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Abstract

Osteosarcoma (OS) is the most common primary bone malignancy, with lung metastasis being the leading cause of mortality. The
metastatic process is driven by complex biological mechanisms, including tumor cell-specific adaptations of growth pathways, immune
modulation within the tumor microenvironment, and reactivation of metastatic cells from dormancy. This scoping review captures
overlooked and under researched pathways, supporting mainstream therapeutic targets while shedding light on novel ones, reinforcing
and revising conclusions drawn in previous literature, and guiding future research. MEDLINE, Embase, and Cochrane CENTRAL were
searched with a publication date limit from 2019 onwards using relevant MeSH terms combined with Boolean operators, truncations,
and keyword searches. The search culminated in 43 reports, including 30 in vivo, 8 in vitro, and 5 observational studies. This study
conforms to the PRISMA-ScR guidelines. Tumor cell adaptations, including epithelial-mesenchymal transition (EMT) and enhanced
migratory and proliferative signaling via JAK/STAT and TGF-$ pathways, are critical drivers of OS lung metastasis. Manipulated
upstream ligand-driven signaling promotes transcriptional changes that increase cell cycle proteins and mesenchymal markers, confer-
ring chemoresistance and advancing OS cells toward a metastatic state. The tumor microenvironment also plays a key role; interactions
between OS cell-derived cytokines and tumor-infiltrating immune cells lead to tumor associated macrophages and neutrophils (TAMs/
TAN:Ss), which help establish a pre-metastatic niche and provoke immune remodeling. However, the impact of TAMs on OS survival
remains ambiguous due to their dual pro- and anti-tumor roles. Lung-induced dormancy links tumor intrinsic and immune-driven
mechanisms, allowing tumor cells to evade immunity or pause progression. Inflammatory pathways and immune activation can reverse
dormancy, promoting further OS dissemination. The reviewed evidence supports targeting intracellular signaling and immune pathways
to mitigate OS metastasis. The paucity of longitudinal data on lung dormancy warrants caution, emphasizing integrated approaches and
better controlled studies with focus on combinatorial therapies for more conclusive outcomes.
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Introduction

Osteosarcoma (OS) is the most common primary bone tumor,
accounting for almost 50% of malignant bone tumors." It is a
condition characterized by the abnormal formation of osteoid
and bone tissue from tumor cells, with epidemiological obser-
vations indicating that younger age is a significant risk factor
associated to the onset of OS.'” The survival rate of OS is
approximately 60-70% and if diagnosed early, localized OS
has a 5-year overall survival of >70%.%> Up to 20% of indivi-
duals with osteosarcoma present with metastasis, most com-
monly to the lungs, and this cohort of patients face a 5-year
overall survival rate of less than 30%, with a large incidence
of relapse in initially successfully treated patients.’

Currently, the cornerstone of treatment for OS lung metasta-
sis is surgical resection and a chemotherapy regimen, however,
the gold standard management of both synchronous OS lung
metastasis and relapse is unclear.* Study of the biological
mechanisms that underscore the metastasis of OS to the lungs,
and determinants of the survival of OS within the lung paren-
chyma have been postulated, in pursuit of synthesising biomar-
kers to help flag early micro metastasis, while also streamlining
the introduction of less invasive forms of therapy, particularly
immunotherapies. Commonly discussed biological pathways
in the literature include: the adaptations of intracellular mechan-
isms and their interplay with metastatic lung progression; immune
modulation in OS lung metastasis within the tumor microenviron-
ment; and lung-induced metastatic dormancy. These all present
targets for novel therapies to combat OS lung metastasis, how-
ever, conflicting evidence appears throughout the literature
when studying the efficacy of immunotherapies specific to
elements of these pathways.

In 2019, the Children’s Oncology Group articulated a variety of
inquiries regarding OS lung metastasis.” They sought to under-
stand the intrinsic adaptations or signals that permit OS cells to sur-
vive and thrive within pulmonary tissues, and the mechanism by
which lung-derived signals activate survival pathways in these
tumor cells. These pivotal questions have helped guide the themes
of our review, honing in on key intracellular signaling pathways
and the interaction between tumor and microenvironment within
the lungs to help address these gaps in the current literature avail-
able. By focusing on extracting relevant data from contemporary
studies surrounding the topic, we provide an up-to-date evaluation
of the biological drivers of lung colonization in OS and factors
actively inhibiting the encroachment of metastatic cells upon the
lung tissue while touching upon newly researched therapeutic
interventions throughout where suitable.

Methods

PubMed, Embase, and Cochrane CENTRAL were searched for
full text articles in the English language from the years 2019-

2025 that focused on biological mechanisms underscoring lung
metastasis in OS, with the most recent search conducted on 23/
02/2025. The Children’s Oncology Group article in 2019 guides
the objectives of this article as alluded to earlier, justifying the pub-
lication date of our search strategy. Non-English articles were
excluded due to the core literature base being in English and the
lack of resources to adequately translate literature while ensuring
minimal misinterpretation of key findings.

Studies focusing on non-lung metastases, unless findings
also address lung involvement, were excluded. Purely clinical
studies without biological insights or mechanistic focus were
also excluded. As there is sufficient volume and diversity in
published research to identify key mechanisms, map research
trends and highlight knowledge gaps, only published articles
have been included. Using only credible, rigorously reviewed
studies may help improve the reliability of thematic synthesis.

Our MeSH terms with appropriate truncations and
Boolean operators ensured a high sensitivity of detection of
relevant articles, with the following terms used for search
purposes: “Osteosarcoma”, “Bone Neoplasms”, “Lung
Neoplasms”, “Neoplasm Metastasis”, “Pulmonary Neoplasms”,
“Biological Factors”, “Signal Transduction”, “Cell Movement”,
“Angiogenesis Inducing Agents”, “Epithelial-Mesenchymal
Transition”. These terms were paired with key words, “osteo-
sarcoma”, “lung” and “metastasis”, to cast a wide net and account
for any human error in indexing medical terms.® These terms and
limits are conducive to capturing the most relevant studies on
the subject at hand while filtering out irrelevant clinical or
therapeutic-only studies. The described approach ensured a bal-
ance between a manageable dataset for review, with concurrent
maximal coverage of high-quality, recently conducted research.

The title-abstract screening was undertaken blindly by three
reviewers, A.B, A.I and A.M, to reduce the chance of error and to
add more scrutiny during the screening process. 1908 articles were
eligible for initial screening process after duplicates were removed.
Once articles satisfying our eligibility assessment were determined,
a total of 43 studies were included for data retrieval, comprising
30 in vivo studies, 8 in vitro studies, and 5 observational studies.

Among the studies retrieved and included, the reference lists
of pertinent papers were also scrutinized to identify additional
articles of interest for our scoping review.

These articles were subsequently selected for data extraction,
using a data collection spreadsheet finalised after being piloted
by two reviewers, A.B and AL, on five of the articles (randomly
selected by random number generator) and thereby refined for
clarity before full use. The data extraction process was completed
independently by A.B, A.I and A.M, with reviewers retrieving
data separately and then comparing to catch errors. The main bio-
logical mechanisms outlined in each article reviewed were high-
lighted in the data extraction process and used to thematically
group, aswell as summarise data in a manner, streamlining
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integration of the condensed information into the finalised review
under an appropriate set of headings.

To ensure an objectively thorough reporting of our findings and
methodological transparency, the structure of the scoping review
was modeled in compliance with the PRISMA-ScR guidelines,
which helped also form our review protocol that was followed
throughout, however this protocol has not been registered or

published (Figure 1).” As touched upon, OS lung metastasis is an
evolving field of study, underpinned by a multitude of intersecting
biological processes that each require careful examination. A scop-
ing review affords the opportunity to map this widely heterogenous
topic by allowing a collation of research produced from varying
research study designs.® In the midst of complex, poorly defined
concepts, this framework enables the consolidation of key research
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findings to formally clarify them and identify gaps in current under-
standing, serving as a stepping stone to guide future research.

Specific Adaptations and Intracellular Signals
of Tumor Cells

WNT/ B - Catenin Signaling

The G-protein coupled Frizzled (FZD) receptors have an estab-
lished role in P-catenin signaling. Activated by wingless inte-
grated (WNT) ligands, there are ten FZD receptors
(FZD1-FZD10) which facilitate the subsequent induction of
canonical and non-canonical pathways.” These signaling path-
ways contain many biological targets relevant to the tumorigen-
esis of OS such as MYC, cyclin D1 and axin, however upstream
biological targets, in particular the initial signaling steps are also
a point of interest.'® Therapeutic targeting of the canonical
WNT/B-catenin signaling pathway is particularly important
due to its role in stem cell renewal and bone regulation during
embryogenesis, along with its activation in OS, which is asso-
ciated with invasion and metastasis.'"*'*

In OS, FZD7 expression is increased, with its upregulation
associated with epithelial-to-mesenchymal transition (EMT)."?
EMT is characterized by a loss of epithelial cell markers, eg
E-cadherin, with subsequent upregulated expression of mesen-
chymal cell markers, eg Fibronectin and Vimentin.'*~'® This
leads to a loss of cell polarity and intercellular adhesion, along-
side concurrent increased cell motility and invasiveness. This is
significant, as increasing EMT expression is associated with a
higher capacity for primary tumor cell dissemination, migra-
tion, cluster survival in circulation, extravasation, metastatic
colonization and chemoresistance.'®

One of the other FZD receptors, FZDS, is reported to be acti-
vated by WNT2 ligand and downregulated by miR-100 or
miR-520b, acting to promote cell proliferation, migration, and
invasion via activation of WNT/p-catenin pathway.'” FZD9,
also implicated in OS progression, has an essential role in osteo-
blast differentiation for bone formation and pre-B cell develop-
ment. Depending on the tumor, FZD9 interacts with several
WNT ligands including WNT2, WNT5a, and WNT3a, to pro-
mote EMT and invasiveness.'® It has been discovered that
proto-oncogene c-Fos determines FZD9 and WNT2 expression
which as alluded to, are associated with an aggressive OS
phenotype, with FZD9 in particular frequenting later stages of
0S." Other molecular targets of the WNT/p-catenin pathway
include chemokine receptor-9, COL5A2, also associated with
EMT and OS metastasis when overly expressed.?’ Discovery
of these molecular targets has prompted further research into
therapeutic agents to combat them, and promising synthetic
and naturally derived agents include: metillin, tegavivint and
echinatin.?' >

JAK/STAT Signaling

The JAK/STAT signaling pathway strongly influences immune
regulatory processes in tumor cell recognition and its role can

be described as a double-edged sword, either directing
towards a tumor progressive-state or a tumor inhibitory
state.”* STATI and 2 are recognised as maintaining anti-
tumor defence, while STAT3 and 5 are associated with tumor
initiation and progression.**

Interleukin 6 (IL-6) as a prominent activator of the JAK/STAT
signaling pathway is well recognised, and it is highly expressed in
0S.%® IL6 interacts with STAT3 in a positive feedback loop-like
pattern, conducive to excessive activation of chronic inflammatory
pathways, provoking tumor progression.”> Additionally, anti-
apoptotic proteins are also influenced by STAT, in particular
STATS, which works to inhibit Bcl-2, reducing tumor cell sensi-
tivity to apoptosis.”® STAT3 alternatively, when activated, upregu-
lates PD-L1 expression, leading to immune evasion, and its
phosphorylation enhances OS cell survival through resistance to
chemotherapy.>>*” The relationship between STAT3 and PD-L1
is further highlighted by the effects of sunitinib, a STAT3 inhibi-
tor, that resulted in significant reductions in PD-L1 expression and
OS progression, effectively remodeling the immune system by
restoring immune surveillance.?’”

The overarching relationship of STAT with OS progression
is delineated by novel STAT3-specific inhibitory immunother-
apies such as TPCA-1. This therapy in particular was shown to
halt OS progression by reducing MMP-2 and cyclin-D1 levels,
which under normal circumstances both promote tumor pro-
gression through cell cycle maintenance and EMT.?®° Other
interesting immunotherapies include curcumin, reflected by
the effects of curcumin analog L48H37 on suppressing OS
cell migration and invasion by manipulating & inhibiting the
JAK/STAT signaling pathway.>* Additional immunotherapies
targeting this pathway include the JAK2 inhibitors AG490
and telocinobufagin.>'*? These therapies result in a reduction
of OS cell proliferation, migration, and invasion by inhibiting
the JAK2/STAT3 pathway in particular. Combination therapies
inhibiting both JAK/STAT and PD-L1 may enhance therapeutic
efficacy when compared to monotherapies, by stifling the
downstream effects of JAK/STAT activation too. Future direc-
tions of therapy may include modulation of the delivery system
of these drugs to enhance bioavailability, such as nanoparticle
drug delivery systems or alternatively using gene editing tech-
niques such as CRISPR-Cas9 to silence STAT3.*?

In OS, several long non-coding RNAs are altered, mediating
tumor progression and metastasis through modulating the JAK/
STAT pathway.>* An example of this is microRNA-101, which
inactivates the PI3K/AKT and JAK/STATS3 signaling pathways,
through the downregulation of ROCK-1 (Rho-associated kinase
1), subsequently inhibiting OS tumor growth and metastasis. In
the absence of inhibition, ROCK-1 and STAT3 engage in a
positive feedback loop, with ROCK-1 promoting STAT3 phos-
phorylation and STAT3 promoting ROCK-1 transcription, in
turn resulting in EMT.*> Similarly, microRNA-126 inhibits pro-
liferation, migration, invasion in OS by targeting and silencing
the ZEB1 (Zinc Finger E-box Binding Homeobox 1) gene cons-
quently inactivating the JNK and JAK1/STAT3 pathways, which
under normal circumstances suppress epithelial markers (eg,
E-cadherin/CDH1) to promote mesenchymal traits (eg, N-cadherin/
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CDH2, vimentin).*® Notably, unlike carcinomas, which undergo
EMT as a key step in metastasis, OS is a mesenchymal-origin
tumor, however, suppressing epithelial markers and promoting
mesenchymal traits in OS can still influence tumor progression
through mechanisms analogous to EMT.

NOTCH Signaling

The NOTCH signaling pathway is found to promote OS tumor
growth and metastasis through promoting cell cycle expression
and EMT, with NOTCH-1 displaying the strongest association
with poorer outcomes in OS cases.’”>®

The NOTCH target genes, HES1 and HEY2, both belonging
to the “Hairy and Enhancer of Split” family of transcription
factors, were significantly upregulated in OS patient samples
and associated with a poor prognosis.>® HES1 specifically cor-
relates with a worse response to chemotherapy and thereby can
be used as a potential marker to stratify patients with regards to
their prognosis post-chemotherapy, guiding individualised
therapy.*® A ligand of NOTCH and activator of this pathway,
JAG]1, was found to be positively associated with the metasta-
sis and recurrence of 0S.*' CEMIP, a protein found to regulate
OS progression by manipulating the NOTCH pathway,
like JAG1, promotes OS growth and metastases when
overexpressed.*

The expressions of NOTCH1, NOTCH2, HES1, and Delta-
like 1 gene (DLL1) (a ligand in NOTCH signaling pathway)
were significantly upregulated in a highly invasive and meta-
static LM7 OS cell line, compared to normal human osteoblasts
and the SaOS-2 cell line, which has a lower metastatic poten-
tial.** This highlights the contribution of NOTCH pathway to
initiating, maintaining and enhancing OS progression, and con-
ferring a higher metastatic potential to OS cells. Additionally,
JAGI expression was significantly higher in the highly meta-
static FSM2 cell lines compared to the less metastatic F4 OS
cells, exhibiting its function as a potent activator of the
NOTCH pathway and the deleterious effects this poses on OS
progression.”!

Therapeutic interventions focusing on this pathway for the
purposes of halting OS progression centre upon combatting
NOTCH-1 signaling. Naturally derived compounds such as curcu-
min and oleanolic acid both proved to halt OS progression by
varying mechanisms including modulating microRNA expression
to help suppress biological mechanisms promoting OS.®
MiRNAs were shown to have variable effects on NOTCH signal-
ing, with some such as miR-34a downregulating DLL1, NOTCH
1 and NOTCH 2 thereby regulating OS invasiveness, while others
such as miR-199b-5p and miR-135b advance OS progression.***¢

Receptor Tyrosine Kinase (RTK) Signaling

Multiple receptor tyrosine kinases (RTK) are implicated in
aggressive forms of OS.*” Through fibrogenic programming,
FGFR (fibroblast growth factor receptor), an RTK, was found
to aid the growth of metastatic OS in the lung without impacting
the growth of the primary tumor.*® Fibronectin from resulting

fibrosis initiated by FGFR promoted fibrogenic programming
and OS growth within lung microenvironment; notably fibro-
blastic programming was found to confer a huge advantage in
the synthesis of macrometastes.*® Through the use of nintendi-
nab, a known antifibrotic drug used in idiopathic pulmonary
fibrosis, the myofibroblastic programming process was limited
by targeting the FGFR-fibronectin axis in its entirety, thereby
presenting itself as a druggable target to halt progression of
OS metastasis within the lungs.***°

IGFIR, a marker used to indicate OS invasiveness and
metastasis is commonly out of balance with IGF binding pro-
teins (IGFBPs) in aggressive OS cell lines.’® Despite
IGF1R’s prominent role in advancing the spread of OS to dis-
tant sites, therapeutic agents targeting this receptor signaling
pathway have shown little success, mainly secondary to resist-
ance.’' Research suggests that the use of dual- therapies, with
the inhibition of multiple targets, is more effective, illustrated
by experiments conducted on a orthotopic murine xenograft
model, wherein both receptors, IGF1R and EGFR were targeted
concurrently in a 143B human OS cell line, resulting in reduc-
tion in both tumor growth and the number of metastases.”’

AXL is part of a subgroup family of Receptor tyrosine kinases,
‘TAM’, which is made up of Tyro3, AXL, and MerTK.>? AXL
has been associated with recurrence and metastasis of OS and is
an independent predictor of worse outcomes and poorer prognoses
in OS patients.”® Overexpression in OS is conducive overactiva-
tion of PI3K/AKT and MAPK/ERK pathways, which promote
Hippo signaling, allowing YAP1/TAZ activation in a positive
feedback loop with AXL expression, aiding OS migration and
contributing to chemoresistance.’* > An experiment using a
model replicating the lung microenvironment studied circulating
tumor cells (CTC’s) in pulmonary vasculature and other areas of
lung, away from the primary loci (PT cells), where human derived
OS cells were first injected into the trachea (2D cells) and travel to
in the lung>® This report found significant upregulation of
EPHB2, FGFR2, and RET mRNA in CTC’s compared to PT
cells, but also in PT cells compared to 2D cells (except here,
FGFR2 was downregulated in comparison), showing the effect
of tumor microenvironment in lungs on altering RTK profiles
that influence the OS metastatic cascade.>® The same experiment
also showed upregulation of YAPI and TAZ in CTC’s, which
are commonly overexpressed in OS due to Hippo pathway dysre-
gulation, which as alluded to, results in AXL overexpression.” It
was found here that metastasis-prone OS as compared to cells with
lower metastatic ability expressed higher levels of AXL, and that
SGI-7079, a Gas-6 (ligand of AXL) inhibitor, slowed migration of
metastasis prone OS cells.’® Additionally, CTC’s were found to
express EMT-related transcription factors such as ZEB-1, suggest-
ing these cells had undergone EMT, and thereby there is potential
interaction between YAP/TAZ/AXL and EMT.* Associations
between the AXL pathway itself and EMT has also been high-
lighted, wherein one study showed strong positive correlation
between a form of AXL and MMP-9 expression in those OS
patients, where MMP-9 through extracellular matrix degradation
causes loss of E-cadherin-based adhesion allows epithelial cells
to transition into mesenchymal-like invasive cells.*’
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Overexpression of MET, another RTK, and its ligand HGF
(hepatocyte growth factor), was found to be involved in the
proliferation, invasiveness and metastasis of OS cells.®!
Immunohistochemical analysis revealed MET overexpres-
sion in 82% of OS metastases.®? A multitude of various
MET inhibitors have been tested with success, one being
K252a, that was found to reverse migratory capability induced
by HGF activation of MET and consequently PKB/AKT growth
pathway in two OS cell lines.®® Other inhibitors include anlotinib,
PHA-665752 and Cabozantinib, that all work through various
mechanisms to inhibit MET and successfully demonstrate efficacy
in hindering OS progression.***® Cabozantinib, an inhibitor of
RET posited to contribute to OS migration, was shown to promote
OS migration as opposed to cell growth in aggressive cell lines,
which celebrated a 71.4% progression-free survival rate in OS
patients at 4 months.®’

RANK/RANKL/OPG Signaling

OS has been associated with a deregulated RANKL/OPG bal-
ance resulting in pathological bone features, but also, tumor
invasiveness and dissemination.®® Under normal conditions,
RANKIL, a protein produced by osteoblasts stimulates osteo-
clastogenesis via binding to RANK on osteoclastic surface,
whereas OPG antagonises this effect, competing with RANK
as a receptor binding RANKL, thereby inhibiting RANK acti-
vation and associated osteoclastogenesis.®’

RANKL is found to be produced by OS tumors and cell lines
that also express RANK.®® RANKL-RANK signaling in osteo-
clast precursors, promoted by the production of RANK-L from
OS cells triggers osteoclastogenesis and bone destruction.”® In
turn, this process releases growth factors to attract and stimulate
tumor cell growth, propagating a “vicious cycle” between bone
destruction and tumor expansion with more OS cells producing
RANK-L and thereby promoting further bone destruction,
reinforcing RANK-L’s role in OS growth and migration.®’
The significance of RANK-L in spurring on OS lung metastasis
is illustrated by the reduction in tumor growth displayed when
an OS cell line did not express RANK-L, demonstrating the
dependence of this axis on RANK-L to promote OS lung metas-
tasis through bone destruction.’® This axis however does not
solely rely on direct osteoclastogenesis, and instead, it’s been
shown that OS cells are capable of intrinsically produce cyto-
kines, chemokines, growth factors, and hormones to encourage
RANKL- RANK interactions through PTHrP-induced OPG
suppression, resulting in further bone destruction, thereby indir-
ectly causing OS growth.®”

Autocrine interactions involving the RANK-RANKL axis
have also been observed, separating this from the previously
discussed OS cell-osteoclast interactions that promote osteo-
clastogenesis. These autocrine interactions involving RANK
expressing OS cells that release RANKL which then in turn dir-
ectly binds to the RANK receptor on OS cells, is proposed to
stimulate EMT through enhanced expression of the NF-kB
pathway. This conclusion is supported by the reduced migration

and invasion of OS cells following treatment with the NF-xB
inhibitor dimethyl fumarate.”’

An autocrine-like activation of OS cells however is disputed
by one study suggesting that RANK expression was absent
when studying OS cells but present in other cells within the
OS samples taken, for instance osteoclast precursors, whereas
in contrast, OS cells within the same sample expressed
RANKL with 37% (29/79) of samples exhibiting >10%
RANKL positive tumor cells.”* Therefore an argument can be
made that a RANK- osteoclast mediated interaction is more
likely to contribute to OS progression as opposed to an
autocrine-like interaction. This hypothesis is further supported
by one study assessing the effect of RANK/RANKL inhibition,
with results demonstrating that this axis inhibition is only sig-
nificant when targeted towards osteoclasts resulting in delayed
tumor initiation and prolonged lifespan, whereas when focused
uponSOSteoblasts solely, there is negligible effect exerted upon
0S.’

Although RANK-L does not have a direct impact on prolif-
eration of RANK-expressing OS cells, data suggests there is a
direct effect on the cell differentiation process through an auto-
crine process.®® Interestingly, RANK expression serves as a
factor of good prognosis, due to pro-differentiation effect of
RANK-L on these cells, notably however, the same study found
in immune-compromised mice, RANK expression by tumor
cells favours the occurrence of lung metastases. This finding
can be extrapolated to patients undergoing chemotherapy,
which is a common case in OS patients, thereby inhibition of
this signaling may be of major relevance for preventing metas-
tases.®® The cell differentiation effect of RANK-L may explain
the effects of denosumab, a RANK-L inhibitor, when used both
alone and with doxorubicin. This experiment showed an insig-
nificant or discouraging response respective to the two treat-
ment groups, and it stresses the necessity for undertaking
pre-clinical studies prior to blocking RANK/RANK-L path-
ways in 0S.”*

Hedgehog/Gli Signaling

The Hh-GLI signaling pathway is important in embryonic
development and tumorigenesis. The constituents of Hh signal-
ing comprise of: 3 Hh ligands (Sonic hedgehog (Shh), Desert
hedgehog (Dhh) and Indian hedgehog (Ihh)); 2 twelve-pass
transmembrane receptors (Patchedl (PTCH1) and Patched2
(PTCH2)); 3 transcription factors (GLI1 (activator), GLI2
(repressor/activator) and GLI3 (repressor/activator)).”” Under
normal conditions, in the absence of Hh ligands, PTCH keeps
SMO inactivated, and at this point, GLI (GLI 2 or 3 repressor)
is actively inhibiting the levels of the Hh target gene expos-
ure.”® The interaction between Hh ligand and PTCH induces
phosphorylation of SMO, resulting in release of SMO inhibition
by PTCH and subsequently activating SMO. This causes even-
tual activation of GLI transcription factors (activators) and
expression of target genes of Hh pathway,”” which include
the cell cycle-related proteins cyclin D/E and anti-apoptotic
protein Bcl-2, thereby promoting OS proliferation and tumor



Bashir et al

invasiveness.”® This pathway has been implicated in pulmonary
metastases by multiple studies, with a report showing that a
group of mice treated with cyclopamine, an SMO inhibitor,
lowering pulmonary metastasis by 20%.”°

GLI-2 in particular is associated with poorer clinical out-
comes in OS patients and can be utilised as a prognostic marker
and therapeutic target.*® Studies have shown a higher GLI-2
expression in OS cell lines in comparison to normal osteoblasts
and an associated increase in proliferation and metastasis of OS
to the lungs with overexpression of RPS3, a target gene of
GLI-2 and a potential marker of invasive 0S.®' Moreover,
GLI-2 has been implicated in chemoresistance, reinforced by
increased sensitivity to doxorubicin and methotrexate with
GLI-2 knockdown.®® Inhibition of GLI-2 on the other hand,
induces apoptosis, which results from the GI1 arrest due to
reduced cyclin D1, SKP2 and phosphorylated Rb expression.®?

Similar to GLI-2, GLI-1 expression was also seen to be upre-
gulated in OS patients. In the same vein as GLI-2, GLI-1
expression confers chemoresistance to OS cells.®® Silencing
GLI1 was shown to restore sensitivity of OS cells to chemother-
apeutic agents, reducing proliferation, migration and cloning
capacity of OS cells treated with cisplatin.®* The reason GLI-1
expression is associated with chemoresistance is the subsequent
blockade of y-H2AX, altering DNA repair and damage functions
and subsequently reducing the efficacy of cisplatin®® Additionally,
Gankyrin, one of the regulatory subunits of the 26-kD human pro-
teasome complex and a known onco-protein, promotes both
migration and invasiveness of OS by regulating GLI-1 associated
stemness factors, while suppressing GLI-1 degradation.** One
study found that Ganykrin overexpression and it’s interaction
with GLI-1 was found to be associated with pulmonary metastasis
of OS, displaying an increased number of metastatic lung nodules
and higher lung weight in subjects.®*

Transforming Growth Factor-3 Receptor Signaling

Transforming growth factor-p (TGF-f) receptors represents an
evolutionarily conserved family of secreted polypeptide factors
that mediate a diverse range of embryonic and adult signaling
functions.®® Their influence on cancer progression is dependent
on cancer type, either halting or promoting tumor progression,
with the latter being true for sarcomas.®® Their presence is a
greater predictor of OS when compared to healthy controls
and confers a greater risk of lung metastasis, suggestively
due to their ability to induce EMT in OS cells, but other fac-
tors have also been reported to contribute.®® This effect on
metastatic potential is illustrated by the inhibition of OS
cells’ migratory ability and invasiveness when in the pres-
ence of TGF-B signaling pathway inhibitors Smad7,
SD-208, and halofuginone.®’

Interestingly, one study has suggested a connection between
the Hippo and TGF-B signaling pathway, with the interaction
between the two purportedly promoting lung metastasis of
0S.%® YAP, one of the main effectors in the Hippo pathway,
was found to promote lung metastasis of OS, namely through
EMT as demonstrated by significantly increased expression of

N-cadherin, Snail, Twist2, vimentin, MMP-2 and MMP-9,
which all play a key role in OS cell detachment from primary
tumor, migration and invasion.®® Under normal conditions,
after nuclear translocation, Smad3/4, a TGF-B receptor sig-
naling protein heterodimer complex, binds to the CAGA pro-
moter to amplify Lux gene transcription, a reporter gene to
measure transcriptional activity of Smad3/4 in response to
TGF-p signaling. YAP interacts with Smad proteins (espe-
cially Smad3 and Smad4), facilitating their translocation
into the nucleus, and thereby enhancing transcriptional abil-
ity as seen by an amplified response of the (CAGA)»s-lux
reporting system in the presence of YAP activation.®® This
demonstrates a synergistic role of YAP and TGF-f in driving
OS progression, with YAP functioning as a co-activator of
Smad signaling in OS cells.

TGFR-B3, one of many TGFB receptors, was found to be
protected by SCD4, a target gene transcribed by Smad3/4,
which inhibited it’s degradation by MMP’s under normal
conditions.®® This potentiates a vicious cycle resulting in
excessive TGFBR-3 expression and downstream Smad3 acti-
vation, consequently increasing metastatic potential of OS
cells through EMT enhancement.®® An increase in
ZFP36L1 however is shown to break the feedback loop
between SDC4 expression and TGF-f signaling, thereby
becoming a potential therapeutic agent for OS-driven lung
metastasis.®’

For a summary review of the adaptations of intracellular sig-
naling mechanisms that both promote and hinder OS lung
metastasis, see Supplementary information A.

Immune Modulation Promoting Pulmonary
Metastasis via the Tumor Microenvironment

The immune system plays a dual role in the recognition and
progression of malignancy. Immunosuppression in patients is
associated with an increased risk of cancer, inferring a defen-
sive role.”® Immune cells can confer an antitumor effect, as
the quality and quantity of immune infiltrates present in the pri-
mary tumor is associated with improved survival.”’

Tumor cells release tumor antigens which are presented by
antigen-presenting cells (APCs) to the adaptive immune system
in response to activation by immunostimulatory signals such as
inflammatory cytokines. Induction of T-cells can then lead to
cancer cell killing.”> The adaptive immune system also has a
protective function against malignancy through recognizing
‘driver mutations’ within oncogenes or tumor suppressor genes
which promote tumorigenesis.””> However, tumor cells can
evade the host’s immune system through manipulation of the
tumor microenvironment (TME) via complex mechanisms.”*
The TME comprises tumor cells, immune cells, stromal cells,
blood vessels and extracellular matrix (ECM), with immune
cells being a critical component.”* Communication between
tumor cells, cytokines, chemokines, growth factors and inflam-
matory mediators are active promoters of multi-drug resistance,
tumorigenesis and metastasis.”**>
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Tumor Associated Macrophages (TAMs) and Tumor
Associated Neutrophils (TANs)

Cancer-cell derived cytokines can differentiate tumor infiltrat-
ing immune cells into tumor promoting, such as TAMs and
TANs.” These myeloid-derived suppressor cells inhibit the
activity of lymphocytes through complex mechanisms leading
to the downregulation of T cell receptors, and reduced T-cell
survival and proliferation.”® TAMs can be differentiated into
two subtypes: M1 and M2. M1 are typically involved in the
anti-tumor response via producing reactive oxygen species
and proinflammatory cytokines.””*® However, M2 TAMs sup-
port the metastatic and invasive potential of tumors through the
upregulation of proteolytic enzymes and various cytokines and
chemokines.”

TAM:s have been implicated in the metastasis of OS through
various mechanisms. Gene expression analysis showed TAMs
upregulates cycloxygenase-2 (COX-2) pathways, leading to
phosphorylation of the STAT3 resulting in the migration and
invasion of OS cells. These findings were further supported
as inhibition of the COX pathways using aspirin in mice,
resulted in a significantly reduced level of lung metastasis.'®
Macrophages can stimulate the invasion of tumor cells in breast
cancer and gliomas through the secretion of EGFR ligands.
In vitro and in vivo studies have shown that EGFR inhibitors
such as gefitinib altered the metastatic effect of macrophages
in OS. However, these results were specific to the cell lines
used in the study which could limit generalizability.'®!

In vitro studies demonstrated TAMS infiltration is signifi-
cantly higher in lung metastasis of OS compared to the primary
lesion. Migration of M2 TAMS in OS cells is promoted by the
zinc finger protein ZIM3 and the chemokine CCL25. Mouse
models with silenced ZIM3 and CCL25 demonstrated signifi-
cantly improved survival and reduced pulmonary infiltration
by M2 TAMs. Genetic analysis through the R2 database
showed CCL25 and ZIM3 expression was marginally higher
in patients with OS metastasis and therefore associated with a
poorer prognosis.'®? However, Buddingh et.al identified an
association with TAMs and improved survival in high-grade
OS. TAMs were characterized and quantified in pretreatment
biopsies, post chemotherapy resections and metastatic lesions
using genome-wide expression analysis. A high expression of
macrophage associated genes was associated with a better
metastasis-free survival. Survival benefit corresponded to
response to chemotherapy. OS cells have both M1 and M2 char-
acteristics. It was proposed that cell death through chemother-
apy releases endogenous danger signals, causing polarization
of M2 to M1 TAMs.'® The contrasting effects between the dif-
ferent sub-group of TAMs demonstrates the complexity of their
effect on OS outcomes. This is further compounded by the abil-
ity of TAMs to switch between different subgroups.

Immunotherapies that subsequently change tumor associated
macrophage polarisation and thereby the tumor microenviron-
ment are being investigated, one of which is a detoxified
TLR4 agonist, that appeared to polarise tumor-associated
macrophages (TAM) towards the M1 phenotype.'®* However,

notably, it was found that the primary mechanism of action of
this agonist in reducing lung metastases was dependant on
CD8+ T cell recruitment/infiltration, as opposed to the polarisa-
tion of macrophages.'®*

Chemokines/Cytokines

Chemokines and cytokines have a significant role in activating
signaling pathways which mediates angiogenesis and immune
cell recruitment and migration. The process is contributed to
by the loss of cell-cell adhesion and increased migratory cap-
acity which underpins metastatic potential of malignant cells.
Chemokines can also exhibit roles as a growth factor demon-
strating an antiapoptotic and proliferative effect.'® In OS,
TAMS have been associated with 1L-34 and CCL18 expression
which is correlated with increased proliferation and invasion of
OS cells. Tissues expressing IL-34 show increased numbers of
M2-macrophages. IL-34 induces adhesion of monocytes to
endothelial cells and promotes vasculogenic changes which
increases the extravasation capability of TAMS. %196

Chemokines can be classified into four subfamilies: CC,
CXC, CX3C and XC according to the variations in the config-
uration of the two cysteines closest to the N terminus.'*® CXC
chemokines are particularly associated with promoting growth
and metastasis of tumor cells. CXCL1 and its receptor
CXCR?2 has been widely implicated in the progression of sev-
eral cancers, including colorectal, hepatocellular, pancreatic,
ovarian and breast cancer.'””'%® Finally, CXCLI has been
shown to contribute to lung metastasis in OS through increased
expression of vascular cell adhesion molecule 1 (VCAM-1),
involved in vascular adhesion and migration of macrophages
and T cells.'” In vivo studies demonstrated reduced pulmonary
metastasis in mouse models with suppressed CXCL1 expres-
sion. In human OS tissue, higher-stage tumors had significantly
raised CXCL1 and VCAM-1 expression compared to lower-
stage tumors, suggesting that CXCLI is a significant regulator
in the metastasis of OS."'” The level of CXCR2 can also have a
prognostic value as both VCAM-1 expression and clinical dis-
ease progression is positively correlated with higher expression
of CXCR2.'"

Figure 2 provides a summary of the mechanisms of immune
modulation promoting OS metastasis, highlighting the role of
cytokine-driven communication within the tumor microenviron-
ment in facilitating OS cell mobilization and neovascularization.

Extracellular vesicles (EVs) have been shown to signifi-
cantly alter the tumor microenvironment, serving as conduits
through which primary osteosarcoma (OS) cells communicate
with distant organs such as the lungs to promote metastasis.
This communication is partly mediated by microRNAs
(miRNAs) carried within EVs, which can regulate matrix metal-
loproteinases (MMPs), leading to extracellular matrix remodel-
ing and the establishment of a pre-metastatic niche.''? EVs also
promote the transformation of normal fibroblasts into cancer-
associated fibroblasts (CAFs), further modifying the tumor
microenvironment in support of metastasis, phenomena
reported in other forms of cancer.'"
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Immune modulation promoting pulmonary
metastasis of osteosarcoma
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Figure 2. Summary of Mechanisms of Imnmune Modulation Promoting Metastasis of OS. Communication Between the Cytokines and the
Tumor Microenvironment Supports Mobilization of OS Cells and Neovascularization, Leading to Worsened Outcomes of OS. This Occurs

Alongside Protective Functions of Immune Cells such as Ml TAMs.

In addition, EVs can influence immune cell dynamics by
inducing the polarization of M1 macrophages into the pro-
tumorigenic M2 phenotype and enhancing neutrophil recruit-
ment.'"® This is achieved through upregulation of toll-like
receptor 3 (TLR3) on lung epithelial cells and increased chemo-
kine secretion. EVs also contribute to the infiltration of CD11 +
myeloid cells into the tumor microenvironment, a population
associated with reduced cytotoxic T cell activity and, conse-
quently, poorer patient survival outcomes.''*!">

Moreover, OS-derived exosomes facilitate immune eva-
sion by promoting the differentiation of CD4+ T cells into
regulatory T cells (Tregs), which suppress antitumor immune
responses.' '® As mentioned earlier, tumor-associated macro-
phages (TAMs) are the predominant immune cells infiltrating
OS tumors; notably alveolar macrophages in particular can
suppress dendritic cell maturation within the lung paren-
chyma by modulating TGF- expression, thereby further

enabling immune evasion and supporting OS metastasis in
the lungs.'!”

Lung-Induced Dormancy

Cancer cell dormancy, also known as quiescence, is a pivotal
aspect of tumor progression, closely associated with the tumor’s
capacity to withstand cytotoxic treatments, metastasize, and
evade immune responses.''®

Clinically, the dormancy phase of a cancer’s progression
hails significance as a symbol of a critical period of stagnation
and beacon of hope before the cataclysmic yet seemingly inev-
itable deterioration in a patient’s condition and a waning of any
fruitful expectations with regards to clinical outcomes. This
phase, often lasting months to decades, can be viewed as a
golden window of opportunity to intervene against future
metastases. Despite this theoretical potential, current research
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suggests the dormancy phase is resistant to current adjuvant
chemotherapies due to low mitotic index rate,''’ but the
redeeming light at the end of the tunnel remains that this is phe-
nomena necessitates research into two main research avenues,
the pathophysiology of organ-induced dormancy, and novel
therapeutic strategies to maintain this dormant state. While dor-
mancy mechanisms for OS remain understudied, research into
other cancers, such as breast cancer, highlights the lung’s ability
to modulate metastatic activity.

Currently, there are uncertainties whether pro-colonization
characteristics metastatic cells possess are acquired at the pri-
mary organ or whether they are developed post-dissemination.
Research suggests that pro-colonization traits of metastatic cells
may either be pre-acquired at the primary tumor site or devel-
oped post-dissemination.'?® However, dormant disseminated
tumor cells (DTCs) challenge this view, as they rarely undergo
significant genetic alterations due to low proliferative activ-
ity.!?! This underscores the critical role of the tumor micro-
environment, particularly external, organ-specific factors, in
guiding tumor dormancy and potential reactivation.

Growth Factors and Their Inhibitors

The lung microenvironment, rich in stroma-derived bone mor-
phogenetic protein (BMP)-4, a TGFp superfamily member,
induces dormancy in DTCs.'** BMP antagonism by Coco, a
TGF-B receptor ligand inhibitor, suggestively regulated by
NDRGI and KIAA1199 genes, disrupts BMP signaling, revers-
ing dormancy and promoting metastasis.'*> This is illustrated
by the slowly imposing nature of the Coco-induced downstream
effects taking place, with reduced expression of transcriptional
factor GATA3 corrupting the initially quiescent Coco + ve
mammary tumor cell line bathing in BMP synthesised by
lung epithelial and mesenchymal cells.'** This process inhibits
luminal differentiation, in turn resulting in activation of the fol-
lowing dormant metastatic mammary tumor cell lines, thereby
posing as a potential target for therapeutic intervention.

CHRDL2-induced BMP-9 antagonism specifically is a focal
point, pivotal to OS tumor formation and metastasis, causing sub-
sequent activation of the PI3K/AKT pathway.'? This delineates
both the importance of BMP and PI3K/AKT pathway in OS
pathogenesis, with the latter playing a key role in determining
cell cycle progression, evidenced by markedly upregulated AKT
expression when whole genome sequencing of OS cells was per-
formed.'*® MicroRNAs like miR-506-3p and miR-126 regulate
this pathway, inhibiting OS dissemination and proliferation, mark-
ing them as potential therapeutic targets.'*®

Insulin growth factor-2, (IGF-2), mirrors the growth
factor-led stimulation of lung tumor dormancy in breast cancer
metastasis resulting from the actions of BMP, but specifically in
OS cells under chemotherapeutic stress.'?” Through cyclin deg-
radation and proteasome-mediated changes, IGF-2 creates the
following cell cycle alterations to induce proliferative arrest,
such as increased Go—G fraction and proportionately increased
Ki67-negative (non-proliferating), with contrasting reductions
in S and G,-M fractions.'?” The effect of IGF-2 on the

induction of dormancy was further reinforced by the exposure
of the IGF-2 cultured sample to serum, and the disinhibition
of this dormant state.

The maintenance of this dormant state seems to be reliant on
autophagy and glutamine levels; seen by a decline in IGF-2 cul-
tured cell survival when Agt7, an El-like enzyme critical for
autophagic flux, is knocked down due to dormancy disrup-
tion.'?” Some chemotherapeutic agents were found to enhance
the autophagic process, negatively impacting OS dissemin-
ation, and promoting dormancy. Targeting this survival mech-
anism through a combination of chemotherapeutic agents
such as methotrexate with an anti-autophagic drug eg chloro-
quine may work more effectively to limit further OS lung
metastasis and progression. These findings reflect the ways in
which OS tumor cells can take advantage of cell-autonomous
processes to ensure cell survival in adverse conditions by indu-
cing a quiescent phase.

Immune Regulation and Lung Dormancy

The adaptive immune system, particularly CD8+ T cells, plays
a critical role in maintaining dormancy of lung metastases ori-
ginating from fibrosarcoma, melanoma, and breast cancer.'?®
Depletion of CD8+ T cells, who’s differentiation is dependant
on CD4+ T cells, correlates with spontaneous pulmonary
metastasis, highlighting immune surveillance’s role in prevent-
ing metastatic outgrowth.'*® This however conflicts with evi-
dence provided from another study stating that although the
induction of dormancy is dependent on CD8+ T cells/IFN-Y,
the maintenance of this dormant state does not depend on T
cells or immune surveillance.'?® The same study also stated
that inflammation, specifically mediated by IL-17A, a cytokine
producible by CD4+ T cells, is an important determinant in
reversing dormancy in the lungs.'*

The role of the microenvironment in mediating the immune
system to trigger or reverse dormancy is a point of interest, and
exemplifies it’s ever reaching influence over many of the
mechanisms involved in creating a pre-metastatic niche. One
study showed that the increase of AOC3, an endothelial adhe-
sion molecule, promoting leukocyte extravasation to tissue sites
from blood and amplifying the inflammatory response under
normal circumstances, can enhance tumor associated neutrophil
recruitment in OS lung metastasis.'*° AOC3 was found to be
higher in metastatic OS cells compared to cells of the primary
tumor, and overall AOC3 was found to promote general inflam-
matory infiltration in the lung in OS, associated with metasta-
sis.’*® Moreover, where AOC3 was silenced, OS cells
showed lower levels of cell proliferation.'** Together, this
implies that AOC3 plays a pro-metastatic role, and its inhibition
might be a potential therapeutic strategy for treating osteosar-
coma lung metastases.

Inflammation and Dormancy

As mentioned previously, a tumor’s microenvironment can
influence the progression of metastasis, and inflammation,
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especially in the chronic inflammatory state, altering the
makeup of the extracellular matrix, subsequently resulting in
DTC awakening."*' However, it was shown that short and sus-
tained inflammation, for instance caused by bacterial infections,
may also, in a gross manner, disrupt the extracellular matrix
architecture, facilitating a transition from a “suppressive” meta-
static niche to a ‘growth permissive’ metastatic niche by
degrading key proteins in the extracellular matrix to promote
disseminated tumor cell (DTC) outgrowth.'*? In a more sophis-
ticated fashion however, lung fibrosis dominated by Collagen I,
a condition built up by ongoing long-term inflammatory pro-
cesses, promotes metastatic growth by activating the PI3K/
AKT pathway, resulting in a proliferative state.'>' Also,
through COX-2 upregulation, inflammation can activate the
PI3K/AKT pathway, promoting the proliferative and migratory
ability of OS cells.'**'** Inflammation is also shown to induce
EMT transition of dormant DTCs from quiescent, differentiated
epithelia to an invasive, dedifferentiated mesenchymal pheno-
type. This draws parallels with the mechanism of action by
which inflammation spurs OS lung metastasis through manipu-
lation of intracellular signaling mechanisms noted previously.

Angiogenesis Suppression

Progression of OS and angiogenesis are tightly linked.'*> In
OS, circulating VEGF, a known pro-angiogenic factor released
under ischaemic, inflammatory and other adverse conditions,
has been associated with the development of lung metastasis,
and the advent of this discovery has prompted research into
the use of anti-angiogenic agents in advanced OS cases.'®
Inhibiting angiogenesis helps establish a state of balance
between tumor cell proliferation and apoptosis, fostering cell
cycle arrest within DTCs and inducing dormancy by slowing
or preventing the formation of a premetastatic niche. This again
highlights the importance of the tumor microenvironment in
dictating OS migration, proliferation and invasiveness.'>’

AOCS3 discussed earlier, a regulator of OS cell dormancy,
has been shown to support tumor neovascularisation as a means
of reversing OS dormancy within lung parenchyma, thereby
modifying the tumor microenvironment, creating a metastatic-
progressive niche.'*°

Extracellular vesicles (EVs) have been extensively investi-
gated in the context of osteosarcoma (OS) lung metastasis, where
they have been shown to play a pivotal role in neovascularisa-
tion.'*® Specifically, EVs facilitate vascular permeability and
promote OS cell migration, thereby contributing to metastatic
progression.*® These vesicles are enriched with microRNAs
(miRNAs) capable of modulating key biological pathways,
ultimately reprogramming the tumor microenvironment to
resemble a premetastatic niche. Among these, exosomal miR-
25-3p has been demonstrated to significantly enhance capillary
and venule formation by suppressing the expression of
DKK3."* Additional miRNAs, including miR-105, miR-210,
and miR-3157-3p, have also been implicated in the promotion
of neovascularisation through a variety of distinct molecular
mechanisms that commonly include MMP’s and VEGF.''?

Conclusion

The metastatic progression of OS to the lungs remains a com-
plex and multifaceted process, driven by a myriad of intercon-
nected biological mechanisms. Our review has examined three
key dimensions of this process: the adaptation of receptor sig-
naling mechanisms, immune modulation within the tumor
microenvironment and lung-induced dormancy. Together, these
elements orchestrate the dynamic evolution of OS cells, shaping
their ability to colonise and thrive within the pulmonary
environment.

Receptor signaling pathways play a pivotal role in regulating
cellular proliferation, survival, and migration, ultimately influ-
encing the metastatic trajectory of OS cells. By upregulating
mesenchymal markers and downregulating epithelial markers,
OS cells undergo an EMT-like transition, and this is one of
the most common methods of promotion of OS lung metastasis
which is cited and pervasive throughout current literature sur-
rounding this area of research. Multiple studies show that in cir-
culating tumor cells which translocated to the lungs from the
primary OS expressed high levels of EMT-promoting transcrip-
tional factors eg ZEB-1 and mesenchymal markers, the proven
significance of which have been replicated across the board.
Fibronectin, heavily upregulated in the EMT process, also plays
a significant role in aiding fibrogenic programming, associated
with OS lung metastasis progression, thereby illustrating the
overlap in pathophysiological mechanisms that promote lung
metastasis. Aside from altering the morphology of the OS cells,
manipulating the characteristics of the cell cycle and growth
pathways remains one of the cornerstone’s of promoting OS
lung metastasis, with multiple intracellular signaling mechan-
isms eventually culminating in enhanced transcriptional expres-
sion of cell cycle-related proteins. Frequently described
throughout the literature studying various intracellular signaling
mechanisms and their contribution to OS lung metastasis, is a
cross-talk between inflammatory and growth cascades. One
instance is IL6, and its pro-tumorigenic actions through the
JAK/STAT3 receptor complex, promoting the cell cycle down-
stream. Other instances include toll-like receptors, and their
supposedly protective effect that has been briefly mentioned
in literature, by altering the tumor microenvironments suscepti-
bility to T helper cell infiltration. In contrast to the other cell-
signaling mechanisms described, the RANK/RANKL/OPG
axis acts through a vicious cycle of bone destruction to cause
a release of growth factors, and in fact is a cell-to-cell signaling
mechanism, instead of a typical intracellular signaling mechan-
ism, relying on the interaction of varying cells and the RANK
ligand (RANK-L) to stimulate osteoclast differentiation, bone
destruction and subsequent growth factor release.

Cross talk also appears on a macro-scale between different
receptor signaling pathways, indicating convergence and over-
lap in the ways they advance metastasis. The Hippo-Pathway,
characterised by YAP-TAZ interactions, is heavily associated
with the Hedgehog pathway, contributing to the shared discourse
that works to promote metastasis. This is particularly important, as
cross talk often contributes to compensatory signaling that allows
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cancer cells to bypass the effects of targeted therapies. Inhibiting
multiple nodes in these networks may prevent or overcome resist-
ance. Aside from focusing solely on receptor inhibition for thera-
peutic benefit, a mixed approach with emphasis on downstream
growth pathway inhibitors is seen to be more efficacious. Gene
editing, a more precise approach to halt OS lung metastasis has
been explored, but literature is currently limited to assessing the
effect of limiting potential therapeutic targets with Crispr-Cas9,
including STAT3 and PLK-1.

Immune modulation within the tumor microenvironment
further dictates the metastatic potential of OS, evidenced by
the role of cytokines and TAMs in progressing OS metastasis.
Research has consistently shown that lungs more prominently
affected by OS metastasis express an immunosuppressive
microenvironment with increased tumor-associated macro-
phages (TAMs), synthesised by interactions of components of
the innate immune system and cytokines, inhibiting effective
anti-tumor immune responses. The chemokines/cytokines IL6
and CCL25 in particular are conducive to an immunosuppres-
sive microenvironment characterised by M2 macrophage dom-
inance. Manipulation of aspects of the innate immune system eg
TLR’s, can mediate the polarisation of M2 macrophages (pro-
tumorigenic) towards an M1 phenotype (anti-tumorigenic).
However, therapeutic targets catered to immune suppressor
cells does not address the T cell exhaustion triggered by check-
point proteins eg PD-1 and excessive antigen stimulation.
Reduced T cell activity in turn drives OS cell immune evasion
of defence mechanisms in the lung microenvironment and
eventual progression to OS lung metastasis.'*' Immune check-
point inhibitors eg PD-L1 can help reduce immune-inhibitory
signals released downstream by inflammatory and growth cas-
cades, providing some hope in stimulating exhausted T cells.'*
Currently, CAR-T cell therapy is also being explored, with aims
of morphing the tumor microenvironment from immunosup-
pressive to immunostimulatory.'*® The genetic modification
of new primary T cells with tumor-specific immunoreceptors
eg chimeric antigen receptors (CARs), works to reroute T cells
back to targeting tumor cells, thereby combatting T cell exhaus-
tion and ineffective T cell activity. Interestingly, this therapy
was found to be successful in haematological malignancies
but less so in solid tumors, however, tumor microenvironment
surveillance may be useful to determine optimal treatment tim-
ing for maximal success with CAR-T cell therapy, as the micro-
environment can contribute to CAR-T cell exhaustion.'** Other
therapies such as detoxified TLR4 were shown to enhance
CD8+ T helper cell infiltration, transforming the microenviron-
ment, evolving to become more immunostimulatory and con-
tributing to inducing a period of dormancy thereby halting
metastatic progression.

Lung-induced dormancy represents a critical phase in metas-
tasis, and this period of quiescence is influenced by inflamma-
tory processes in both the acute and chronic phase, angiogenic
balance, and BMPs, which collectively regulate the survival
and eventual reactivation of dormant metastatic cells. In a
similar vein to other biological mechanisms examined through-
out, dormancy is also dependant on the activity of growth

pathways, cell cycle protein expression, immune modulation
and EMT, which work to transform quiescent epithelial cells
into hyperproliferative de-differentiated mesenchymal cells.
Angiogenesis however is unique in that it poses an extracellular
influence on the tumor microenvironment and subsequently
metastatic progression. VEGF expression, influenced by extra-
cellular vesicles and other various factors contained within the
tumor microenvironment is associated with a higher risk of
lung metastasis due to their ability to facilitate OS cell extravasa-
tion, thereby heralding the angiogenic process as a potential
therapeutic target in OS lung metastasis. One of multiple clinical
studies trialling Pazopanib, a VEGF inhibitor, in three different
patients, showed that two of the patients experienced positive
responses including initial necrosis of their initial lung and glu-
teal metastasis, as well as improving from reportedly ‘bed ridden
with intractable pains’ to ‘walking into the next clinic appoint-
ment’."** This evidence can potentially help spur a future rando-
mised control trial with Pazopanib in OS lung metastasis patients.

Current literature also supports interventions targeting extra-
cellular vesicles, which, can promote a pre-metastatic niche in a
myriad of different ways, through angiogenesis, immune modu-
lation, and inflammatory pathways, all ways to acclimate the
tumor microenvironment. Treatment centres around limiting
EV uptake and synthesis, changing the bioactive molecules
contained within them eg miRNAs or targeting their fusion
with recipient cells. Modulating GTPase pathways, for instance,
by accentuating ciliary G-protein RAB28 function, may reduce
EV secretion.'*> On the other hand, shifting molecular content
of EV’s from pro-tumorigenic to anti-tumorigenic may work to
reduce metastatic potential, for instance, enriching EVs with
miR-101 can limit tumor migration and dissemination by
the enhancer of zeste homolog 2 (EZH2) regulation.'*®
Alternatively, targeting tetraspanins, which are transmembrane
proteins forming complexes with integrins and facilitating
adhesion of EV’s with target cells, can be useful way to reduce
metastatic progression, preventing EVs delivering their cargo
into recipient cells, inhibiting the reprogramming process to
limit the creation of a pre-metastatic niche (PMN).'#

All in all, the tumor microenvironment plays a crucial role in
promoting osteosarcoma (OS) lung metastasis, making it a
promising target for therapeutic intervention. In addition to its
involvement in immune modulation and maintaining lung dor-
mancy, it can also alter receptor tyrosine kinase phenotypes to
further OS lung metastasis. This ability to manipulate and adapt
cell signaling pathways highlights its multifaceted nature, serv-
ing as a channel through which the primary tumor extends its
influence and function to distant sites like the lungs.

Taken together, these insights underscore the need for a
more integrated perspective on OS metastasis, incorporating
receptor-driven oncogenic signaling, immune interactions,
and dormancy regulation. More research with additional pre-
clinical studies is needed to discover the broad biological effects
and implications of pathway inhibition with therapeutic agents,
to better ascertain their side effect profiles and efficacy. Our
review framework has allowed for the rigorous study of the
various biological mechanisms described that contribute to
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and protect against OS lung metastasis, ensuring all the relevant
aspects of this phenomena are captured in detail, subsequently
revealing areas which the pre-existing literature fails to address.
However, it’s important to consider that the scoping review pro-
cess does not include a formal critical appraisal of the included
studies. As a result, the quality and risk of bias of the evidence
provided are not evaluated, limiting the ability to assess the
strength or reliability of the findings. Moreover, casting a
wide net to capture many concepts consequentially results in
less depth of analysis of each article’s findings. We hope off
the back of our review, a systematic review and meta-analysis
can be completed on this topic to effectively ascertain the effi-
cacy of interventions discussed in articles, helping to guide the
level emphasis placed on concepts underlined throughout and
conclusions drawn from other experiments, in hopes of produ-
cing more robust recommendations with regards to future
perspectives.
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