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Abstract: Breast cancer stands as a primary malignancy among women, ranking second in global
cancer-related deaths. Despite treatment advancements, many patients progress to metastatic stages,
posing a significant therapeutic challenge. Current therapies primarily target cancer cells, overlook-
ing their intricate interactions with the tumor microenvironment (TME) that fuel progression and
treatment resistance. Dysregulated innate immunity in breast cancer triggers chronic inflammation,
fostering cancer development and therapy resistance. Innate immune pattern recognition receptors
(PRRs) have emerged as crucial regulators of the immune response as well as of several immune-
mediated or cancer cell-intrinsic mechanisms that either inhibit or promote tumor progression. In
particular, several studies showed that the Toll-like receptor 2 (TLR2) and the cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) pathways play a central role in breast cancer
progression. In this review, we present a comprehensive overview of the role of TLR2 and STING
in breast cancer, and we explore the potential to target these PRRs for drug development. This
information will significantly impact the scientific discussion on the use of PRR agonists or inhibitors
in cancer therapy, opening up new and promising avenues for breast cancer treatment.

Keywords: breast cancer; innate immunity; pattern recognition receptors; Toll-like receptor 2;
cGAS/STING; chemoresistance

1. Introduction

Breast cancer is the most prevalent malignancy in women and ranks as the second
leading cause of cancer-related deaths on a global scale [1]. Despite advancements in the
treatment of breast cancer, a significant proportion of patients still advance to metastatic
disease, posing a considerable challenge to effective therapy. The limited success of current
therapies often stems from a predominant focus on targeting cancer cells alone, overlooking
the intricate interactions within the tumor microenvironment (TME). Various cell popula-
tions in the TME engage in complex communication with cancer cells, facilitating cancer
progression and resistance to treatments. In some instances, the complex crosstalk between
cancer and immune cells leads to immunosuppression, redirecting the immune system
toward a protumorigenic response.

Dysregulation of innate immunity is often associated with breast cancer and signifi-
cantly contributes to inducing a chronic inflammatory state within the TME—a hallmark
of cancer that contributes to all steps of cancer development and to resistance to current
therapies [2]. Moreover, some of the receptors typically expressed by innate immune cells,
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such as pattern recognition receptors (PRRs), may promote tumor growth through intrinsic
mechanisms within cancer cells [3].

Mounting evidence suggests a significant association between Toll-like receptors
(TLRs) and the development of breast cancer [4,5]. TLRs exhibit a dual role in cancer: they
can mediate tumor cell death, activating an effective antitumor immune response, or inhibit
the immunosuppressive activity of myeloid-derived suppressor cells (MDSCs), preventing
tumor growth [6,7]. However, they also possess protumorigenic functions [7]. This is
particularly evident for TLR2, the most expressed TLR in triple negative breast cancer [4].
Indeed, data from the Kaplan—-Meier plotter (kmplot.com (accessed on 21 December 2023))
and from the literature indicate that high expression of TLR2 is associated with poor relapse-
free survival in breast cancer patients [8]. On the contrary, the expression levels of the
other TLRs are not associated with poor prognosis in breast cancer (kmplot.com (accessed
on 21 December 2023)). TLR2 activation by pathogen-associated or damage-associated
molecular patterns (PAMPs or DAMPs, respectively), activates a signaling cascade initiated
by Myeloid Differentiation Primary Response protein 88 (MyD88). The consequent re-
cruitment of the interleukin-1 receptor-associated kinase (IRAK)-TNF Receptor Associated
Factor (TRAF) complex leads to the activation of NF-kB and MAPK pathways. This induces
the production of pro-inflammatory cytokines, and in cancer cells, may stimulate epithelial
to mesenchymal transition (EMT) and proliferation (Figure 1). TLR2 promotes cancer cell
survival and proliferation in breast [8] and gastric cancers [9], as well as in pancreatic
ductal adenocarcinoma [10]. However, some studies suggested that TLR2 activation by
PAMPs, or DAMPs such as high-mobility group box 1 (HMGB1) and heat shock proteins
(HSPs), may promote anticancer immune responses [11-13]. The conflicting reports on
TLR2’s antitumor and protumor properties underscore the critical need to comprehend its
context-dependent role in breast cancer for potential therapeutic advancements.
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Figure 1. Schematic representation of TLR2 dimers and their signaling pathway. Like other TLRs,
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TLR2 forms homo- or heterodimers that allow for activation and signaling upon ligand binding. TLR2
islocalized in the outer cell membrane, and mainly dimerizes with TLR1 and TLR6. TLR2 uses the
canonical MyD88 pathway to transduce a signal that, through the IRAK-TRAF6 complex, induces the
activation of NF-«kB and MAPK. NF-«B is responsible for the transcription of several pro-inflammatory
cytokines. The MAPK pathway induces the epithelial to mesenchymal transition, promoting cancer
cell invasion and metastasis. Created with BioRender.com (accessed on 22 December 2023).
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Recent attention has focused on another PRR with a dual role in breast cancer, the stim-
ulator of interferon genes (STING). The cyclic GMP-AMP synthase (cGAS) -STING pathway
plays a crucial role in the innate immune system, recognizing cytosolic dsDNA [14]. Upon
dsDNA binding, cGAS triggers cGAMP production, activating STING and the interferon
regulatory factor 3 (IRF3) transcription factor. This cascade leads to the expression of type I
interferons (IFNs), pro-inflammatory cytokines, and chemokines [15,16]. The consequent
capability of the STING pathway to stimulate the cytotoxic activity of natural killer (NK)
and cytotoxic CD8* T cells [16] led to the development of many exogenous STING agonists
used to stimulate anticancer immune responses. However, despite promising preclinical
data, the majority of the clinical trials using STING agonists failed. One reason could
lie in STING-induced activation of the NF-«kB and MAPK pathways, which may foster
cancer growth [17]. Indeed, chronic activation of STING may increase the expression of
immunoregulatory genes [18] and promote breast cancer progression [19].

The emerging conflicting roles of TLR2 and STING in breast cancer progression,
associated with their therapeutic potential, have prompted us to focus on the role of
these two PRRs in breast cancer. Understanding the molecular mechanisms underlying
their antitumor and protumorigenic effects holds promise for developing new combined
therapies that could ameliorate cancer patients” prognosis.

2. Role of TLR2 in Anticancer Inmune Responses

TLRs are fundamental tools exploited by the immune system to trigger the innate
immune response against pathogens and subsequently activate adaptive immunity. The
immune surveillance is not only focused on preventing or fighting infections. It is also
crucial for identifying and eliminating malignant cells that can initiate tumor development.
When a tumor arises, the immune system engages in a complex process to counteract
tumor progression, and attempts to resist cancer-induced immune suppression. In this
context, the activation of TLRs by DAMPs released from cancer cells may enhance antigen
presentation mechanisms in dendritic cells (DCs) and promote macrophage differentiation
towards the M1 phenotype, known for its antitumor activity [20]. Consequently, TLR2
agonists have been evaluated in several solid tumor models as adjuvants for immune
stimulation. For instance, the TLR2 natural ligand polysaccharide krestin (PSK) was able to
stimulate TLR2 and elicit NK cell-mediated antitumor responses in different cancer models.
In particular, PSK potentiated trastuzumab-induced antibody-dependent cell cytotoxicity
of HER2" breast cancer cells by stimulating NK cell activation [21]. To confirm that TLR2
stimulates NK cells, Ke et al. demonstrated that treatment with Strongylocentrotus nudus
egg polysaccharide, a TLR2 agonist, induces NK cell proliferation, cytotoxicity and release
of interleukin (IL)-2 and IFN-y in a mouse model of lung cancer [22]. In lung cancer
preclinical models, the administration of PAMPs or synthetic TLR2 ligands induced the
differentiation of M1 macrophages that release nitric oxide, IFN-y and pro-inflammatory
cytokines, suggesting that TLR2 activation favors antitumor immune reactions [23]. In
melanoma, TLR2 stimulation using the synthetic compound diprovocim was reported
to induce antitumor activity in response to ovalbumin vaccination [24]. Similarly, in
a fibrosarcoma study, combining vaccination against tumor-associated antigens with TLR2
agonists resulted in an increase in CD8" T cells and antibody production, with a con-
comitant reduction in Treg frequency. However, the administration of TLR2 ligands alone
produced the opposite effect, increasing Tregs. This suggests that TLR2 can yield both pro-
and antitumoral effects, depending on the context [25].

Thus, the role of TLR2 in anticancer immune responses remains controversial and
largely reliant on tumor types and models. TLR2 appears to possess the potential to either
stimulate the immune system or suppress it. Part of this controversy might arise because
TLR2 expression is not confined to the immune system. Many cancer cell types express
TLR2 and take advantage on the activation of its signaling pathway, as will be discussed in
the following paragraph.
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3. The Protumoral Role of TLR2 in Breast Cancer

Immune cells exploit PRRs to detect disruptions in tissue homeostasis caused by
cancer cells, thereby triggering an antitumor immune response. However, cancer cells
can express PRRs as well, benefiting from the activation of their signaling pathways [26].
Among the PRRs, members of the TLR family exhibit an intriguing dual role in cancer.
TLR2 mRNA expression is significantly higher in breast cancer than in normal tissues, with
a higher expression in the triple-negative and HER2* subtypes as compared to the luminal
A and luminal B [8]. A significant increase in the levels of soluble TLR2 was observed in
the sera from patients with both metastatic and non-metastatic breast cancer, as compared
with healthy donors. Of note, soluble TLR2 was significantly higher in metastatic than in
non-metastatic breast cancer patients, suggesting that TLR2 might be used as a biomarker to
monitor disease progression [27]. Moreover, a significant correlation was observed between
high TLR2 expression and poor prognosis in breast cancer patients [8]. Similarly, a positive
correlation exists between the expression levels of its partners, TLR1 and TLR6, and the
development of brain metastases in breast cancer patients [28], indicating the potential
involvement of the TLR2 heterodimers in the metastatic spread of pre-existing tumors.
Furthermore, high TLR2 mRNA levels are associated with poor relapse-free and overall
survival in breast cancer patients who underwent surgery [8], as well as in patients treated
with endocrine therapy or chemotherapy [8,29]. Importantly, TLR2 expression levels can
predict the response to endocrine therapy with high accuracy in both luminal A and luminal
B breast cancer patients [8]. Resistance to both endocrine therapy and chemotherapy has
been associated with the presence of cancer stem cells (CSCs) [30]. TLR2 is expressed by
breast cancer cells and promotes CSC self-renewal, invasiveness and drug resistance [31].
These effects result from various mechanisms, mostly dependent on the availability of
TLR2 ligands, particularly DAMPs, in the TME. These molecules can be actively secreted by
cancer cells or passively released during chemo- or radiotherapy, activating TLR2 signaling
in either cancer or immune cells. Among the DAMPs that induce TLR2 activation, HMGB1
plays a major role. In the nucleus, HMGBI is involved in the DNA repair processes and
transcription, interacting with transcription factors like p53 [32]. However, HMGB], as
other moonlighting proteins, not only acts as a DNA-binding protein but also functions
outside the cell. It can be actively secreted in response to cytokine stimulation or passively
released from necrotic or damaged cells, subsequently inducing TLR2 activation [33].
Notably, breast cancer patients exhibiting high HMGB1 expression are more prone to
develop cancer metastasis, especially in triple-negative breast cancer [34]. Other important
DAMPs activating TLR2 include heat shock proteins (HSPs), a family of proteins that play
a dual role. While their intracellular function involves supporting the correct folding or
refolding of nascent and misfolded proteins, they can also be actively secreted or released
by necrotic cells, binding to TLR2 in the TME. In breast cancer, the extracellular HSP90
co-chaperone Morgana acts as another significant activator of TLR2 [35], whereas versican
has been identified as the DAMP involved in TLR2-mediated tumor promotion in glioma
and lung cancer [36]. TLR2 serves also as a sensor of PAMPs, representing a bridge
between eukaryotic cells and the microbial world, whose alterations may influence cancer
development in different ways. In addition, TLR2 expressed on immune cells may not only
exert antitumor activity but also lead to several immune suppressive effects that indirectly
promote cancer progression [37].

Hence, we can classify TLR2’s protumoral effects into two primary categories: cancer
cell-intrinsic and -extrinsic.

3.1. The Cancer Cell-Intrinsic Protumoral Effects of TLR2

In breast cancer cells, TLR2 is overexpressed and can be activated by endogenous
ligands such as HSPs, HMGB1 and other DAMPs, or by exogenous ligands derived from
pathogens, like bacterial lipoproteins. Once activated, TLR2 signaling promotes tumor
growth and survival. Among the critical downstream molecules activated by TLR2 is NF-«B,
which triggers the transcription of various pro-survival and pro-inflammatory genes [37].
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Wenyjie Xie and colleagues have demonstrated that TLR2 activation promotes breast cancer
cell survival, proliferation and invasion through the activation of NF-«kB and the secretion
of protumoral cytokines. They also reported a 10-fold higher TLR2 expression in the
invasive MDA-MB-231 human triple-negative breast cancer cells compared to the poorly
invasive ER* MCF-7 cells [38]. TLR2 plays a role in the regulation of CSCs, a subpopulation
of tumor cells with self-renewal and tumor-initiating capabilities. Activation of TLR2
in mammary epithelial stem cells and in breast cancer cells enhances the expression of
stemness-related genes, promoting the acquisition of CSC properties that contribute to
treatment resistance and tumor recurrence [39]. We have previously demonstrated the
upregulation of TLR2 in breast CSC-enriched tumorspheres compared to epithelial-like
breast cancer cells. We showed that the HMGB1-TLR2-NF-«B axis promotes CSC self-
renewal through the release of IL-6 and tumor growth factor- (TGF-f3), subsequently
activating STAT3 and Smad3 [31]. More recently, we demonstrated that TLR2 promotes
breast cancer progression and metastasis in HER2* transgenic mice in a cancer cell-intrinsic
way. Indeed, tumor growth was impaired in HER2* TLR2X® mice as compared to their
TLR2WT littermates. Transplantation experiments using breast cancer cell lines derived from
these mice demonstrated that TLR2XO cells were not tumorigenic, in contrast to TLR2WT
cells. However, as discussed in the next section, TLR2 also contributes to tumor progression
in a tumor cell-extrinsic manner, by shaping an immunosuppressive TME [29]. Similarly,
TLR2 deletion impairs tumorigenesis in MMTV-Wnt1 transgenic mice that spontaneously
develop ER"*® mammary tumors. Of note, TLR2 further upregulates the transcription of
Wnt-dependent genes (including Cd44 and Lgr5) [39], which serve as significant mediators
of NF-kB protumorigenic activity [40].

Apart from its direct effect on tumorigenesis, we have demonstrated that TLR2 medi-
ates breast cancer resistance to doxorubicin and other drugs, inducing immunogenic cell
death (ICD) and the release of DAMPs that activate TLR2 signaling in cancer cells, thereby
enhancing their survival [29]. In addition to NF-kB, TLR2 signaling activates the MAPK
pathway, involved in cell proliferation and migration. In gastric cancer, this activation leads
to the EMT, a pivotal process linked to cancer cell invasion and metastasis. TLR2-mediated
EMT allows cancer cells to acquire a more migratory and invasive phenotype, facilitating
their dissemination to distant sites and the formation of metastasis (Figure 2) [41]. Another
important aspect of TLR2’s protumoral role is its impact on angiogenesis, the process of
forming new blood vessels to supply nutrients and oxygen to growing tumors. TLR2
activation in breast cancer cells upregulates the expression of vascular endothelial growth
factor (VEGF) and other pro-angiogenic factors, fostering the formation of new blood
vessels that support tumor growth [38].

Beyond its direct effects on cancer cells, TLR2 may also confer protection from CD8*
T cell killing. Other TLRs, such as TLR4, induce the expression of immune checkpoint
molecules like programmed death-ligand 1 (PD-L1), which can lead to T-cell exhaustion
and suppress antitumor immune responses [42]. However, the correlation between TLR2
and PD-L1 expression requires further elucidation.

TLR2 serves as both a DAMP detector and a sensor of PAMPs, connecting TLR2-
expressing cells with the microbial world. This mechanism has been largely studied in the
immune system for its protective role against infections. Recently, researchers have focused
on studying the role of the microbiota in different diseases. Alterations in the microbiota
composition, and its interaction with our cells, might be involved in many pathogenic
processes, including carcinogenesis and cancer recurrence [37,43]. Several studies have
demonstrated the correlation between specific bacterial species and tumor development,
especially in the gastrointestinal system. For instance, Helicobacter pylori contributes to
gastric and colon carcinogenesis through various mechanisms, including TLR2-mediated
activation of NF-kB and Wnt, and the induction of EMT in epithelial cells [44,45].

A specific microbiota has been detected in the mammary gland, altered in breast cancer.
Bacteroides fragilis is found in tumor biopsies of breast cancer patients, and promotes
tumorigenesis. Fusobacterium nucleatum (F. nucleatum), an oral commensal bacterium,
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can spread to other organs and become pathogenic. Indeed, F. nucleatum is detected in
colon and breast cancer tissues, directly promoting tumor progression by activating TLR2
signaling in cancer cells and inducing immunosuppression, as described in the following
paragraph [46-48].

Metastasis Immunosuppression

Altered Microbiota
EMT P T CD8 inhibition
Drug resistance 4 s e M2 polarization
- e
Survival T J ! 3 Treg/Breg induction
Pro-tumoral cytokines release AN MDSC induction
NF-kB activation 4
° M2 Macrophage
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@ - o Breg
Radio-/Chemotherapy TLR2 E

Figure 2. TLR2-mediated protumoral mechanisms. Cancer cells actively or passively release DAMPs,

especially following cell death induced by chemo- or radiotherapy. In addition, alterations in the
microbiota due to antibiotic therapies, chemotherapies, or other factors can foster the proliferation of
bacterial species that exert protumoral activity, releasing PAMPs in the TME. These endogenous and
exogenous TLR2 ligands activate its signaling, promoting tumor progression in a cancer cell-intrinsic
manner (on the left). TLR2 signaling activates NF-«kB, which subsequently transcribes protumoral
cytokines such as IL-6, TGF-f3 and VEGE. This stimulates cancer cell survival, angiogenesis and
resistance to therapies. Additionally, TLR2 triggers the MAPK pathway, inducing EMT and promot-
ing metastasis. Moreover, TLR?2 is expressed by immune cells, where it exerts immunosuppressive
effects favoring tumor progression in a cancer cell-extrinsic manner (on the right). TLR2 induces
the differentiation of T and B regulatory cells, as well as of MDSCs from bone marrow precursors.
MDSCs contribute to immunosuppression through several mechanisms, including the reprogram-
ming of macrophages into the M2 phenotype. These processes collectively result in the production of
cytokines that inhibit CD8* T cells and their activity, promoting tumor immune evasion. Created
with BioRender.com (accessed on 10 November 2023).

Beyond the individual protumoral role played by specific bacterial species under
certain conditions, it is important to note more complex alterations in the microbiota across
various parts of the body. These conditions, called dysbiosis, can cause carcinogenesis or
promote the progression of existing tumors by enhancing resistance to therapies and the
spread of metastasis. Correlations between antibiotic therapies before cancer diagnosis
or in its early stages and poorer prognosis in breast cancer patients have been reported.
This is probably caused by the establishment of dysbiosis and increased presence of pro-
tumoral bacteria. Furthermore, chemotherapy can induce dysbiosis and opportunistic
infections, increasing the availability of TLR2 ligands and potentially limiting therapy
effectiveness [49-51].

Collectively, this evidence strongly suggests that in breast cancer, the presence of TLR2
along with its endogenous or exogenous ligands can significantly influence a worse prognosis.
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3.2. The Cancer Cell-Extrinsic Protumoral Effects of TLR2

TLR2 does not just impact cancer cells directly; it also plays a significant role in can-
cer progression through its influence on the immune system. When activated, TLR2 can
either promote or hinder tumor growth, depending on the specific immune cells involved.
Tregs, MDSCs, neutrophils and macrophages express TLR2, and upon its activation, they
contribute to cancer progression and metastasis due to their immunosuppressive func-
tions [37]. Treg frequency is significantly decreased both in the TME and in the periphery
in TLRXC breast tumor-bearing mice, since TLR2 activation on Treg cells induces their
expansion [29,52]. Moreover, upon TLR2 stimulation, macrophages release chemokines that
recruit Treg [53]. Tregs subsequently inhibit the antitumor activity CD8" T cells through
the release of immunosuppressive cytokines, like IL-10 [37]. Similarly, TLR2 activation
in B lymphocytes induces their differentiation into regulatory B cells (Bregs) that pro-
duce IL-10 and suppress the T-cell antitumor response [54]. TLR2 activation in CD4* T
cells, triggered by HSP90 on autophagosomes released by breast cancer cells, initiates
an autocrine IL-6 cascade. This process induces the expression of IL-10 and IL-21, fos-
tering immune suppression and inhibiting antitumor responses [55]. TLR2 activation in
bone marrow precursors induces their differentiation to MDSCs, which accumulate in the
TME and release protumoral cytokines. Moreover, this contributes to the polarization of
macrophages towards the protumoral M2 phenotype and the release of nitric oxide (NO),
a potent inhibitor of effector T cells. DAMPs such as HMGB1 and serum amyloid A 1
protein, secreted by breast cancer cells and elevated in the plasma and tumor biopsies
from patients with advanced triple-negative breast tumors, induce an immunosuppressive
response in neutrophils via TLR2 [34,56]. Specifically, HMGB1 prompts the release of neu-
trophils” extracellular traps, favoring the development of lung metastasis in triple-negative
breast cancer mouse models [34].

These mechanisms collectively create an immunosuppressive microenvironment that
supports tumor progression. TLR2 activation within immune cells triggers the release of
various factors that hinder immune responses against tumors, promoting their growth and
spread. Understanding these interactions helps identify potential targets to disrupt the
immunosuppressive TME and bolster antitumor immunity.

4. Role of cGAS-STING in Antitumor Immunity

Besides its crucial functions in the immune response against pathogens, the cyclic
GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway plays piv-
otal role in the antitumoral immune response. This pathway is widely expressed in im-
mune cells as well as cancer cells, influencing carcinogenesis through various mechanisms.
One such mechanism involves the induction of a robust type I interferon (IFN) response
mediated by cGAS-STING activation by tumor-derived DNA in immune cells and tumor
cells themselves [57]. Type I IFNs enhance the tumor immunogenicity and facilitates the
adaptive immune response against cancer cells [58]. In the context of cancer, the cGAS-
STING pathway is activated by cytosolic DNA derived from chromosomal instability (CIN),
a hallmark of cancer [59,60], or by DNA damage resulting from cancer therapy. Upon acti-
vation in tumor cells, the release of type I IFNs, characteristic of “hot” tumors, shapes the
TME and triggers an antitumor response. Type I IFNs target DCs in the TME, which play
a crucial role in initiating tumor specific-T cell responses and eliminating the tumor [61].
The activation of the cGAS-STING pathway can also trigger downstream NF-«B signaling,
which plays a significant role in regulating tumor growth. Under certain circumstances, the
activation of the canonical NF-«B pathway may synergize with cGAS-STING activation,
enhancing the type I IFN response and strengthening the antitumor immune defense [62].
In addition to cell-intrinsic DNA sensing in tumor cells, the cGAS-STING pathway can
be activated in immune cells within the TME by tumor-derived DNA via membranous
vesicles, such as exosomes [63], which fuse with immune cell membrane. DCs take up ex-
tracellular DNA, resulting in a type I IFN response that, in turn, increases tumor-infiltrating
DCs and enhances presentation to CD8* T cells [64]. Furthermore, other studies have
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demonstrated that not only tumor-derived DNA but also the immunostimulatory second
messenger cGAMP released by tumor cells can activate the cGAS-STING pathway [65,66].
Tumor-derived cGAMP can be transferred to immune cells in the TME, triggering the
release of type I IFNs via STING, which, in turn, activates NK cells, crucial for antitumor
immunity [67,68]. Additionally, the uptake of cGAMP has been observed also in mono-
cytes and macrophages [69], where it activates STING signaling and leads to reprogram-
ming of M2 tumor-promoting macrophages to a M1 antitumor phenotype [70]. However,
a pan-cancer analysis has demonstrated that elevated activation of the cGAS-STING path-
way, particularly of IRF3, is associated with poor prognosis in patients diagnosed with
specific types of cancer, including colorectal, prostate and lung adenocarcinomas [71].
Indeed, it is becoming more and more evident that the cGAS-STING pathway exerts
a controversial role in cancer, supporting diverse and sometimes opposing functions,
favoring tumor progression in some contexts. These aspects will be dissected in the
following paragraph.

5. The Protumoral Role of cGAS-STING in Breast Cancer

As discussed above, the cGAS-STING pathway plays an important role in antitumor
adaptive immunity, involving the release of type I IFNs that shape the TME in an anti-
tumoral setting. Consistently, defective STING signaling has been suggested to promote
tumorigenesis and host immunosurveillance evasion [72]. Various studies have demon-
strated that epigenetic silencing of cGAS and STING genes, rather than mutation, occurs
in different types of cancer [73,74]. However, cGAS-STING signaling has also been linked
to cancer cell survival and tumor progression. In the context of breast cancer, it has been
shown that cGAS-STING signaling activation often yields paradoxical outcomes. While the
type I IEN response induced by acute STING activation has antitumor effects, persistent
activation of this pathway results in chronic inflammation. This induces a shift from type I
IEN response and canonical NF-«B signaling to noncanonical NF-«B signaling, contributing
to tumor-promoting effects [75,76]. Persistent activation of cGAS-STING signaling has
been observed in different tumor types with high levels of CIN, including breast cancer,
resulting in tumor progression, invasion, and metastasis formation [75,77] through both
cell-intrinsic and cell extrinsic mechanisms.

In the context of breast cancer, CIN and the subsequent DNA damage occur fre-
quently [77] and are known to activate cGAS-STING signaling. It has recently been reported
that tumor cells with CIN rely on the cGAS-STING pathway to promote cancer cell survival
through the STING-mediated NF-«B activation, which in turn induces the expression of
IL-6 and the subsequent activation of STAT3 [78]. Furthermore, DNA damage induced
by chemotherapy in triple negative breast cancer cells triggers the cGAS-STING pathway,
leading to NF-«B activation and the pro-survival IL-6-STAT3 axis. This promotes immune
escape by upregulating PD-L1 expression [79]. Additional studies reveled that PD-L1
expression by breast cancer cells contributes to the expression of the IFN-related DNA
damage resistance signature (IRDS), a subset of IFN-induced genes that protect cancer cells
from DNA damage. This mechanism is sustained by low and persistent levels of type I
IFNs due to the DNA damage-induced cGAS-STING activation [80]. Similarly, another
study highlights that genotoxic stress induced by chemotherapy sustains DNA damage re-
sponse and breast cancer cell resistance by triggering chronic cGAS-STING-dependent IFN
production. This, in turn, induces the expression of PARP12, a member of the ADP-ribosyl
transferases family involved in the control of protein translation and inflammation, whose
high expression is associated to poor prognosis in breast cancer patients [81]. Conversely,
conflicting studies stated that chronic activation of cGAS-STING signaling by CIN or DNA
damage induced by radio- and chemotherapy results in the downregulation of type I IFN
response. Instead, it promotes downstream alternative NF-kB signaling, leading to the
upregulation of EMT-related gene expression, supporting tumor invasion and metasta-
sization [75,82]. In addition, mutated p53, but not wild-type p53, has been reported to
suppress the canonical cGAS-STING-TBK1-IRF3 axis in breast cancer. This occurs by bind-
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ing to TBK1 and preventing the formation of the trimeric STING-IRF3-TBK1 complex [83].
Ultimately, this results in reduced type I IFN production, switching to the alternative
NF-«B signaling (Figure 3). Collectively, these studies indicate that breast tumor cells
can rewire the cGAS-STING signaling to promote cancer cell survival, tumor progression
and metastasization.
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Figure 3. cGAS-STING antitumoral and protumoral mechanisms. This graphical representation
illustrates the antitumoral and protumoral roles played by the cGAS-STING signaling pathway. In
tumor cells, the activation of the cGAS-STING pathway is predominantly triggered by CIN or DNA
damage induced by chemo- and radiotherapy. Upon activation, double-stranded DNA fragments
bind to cGAS, leading to the synthesis of cGAMP. Subsequently, cGAMP binds to STING dimers in the
endoplasmic reticulum (ER) membrane, activating STING and causing its trafficking to an ER-Golgi
intermediate compartment. In this compartment, TBK1 is recruited to phosphorylate STING, and
this phosphorylation, in turn, recruits IRF3. Phosphorylated IRF3 can form dimers, translocate to
the nucleus, and activate the transcription of target genes, including type I IFNs, that are released by
tumor cells, recruiting antitumor immune cell populations. Conversely, a chronically low production
of type I IFNs activates PARP12, whose overexpression is associated with poor prognosis in breast
cancer patients. Furthermore, dysregulated cGAS-STING signaling can activate the transcription
factor NF-«B, leading to chronic inflammation and tumor-promoting effects. This includes the
activation of the IL-6-STAT3 axis, promoting pro-survival effects, tumor cell proliferation, and PD-L1
expression, resulting in immune escape. Mutated forms of p53 play a role in the transition from the
canonical cGAS-STING-TBK1-IRF3 signaling to the cGAS-STING-NF-«kB signaling, contributing to
the tumor-promoting effects of the cGAS-STING pathway. Created with BioRender.com (accessed on
14 November 2023).

6. Therapeutic Potential of Innate Immune Molecules Targeting for Breast
Cancer Treatment

6.1. Activation

Innate immunity serves as our primary defence against various diseases, including
cancer, and acts as a vital intermediary for the activation of adaptive immunity. Conse-
quently, employing agonists capable of stimulating innate immune pathways appears to be
a logical approach in the realm of anticancer therapies. Despite the considerable attention
these molecules have garnered in the past decade among researchers, they remain relatively
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unexplored as therapeutic targets. Particularly in breast cancer, only a limited number of
studies have been published on this subject.

To date, the majority of the investigations on TLR2 ligands have centered on Pam3CSK4.
This agonist has been utilized to enhance vaccination efficacy by augmenting antigen
presentation by DCs and, consequently, CD8" T cell activation in preclinical cancer ther-
apy [84-86]. Recently, Wei Shi and colleagues demonstrated the effectiveness of a self-
assembled vaccine targeting tumor-specific antigens combined with TLR2 agonists as
an immunotherapeutic approach against breast cancer. This combination was found to
induce DC maturation and bolster the CD8" T cell response [87]. Additionally, a study by
Bichern Liu and colleagues demonstrated that administering Streptococcus-derived PepO
protein in a triple negative breast cancer mouse model stimulates antitumor immunity
by steering macrophage differentiation towards the M1 phenotype through TLR2 signal-
ing [88]. Prior research by Hailing Lu and colleagues showed that the mushroom-derived
polysaccharide krestin (PSK) exhibits antitumor activity by triggering an immune response
in NK cells via TLR2 activation. Hence, PSK synergizes with trastuzumab, enhancing its
ability to mediate antibody-dependent cell cytotoxicity (ADCC) in a mouse model of HER2*
mammary cancer. Similar results were obtained using human NK cells and MDA-MB-231
cells [21,89]. However, apart from these studies, there is a lack of other preclinical studies
on TLR2 activation as a treatment for breast cancer. According to our knowledge, clinical
trials administering TLR2 agonists in breast cancer patients have not been conducted.

In contrast, the stimulation of cGAS-STING signaling is a strategy that has shown
promising results in different tumors in preclinical models. The study of STING agonists
has gained ground in recent years, either as standalone treatment or in combination with
other therapies. Recently, Corrales at al. demonstrated that the intratumoral injection of
STING agonists leads to an effective antitumor T-cell response triggered by a potent type I
IEN production [90]. Furthermore, STING agonist cyclic dinucleotides can serve as potent
adjuvants for radiotherapy, enhancing the adaptive antitumor response and reducing
the immune suppressive microenvironment by reprogramming M2 macrophages [91].
Concerning breast cancer, different STING agonists have been employed to enhance the
antitumor response, mostly in combination with other strategies. Systemic administration
of cGAMP, the endogenous ligand of STING, showed high efficacy in suppressing tumor
growth and reducing lung metastasis in a mouse model of triple negative breast cancer [92].
Other STING agonists, such as the c-di-GMP, have been shown to increase the potency of
a bacterial-based vaccine for metastatic breast cancer in the mouse triple negative breast
cancer 411 model. This approach suppresses metastasization and impairs tumor growth by
targeting MDSCs [93]. Due to the high expression of PD-L1 in many types of breast cancer,
STING agonists have been tested in combination with immune checkpoint blockades (ICB).
It has been observed that STING agonists combined with atezolizumab have a synergistic
effect in improving the antitumor response in a model of breast cancer by increasing CD8" T
cells and reducing Tregs infiltrating the tumor [94]. cGAS-STING exogenous activation can
also promote NK cell antitumor immunity. Lu et al. demonstrated that treatment with high
doses of cGAMP can prime the signaling activation in NK cells from PMBCs of patients with
cancer [68]. Conversely, another study indicates that direct uptake of cGAMP by NK cells
results in cell death, while the delivery of encapsulated STING agonists is able to indirectly
activate NK cells by STING signaling activation in DCs [95]. As discussed in the previous
paragraphs, mutated forms of p53 can interfere with antitumor activities of the cGAS-
STING signaling in breast cancer, while wild-type p53 contributes to its activation [83]. For
this reason, pharmacological reactivation of p53 could be an effective strategy to reactivate
the cGAS-STING-dependent IRF3 signaling in tumor cells, promoting cancer cell apoptosis
and modulating the TME [83] (Figure 4).
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Figure 4. Approaches to PRR-targeted therapies for breast cancer. Schematic representation of the
therapeutic approaches proposed in this review. Left panel: The cGAS-STING pathway exhibits
alterations in various tumors, including breast cancer. The pathological shift of this signaling, from
an immunostimulatory state to a protumoral one, can be reversed by utilizing STING agonists
combined with agents that restore canonical NF-«B and IRF3 pathways, hindering cancer progression
(left circle). The proposed combination of STING agonists with the drug APR-246, known for
reactivating the tumor suppressor P53 in P53-mutated tumors, is suggested here. The efficacy of these
therapies could potentially be enhanced through combination with ICB immunotherapies, such as
anti-PD-L1 antibodies. Right panel: Conflicting data exist in the current literature concerning the role
of TLR2 in cancer. Consequently, the use of agonists or inhibitors must be carefully evaluated based
on the specific context. TLR2 agonists appear promising in enhancing antigen presentation when
coupled with anticancer vaccines (right upper circle). However, considering the protumoral roles of
TLR2 as described in this review, TLR2 inhibition might serve as an alternative strategy, particularly
in tumor subtypes where TLR2 correlates with poor prognosis. Furthermore, TLR2 inhibition has
shown promising outcomes when combined with chemotherapies inducing immunogenic cell death,
thereby releasing DAMPs capable of activating TLR2 signaling and its described protumoral effects.
Created with BioRender.com (accessed on 14 November 2023).

Despite the promising outcomes observed in preclinical tumor models, the translation
of STING agonists into successful clinical trials has proven challenging. This discrep-
ancy can be attributed to the limited efficacy of different STING agonists, such as the
5,6-dimethylxanthenone-4-acetic acid (DMXAA), which was the inaugural STING agonist
evaluated in clinical trials and the sole one to reach phase III. These agonists have demon-
strated efficacy restricted to murine STING [96]. Notably, structural analyses of human
and murine STING underscored the significance of developing STING agonist derivatives
specifically binding to the human receptor [97]. Furthermore, the inherent instability of
the majority of STING agonists in vivo has hindered their therapeutic effectiveness. Conse-
quently, numerous preclinical trials across various solid cancers are underway to explore
formulations aimed at circumventing this challenge. Strategies include incorporating these
molecules into nanoparticles or inducing their in vivo production by bacteria or cells. How-
ever, as of now, no reported outcomes exist regarding breast cancer patients’ responses to
these trials [98].
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6.2. Inhibition

Considering TLR2’s multifaceted role in fostering protumoral and immunosuppressive
effects, as delineated in preceding sections, we propose an innovative therapeutic strat-
egy centered on TLR2 inhibition (see Figure 3). The ambiguous nature of TLR2 in cancer
necessitates a meticulous approach, weighing the use of agonists or inhibitors contingent
upon specific contexts. While TLR2 stands as a crucial molecule for the immune system,
insights from TLR2XO mice, exhibiting no evident alterations in immune cells or other
functions, support the feasibility and safety of its inhibition [29,99]. However, no clinical
trials have been conducted, or are currently ongoing, pertaining to TLR2 inhibition in breast
cancer or other solid tumors. Nevertheless, the utilization of TLR2-targeting monoclonal
antibodies or inhibitors has showcased promise in hematological malignancies clinical
trials [100]. Studies in mouse models of various cancers, such as gastric and pancreatic
cancer, have revealed that genetic deletion of TLR2 or inhibition using blocking antibodies
like OPN-301 hindered tumorigenesis [41]. Recent publications have also highlighted the
impact of natural compounds like Robinin in inhibiting pancreatic cancer progression
through the modulation of the TLR2-PI3k-Akt signaling pathway [101]. Moreover, inves-
tigations in head and neck squamous cell carcinoma demonstrated that TLR2 blocking
antibodies restrained the growth of organoids and patient-derived xenografts (PDXs) [102].
Despite promising outcomes observed with TLR2 antagonistic targeting in various cancer
models, there remains a lack of investigations into TLR2 inhibition as a treatment for breast
cancer. Recently, our team published a study demonstrating that TLR2 promotes breast
cancer progression in preclinical models, both through cancer cell-intrinsic mechanisms
and immunosuppression. Notably, TLR2 plays a pivotal role in chemotherapeutic resis-
tance since chemotherapy triggers the release of DAMPs, activating its signaling pathway.
Importantly, inhibition of TLR2 using the small molecule CU-CPT22 potentiated the efficacy
of chemotherapy both in vitro and in vivo [29]. We believe that our study, coupled with
existing data on TLR2 targeting in diverse cancers, could pave the way for a novel approach
in breast cancer treatment, warranting comprehensive exploration in the forthcoming years.

7. Conclusions

The wide array of PRRs exhibiting both tumor-suppressive and tumor-promoting
functions presents an unparalleled prospect for the development of anticancer treatments
aimed at either enhancing or inhibiting their signaling pathways. However, a comprehen-
sive understanding of how a particular receptor operates in a specific cancer environment
is crucial to avoid inadvertently bolstering tumor-promoting immune suppression or in-
stigating prolonged inflammation during treatment. In the context of breast cancer, TLR2
and STING emerge prominently among PRRs for their potential in pioneering new thera-
peutic approaches. Modulating these specific PRRs holds the promise of triggering both
intrinsic anticancer effects within tumor cells and eliciting immune-mediated anticancer
responses. Such modulation may augment the sensitivity of cancer cells to chemother-
apy and ICB. Directly inhibiting TLR2 with antagonists or addressing elements within
the gut or tumor microbiota that trigger its activation using antimicrobial agents could
potentially heighten the efficacy of certain anticancer treatments in tumors resistant to
standard therapies. Simultaneously, activating the cGAS-STING pathway in immune cells
could foster T lymphocyte recruitment within the TME and restore an antitumor immune
microenvironment. It is worth noting that potential challenges associated with employing
drugs that modulate these PRRs in cancer immunotherapy could be mitigated by targeting
these drugs specifically to breast cancer or immune cells, utilizing selectively targeted
nanoparticles or other sophisticated delivery systems. The integration of these strategies
with chemotherapy and/or ICB paves the way for the development of innovative therapies
in the ongoing battle against breast cancer.
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