still be explored.

Even though STING agonist bears promising therapeutics perspectives, there are well-
documented reports about potential negative impacts of long-term STING activation, including
impairment of long-term immunological memory [10] Moreover, in certain context, STING has
been described to promote tumorigenesis and chemoresistance [90]. Furthermore, STING
activation is tightly regulated at several levels, including post-translational modifications, such as
phosphorylation or ubiquitination, but also through modulation of STING association with its
ligands [6, 65]. It is also growingly clear that STING levels are regulated in a cell type-specific
manner [91]. While downregulation of STING levels is well-documented in pathological situations,
what governs homeostatic cell type-specific STING downregulation remains poorly understood.
Moreover, STING polymorphisms exist in the human population affecting protein level, activation
and sensitivity to agonists [55]. In this context, the impact of STING agonists on cells that express
low (or no) STING should be carefully examined. The consequences of STING agonists
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administration on cells other than myeloid are just starting to emerge. As described in this review,
while STING activation promotes myeloid cells maturation, differentiation, cross-presentation [45,
48], it has cytostatic effects on T cells [54]. Such anti-proliferative properties may prevent
adequate adaptive immune responses. Yet, in murine PDAC models, STING activation leads to
T cell infiltration, expansion and priming together with DCs maturation [44, 45, 62, 91] and
repolarization of M2 immuno-suppressive macrophages into the M1 pro-inflammatory
macrophages [45]. While the impact on other components of the PDAC TME necessitates a
detailed characterization, this raises the hope that STING-targeting therapies may reactivate
PDAC immunogenicity.
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