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Simple Summary

Osteosarcoma (OSA) is a rare but aggressive bone cancer that occurs mainly in children
and young adults. Its complex biology makes it one of the most challenging tumors to treat.
For decades, therapy has relied on intensive combinations of surgery and chemotherapy,
often associated with poor outcomes and severe side effects. This highlights the urgent
need to identify novel treatments. To uncover new potential OSA vulnerabilities, here we
explore the involvement of three appealing players—Chondroitin Sulfate Proteoglycan
(CSPG)4, xCT, and Toll-like Receptor 2 (TLR2)—in the main hallmarks of OSA: proliferation
and survival, metastasis and angiogenesis, and immune evasion. By understanding how
these molecules interact within OSA biology, we envisage new combinatorial therapies
to attack the disease from multiple angles. This approach could open new therapeutic
avenues for OSA patients and provide broader insights into developing strategies against
other still-incurable cancers.

Abstract

Osteosarcoma (OSA) is an aggressive primary bone cancer mainly affecting the pediatric
population. Despite intensive multimodal treatments, therapeutic progress has remained
limited for decades, resulting in high recurrence rates, poor prognosis driven by metastatic
progression, and severe chemotherapy-associated toxicities. To advance the development
of more effective and safer therapeutic strategies, our recent studies identified Chondroitin
Sulfate Proteoglycan (CSPG)4 as a relevant mediator of the malignant behavior of OSA cells.
Targeting CSPG4 DNA-based vaccine demonstrated encouraging antitumor activity against
OSA. Nevertheless, since single-agent immunotherapies are often constrained by tumor
immune escape, the need for rational combinatorial strategies is of utmost importance.
In this perspective, we broaden our analysis to include other potentially complementary
targets beyond CSPG4, which may contribute to OSA pathogenesis. Among these, the
cystine/glutamate antiporter xCT and Toll-like Receptor 2 (TLR2) emerge as particularly
promising due to their established role in tumor progression, therapy resistance, and
immune modulation. We discuss the contribution of all these molecules in major hallmarks
of OSA—(1) proliferative and survival advantages, (2) metastasis and angiogenesis, and
(3) immune evasion—and examine potential strategies for their combined targeting. By
leveraging knowledge gained from other cancer models and integrating it with the distinct
biological and clinical features of OSA, this perspective seeks to outline rational and
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innovative combinatorial strategies that may overcome current therapeutic limitations and
ultimately improve patient outcomes.

Keywords: osteosarcoma; CSPG4; xCT; TLR2; cancer hallmarks; immunotherapy; combinatorial
strategies

1. Introduction

Osteosarcoma (OSA) is a rare tumor of bones, presenting a bimodal age distribution.
The first peak is observed in children and young adolescents, while the second peak is
in the elderly. A middle lower plateau is observed in people over 65 years [1,2]. OSA
is usually defined, however, as a pediatric cancer, accounting for 60% of bone tumors
in the childhood population [3]. This tumor most commonly occurs in the metaphysis
of long bones, while it rarely arises in the axial skeleton and other sites [4]. Etiological
clues have been associated with OSA onset, assuming its occurrence with puberty, height,
and disorders of bone growth and remodeling; nonetheless, definitive environmental risk
factors have not been identified up to now. Genetic factors like mutations in the TP53 and
RB1 genes may contribute to OSA onset and are linked to increased risk [5].

The current standard of care, which includes surgery and neoadjuvant/adjuvant
chemotherapy, has not changed since the 1970s, even though several advances have been
made during the past decades. Standard multi-drug chemotherapy protocols include
the combination of methotrexate (MTX), doxorubicin (DOXO), cisplatin (CDDP), and
ifosfamide (IFO), each targeting cancer cells through different mechanisms of action. MTX
acts as an antifolate antimetabolite by inhibiting the proliferation of rapidly dividing cells.
DOXO belongs to the anthracycline family and intercalates DNA, inhibiting topoisomerase
IT function and inducing DNA damage, ultimately leading to apoptosis. CDDP is a cytotoxic
drug capable of creating cross-links with purines on DNA, hence interfering with DNA
synthesis and causing DNA damage [6]. Finally, IFO blocks DNA replication following its
metabolization to mafosfamide, thereby preventing cell division [7].

However, the use of these drugs, alone or combined, has limits, including elevated
toxicity, which is especially concerning given the young age of patients. Moreover, their
efficacy remains insufficient in high-risk cases, with particularly low survival rates among
patients presenting with advanced disease [7]. Indeed, while this multi-drug chemother-
apy can enhance tumor reduction and promote substantial tumor shrinkage—enabling
limb-sparing surgery as a primary option and alternative to full amputation—leading to
survival rates of 65-70% in patients with localized tumors [8], outcomes for patients with
metastatic disease remain suboptimal. OSA has a high tendency to metastasize, mainly
to the lungs, with metastases occurring in approximately 65% of patients [4]. In about
20% of cases, metastatic lesions are already present at the time of diagnosis, dramatically
dropping the survival to 20% [4]. Generally, chemotherapy is often ineffective against
metastatic dissemination, and patients who fail to respond to treatment rapidly experience
progressive disease, which is ultimately incurable and represents the leading cause of
OSA-related death. Moreover, even among patients who initially respond to chemotherapy,
approximately 25% will still relapse, usually within 3 years [9].

OSA cells are indeed characterized by both intrinsic and acquired mechanisms that
undermine chemotherapy efficacy, making drug resistance the key reason for treatment
failure and relapse.

Genetic mutations, along with alterations in key signaling pathways, render a subset
of OSA cells intrinsically resistant to first-line treatments [10]. In addition, cancer cells that
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survive initial chemotherapy cycles frequently undergo adaptive reprogramming, leading
to acquired resistance to subsequent therapies. Identifying novel therapeutic options for
OSA patients is therefore an unmet clinical need.

Targeted therapies—including the insulin-like growth factor receptor (IGF-1R) in-
hibitors and tyrosine kinase inhibitors such as regorafenib, cabozantinib, sorafenib (with or
without everolimus), and pazopanib—as well as the macrophage-activating agent mifamur-
tide (approved in Europe), and immunotherapies such as checkpoint inhibitors and CAR-T
approaches (mainly targeting GD2 and B7-H3), are currently under clinical investigation for
OSA. However, to date, none of these strategies have produced substantial improvements
in survival for patients with relapsed or refractory disease. This stagnation in clinical
outcomes highlights the urgent need for innovative therapeutic approaches and supports
the exploration of novel biological targets that can address tumor heterogeneity and mech-
anisms of resistance. Such strategies may enhance preclinical findings by complementing,
rather than replacing, existing treatment modalities.

It is important to emphasize that, unlike many other tumor types, OSA has not
experienced meaningful therapeutic advances in recent decades. This has been largely
due to limited understanding of actionable targets, the highly immunosuppressive tumor
microenvironment (TME), and the lack of effective second-line treatment options.

2. Tackling OSA from Multiple Angles

In general, the concept of monotherapy, targeting the tumor from a “single angle”, has
limited effectiveness. This is not unexpected in OSA, given its complexity. The identification
of targets that contribute to one or more hallmarks of OSA landscape may provide the
opportunity to interfere with tumor progression at multiple levels.

In our efforts to discover novel and reliable therapeutic targets in OSA, we have identi-
fied Chondroitin Sulfate proteoglycan 4 (CSPG4) as a promising candidate involved in OSA
malignancy. CSPG4 is a cell surface proteoglycan implicated in the regulation of several
key oncogenic functions and frequently overexpressed in aggressive cancers, including
melanoma and sarcomas, where its expression correlates with aggressive disease [11-18].
In the context of OSA, we have recently demonstrated CSPG4 overexpression at mRNA
and protein level in human and canine OSA patients, respectively, and a possible clinical
implication has been suggested by a correlation between its overexpression and a shorter
survival for both OSA-affected humans and dogs [12]. As a step forward, we have re-
cently demonstrated that CSPG4 downmodulation in human OSA cells impairs malignant
behavior and enhances sensitivity to chemotherapy [11,12]. Furthermore, CSPG4 target-
ing through a chimeric human/dog (HuDo)-CSPG4 DNA vaccine has shown promising
anti-tumor activity in highly translational comparative OSA models, including human
xenograft mouse models and canine patients with spontaneous OSA [19]. While further
investigations are underway to better understand the role of CSPG4 in OSA and to evaluate
the efficacy of its immune-targeting in combinatorial approaches with the standard of care
(personal communication), focusing on a single molecular target carries the risk of tumor
escape. Therefore, a multi-targeted approach that attacks the tumor from different angles
may represent a successful strategy. We have been investigating specific molecular targets
for several years, mainly in other tumor types such as breast cancer. However, considering
the functional roles of these molecules and the increasing evidence of their involvement
across different cancers, we are now focusing our attention on their potential implication
in the OSA setting. In this regard, the cystine/glutamate antiporter xCT, and Toll-like
Receptor 2 (TLR2) represent particularly interesting candidates, having a key role in cancer
progression and therapy-resistance and being (over)expressed also in OSA [11,12,20-26].
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xCT, the substrate-specific chain of the cystine/glutamate antiporter system xc”, plays
a crucial role in maintaining redox balance, thereby sustaining tumor survival under stress
conditions [27]. Notably, in sarcomas it can be stabilized by IL-1 receptor accessory protein
(IL1RAP), increasing its antiporter activity and conferring resistance to anoikis and pro-
tection against ferroptosis [28]. Additionally, TLR2, a pattern-recognition receptor (PRR),
links tumor biology to the immune system by modulating inflammation and shaping the
TME [29]. Therefore, the combined targeting of these molecules may provide complemen-
tary and synergistic effects, acting on multiple fronts to counteract OSA progression and
improve patient outcomes.

Building on their established intrinsic roles in tumor biology and tumor-stroma in-
teractions, redox balance, and immune modulation, the significance of CSPG4, xCT, and
TLR2 in OSA may be further understood in the context of the pervasive TP53 and RB1
alterations that define this tumor type [5,30]. Deregulated oncogenic signaling downstream
of TP53/RB1 loss may upregulate CSPG4 or potentiate its pro-tumoral functions, including
invasion, proliferation, and stromal recruitment [13]. Specifically, loss of TP53-mediated
repression or RB1/E2F dysregulation can increase the expression of platelet-derived growth
factor receptor alpha (PDGFR«), a receptor tyrosine kinase that promotes proliferation,
angiogenesis, and stromal recruitment and is overexpressed in a significant proportion of
OSA cases; CSPG4 has been implicated in potentiating PDGFR« signaling through ligand
presentation [31,32].

TP53 perturbation also shifts antioxidant signaling through NRF2 and stress response
pathways, creating selective pressure for xCT upregulation to sustain glutathione (GSH)
synthesis, suppress ferroptosis, and buffer oxidative stress [27,33]. TLR2 contributes to
immune modulation, with RB1 loss fostering a proinflammatory or immunomodulatory
milieu that favors its expression. Tumor cells can exploit TLR2-MyD88/NF-kB signaling
for survival, proliferation, and immune evasion [29,34]. In addition, TLR2 can activate
STAT3 either directly [35] or by inducing the release of cytokines such as IL-6 that induce its
activation [36] and can induce NF-«B activation [37] which directly drives transcriptional
upregulation of xCT [38]. In this way, TLR2/NF-kB signaling establishes a molecular
bridge between inflammatory cues and antioxidant/redox programs, enabling tumor cells
to resist ferroptosis and oxidative stress [38,39]. This link positions TLR2 not only as an
immune-modulatory receptor but also as an upstream regulator of metabolic survival
pathways in cancer, possibly also in OSA.

Consequently, CSPG4, xCT, and TLR2 can represent functional effectors of the
TP53/RB1-deficient state in OSA. Mechanistically, overlapping signaling and transcrip-
tional control axes, particularly the PI3K/ AKT-mTOR-ATF4/NRF2 pathway, may explain
the co-expression of these molecules: CSPG4 and PDGFR« activate PI3K/AKT, xCT is in-
duced downstream via NRF2/ATF4 and STAT3, and TLR2 can further amplify PI3K/AKT,
NEF-«kB, and STAT3 signaling [13,29,40]. CSPG4 also promotes MAPK signaling through
interactions with PDGFR«/epidermal growth factor receptor (EGFR) [13,32], while TLR2
can likewise activate ERK/MAPK [29,41]; MAPK activation in turn enhances ATF4/NRF2
activity, providing an additional route toward xCT induction [40,42] (Figure 1).

The hypoxia—HIF1« axis may further reinforce this program, as HIF1e induces xCT
in OSA cells [43], enhances CSPG4 expression [44], and upregulates TLR2 in tumor and
immune cells [45]. Consequently, in the hypoxic OSA microenvironment, STAT3-mediated
signaling may cooperate with HIF1 o to maintain high levels of xCT and potentially amplify
CSPG4 and TLR2 expression, linking TP53/RB1 deficiency to invasive, stress-resistant, and
immunomodulatory tumor phenotypes.
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Taken together, these observations position CSPG4, xCT, and TLR2 as a novel, inter-
connected set of promising biomarkers and putative therapeutic targets in OSA, warranting
further mechanistic and translational investigation.
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Figure 1. Schematic depiction of CSPG4, xCT, and TLR2 and their associated regulatory signaling

pathways. CSPG4, xCT, and TLR2 signaling pathways may converge and regulate transcriptional
axes which cooperate to sustain the activation of tumor-supportive processes, thereby directly or
indirectly promoting OSA malignant properties. Created in https://BioRender.com.

3. CSPG4

CSPG4 is a transmembrane proteoglycan, highly expressed in different tumor histo-
types [46—49], while barely present in healthy tissues [50], where its expression is generally
restricted to precursor or progenitor cells, whilst absent in terminally differentiated cells [51].
CSPG4 extracellular region is composed of three structural domains (D1-D2-D3) and can be
identified either as a core protein characterized by a unique structural complexity, which
permits the interaction with extracellular matrix (ECM) components, grow factors and cell-
surface receptors, or a chondroitin-sulfate (CS) decorated proteoglycan. CS chains, allow
CSPG4 to interact with different molecules, driving the modulation of numerous signaling
pathways [15]. The transmembrane region is involved in membrane localization, whereas
the cytoplasmic portion, which contains tyrosine phosphoacceptor sites for PKCx and ERK
1,2, hence orchestrating cell proliferation and motility [18]. The inner C-terminus contains
a 4 residue PDZ domain-binding motif (PDZ), that is responsible for interactions with
various PDZ domain-containing binding partners. The cytoplasmic part of CSPG4 plays
the functional role of the proteoglycan, allowing its connection with signaling molecules in
the cytoplasm [18].

Particularly, this domain of CSPG4 is characterized by two threonine residues which
represent different phosphoacceptor sites which, based on the differential phosphorylation,
drive different signaling cascades associated with different cellular events [51]. CSPG4 does
not have intrinsic catalytic activity, therefore it actively participates in signal transduction
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by acting as a co-receptor for sustaining the activation of downstream signaling pathways
such as FAK and MAPK pathways [52].

Moreover, by directly binding to ECM components, such as fibronectin and collagen,
it is involved in enhanced cell adhesion and invasiveness [14,53]. Finally, CSPG4 mediates
the activation of the 331 integrin/PI3K signaling and its downstream targets, promoting
cell chemoresistance and survival [54].

CSPG4 was first discovered in 1981 [55] to be overexpressed on malignant melanoma
cells. More recently, interest in characterizing its role in other tumor entities has been
growing, due to its multifaceted functions and its significant contribution to tumor ma-
lignancy. Among different aggressive tumor histotypes for which no targetable antigens
have been identified so far, OSA represents a major challenge. Our recent findings strongly
support the rationale for exploiting CSPG4-targeted immunotherapies in the treatment of
OSA. A deeper understanding of the mechanisms of action, along with the identification
of predictors of therapeutic response or resistance, would enable the rational design of
combination (immune)therapies. Such strategies could target OSA on multiple fronts,
ultimately aiming for durable protection and complete tumor control.

4. xCT (SLC7A11)

Another candidate target that plays a multifaceted role is xCT, as it is involved in
acquisition/maintenance of most of the “hallmarks of cancer” and is overexpressed in
various cancer types, including OSA, where its expression inversely correlates with overall
survival [20,56]. Encoded by the SLC7A11 gene, it is a 12-pass transmembrane protein
that forms the antiporter system xc- together with its binding partner 4F2 cell-surface
antigen heavy chain (4F2hc, SLC3A2). System xc- exchanges intracellular glutamate with
extracellular cystine. Exported glutamate potentiates oncogenic signaling by acting on
selective receptors expressed by cancer cells [57], while, inside of the cell, imported cystine is
converted to cysteine to synthetize GSH, thereby detoxifying reactive oxygen species (ROS)
to help tumor cells maintaining the redox balance and resist oxidative stress, including
forms of cell death like ferroptosis [20]. Beyond its metabolic role, xCT has been implicated
in immune evasion and extracellular vesicle (EV) dynamics [58]. xCT is thus an important
determinant of tumor progression and radio/chemo-resistance, essential functions of
cancer stem cells (CSCs) [59-61]. Indeed, xCT expression is increased in CSCs [62], where
it physically interacts with CSC markers such as CD44, MUC1, IL1RAP [63-66]. A recent
study found that a transcription factor, MLX, implicated in the regulation of stem cell
functions in other contexts [67], positively regulates xCT expression in OSA via a super-
enhancer-driven mechanism and predicts a poor prognosis [20]. This and other recent
studies [20-25] have highlighted the feasibility and clinical promise of inhibiting xCT
expression in OSA, thereby inducing ferroptosis, a form of regulated cell death driven
by iron-dependent lipid peroxidation [33]. Several compounds have been identified that
exploit this vulnerability in OSA cells: Sulforaphane promotes the interaction between
p62 and xCT, leading to the autolysosomal degradation of xCT [21]; Baicalin and Shikonin
induce NRF2 ubiquitin degradation, which suppresses downstream targets expression,
including xCT [22,23]; Sulfasalazine (SAS), an FDA- and EMA-approved drug, inhibits xCT
antiporter function [24].

Additionally, we have developed several vaccines able to target xCT and to prevent the
development of metastases in preclinical models of breast cancer [62,68-70], thus providing
a valuable therapeutic strategy to target xCT and develop combined therapies [71,72],
potentially applicable to OSA.
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5. TLR2

TLR2 is a member of the Toll-like receptor family, a group of PRRs that detect pathogen-
associated molecular patterns (PAMPs), i.e., common molecular signatures of pathogens,
and damage-associated molecular patterns (DAMPs) released upon tissue stress or damage.
The triggering of TLRs leads to the activation of multiple signaling pathways, including
the MAPK, NF-kB and interferon regulatory factors (IRFs) pathways, which result in the
production of inflammatory cytokines and/or type I interferons (IFNs) [73].

TLRs are traditionally known to be expressed by immune cell populations such as
macrophages and dendritic cells. Their activation triggers the innate immune response,
which in turn shapes the adaptive immune system, ultimately coordinating a system-wide
defense against pathogens. However, TLRs can also be expressed by epithelial, endothelial
and mesenchymal cells, influencing their proliferation and function [74-76]. Of note, sev-
eral tumor cell types express TLRs, at levels comparable or higher than the corresponding
normal tissue. In particular, TLR2 is expressed at high levels in several cancers, including
gastric, pancreatic, breast, and prostate cancer, where its activation induces tumor progres-
sion and metastasis through different tumor cell-intrinsic mechanisms [29]. Interestingly,
TLR2 is expressed on OSA cell lines [26], and we and others have demonstrated that TLR2
promotes cancer resistance to chemotherapy. Indeed, high TLR2 expression is associated
with poor response to chemotherapy in pancreatic [77] and breast cancer [37] patients,
suggesting that it could represent a good target to improve chemotherapy efficacy in OSA
patients as well.

6. Investigating Hallmarks of OSA as Therapeutic Vulnerabilities for
Novel Treatment Opportunities

The extreme complexity of OSA makes it one of the few tumors for which no sig-
nificant therapeutic advances have been achieved in the last 50 years [19,78,79]. OSA is
highly heterogeneous at both the genomic and cellular level, and this heterogeneity often
limits the efficacy of single-agent therapies, which rarely yield consistent benefits across
patients [80-83]. Previous studies have broadened our understanding of OSA’s molecular
landscape, revealing a high degree of genomic instability as a defining feature. Somatic
copy-number variations, structural rearrangements, and diverse oncogenic pathway al-
terations contribute to this complexity. Nonetheless, the low tumor mutational burden,
together with the scarcity of recurrent genetic alteration, makes the identification of effective
and broadly applicable treatments particularly challenging. Based on these considerations,
our aim is to revisit key hallmark features of OSA that may represent strategic therapeutic
vulnerabilities, thereby paving the way for the development of novel treatment strate-
gies. We will discuss how CSPG4, xCT, and TLR2 contribute to various tumor-supportive
processes, and explore how these molecules could be exploited, either individually or in
combination, to design novel precision treatment for OSA patients (Figure 2).

6.1. Sustaining Proliferation and Survival

Mutations in the TP53 gene—the most prevalent and strong predictors of OSA patients’
survival [84,85]—along with alterations in RB1 [86], contribute to defective DNA repair,
dysregulated cell-cycle progression, and evasion of programmed cell death [87]. Together,
these changes support a highly proliferative and apoptosis-resistant phenotype, aligning
with one of the earliest hallmarks of cancer: sustained proliferative signaling and evasion
of growth suppression.
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Figure 2. Roles of CSPG4, xCT, and TLR2 in tumor progression and associated therapeutic strategies.
The figure illustrates the major biological processes influenced by CSPG4, xCT, and TLR2 in cancer
progression, focusing on proliferation and survival, migration and angiogenesis, and immune escape.
Each segment of the circular schema represents a cancer hallmark modulated by these molecules.
The lower panel summarizes emerging therapeutic strategies targeting these molecules. Created in
https:/ /BioRender.com.

While targeting mutated p53 and Rbl in OSA is a scientifically sound idea, since
their dysfunction helps drive tumor progression, clinical translation has lagged because
of various obstacles, including tumor heterogeneity, and the complexity of downstream
signaling networks, along with limited efficacy of p53-reactivating compounds and the
absence of direct Rb1 restoration strategies [88-91].

Besides the defects in p53 and Rb1, diverse overexpressed oncogenes and growth-
promoting receptors enable autonomous growth signaling in OSA, creating a permissive
environment for malignant transformation and progression. Indeed, while normal cells
tightly regulate growth in response to controlled external signals, transformed cells acquire
the capacity of uncontrolled proliferation through different mechanisms which include the
aberrant production of growth factor ligands and/or overexpression of their corresponding
cell-surface receptors, resulting in a persistent activation of downstream pathways [92].
The development of molecular targeted therapies—among which tyrosine kinase inhibitors
are the most promising—has been evolving in this direction to treat OSA patients [93,94].
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Despite the molecular heterogeneity of OSA, some receptor tyrosine kinases—such
as IGF-1R, EGFR, and PDGFR—are overexpressed or altered in a subset of patients (from
7% for IGF-1R to 90% for PDGFR). Targeted therapies against these receptors have been
developed and tested; however, their clinical efficacy has so far remained limited [94-96].

In this context of uncontrolled cell growth, CSPG4 has recently emerged as an ap-
pealing target. We have demonstrated that CSPG4 supports the proliferative capacity
of human OSA cells, as its transient downmodulation via small interfering (si)RNAs or
monoclonal antibodies (mAbs) significantly impaired cell proliferation in vitro and en-
hanced the cytotoxic activity of DOXO [11,12]. These findings underscore the functional
relevance of CSPG4 in sustaining tumor growth-associated signaling pathways in OSA.
This observation is consistent with reports in other tumor types, where CSPG4 has been
identified as a marker of aggressive, highly proliferative phenotypes, and its knock-down
or mAbs-mediated blockade in established tumors results in significant growth inhibi-
tion [97,98]. In sarcoma models, Hsu et al. showed that tumor cells engineered to lack
CSPG4 exhibited reduced proliferation and increased cell death [99]. Interestingly, while
CSPG4 inhibition in established tumors decreased both tumor volume and proliferation
rate, CSPG4 deletion at the time of tumor initiation paradoxically promoted the formation
of larger tumors [99]. Transcriptomic analysis revealed that early CSPG4 deletion was
associated with downregulation of insulin-like growth factor binding proteins (IGFBPs)
and subsequent over-activation of IGF signaling, ultimately enhancing tumor growth [99].
To date, this remains the only evidence indicating that the impact of CSPG4 deletion may
depend on the developmental stage of the tumor and the context of IGF signaling activation.

Mechanistically, the role of CSPG4 in regulating proliferation relies on its core protein—
particularly the D2 extracellular domain—which interacts with growth factors, protects
them from degradation, and facilitates receptor engagement, thereby sustaining signaling
cascades such as the MAPK/ERK pathway. Although a direct correlation between CSPG4
and IGF-1R has not been demonstrated, associations with EGFR and PDGFR have been re-
ported in other tumor types. In OSA, analysis of publicly available gene expression datasets
suggests a potential association between CSPG4 and PDGFR expression (OS microarray
dataset mixed osteosarcoma—Kauijjer-127-vst-ilmnhwg6v2 from the R2: Genomics Analysis
and Visualization Platform, http:/ /r2.amc.nl, accessed on 28 October 2025) [100,101]; while
multiple factors likely influence their expression, the potential correlation may be biologi-
cally intriguing. Co-targeting CSPG4 together with its functional interaction partners may
therefore enhance the inhibition of uncontrolled OSA proliferation, offering a promising
avenue for the development of more effective therapeutic strategies.

By activating key survival signaling cascades—most notably the integrin/PI3K/AKT
pathway [54] —CSPG4 has been shown to contribute to apoptosis resistance. CSPG4 may
hence foster chemoresistance across multiple cancer types, including OSA, and its overex-
pression has indeed been implicated in impaired responses to several chemotherapeutic
drugs in both human and canine OSA cell lines [11,12]. In our experience, targeting CSPG4
with a chimeric HuDo-CSPG4 vaccine after surgery and chemotherapy effectively delayed
metastatic progression in vaccinated canine OSA patients as compared to controls treated
with surgery and chemotherapy alone [11], suggesting that CSPG4 immune-targeting may
overcome chemoresistance mechanisms ultimately improving outcomes.

To date, clinical trials evaluating this therapeutic approach in humans have not been
performed. More broadly, conducting robust and adequately powered trials in OSA patients
remains challenging due to the rarity of the disease, its rapid metastatic progression, and
its biological heterogeneity. Therefore, results obtained in a highly translational OSA model
such as dogs with spontaneously occurring tumors are particularly relevant [102]. Although
we fully acknowledge the inherent species differences and recognize that findings from
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canine studies cannot be directly extrapolated to humans, numerous comparative oncology
investigations have highlighted the genetic, histopathological, and clinical similarities
between human and canine OSA [103-105], further supporting the reliability of this model.
Moreover, exploring novel therapeutic strategies in the veterinary field remains an urgent
and parallel need, given the severe outcomes associated with OSA in dogs [106].

Nevertheless, CSPG4 negative clones could anyway escape and give rise to disease
evolution. In this context of drug resistance and evasion of cell death, xCT and TLR2 also
could provide a relevant contribution and considering their (over)expression in OSA, there
could be a strong rationale for combinatorial approaches.

Notably, these three molecules do not act in isolation. CSPG4-mediated inte-
grin/PI3K/AKT activation [54] intersects directly with TLR2-driven PI3K/AKT [107,108]
and NF-«B signaling [109], providing multiple, partially redundant pro-survival inputs
that can reinforce one another under cytotoxic stress. In parallel, xCT maintains the redox
balance required for sustained PI3K/AKT activity and prevents ROS-induced interruption
of these pathways. Together, these mechanisms suggest that CSPG4, xCT, and TLR2 may
cooperate to generate convergent, synergistic survival signals that enable OSA cells to resist
apoptosis and therapy.

Moreover, TLR2-driven NF-«B activation [37] further reinforces survival by upregulat-
ing xCT [38], thereby coupling inflammatory signaling to GSH-dependent redox balance
and ferroptosis resistance, which collectively support OSA cell persistence under stress
and therapy.

xCT contributes to cancer cell intrinsic resistance to cell death by maintaining redox
homeostasis and preventing both oxidative stress—induced apoptosis and ferroptosis [110].
In addition, xCT activity supports NADPH regeneration and stabilizes redox-sensitive
survival pathways, including Bcl-2 and NF-«B signaling, while mitigating endoplasmic
reticulum stress-associated apoptosis [38,111-113]. Through the export of glutamate, xCT
also influences amino acid sensing and mTORCI activation, enabling metabolic adaptation
and survival under nutrient-limiting conditions [114,115]. Beyond these intrinsic mecha-
nisms, XCT plays a pivotal role in protecting tumor cells from therapy-induced oxidative
damage [116]. Numerous studies have shown that xCT overexpression confers resistance
to a wide range of chemotherapeutic agents, including CDDP and DOXO [117-122]. Con-
versely, inhibition of xCT, whether genetically or pharmacologically, restores sensitivity to
these treatments, while supplementation with GSH or its precursors diminishes therapeutic
efficacy [20,24]. Large-scale pharmacogenomic analyses have indicated that the correlation
between xCT expression and drug resistance can be as predictive of drug response as
classical multidrug resistance genes such as ABCB1 and ABCC1 [123-125].

In the development of resistance to chemotherapeutic agents, particularly DOXO,
widely used in multi-chemotherapeutic approaches for OSA patients, TLR2 could play a
pivotal role. Following treatment with immunogenic cell death-inducing drugs such as
DOXO, cancer cells release HMGB1, a DAMP that serves as a ligand for TLR2. Binding
of HMGBI to TLR2 triggers multiple signaling cascades, including the NF-«B pathway,
which promotes CSC self-renewal and chemoresistance. Consequently, genetic or pharma-
cologic inhibition of TLR2 significantly reduces CSC frequency and enhances the efficacy of
chemotherapy [36,37]. HMGBI released from dying tumor cells can also activate TLR2 on
neighboring viable cells, stimulating YAP/HIF-1« signaling and promoting dedifferentia-
tion towards a stem-like phenotype, a process that underlies tumor relapse and resistance
to chemo-radiotherapy [126]. This TLR2-dependent pathway has been implicated in resis-
tance mechanisms across several tumor types, including OSA [127], where therapy-induced
DAMP release and TLR2 activation contribute to autophagy, pro-survival transcriptional
programs, and maintenance of stemness [128]. Consistent with this, inhibition or genetic
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deletion of TLR2 enhances tumor sensitivity to chemotherapy in preclinical models, un-
derscoring its causal role in therapy resistance and highlighting TLR2 as a promising
target [73]. Further supporting this link in OSA, the TLR2’s downstream adaptor MyD88 is
overexpressed in OSA cells compared with normal bone tissue. Importantly, patients with
MyD88-positive OSA exhibit significantly lower 5-year survival rates than MyD88-negative
counterparts, and inhibition of MyD88 impairs OSA cell proliferation while promoting
apoptosis [129]. These findings collectively confirm that the HMGB1-TLR2-MyD88 axis
contributes to OSA cell survival and resistance to conventional therapies.

6.2. Metastasization and Angiogenesis

The ability to give rise to metastasis is a key feature defining malignancy and is responsi-
ble for the vast majority of cancer-related deaths worldwide. The metastatic process comprises
a series of coordinated events collectively known as the “invasion-metastasis cascade”.

The most common site of cancer cell dissemination in OSA is the lung, accounting for
approximately 80% of metastatic cases and significantly contributing to treatment failure
and mortality. The pulmonary metastasis process can be divided into three main stages,
including escape of cancer cells from primary tumor in the bone, transit within circulation
system, and colonization and establishment of disseminated cells in the lung. As a first step,
OSA cells must acquire a migratory and invasive phenotype—a hallmark of cancer specifi-
cally associated with tumor progression and metastasis. This enables cells to migrate away
from the primary tumor site and infiltrate surrounding tissues. Recent in vitro and in vivo
findings by our group [11] support a functional role of CSPG4 in promoting this pheno-
type in OSA cells. Specifically, transient downregulation of CSPG4 expression or immune
targeting through mAbs led to a significant reduction in cell migration in vitro. Moreover,
CSPG4-vaccine-induced immunity exerts a protective effect able to inhibit metastatic dis-
semination of OSA cells to the lungs in a human OSA xenograft model [11]. These findings
underscore the potential role of CSPG4 in regulating the metastatic phenotype in OSA. Con-
sistently, anti-CSPG4 vaccination in dogs has been shown to slow metastatic progression,
and one possible mechanism underlying this effect may involve vaccine-induced antibod-
ies that interfere with CSPG4-mediated cell migration and invasion, thereby limiting the
metastatic potential of tumor cells [11].

From a mechanistic point of view, the process of cancer invasion and migration is
critically dependent on the destruction and degradation of basement membrane and ECM,
which are catalyzed by extracellular proteases, mainly through the upregulation of different
members of the matrix metalloprotease (MMP) family. There is substantial evidence that
MMP-2 and MMP-9 are among the most involved MMPs in mediating this process in
OSA [130-133].

Thanks to its structure, CSPG4 has a strong ability to interact with many ECM compo-
nents, influence their organization, and modulate signaling. Multiple studies in aggressive
tumor types beyond OSA provide strong evidence that CSPG4 can participate in MMP acti-
vation through direct binding via its CS chains, thereby promoting local cancer cell invasion.
For example, in melanoma, the binding of pro-MMP-2 (the inactive precursor) to CSPG4
facilitates its localization at the cell membrane near other MMP-activating components that
convert it into active MMP-2, leading to localized ECM degradation at the invasive front.
The direct connection between CSPG4 and MMP-2 activation documented in different
tumor types, suggests that a similar mechanism may operate in OSA, although experi-
mental confirmation in this tumor context is still lacking, albeit intriguing. The positive
correlation between CSPG4 overexpression and MMP-9 in OSA is also supported by public
available datasets (OS microarray dataset mixed osteosarcoma-Kuijjer-127-vst-ilmnhwg6v2
from the R2: Genomics Analysis and Visualization Platform, http://r2.amc.nl, accessed
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on 28 October 2025) [100,101], suggesting a potential biological link raising the possibility
that CSPG4 contribute to enhanced ECM remodeling and invasive potential in OSA cells,
warranting further investigation.

In addition, CSPG4-dependent integrin/FAK/Src signaling may functionally intersect
with TLR2-mediated NF-kB and PI3K/AKT activation, both of which promote cytoskeletal
reorganization and MMP expression [52,107-109]. xCT-dependent redox control further
supports these processes by sustaining ROS-sensitive components of the invasion machin-
ery. These converging pathways may collectively enhance the invasive and metastatic
potential of OSA cells.

High xCT expression correlates with increased invasion, dissemination, and poor prog-
nosis across multiple tumor types, including OSA [20,56]. Mechanistically, XCT inhibition—
genetic or pharmacologic—reduces migration and invasion by redistributing caveolin-1
and (3-catenin, activating p38 MAPK, and elevating ROS levels, thereby impairing ECM
interactions and metastatic potential [59,134]. Super-enhancer-driven transcription factors
such as MLX activate SLC7A11 transcription, while the histone demethylase KDM4A
epigenetically elevates it, inhibiting ferroptosis and enhancing migration and lung colo-
nization [20,135]. Additionally, the circular RNA circKIF4A sponges miR-515-5p to prevent
SLC7A11 suppression, thereby supporting oxidative stress resistance and metastatic dissem-
ination [136]. Beyond tumor-intrinsic functions, xCT in the TME contributes to metastasis
by fostering immune evasion (see below). Collectively, these findings indicate that xCT
integrates redox regulation, oncogenic pathways, and immune modulation to support
metastatic progression.

Similarly, TLR2 expression in tumor cells has been associated with tumor progression
as well as enhanced invasive and metastatic potential across different cancer types [29].
Importantly, it has been recently reported that osteoblasts and OSA cells express TLR2,
along with related receptors such as TLR4 and RAGE, and that their activation by HMGB1
promotes cell migration [137]. HMGB1, which can be released upon tissue damage and
cell death, has been shown by Ming-Jing Li et al. to trigger a signaling cascade by binding
to its receptors, acting as a regenerative cytokine and promoting osteoblasts migration by
TLR2/4-dependent pathways [137]. Mechanistically, TLR2 activation in tumor cells can
promote migration and invasion through multiple converging pathways. For instance,
TLR2 up-regulation drives the MyD88-dependent activation of NF-kB, which increases
expression of pro-inflammatory cytokines and matrix-degrading enzymes (e.g., MMP-2
and MMP-9) and activates the epithelial-mesenchymal transition (EMT) program, thereby
enhancing motility and invasive potential [109]. TLR2 also engages the PI3K/AKT cascade,
contributing to survival, EMT, cytoskeletal re-organization and enhanced motility [107,108].
Moreover, TLR2’s influence is reinforced via downstream MAPK/ERK pathways and
integrin/FAK/Src-mediated adhesion dynamics, thereby facilitating detachment, migration
and ECM invasion [138]. These mechanistic links delineate how TLR2 on tumor cells (or
within the TME) may act as a pro-metastatic switch by coordinating inflammation, survival
and motility pathways. Additionally, by inducing NF-kB-dependent xCT expression,
TLR2 links innate inflammatory activation to metabolic immune escape, since enhanced
GSH synthesis and ferroptosis resistance enable tumor cells to withstand ROS-mediated
cytotoxicity from immune effector cells.

An essential supporting process for metastasis is angiogenesis, another well-recognized
hallmark of cancer. Angiogenesis is a crucial feature of OSA tumorigenesis, a complex and
dynamic process regulated by the balance of angiogenic and anti-angiogenic factors under
physiological conditions. In the TME, this homeostasis is disrupted, resulting in excessive
angiogenesis that provides nutritional support to the tumor, thereby promoting growth,
invasion, and metastasis.
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In OSA, the rapid tumor growth often results in chronic hypoxia within the TME,
which is closely associated with enhanced EMT and tumor stemness, features linked to
a more aggressive and metastatic phenotype. Given their shared influence on hypoxia-
responsive, redox-regulated, and PI3K/AKT-dependent programs, CSPG4, xCT, and TLR2
may cooperate to amplify angiogenic signaling within the OSA TME, thereby supporting
vascular remodeling and metastatic dissemination.

Hypoxia stabilizes the transcription factor HIF-1&, which in turn induces the expres-
sion of angiogenic factors, primarily vascular endothelial growth factor (VEGF). VEGF
rapidly stimulates its receptor (VEGFR) on OSA and endothelial cells, promoting neo angio-
genesis that supplies nutrients to the tumor. While VEGF is the “master regulator” of new
blood vessel formation, PDGF secreted by endothelial and tumor cells is responsible for
vessel maturation through the recruitment of pericytes. Proper PDGF signaling via PDGFR
is crucial for the stabilization and maturation of new vessels. In this setting, CSPG4 could
have a prominent supportive role. On one hand, CSPG4 could serve as co-receptor sustain-
ing the activation of angiogenic pathways by modulating angiocrine factors as fibroblast
growth factor (FGF)-2 and PDGF once bound to CSPG4 [51]. On the other hand, CSPG4
may directly control the behavior of the neovasculature [53]. In different tumor settings,
CSPG4 has been shown to be upregulated at both mRNA and protein levels under chronic
hypoxic conditions in venular pericytes, sustaining their activation during hypoxia-induced
angiogenesis and vascular remodeling in growing tumors [44]. CSPG4 overexpression en-
hances pericyte recruitment and attachment to endothelial cells, while its low expression on
mature vasculature supports its crucial role in early angiogenesis and vascularization [51].
Stable CSPG4 knock-down results in less vascularized tumors in glioblastoma [97] and
uveal melanoma models [139]. Although data specifically addressing CSPG4 role in OSA
remain limited, available evidence suggests that CSPG4-expressing pericytes are important
in maintaining bone sarcoma vasculature and stabilizing blood vessels, thereby influencing
tumor growth and progression [140]. Considering the extensive vascularization that char-
acterizes advanced OSA, it is worth investigating the potential role of CSPG4 in this tumor
to develop novel targeted therapies aimed at impairing neovascularization and ultimately
hampering OSA progression.

Anti-angiogenic drugs have already been tested in OSA, both at preclinical and clinical
settings. The anti-VEGF mAb Bevacizumab has shown strong activity against the primary
tumor but not against lung metastasis development in a mouse model of human OSA [141].
However, Bevacizumab, either alone or combined with multi-drug chemotherapy, failed to
provide a survival benefit in a Phase II clinical trial [142]. Volz and colleagues found that a
CSPG4 polymorphism may predict shorter progression-free survival in colorectal cancer
patients treated with Bevacizumab in combination with chemotherapy [143], opening new
possibilities for designing improved therapeutic interventions for OSA patients.

Specific studies on OSA support a tumor-promoting vascular role for xCT, as its ex-
pression is maintained by super-enhancer-driven MLX, and its inhibition sensitizes tumors
to ferroptosis while attenuating pro-angiogenic signaling [20,33]. Several lines of evidence
implicate xCT not only in sustaining pro-angiogenic programs but also in shaping vascu-
lar architecture to enhance tumor access to the circulation, with direct evidence that its
inhibition reduces tumor vascular density. From a mechanistic point of view, extracellular
glutamate exported by xCT acts in a paracrine manner on stromal and endothelial com-
partments, where glutamate receptor activation and redox-sensitive HIF-1« stabilization
promote VEGF expression and endothelial sprouting [122,144,145]. xCT expression is sus-
tained by upstream regulators such as ATF4 and ERO1«, integrating stress and ER-folding
pathways into pro-angiogenic programs. In vivo, suppression of EROl1« reduced VEGF
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production and CD31" vessel density in xenografts, whereas xCT re-expression restored
vascularization [146].

TLR2 may act as an important modulator of tumor angiogenesis through both direct
and indirect mechanisms. Indeed, TLR2 is expressed not only by innate immune cells but
also by non-hematopoietic compartments, including endothelial cells. Upon activation
by DAMPs, endothelial TLR2 can promote pro-angiogenic behavior. For instance, McCoy
et al. reported that TLR2 activation in endothelial cells increases the recruitment of pro-
angiogenic immune cells and facilitates new vessel formation within the TME in a prostate
cancer model [75]. Another study reported the activation of TLR2 in endothelial cells by
DAMPs produced during inflammation and wound healing but also in highly vascularized
melanomas. These end products of lipid oxidation, v-(2-carboxyethyl) pyrrole (CEP) and
other related pyrroles, have been shown to drive an angiogenic response independently of
VEGEF [147]. Importantly, CEP and related oxidative derivatives can arise because of lipid
peroxidation triggered by elevated ROS and glutamate export in xCT-overexpressing tumor
cells, thereby establishing a mechanistic bridge between xCT activity, oxidative stress, and
TLR2-mediated angiogenic signaling. In addition, we have previously demonstrated that
DAMPs released following chemotherapy in breast cancer can activate TLR2 expressed
by tumor cells, leading to NF-«kB activation and the secretion of pro-angiogenic factors,
including VEGF [37]. These findings highlight a dual mechanism of action for TLR?2,
mediating VEGF release from tumor cells and acting independently of VEGF in endothelial
cells to promote vascularization.

Together CSPG4, xCT and TLR2 appear to play significant roles in the angiogenic
process, which is critically important in OSA for supporting cancer cell dissemination as
well as metastasis formation. Since lung metastases are the leading cause of mortality
in OSA patients, these findings provide a strong rationale for further investigating these
molecules and the consequences of their targeting as potential innovative strategies to
prevent metastasis.

6.3. Immune Evasion

Immune evasion represents a fundamental hallmark of cancer, enabling tumor cells
to escape recognition and destruction by the host immune system through a range of
mechanisms—either intrinsic (for example, expression of immune-checkpoint ligands)
or extrinsic (for example, recruitment of immunosuppressive cells into the TME). Ad-
vances in immunotherapy have led to novel strategies to harness the host’s anti-tumor
immune response, including immune checkpoint inhibitors (ICIs), engineered T cells
and anti-tumor vaccines, which have shown promising results in a variety of solid tu-
mors [148]. However, in the context of OSA, these approaches have generally failed to
produce meaningful clinical benefit. This lack of efficacy appears to result from a combina-
tion of tumor-intrinsic properties—such as pronounced heterogeneity and low mutational
burden—and tumor-extrinsic factors, including a consistently immunologically “cold,”
suppressive microenvironment. Therefore, novel and more precise treatments are currently
under intense investigation in this setting.

Importantly, several immune-modulatory activities of CSPG4, xCT, and TLR2 con-
verge on overlapping inflammatory pathways such as NF-«B and HIF-1«, suggesting that
these molecules may collectively reinforce immunosuppressive network loops within the
OSA microenvironment.

It is increasingly evident that OSA derives limited benefit from classical ICI therapies.
For instance, blockade of the PD-1/PD-L1 axis in localized OSA has shown minimal activity
in Phase II clinical trials [149]. The main limitations likely include heterogeneous and often
low expression of PD-L1, poor T cell infiltration, and the presence of multiple redundant
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immune escape pathways. Interestingly, in a melanoma model—where a similarly vari-
able PD-L1 expression pattern is typically observed—a bispecific antibody targeting both
PD-L1 and CSPG4 displayed enhanced, selective binding to tumor cells co-expressing
these molecules, accompanied by increased T-cell activation [150]. This finding raises the
hypothesis that CSPG4 may serve as a co-target to improve T-cell-mediated anti-tumor
responses in tumors with heterogeneous PD-L1 expression. CSPG4 may contribute to im-
mune evasion, potentially also in other tumor types, including OSA. Supporting this notion,
CSPG4 overexpression has been associated to reduced immunogenicity and cytotoxic T-cell
responses in a soft tissue sarcoma model [151].

Another immune checkpoint ligand, B7-H3 (CD276), is highly expressed in OSA, often
exceeding PD-L1 levels, and its expression correlates with poor outcome and reduced CD8*
T-cell infiltration [152-155]. We recently demonstrated in an OSA xenograft model that
adoptively transferred CSPG4-vaccine-induced T cells effectively infiltrated and delayed
or regressed tumors in a subset of cases, whereas non-responding tumors selectively up-
regulated B7-H3 (but not PD-L1), thereby implicating B7-H3 in immune escape in this
setting [11]. These findings provide a strong rationale for therapeutic strategies combining
CSPG4-directed vaccination with B7-H3 blockade, to simultaneously promote antigen-
specific T-cell activation and alleviate checkpoint-mediated suppression.

Given the multiplicity and redundancy of immune escape mechanisms in OSA, addi-
tional targets may further enhance the efficacy of immune-based approaches. Molecules
such as TLR2, which mediates crosstalk between tumor cells and the immunosuppressive
TME and influences the polarization of immune cells toward pro- or anti-tumor phe-
notypes [29], represent particularly attractive candidates for inclusion in combinatorial
regimens aimed at achieving durable tumor control.

Although studies directly addressing TLR2 in OSA are scarce, evidence from other
TLR family members highlights the therapeutic potential of modulating TLR signaling
to reprogram the suppressive TME. For example, TLRY is highly expressed in most OSA
specimens and correlates with tumor progression [26]. Despite its constitutive expres-
sion, intratumor activation of TLR9 with CpG ODN 2395 or SD101 potently inhibited
primary tumor growth and triggered systemic abscopal effects, prolonging survival in
murine OSA models. This benefit was immune-mediated, driven by the repolarization of
M2-like macrophages towards an anti-tumor phenotype and the systemic expansion of ac-
tivated cytotoxic CD8" T cells [156]. Similarly, activation of TLR4 with a detoxified agonist
(Lipo-MP-LPS) suppressed OSA growth and lung metastasis in a CD8* T cell-dependent
manner, accompanied by M1 macrophage enrichment in primary and metastatic sites [157].
These underscore the dual nature of TLR signaling in cancer, capable of either sustaining
tumor-promoting inflammation or stimulating robust anti-tumor immunity, depending on
the receptor subtype, cell context and timing of activation.

Among TLRs, TLR2 stands out for its frequent association with immunosuppres-
sive reprogramming. It is expressed on multiple regulatory and myeloid cell popula-
tions, including T regulatory cells (Tregs), myeloid derived suppressor cells (MDSCs),
macrophages, and neutrophils. Activation of TLR2 on these cells fosters the establishment
of an immunosuppressive milieu that can facilitate primary tumor growth and metastatic
colonization [29].

In breast cancer mouse models, TLR2 stimulation in Tregs promotes their expansion
and accelerates tumor progression, while TLR2 activation in macrophages triggers cytokine
secretion that further recruits Tregs to the TME [158,159]. Within this context, Tregs mediate
suppression through cytokines such as IL-10, which inhibits CD8* T-cell activity [29].
Similarly, TLR2 engagement in B lymphocytes drives their differentiation into regulatory B
cells (Bregs), leading to IL-10 production and suppression of T cell responses [160]. In CD4*
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T cells, endogenous ligands such as heat shock protein (HSP)90 or other DAMPs released
from tumor cells can activate TLR2, triggering an IL-6-dependent cascade that enhances
IL-10 and IL-21 secretion, thereby reinforcing immunosuppression [161]. Moreover, TLR2
signaling in bone marrow progenitors promotes their differentiation into MDSCs, which
accumulate in the TME, secrete pro-tumoral cytokines, polarize macrophage toward an
M2 phenotype, and suppress effector T-cell response. Finally, DAMPs such as HMGB1
and serum amyloid Al, whose high levels in serum are associated with poor prognosis in
OSA and breast cancer patients, can activate TLR2 on neutrophils, leading to additional
immunosuppressive effects [162-164].

Together, these findings delineate a cohesive picture in which TLR2 acts as a key medi-
ator of tumor-induced immunosuppression across several cancers. Given that conventional
immunotherapies have achieved limited success in OSA patients, targeting TLR2 offers a
strategy to remodel the immune landscape and improve therapeutic efficacy. Indeed, TLR2
inhibition synergizes with chemotherapy in pre-clinical breast cancer models, reinstating
an immune permissive TME and enhancing treatment response [29]. These results suggest
that combining TLR2 blockade with chemotherapy or immunotherapy could represent a
promising approach to overcoming immune evasion and improving outcomes in OSA.

The OSA immunosuppressive TME is further shaped by metabolic reprogramming,
in which xCT plays a pivotal role. OSA cells exhibit strong dependence on glucose and
glutamine for proliferation and survival, and they can flexibly switch between these sub-
strates under nutrient-limiting conditions [165-168]. xCT supports this metabolic plasticity
by exporting glutamate, thereby linking glutamine metabolism to redox homeostasis and
facilitating adaptation to oxidative and nutrient stress [169,170]. However, excessive xCT
activity can heighten cellular reliance on glucose and sensitize tumor cells to glucose de-
privation, leading to impaired mitochondrial function and disulfide-induced cell death
(disulfidptosis) [171]. Thus, xCT enhances tumor metabolic fitness while simultaneously
creating potential vulnerabilities.

Beyond its metabolic functions, xCT serves as a critical immunometabolic node. Al-
though direct studies in OSA are limited, evidence from other tumor models strongly
indicates that xCT modulates the TME. In triple-negative breast cancer (TINBC), xCT de-
pletion in tumor cells increases intratumor CD8* T-cell infiltration and reduces circulating
MDSCs, impairing metastatic colonization [134]. By analogy, xCT overexpression in OSA
could limit effector T-cell activity through converging metabolic and signaling mechanisms.

First, excessive export of glutamate by tumor cells promotes the formation of an
“immunosuppressive synapse” between tumor cells and infiltrating T cells. Elevated
extracellular glutamate leads to heightened stimulation metabotropic glutamate receptors—
particularly mGluR4—on T cells, reducing intracellular cAMP levels and attenuating
the PKA—-CREB pathway, which collectively suppress T-cell activation, proliferation, and
cytokine production [172]. T cells also express other metabotropic (mGluR1, mGIuR5) and
ionotropic glutamate receptors that modulate activation; however, glutamate overload can
disrupt Ca®* fluxes, destabilize lipid rafts, and impair CD3¢ and ZAP70 phosphorylation,
thereby weakening TCR signalosome assembly and downstream activation programs [173].
These effects highlight xCT-driven glutamate release as a direct mechanism for dampening
TCR signaling.

Second, high xCT activity decreases extracellular cystine availability. This directly
competes with T cells and macrophages, which import cystine and convert it into extra-
cellular cysteine needed to sustain T-cell activation. In a cysteine-poor microenvironment
—further exacerbated by MDSCs that import cystine but fail to release cysteine [174]—CD8*
T cells experience inadequate cysteine supply, reduced GSH synthesis, elevated oxidative
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stress, and increased susceptibility to exhaustion or ferroptotic cell death [175]. These
combined metabolic constraints reinforce an immunosuppressive niche.

xCT may also influence regulatory immune populations. In other tumor types, xCT-
mediated glutamate release promotes Tregs expansion via mGluR1 signaling and stabilizes
HIF-1c¢, which drives PD-L1 expression and chemokine-mediated recruitment of MDSCs
and macrophages, polarizing the latter to an M2-like phenotype [176,177]. While not
directly demonstrated in OSA, these mechanisms provide a plausible link between xCT
activity and immune evasion in this tumor. Finally, suppression of xCT in cancer cells
sensitizes them to ferroptotic death, releasing DAMPs that can activate dendritic cells
(DCs) and CD8* T cells, thus potentially enhancing anti-tumor immunity. In preclinical
models, xCT inhibition synergizes with checkpoint blockade or chemotherapy, suggesting a
therapeutic window in which xCT-targeted interventions could reinforce immune-mediated
tumor control [62,178,179].

Taken together, the available OSA-specific data, combined with mechanistic insights
from other tumors, position xCT as a key metabolic-immune hub in OSA. Its targeting
may not only impair tumor cell survival but also modulate the TME to favor effector
T-cell function, making it a promising complement to CSPG4- and /or TLR2-directed im-
munotherapeutic strategies. More broadly, the collective evidence indicates that CSPG4,
xCT, and TLR2 contribute to immune evasion through partially overlapping and mutu-
ally reinforcing inflammatory and metabolic pathways. Their combined targeting may
therefore disrupt interconnected circuits within the OSA microenvironment that sustain
tumor progression.

7. Therapeutic Targeting and Future Directions

In this review, we have proposed three molecules—CSPG4, xCT, and TLR2—as novel
and mechanistically complementary targets for OSA. Each represents a distinct facet of
OSA pathophysiology: CSPG4 as a surface antigen primarily associated with tumor cell-
intrinsic malignant properties, xCT as a central metabolic and immunometabolic node
sustaining redox balance, metabolic fitness, and immune suppression, and TLR2 as a
dual regulator that supports tumor cell proliferation and therapeutic resistance while also
shaping the TME.

Despite major progress in immuno-oncology, many tumors, including OSA, remain
poorly immunogenic due to their low mutational burden and highly immunosuppressive
microenvironment. Consequently, identifying tumor-associated antigens (TAAs) that
are functionally relevant to OSA progression and shared across patients is essential for
developing effective immunotherapies. The strategies discussed herein—ranging from
antibody- and vaccine-based approaches to metabolic and innate immune modulation—
illustrate how multi-target interventions may overcome the intrinsic resistance of OSA to
immune attack and pave the way for more durable clinical responses.

We have recently identified CSPG4 as a promising immunotherapeutic target for
OSA management [11,12]. Over the last decades, several immunotherapeutic approaches
targeting CSPG4 have been developed and tested in different tumor types [50,180-182],
with melanoma being the most extensively studied. Early investigations demonstrated
the anti-tumor effects of anti-CSPG4 mAbs in vitro and in vivo [18,183,184]. De Bruyn and
coworkers showed that an anti-CSPG4:TRAIL fusion protein, generated by linking tumor
necrosis factor related apoptosis-inducing ligand (TRAIL) to an anti-CSPG4 scFv derived
from mAb 9.2.27, exhibited significant antitumor activity [185]. Moreover, combinatorial ap-
proaches with standard-of-care therapies have already been explored—such as anti-CSPG4
mAbs combined with the BRAF inhibitor PLX4032 in melanoma—showing synergistic
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impairment of malignant cell properties and supporting the rationale for combinatorial
administration in vivo [186].

Recently, CSPG4-specific chimeric antigen receptors (CARs) have been developed
and tested preclinically, demonstrating striking efficacy in controlling tumor growth in
human xenografts [187,188]. However, self-TAAs overexpressed on tumor cells, such as
CSPG4, are generally well tolerated by the host immune system. To overcome this, CSPG4
targeting has been pursued through antigen mimicry, leveraging anti-idiotypic antibodies.
For instance, the anti-idiotypic mAb MK2-23, which mimic the epitope recognized by anti-
CSPG4 mAD 763.74, induced specific antibody responses in metastatic melanoma patients
that correlated with prolonged survival and reduced metastatic spread [189].

One major limitation of these strategies is their poor induction of robust cellular im-
munity, which is essential for controlling established tumors. In this context, we tested,
for the first time in OSA, a DNA plasmid-based immunization strategy using a chimeric
HuDo-CSPG4 vaccine designed to elicit both humoral and cellular immune responses
against CSPG4. This vaccine induced potent CD8* T-cell and antibody responses that de-
layed tumor progression and metastasis upon adoptive transfer in immune-deficient mice
bearing human OSA xenografts. Moreover, the HuDo-CSPG4 vaccination broke immune
tolerance toward the self-canine CSPG4 antigen, inducing functionally effective immunity
in dogs with spontaneous OSA [11]. In our pilot veterinary study, we also demonstrated
the feasibility of this therapeutic platform and its potential to be effectively integrated
with standard treatment modalities. In the OSA setting, where surgery and chemotherapy
remain the gold standard, the promising evaluation of anti-CSPG4 DNA vaccination in an
adjuvant context following standard treatments [11] underscores the value of combining
innovative approaches with established clinical protocols. Such combinatorial strategies are
important not only for enhancing the efficacy of individual therapies but also for enabling
the incorporation of novel interventions into existing treatment frameworks. This integra-
tive perspective supports the goal of providing patients with the most effective therapeutic
options while reinforcing standard care through scientifically grounded innovation.

The demonstration of safety, immunogenicity, and clinical benefit of HuDo-CSPG4
vaccination in canine OSA patients represents a significant step forward consistent with
the principles of comparative oncology, which aims to accelerate translational progress
from preclinical studies to human clinical settings [190]. Comparative oncology continues
to gain recognition for OSA research, as the disease’s rarity and young patient population
limit extensive clinical testing of novel drugs. The close similarity between human and
canine OSA [103-105] further strengthens the translational value of comparative oncology
approaches. In general, DNA vaccination is a versatile platform and may be effectively
adapted to target various tumor antigens [191]. Nonetheless, this first proof-of-concept
study demonstrating immune-targeting of CSPG4 in OSA warrants further investigation.
Future efforts should focus on identifying predictive biomarkers of vaccine response and
improving vaccine design to enhance immunogenicity, for instance by developing multi-
epitope DNA or mRNA vaccines. However, monotherapy approaches remain vulnerable
to tumor immune escape, which can result from antigen loss or intratumoral heterogeneity
driven by clonal evolution [192]. Therefore, incorporating additional targets, especially
for complex, treatment-resistant malignancies such as OSA, is likely required. Rational
multi-targeting strategies that simultaneously act on tumor cells and the TME are critical to
achieve durable responses and align with the principles of precision medicine, tailoring
interventions to the molecular and immunological profiles of individual tumors.

In this framework, modulation of tumor metabolic dependencies has emerged as a
promising complementary strategy. Pharmacological inhibition of XCT has been extensively
explored using small-molecule inhibitors such as SAS, erastin, and sorafenib, all of which
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reduce cystine uptake and disrupt intracellular redox homeostasis, sensitizing tumor cells
to oxidative stress and ferroptotic cell death in preclinical models [117,193,194]. SAS, an
FDA-approved anti-inflammatory drug, was one of the first agents identified to inhibit xCT,
leading to GSH depletion and ROS accumulation. However, its limited potency, specificity,
and pharmacokinetic profile have hindered its translation to oncology [27]. Conversely,
erastin and sorafenib, originally described as RAS-selective lethal compounds [195] and a
multi-kinase inhibitor [196], respectively, act as potent ferroptosis inducers by directly or
indirectly suppressing xCT function, resulting in lethal lipid peroxidation [197]. Despite
compelling preclinical evidence, clinical implementation of these drugs as xCT inhibitors
remains constrained by systemic toxicity and redox imbalance in normal tissues due to
off-target effects.

These toxicity concerns become even more relevant in the context of multi-targeting
strategies. Systemic xCT inhibition can impair antioxidant defenses in normal organs—
particularly the liver and pancreas—raising the risk of overlapping toxicities when com-
bined with other targeted or immune-modulating agents. Similarly, TLR2 is broadly
involved in normal immune regulation, where systemic modulation could lead to un-
wanted inflammation or immune-related adverse effects. As a result, the therapeutic
window may narrow substantially in combinatorial regimens. To address these limitations,
tumor-selective delivery systems are increasingly being investigated. Antibody-drug con-
jugates (ADCs), ligand-directed vehicles, and engineered nanoparticles can restrict the
biodistribution of xCT-directed therapeutics to tumor tissues, thereby minimizing systemic
exposure. In OSA, the overexpression of CSPG4 represents an attractive targeting moiety
for such delivery platforms. CSPG4-directed nanoparticles or ADC constructs could enable
spatially restricted delivery of xCT inhibitors, TLR2 modulators, or nucleic acid-based
therapies, broadening the therapeutic window while limiting off-target toxicity [198,199].
These considerations will be essential for the safe and effective integration of xCT-targeted
agents into combinatorial regimens.

To overcome the limitations of small-molecule inhibitors, immunotherapeutic strate-
gies have also been developed to selectively target xCT. DNA- and viral-based vaccines have
been shown to induce robust anti-xCT immune responses in murine models, generating an-
tibodies and cytotoxic T cells capable of recognizing and eliminating xCT-expressing tumor
cells [62,68]. We previously demonstrated that anti-xCT DNA vaccination delays tumor
growth and metastasis in TNBC models by perturbing CSC self-renewal and redox balance
through the induction of anti-xCT antibodies [62]. Importantly, xCT-targeted vaccines
synergize with other therapeutic modalities, including human epidermal growth factor
receptor 2 (HER2)-directed therapies [71] and the p53 reactivator APR-246 [72], by engaging
complementary metabolic and immunologic mechanisms. For example, combined delivery
of bovine herpesvirus 4 (BoHV-4)-based viral vectors expressing HER2 and xCT antigens
elicited high-titer antibodies that mediated cytotoxicity, inhibited CSC proliferation, and
suppressed metastasis in breast cancer models [71]. These findings highlight the transla-
tional potential of xCT-targeted immunotherapy within rational combinatorial regimens
aimed at eradicating both differentiated tumor cells and stem-like subpopulations [200].
Notably, the recently uncovered roles of xCT in OSA, where it supports redox balance,
and sustains OSA cell survival and proliferation under metabolic stress [20,21], position
xCT as both a metabolic vulnerability and a promising immunotherapeutic target for OSA.
Evidence from other preclinical models showing that anti-xCT vaccination can enhance
tumor chemosensitivity to DOXO [62] further supports the consideration of this strategy as
a potential combinatorial approach to be integrated alongside standard chemotherapy in
the OSA setting.
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The induction of an immune response capable of impairing the malignant behavior of
cancer cells through both immune-mediated and non-immune mechanisms, as suggested
above, would therefore be highly desirable. Such an approach could generate long-lasting
immune memory, potentially preventing tumor recurrence and metastasis. Nevertheless,
the strongly immunosuppressive TME characteristic of OSA may limit vaccine efficacy.
In this context, modulation of the TME through TLR2 targeting may further enhance
therapeutic outcomes.

Different approaches have been proposed to target TLR2, whose dual role can mediate
both anti-tumor immunity and pro-tumorigenic signaling. The use of TLR2 agonists
(e.g., Pam3CSK4, PSK) as adjuvants has shown the ability to antigen presentation, DC
maturation, and natural killer (NK) cell activation, thereby improving the efficacy of
anticancer vaccines and mAbs. However, these agonists must be used cautiously because
of potential pro-tumorigenic effects, including Treg expansion [37,73].

Conversely, our group demonstrated that the tumor-targeted inhibition of TLR2 rep-
resents a key strategy in malignancy such as breast cancer, where high TLR2 expression
correlates with poor prognosis and chemoresistance. The selective TLR2 inhibitor CU-
CPT22 effectively blocked DAMP-induced signaling (e.g., HMGBI release after chemother-
apy), synergizing with DOXO to suppress tumor growth, reduce CSC frequency, and
remodel the TME by decreasing Tregs and MDSCs while enhancing CD8* T cells and M1
macrophages [37]. Consistently, preclinical studies using genetic or antibody-mediated
TLR2 blockade (e.g., OPN-301) inhibited tumorigenesis in gastric and pancreatic carcino-
mas, and head and neck cancers [201].

In clinical settings, TLR2 inhibitors are being investigated in combination regimens,
enhancing the efficacy of chemotherapy, anti-angiogenic agents (e.g., bevacizumab), and im-
munotherapies, showing synergy with TLR9 agonists (CpG ODN) in melanoma models [29].
Such combinations may be particularly relevant for OSA, where effective treatments remain
focused on chemotherapy.

8. Conclusions

The urgent need to develop novel therapies for the management of OSA patients
is challenged by the intrinsic difficulty of targeting this tumor type, which is inherently
resistant to treatment due to its biological properties. The identification of new therapeutic
vulnerabilities to be exploited for OSA treatment offers promising opportunities to address
this critical clinical challenge.

CSPG4, xCT, and TLR2 participate in multiple cancer hallmarks and influence diverse
aspects of OSA biology through distinct mechanisms, contributing to OSA pathogenesis and
progression. CSPG4 promotes tumor cell adhesion, proliferation, migration, and resistance
to therapy through its interactions with the ECM and the regulation of key signaling
pathways. xCT maintains redox balance and mediates glutamate release, promoting tumor
cell survival under oxidative stress and a pro-tumorigenic microenvironment. Meanwhile,
TLR2 modulates immune responses and inflammation, influencing both tumor growth and
the crosstalk between cancer and immune cells. Taken together, these molecules contribute
to the complex interplay among tumor, stroma, and immune components that drives
OSA aggressiveness.

While the rationale for targeting CSPG4 in OSA has already been established, further
investigation into the roles of xCT and TLR2 is warranted. Such studies could reveal
previously unexplored mechanisms contributing to osteosarcomagenesis and disease pro-
gression. Given that these three molecules are implicated in partially overlapping yet
distinct aspects of tumor progression, a combinatorial therapeutic strategy that simultane-
ously targets CSPG4, xCT, and TLR2 may represent a novel and more effective approach to
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disrupt multiple tumor-supportive mechanisms. This combined therapy could potentially
overcome resistance to single-agent treatments and improve patient outcomes. Future
studies should aim to elucidate the molecular crosstalk among these pathways and develop
integrated therapeutic regimens suitable for clinical translation.

Moreover, validating the roles of these three molecules, individually or in combination,
across different OSA subtypes and in relation to standard of care treatment responses could
facilitate patient stratification and guide the design of novel, precision-based therapeutic
interventions. A rational, evidence-based, multi-targeting strategy, to be used alone or
in synergy with the standard of care, may ultimately lead to safer and more effective
multimodal treatments capable of overcoming immune resistance and improving clinical
outcomes for OSA patients, for whom there is a paucity of effective therapeutic options.
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