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Abstract: Osteosarcoma (OS) is a rare condition with very poor prognosis in a metastatic setting.
Basic research has enabled a better understanding of OS pathogenesis and the discovery of new
potential therapeutic targets. Phase I and II clinical trials are already ongoing, with some promising
results for these patients. This article reviews OS pathogenesis and new potential therapeutic targets.
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1. Introduction

Osteosarcoma (OS) is thought to originate from mesenchymal stem cells and is the pri-
mary malignant bone tumor that most commonly affects children, adolescents, and young
adults. OS preferentially develops in rapidly growing bone, especially in the metaphysis
of long bones, like the distal femur, proximal tibia, or humerus [1,2]. Disease etiology
remains unclear and controversial, but multiple associations have been made between OS
development and race, gender, age, genomic alterations, and certain exposures such as to
ultraviolet and ionizing radiation or chemical agents like methylcholanthrene, asbestos, or
chromium salts [1,3,4]. The current management strategy for newly diagnosed OS includes
neoadjuvant chemotherapy (ChT) followed by surgical removal of the primary tumor
and all clinically evident metastatic disease with adequate margins, plus the addition of
adjuvant ChT after surgery [2]. ChT protocols have traditionally included doxorubicin,
cisplatin, ifosfamide, and methotrexate, although data raised in nonrandomized studies
have questioned the use of methotrexate in OS treatment [2,5,6]. After surgery, it is impor-
tant to assesses necrosis in the resected tumor. Patients with at least 90% of necrosis in
the primary tumor after ChT have a better prognosis than patients with less necrosis [7].
These data have been critical in the attempts to identify patients who may benefit from
therapy modifications, but new data revealed that, despite increasing the number of good
responders, neoadjuvant ChT intensification did not alter overall survival, diminishing
the prognostication value based on histologic response [8]. Another topic of discussion
was the survival effect of changing post-operative ChT based on histologic response. The
EURAMOS-1 trial addressed this question by randomizing good and poor responders
to standard ChT or intensification therapy with pegylated interferon (IFN) alfa-2b. No
significant differences in overall survival were identified between treatment arms in this
study, showing that the degree of tumoral necrosis should not be used to guide decisions
about postoperative systemic treatment [9].

Prior to 1970, localized OS treatment primarily relied on surgical resection, with 5-year
survival rates below 20% [10]. However, with the developments in neo-adjuvant ChT, these
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have increased to 66-82% over the past 40 years [10]. Despite all these developments, OS
remains a poor-prognosis disease, with 5-year survival rates of only 20% in patients with
metastases, and is also a high-burden disease, which significantly impacts the patients’
quality of life and the community, as it affects patients in the prime of their lives, often
with disabling surgery and long rehabilitation periods [11]. Therefore, the development
of new treatment approaches is essential, and the understanding of OS molecular biology
and potential therapeutic targets is crucial for that development. The aim of this work is
to review molecular targets in OS considering new molecular biology developments and
address emerging therapeutic modalities for this type of tumor.

2. Osteosarcoma (OS) Pathogenesis

The difficulties in OS biology research are related to the complexity of the OS genome,
low incidence of this tumor, and significant biologic differences between OS subtypes.
Different OS neoplastic clones develop, during tumor growth, from normal cells that earn
the first cancer-promoting mutations to start tumor formation [12]. Various cell types along
the osteogenic lineage have been suggested as cell-of-origin. Not only the cell-of-origin,
but also their derived cancer stem cell (CSC) subpopulations are strongly affected by both
environmental and epigenetic elements and it is then simple to understand that molding
and shaping the OS-CSC environment and niche is the strategy behind different recently
postulated therapies [12].

The intricacy and complexity of karyotypes and the nature of changes in multiple
genes and cell pathways characterize, specifically, OS among sarcomas. The resulting
significant genetic instability of operating system cells leads to the development of several
different cell types within the same tumor, with consequent changes in cellular behavior.
These changes may be responsible for the aggressiveness of cancer cells and result in the
emergence of resistance to ChT treatment [11]. Understanding the main mechanisms of
OS molecular pathogenesis, discussed below in this article, can help to unravel novel
therapeutic approaches.

Several chromosomal and genetic syndromes, like Li-Fraumeni or hereditary retinoblas-
toma, have been linked to OS as well as 6p21, 8q24, and 12q14 chromosome amplifications
and loss of heterozygosity of 10q21.1, described as the most common genomic alteration in
OS [13]. Mutations in both the p53 or Rb suppressor genes have also been implicated in OS
pathogenesis, but without evidence that they impact tumor behavior [14].

Transcription factors such as the activator protein 1 complex, found to be significantly
upregulated in high-grade OS and associated with propensity to metastatic development,
may play a future role as potential therapeutic targets [15]. Amplification of Myc, a tran-
scription factor that exerts its effects in the nucleus promoting cell growth and division,
has been involved in OS pathogenesis and resistance to chemotherapeutics [16]. OS cells
have the capacity to develop and secrete a range of growth factors that exert autocrine and
paracrine effects. Abnormal production and expression of these factors can lead to acceler-
ated cell proliferation. Transforming growth factor (TGF)-f3 influences a wide variety of
cell processes such as differentiation, proliferation, apoptosis, and matrix production, and
is found be significantly overexpressed in high-grade compared with low-grade OS [17].
IGF (insulin-like growth factor)-I and IGF-II are growth factors frequently overexpressed in
OS. They bind to specific receptors such as the IGF-1 receptor (IGF-1R), activating the PI3K
and MAPK transduction pathways [18]. Parathyroid hormone-related peptide (PTHrP)
and its receptor have also been implicated in OS progression and metastasis development,
with PTHrP conferring OS chemoresistance by blocking signaling via p53 [19].

Another relevant factor in OS molecular pathogenesis is the resistance of OS cells to
anoikis. Anoikis consists of a type of apoptosis that specifically takes place when cells
lose their attachment to a basement membrane or matrix. It is particularly important in
OS given the propensity of this tumor’s clones to detach from the matrix components and
metastasize. The pathways involved in this process are intricate and comprise interactions
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between integrin signaling, Rho GTPases, PI3 kinase, and PKB/ Akt activation, along with
many key components of the intrinsic and extrinsic apoptosis pathway [20,21].

Tumor angiogenesis is essential for sustained OS growth and metastatic development.
Vascular endothelial growth factor (VEGF) is a very well characterized pro-angiogenic
factor, promoting endothelial cell proliferation, migration, and blood vessel maturation.
These actions are potentiated via phospholipase Cy, protein kinase C, and the c-Raf-MEK-
MAPK cascades [22]. Readjustment of the actin cytoskeleton, crucial for endothelial cell
migration, develops via phosphorylation of T cell-specific adapter and interaction with
Src, a protein kinase [23]. VEGF also upregulates matrix metalloproteinase, responsible for
breaking down extracellular matrix, inducing antiapoptotic factors, and releasing other pro-
angiogenic factors such as platelet-derived growth factor (PDGF) or angiopoietin 1 [24,25].

As stated before, matrix metalloproteinases play an important role in extracellular
matrix degradation, opening the possibility of the invasion of surrounding tissues. Another
important mediator of this process is the urokinase plasminogen activator (uPA) system,
which once activated cleaves plasminogen to plasmin. An inverse relationship between uPA
levels and survival has been shown, and in vivo models have shown that downregulation
of this system results in reduced primary tumor growth and fewer metastases [26].

Ultimately, bone invasion relies on interactions between osteoblasts and osteoclasts.
Osteoclasts play a main role as bone-resorbing cells, and significant osteolysis exhibited
in some OS cases is the direct consequence of the increased osteoclastic activity. Through-
out the first stages of OS invasion, growth factors like TGF-f3 are liberated from the de-
graded bone matrix and have a direct action on OS cells, stimulating the release of PTHrP,
interleukin(IL)-6, and IL-11 [27]. These cytokines stimulate osteoclasts, facilitating further
invasion and release of pro-resorptive cytokines. Osteoclast pathways of differentiation,
maturation, and activation constitute possible therapeutic targets, since the inhibition of
bone resorption at the tumor—bone interface may conduct to reduced local OS invasion.
The crucial role played by the receptor activator of nuclear factor kappa-B ligand (RANKL)
in osteoclast function makes it a particularly compelling target. Osteoprotegerin, a soluble
decoy receptor for RANKL, vigorously suppresses osteoclast differentiation, both in vitro
and in vivo [28].

Several signaling pathways have been associated with tumorigenesis in OS such as
the Wnt and Notch pathways. Lately, deregulation of microRNAs (miRNAs)—non-coding
RNAs that participate in post-transcriptional regulation of gene and protein expression—
have shown a role in carcinogenesis, as discussed further below.

OS immunogenicity is closely linked with the intrinsic immunogenic properties of
cancer clones, while the activity patterns of different immune cells that are part of the OS
microenvironment influence the nature of the elicited immune response [29].

OS is typically associated with high levels of chromosome structural variations.
Among these are rearrangements resulting from chromothripsis (20-89%) and mutation
clusters known as kataegis (50-85% of cases), which result in a significant degree of ge-
nomic instability, with a predicted elevated burden of antigens and neoantigens that may
provide immunogenic potential in OS [29,30]. Interestingly, the high levels of genomic
rearrangements and moderate point mutation burden are associated with low levels of
predicted neoantigen expression and are not associated with increased immune infiltrate
levels [29]. Rather than evoking a vigorous immune response, this genomic complexity
seems to contribute to multiple immune-suppressive mechanisms that may represent
targets for novel therapeutic approaches [29].

Moreover, research has shown that poor tumor infiltration by immune cells, low
activity from available T-cells, lack of immune-stimulating neoantigens, and multiple
immune-suppressing pathways all combine to dampen response to immunotherapy in
this tumor.
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3. Potential Molecular Targets

OS is characterized by genomic complexity and significant heterogeneity. Its molecular
biology and growing knowledge of tumor pathogenesis has allowed for the identification of
several potential molecular targets including IGF-1 receptor antagonists, human epidermal
growth factor receptor 2 (HER2)/neu receptor blockers, RANKL and bisphosphonate in-
hibitors, tyrosine kinase receptors targets, tyrosine kinase Src antagonists, VEGF inhibitors,
immunomodulating agents, mammalian target of rapamycin (mTOR) inhibitors, MiRNA
therapeutic targets, and signaling pathways and epigenetic regulators such as Hedgehog
(Hh), Wnt/ 3-catenin, and Notch [30]. The latest research efforts are to identify OS patients
more likely to benefit from immunotherapy.

3.1. Insulin-Like Growth Factor (IGF)-1 Receptor Antagonists

The IGF pathway is important to prevent apoptosis during normal development and
stress or disease situations in several types of cells including osteoblasts and OS cells [30].
Consistent IGF-1R, IGF-1, and IGF-2 expression has been described in OS cell lines and
clinical samples, suggesting that stimulation of the IGF autocrine system may be important
for OS proliferation [31]. Small tyrosine kinase inhibitory molecules investigated in OS
phase I clinical trials include linsitinib (OSI-906) in combination with erlotinib and BMS-
754807 [32]. Additionally, monoclonal antibodies are also being studied in this condition
(Table 1):

e  Figitumumab (CP-751.871) is a monoclonal antibody in investigation for OS treatment,
with a phase I clinical trial currently recruiting patients with advanced solid tumors
(including bone sarcomas) to assess safety and tolerability of the antibody in combina-
tion with other drugs [30]. The R1507 phase II study, which includes an OS group, is
currently underway.

e  Phase I of a multicenter study with cixutumumab (BMI A12) in the treatment of young
patients with relapsing or refractory OS and other solid tumors has been completed,
with definition of the maximum tolerated cixutumumab dose [30].

e  Robatumumab (SCH717454) showed extensive in vivo activity against solid tumors in
the Pediatric Preclinical Testing Program, with complete response in two OS xenografts.
Phase II studies of this antibody in the treatment of patients with recurrent Ewing’s sar-
coma and OS concluded that, although IGF-1R remains an attractive treatment target,
additional research is needed to identify responders and/or means to achieve durable
remissions in order to successfully exploit IGF-1R signal blockade as a therapeutic
target [33].
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Table 1. Clinical trials with potential new molecular targets.
Molecular Target Research Drug Clinical Trial Results and Conclusions
Figitumumab Phase I/11 trial Figitumumab had modest activity as single-agent in
(CP-751.871) NCTO00560235 advanced Ewing sarcoma
Cixutumumab was well tolerated in children with
Phase II trials refractory solid tumors, with limited objective
NCT00831844 single-agent activity and prolonged stable disease in
) Cixutumumab 15% of patients
IGF-1 receptor antagonists (BMI A12)
The combination of cixutumumab and temsirolimus
NCT01016015; NCT01614795 showefi Cl.lmcal activity in patients Wlth sarcoma, b}it
no objective responses in a phase II trial of pediatric
and young adults with recurrent or refractory sarcoma
Robatumumab Additional research is needed to identify responders,
(SCH717454) Phase II trial—NCT00617890 with low disease burden as an important factor for
osteosarcoma response
. . , Trastuzumab can be safely delivered in combination
HER2/neu receptor blockers Trastuzumab Cooperative Children’s Oncology Group (COG) with anthracycline-based ChT and dexrazoxane, but its
phase II study . ) . .
therapeutic benefit remains uncertain
PDEG inhibitors Imatinib Cooperative Children’s Oncology Group (COG) Imatinib fffuled to demonstrate activity against OS as
phase II study single agent at conventional doses
Pamidronate can be safely incorporated into ChT
regimens for the treatment of OS without impairing its
RANKL and bisphosphonate inhibitors Pamidronate Phase II trial effectiveness and can also improve the durability of
limb reconstruction. Survival results remain to
be determined
Drug disposition and tolerability of dasatinib in
Dasatinib Phase I trial—NCT00316953 children were similar to those observed in
. . . adult patients
Tyrosine kinase Src antagonists
Saracatinib

Phase II trial—NCT00559507

Saracatinib was well tolerated, with a suggestion of
potential clinical benefit, but no apparent impact
in survival
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Table 1. Cont.

Molecular Target Research Drug Clinical Trial Results and Conclusions

The estimated 4-year event-free survival (EFS) rate and
overall survival rate were 57.5 6 10.0% and 83.4 6 7.8%,
respectively. Eight (28%) of 29 evaluable patients had
good histologic response (<5% viable tumor) to
preoperative chemo-
Bevacizumab Phase II trial —-NCT0066734; NCT00667342 therapy. The addition of bevacizumab to MAP for
o localized osteosarcoma is feasible but frequent wound
VEGF inhibitors complications are
encountered. The observed histologic response and EFS
do not support further evaluation of bevacizumab
in osteosarcoma

The study’s primary endpoint is safety and efficacy of
Endostar Phase II trial—NCT01002092 Endostar combined with ChT in non-metastatic OS
patients—trial without published results

Gemcitabine plus sirolimus exhibited satisfactory
Sirolimus Phase II trial —NCT02429973 antitumor activity and safety in this OS population,
exceeding the prespecified 40% of 4-month PFS

mTOR inhibitors Phase IT
Ridaforolimus NCT00112372 NCT00093080 OS patient had a PR
Tensirolimus Discussed in the IGF-1 receptor antagonist section
. Mifamurtide in combination with Phase II Trial (SARCOMA13) Imp.r(.wement in 6-year overall survt valand an
Cytocines ostoperative ChT NCT03643133 additional average of 2.58 years of life and 2.20
postop quality-adjusted life years vs. ChT alone.

. INFoc—Zb in combme.ltl.on W1th . Phase ITT Trial (EURAMOS-1) Improvement in event—free.: and oyerall survival in
Immunomodulating agents postoperative doxorubicin, cisplatin NCT00134030 resectable OS, with good histological response after

and methotrexate preoperatively ChT
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Table 1. Cont.

Molecular Target Research Drug Clinical Trial Results and Conclusions
) Pembrolizumab Phase II Trials Disappointing results (5% of patients with PR to
Immune checkpoint Avelumab Pembrolizumab (NCT02301039 and NCT03013127) pembrolizumab); only avelumab trial currently
inhibitors veluma Avelumab (NCT03006848) recruiting; other trials suspended due to immune
Nivolumab Nivolumab (NCT02304458 side effects

Dendritic cell peptide vaccines

DC vaccines + decitabine or
gemcitabine pretreatment

Phase I/1I studies
DC vaccine + decitabine (NCT01241162)
DC vaccine + gemcitabine (NCT01803152)

Primary and metastatic tumor growth inhibition and
remodeling of tumor microenvironment with reduced
Treg and immunosuppressive cytokines and increased

CD8+ T lymphocytes, with small outcome benefits
in clinical trials

CAR-T cells

HER-2 CARt Cells
IGFR1 CARt Cells
ROR1 CARt Cells

Phase I/1I Trials

HER-2 CAR-T cells: Tumor regression in animal
models with no toxicity, disease stability and, given the
6-week stability of these cells, long-lasting effect in a
phase I/1I trial in HER-2 positive sarcoma.
IGFR1/ROR1 CAR-T cells: Suppressed tumor growth
in both localized and disseminated sarcoma
xenograft models

CAR, chimeric antigen receptor; ChT, chemotherapy; DC, dendritic cells; HER, human epidermal growth factor receptor; IGFR, insulin growth factor receptor; OS, osteosarcoma; PDGEF, platelet-derived growth
factor; PFS, progression free survival; PR, partial response.
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3.2. HER2/neu Receptor Blockers

Several research groups have investigated HER2 expression in OS, with divergent
results [34]. A Cooperative Children’s Oncology Group (COG) study, which ended in Octo-
ber 2007, evaluated the addition of trastuzumab to standard ChT in patients with metastatic
OS with tumors overexpressing HER?2 (Table 1). Results suggested that trastuzumab could
be safely delivered in combination with anthracycline-based ChT and dexrazoxane, but
its therapeutic benefit remains uncertain. A more definitive assessment of trastuzumab’s
potential role in OS treatment would require a randomized study of patients with HER2-
positive disease [34].

3.3. PDFG (Platelet-Derived Growth Factor) Inhibitors

It has been shown that PDGF acts as a mitogenic factor for mesenchymal cells and OS
cell lines [35]. It has also been demonstrated that PDGF-AA and platelet-derived growth
factor receptor (PDGFR)-x co-expression in OS correlates with poor prognosis, highlighting
PDGER as a potential therapeutic target.

Imatinib, a c-Kit and PDGFR inhibitor, inhibited in vitro PDGF-mediated growth and
apoptosis in OS cell lines [35]. In spite of this uplifting preclinical evidence, phase II data
from the COG study of imatinib use in children with refractory or relapsing solid tumors
including OS failed to show activity against OS as a single agent at conventional doses
(Table 1) [35].

3.4. Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL) and
Bisphosphonate Inhibitors

These agents alter the tumor microenvironment and their potential benefit in OS is
still being investigated outside of clinical trials [30].

A 2010 study by the Memorial Sloan Kettering Cancer Center assessed survival, event-
free survival, and durability of orthopedic reconstruction of the addition of pamidronate,
a second-generation bisphosphonate, to ChT (cisplatin, doxorubicin, and methotrexate)
in 12-monthly doses. This phase II study concluded that pamidronate could be safely
incorporated into ChT without effectiveness impairment for OS treatment, and could also
improve limb reconstruction durability (Table 1). However, it is still to be determined
whether this addition translates into a survival benefit [36].

3.5. Tyrosine Kinase Src Antagonists

The acknowledgement of tyrosine kinase receptors (TKR) and their role in cell signal
transduction, particularly regarding cell growth and oncogenesis, has resulted in the
development of antibodies and small inhibitory molecules targeting these proteins. In
particular, the association of rapid bone growth to OS pathogenesis and the recognition of
TKR role in the TGF cell signaling pathway have led to the investigation of agents targeting
these receptors [32].

Dasatinib and saracatinib are two small molecules targeting tyrosine kinase Src in
investigation. Dasatinib is being investigated in a phase I/1I trial of young patients with
malignant, metastatic, or recurrent solid tumors (including OS) for assessment of the
drug’s side effects and best dose when administered in combination with carboplatin,
ifosfamide, and etoposide [30] (Table 1). Results of the role of saracatinib (AZD0530), a
selective inhibitor of the Abl and Src kinases, in patients with lung metastasis of OS, have
been recently reported in another phase II trial (Table 1). Although saracatinib was well
tolerated and demonstrated potential clinical benefit in this patient population, there was
no apparent impact on overall survival, and Src inhibition alone may not be sufficient to
suppress metastatic progression in OS [37].
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3.6. Vascular Endothelial Growth Factor (VEGF) Inhibitors

In OS, elevated levels of circulating VEGF produced by the tumor have been associ-
ated with increased local microvascular density, development of metastases, and worse
prognosis [38].

Bevacizumab has been used to treat high-grade OS, appearing to be highly effective
when administered in combination with liposomal doxorubicin [38]. More recently, this
monoclonal antibody was introduced in a phase III clinical trial for high-grade OS or
malignant fibrous bone histiocytoma in association with ChT. It can be speculated that,
given the complexity of angiogenesis, inhibition of a single element in this process (in
this case, VEGF) may be insufficient to achieve significant clinical control. It is therefore
important to develop new angiogenesis inhibitors with broader specificity [30]. Endostar,
an angiogenesis-inhibitor recombinant human endostatin, is currently being investigated
in phase II clinical trials of melanoma, colorectal carcinoma, small-cell lung cancer, and
high-grade OS. The OS study will be carried out in patients with high-grade non-metastatic
disease (Table 1) using endostar in combination with cisplatin, doxorubicin, high-dose
methotrexate, and ifosfamide [30].

3.7. Mammalian Target of Rapamycin (MTOR) Inhibitors

The mTOR pathway is fulcral not only for mesenchymal stem cells, but also for
bone biology, often being regarded as an attractive therapeutic target in OS [30]. mTOR
inhibitors suppress OS cell growth in vivo and in vitro and is already being studied in
phase II studies (Table 1) [39-42]. Studies have reported that mTOR inhibitors achieve an
increasing anti-tumor effect when combined with other drugs such as anti-osteoporotic
drugs, extra-terminal domain protein inhibitors, and conventional ChT drugs [39]. In
addition, dual PI3K/mTOR inhibition has shown promising results in treating OS (Table 1)
and this anti-tumor activity can be enhanced by MEK/Erk inhibition [39,43,44].

It has been proposed that rapamycin induces apoptosis of OS cells [45] and that treat-
ing OS by targeting the mTOR pathway alone could inhibit proliferation and promotion of
these tumor cells. However, the pro-apoptotic effect triggers autophagy as an escape path-
way, counteracting the anti-tumor effect of mTOR inhibitors and contributing to resistance
to these agents. This shows how further investigation is necessary on this subject.

Overall, the use of mTOR inhibitors in association with other drugs may offer a new
therapeutic strategy against OS. Nevertheless, the combination of anti-insulin growth factor
type 1 receptor antibody and mTOR inhibitor did not show objective results in a phase II
trial [46]. In fact, the mTOR signaling pathway seems to be complex in OS, and further
studies are needed to develop a combination ChT regimen against OS.

3.8. Micro RNA (MiRNA) Therapeutic Targets

MiRNA are small non-coding RNA molecules with gene regulatory functions, namely
in post-transcriptional gene expression, resulting in translational inhibition or degradation
of the target mRNA [47,48]. These miRNAs have been shown to have a role in cancer
biology as their regulatory function seems to affect an important number of downstream
genes in cancer [49]. Although most available studies so far are preclinical, these molecules
are drawing attention as therapeutic targets as miRNA molecules seem to have an active
role in several aspects of OS biology including pathogenesis, metastases development,
diagnosis, response and resistance to therapy, and prognosis [50].

miRNAs regulate tumor progression in OS through dysregulation and activation of
the Notch and Wnt/ 3-catenin pathways. miR-26a blocks the Jagged 1/Notch signaling
pathway, and Notch2, a key receptor in this pathway that promotes OS cell prolifer-
ation, migration, and invasion, is repressed by miR-1296-5p [51,52]. Two other miRNA
molecules—miR-34 and miR-200—seem to have an oncosupressor function through Notch1
downregulation and their levels are low in OS [53]. miR-377, miR-425-5p, miR-758, and
miR-873 promote OS cell apoptosis through Wnt pathway suppression [54-57]. Another
molecule, miR-940, has a stimulatory role of the Wnt pathway and has been shown to be
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overexpressed in OS [58]. miR-199a-3p, miR-99a, and miR-140 participate in the PI3K-Akt-
mTOR pathway, which is frequently activated in OS [59-61].

Several miRNA molecules have been assessed in preclinical studies investigating OS
metastases development. Some have been shown to have a protective role, preventing
metastases development such as miR-491 and miR-223-3p, while others promote lung
metastases such as miR-19a [62-64]. Expression levels of some miRNAs may be related to
prognosis, not only regarding metastatic status, but also tumor stage and disease outcomes,
as in the case of miR-9 and miR-195 [65,66].

Other mechanisms contributing to OS development and progression in which miRNA
molecules are involved include microenvironment and extracellular matrix targeting [67],
angiogenesis through dysregulation of VEGF ligands and receptors [68] and IL-6 recep-
tor [69], and TGF-§ signaling [70].

miRNA expression is also associated with response to treatment and different ChT
resistance mechanisms. For example, through inhibition of the cell cycle-regulated nuclear
and centrosome protein DTL, miR-215a leads to resistance to methotrexate, a common
drug in OS ChT regimens [71].

Overall, by providing multiple therapeutic targets, miRNAs are relevant in OS treat-
ment. However, clinical studies with drugs targeting miRNA are still lacking in OS. To
date, only a few studies with these molecules have been conducted in other cancers, mostly
basket trials targeting different cancer types, but studies in sarcoma, a rare tumor, and in
OS, an even rarer subtype, are scarce.

3.9. Signaling Pathways and Epigenetic Regulators
3.9.1. Hedgehog Pathway

The hedgehog (Hh) signaling pathway is a highly evolutionarily conserved pathway
that regulates embryonic development, tissue differentiation, and cell growth [72]. As
a pathway related to organ development and growth, it is dormant in most adult tis-
sues. However, the Hh pathway is abnormally activated in several cancer types and its
role in cancer development including carcinogenesis, invasion, and metastases is well
established [73]. The Hh signaling pathway is regulated by many different agents such as
proteins (kinases, transcriptional factors, glycoproteins, and pro/anti-apoptotic factors)
and noncoding RNA (such as miRNA) [74]. Activation of this pathway by one of three ho-
mologous Hh ligands—Sonic Hh, Desert Hh, and Indian Hh—interacting with the Patched
(Ptch) 1 transmembrane protein leads to release of Smoothened (Smo), a G protein-coupled
receptor, and subsequent activation of the downstream signaling cascade. The Gli family
of transcriptional factors (1,2 and 3) is translocated to the nucleus and leads to target gene
transcription and Wnt and Noggin protein modulation [74,75]. The three homologous Hh
ligands and Ptch can be combined to perform different biological functions during different
stages of cancer progression [74].

High levels of Hh signaling are associated with high-grade human OS progression [76].
The gene encoding ribosomal protein S3 (RPS3) is one of the Gli2 transcriptional factor
targets. It is overexpressed in patients with OS tumors with lung metastases compared
to patients without distant disease, thus making this protein a potential biomarker and
therapeutic target for aggressive OS [77]. Yes-associated protein 1 (Yap1l), a potent oncogene
abnormally overexpressed in various cancers, is regulated by the Hh signaling pathway.
This protein is present in high levels in OS tissue. Suppression of this cascade leads to lower
levels of Yap1 and its knock-down leads to OS progression inhibition, suggesting that the
Hh pathway and Yap1 protein are potential therapeutic targets, along with long-non-coding
RNA (IncRNA) H19, which is also abnormally overexpressed in OS tissues [78].

Some target agents with therapeutic potential have been studied. Saridegib, a small-
molecule inhibitor of Smo, inhibits Hh signaling pathway in OS [79]. Degalactotigonin
(DGT) inhibits the Hh/Glil pathway, leading to suppression of cell growth and migration,
inhibition of metastases development, and increased apoptosis in OS [80].
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3.9.2. Wnt/ 3-catenin

Wnt/ 3-catenin signaling is a conserved pathway involved in embryonic development
and adult tissue homeostasis through regulation of cell differentiation and proliferation.
The interaction of Wnt with Frizzled, and LRP5 or LRP6, activates a molecular cascade,
leading to glycogen synthase kinase 3 (GSK3) inhibition. GSK3 inactivates 3-catenin
by phosphorylation and targeting of proteosomal degradation, meaning that with Wnt
activation, 3-catenin enters the nucleus to regulate the transcription of target genes [81]. The
role of this signaling pathway has been studied and established in several cancers, namely
in tumor progression, chemoresistance, and relapse [82]. In OS, the canonical Wnt signaling
pathway is abnormally activated, resulting in tumor growth and metastatic spread [83,84].
Although there are a few clinical studies with Wnt signaling inhibitors, studies in OS are
preclinical at this point. MiRNAs can also play a role in Wnt/3-catenin inhibition, as
shown by suppression of OS progression by miR-429 through targeting of the HOXA9
via Wnt/ 3-catenin signaling pathway [85]. In vitro and in vivo studies have shown that
alantolactone (ALT), a natural eucalyptone sesquiterpene lactone, inhibits cell proliferation,
migration, and invasion, promotes apoptosis, arrests cell cycle at G2/M phase, and restrains
tumor growth and metastases development in OS. ALT inhibits the activity of Wnt/3-
catenin and p38 and of the ERK1/2 and JNK Mitogen Activated Protein Kinases (MAPKs)
signaling pathway [86]. Ginsenoside Rg3 inhibits proliferation, migration, and invasion
of OS cells by downregulating MMP2, MMP7, and MMP9 expression and suppressing
epithelial-mesenchymal transition (EMT) and the Wnt/ 3-catenin pathway [87].

3.9.3. Notch Signaling Pathway

Notch signaling is another conserved pathway involved in proliferation, apoptosis,
migration, and angiogenesis. A cell surface ligand of the Delta-Serrate-Lag family binds to
the membrane-bound Notch receptor (Notch1-4) in another cell, leading to the proteolytic
cleavage of the receptor by ADAM10 or ADAM 17 and by the y-secretase complex. This
event releases the Notch intracellular domain, which when activated, enters the nucleus
and regulates the transcription of several transcription factors involved in progenitor cell
survival [88]. Notch1 signaling seems to be activated and dysregulated in OS, promoting
tumor invasion and metastases development by way of abnormal differentiation or un-
differentiation, leading cells toward malignant transformation by regulating cancer stem
cells [89,90].

Preclinical studies have shown that Notchl may be related to chemoresistance, as
in vitro regulation of Notch1 (activation/inhibition) altered cisplatin-induced apoptosis,
probably through the activity of the Caspase family of proteases [89]. DAPT, a y-secretase
inhibitor, enhances the sensitivity of resistant OS cells to cisplatin by downregulating
Notch signaling [90]. Another y-secretase inhibitor and CBF1 siRNA slowed OS growth in
xenograft models by cell-cycle arrest in G1 [91].

4. Immunotherapy

The immune landscape of OS provides several opportunities of immune modulation
against neoplastic clones. Immunotherapy approaches for this type of sarcoma can be
subdivided in non-specific (immune modulation, cytokine enrichment, immune checkpoint
inhibition) and specific (dendritic cell vaccination, chimeric antigen receptor [CAR]-T cells)
(Table 1).

4.1. Nonspecific Immunotherapy
4.1.1. Cytokines

In the immunoediting process in OS, multiple cells and cytokines appear to play
crucial roles in each of the elimination, equilibrium, and escape phases, constituting
potential therapeutic targets. During the elimination phase, cells of the innate and adaptive
immune system work to detect and destroy tumor cells including CD4+ T-helper (Th) cells,
CD8+ cytotoxic T cells, 6 T cells, natural killer (NK) cells, NK T cells, M1 macrophages,
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and dendritic cells (DC). Additionally, cytokines (such as IL-1, IL-2, IL-6, IL-8, IL-12, IL-
18, INF-co, INF-3, INF-y, and tumor necrosis factor [TNF]-«), growth factors (such as
granulocyte-macrophage colony stimulating factor [GM-CSF]), cytolytic proteins (such as
perforin), and serine proteases (such as granzyme B) constitute possible targets for anti-
cancer immune modulation [92]. Throughout the equilibrium phase, tumor development
and growth are controlled by the immune system [92]. In the escape phase, the steadiness
between tumor growth and its control by an appropriate immune response fluctuates
toward tumor growth. Immune cells conferring tumor tolerance include myeloid-derived
suppressor cells, regulatory T cells (Treg), Th17 cells, and M2 macrophages; different
immune checkpoint molecules (such as programmed cell death protein 1 [PD-1], cytotoxic
T-lymphocyte antigen 4 [CTLA-4], and TIM3), along with other molecules and cytokines
(such as LAG3, CD137, MHC class 1I, FASLG, IL-10, IL-23, TGF-$3, INF-y, scavenger
receptor A, arginase, and CD40) may also be susceptible targets for anti-cancer immune
modulation [92].

Mifamurtide, a synthetic lipophilic analogue of muramyl dipeptide (the minimal pep-
tidoglycan motif common to Gram-negative and Gram-positive bacteria that can activate
the innate immune system), is capable of activating monocytes and macrophages, and
subsequently increasing serum levels of TNF-«, IL-1«, IL-13, IL-6, and IL-8 (cytokines
with important roles in bone microenvironment), with engagement of other immune
cells [92]. A randomized clinical trial in OS patients showed that the addition of the
macrophage-activating agent mifamurtide to a standard ChT regimen resulted in a signifi-
cant improvement in 6-year overall survival [93]. A supplementary average of 2.58 years
of life and 2.20 quality-adjusted life years was verified on patients receiving adjuvant
mifarmurtide when compared with patients receiving ChT alone [92]. The SARCOMA13
clinical trial (Table 1) provided evidence regarding the association of mifamurtide and
conventional ChT in the treatment of OS patients after surgery [93].

Tumor-infiltrating macrophages coordinate important processes of OS stromal signal-
ing and OS progression, with infiltration of M2-like-tumor-associated-macrophages being
linked with OS metastasis and poor disease prognosis [NR]. Strategies that regulate tumor
associated macrophages (TAM)-polarization from an M2 phenotype to an M1 phenotype
may have beneficial effects on macrophage dependent tumor progression [NR]. Not only
mifamurtide (by promoting a TAM polarization towards an intermediate M1/M2 phe-
notype), but also all trans retinoic acid, esculetin, zoledronate, natalizumab, nivolumab,
and pembrolizumab may have the capacity of shaping TAM polarization and their func-
tion [NR]. Recent evidence also suggests that blocking PI 3-kinase v, ERK5-MAPK, and
c-Maf pathways (using, for example, nanoparticles loaded with its specific inhibitors)
may promote repolarization of TAM to an M1 phenotype with subsequent antitumor and
anti-metastatic effects [94]. Finally, the use of chimeric antigen receptor macrophages may
also have positive effects on TAM polarization [94] [NR].

4.1.2. Immunomodulating Agents

INF-o and IFN- have antitumor activity in a variety of malignancies [92]. In OS,
specifically, INF-« inhibits cancer clones in vitro and enhances OS sensitivity to chemother-
apeutic drugs as doxorubicin, despite showing conflicting evidence regarding survival
improvement and tumor regression (in patients with metastatic OS) in clinical trials [92]. A
small clinical trial showed that high IL-2 doses were able to induce complete responses
in patients with metastatic OS, but at the cost of major toxicities [92]. IL-12 has the abil-
ity to inhibit OS growth by upregulating CD95 receptor expression, which reduces the
capability of cancer clones to evade immune surveillance [92]. Inhaled GM-CSF induces
differentiation and apoptosis in human OS cell lines in vitro, but in clinical studies, it
was not associated with improved outcomes and significant immunomodulatory effects
in relapsing OS patients with pulmonary metastases [92]. Inhaled GM-CSF is also being
investigated in OS patients with pulmonary recurrence [95].



Int. . Mol. Sci. 2021, 22, 813

13 of 19

IFN-« has been used in OS as unique surgery adjunct for two decades, with apparent
clinical efficacy. The EURAMOS-1 study (Table 1) aimed to investigate whether the addition
of pegylated IFN«-2b as maintenance therapy after postoperative ChT with doxorubicin,
cisplatin, and methotrexate improved event-free survival and overall survival in patients
with resectable OS and good histological response at 10 weeks preoperatively [96].

4.1.3. Immune Checkpoint Inhibitors

As previously mentioned, the high levels of genomic instability with potentially
associated high mutational load in OS have raised interest in targeting immune checkpoint
pathways in this tumor. Additionally, pre-clinical data highlighted the putative specific
relevance of immune checkpoint inhibitors (ICI) for OS: CTLA-4 polymorphisms are
associated with higher risk of developing OS [92]; the combination of tumor lysate-pulsated
dendritic cells with an antibody against CTLA-4 decreases immunosuppressive Treg and
increases cytotoxic T cells in a murine model of metastatic OS, with associated survival
gain [92,97]; PD-1 and programmed cell death ligand 1 (PD-L1) expression is increased
in OS patients and correlated with poor prognosis [97]; PD-1 inhibition results in anti-
metastatic effects in OS murine models [97]; and PD-1 blockade in a murine model of
metastatic OS (with documented lung metastases) decreases the number of OS lung nodules
by increasing the macrophage tumor infiltration and polarization from the M2 to M1
phenotype [97]. However, results from clinical trials (Table 1) testing single-approach
immune checkpoint inhibition have been disappointing. One trial with the anti-PD-L1
avelumab is currently recruiting and three trials using the anti-PD-L1 pembrolizumab and
nivolumab showed poor results (only one—5%—of 22 patients showed partial response
with pembrolizumab [97]) and stopped recruitment or were suspended due to risk of
immune-related side effects [93]. Hence, the discovery of ICIs that show therapeutic
efficacy in OS is still an unmet need. OS are typically considered “cold tumors”, given
the low inflammatory immune cell infiltration, which is a plausible explanation for the
observed resistance to immune checkpoint blockade. A reasonable strategy would be
to convert OS into “hot tumors” (with enhanced infiltration of inflammatory immune
cells), maximizing the potential benefit of ICIs. Combining CTLA-4 and PD-1, ICIs with
tumor infiltrating lymphocytes, anti-PD-1 with low-dose cyclophosphamide, ICIs with
CAR-T cells or bispecific T-cell engager antibodies, or ICIs with dendritic cell vaccines are
possibilities for increasing the efficacy of immune-mediated anti-tumor response through
immune modulation of different pathways and at different levels [98].

4.2. Tumor Specific Immunotherapy
4.2.1. Dendritic Cell Peptide Vaccines

Dendritic cells (DC) are professional antigen-presenting cells (APC) with the capacity
of taking up and presenting neoplastic antigens to naive T cells, promoting their differ-
entiation into tumor killers [97]. OS, like a wide variety of malignant neoplasms, has the
ability to reduce antigen presentation by APCs, resulting in immunosuppression with
blunted anti-cancer immune responses [97]. DCs can be isolated from peripheral blood
mononuclear cells, matured, and loaded ex vivo with tumor antigens with defined mix-
tures and infused back into the patient, bypassing the above-mentioned mechanism of
immunosuppression and boosting the anti-cancer immune response [97]. DC vaccines can
be co-cultured with peptides, proteins, or tumor-cell lysates, transfected with DNA, RNA
coding for antigens, or total RNA derived from tumor cells or fused with devitalized tumor
cells [97]. DC vaccines, alone or in combination with other targeted drugs (like anti-TGF-f3
antibodies), have been shown to promote primary and metastatic tumor growth inhibition
and remodeling of tumor microenvironment with reduced Tregs, reduced immunosuppres-
sive cytokines, and increased CD8+ T lymphocytes in OS in different studies [97]. Aside
from these studies, the benefits of these vaccines in OS treatment were less pronounced in
clinical trials, with only two out of 12 patients exhibiting an anti-tumor immune response
and none exhibiting clinical effects [97]. The compromised quantity and quality of immune
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effector cells in OS patients (normally already submitted to a ChT course that negatively
affects this cell population), poor migration of effector cells to tumor site (related with
down-regulation of chemokine expression), and presence of other immunosuppressive
mechanisms (like immune checkpoints, highlighting the previously mentioned importance
of combining approaches) may explain this lack of clinical benefit [97]. DC vaccines tested
in OS were well tolerated and safe in clinical trials [97,98].

42.2. CAR-T Cells

Adoptive cell therapy has the goal of supplying patients with cytolytic cells, ampli-
fying the magnitude of anti-tumor response [98]. T cells, in particular, can be edited to
respond with high affinity to specific antigens without the need for peptide recognition in
the context of HLA presentation [98]. These cells are designated CAR-T cells and comprise
an extracellular domain derived from a monoclonal antibody specific to a tumor surface
antigen, a spacer, and a transmembrane and intracellular domain [98]. The clinical success
of different adoptive therapies, mainly relying on the use of CAR-T cells, in B-cell malig-
nancies led to multiple attempts to apply this strategy in solid tumors [93]. OS-specific
antigens have been difficult to identify, as mesenchymal cells lack specific markers and tend
to be non-immunogenic [92]. Several antigens expressed in OS are also found in healthy
tissues [92]. The human epidermal growth factor-2 (HER-2) is expressed in OS at low levels
and may be susceptible to HER-2 CAR-T cell targeting [92]; disialyl ganglioside (GD-2)
is expressed in half of OSs and may also represent a treatment target [92]; IGF receptor-1
(IGFR1), tyrosine orphan-like receptor-1 (ROR1), folate receptor-a, and CD146 are also
potential targets [92]. HER-2 CAR-T cells have been shown to promote tumor regression in
animal models and to induce no toxicity, promote disease stability, and, given the 6-week
stability of these cells, have a long-lasting effect in a phase I/1I clinical trial in patients
with HER-2 positive sarcoma [93]. IGFR1 and ROR1 CAR-T cells derived from a sarcoma
patient significantly suppressed tumor growth in both localized and disseminated sarcoma
xenograft models [93]. The main issue with the use of CAR-T cells in OS is target access
through the osteoid bone tumor matrix, but OS treatment with CAR-T cells is still being
investigated [93].

Improved knowledge and better understanding of the crosstalk between OS cells, os-
teoclasts, and immune cells may lead to the optimization of immunotherapy use in OS [99].
This therapeutic approach will predictably have a more prominent role in the adjuvant
setting and greatest efficacy in micrometastatic disease [92]. Combining immunotherapy
with other types of anti-cancer therapy like ChT and combining different immunotherapy
modalities will predictably maximize the efficacy of this therapeutic intervention.

5. Conclusions

The burden of OS to patients and the community is currently high, as available
treatments combine ChT, often disabling surgery and prolonged rehabilitation periods.
New targets are necessary to improve the survival and quality of life for these patients.
OS subtypes are characterized by a large number of genomic alterations and mutations,
which often provide great potential for target therapies. Several trials are ongoing in order
to achieve this goal. In the palliative setting, cytotoxic treatments in monotherapy are still
the standard, but cytotoxic treatments are also being studied in combination with target
therapy as mentioned previously in this paper. The therapeutic combination may allow
a synergistic or additive effect and, therefore, it may be possible to reduce the doses of
conventional chemotherapy, decreasing toxicity. However, clinical research is still limited,
and several drugs have failed to show clinical benefit.
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APC Antigen-presenting cells
CAR-T Chimeric antigen receptor T
ChT Chemotherapy

COG Children’s Oncology Group
DC Dendritic cells

GM-CSF  Granulocyte-macrophage colony stimulating factor
HER2 Human Epidermal growth factor Receptor 2

Hh Hedgehog

ICI Immune checkpoint inhibitors
IGF Insulin-like growth factor
IGF-1R IGF-1 receptor

IL Interleukin

INF Interferon

miRNA  microRNA

mTOR Mammalian target of rapamycin
NK Natural killer

oS Osteosarcoma

PD-L1 Programmed cell death ligand 1
PD-1 Programmed cell death protein 1

PDGF Platelet-derived growth factor

PDGFR  Platelet-derived growth factor receptor

PD-L1 Programmed cell death ligand 1

Ptch Patched

PTHrP Parathyroid hormone- related peptide

RANKL  Receptor activator of nuclear factor kappa-B ligand

Smo Smoothened

TGF Transforming growth factor

Th T-helper

TNF Tumor necrosis factor

Treg Regulatory T cells

uPA Urokinase plasminogen activator

VEGF Vascular endothelial growth factor
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