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Preface

This Special Issue on bone and soft tissue sarcomas delves into the clinical and translational

research being conducted on these cancers. Despite advances in clinical and basic research, soft tissue

and bone sarcomas remain clinically challenging. This Special Issue highlights the latest discoveries

in soft tissue and bone cancers from the laboratory through to the clinics, bench to bedside, and

beyond. It brings together original research and reviews covering bone and soft tissue sarcomas. The

topics range from detection and diagnosis methods using histopathology, imaging, and molecular

advances through to treatment and prognosis, including epidemiological studies, outcome analysis,

and surgical and adjunct treatments. Sarcomas from human and veterinary patients, as well as

models, are investigated.

The topics covered will be of interest to scientists, clinicians and of course the public and patients.

It will also provide valuable reading for medical and science undergraduates and postgraduates.

I would like to thank the authors, the teams at MDPI and of course the patients, hospital and

veterinary practice staff, and everyone else involved in the studies.

Catrin Sian Rutland

Guest Editor
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Editorial

Advances in Soft Tissue and Bone Sarcoma

Catrin S. Rutland 1,2

1 School of Veterinary Medicine and Science, Faculty of Medicine and Health Sciences, University of
Nottingham, Nottingham NG7 2RD, UK; catrin.rutland@nottingham.ac.uk

2 Faculty of Medicine and Health Science, Biodiscovery Institute, University of Nottingham,
Nottingham NG7 2RD, UK

1. Introduction

This Cancers Special Issue on bone and soft tissue sarcomas highlights the latest
discoveries in soft tissue and bone cancers from the laboratory through to the clinics,
from bench to bedside, and beyond. Despite advances in clinical and basic research, soft
tissue and bone sarcomas remain clinically challenging. This Special Issue brings together
original research and reviews covering bone and soft tissue sarcomas on topics ranging
from detection and diagnosis methods using histopathology, imaging, and molecular
advances through to treatment and prognosis techniques, including treatment efficacy and
survival outcome analysis.

Both primary bone cancers and soft tissue sarcomas are relatively rare, each accounting
for less than 1% of malignancies [1]. Not only are sarcomas relatively rare, but they
have differing locations in the body and different characteristics and subtypes; more
than 100 subtypes of soft tissue sarcomas have been classified to date [2,3]. Sarcomas are
therefore often difficult to diagnose, characterise and treat.

The research being conducted is as diverse as the sarcomas themselves. Patient samples
and datasets, both in vivo and in vitro, models including organoids and organ chips [4–8],
mathematical and bioinformatics models [9,10], and clinical trials along with cohort studies
are being used alongside machine-aided learning, including in areas such as radiomics,
biomarkers and next-generation sequencing-based methods [11–15]. Advances in imaging
techniques such as surgery, magnetic resonance imaging (MRI) and positron emission to-
mography (PET), and molecular imaging technology such as PET tracers [8,16,17], are also
improving diagnostic, prognostic, surgical and drug development tools and approaches.
Advances are being achieved in drug discovery and personalised medicine, including
in targeted therapies, immunotherapy, chimeric antigen receptor (CAR) T-cell therapy,
tumour-infiltrating lymphocytes (TILs), vaccines and combination therapies, to name just a
few [10,17,18], and developments and innovations in genetic testing, molecular profiling
and epigenetic aspects [3,19] of sarcomas are needed. A deeper understanding of mecha-
nisms of resistance and research into differing sub-types and the tumour microenvironment
is also essential to move sarcoma research and clinical approaches forward. More novel
approaches to diagnostics, prognostics and therapeutics are essential looking forward, as
scientific discoveries are translated into the clinic.

This “Bone and Soft Tissue Sarcomas” Cancers Special Issue (https://www.mdpi.
com/journal/cancers/special_issues/C8D9NZ20HW accessed on 15 August 2024) consists
of 14 papers with article submissions accepted until 30th April 2024. It explores the
advances in diagnosis, prognosis, mechanisms and treatment outcomes for bone and soft
tissue sarcomas. The research covers bone sarcomas such as chordomas, which are rare
malignant neoplasms, through to the more common osteosarcoma. This Special Issue
also covers soft tissue sarcomas, such as one of the most common sub-types of soft tissue
sarcoma—undifferentiated pleomorphic sarcoma—through to rare sarcomas within the
peritoneal cavity.

Cancers 2024, 16, 2875. https://doi.org/10.3390/cancers16162875 https://www.mdpi.com/journal/cancers1
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2. An Overview of the Articles Published in This Special Issue

The key themes of this special issue are classification, diagnostic and prognostic ad-
vances and indicators (Contributions 1, 2, 3, 5, 9, 10, 12, 13 and 14), key areas of therapeutic
development (6, 7, 8, 12 and 14) and treatment performance and outcomes (contributions
4, 7, 8 and 11). Contributions 1–6 represent a systematic review and reviews of the field,
whereas Contributions 7–14 are original research articles focusing on in vitro and in vivo
models or patient cohorts.

Contribution 1 in this Special Issue is ‘Soft Tissue Sarcoma Mimicking Melanoma: A
Systematic Review’ by Cassalia and coauthors. Contribution 2, ‘Predictors of Symptomatic
Venous Thromboembolism in Patients with Soft Tissue Sarcoma in the Lower Extremity’,
is a review by Kamalapathy and coauthors. Kim et al., present ‘Classification of Chon-
drosarcoma: From Characteristic to Challenging Imaging Findings’ in Contribution 3,
while Contribution 4 outlines the ‘Current Landscape of Immunotherapy for Advanced
Sarcoma’ as reviewed by Albarrán and colleagues. Contribution 5, by Costci et al., is ‘Gen-
der Differences in Soft Tissue and Bone Sarcoma: A Narrative Review’ and the final review,
Contribution 6 by Lesovaya and coauthors, is ‘Genetic, Epigenetic and Transcriptome
Alterations in Liposarcoma for Target Therapy Selection’.

Contribution 7 is a research article on ‘Treatment Pathways and Prognosis in Advanced
Sarcoma with Peritoneal Sarcomatosis’ by Klingler and colleagues. Sarcomas within the
peritoneal cavity are not only rare but remain difficult to treat due to their differing subtypes
and characteristics. This research, focusing on surgical procedures, presents 19 patients with
peritoneal sarcomatosis, outlining their journeys from diagnosis and treatment through to
outcomes, in order to share management practices with others.

Contribution 8, by Polera et al., also looks at potential treatment pathways in the paper
‘The First-In-Class Anti-AXL×CD3ε Pronectin™-Based Bispecific T-Cell Engager Is Active
in Preclinical Models of Human Soft Tissue and Bone Sarcomas’. This article explores AXL,
a TAM family tyrosine kinase receptor, as a target for an innovative immunotherapeutic
strategy. These in vitro and murine in vivo studies have indicated the antitumor efficacy of
pAXL×CD3ε against sarcoma cells, which potentially represents a new-generation strategy
for managing sarcomas.

Brookes and coauthors explored ‘What Is the Significance of Indeterminate Pulmonary
Nodules in High-Grade Soft Tissue Sarcomas? A Retrospective Cohort Study’ in Contribu-
tion 9. Understanding the roles of indeterminate pulmonary nodules in high-grade soft
tissue sarcoma, whether they may be benign or malignant, may impact clinical decision
making. The important conclusions of this research, looking at 389 patients, indicate that
in patients with grade 3 soft tissue sarcomas, significantly worse overall survival was ob-
served, as was an increased risk of developing lung metastases. These significant differences
were not observed in grade 2 patients presenting with indeterminate pulmonary nodules.
Clinically, the authors indicated that the primary tumour must be considered alongside
indeterminate pulmonary nodules when considering risk progression, and determined that
monitoring via CT scans at 6 and 12 months would be advisable.

Contribution 10, by Iiuz et al., investigated ’Rapid Classification of Sarcomas Using
Methylation Fingerprint: A Pilot Study’. This research article explored the potential for
methylation and copy-number variation data in terms of rapid point-of-care sarcoma
classification. The end goal was to reduce the time taken to classify sarcomas in order
to commence appropriate treatments in a more time efficient manner, and potentially to
expand the tools available for classification.

Contribution 11, ‘High-Grade Pleomorphic Sarcomas Treated with Immune Check-
point Blockade: The MD Anderson Cancer Center Experience’, by Nasr and coauthors,
investigated one of the most common soft tissue sarcomas. Their work included 26 undiffer-
entiated pleomorphic sarcoma patients and 10 patients with other high-grade pleomorphic
sarcomas. This retrospective study indicated that immune checkpoint blockade (ICB) treat-
ment resulted in significantly improved progression-free survival. Toxicity was manageable,
with no patient deaths. Notably, their data also indicated that compared to previous clinical
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trials, their data showed that a combination treatment seemed inferior to standalone ICB
regarding progression-free survival.

Contribution 12, by de Brot and colleagues, investigated three potential diagnostic
and prognostic indicators, highlighting prospective therapeutic targets in their article
‘Immunohistochemical Investigation into Protein Expression Patterns of FOXO4, IRF8 and
LEF1 in Canine Osteosarcoma’. Using immunohistochemistry alongside quantitative H-
scoring and qualitative analysis, their research showed the expression of FOXO4, IRF8 and
LEF1 in osteosarcoma. Their work highlighted IRF8 and LEF1 as particularly promising
biomarker candidates and therapeutic targets, given their expression patterns, mechanisms
and involvement in a number of molecular pathways.

Contribution 13 by Yoon et al. researched 65 patients in ‘Quantitative Bone SPECT/CT
of Central Cartilaginous Bone Tumors: Relationship between SUVmax and Radiodensity
in Hounsfield Unit’. This contribution focused on accurately grading cartilaginous bone
tumors using SPECT/CT. Their research revealed a negative correlation between SUVmax
and radiodensity in HU measurements in central cartilaginous bone tumours, and patients
with a higher SUVmax and lower HUSD were more likely to have a malignant cartilaginous
bone tumour. This highlighted the diagnostic and prognostic uses of this technique in
central cartilaginous bone tumours.

The final article published, Contribution 14, was ‘Conventional spinal chordomas:
investigation of SMARCB1/INI1 protein expression, genetic alterations in SMARCB1 gene
and clinicopathological features in 89 patients’ by Maioli and coauthors. This research
determines the immunohistochemical expression of SMARCB1/INI1 and fluorescence in
situ hybridisation (FISH) to understand the underlying genetic alterations in the SMARCB1
gene in 89 patients with conventional spinal chordomas. This supports the information
relating to the potential of SMARCB1/INI1 as a target for molecular therapy.

3. Conclusions

Many of the studies published in this Special Issue made advances and recommen-
dations relating to diagnosis, prognosis and therapeutics. Directions for future research
included the need for research into differing subtypes of sarcomas and for more var-
ied cohorts in general. Work completed in vitro and in vivo has highlighted the need
for the development of promising tools and for more translational research to be con-
ducted (such as Contributions 8 and 12). Furthermore, research such as that presented
in Contribution 11 has demonstrated the need for cohort studies following clinical trials.
Contribution 7 highlights the need for large soft tissue sarcoma databases, especially in rela-
tion to future research on subtypes and progression, to support evidence-based approaches
for management and tailored treatment plans. The papers in this Cancers Special Issue also
highlight the complexities faced in classifying and characterising sarcomas, which in turn
complicate the discovery of molecular mechanisms and pathways, which makes finding
biomarkers more difficult, and additionally makes it challenging to discover and develop
effective treatment options.

Generalised 5-year survival rates for soft tissue sarcomas (2000–2018) ranged from
82% for localised to 59.6% for regionalised and 16.7% for distant sarcomas; for bone and
joint, these survival rates ranged from 82.6% for localised to 67.4 for regional and 30.8% for
distant [20]. With these survival rates in mind, there is still much research needed into the
diagnosis, prognosis and treatment tools required to enhance healthcare options.

Acknowledgments: As the Guest Editor of this Special Issue, I wish to thank all of the authors who
published their valuable research within this issue, and to also thank our reviewers. My gratitude
and thanks also go to the Cancers editorial office and the publications team who have supported this
Special Issue.

Conflicts of Interest: The author declares no conflicts of interest.
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Simple Summary: Sarcoma may show similarities to malignant melanoma, making it difficult to
differentiate between these two neoplasms. This systematic review summarizes evidence on cases
of sarcoma that were initially diagnosed as melanoma to help clinicians in the diagnostic process.
A comprehensive search of key databases identified 23 case reports and 4 case series with a total
of 34 patients. Heterogeneous clinical presentation and frequent immunohistochemistry positivity
contributed to the initial misdiagnosis. The second assessment was performed due to unusual
presentation or uncertain diagnosis, and the final diagnosis was clear cell sarcoma (50%) or other
soft tissue sarcomas (50%). EWSR1 translocation was investigated in 50% of cases, among which
94% were found to be positive. This systematic review suggests that a second diagnosis should be
considered in cases of atypical lesions, and ESWR1 translocation should be investigated.

Abstract: Background: Sarcoma may show similarities to malignant melanoma in terms of mor-
phologic and immunohistochemical aspects, making it difficult to differentiate between these two
neoplasms during the diagnostic process. This systematic review aims to summarize available evi-
dence on cases of sarcoma that were initially diagnosed as melanoma. Methods: A comprehensive
search of the MEDLINE/Pubmed, EMBASE, and SCOPUS databases was conducted through March
2023. We included case series and case reports of sarcoma patients that were initially diagnosed as
malignant melanoma. PRISMA guidelines were followed. Results: Twenty-three case reports and
four case series with a total of 34 patients were included. The clinical presentation was heterogeneous,
and the most involved anatomical regions were lower limbs (24%), head/neck (24%), and upper limbs
(21%). IHC positivity was reported for S100 (69%), HMB45 (63%), MelanA (31%), and MiTF (3%).
The main reasons for a second assessment were unusual presentation (48%) and uncertain diagnosis
(28%). EWSR1 translocation was investigated in 17/34 patients (50%) and found to be positive in
16/17 (94%). The final diagnosis was clear cell sarcoma (50%) or other soft tissue sarcomas (50%).
Conclusions: Melanoma and some histotypes of sarcoma share many similarities. In cases of atypical
lesions, a second diagnosis should be considered, and ESWR1 translocation should be investigated.

Keywords: melanoma; sarcoma; mimicking
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1. Introduction

The 2020 World Health Organization (WHO) Classification of Soft Tissue Tumors indi-
cates sarcomas as rare tumors that are further subclassified into approximately 70 subtypes,
each characterized by a distinct morphology that often translates into a specific clinical
behavior, as well as into specific therapeutic approaches [1,2]. They can occur anywhere in
the body, affecting the extremities in 50% of cases, the trunk and retroperitoneum in 40% of
cases, and the head and neck in 10% of cases [3].

Some of these neoplasms can be confused with cutaneous melanoma, since they share
similar clinical, histological, and immunohistochemical features [4]. In addition, they
are rare tumors that are often overlooked by clinicians who do not pose the diagnostic
suspicion to the pathologist [2,5,6]. Therefore, healthcare specialists may encounter some
difficulties in differentiating between sarcoma and melanoma during the diagnostic process.
For example, clear cell sarcoma (CCS) clinically presents as a deep and small (<5 cm)
soft tissue lesions, often juxtaposed with tendons, fascia, or aponeurosis, which may
mistakenly suggest some forms of melanoma, such as acral melanoma, nodular melanoma,
or amelanotic melanoma [7,8]. Moreover, CCS shows a phenotype identical to that of
conventional melanoma characterized by strong expression of S100 protein in 100% of
cases and variable expression of HMB-45, Melan A, and MiTF. As a matter of fact, CCS
can be genetically differentiated from melanoma due to some peculiarities, including
(i) the typical reciprocal translocation t(12;22) (q13;q12) that gives rise to the EWSR1-
ATF1 oncogene and (ii) the absence of BRAF/NRAS mutations that can often characterize
melanoma [4]. Other examples include malignant peripheral nerve sheath tumor (MPNST)
and Kaposi’s sarcoma. MPNST usually arises from peripheral nerves and may be associated
with patients with neurofibromatosis type 1 (NF1). The clinical presentation involves the
development of a painful and/or rapidly expanding mass with associated neurological
deficits. The biological behavior of MPNSTs has been described as unpredictable, and
the differential diagnosis includes several tumors, particularly spindle cell/desmoplastic
melanoma, which serves as the main differential because of its higher incidence, remarkably
similar morphology, and overlapping immunochemical markers [9,10]. Kaposi’s sarcoma
is typical of immunocompromised patients and may also present as a single papular skin
lesion, clinically mimicking melanoma, which can be distinguished by histologic and
immunohistochemical appearance [11].

The clinical presentation of such a neoplasm may mislead the physician, with potential
implications for therapeutic strategy and prognosis. For example, surgical widening of
the margins varies according to the neoplasm under treatment (melanoma or sarcoma);
chemoradiotherapy may be offered for sarcoma, but melanoma patients may benefit from a
different first-line approach, such as immunotherapy or target therapy or both, whereas
sentinel lymph node biopsy is routinely performed in the diagnostic workup of melanoma
but is still under debate for soft tissue sarcoma [12–14].

Awareness of the similarities between sarcoma and melanoma and the ability to
recognize the two entities play a crucial role in patient care. However, a clinician may have
little to no direct experience in this matter and may retrieve only limited information from
a case report or a small case series.

The aim of this systematic review was to summarize available evidence on cases of
sarcoma that were initially diagnosed as malignant melanoma to help clinicians in the
diagnostic process and to improve patient care.

2. Materials and Methods

2.1. Study Design

This is a systematic review of case series and case reports describing cases of sarcoma
that were initially diagnosed as malignant melanoma. The review was conducted according
to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [15]. The review protocol was registered in PROSPERO (CRD42023403882).
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2.2. Search Strategy

We systematically searched MEDLINE/PubMed, EMBASE, and SCOPUS to detect
eligible studies. The search strategy was conducted without language restrictions through
March 2023. In PubMed, the following search strategy was used: sarcoma mimicking
melanoma OR sarcoma resembling melanoma OR melanoma-like. The search strategy
was tailored to conform to the other electronic sources. The lists from each source were
joined, and the duplicates were removed. Two investigators (F.C. and A.D.) separately
evaluated titles and abstracts of the records and removed those that fell outside the scope
of the review. The full texts of all potentially eligible records were examined to dismiss
those not fulfilling the inclusion criteria. Finally, the reference lists of included records
were hand-searched to detect further studies of interest. Any disagreement was solved by
consensus with a third investigator (P.D.F.). Studies not including human subjects were
excluded. No language restrictions were applied.

2.3. Data Collection

Two investigators (F.C. and A.D.) independently extracted relevant data from the
included articles. For each article, study features, patient characteristics, tumor information,
and outcome measures were collected. A third investigator (A.B.F.) checked the extracted
data. Any inconsistency was solved by consensus.

2.4. Assessment of the Quality of Included Studies

The quality of the included studies was assessed according to eight criteria: (i) clear
criteria for inclusion of the patient(s); (ii) valid methods for identification of the initial
condition; (iii) valid methods for identification of the final condition; (iv) in a case series,
consecutive inclusion of patients; (v) clear reporting of demographics; (vi) clear reporting of
clinical information; (vii) reporting of the time of the second assessment; and (viii) reporting
of the reason for the second assessment. The criteria were adapted from the Joanna Briggs
Institute (JBI) critical appraisal tool [16] to fit the context under evaluation (case series
and case reports describing cases of sarcoma that were initially diagnosed as malignant
melanoma). Two investigators (F.C. and M.A.) independently appraised the risk of bias of
the included studies, and any inconsistency was solved by consensus with all authors.

2.5. Data Synthesis

The selection procedure was presented in a flow chart. Pertinent data were extracted
from included studies and summarized in tables. The inclusion of case reports and very
small case series precluded the feasibility of a meaningful meta-analysis; hence, a narrative
synthesis of included studies was conducted.

3. Results

3.1. Search Results

The comprehensive search of key databases yielded 365 non-duplicate records. We
excluded 321 records according to the title or the abstract, and we identified 43 potentially
eligible records for the full-text review. During this phase, 24 records satisfied the inclusion
criteria, while 19 records were excluded due to different design (n = 4), different topic
(n = 12), or different participants (n = 1) or because we could not find the full text (n = 2)
(Supplementary Table S1). Three additional eligible records were identified via hand search.
Finally, 27 records [9,11,17–41] were included in the narrative synthesis (Figure 1).
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Figure 1. Flow chart of the selection process.

3.2. Narrative Synthesis of the Findings

The synthesis included 23 case reports (85%) and 4 case series (15%). A total of
3 studies (11%) were published in 1989–2000, 7 (26%) in 2001–2011, and 17 (63%) in 2012–
2022. Study and patient characteristics are summarized in Tables 1 and 2.

Overall, the studies reported on a total of 34 patients (aged 12–86 years), including
25 males (74%) and 9 females (26%). The initial diagnosis was melanoma (24 patients, 71%)
or suspected melanoma (10 patients, 29%). The clinical presentation was heterogeneous
(Table 1), and the involved anatomical regions included lower limbs (8/33 patients, 24%),
head/neck (8/33 patients, 24%), upper limbs (7/33 patients, 21%), visceral area (4/33 pa-
tients, 12%), trunk (3/33 patients, 9%), and genital area (3/33 patients, 9%) (the information
was not available for one patient).

IHC positivity was reported for S100 (22/32 patients, 69%), HMB45 (20/32 patients,
63%), MelanA (10/32 patients, 31%), and MiTF (1/32 patients, 3%).

The reasons for a second assessment and/or diagnostic re-evaluation included unusual
presentation (12/25, 48%), uncertain diagnosis (7/25, 28%), expert opinion (2/25, 8%), no
response to treatment (1/25, 4%), search for EWSR1 translocation (1/25, 4%), review after
surgery (1/25, 4%), and review after death (1/25, 4%), while the information was not
reported in nine patients.

EWSR1 translocation was investigated in 17/34 patients (50%) and found to be positive
in 16 CCS patients and 1 MPNST patient.

The final diagnosis was clear cell sarcoma in 17 patients (50%) and soft tissue sarcoma
in 17 patients (50%). The latter included sarcoma of perivascular epithelioid cells (n = 4),
malignant peripheral nerve sheath tumor (n = 4), Kaposi’s sarcoma (n = 1), chondroid
syringoma (n = 1), cutaneous angiosarcoma (n = 1), cutaneous epithelioid angiosarcoma
(n = 1), epithelioid malignant schwannoma (n = 1), malignant giant cell tumor of soft tissue
(n = 1), malignant schwannoma (n = 1), myeloid sarcoma (n = 1), and pleomorphic sarcoma
(n = 1).

An overview of the main findings is displayed in Figure 2.
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Figure 2. Overview of main findings. CCS: clear cell sarcoma; MPNST: malignant peripheral nerve
sheath tumor; SPEC: sarcoma of perivascular epithelioid cells; STS: soft tissue sarcoma.

3.3. Critical Appraisal of the Quality of Included Studies

Table 3 summarizes the quality assessment of the included studies. All studies (27/27,
100%) reported clear criteria for inclusion of the patient(s). Valid methods for identification
of the initial (melanoma) and final (sarcoma) conditions were described by 16/27 (59%) and
18/27 (67%) studies, respectively. All case series (4/4, 100%) included consecutive patients.
Clear reporting of demographics and clinical information were found in 27/27 (100%) and
24/27 (89%) studies, respectively. Only one study (4%) specified the timing of the second
assessment, and 17/27 studies (63%) clearly reported the reason for the second assessment.

14



Cancers 2023, 15, 3584

T
a

b
le

3
.

Su
m

m
ar

y
of

th
e

qu
al

it
y

as
se

ss
m

en
to

ft
he

in
cl

ud
ed

st
ud

ie
s.

F
ir

st
A

u
th

o
r

Y
e
a
r

C
le

a
r

C
ri

te
ri

a
fo

r
In

cl
u

si
o

n

V
a
li

d
M

e
th

o
d

s
fo

r
th

e
Id

e
n

ti
fi

ca
ti

o
n

o
f

th
e

In
it

ia
l

C
o

n
d

it
io

n

V
a
li

d
M

e
th

o
d

s
F

o
r

Id
e
n

ti
fi

ca
ti

o
n

o
f

th
e

F
in

a
l

C
o

n
d

it
io

n

In
a

C
a
se

S
e
ri

e
s,

C
o

n
se

cu
ti

v
e

In
cl

u
si

o
n

o
f

P
a
rt

ic
ip

a
n

ts

C
le

a
r

R
e
p

o
rt

in
g

o
f

D
e
m

o
g

ra
p

h
ic

s

C
le

a
r

R
e
p

o
rt

in
g

o
f

C
li

n
ic

a
l

In
fo

rm
a
ti

o
n

R
e
p

o
rt

in
g

o
f

T
im

e
o

f
S

e
co

n
d

A
ss

e
ss

m
e
n

t

R
e
p

o
rt

in
g

o
f

R
e
a
so

n
fo

r
S

e
co

n
d

A
ss

e
ss

m
e
n

t

Po
tt

er
A

J[
17

]
20

22
Ye

s
Ye

s
Ye

s
N

/A
Ye

s
Ye

s
N

o
Ye

s

Ta
hi

ri
EL

[1
8]

20
22

Ye
s

Ye
s

ye
s

N
/A

Ye
s

Ye
s

N
o

Ye
s

Bi
gl

ow
LR

[9
]

20
21

Ye
s

Ye
s

U
nc

le
ar

N
/A

Ye
s

Ye
s

N
o

Ye
s

Z
ha

ng
X

[1
9]

20
21

Ye
s

Ye
s

Ye
s

N
/A

Ye
s

Ye
s

U
nc

le
ar

Ye
s

N
aw

ro
ck

iS
[2

0]
20

20
Ye

s
Ye

s
Ye

s
N

/A
Ye

s
Ye

s
N

o
Ye

s

O
bi

or
ah

IE
[2

1]
20

19
Ye

s
Ye

s
Ye

s
Ye

s
Ye

s
Ye

s
Ye

s
Ye

s

D
on

ze
lM

[2
2]

20
19

Ye
s

Ye
s

Ye
s

N
/A

Ye
s

Ye
s

N
o

Ye
s

O
bi

or
ah

IE
[2

3]
20

18
Ye

s
Ye

s
Ye

s
N

/A
Ye

s
Ye

s
N

o
Ye

s

C
ur

ry
JL

[2
4]

20
18

Ye
s

Ye
s

Ye
s

N
/A

Ye
s

Ye
s

N
o

Ye
s

Le
on

-C
as

ti
llo

A
[2

5]
20

17
Ye

s
Ye

s
Ye

s
N

/A
Ye

s
Ye

s
N

o
N

o

Z
iv

an
ov

ic
M

[2
6]

20
17

Ye
s

Ye
s

Ye
s

N
/A

Ye
s

N
o

N
o

N
o

Ja
ck

so
n

C
R

[2
7]

20
16

Ye
s

Ye
s

U
nc

le
ar

N
/A

Ye
s

Ye
s

N
o

Ye
s

C
as

tr
ic

on
iM

[2
8]

20
15

Ye
s

Ye
s

U
nc

le
ar

N
/A

Ye
s

Ye
s

N
o

N
o

Sa
ya

h
M

[2
9]

20
15

Ye
s

U
nc

le
ar

Ye
s

N
/A

Ye
s

Ye
s

N
o

Ye
s

Li
u

C
[3

0]
20

14
Ye

s
U

nc
le

ar
Ye

s
Ye

s
Ye

s
Ye

s
N

o
Ye

s

Si
di

ro
po

ul
os

M
[3

1]
20

12
Ye

s
U

nc
le

ar
Ye

s
N

/A
Ye

s
Ye

s
N

o
Ye

s

Fa
lc

on
ie

ri
G

[3
2]

20
12

Ye
s

Ye
s

Ye
s

Ye
s

Ye
s

Ye
s

N
o

Ye
s

R
od

rí
gu

ez
M

M
[3

3]
20

09
Ye

s
U

nc
le

ar
Ye

s
N

/A
Ye

s
Ye

s
N

o
U

nc
le

ar

Z
ou

fa
ly

A
[1

1]
20

07
Ye

s
Ye

s
N

o
N

/A
Ye

s
N

o
N

o
N

o

Ta
na

s
M

R
[3

4]
20

09
Ye

s
U

nc
le

ar
U

nc
le

ar
N

/A
Ye

s
Ye

s
N

o
N

o

Br
ig

ht
m

an
LA

[3
5]

20
06

Ye
s

Ye
s

Ye
s

N
/A

Ye
s

Ye
s

N
o

Ye
s

M
at

su
da

Y
[3

6]
20

05
Ye

s
U

nc
le

ar
U

nc
le

ar
N

/A
Ye

s
Ye

s
N

o
N

o

D
em

ir
Y

[3
7]

20
03

Ye
s

U
nc

le
ar

Ye
s

N
/A

Ye
s

Ye
s

N
o

Ye
s

Bo
ne

tt
iF

[3
8]

20
01

Ye
s

U
nc

le
ar

Ye
s

Ye
s

Ye
s

Ye
s

N
o

Ye
s

15



Cancers 2023, 15, 3584
T

a
b

le
3

.
C

on
t.

F
ir

st
A

u
th

o
r

Y
e
a
r

C
le

a
r

C
ri

te
ri

a
fo

r
In

cl
u

si
o

n

V
a
li

d
M

e
th

o
d

s
fo

r
th

e
Id

e
n

ti
fi

ca
ti

o
n

o
f

th
e

In
it

ia
l

C
o

n
d

it
io

n

V
a
li

d
M

e
th

o
d

s
F

o
r

Id
e
n

ti
fi

ca
ti

o
n

o
f

th
e

F
in

a
l

C
o

n
d

it
io

n

In
a

C
a
se

S
e
ri

e
s,

C
o

n
se

cu
ti

v
e

In
cl

u
si

o
n

o
f

P
a
rt

ic
ip

a
n

ts

C
le

a
r

R
e
p

o
rt

in
g

o
f

D
e
m

o
g

ra
p

h
ic

s

C
le

a
r

R
e
p

o
rt

in
g

o
f

C
li

n
ic

a
l

In
fo

rm
a
ti

o
n

R
e
p

o
rt

in
g

o
f

T
im

e
o

f
S

e
co

n
d

A
ss

e
ss

m
e
n

t

R
e
p

o
rt

in
g

o
f

R
e
a
so

n
fo

r
S

e
co

n
d

A
ss

e
ss

m
e
n

t

Fe
rr

ei
ro

JA
[3

9]
19

95
Ye

s
U

nc
le

ar
U

nc
le

ar
N

/A
Ye

s
Ye

s
N

o
N

o

H
on

m
a

K
[4

0]
19

89
Ye

s
U

nc
le

ar
U

nc
le

ar
N

/A
Ye

s
N

o
N

o
N

o

G
ou

ld
E

[4
1]

19
89

Ye
s

U
nc

le
ar

un
cl

ea
r

N
/A

Ye
s

Ye
s

N
o

N
o

16



Cancers 2023, 15, 3584

4. Discussion

This systematic review evaluated the available evidence on cases of sarcoma that
were initially diagnosed as malignant melanoma. Our search yielded only case reports
and small case series [9,11,17–41], which, individually, can provide sparce information
to healthcare providers; however, summarizing data from such sources may allow for a
better understanding of the topic. Most of the studies were published in the last decade,
which may suggest a rising interest in differentiating sarcoma from melanoma during the
diagnostic process.

Overall, the clinical presentation of such cases was heterogeneous, and some sarcomas
were initially misdiagnosed because several aspects, such as clinical factors, localization of the
lesion, and histologic appearance, suggested a malignant melanoma [9,17–28,32–35,39–41]. In
some cases, the clinician considered other diagnoses but finally opted for melanoma [29–31,36–38].
Furthermore, immunohistochemistry is not helpful for differentiating sarcoma from
melanoma, which was suggested by the positivity of some markers, such as S100, HBMG-
45, and MelanA [9,17–23,26,27,29–39]. Hence, the rarity of cases of sarcoma mimicking
melanoma likely played an important role in opting for melanoma as the reasonable initial
diagnosis of choice. The reader should be aware that we assume such rarity given the few
cases in the literature, but we do not have robust information about the real magnitude of
cases of sarcoma mimicking melanoma.

In fact, the main reasons for the second assessment leading to a diagnosis of sarcoma
were unusual presentation and uncertainty about the diagnosis, which suggested further
investigations to the clinicians [9,18–23,29,30,32,33,35,38]. In a few cases, the second assess-
ment was performed because the patient did not respond to the treatment [17] or during a
retrospective review of cases [21,24].

This implies that the correct identification of a sarcoma mimicking melanoma relies
on the healthcare provider being aware of the possibility of such a case and being able to
identify when unusual features merit further investigation.

This also means that the prevalence of such cases is unknown because the literature
does not include episodes when the healthcare provider did not feel the need for further
investigations, and no systematic investigations have been conducted in large series of
melanoma patients.

We believe that misdiagnosing a sarcoma as a melanoma may have potential impli-
cations for patient care because of the use of different therapeutic approaches, including
sentinel node biopsy, first-line therapy, and surgical therapy [12–14]. Unfortunately, avail-
able information is insufficient to assess the prognostic effect of such misdiagnosis.

Interestingly, half of the sarcomas found at the second assessment were CCS [17–23,26,29–33].
We believe that the common features shared by CCS and melanoma [7,8] and the lower
incidence of CCS were likely to be responsible for the initial misdiagnosis. When investi-
gated, EWSR1 translocation was found to be positive in almost all cases [17–22,26,29–33];
hence, clinicians may benefit from the investigation of EWSR1 translocation in the initial
diagnostic process.

This systematic review has some limitations that should be considered by the reader.
First, the research topic was prone to be described in case reports and very small case series,
limiting the available information and the potential for further analyses. Second, the lack of
epidemiological studies prevented any considerations of the prevalence of cases of sarcoma
that were initially diagnosed as melanoma. Third, information about the timing of the
second assessment would provide interesting information but was largely missing in the
literature. Fourth, the role of EWSR1 translocation in the identification of CCS could not be
investigated because of selected reporting (the included studies reported some CCS cases
with positive EWSR1 and one MPNST cases with negative EWSR1).

Within its limitations, our systematic review underlines an underreported problem
in the diagnosis of melanoma and sarcoma, informs physicians about features that can
make differential diagnosis difficult, and highlights the importance of searching for EWSR1
translocation in the diagnostic process. Due to the rarity of sarcoma, healthcare providers
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possess a heterogeneous level of experience and expertise in managing such diseases.
Therefore, it is crucial for physicians to ensure that pathologists are appropriately guided
to relevant diagnostic procedures, especially when excising suspicious melanoma lesions
in centers without specialized knowledge of sarcoma. The histologic and immunohisto-
chemical similarities between melanoma and sarcoma can occasionally present a challenge
for less experienced pathologists, increasing the risk of misdiagnosis. Therefore, effective
collaboration among physicians, surgeons, and pathologists is essential to accurately guide
the diagnostic process and assist pathologists in reaching a definitive histologic diagno-
sis. Physicians should consider sarcoma—particularly CCS, as mentioned—as a plausible
differential diagnosis when encountering lesions that lack the typical clinical features of
melanoma, especially those located deep within or near tendons and/or aponeurosis,
particularly in young patients. It is noteworthy that the definitive diagnosis of CCS often
relies on identifying EWSR1 translocation. Therefore, physicians should provide explicit
guidance to pathologists, enabling them, when necessary, to actively search for EWSR1
translocation to definitively confirm the diagnosis. Alternatively, in the absence of clear
guidance from the physician, a less experienced pathologist facing difficulties in reaching a
definitive diagnosis for a suspected melanoma lesion should seek a second opinion from
more experienced colleagues. This proactive approach may facilitate the timely implemen-
tation of appropriate therapeutic interventions, ultimately leading to improved patient
outcomes and, potentially, prognosis.

5. Conclusions

Atypical skin lesions may be misdiagnosed as melanomas if they share many simi-
larities. Physicians should be aware of such a possibility in the diagnostic process, as it
may have potential implications for the treatment strategy. In the case of atypical skin
lesions, it may be useful to investigate the presence of EWSR1 translocation, since CSS are
the most common histology to be found in case of re-evaluation. Referral to tertiary expert
centers may be recommended. Further investigations are required to better understand the
epidemiology of misleading diagnosis and to raise awareness of the issue.
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www.mdpi.com/article/10.3390/cancers15143584/s1, Table S1: List of excluded records after reading
the full-text.
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Simple Summary: 28 patients, or 4.36%, were diagnosed with venous thromboembolism after soft
tissue sarcoma surgery. The most significant risk factors for this complication were pre-operative
(PTT) partial thromboplastin time, post-operative PTT, post-op chemotherapy, metastasis at diagnosis,
additional surgery for metastasis or local recurrence, and tumor size larger than 10 cm. Risk of wound
complications and infection increased in those who received prophylaxis medications.

Abstract: Orthopedic surgery and soft-tissue sarcoma (STS) both independently increase the risk of
developing symptomatic venous thromboembolic events (SVTE), but there are no established risk
factors or guidelines for how to prophylactically treat patients with STS undergoing surgery. The
objectives of this study were to (1) identify the prevalence of SVTE in patients undergoing STS surgery,
(2) identify risk factors for SVTE, and (3) determine the risk of wound complications associated with
VTE prophylaxis. This retrospective study was conducted in a tertiary level, academic hospital. A
total of 642 patients were treated for soft-tissue sarcoma in the lower extremity with follow up for at
least 90 days for the development of SVTE such as deep venous thrombosis and pulmonary embolism.
Multivariate logistic regression was used to identify predictors for these events by controlling for
patient characteristics, surgical characteristics, and treatment variables, with significance held at
p < 0.05. Twenty eight patients (4.36%) were diagnosed with SVTE. Multivariate analysis found
six significant predictors ordered based on standardized coefficients: pre-operative (PTT) partial
thromboplastin time (p < 0.001), post-operative PTT (p = 0.010), post-op chemotherapy (p = 0.013),
metastasis at diagnosis (p = 0.025), additional surgery for metastasis or local recurrence (p = 0.004),
and tumor size larger than 10 cm (p < 0.001). The risk of wound complications (p = 0.04) and infection
(p = 0.017) increased significantly in patients who received chemical prophylaxis. Our study identifies
risk factors for patients at increased risk of developing VTE. Further prospective research is necessary
to identify which protocols would be beneficial in preventing SVTE in high-risk patients with a low
profile of wound complications.

Keywords: orthopedic surgery; sarcoma; symptomatic venous thromboembolism (SVTE); DVT
prophylaxis

1. Introduction

Affecting nearly 350,000–600,000 Americans annually, symptomatic venous throm-
boembolism (SVTE) represents one of the most common preventable causes of hospital
deaths [1–4]. Venous thromboembolism (VTE) is a blood clot arising in a deep vein, in-
cluding both deep vein thrombosis (DVT) and pulmonary embolism (PE). Cancer and
orthopedic surgery have been independently identified as risk factors for SVTE [5–9]. The
literature reports that the incidence of SVTE in this patient population is between 1.4 and
21% with the use of mechanical and/or chemical prophylaxis [8,10–13]. Through the ex-
pression of thrombin and the release of microparticles that influence the solidity of the
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blood, cancer cells increase coagulation [14,15] and subsequent platelet formation, which is
then thought to facilitate the metastatic process [16].

Although all types of surgery increase the risk of clotting and therefore SVTE, or-
thopedic surgery involves many prothrombotic processes such as coagulation activation
from tissue and bone injury; venous injuries; and long periods of immobilization, which
further increase the risk and occurrence of SVTE [17]. Thus, this population with STS are at
increased risk of undergoing a postoperative thromboembolic event compared to patients
after a soft-tissue orthopedic procedure with non-oncologic characteristics [8].

There are currently a few existing studies that evaluate the unique risk factors of an
STS patient undergoing orthopedic surgery [18–20]. However, these studies are limited by
their older case series, small sample sizes, and reliance on national databases. The American
Academy of Orthopaedic Surgeons (AAOS) guidelines indicate there is a lack of evidence
on the predictors of SVTE in orthopedic oncology patients undergoing surgery, resulting in
unclear protocols for post-surgical prophylaxis treatment [11]. Prophylactic anticoagulation
medication may help to reduce SVTE and the resulting morbidity and mortality; however, it
can lead to surgical bed bleeding, hematoma, and wound complications [21,22]. Identifying
SVTE predictors may be extremely beneficial for clarifying and understanding a proper
treatment regimen for patients at risk, while helping surgeons to minimize the risks related
to anticoagulation. The objectives of this study were to (1) identify the prevalence of
SVTE in patients undergoing soft tissue sarcoma surgery, (2) identify risk factors for SVTE
in this population, and (3) determine the risk of wound complications associated with
VTE prophylaxis.

2. Materials and Methods

This retrospective study was conducted at a single large referral institution in order to
assess the predictors of soft-tissue high-grade sarcoma of the lower extremity. A total of
642 patients were found using a research patient data registry search that included patients
older than 18 years of age who have been surgically treated at our institution for soft tissue
sarcomas from January 1992 to December 2017. All tumors were microscopically confirmed
to be high-grade soft-tissue sarcomas in the lower extremity, excluding the pelvis, buttocks,
and genitals. Exclusion criteria included patients with primary bone sarcomas extending
and/or metastasizing to soft tissue or those without follow-up for at least 90 days after
surgery. The average age at diagnosis of the population was 53.2 years old, and 56% of
patients were male. Body mass index was similar, at 28.1 in no-SVTE patients and 28.5 in
SVTE patients (Table 1).

Table 1. Patient characteristics.

Variable No VTE (614) VTE (28) Odds Ratio (95% CI) p-Value

Age at diagnosis 53.2 (40.8–66) 53.4 (44–60.8) 0.99 (0.97–1.02) 0.984
BMI a 28.1 (23–31.4) 28.5 (26.1–30.7) 1.00 (0.93–1.06) 0.918

Sex
Male 344 (94.8%) 19 (5.2%) Reference

Female 270 (96.8%) 9 (3.2%) 2.65 (1.02–8.21) 0.07
Smoking status a

Never smoked 273 (95.8%) 12 (4.2%) Reference
Current smoker 65 (94.2%) 4 (5.8%) 2.22 (0.83–6.32) 0.114

Quit 195 (94.2%) 12 (5.8%) 2.31 (0.58–7.98) 0.196
a: Age at diagnosis is available for 606 patients; smoking status is available for 564 people.

2.1. Outcomes of Interest

The outcome event was defined as a radiographically (CT scan or ultrasound) con-
firmed clinically symptomatic DVT or PE within 90 days of the index surgery. Within the
scope of this research, patients were followed up at least at two weeks, six weeks, or three
months after surgery. Imaging was only obtained in patients with clinical presentation of
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SVTE. Routine imaging was not used, as previous literature has now recognized an increase
in the prevalence of thromboembolic events if asymptomatic patients are included [19].
The treatment of asymptomatic patients is also controversial [10].

In our practice, DVT prophylaxis is given to patients for at least four weeks. If the
patient remains immobile, DVT prophylaxis extends to six weeks or as needed. The protocol
period of immobilization after surgery is two days bed-rest after resection if preoperative
radiation therapy is given and the condition of the soft tissues is suboptimal; or five
days of bed rest with limited dangling if preoperative radiation therapy is given and a
rotational flap ± skin graft is used for closure (there is no restriction if radiation was not
used preoperatively); or seven days of bed rest and limited dangling, independent of the
use of radiation therapy, with a free flap was used for closure.

Information on variables such as patient characteristics, details about the outcome
event, and tumor characteristics; treatment variables; preoperative and postoperative clini-
cal variables; and any complications was collected. Tumor site, gross histology, tumor size,
and depth were confirmed by the pathology reports and operation notes. Our institution
determines grade based on a 1–3 scale, and stage was determined using the American
Joint Committee on Cancer staging system (AJCC), which utilizes tumor size, metastases,
and grade [23,24]. If a patient presented with an STS tumor in the upper extremity that
metastasized to the lower extremity, metastasis was recorded as presenting at diagnosis.
Wound complications were defined as a broad category that included infections and condi-
tions such as wound dehiscence, delayed wound healing, local thrombosis, and soft-tissue
reconstruction failures. Additional procedures were confirmed by additional operative
notes for irrigation and debridement, new soft-tissue reconstructions with grafts or flaps,
revisions of these, and other complications. Pre-operative and post-operative variables
within a week before and after the surgery were also used. Follow-up varied between
patients; while some patients exhibited symptoms of concern and were assessed for DVT
quickly, others were only assessed for DVT during regular scheduled follow-ups based on
the guidelines stated above.

2.2. Statistical Analysis

Patients with SVTE events were compared to those without them to identify any
potential predictors of SVTE. All variables were assessed with a multivariate regression
model by controlling for patient characteristics, surgical characteristics, and treatment
variables. Odds ratios and 95% confidence intervals were reported for all outcomes. Due to
the large nature of this retrospective study, there were missing data for a small percentage
of patients. Each analysis included only those patients with the variable of interest available.
Statistical significance was held at p < 0.05. STATA 15 by StataCorp (College Station, TX,
USA: StataCorp LLC) was used for all statistical analyses.

3. Results

A total of 28 patients (4.36%) out of 642 were diagnosed with SVTE within 90 days of
surgery (27 DVT and 1 PE). The average age at diagnosis of the population was 53.2 years
old. Fifty six percent of patients were male. There were no differences in the age of patients,
body mass index, or smoking status between no-SVTE patients and SVTE patients.

A multivariate logistic model found that tumor size larger than 10 cm (OR 2.41,
95% CI 1.07–5.21), post-surgical chemotherapy (OR 2.98, 95% CI 1.35–6.42), pre-op PTT
(OR 0.77, 95% CI 0.68–0.89), post-op PTT (OR 0.91, 95% CI 0.75–0.98), metastasis at diagnosis
(OR 3.18, 95% CI 1.11–8.59), and additional surgery for metastasis or local recurrence
(OR 2.89, 95% CI 1.24–6.97) were significant predictors of SVTE (Tables 2–4).
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Table 2. Tumor characteristics.

Variable No VTE (614) VTE (28) Odds Ratio (95% CI) p-Value

Histology
Undifferentiated/general 91 4 Reference

Leiomyosarcoma 150 2 0.30 (0.04–1.57) 0.170
Fibrosarcoma 169 5 0.67 (0.17–2.76) 0.556
Angiosarcoma 47 0 - 0.992
Liposarcoma 50 5 2.23 (0.56–9.36) 0.247

Malignant peripheral nerve
Sheath tumor 26 0 - 0.996

Rhabdomyosarcoma 10 2 4.13 (0.53–2.39) 0.124
Synovial sarcoma 71 10 3.15 (1.01–1.18) 0.060

Site
Thigh 378 (95.2%) 19 (4.8%) Reference
Leg 198 (97.1%) 6 (2.9%) 0.94 (0.32–2.42) 0.901
Foot 35 (9.2%) 3 (90.8%) 1.92 (0.28–7.78) 0.416

Grade a

1/3 53 (94.6%) 3 (5.4%) Reference
2/3 202 (96.2%) 8 (3.8%) 0.50 (0.13–2.48) 0.348
3/3 182 (95.3%) 9 (4.7%) 0.51 (0.14–2.68) 0.408

1–2/3 26 (96.3%) 1 (3.7%) - 0.988
2–3/3 128 (94.8%) 7 (5.2%) 0.70 (0.16–3.60) 0.637

Stage a

I 54 (94.7%) 3 (5.3%) Reference
II 206 (97.2%) 6 (2.8%) 0.247

IIIA 156 (94.5%) 9 (5.5%) 0.993
IIIB 100 (97.1%) 3 (2.9%) 0.
IV 76 (91.6%) 7 (8.4%) 0.989

Dimension larger than 10 cm a 279 (94.9%) 15 (5.1%) 2.41 (1.07–5.21) <0.001
Vascular Invasion a 55 (94.8%) 3 (5.2%) 1.53 (0.35–4.84) 0.515

Metastasis at Diagnosis a 67 (89.3%) 8 (10.7%) 3.18 (1.11–8.59) 0.025

a: Grade and stage are available for 619 people, dimension for 623, vascular invasion for 604, and metastasis at
diagnosis for 500 people. Significant values are bolded.

Table 3. Surgery and other treatment.

Variable No VTE (614) VTE (28) Odds Ratio (95% CI) p-Value (Multivariate)

Surgery
Operative time 2.0 (1.5–2.6) 2.7 (2.1–3.3) 1.11 (0.72–2.87) 0.387
Vascular injury 10 (1.4%) 0 (0%) - -

Positive margin a 113 (94.2%) 7 (5.8%) 1.64 (0.57–4.38) 0.483
Blood loss a 374.1 (50–350) 777.7 (125–778) 1.22 (0.74–3.20) 0.519

Reconstruction 396 (97.3%) 11 (2.7%) 1.34 (0.84–2.45) 0.221
Graft a 112 (96.6%) 4 (3.4%) 1.00 (0.28–2.79) 0.982

Tourniquet use 121 (97.6%) 3 (2.4%) 1.2 (0.43–4.10) 0.456
Chemotherapy

Pre-op a 173 (94%) 11 (6%) 1.50 (0.59–3.68) 0.278
Post-op a 137 (91.3%) 13 (8.7%) 2.98 (1.35–6.42) 0.013

Radiation
Pre-op a 373 (95.6%) 17 (4.4%) 1.33 (0.54–3.56) 0.838
Post-op a 138 (95.2%) 7 (4.8%) 1.13 (0.44–2.59) 0.733

VTE prophylaxis
None 156 (98.7%) 2 (1.3%) Reference Reference
ASA 51 (98.1%) 1 (1.9%) 8.37 (0.36–9.97) 0.099

LMWH 244 (93.8%) 16 (6.2%) 4.54 (0.99–2.92) 0.057
Warfarin 149 (94.3%) 9 (5.7%) 3.49 (0.73–2.48) 0.142
Multiple 14 (100%) 0 - 0.994

a: Margin information is available for 629 patients, blood loss for 619, graft for 620, pre-op chemo for 603, pre-op
radiation for 631, and post-op radiation information for 625. Significant values are bolded.
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Table 4. Pre-operative and post-operative blood values and complications.

Variable No VTE (614) VTE (28) Odds Ratio (95% CI) p-Value (Multivariate)

Pre-Op
Partial thromboplastin a 30.39 (24.9–30.25) 27.11 (24.5–29.2) 0.77 (0.68–0.89) <0.001

PT(INR) a 1.08 (1–1.1) 1.119 (1–1.1) 1.41 (0.20–5.24) 0.648
WBC a 7.40 (5.56–8.46) 7.74 (5.15–8.35) 0.978 (0.83–1.08) 0.754
PLT a 284.60 (206–332) 298.4 (229–298) 1.00 (0.98–1.10) 0.734
HGB a 13.11 (11.3–14.6) 13.47 (10.95–14.8) 1.03 (0.91–1.14) 0.375

Post Op
Partial thromboplastin a 38.62 (25.9–39.2) 33.58 (25.7–33.6) 0.91 (0.75–0.98) 0.010

PT(INR) a 1.17 (1.01–1.20) 1.13 (1.1–1.2) 0.36 (0.01–4.24) 0.228
WBC a 9.21 (7–10.7) 9.94 (7.1–13.78) 1.07 (0.79–1.14) 1.304

Complications
Infection 116 (92.8%) 9 (7.2%) 1.21 (0.41–3.11) 0.216

Wound Complication 120 (92.3%) 10 (7.7%) 2.25 (1.07–5.21) 0.124
Additional Surgery for

metastasis or local
recurrence

141 (92.2%) 12 (7.8%) 2.89 (1.24–6.97) 0.004

a: Pre-op values: PTT values is available for 529 patients, PT/INR (383 patients), PLT (573 people), WBC and
HGB (576 people), and glucose (456 people). Post-op information: PTT is available for 506 patients, PT/INR
(540 people), WBC (509 people). Significant values are bolded.

Of the 642 people, 484 received at least one VTE prophylactic agent. The most common
agent was low-molecular-weight heparin (LMWH), which was given to 244 people (Table 3).
Patients had no differences in VTE rates based on their chemoprophylaxis (p > 0.05).
Moreover, patients that received chemoprophylaxis were associated with increased risk of
wound complications (OR 1.20, CI 1.01–1.43, p = 0.04) and infection (OR 1.24, CI 1.04–1.48,
p = 0.017). However, no specific chemical prophylaxis was found to be associated with
increased wound complication risk (Table 5).

Table 5. DVT prophylaxis and wound complication risk.

Variable p-Value (Multivariate) Odds Ratio CI Interval

None Reference

Aspirin 0.098 2.49 0.1–42.0

Warfarin 0.089 4.25 0.38–9.46

LMWH 0.066 7.68 0.22–15.2

Multiple treatments 0.078 4.60 0.4–10.3

4. Discussion

Orthopedic surgery and cancer are both independently associated with an increased
risk of developing SVTE [25]. Currently, there are no guidelines that take into account
the unique risk factors of this population for prescribing DVT prophylaxis. This study
was designed to identify potential predictors of SVTE in STS patients and complications
associated with prophylaxis treatments. This study identified the prevalence rate of SVTE
following soft tissue sarcoma surgery to be 4.36%. Six significant predictors—post-op PTT,
pre-op PTT, post-op chemotherapy, metastasis at diagnosis, additional surgery for metasta-
sis or local recurrence, and tumor size larger than 10 cm—were found to associated with an
increased risk of developing SVTE after surgery while adjusting for patient characteristics,
tumor characteristics, treatments, and laboratory values.

The prevalence of SVTE in our cohort was slightly lower than that reported in the
literature. The percentage of reported SVTE incidence rates in orthopedic surgery varies
considerably, ranging from 0.6 to 21% [8,10–13]. One possible reason for this considerable
range could be attributed to the lack of standard protocol used to diagnose SVTE in
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the published literature. This variation can also be attributed to the variation in the
diagnosis of subclinical VTE, which often goes undiagnosed. Our specific cohort did not
include imaging studies in asymptomatic patients, reflecting the current clinical practice
in which only symptomatic patients are tested. Patients with clinical concern of DVT
or PE underwent further imaging, while those with ailments such as unilateral swelling
underwent lower-extremity DVT ultrasound. Yet, this is one of the largest cohorts of
patients with soft-tissue sarcoma followed to date.

The increase in the risk of SVTE due to metastasis is in line with the idea that the diffuse
nature of the tumor leads to hypercoagulability, increasing the risk of thrombosis [26,27].
Metastatic cancers are usually known to be larger and to release more procoagulant factors,
requiring a multitude of treatments and leading to shorter survival times. One such
treatment, postoperative chemotherapy, is also a significant predictor of SVTE and major
bleeding complications [5,28]. Postoperative chemotherapy puts stress on the body and
exacerbates any irregular clotting abnormalities [28]. Similarly, additional surgery due
to local recurrence or metastasis, which itself is known to be positively predictive of
developing DVTs, is significantly correlated with SVTEs, as surgery increases the risk of
immobilization and other prothrombic factors. Radiation therapy was likewise expected to
be a predictor of SVTE, but it was not found to be significantly associated [26,29]. Radiation
therapy has been shown to cause endothelial prothrombotic response, influencing the
thrombomodulin complex and various cytokines [10,30] in oncologic patients, but its
effects on microcirculation is one possible reason why this discrepancy exists [31].

Our study found that preoperative and postoperative PTT were significantly associated
with an increased risk of DVT. Activated PTT is a measure of intrinsic coagulation pathways,
meaning PTT levels can be used to measure the rate of coagulation. A low level of PTT
indicates a procoagulation tendency because of a greater number of clotting proteins;
therefore, it follows that low PTT levels are predictive factors for DVT [32].

Our study did not find any specific chemoprophylaxis associated with significantly
decreased risk of SVTE. Currently, AAOS does not have a standard recommendation of DVT
prophylaxis for patients undergoing soft-tissue sarcoma patients. Regarding elective hip
and knee arthroplasty, AAOS only has evidence sufficient to screen patients with a previous
history of SVTE as a risk factor [33]. The American College of Clinical Pharamacology
(ACCP) recommends some form of chemical prophylaxis for all patients undergoing major
orthopedic surgery; however, there is no standard guideline for which prophylaxis can be
employed [34].

Heparin was used as the standard for DVT prophylaxis in the early 1920s until the
introduction of warfarin in 1948 [35]. In most cases, heparin was followed by warfarin as
a treatment regimen. Eventually, LMWH was issued to alleviate the need to consistently
monitor the patient [21]. Many studies identifying risk factors have low statistical power
due to the rare occurrence of SVTE and the lack of large data collection in this specific group
of patients [36]. Levine et al. demonstrated that LMWH is an equally effective alternative
to the unfractionated heparin delivered in the hospital [22]. Singh et al. found that the
incidence of DVT in patients undergoing orthopedic oncology lower-limb surgery was low
even without prophylaxis, but noted that further investigation with larger sample sizes
was necessary [36].

All patients at our institution receive mechanical prophylaxis, either compression
stockings or intermittent pneumatic compression devices. In total, 484 of the patients at our
institution received at least one prophylactic treatment (Table 3). Chemical prophylaxis is
positively associated with wound complications and infection, but no specific prophylactic
agent was found to lead to significantly increased risk [36]. This suggests that patients
might be over anticoagulated and placed at risk of hematoma formation, with subsequent
wound complications and infections. This compounds the necessity of analyzing risk
factors for developing SVTE in order to prescribe a patient the proper treatment and
minimize their overall complications.
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This study had a number of limitations. First, due to its retrospective design, there
was incomplete information available for different patients. The large cohort size reduced
the effect of the loss of data, as we excluded patients with missing data in each of the
independent calculations to reduce concerns. Second, assessing for SVTE was not routine
unless the patient was symptomatic and treated at our institution, explaining the lower
rate of SVTE recorded in this study compared to in the literature. A prospective study
would be helpful to further evaluate the conclusions of this study. However, our design
reflects the current standard clinical practice or screening. Third, the study was limited to
our institution. This could potentially lead to a more homogenous patient population and
lack of generalizability. Our large referral cancer center treats a wide variety of patients,
making this limitation less of a concern. Fourth, the present paper attempts to provide a
comprehensive analysis of the factors that could contribute to venous thromboembolism
postoperatively; however, there are a number of factors, such as prothrombotic agents or
previous thromboembolism, that could not be analyzed due to the limited sample size
or power of the study. Despite these challenges, the conclusions reached in this study
provide clinicians valuable information about orthopedic oncology patients with soft-tissue
sarcomas of the lower extremities and how to assess their risk for SVTE.

5. Conclusions

Six variables were found to be significant predictors of SVTE in orthopedic oncology
patients undergoing surgery: tumor size greater than 10 cm, metastasis of tumor at diag-
nosis, postoperative chemotherapy, preoperative and postoperative PTT, and additional
surgeries. Surgeons and healthcare professionals could minimize the risk of developing
SVTE for STS patients by actively following patients with increased risk factors and re-
ducing complications associated with their surgery and recovery. Thrombophylaxis is a
gray area in cancer patients, with further prospective studies being required in order to
determine which protocols in high-risk patients would be beneficial in preventing SVTE
with a low profile of complications in terms of wound healing, postoperative hematoma,
and infections.
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Simple Summary: Chondrosarcomas are a very heterogeneous group of cartilage-forming tumors
that comprise approximately one-third of all malignant bone tumors. The World Health Organization
classifies chondrosarcomas as benign, intermediate, or malignant cartilaginous tumors. Clinical
management is guided by characteristic imaging findings and histopathological grade. However,
the differentiation between enchondromas and low-grade chondrosarcomas and between low-grade
and high-grade chondrosarcomas is challenging for radiologists and pathologists. Many potentially
helpful advanced imaging modalities exist for diagnosing chondroid tumors and multidisciplinary
discussions of all modalities should be combined when making treatment decisions.

Abstract: Chondrosarcomas can be classified into various forms according to the presence or absence
of a precursor lesion, location, and histological subtype. The new 2020 World Health Organization
(WHO) Classification of Tumors of Soft Tissue and Bone classifies chondrogenic bone tumors as
benign, intermediate (locally aggressive), or malignant, and separates atypical cartilaginous tumors
(ACTs) and chondrosarcoma grade 1 (CS1) as intermediate and malignant tumors. respectively. Fur-
thermore, the classification categorizes chondrosarcomas (including ACT) into eight subtypes: central
conventional (grade 1 vs. 2–3), secondary peripheral (grade 1 vs. 2–3), periosteal, dedifferentiated,
mesenchymal, and clear cell chondrosarcoma. Most chondrosarcomas are the low-grade, primary
central conventional type. The rarer subtypes include clear cell, mesenchymal, and dedifferentiated
chondrosarcomas. Comprehensive analysis of the characteristic imaging findings can help differenti-
ate various forms of chondrosarcomas. However, distinguishing low-grade chondrosarcomas from
enchondromas or high-grade chondrosarcomas is radiologically and histopathologically challenging,
even for experienced radiologists and pathologists.

Keywords: chondrosarcoma; classification; 2020 World Health Organization classification of tumors
of soft tissue and bone; atypical cartilaginous tumor; high-grade chondrosarcoma; plain radiograph;
computed tomography; magnetic resonance imaging

1. Introduction

Chondrosarcomas are malignant tumors that produce a chondroid (cartilaginous)
matrix [1,2]. They can be classified as either primary or secondary. Primary chondrosarco-
mas, which arise de novo, are the third most common primary malignant tumors of the
bone after myelomas and osteosarcomas and account for 20–27% of all primary malignant
bone tumors [1]. Conversely, secondary chondrosarcomas are associated with pre-existing
cartilaginous lesions, such as enchondroma or osteochondroma [3,4]. Chondrosarcomas
can also be classified based on the osseous location in which they arise; namely, central
(within the intramedullary cavity), peripheral (within the cartilage cap of a pre-existing
osteochondroma), or periosteal (juxtacortical; on the surface of the bone) [5]. Further
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classification of chondrosarcomas is based on histological subtypes, including conven-
tional (grades 1–3), clear cell, mesenchymal, and dedifferentiated [6]. Finally, the 2020
World Health Organization (WHO) classification categorizes chondrosarcomas into eight
subtypes: central conventional (grade 1 vs. 2–3), secondary peripheral (grade 1 vs. 2–3),
periosteal, dedifferentiated, mesenchymal, and clear cell [7]. The characteristic imaging
features of numerous categories of chondrosarcomas may aid in accurate diagnosis and
classification. Radiography can support the diagnosis of chondroid tumors as enchon-
dromas with characteristic findings including typical chondroid matrix mineralization [8].
Computed tomography (CT) and magnetic resonance imaging (MRI) can reveal imaging
features of malignancy to distinguish between chondrosarcomas and enchondromas [8].
This review article summarizes the various classifications of chondrosarcomas and provides
the characteristic to challenging imaging findings to differentiate among the various forms
of chondrosarcoma.

2. 2020 WHO Classification of Chondrosarcomas

The 2020 WHO classification categorizes chondrogenic bone tumors as benign, inter-
mediate (locally aggressive), or malignant (Figure 1) [7]. The term “atypical cartilaginous tu-
mor (ACT)”, which was first introduced in the 2013 WHO classification, refers to low-grade
chondrosarcomas located in the appendicular skeleton (long and short tubular bones) that
are considered the intermediate group (chondrosarcoma grade 0.5) [9]. Other chondrosar-
comas are assigned to the malignant group. It is important to note that “chondrosarcoma
grade 1 (CS1)” is histologically the same as ACT but is assigned to the malignant group;
CS1 should be applied separately to tumors of the axial skeleton (including the pelvic
bones and the skull base). Chondrosarcomas located in the axial skeleton have a worse
outcome and require more aggressive treatment compared to those in the appendicular
skeleton [7,10–12].

Figure 1. Comparison of the 2013 and 2020 World Health Organization (WHO) classifications of
chondrogenic bone tumor. Diseases highlighted are those that are subject to change from 2013 to 2020
WHO classification.

Finally, the 2020 WHO classification categorizes chondrosarcomas (including ACT)
into eight subtypes (Table 1): central conventional (grade 1 vs. 2–3), secondary peripheral
(grade 1 vs. 2–3), periosteal, dedifferentiated, mesenchymal, and clear cell chondrosar-
coma [7]. We discuss four stages used to determine the classification of chondrosarcomas,
as well as the characteristic to challenging features of various chondrosarcomas.
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Table 1. 2020 WHO classification of chondrosarcomas [7,13].

Entity Remarks

Conventional
chondrosarcomas

Central atypical cartilaginous
tumor (ACT)/chondrosarcoma

grade 1 (CS1)

De novo or secondary
(possible precursor:

enchondroma)
Secondary peripheral ACT/CS1 Precursor: osteochondroma

Central chondrosarcoma grades
2 and 3 (CS2,3)

De novo or secondary
(possible precursor:

enchondroma)
Secondary peripheral CS2,3 Precursor: osteochondroma
Periosteal chondrosarcoma

Rare subtypes Dedifferentiated chondrosarcoma Precursor: conventional
chondrosarcoma

Mesenchymal chondrosarcoma
Clear cell chondrosarcoma

2.1. First Stage: Histological Grading

The biological behavior of chondrosarcomas is graded as 1 to 3 based on nuclear size,
staining pattern (hyperchromasia), mitotic activity, and cellularity degree [14]. CS1 refers to
low-grade tumors containing chondrocytes with small dense nuclei, although some slightly
enlarged nuclei (>8 μm) and a few multinucleated cells (most commonly binucleated) may
be present [1]. The stroma is predominantly chondroid with sparse or absent myxoid
areas [1]. Chondrosarcoma grade 2 (CS2) tumors are intermediate-grade tumors containing
less chondroid matrix and an increased cellular portion compared to CS1 tumors [1]. Chon-
drocyte nuclei are enlarged, either vesicular or hyperchromatic, and are also binucleated
and multinucleated [1]. The stroma is frequently myxoid [1]. Chondrosarcoma grade 3
(CS3) tumors are high-grade tumors exhibiting greater cellularity than CS1 and CS2 tumors
and nuclear pleomorphism with sparse or absent chondroid matrix [1]. The nuclei are
typically vesicular, often spindle-shaped, and may be 5–10-fold larger than normal [1]. The
non-mineralized tissue in chondrosarcomas has high water content, varying histologically
from mature hyaline cartilage to a more myxoid stroma [1]. The edges of chondrosarco-
mas are characterized by chondroid tissue invading the trabecular bone [15]. Once this
morphological feature has been identified, the degree of cellularity is used to determine
the chondrosarcoma grade [1]. Invasion of the endosteal surface marks the beginning of
extraosseous extension as the first step toward high-grade chondrosarcoma [10].

Most chondrosarcomas are conventional, with 60% classified as CS1 or CS2 [16]. Con-
ventional chondrosarcomas tend to occur in older people, and more than 50% of patients
are >50 years of age [13]. These chondrosarcomas are referred to as central chondrosar-
comas. The 5-year survival rate is 88% for patients with CS1 and 57% for patients with
CS2 and CS3 with local recurrence and metastasis rates of 20% and 14%, respectively [17].
The most common skeletal location for conventional chondrosarcomas is the long tubular
bone, accounting for approximately 45% of cases [1,18,19]. The femur is the single most
commonly affected long bone, representing approximately 20–35% of cases, while the upper
extremity is involved in 10–20% of cases, most frequently the proximal humerus [1,18,19].
Long tubular bone lesions most commonly involve the metaphysis (49% of cases) [15]. Con-
ventional chondrosarcomas can also occur in flat bones such as the pelvic bones; however,
higher-grade tumors more frequently occur in the axial skeleton than in the appendic-
ular skeleton. For instance, the prevalence of CS2-3 in the iliac bone is 70% vs. 45% in
the femur [20].

Radiographs of conventional chondrosarcomas typically reveal a mixed lytic and
sclerotic appearance [1,5]. The sclerotic areas represent chondroid matrix mineralization,
which is seen in 60–78% of lesions [1]. Well-differentiated tumors tend to have a char-
acteristic ring-and-arc pattern (Figure 2), whereas higher-grade chondrosarcomas often
contain relatively less matrix mineralization and have a more amorphous or stippled ap-
pearance [1,5,19,21–23]. It is vital to differentiate benign from malignant cartilage tumors;
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increased biological activity presents as deep and extensive endosteal scalloping as an
attempt of tumor cell extension to a second compartment [1].

 

Figure 2. Atypical cartilaginous tumor of the humerus in a 59-year-old woman. Anteroposterior
shoulder radiograph shows a mixed lytic and sclerotic lesion in the humerus. The sclerotic component
represents typical chondroid ring-and-arc calcification.

Sensitive radiographic features differentiating enchondromas from chondrosarcomas
include deep endosteal scalloping ≥2/3 of the normal cortical thickness [5,15] (Figure 3).
Extensive longitudinal endosteal scalloping over ≥2/3 of the lesion length is also strong
evidence of chondrosarcoma (although a somewhat less reliable criterion) [1,24] (Figure 4).

 

Figure 3. Atypical cartilaginous tumor of the distal femur in a 50-year-old woman. (A) Anteropos-
terior and lateral radiographs reveal a mixed lytic and sclerotic lesion in the distal femur (arrows)
with typical ring-and-arc calcifications. (B) Computed tomography and (C) axial T2-weighted image
demonstrate a lobulated chondroid tumor with deep endosteal scalloping (curved arrows) despite
the small tumor size (1.7 cm).
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Figure 4. A typical cartilaginous tumor of the humerus in a 43-year-old woman. (A) Radiographs
reveal a mixed lytic and sclerotic lesion in the humerus (arrows) with typical ring-and-arc calcifica-
tions. (B) Coronal T2-weighted image with fat suppression and (C) T1-weighted enhanced image
demonstrate a lobulated chondroid tumor with longitudinal endosteal scalloping (arrows) along the
9 cm length of the tumor.

Chondrosarcomas frequently grow slowly, and the cortex responds to maintain
the tumor in the medullary cavity. This attempt leads to the maintenance of a chon-
drosarcoma margin presenting as cortical remodeling, cortical thickening, and periosteal
reaction [1,5] (Figure 5).

 

Figure 5. Chondrosarcoma grade 2 of the proximal femur in a 71-year-old man. (A) Anteroposterior
radiograph reveals a lytic lesion in the proximal femur (arrows) resulting in cortical thickening and
periosteal reaction (curved arrow). (B) Sagittal T2-weighted image shows a markedly high-signal
lesion with deep endosteal scalloping (arrows). (C) Axial T2-weighted image with fat suppression
and (D) axial T1-weighted enhanced image demonstrates a lobulated chondroid tumor with focal
bone expansion (arrows).
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Cortical destruction and soft tissue masses are further findings that can indicate an
aggressive process with a perfect specificity of 100% [8] (Figure 6). A more aggressive
moth-eaten and permeative bone appearance with more ill-defined margins may be seen
in higher-grade chondrosarcomas and is frequently associated with mesenchymal and
dedifferentiated subtypes [1,18]. CT allows the optimal detection of matrix mineralization,
particularly when it is subtle or in a complex anatomic area, in addition to the accurate
evaluation of the length and depth of endosteal scalloping [1,15,24]. Cortical response or
cortical destruction with extraosseous soft tissue extension can also be well visualized by
CT [15,24,25]. The enhanced CT findings for chondrosarcoma include a mild peripheral rim
and septal enhancement [1,24]. MRI is the best method for evaluating the extent of marrow
replacement and soft tissue extension [1,24]. Conventional chondrosarcomas have water-
rich hyaline cartilage, which presents as a bright signal surrounded by low-signal septa on
T2-weighted images (T2WI) [15]. Areas of matrix mineralization have a low signal in all MR
pulse sequences [15]. This feature often creates marked heterogeneity in T2WI [1]. On T1-
weighted images (T1WI), marrow-replacing lesions show a low-to-intermediate signal with
possible entrapped areas of pre-existing fat marrow, presenting with high signal intensity on
T1WI [1]. Soft tissue extension is well demonstrated on MRI and the characteristics of soft
tissue extension are identical to those of the intraosseous component [1,24]. The contrast
enhancement pattern is typically mild in degree and peripheral and septal in pattern [1].
Higher-grade lesions appear, with larger soft tissue masses showing more prominent
diffuse or nodular contrast enhancement [1]. Higher-grade conventional chondrosarcomas
occur more frequently in the axial skeleton. The prevalence of CS2 and CS3 in the iliac bone
is 70%, with a predilection for the area around the previous region of the triradiate cartilage
(Figure 7). For comparison, the prevalence of CS2 and CS3 in the entire femur is 45% [20].

 
Figure 6. Atypical cartilaginous tumor of the calcaneus in a 74-year-old woman. (A) Plain radio-
graphs reveal a lytic lesion in the calcaneus (arrows) with a partially destructed cortex (curved arrow).
(B) Axial and (C) sagittal T2-weighted images with fat suppression show a lesion with marked
high-signal intensity with focal extraosseous soft tissue extension (curved arrows).
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Figure 7. High-grade conventional chondrosarcoma of the acetabulum in a 49-year-old woman.

(A) Axial CT scans reveal cortical breakage (thin arrow) with extraosseous extension containing matrix
mineralization (curved arrow) in the left acetabulum. (B) Axial and (C) axial T1-weighted enhanced
images with fat suppression show diffusely enhancing intraosseous (arrow) and extraosseous tumor
components (curved arrow).

2.2. Second Stage: Primary vs. Secondary

Chondrosarcomas arising de novo are called primary chondrosarcomas (>90%), of
which ≥80% are conventional (see Section 2.1) [16]. Conversely, chondrosarcomas su-
perimposed on pre-existing benign cartilaginous neoplasms such as enchondromas or
osteochondromas, those complicating enchondromatosis (Ollier’s disease, Maffucci syn-
drome), and hereditary multiple exostoses (HME) are referred to as secondary chondrosar-
comas (<10%) [1,5,17]. Their reported incidence rates are 0.4% to 2.2% in patients with
solitary osteochondroma or enchondroma [17] and increase to 27.3% in patients with
HME [3,26,27], 30–50% in patients with Ollier’s disease, and up to 100% in patients with
Maffucci syndrome [28–30]. Enchondromas are considered precursor lesions for ‘secondary
central chondrosarcomas’, while osteochondromas are considered precursor lesions for
‘peripheral chondrosarcomas’. The terms ‘central’ and ‘peripheral’ relate to the location
of the tumor in the affected bone [13,17]. Underlying genetic differences exist between
primary and secondary chondrosarcomas and induce clinical variations in presentation
and behavior [31]. Patients with secondary chondrosarcomas are generally younger than
those with primary chondrosarcomas, with a mean age of 34 years. The tumors are also
generally low-grade [17,31,32]. Changes in clinical symptoms in patients with known
precursor lesions herald the development of chondrosarcomas [5,17]. The most common
site of involvement is the pelvis, followed by the proximal femur. The scapula and proximal
humerus are also relatively common sites [31].

Secondary peripheral chondrosarcomas occur in the cartilage cap, and the diagnosis of
malignant transformation depends on the measurement of cartilage cap thickness [33–35].
The radiographic features of malignant transformation include (1) growth of a previously
unchanged osteochondroma in a skeletally mature patent; (2) irregular or indistinct lesion
surface; (3) focal areas of osteolysis within the osseous component of the lesion; (4) erosion
or destruction of the adjacent bone; and (5) a significant soft tissue mass containing scattered
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or irregular calcifications [36]. The thickness of the cartilage cap can be assessed critically by
CT and MRI [33,35]. Bernard et al. recently concluded that a cartilage cap thickness > 2 cm
strongly suggested malignant transformation of osteochondroma in skeletally mature
patients [37] (Figure 8). The MRI appearance of chondrosarcoma arising from the cartilage
cap is as expected for well-differentiated hyaline chondral tissue, with low signal on T1WI
and markedly high signal on T2WI, showing peripheral and septal enhancement with a
lobular growth pattern. Matrix mineralization appears as punctate or curvilinear low-signal
foci [34,35]. Some authors have stressed the qualitative evaluation of the cartilage cap rather
than the absolute measurement of cartilage cap thickness. Irregularity of the surface of the
cartilage cap may reflect an increase in the invasive nature of the tumor [31].

 
Figure 8. Secondary peripheral chondrosarcoma of the rib in a 34-year-old man. (A) Hip and tibial
plain radiographs reveal underlying multiple exostoses. (B) Sagittal CT scan shows a lobulated mass
with soft-tissue density (arrow) arising from the rib containing matrix mineralization (curved arrow),
suggestive of a cartilage cap of sessile osteochondroma. (C) Sagittal T2-weighted image shows a mass
of 2.3 cm in thickness with high signal intensity (arrow).

Secondary central chondrosarcomas present extended endosteal scalloping, cortical
remodeling, cortical destruction, and periosteal reaction on plain radiographs, especially
when compared to previous images of the underlying enchondroma [38,39]. On CT, the
characteristic features of malignancy are lytic areas, endosteal scalloping on ≥2/3 of the
cortex, or extension to soft tissue [38]. If one of the following criteria is present on MRI,
malignant transformation of the underlying enchondroma can be assumed: cortical de-
struction, spontaneous pathologic fracture, periosteal reaction, peritumoral edema, and
soft tissue mass [38] (Figure 9). However, the conversion of a solitary enchondroma to a
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chondrosarcoma remains controversial, mainly due to the need for radiologic evidence for
an enchondroma showing its eventual transformation into chondrosarcoma over several
decades of follow-up [18]. Recently, Brien et al. [18] reported the criteria for secondary cen-
tral chondrosarcoma within a single lesion site at any time, even if no serial follow-up radi-
ologic films are available. They reported that the features of conventional chondrosarcomas
(endosteal scalloping, expansion of the affected bone, cortical thickening, and amorphous
calcification) in association with the features of typical benign enchondromas (well-defined
ring-and-arc calcifications) justify the diagnosis of secondary central chondrosarcoma even
without prior demonstration of underlying silent enchondroma [18] (Figure 10). Most
central chondrosarcomas are thought to be primary and constitute approximately 75% of
all chondrosarcomas. However, remnants of pre-existing enchondromas were found in
40% of central chondrosarcomas, suggesting that most central chondrosarcomas could be
secondary to a pre-existing enchondroma [18].

 

Figure 9. Secondary central chondrosarcoma of the humerus in a 19-year-old man. (A) Coronal T2-
weighted image and (B) coronal T1-weighted enhanced images with fat suppression show multiple
intramedullary chondroid tumors (arrowheads) with peripheral and septal enhancement in the
humerus, suggesting enchondromatosis. The major lesion shows bone expansion at the metaphysis
(arrow) with peritumoral edema and enhancement (curved arrow). (C) Axial T1-weighted and
(D) enhanced images show a peripherally enhancing major lesion (arrow) with cortical remodeling
(curved arrow).

2.3. Third Stage: Central vs. Peripheral vs. Periosteal

Chondrosarcomas are also categorized as central, peripheral, or periosteal (juxtacorti-
cal), depending on the osseous location [1]. Central chondrosarcomas are intramedullary in
origin (see Section 2.1), while peripheral chondrosarcomas arise within the cartilage caps of
osteochondromas (see Section 2.2). Periosteal (juxtacortical) chondrosarcomas rarely (<2%)
arise on the bone surface [5,17]. On gross pathologic examination, periosteal chondrosar-
coma is covered by a fibrous pseudocapsule that is continuous with the periosteum [1].
Extrinsic erosion of the cortex is often present [1]. The histological appearance is identical
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to that of conventional central chondrosarcoma [1]. Periosteal chondrosarcomas most fre-
quently affect adults in the 3rd to 4th decades of life and have a mild male predilection [1].
Of 59 cases reported in the literature, 29 (49%) were located in the femur, 14 (24%) in the
humerus, and eight (14%) in the tibia, with more rarely reported sites including the ilium,
fibula, and ribs [40–42]. Most cases involved a low-grade tumor with local recurrence rates
of 13–28% and an overall disease-free 5-year survival of 83% [41,42].

Figure 10. Secondary central chondrosarcoma of the humerus in an 81-year-old woman. The
residual enchondroma in the red box (narrow scalloping) is combined with the additional features of
chondrosarcoma in the blue box (cortical thinning and deep scalloping).

Radiographs show a round to oval lobulated soft tissue mass on the surface of the bone,
lifting the periosteum over the tumor as a fibrous pseudocapsule [1,5]. The underlying
cortex is almost invariable, presenting as either thickened or thinned, while complete
cortical destruction is rare [5]. A Codman triangle may be seen where the periosteum
is lifted [1]. Typical chondroid matrix mineralization is usually present and metaplastic
ossification is often seen to a variable extent [1]. The medullary canal is typically not
involved, although extension has been observed on MRI [1,40,41] (Figure 11). Periosteal
chondroma and periosteal osteosarcoma are the most difficult tumors to differentiate from
periosteal chondrosarcoma [43,44]. Tumor size is the only differentiating feature between
periosteal chondroma (median size 2.5 cm) and periosteal chondrosarcoma (median size
4 cm) [40]. Periosteal osteosarcomas and chondrosarcomas both contain cartilage, but
chondrosarcomas show no osteoid formation on histological examination [41,43].
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Figure 11. Periosteal chondrosarcoma grade 1 of the humerus in a 66-year-old man. (A) Radio-
graph shows a juxtacortical mass with Codman’s triangles (arrow) in the humerus. Note the as-
sociated cortical thinning (curved arrow). (B) Coronal and (C) axial T2-weighted images with fat
suppression show a juxtacortical mass with high signal intensity and lobular margins (arrows). The
mass has caused cortical erosion (curved arrow) but no evident marrow invasion.

2.4. Fourth Stage: Conventional vs. Subtypes

Various histological subtypes of chondrosarcomas have been described, including
conventional, mesenchymal, clear cell, and dedifferentiated [1]. Most chondrosarcomas are
pathologically classified as conventional (80–85%; see Section 2.1). Several subtypes exist
that differ in location, appearance, treatment, and prognosis [17]. These include clear cell
(1–2%), mesenchymal (3–10%), and dedifferentiated (5–10%) chondrosarcomas [16].

Clear cell chondrosarcomas are low-grade variants characterized by an epiphyseal
location in long bones [45]. On histological analysis, these lesions have numerous cells
with abundant clear vacuolated cytoplasm [1,5]. Patients are most commonly affected
in the 3rd to 5th decades of life [1]. Long bones are affected in 85–90% of cases with
the proximal femur (68%) and proximal humerus (23%) the most commonly involved
long bones [45]. Radiographs reveal a predominantly lytic epiphyseal lesion with distinct
sclerotic margins that simulate a benign lesion [5,45] (Figure 12). Matrix mineralization
is not as frequently apparent in clear cell chondrosarcomas (approximately 30% of cases)
as in conventional chondrosarcomas [46–48]. In approximately 30% of cases, mild bone
expansion may be apparent, but soft tissue extension is rare (<10% of cases) [1,5]. Because
of their epiphyseal location, clear cell chondrosarcomas can be difficult to distinguish
from chondroblastomas [1]. Clinically, clear cell chondrosarcomas usually present one or
two decades later than chondroblastomas [18]. On MRI, clear cell chondrosarcomas are
heterogeneous due to areas of hemorrhage or cystic changes [45]. Peritumoral edema is
unusual and always mild as opposed to that in chondroblastoma [45].

Mesenchymal chondrosarcomas are a rare high-grade variant that has a strong ten-
dency to metastasize. They can originate from either bone or soft tissue [1]. The char-
acteristic histological feature of this tumor type is a bimorphic pattern characterized by
differentiated cartilage admixed with solid highly cellular areas composed of undifferenti-
ated small round cells [1]. In the undifferentiated areas, small, round cells typically simulate
Ewing’s sarcoma and have a hemangiopericytomatous vascular pattern [49,50]. The prog-
nosis of mesenchymal chondrosarcomas is poor, and they present in a younger age group
than conventional chondrosarcomas (mean age ~25 years) [5]. In contrast to conventional
chondrosarcomas, mesenchymal chondrosarcomas most commonly involve the axial skele-
ton; for example, the craniofacial region [1]. Radiographs usually show aggressive bone
destruction with a moth-eaten to permeative bone pattern and an ill-defined periosteal reac-
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tion [51,52]. The tumor is often very large with extensive extraosseous components [1]. CT
typically shows chondroid mineralization, and the lesion may appear heavily calcified, but
more commonly shows “finely stippled” calcification [53]. Mesenchymal chondrosarcomas
have a different pattern of contrast enhancement than conventional chondrosarcomas on
MRI; often, diffuse and typical chondroid septal and peripheral enhancement is lacking [1].
Some areas show low-signal, serpentine, high-flow vessels, a feature not seen in other
chondrosarcomas [1]. The diagnosis of mesenchymal chondrosarcoma is suggested by an
aggressive osseous lesion with subtle chondroid matrix mineralization and an intermediate
signal on T2WI (lower than that of conventional chondrosarcoma), with more dramatic
enhancement than expected with conventional chondrosarcoma [1].

 

Figure 12. Clear cell chondrosarcoma of the distal femur in a 31-year-old man. (A) Axial CT scan
shows an osteolytic lesion with a thin sclerotic margin at the distal femur (arrow). (B) Sagittal
T1-weighted enhanced image with fat suppression shows a heterogeneously enhancing lesion with
mild peritumoral enhancement at the distal femoral epiphysis (curved arrows).

Dedifferentiated chondrosarcoma is characterized by a conventional low-grade chon-
drosarcoma with an abrupt transition to foci that have dedifferentiated into a higher-grade,
more aggressive component [1]. The non-cartilaginous portion is most frequently conven-
tional osteosarcoma (70%) and less commonly malignant fibrous histiocytoma or fibrosar-
coma [1,5]. Dedifferentiation can occur in 10–20% of conventional chondrosarcomas [1].
Patients with dedifferentiated chondrosarcomas are older than those with conventional
lesions, usually 50–70 years of age (mean age: approximately 60 years) [54–56]. Dedifferenti-
ated chondrosarcomas have a poor prognosis. A multicenter review of 337 patients reported
that 21% had metastases at the time of diagnosis and the survival of these patients was 10%
at 2 years [18,57]. The sites of involvement parallel those of conventional intramedullary
chondrosarcoma, with common locations including the femur (35% of cases), pelvis (29%),
humerus (16%), scapula (6%), rib (6%), and tibia (5%) [54–56]. The radiographic features
of dedifferentiated chondrosarcomas are tumor bimorphism including aggressive bone
destruction with extraosseous soft tissue extension, associated with an underlying carti-
laginous lesion [17]. The imaging findings vary depending on the areas of high-grade
transformation [1,58]. Tumors can be classified into three types based on radiographic
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findings: type 1, radiographic features the same as those of a central chondrosarcoma,
with the addition of a suspected region with dedifferentiation; type 2, the tumor resembles
the underlying benign enchondroma, but with destructive changes and/or a large soft
tissue mass; and type 3, high-grade destructive lesions of the bone without signs of a
cartilaginous component [56]. CT and MRI may reveal two distinct areas with differing
intrinsic characteristics [1] (Figure 13). This bimorphic pattern is valuable in targeting the
high-grade region during image-guided needle biopsy [59].

 

Figure 13. Dedifferentiated chondrosarcoma of the humerus in a 54-year-old man. (A) Plain
radiograph shows an extensive mixed lytic and sclerotic lesion in the humerus with endosteal
scalloping (arrow). Note the chondral-type mineralization in the intramedullary cavity (arrowhead)
and the densely osteoid-type mineralization at the juxtacortical area (curved arrow). (B) Axial CT
scan also reveals the intramedullary chondral-type (arrowhead) and the juxtacortical dense osteoid-
type (curved arrow) mineralization. (C) Coronal T2-weighted images with fat suppression show
high signal intramedullary lesion (arrows) with osteoblastic extraosseous extension (curved arrow),
suggesting a dedifferentiated component of osteosarcoma.

Myxoid chondrosarcomas are now generally accepted as prominent myxoid changes
of high-grade conventional chondrosarcomas [17]. However, extraskeletal myxoid chon-
drosarcoma (EMC) is a disease entity distinct from chondrosarcoma of the bone; these
soft tissue sarcomas most commonly arise in the lower extremities [60,61] (Figure 14). The
term “chondrosarcoma” used to describe EMC is a misnomer because well-formed hyaline
cartilage is found only in a minority of EMCs, and S100 expression (which is present in all
or most chondrosarcomas) is often very focal or absent [62,63]. The 2020 WHO classification
categorizes EMC as “tumors of uncertain differentiation” [64]. Myxoid chondrosarcomas of
the bone are also not designated as unique entities; rather, these tumors should be regarded
as myxoid variants of conventional chondrosarcomas [7].
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Figure 14. Extraskeletal myxoid chondrosarcoma of the right thigh in a 46-year-old man. (A) Axial
CT scan reveals a lobulated, low-density soft tissue mass (arrows) without chondral-type mineraliza-
tion between the vastus lateralis and biceps femoris muscles extending to the subcutaneous fat layer
(arrowhead). (B,C) Axial T2-weighted and T1-weighted enhanced images show a soft tissue mass
with high signal intensity and peripheral rim and septal enhancement.

3. Diagnostic Dilemma of Chondrosarcoma Classification

3.1. Distinction between Enchondroma and ACT

The differentiation between enchondromas and ACTs is crucial, as ACTs require
curettage and watchful imaging follow-up, whereas most enchondromas require neither
treatment nor follow-up [65]. Many imaging findings allow the differentiation between
enchondromas and ACT, including cortical destruction, extraosseous soft tissue mass
extension, periosteal reaction, size ≥ 5 cm, and endosteal scalloping (>2/3 of the cortical
thickness) [66–68]. However, differentiating ACTs from enchondromas is challenging due
to the lack of a gold standard for the diagnosis of ACT on histopathology [69,70]. While the
presence of permeation and entrapment of pre-existing trabecular bone on histopathology
are diagnostic for ACT, they may also result in a diagnostic conundrum, especially in
cartilaginous lesions showing borderline imaging features in young patients, such as
endosteal scalloping of approximately 50% of the cortex, lesion length of approximately
5 cm, or a change in the mineralization pattern with a lack of permeation [8]. In the
absence of specific diagnostic criteria for histopathology, the differentiation between these
two disease entities is often established by a consensus between radiologic, pathologic, and
clinical findings [24].

The differentiation between enchondromas and ACT has been researched exten-
sively because there remains low reliability in the clinical, radiological, and pathologi-
cal distinctions between these two disease entities [70]. Choi et al. [66] identified some
MRI features helpful for differentiating ACT from enchondroma, including the pres-
ence of a predominantly intermediate signal matrix on T1WI, multilobulated enhance-
ment pattern on enhanced T1WI, cortical destruction, soft tissue mass, epiphyseal or flat
bone involvement, and peritumoral edema (Figure 15), which favored a diagnosis of
ACT. De Coninck el al. [71] evaluated the role of dynamic contrast-enhanced MRI (DCE-
MRI) for the differentiation of enchondromas from chondrosarcomas and found that en-
hancement within the tumor, which was two times greater than that to muscle, combined
with a 76◦ slope of the uptake curve, showed 100% sensitivity and 63% specificity for the
detection of chondrosarcomas. However, the role of DCE-MRI in the differentiation of
enchondroma from ACT remains ambiguous due to the lack of clear diagnostic histopatho-
logical criteria and the inclusion of low-grade and high-grade chondrosarcomas in previous
studies [8]. In addition, diffusion-weighted imaging (DWI) is of no value in differentiating
between enchondroma and ACT [72]. Studies quantifying tumor heterogeneity, including
those applying MRI texture analysis, have shown improved diagnostic accuracy for the dif-
ferentiation of benign and malignant cartilaginous tumors [68,73]. Assessing heterogeneity
with imaging could provide important information on tumor characterization and might be
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a non-invasive biomarker for discrimination between tumor grades [68]. Pan et al. [74] de-
veloped three clinical radiomics nomograms to predict the malignancy risk of cartilaginous
tumors based on radiomic signatures and clinical risk factors. All three nomograms demon-
strated high performance for the differentiation of chondrosarcoma from enchondroma
based on T1WI, fat-suppressed T2WI, and T1WI + T2WI fat-suppressed sequences with
better accuracy than those of morphologic MRI analysis by musculoskeletal radiologists.

 

Figure 15. Atypical cartilaginous tumor of the proximal femur in a 22-year-old man. (A) Axial CT
scan reveals a low-density intramedullary mass with chondral-type mineralization (arrow) in the
proximal femur. (B,C) Coronal T2-weighted fat-suppressed and T1-weighted enhanced images show
an intramedullary mass of 3 cm in size with high signal intensity and the peripheral rim and septal
enhancement. Note the peritumoral edema with enhancement (curved arrows).

3.2. Biopsy or Follow-Up? Questions for Incidental Cartilage Lesions in the Long Bones

The increased use of MRI, which is now available in most healthcare systems, has
resulted in the increased incidental identification of cartilage lesions in the long bones. Most
of these lesions do not undergo biopsy and there is, typically, no histological confirmation
of the diagnosis [75]. This may result in overtreatment of an enchondroma radiograph-
ically diagnosed as ACT or undertreatment if ACT is radiographically diagnosed as an
enchondroma and the patient is erroneously discharged without follow-up [76]. However,
a universal consensus on the management of these lesions is lacking; some centers recom-
mend curettage, while others suggest surveillance with imaging [77,78]. Many authors
have proposed radiographic follow-up protocols instead of biopsy for lesions without signs
of local aggressiveness (cortical destruction and soft tissue extension), resulting in lower
morbidity and costs [75,76,79,80]. The most recent studies on cartilaginous tumors have
shifted toward active surveillance of ACTs to avoid unnecessary surgeries [80–82].

One study suggested distinguishing “active” lesions from “quiescent” lesions and
recommended biopsy for the former (endosteal scalloping >2/3 of the cortex and >2/3 the
length of the tumor, cortical thickening, and bone expansion) and radiological follow-up
for the latter (in the absence of active findings) [77]. Kumar et al. [75] divided patients
into “active” and “latent” groups based on the total growth of the cartilage lesion and
advocated for biopsy in the active group with total growth > 6 mm, with surveillance with
MRI every 3 years in the latent group. However, consensus evidence is lacking in the
literature regarding follow-up frequency or duration, and no recommendations have been
suggested for optimal imaging protocols. Deckers et al. [76] recommended annual MRI at
least 2 years after diagnosis; if the findings remain stable, the frequency of MRI could be
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reduced to every 2 or 3 years. Herget et al. [38] recommended annual clinical and annual or
biannual MRI for asymptomatic lesions > 5–6 cm and annual clinical and biannual imaging
studies (radiographs or MRI if any doubts) for asymptomatic lesions < 5–6 cm. Patients
with cartilage lesions ≤ 4 cm long with no endosteal scalloping can be discharged, with
instructions to contact the hospital in case of new or increased pain [79]. In contrast, surgery
is advised for tumors showing any aggressive features during follow-up, with curettage
the preferred treatment for ACT [83]. Needle biopsies should not be recommended because
they do not clearly differentiate enchondromas from ACT [83]. Several management
protocols have been proposed [65,75,80,84]. We introduced the Birmingham Atypical
Cartilaginous Tumor Imaging Protocol (Figure 16), which can be applied to cartilage lesions
in the proximal humerus and around the knee [79]. As this protocol is only a guideline and
has not been clinically validated, we cannot accept responsibility for any issues that may
arise from its use [79].

B

Figure 16. Birmingham Atypical Cartilaginous Tumor Imaging Protocol applied to cartilage lesions
in the proximal humerus and around the knee [79]. (A) Cartilage lesion < 4 cm, focal endosteal
scalloping ≤10% or 36◦ of lesion circumference on the axial image with the greatest involvement;
generalized endosteal scalloping ≥10% or 36◦ of lesion circumference on the axial image with the
greatest involvement; MRI change = increase in longitudinal length of lesion ≥ 1 cm and/or develop-
ment of aggressive features including increasing endosteal scalloping. (B) Cartilage lesion > 4 cm.
(C) Cartilage lesion of any size with aggressive features (bone expansion and/or cortical thickening,
periostitis, cortical destruction, and soft tissue mass).
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3.3. Distinction between ACT/CS1 and High-Grade Chondrosarcoma

With the increasing incidence of ACT, the need for clear radiologic criteria to differenti-
ate ACT from high-grade chondrosarcoma has become more important due to the different
treatment options and prognoses [85]. High-grade chondrosarcoma requires wide resection
with free surgical margins, whereas ACTs located in the long bones can be treated with
intralesional curettage or regular follow-up [76]. However, the grading of chondrosar-
coma based on imaging findings has shown low reliability; many diagnostic biopsies are
unreliable owing to the heterogeneous composition of chondroid tumors (Figure 17) [69,86].

 

Figure 17. A 35-year-old man presenting with wrist pain. (A) Plain radiographs reveal a lobulated
lytic lesion with chondroid matrix mineralization (arrowhead) and bone expansion (arrows) in the
distal radius. (B,C) Coronal and sagittal T2-weighted fat-suppressed images show an intramedullary
high signal mass with deep and extensive endosteal scalloping (arrowheads) and bone expansion
(arrows). (D) Axial T1-weighted enhanced image shows peripheral rim and septal enhancement.
Note the volar cortical thinning or defect (curved arrow). This lesion was noted as an atypical
cartilaginous tumor at the initial incisional biopsy but was revealed as chondrosarcoma grade 2 at
extended curettage.

High-grade chondrosarcoma may more often present with the following radiographic
characteristics: moth-eaten or permeative bone destruction, less extensive matrix min-
eralization, loss of entrapped fatty marrow, cortical destruction, and a more aggressive
periosteal reaction compared to ACT [1,85]. In addition, the histologic grades of lesions
arising in the bones are poorer than those in the appendicular skeleton [87]. MRI is the
modality of choice for identifying not only these radiographic features, but also the fea-
tures of high-grade lesions, such as abundant (>50%) myxoid matrix, cortical destruction,
soft-tissue extension, peritumoral edema, and periostitis (Figure 18) [88,89]. Jain et al. [87]
reported that bone expansion did not differentiate between ACT/CS1 and high-grade
chondrosarcoma unless the cortex was intact. Hemorrhagic necrosis and intra-articular
extension are features of high-grade chondrosarcoma [87]. A biphasic pattern with a high-
grade non-chondral sarcoma located adjacent to a typical chondral tumor is a characteristic
feature of dedifferentiated chondrosarcoma [90] (Figure 13). Conversely, entrapped fat
within the tumor and a characteristic lobular tumor morphology are highly indicative of
ACT (Figure 19) [85,91].
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Figure 18. Chondrosarcoma grade 2 of the scapula in a 58-year-old man. (A) Plain radiograph
shows a lobulated intramedullary mass with chondral-type mineralization and bone expansion
(arrows) in the scapular body. (B) Axial and sagittal CT scans show a large intramedullary mass
with cortical destruction (curved arrows). (C) Coronal and axial T2-weighted images show focal
extraosseous soft tissue masses (arrows).

 

Figure 19. Atypical cartilaginous tumor of the humerus in an 81-year-old woman. (A) Plain ra-
diograph demonstrates an intramedullary mass with prominent chondroid matrix mineralization
(arrows) in the humerus. (B) Coronal T1-weighted image shows a lobulated intramedullary mass
with areas of entrapped medullary fat (arrowheads).
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Beyond CT and MRI, DCE-MRI can aid in the diagnosis of high-grade chondrosarcoma
because it can reveal areas of fast enhancement due to richly vascularized intralesional
septations [71,92]. However, DWI cannot differentiate low-grade lesions from high-grade
chondrosarcomas [72]. Thus, novel tools for the objective grading of chondrosarcomas
have recently been introduced, including texture analysis [73,93] and radiomics [94] with
quantitative analysis. Deng et al. [93] reported that CT-based texture analysis showed
potential for the grading of cartilaginous tumors in long bones. Gitto et al. [94] reported
that their machine-learning approach showed satisfactory diagnostic performance for the
classification of low-to-high-grade cartilaginous bone tumors based on radiomic features
extracted from unenhanced MRI. One systemic review concluded that radiomics may allow
the optimization of surgical decision making in chondrosarcoma despite weak evidence or
insufficient study quality [95].

4. Current Treatments and Management

The therapeutic approach for chondrosarcomas is determined by the location and
histologic grade. Surgical excision is the primary treatment for chondrosarcomas. Low-
grade central chondrosarcoma can be treated with intralesional curettage, burring, and
surgical adjuvant application such as hydrogen peroxide [96]. Tumors with extraosseous
soft tissue extension, larger tumors, and axial skeleton tumors require wide excision.
Wide en-bloc excision is the surgical approach of choice for intermediate or high-grade
chondrosarcomas [97]. However, many patients show inoperable conditions at diagnosis
or recur with metastatic disease, with more than 10% of recurrence cases showing a higher
grade of malignancy than the first diagnosed grade [98].

Chemotherapy is usually ineffective in conventional and clear cell chondrosarco-
mas [97]. However, it may play a role in dedifferentiated chondrosarcomas containing
high-grade spindle cell components [99]. A systematic review of 31 published studies
suggested that adjuvant chemotherapy combined with surgical resection significantly im-
proves disease-free survival in dedifferentiated chondrosarcomas compared to surgery
alone [100]. In a non-randomized clinical cohort, adjuvant anthracyclin-based combination
chemotherapy showed modest efficacy against mesenchymal chondrosarcomas [101].

Chondrogenic tumors are generally considered radioresistant because radiation-
induced cytotoxicity requires actively dividing cells. Chondrogenic tumors are character-
ized by slow growth and a relatively low proportion of dividing cells [97]. However, radia-
tion therapy can be administered after incomplete resection of high-grade conventional,
dedifferentiated, or mesenchymal chondrosarcomas, with potential curative intent to maxi-
mize local control. Definitive radiation may also be indicated for palliative purposes [102].

5. Targets and Novel Treatment Options

Chondrosarcomas are poorly responsive to chemotherapy and radiation therapy,
resulting in high morbidity and mortality [103]. Therefore, there is an urgent need to
expand treatment options. Developing an efficient treatment strategy requires a better
understanding of the molecular survival pathways involved in chondrosarcomas and their
chemotherapy and radiation resistance mechanisms [104]. Chondrosarcoma subtypes differ
at the molecular genetic level (Table 2) [105]. Recent studies have suggested several promis-
ing biomarkers and therapeutic targets for chondrosarcomas, with better understanding
of chondrosarcoma genomic alterations and biology [103,105–110]. As shown in Table 2,
the signaling pathways underpinning chondrosarcoma genesis such as IDH1/2 mutations,
CDKN2A/B deletions, and TP53 mutations can be potential therapeutic targets [105]. The
angiogenesis pathway is a potential effective target for preventing the growth and spread
of chondrosarcoma [105]. Conventional chondrosarcomas are characterized by activation
and/or overexpression of platelet-derived growth factor receptors PDGFR-alpha (PDGFRA)
and PDGFR-beta (PDGFRB), and efforts to develop antiangiogenic therapies have produced
many agents such as small molecule tyrosine kinase inhibitors and fully human monoclonal
antibodies which affect angiogenesis [111]. Also, a multitargeted approach against multiple
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antiapoptotic proteins such as Bcl-2 (B-cell leukemia/lymphoma 2), Bcl-xL (Bcl-2 like 1),
and XIAP (x-linked inhibitors or apoptosis) upregulated in chondrosarcomas can have a
strong therapeutic potential to enhance the efficacy of radiation and chemotherapy [104].
These findings prompted research on the therapeutic efficacy of molecular-targeting
therapies [103,112].

Table 2. Chondrosarcoma types and respective molecular features.

Chondrosarcoma (CS) Type Molecular Features

Conventional central CS
IDH1/2 mutations
COL2A1 mutations
CDKN2A/B deletions

Conventional peripheral CS EXT1/2 mutations
Conventional periosteal CS Hedgehog pathway

Dedifferentiated CS
IDH1/2 mutations
TP53 mutations
PD-L1 expression

Mesenchymal CS HEY1–NCOA2 fusion
Clear cell CS No evidence of mutations

6. Conclusions

Chondrosarcomas are a heterogeneous group of malignant bone tumors that produce
a chondroid (cartilaginous) matrix. Their clinical behaviors vary according to the histologic
grade. The WHO defines these lesions as benign, intermediate, or malignant cartilaginous
tumors. While most tumors are indolent, with a low potential for metastasis, some are
aggressive, with a poor prognosis. Clinical management is guided by imaging findings,
histopathological grading, and chondrosarcoma subtypes. Choosing the most appropriate
diagnostic technique for grading chondroid tumors remains difficult because each modality
has its own value; beyond CT and MRI, DCE-MRI supports chondrosarcoma grading, and
new tools for quantitative analysis—including texture analysis and radiomics—have shown
satisfactory diagnostic performance for chondrosarcoma classification. A limited range of
treatment options exists for chondrosarcomas, including surgery and chemotherapy, and
more therapeutic targets are needed. Multidisciplinary discussions of all modalities should
be combined to determine the best treatment approach.
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Simple Summary: The systemic treatment of advanced sarcoma remains challenging. Conventional
chemotherapy and anti-angiogenic agents, even in the most responsive histologic subtypes, result
in short responses and poor clinical outcomes. In a context where new therapeutic approaches
are required, several strategies of immunotherapy have emerged as promising options, such as
immune checkpoint inhibitors, vaccines, and adoptive cell therapy. In this review, we aim to sum-
marize the current state and challenges of immunotherapy in patients with advanced bone and
soft-tissue sarcomas.

Abstract: There is substantial heterogeneity between different subtypes of sarcoma regarding their
biological behavior and microenvironment, which impacts their responsiveness to immunotherapy.
Alveolar soft-part sarcoma, synovial sarcoma and undifferentiated pleomorphic sarcoma show higher
immunogenicity and better responses to checkpoint inhibitors. Combination strategies adding
immunotherapy to chemotherapy and/or tyrosine–kinase inhibitors globally seem superior to single-
agent schemes. Therapeutic vaccines and different forms of adoptive cell therapy, mainly engineered
TCRs, CAR-T cells and TIL therapy, are emerging as new forms of immunotherapy for advanced
solid tumors. Tumor lymphocytic infiltration and other prognostic and predictive biomarkers are
under research.

Keywords: bone sarcoma; soft-tissue sarcoma; immunotherapy; checkpoint inhibitors; TCR; TIL;
vaccines; adoptive cell therapy

1. Introduction

Sarcomas are a heterogeneous group of malignant tumors of mesenchymal origin.
Their incidence in adults is low, comprising less than 1% of cancer diagnoses versus up
to 15% of malignancies in the pediatric population [1]. More than 70 histologic subtypes
have been identified, and they can be broadly classified into bone sarcomas (BS) and soft-
tissue sarcomas (STS). The most frequent types of BS are osteosarcoma, chondrosarcoma
(CS) and Ewing sarcoma (ES), whereas liposarcoma, leiomyosarcoma and undifferentiated
pleomorphic sarcoma (UPS) are the most common subtypes of STS [2].

Conventional chemotherapy (CT) is still the standard treatment for unresectable
or metastatic STS. Anthracyclines-based regimens, usually adriamycin plus ifosfamide,
remain the upfront treatment [3], whereas other cytotoxic drugs are usually used in further
lines (gemcitabine plus docetaxel [4], trabectedin [5,6], eribulin [7] or dacarbazine [8]).
Several oral tyrosine–kinase inhibitors (TKI) have also demonstrated activity for STS,
including multi-TKI pazopanib for non-adipocytic STS [9], anaplastic lymphoma kinase
(ALK) inhibitors for myofibroblastic tumors with ALK fusions [10], and cediranib for
alveolar soft part sarcoma (ASPS) [11].

In BS, multimodal treatment with CT, radiotherapy (RT) and radical surgery is recom-
mended. For high-grade osteosarcoma, preoperative CT with a MAP regimen (doxorubicin,
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cisplatin, and high-dose methotrexate) is usually the front-line treatment for young pa-
tients [12]. In progressive disease, conventional CT with ifosfamide or cyclophosphamide
plus carboplatin or etoposide is commonly used, with less evidence for other drugs, such
as docetaxel and gemcitabine [13]. In ES, perioperative CT is indicated, usually with an
interval VDC/IE scheme (vincristine, doxorubicin, cyclophosphamide, ifosfamide and
etoposide) [14]. Topotecan plus cyclophosphamide and high-dose ifosfamide are the prefer-
able options for further lines, followed by irinotecan plus temozolomide and docetaxel
plus gemcitabine [15]. Several multi-TKI have also shown efficacy in advanced BS, mainly
regorafenib, cabozantinib and apatinib for osteosarcoma [16].

Despite the recent incorporation of TKI and other drugs beyond conventional CT,
the long-term prognosis of advanced sarcoma remains poor, with a median survival of
12–18 months for advanced STS [3], a 5-year survival rate <20% for osteosarcoma [17] and
<40% for advanced ES [18]. The need for new therapeutic approaches, especially relevant
given the predominance of these tumors in very young populations, explains the recurrent
attempts to incorporate immunotherapy into the arsenal against advanced sarcoma.

The history of immunotherapy in sarcoma began with Coley’s inoculations of erysipelas,
inducing tumor regression in some patients [19], though its development was at a stand-
still for many decades. High-dose interleukin-2 (IL-2) therapy, approved for advanced
melanoma and renal cell carcinoma in 1998 [20,21], demonstrated some activity in pre-
treated pediatric sarcoma [22], though its use was restricted due to the high incidence of
severe toxicity (cytokine-induced capillary leak syndrome [23]).

Modern immunotherapy with immune checkpoint inhibitors (ICI) has revolutionized
the treatment of solid tumors. Though the results of ICI in monotherapy are poorer
in sarcoma than in other malignancies, their combination with other agents seems to
have synergistic effects, and promising strategies, such as vaccines and adoptive cell
therapy, are emerging. However, there is a wide clinical heterogeneity between different
histologic subtypes, disease settings and treatment categories [24]. This review aims to
summarize the biological basis, current state, and future challenges of immunotherapy in
advanced sarcoma.

2. Immunogenicity of Sarcoma: Anti-Tumor Response and Biomarkers

2.1. Innate Immunity and Release of Neoantigens

In sarcoma, as in other solid tumors, the activation and migration of cytotoxic T
lymphocytes play a key role in the anti-tumor immune response [25] (Figure 1). Cancer cells
are initially attacked by macrophages and natural killer (NK) cells, the main components of
innate immunity, leading to cell death. Some ligands on the membrane of sarcoma cells
activate NK cells, mainly through NK cell group 2D receptors (NKG2D) [26], and facilitate
apoptosis. However, the essential mechanism of cell death is necrosis, with the subsequent
release of tumor-associated antigens (TAA) with damage-associated molecular patterns
(DAMPs), including aberrant ‘neoantigens’ produced as a result of accumulative somatic
mutations [27].

Tumors with a higher mutational burden (TMB) have an increased level of neoantigens
and a higher immunogenicity [28]. Sarcoma is a heterogeneous disease with significant
variability in TMB among different subtypes, as demonstrated by Chalmers et al. [29]. The
median TMB exceeds 20 mutations per Mb of DNA in angiosarcoma, leiomyosarcoma
and UPS but is lower than two mutations per Mb in myxofibrosarcoma, liposarcoma
and synovial sarcoma. However, the neoantigens burden related to the TMB is not the
only factor that determines tumor immunogenicity. The presence of certain chromosomal
translocations in tumor cells give rise to fusion proteins that bind to major histocompati-
bility complex class I (MHC-I) molecules and activate cytotoxic CD8+ T cells, working as
powerful neoantigens [30]. Worley et al. [31] showed that some subtypes of sarcoma, such
as clear cell, synovial and desmoplastic round cell tumors, can be highly immunogenic due
to these genetic alterations, despite their low median TMB.
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Figure 1. Mechanisms of anti-tumor response and potential immune biomarkers in solid tumors.
NK: natural killer; TAA: tumor-associated antigen; DAMPs: damage-associated molecular patterns;
TCR: T cell receptor; MHC: major histocompatibility complex; IL-12: interleukin-12; IFN: interferons;
VEGF: vascular endothelial growth factor.

Kakimoto et al. [32] revealed that some high-grade sarcoma aberrantly express testis
antigens (CTA), usually present in germ cells, such as melanoma-associated antigen
(MAGE)-A4 and New York esophageal squamous cell carcinoma (NY-ESO)-1. MAGE-
A4 was detected in 59% of synovial sarcoma and 56% of myxoid liposarcoma. NY-ESO-1
was found in 53% of synovial sarcomas.

The expression of NY-ESO-1 was associated with a better prognosis in high-grade
sarcoma (5-year overall survival of 81% in the NY-ESO1+ group vs. 53% in NY-ESO-1-
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group, p < 0.05), presumably due to the powerful immunogenicity conferred by these
fusion proteins.

Tumors with a higher mutational burden (TMB) have an increased level of neoantigens
and a higher immunogenicity [28]. Sarcoma is a heterogeneous disease with significant
variability in TMB among different subtypes, as demonstrated by Chalmers et al. [29]. The
median TMB exceeds 20 mutations per Mb of DNA in angiosarcoma, leiomyosarcoma
and UPS but is lower than two mutations per Mb in myxofibrosarcoma, liposarcoma and
synovial. However, the neoantigens burden related to the TMB is not the only factor that
determines tumor immunogenicity. The presence of certain chromosomal translocations
in tumor cells gives rise to fusion proteins that bind to major histocompatibility complex
class I (MHC-I) molecules and activate cytotoxic CD8+ T cells, working as powerful
neoantigens [30]. Worley et al. [31] showed that some subtypes of sarcoma, such as clear
cell, synovial and desmoplastic round cell tumors, can be highly immunogenic due to these
genetic alterations, despite their low median TMB.

2.2. Antigenic Presentation and Activation of T Cells

After necrosis, dendritic cells phagocytose the released DAMPs and migrate to lymph
nodes, where they work as antigen-presenting cells (APC). APC are essential for unleashing
adaptive immunity by activating naïve CD8+ T lymphocytes (priming phase). This process
needs the interaction of T-cell receptors (TCR) with MHC-I molecules on the APC surface,
through which the phagocytosed antigens are presented [33].

T-cell activation also requires co-stimulatory signals, such as the coupling between
co-receptor B7 (CD80) and the ligand CD28 on the APC surface. Certain cytokines released
by APCs, mainly type I interferons (IFN) and interleukin-12 (IL-12), promote the activity
of cytotoxic T cells and contribute to the activation of CD4+ helper T cells -following
the coupling of TCR and MHC class II-. This facilitates B cell promotion and antibody
production. Zhou et al. [34] showed that IL-12 up-regulates the expression of Fas receptors
in osteosarcoma and ES cells, increasing their sensitivity to Fas-induced apoptosis. Type
I IFN (IFN-α/β) have antiangiogenic and antiproliferative properties, which have been
studied in models of Kaposi sarcoma [35] and angiosarcoma [36].

On the other side, some competitive co-receptors on the T cell membrane, such as
CTLA4, LAG3 and TIM3, work as co-inhibitory signals that control this process in negative
feedback [37]. Dancsok et al. [38] studied 1072 sarcoma specimens, revealing LAG3 and
TIM3 expression on the infiltrating T-cells of nearly 50% of them, reaching 80% in some
subtypes, dedifferentiated liposarcoma, myxofibrosarcoma and UPS. These ‘immune check-
points’ are pathologically stimulated by tumor cells as a mechanism of immune escape,
which sets the rationale for the use of ICI.

2.3. Tumor Infiltration of Activated Lymphocytes

Activated cytotoxic T lymphocytes reach the tumor via blood vessels and kill malig-
nant cells in the peripheral tissues (effector phase). The successful trafficking of T cells to
the tumor site is a key component of an effective immune response [25]. Once cytotoxic T
cells are primed, they undergo a shift in the expression of surface proteins, losing CD62L
and CCR7, which mediate their access to lymph nodes, and gaining molecules that facilitate
their migration to diseased tissues. These include selectins, which facilitate the rolling of T
cells on the endothelium, and receptors for inflammatory chemokines (CXCL9, CXCL10)
that mediate their extravasation [39].

Tumor-infiltrating lymphocytes (TILs) comprise different subtypes of lymphocytes
with high immunogenicity against tumor cells CD4+, CD8+, CD20+ and FoxP3+ TILs. CD8+
TILs interact through their TCR with antigens presented by MHC class I molecules on the
surface of cancer cells, unleashing the cytotoxic cascade that leads to necrosis. In this phase,
as in the priming phase, the anti-tumor response is controlled by immune checkpoints and
can be suppressed by the activation of inhibitory co-receptors of the lymphocyte, such as
programmed cell death receptor PD1, due to the interaction with immune-suppressive
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proteins expressed by tumor cells and cells from the tumor microenvironment (TME), such
as PD1 ligand PDL1- [40].

D’Angelo et al. [41] analyzed the variability in PDL1 expression in tumors, lympho-
cytes and macrophages among different subtypes of sarcoma. The expression of PDL1
was more frequent in lymphocytes and macrophages than in the tumor cells, where it was
detected just in three histologic subtypes, gastrointestinal stromal tumor (GIST), radiation-
associated pleomorphic sarcoma and spindle cell sarcoma. Globally, the PDL1 expression
was positive in six samples among 50 (12%) and was significantly associated with a high
density of CD8+ TILs.

A meta-analysis by Zheng et al. [42], containing 15 studies and 1451 patients with bone
and soft-tissue sarcoma, concluded that high expression levels of PDL1 were associated with
poorer overall survival (HR 1.27, p < 0.001) and events-free survival (HR 2.05, p < 0.001),
confirming the negative prognostic role of PDL1 expression. This is consistent with other
studies; Que et al. [43] showed that a positive PDL1 expression is associated with Foxp3+
T-regs infiltration and a poor clinical prognosis in STS.

Whereas the ‘tumor killing’ role mainly corresponds to cytotoxic CD8+ TILs, CD4+
cells contribute to their priming and proliferation [44]. A higher CD4+ and CD8+ TILs
infiltration is related to better prognosis in several solid tumors [45]. On the contrary, a high
density of TILs expressing transcription factor forkhead box protein 3 (FoxP3), a marker of
immune-suppressive regulatory T cells (T-regs), has shown a positive correlation with poor
clinical prognosis [46,47].

Globally, sarcoma has lower TILs infiltration than other solid tumors, with huge het-
erogeneity among histological subtypes. D’Angelo et al. [41] also analyzed the percentage
of TILs subsets (CD3+, CD4+, CD8+ and FOXP3+) among different subtypes of sarcoma.
A ‘high density’, defined as >5%- of CD3+ cells, was frequently found in GIST (41%),
angiosarcoma (14%) and spindle cell sarcoma (14%). A high density of CD4+ cells was
present in GIST (50%), angiosarcoma (25%) and pleomorphic rhabdomyosarcoma (25%),
whereas a high density of CD8+ cells prevailed in GIST (27%) and spindle cell sarcoma
(18%). The prognostic impact of TILs in sarcoma is not fully clear, though some studies
suggest better survival rates in patients with higher infiltration levels of CD4+ TILs [48]
and CD8+ TILs [49].

Though T cells have been the focus of anti-tumor immunity research, B cells are
progressively gaining strong attention. The development of B cells in the TME depends
on the maturity of tertiary lymphoid structures (TLS). TLS are ectopic lymphoid organs
developed in tissues under chronic inflammation, including tumors. In immature TLS, B
cells evolve as T-regs and release immune-suppressive cytokines, whereas, in mature TLS
with a germinal center, B cells undergo affinity maturation and isotypic switching, resulting
in plasmatic cells that secrete anti-tumor antibodies [50]. As a favorable lymphocytic
infiltration, the presence of mature TLS has been associated with better clinical outcomes,
and strategies to induce TLS neogenesis in immune-low tumors represent a promising
pathway for cancer immunotherapy [51].

A favorable B population seems to have a key role in the response against sarcoma.
Sorbye et al. [52] showed that a higher density of CD20+ TILs in STS is an independent
positive prognostic factor. Petitprez et al. [53] proposed an immune-based classification
of STS based on the TME composition, identifying an immune-high class E (SIC E) whose
specimens were particularly rich in CD20+ TILs. They analyzed 47 patients with STS from
the SARC028 trial [54] and found that a high infiltration of CD20+ cells determined the
highest response rate and progression-free survival (PFS) to PD1 blockade, even in tumors
with low CD8+ TILs infiltration.

2.4. Immune-Suppressive Tumor Microenvironment

The TME dynamics are affected by complex reciprocal interactions between immune-
stimulatory and immune-suppressive cells. The recognition of tumor immunogenic epi-
topes by TILs promotes tumor regression by activating tumors into a T-cell-inflamed ‘hot’
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state. On the contrary, immune-suppressive cells such as T-regs, myeloid-derived suppres-
sor cells (MDSCs) and tumor-associated macrophages (TAMs) interfere with effector T cells
and facilitate tumor immune escape [55]. The predominance of these immune-suppressive
cells leads to non-T-cell inflamed or ‘cold’ tumors, promoting tumor progression and
impoverishing clinical prognosis.

T-regs suppress the function of effector cells by direct contact through the interac-
tion between granzymes and perforins with the CD8+ T cell membrane [56] but also by
indirect mechanisms, such as the release of inhibitory cytokines growth factor β (TGF-β),
interleukin-10 (IL-10), IL-35 and prostaglandin E2 (PGE2) [55] and the suppression of
APCs through the downregulation of CD80 and other stimulatory coreceptors [57]. Smolle
et al. [58] analyzed the infiltration of CD3+ FoxP3+ T-regs in 192 surgical samples of STS
and found an increased risk of local recurrence in tumors with CD3+ FoxP3+ T-regs. An
increasing prevalence of T cells with a regulatory phenotype (CD4+, FoxP3+) has been
found in the advanced stages of Ewing [59] and Kaposi sarcoma [60].

MDSCs facilitate epithelial-to-mesenchymal transition [61], act as mediators of neo-
angiogenesis through the release of vascular endothelial growth factor (VEGF), fibroblast
growth factors (FGF) and matrix metalloproteinase 9 (MMP9) [62] and induce TME remod-
eling by establishing a ‘pre-metastatic niche’ [63]. The MDSCs trafficking to the tumor is
mainly mediated by the CXCR2 receptor, which has been proposed as a potential target to
alter the TME and attenuate tumor progression [64]. Sarcoma cells can produce CXCR2
ligands, such as CXCL8, that facilitate the arrival of MDSCs to the TME. Highfill et al. [65]
showed that pediatric patients with advanced sarcoma display elevated serum levels of
CXCL8, which are associated with poor survival rates. In murine models, the blockade of
CXCR2 seems to suppress MDSCs trafficking and enhance the anti-tumor activity of PD1
blockade. These findings suggest that strategies to prevent the trafficking of MDSCs to the
tumor bed may improve the efficacy of checkpoint inhibitors.

Monocyte-related MDSCs (M-MDSCs), together with circulating monocytes and
tissue-resident macrophages, after being recruited to the tumor site in response to colony-
stimulating factors (CSF) and several chemokines, can differentiate into TAMs [66]. TAMs
can be polarized to M1-like (classically activated) or M2-like (alternatively activated)
macrophages. TAMs with a M1-like phenotype display anti-tumor functions, whereas the
M2-like phenotype is associated with pro-tumorigenic activity [67]. In fact, a high density
of M2-like TAMs in the TME has been associated with poor clinical outcomes in many solid
tumors [68].

The unfavorable prognostic role of M2-like TAMs has been established in STS. Higher
levels of TAMs expressing M2-related markers (CD163+/CD204+) have been associated
with poorer survival and higher disease stage in leiomyosarcoma [69], myxoid liposar-
coma [70], synovial sarcoma [71] and UPS [72]. The prognostic significance of the M1/M2-
phenotype in bone sarcoma is more controversial [73]. Some studies suggest a positive
impact of polarized macrophages with an M1 phenotype [74], but others have found no
clear correlation with survival [75]. Some studies have even reported longer survival rates
in osteosarcoma [76] and ES [77] patients with a high density of M2-like TAMs.

Several cytokines released by malignant cells promote the production of indoleamine
2,3-dioxygenase (IDO1) and VEGF. IDO1 is an intracellular enzyme that reduces the activity
of effector T cells through the suppression of the tryptophan pathway [25]. Some stud-
ies have suggested that the IDO1 pathway could contribute to the immune-suppressive
phenotype of sarcoma cells and be a relevant mechanism of their primary resistance to
PD1 blockade [78]. In fact, a high IDO1 expression may be used as a biomarker of poor
response to anti-PD1 agents in sarcoma [79]. Around 39% of human sarcoma express IDO1,
especially when the CD8+ TILs infiltration is high, setting a rationale for the dual blockade
of IDO1 and immune checkpoints [80].

VEGF interferes with an antigenic presentation by inhibiting the maturation of den-
dritic cells [81], restricts the migration of lymphocytes into the tumor compartment [82],
and favors the recruitment of T-regs, MDSCs and TAMs, contributing to a highly immune-
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suppressive TME [83]. The growth and dissemination of sarcoma strongly depend on
angiogenesis, and VEGF circulating levels correlate with stage, grade, and risk of metas-
tasis [84]. Overcoming these barriers of the TME remains a major challenge to move
immunotherapy forward in advanced sarcoma.

3. Immunotherapy for Sarcoma: Clinical Results

3.1. Immune Checkpoint Inhibitors (ICIs)

The first studies with single-agent immunotherapy failed to demonstrate a signifi-
cant anti-tumor activity (see Table 1). Anti-CTLA4 antibody ipilimumab in monotherapy
showed negative results in recurrent synovial sarcoma [85] and pediatric sarcoma [86].
Anti-PD1 nivolumab was tried in the third line in 12 patients with advanced uterine
leiomyosarcoma, with no objective responses [87].

Table 1. Published results of immunotherapy in sarcoma. AEs: adverse effects; irAEs: immune-
related adverse effects; ORR: objective response rate (RECIST criteria); mPFS: median progression-free
survival; mOS: median overall survival; m: months; w: weeks; PR: partial response; SD: stable
disease; DCR: disease control rate (PR+SD); mDR: median duration of response; NA: not available;
AST: aspartate aminotransferase; ALT: alanine aminotransferase; BS: bone sarcoma; STS: soft-tissue
sarcoma; OST: osteosarcoma; ES: Ewing sarcoma; CS: chondrosarcoma; LMS: leiomyosarcoma;
LPS: liposarcoma; SS: synovial sarcoma; UPS: undifferentiated pleomorphic sarcoma; KS: Kaposi
sarcoma; ALP: alkaline phosphatase; CK: creatine kinase; mCP: metronomic cyclophosphamide;
AS: angiosarcoma; ASPS: alveolar soft-part sarcoma; DDLPS: dedifferentiated liposarcoma; PPS:
palmar-plantar syndrome; LDH: lactate dehydrogenase; MDSCs: myeloid-derived suppressor cells;
MRCL: myxoid/round cell liposarcoma; NY-ESO1: New York esophageal squamous cell carcinoma
1; MAGE-A4: melanoma-associated antigen A4; DC: dendritic cells; MLS: myxoid liposarcoma;
CRS: cytokine release syndrome; RMS: rhabdomyosarcoma; adj: adjuvant; maint: maintenance;
mono: monotherapy.

Clinical Trial Agent Tumor N Age Range Outcomes Reported G3/G4 AEs

Immune checkpoint inhibitors (ICI)

Maki et al.
(phase I/II) [85] Ipilimumab Synovial sarcoma 6 23–57

ORR 0%
mPFS 1.5 m
mOS 8.8 m

Nausea (50%), diarrhea (33.3%),
lymphopenia (33.3%),

hyperbilirubinemia (16.7%),
thrombopenia (16.7%)

Merchant et al.
(phase I) [86] Ipilimumab Pediatric sarcoma 17 2–17

ORR 0%; DCR 17.6%
(3 SD)

mPFS/mOS: NA

Diarrhea (9%), AST/ALT
increase (6%), endocrinopathies

(3%), other irAEs (9%)

Ben-Ami et al.
(phase II) [87] Nivolumab Uterine

leiomyo-sarcoma 12 29–73 ORR 0%
mPFS 1.8 m; mOS NA

Lipase/amylase increase
(8.3%), fatigue (8.3%),

abdominal
pain (8.3%)

Tawbi et al.
(phase II)

(SARC028) [54]
Pembrolizumab

BS cohort
(22 OST, 13 ES,

5 CS)
40 16–70

mPFS 8 w; mOS 52 w
OST: ORR 5%; DCR 32%

(1 PR, 6 SD)
ES: ORR 0%; DCR 15%

(2 SD)
CS: ORR 20%; DCR 40%

(1 PR, 1 SD)

Interstitial nephritis (2%),
infectious pneumonia (2%),

bone pain (2%), pleural
effusion (2%), hypoxia (2%)

STS cohort
(10 LMS, 10 LPS,
10 SS, 10 UPS)

40 18–81

mPFS 18 w; mOS 49 w
LMS: ORR 0%; DCR

60% (6 SD) / LPS: ORR
20%; DCR 60% (2 PR,
4 SD)/SS: ORR 10%;

DCR 30% (1 PR,
2 SD)/UPS: ORR 40%;
DCR 70% (1 CR, 3 PR,

3 SD)

Pulmonary embolism (2%),
adrenal insufficiency (2%),

pneumonitis (2%)
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Table 1. Cont.

Clinical Trial Agent Tumor N Age Range Outcomes Reported G3/G4 AEs

Blay et al. (phase
II) (AcSé) [88]

Pembro-
lizumab

Advanced rare
sarcoma 98 >18 (NA)

ORR 15.3%; DCR 49% (1
CR, 14 PR, 33 SD); mDR
8.2 m; mPFS 2.8 m; mOS

19.7 m

NA

Delyon et al.
(phase II) [89] Pembrolizumab Classic/

endemic KS 17 NA ORR 70.1%; DCR 88%
(1 CR, 10 PR, 4 SD)

Reversible acute cardiac
decompensation (6%)

D’Angelo et al.
(phase II)
(Alliance

A091401) [90]

Nivo/ipi vs.
ipi

Advanced
sarcoma (BS and

STS)
85 21–81

ORR 16% vs. 5%; mDR
6.2 mmPFS

4.1 m vs. 1.7 m
mOS 14.3 m vs. 10.7 m

Pain (7% vs. 5%),
thrombopenia (0% vs. 2%),

pulmonary edema (2% vs. 0%),
respiratory failure (5% vs. 5%),

skin infection (2% vs. 0%),
intestinal obstruction (2% vs.

2%), spinal fracture (0% vs. 2%),
thrombo-embolic event (2% vs.
2%), urinary tract infection (7%

vs. 2%), urinary obstruction
(0% vs. 5%), fistula (2% vs. 0%),

vomiting (0% vs. 2%)

Somaiah et al.
(phase II) [91]

Durva-lumab
+ tremeli-
mumab

Advanced
sarcoma (BS and

STS)
57 35–59

mPFS 2.8 m; mOS:
21.6 m; PFS at 12 m (all):

28%; PFS at 12 m
(ASPS): 80%

ORR (irRECIST) (all):
12%;

ORR (irRECIST) (ASPS):
40%

Lipase increase (7%),
pneumonitis (6%), colitis (6%),
myocarditis (4%), autoimmune

disorders (4%), endocrine
disorders (2%), diarrhea (2%),

gastrointestinal disorders (2%),
lung infection (2%), ALP

increase (2%), amylase increase
(2%), myositis (2%)

Immune checkpoint inhibitors (ICI) + conventional CT

Livingston et al.
(phase II) [92]

Pembro +
doxorubicin

Anthracy-cline
naïve STS 30 NA

ORR 36.7%; DCR 80%
(1 CR, 10 PR, 13 SD)

mPFS 5.7 m; mOS 17 m
PFS at 6 m: 44%

PFS at 12 m: 62%

Neutropenia (36.7%), anemia
(26.7%), febrile neutropenia
(16.7%), arthralgia (13.3%),

lymphopenia (13.3%), nausea
(13.3%), fatigue (10.0%),
hyponatremia (10.0%),
vomiting (10.0%), lung

infection (10.0%), muscle
weakness (10.0%)

Pollack et al.
(phase I/II) [93]

Pembro +
doxorubicin

Anthracy-cline
naïve STS 37 25–80

ORR 19%; DCR 78% (7
PR, 22 SD); mPFS 8.1 m;

mOS 27.6 m
PFS at 12 m: 27%

Neutropenia (27.0%), oral
mucositis (8.1%), anemia

(5.4%), febrile neutropenia
(5.4%), lymphopenia (5.4%),

ejection fraction decrease
(5.4%), anorexia (5.4%),

diarrhea (2.7%),
hypothyroidism (2.7%), nausea

(2.7%), weight loss (2.7%)

Toulmonde et al.
(phase II) [79]

Pembro +
mCP Advanced STS 50 18–84

ORR 2%; DCR 34% (1
PR, 16 SD); PFS at 6 m:
0% (LMS, UPS), 11.1%
(GIST), 14.3% (others)

Anemia (7.0%), fatigue (3.5%),
lymphopenia (3.5%), oral

mucositis (3.5%)

Gordon et al.
(phase I/II)

(SAINT) [94]

Ipi/nivo +
trabectedin

(trab)
Advanced STS 79 NA

ORR 25.3%; DCR 87.3%
(6 CR *, 14 PR, 49 SD)

mPFS 6.7 m;
mOS 24.6 m

* One surgical CR

ALT increase (25%), fatigue
(8.7%), AST increase (8.7%),
decreased neutrophil count

(5.4%), anemia (4.6%)

Pink et al. (phase
II) (NITRA-SARC)

[95]
Nivo + trab Advanced STS 25 NA ORR 8%; DCR 48%

(2 PR, 10 SD); mPFS 4 m

Leukopenia (47.2%),
neutropenia (41.7%),

thrombopenia (33.3%),
increased ALT (30.6%), anemia

(27.8%)

Smrke et al.
(phase I) [96]

Pembro +
gemcitabine LMS, UPS 13 40–67

LMS (11): DCR 73%
(8 SD) UPS (2): DCR

100% (2 PR)
NA
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Table 1. Cont.

Clinical Trial Agent Tumor N Age Range Outcomes Reported G3/G4 AEs

Nathenson et al.
(phase II) [97]

Pembro +
eribulin LMS cohort 19 48–80 ORR 5.3%; DCR 26.3%

(1 PR, 5 SD); mPFS 11 w

Most commonly, neutropenia,
anemia, weight loss, diarrhea,

lipase/ALP increase

Wagner et al.
(phase I/II) [98]

Avelumab +
trab LMS, LPS 23 NA

ORR 13%; DCR 56%
(3 PR, 10 SD);
mPFS 8.3 m

NA

Toulmonde et al.
(phase Ib) [99] Durva + trab Advanced STS

cohort 16 NA ORR 7%; PFS at 6 m:
28.6% NA

Immune checkpoint inhibitors (ICI) + tyrosine–kinase inhibitors/antiangiogenic drugs

Martin-Broto et al.
(phase I/II)

(IMMU-
NOSARC)

Nivo +
suni-tinib

BS cohort (17 OST,
14 CS, 8 ES,
1 UPS) [100]

40 21–74

ORR 5%; DCR 60%
(1 CR, 1 PR, 22 SD)

mPFS 3.7 m;
mOS 14.2 m

Neutropenia (10%), anemia
(10%), AST/ALT increase
(7.5%), fatigue (5%), oral

mucositis (5%), hemorrhage
(2.5%), dysphagia (2.5%),

thrombopenia (2.5%), malaise
(2.5%), thromboembolism
(2.5%), pneumonitis (2.5%)

STS cohort [101] 43 19–77

ORR 9.3%; DCR 69.3%
(1 CR, 3 PR, 26 SD);

mPFS 5.9 m; mOS not
reached (follow up

6.1 m)

AST increase (11.8%), ALT
increase (9.8%), neutropenia

(9.8%), fatigue (5.9%),
thrombopenia (3.9%), diarrhea

(3.9%), renal failure (3.9%)

Wilky et al.
(phase II) [102]

Pembro +
axitinib

12 ASPS, 6 LMS, 5
UPS, 2 DDLPS, 8

others (2 BS)
33 27–62

ORR 25%; DCR 53.1% (8
PR, 9 SD); mPFS (all):

4.7 m; mOS (all): 18.7 m;
mPFS (ASPS): 12.4 m;
mPFS (others): 3.0 m.

Hypertension (15%),
autoimmune toxic effects (15%),

nausea (6%), ALT/AST
increase (3%), oral mucositis

(3%), diarrhea (3%), abdominal
pain (3%), hemoptysis (3%),

hyperlipidemia (3%)

Xie et al. (phase
II) [103]

Camre-
lizumab +
apatinib

CT-refractory
OST 43 11–43

ORR 20.1% (9 PR)
mDR 6.2 m
mPFS 6.2 m;
mOS 11.3 m

Wound dehiscence (14%), ALP
increase (9.3%), AST/ALT

increase (9.3%), blood bilirubin
increase (9.3%),

hypertriglyceridemia (7.0%),
anorexia (7.0%), weight loss

(7.0%), pneumothorax (7.0%),
platelet count decrease (4.7%),

diarrhea (4.7%), PPS (4.7%),
limb pain (4.7%), leukopenia

(4.7%), rash (4.7%), oral
mucositis (4.7%), hypertension

(4.7%), toothache (4.7%),
nausea (4.7%), non-cardiac

chest pain (4.7%),
hypothyroidism (2.3%), LDH
increase (2.3%), proteinuria

(2.3%), cough (2.3%),
hemorrhage (2.3%), fatigue

(2.3%), peripheral
neuroinflammation (2.3%)

Kim et al. (phase
II) [104]

Durva +
pazopanib Advanced STS 47 NA ORR 28.3% (1 CR, 12 PR)

mPFS 8.6 m NA

Cousin et al.
(phase II) [105]

Avelumab +
regorafenib Advanced STS 43 NA

ORR 9.3%; DCR 48.8%
(4 PR, 17 SD); mDR 7.8 m;
mPFS 1.8 m; mOS 15.1 m

PPS (12.2%), fatigue (10.2%),
diarrhea (10.2%)

Kelly et al. (phase
II) [106]

Pembro +
epacadostat Advanced STS 29 24–78

ORR 3%; DCR 48%
(1 PR, 13 SD); mPFS 8 w;
PFS at 24 w 27.9%; mOS

NA

AST increase (10%), ALT
increase (3%), anemia (3%),

hypophosphatemia (3%), lipase
increase (3%)

Schöffski et al.
(phase Ib) [107]

Pembro +
olaratumab Advanced STS 28 NA

ORR 21.4%; DCR 53.5%;
mDR 16.2 m;
mPFS 2.7 m;
mOS 14.8 m

NA
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Table 1. Cont.

Clinical Trial Agent Tumor N Age Range Outcomes Reported G3/G4 AEs

Immune checkpoint inhibitors (ICI) + other agents

Kelly et al. (phase
II) [108]

Pembro +
T-VEC Advanced STS 20 24–90 ORR 35%; DCR 70% (7

PR, 7 SD); mPFS 17.1 w
Pneumonitis (5%), fever (5%),

anemia (5%)

Chawla et al.
(phase II) [109]

Trabectedin +
nivo + T-VEC

Advanced
sarcoma 36 NA

ORR 8.3%; DCR 86.1%
(3 PR, 27 SD); mPFS

5.5 m; mOS 9.0 m; OS at
6 m 73%

Anemia (33.3%), ALT increase
(22.2%), fatigue (11.1%),
thrombopenia (11.1%),

neutropenia (11.1%)

D’Angelo et al.
(phase I) [110]

Nivo +
bempegal-
desleukin

Advanced STS 84 13–80

ORR 10.4% (PR: 3/8 in
AS, 1/4 in ASPS, 2/10
in UPS, 1/10 in LMS,

1/10 in CS); mDR 9.3 m

Anemia (10%), lipase increase
(10%), amylase increase (7%),
hypertension (7%), pain (8%),
thromboembolic events (5%)

Somaiah et al.
(phase I) [111] LV305 STS (13 SS, 6

MRCL) 24 25–72
ORR 4.2%; DCR 62.5% (1
PR, 14 SD); mPFS 4.6 m;

mOS 33 m
No G3/G4 adverse events

Rosenbaum et al.
(phase I) [112]

Avelumab +
DCC-3014

Advanced STS (7
LMS) 13 32–71

DCR 23% (3 SD);
decreased circulating

MDSCs in 5/7 patients
(median 26.9%)

ALT/AST increase (31%), CK
increase (23%), amylase/lipase

increase (16%), anemia (8%),
hypertension (8%)

Chawla et al.
(phase I) [113]

Avelumab +
SNK01

Advanced
sarcoma 15 20–75 ORR 13.3%; DCR 33.3%

(2 PR, 3 SD); mPFS 11.1 w
No G3/G3 adverse events

related to SNK01

Therapeutic vaccines

Kawaguchi et al.
(phase I) [114]

SYT-SSX
vaccine SS 21 21–69 DCR 50% (6 SD out of

12 assessable patients) NA

Takahashi et al.
(phase II) [115]

Peptide
vaccine

Advanced
sarcoma 20 23–75 DCR 30% (6 SD); mOS

9.6 m NA

Pipia et al. (phase
I/II) [116] DC vaccine Advanced STS 74 NA

Cohort 1 (adj/maint):
mOS 24.4 m; cohort 2
(mono): mOS 14.2 m

NA

Chawla et al.
(phase II) [117]

Atezo +/−
CMB305 SS, MLS 89 NA

mPFS 2.6 m vs. 1.6 m
mOS 18 m in both

groups

4 G3/G4 events in each group
(not specified)

Adoptive cell therapy

Robbins et al.
(phase II) [118] NY-ESO1 TCR SS 18 19–65

ORR 61% (1 CR, 10 PR);
PFS 3–47 m; estimated

3-y OS: 38%

No toxicities attributed
to the transferred cells *

D’Angelo et al.
(phase II) [119] NY-ESO1 TCR SS 45 NA ORR 33% (1 CR, 14 PR);

mPFS 8.6–22.4 w
No toxicities attributed
to the transferred cells *

Van Tine et al.
(phase I) [120]

MAGE-A4
TCR SS 8 NA ORR 50%; DCR 87.5%

(4 PR, 3 SD)
No toxicities attributed
to the transferred cells *

D’Angelo et al.
(phase II) [121]

MAGE-A4
TCR STS (23 SS,2 MLS) 25 24–73 ORR 40%; DCR 84%

(2 CR, 8 PR, 11 SD) CRS (5%) *

Ahmed et al.
(phase I/II) [122]

Her2-CAR T
cells

Advanced
sarcoma (16 OST,

3 others)
19 7–29 DCR 23.5% (4 SD); mOS

10.3 m

Anemia (5.3%), muscle
weakness (5.3%), back pain

(5.3%)

Navai et al.
(phase I) [123]

Her2-CAR T
cells

Advanced
sarcoma (5 OST, 5

others)
10 4–54

ORR 20%; DCR 50% (2
CR, 3 SD) (CR in 1 OST

and 1 RMS)

No toxicities attributed
to the transferred cells *

* All patients experienced transient neutropenia and thrombopenia induced by the lymphodepleting CT with
fludarabine plus cyclophosphamide and the transient toxicities associated with IL-2 infusion.

The first immunotherapy trial with positive results in sarcoma was phase II SARC028
with anti-PD1 pembrolizumab, including a cohort for BS and a cohort for STS [54]. In the
BS cohort, there were only two objective responses (one osteosarcoma and one CS). In the
STS cohort, with a total of 40 patients, there were seven responses (17.5%): four in UPS
(including one complete response), two in dedifferentiated liposarcoma (DDLPS) and one
in synovial sarcoma. Two expansion cohorts in UPS and DDLPS reported an objective
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response rate (ORR) of 23% and 10%, respectively [124]. Keung et al. [125] showed that
patients from SARC028 who responded to pembrolizumab had higher densities of activated
CD8+ TILs and an increased pre-treatment percentage of TAMs expressing PDL1 compared
to non-responders.

Liu et al. [126] confirmed the activity of pembrolizumab in advanced STS in a real-
world study, reporting an overall ORR of 19.4%.

Following the results of SARC028, a phase II randomized trial is currently studying
neoadjuvant pembrolizumab combined with RT in high-risk UPS or DDLPS of the ex-
tremities (SUC2C-SARC032) [127]. Another phase II trial (STEREOSARC) is evaluating
concomitant RT with atezolizumab in oligometastatic STS [128]. There is a rationale for com-
bining ICIs and RT since RT induces the release of TAA following immunogenic cell death,
which activates TILs and leads to the recruitment of more effector cells to the TME [129].
The primary endpoint is the progression-free survival rate at 6 months. If the results of
these studies are favorable, ICIs may also gain ground in the context of early-stage disease.

ICIs have also been tested in less common histologic subtypes. The phase II trial AcSé
evaluates pembrolizumab in different cohorts of patients with rare cancers. A total of
98 patients were enrolled in the sarcoma cohort [88], including 34 with chordoma, 14 with
ASPS, 11 with SMARCA4-deficient malignant rhabdoid tumor (SMRT), 8 with desmoplastic
small round cell tumor (DSRCT) and 31 with other histotypes. There were seven objective
responses in ASPS (50%), three in SMRT (27%), one in DSCRT (12.5%), three in chordoma
(8.8%) and one in other histotypes (3.2%). The greatest rates of PFS at 12 months were
observed in ASPS (35.7%), chordoma (31.2%) and SMRT (18.2%).

SMARCA4-deficient thoracic sarcoma is a newly described entity of thoracic sarco-
mas that is associated with a poor prognosis. Partial responses to PD1/PDL1 blockade
have been reported in PDL1-positive SMARCA4-deficient thoracic sarcomas with pem-
brolizumab [130–132], nivolumab [133] and atezolizumab plus bevacizumab combined
with CT [134,135]. Marcrom et al. [136] reported a complete response of mediastinal clear
cell sarcoma to pembrolizumab combined with RT. Yu et al. [137] reported a major response
to pembrolizumab in an adult patient with an undifferentiated embryonal sarcoma of the
liver. In metastatic myxofibrosarcoma, partial responses have been reported with pem-
brolizumab [138] and atezolizumab plus temozolomide [139]. These data, together with the
data from AcSé trial, suggest that ICIs may be useful for certain subtypes of rare sarcoma,
especially when selected by immune biomarkers such as the PDL1 expression.

A phase II trial with pembrolizumab in 17 patients with classic/endemic Kaposi
sarcoma (KS) (71% of them pretreated with CT) showed 12 objective responses (ORR
70.1%), with 2 complete responses (CR) and 4 partial responses (PR) [89]. Interestingly, the
lack of PDL1 expression on tumor and immune cells was associated with worse outcomes.
Tabata et al. [140] reported a maintained response to ipilimumab plus nivolumab in a
HIV-negative KS.

Nivolumab with and without ipilimumab was studied by D’Angelo et al. [90] in a
phase II trial (Alliance A091401) in 85 patients with advanced sarcoma (BS and STS) after at
least one previous line of treatment. The primary endpoint was the response rate. There
were six objective responses in the combination group (16% vs. 5% in the monotherapy
group), with a median duration of response of 6.2 months. There was a significant benefit
for the combination group in terms of median PFS (4.1 m vs. 1.7 m) and median overall
survival (OS) (14.3 m vs. 10.7 m). Responses occurred in UPS, LMS, myxofibrosarcoma,
and angiosarcoma. Grade 3–4 toxicity was higher in the combined treatment (14 vs. 7%).
Zhou et al. [141] reported two cases of PDL1-negative STS (DDLPS and myxofibrosarcoma)
with long-term responses to ipilimumab plus nivolumab.

In the first-line setting, a retrospective study of nivolumab with or without ipilimumab
in PDL1-positive STS found a significant benefit for the combination group in terms of ORR
(13% vs. 7%), median PFS (4.1 m vs. 2.2 m) and median OS (12.2 m vs. 9.2 m) [142]. A similar
ORR (15%) was observed in a retrospective study with ipilimumab plus nivolumab for
advanced STS [143]. The combination ipilimumab plus nivolumab is also being evaluated
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by a phase II trial in patients with pre-treated classic KS (NCT03219671), with a promising
ORR of 50% in an interim analysis [144].

A recent phase II trial has analyzed the combination of anti-CTLA4 tremelimumab
plus anti-PDL1 durvalumab in 57 patients with advanced STS and BS after at least one line
of systemic treatment [91]. The most represented subtypes were ASPS (18%), LPS (10%)
and vascular tumors (18%). The median PFS and OS for all subtypes were 2.8 months and
21.6 months, respectively. The median PFS at 12 weeks (the primary endpoint) was 49%
(95% CI 36–61). Global ORR was 12%, though there were significant differences among
histological subtypes, with the greatest benefit observed in the ASPS subgroup (ORR 40%,
including 2 CR). The authors concluded that tremelimumab and durvalumab is an active
treatment for advanced sarcoma.

Lewin et al. have reported two ASPS with a durable response to durvalumab alone or
combined with tremelimumab, confirming their activity in this subtype [145]. A random-
ized phase II trial (MEDI-SARC) is currently comparing durvalumab plus tremelimumab
to CT (doxorubicin) in naïve-treatment STS [146]. Anti-PDL1 avelumab has been tried in
recurrent osteosarcoma with negative results [147].

The combined blockade of PD1 and LAG3 is another encouraging strategy. A basket
phase II study of anti-PD1 spartalizumab plus anti-LAG3 LAG525 in advanced solid tumors
included a cohort of 10 patients with advanced sarcoma, reporting a disease control rate
(DCR) of 40% at 24 weeks [148]. The combination nivolumab plus anti-LAG3 relatlimab,
clearly superior to nivolumab alone in untreated melanoma according to the phase III
trial RELATIVITY-047 [149], is being evaluated in metastatic STS by a phase II study
(NCT04095208).

According to these results, there is not enough evidence to support the use of ICIs as
monotherapy in the first-line setting of advanced sarcoma since the previous trials included
mainly pre-treated patients. However, given the scarcity of therapeutic alternatives for
CT-refractory patients, the authors consider that treatment with ICIs might be considered
after progression to standard CT, especially in patients with immunogenic subtypes of
STS (classic/endemic KS, UPS, synovial sarcoma and dedifferentiated liposarcoma). Dual
blockade of CTLA4 and PD(L)1 with nivolumab plus ipilimumab or durvalumab plus
tremelimumab seems to offer higher response rates and may be preferable to single-agent
immunotherapy in fit patients. Although imperfect, predictive biomarkers such as high
TMB, high PDL1 expression or dense lymphocytic infiltration may help clinicians decide to
use ICIs in this subgroup of patients.

Several additional trials with monotherapy or a combination of ICIs are currently ongo-
ing [25], such as anti-PDL1 atezolizumab alone or plus bevacizumab in ASPS (NCT03141684)
and ipilimumab plus nivolumab in classical Kaposi sarcoma (NCT03219671).

3.2. Combination of ICIs and Conventional Chemotherapy

The combination of immunotherapy with CT is a promising approach to enhance
antitumor activity in sarcoma. The DNA damage caused by cytotoxic drugs results in cell
death, with the subsequent release of DAMPs and proteins that work as ‘danger signals’,
upregulating PD1 and enhancing the activity of effector lymphocytes [150].

A phase II trial that studied pembrolizumab in combination with doxorubicin in
30 patients with unresectable STS, with no previous anthracycline therapy, showed inter-
esting results, with a DCR of 80% and a global ORR of 36.7% [92]. The subtypes with the
highest ORR were UPS (4/4 patients), epithelioid angiosarcoma (1/1 patient), leiomyosar-
coma (4/10 patients) and liposarcoma (2/7 patients). The median PFS and OS were 5.7
months and 17 months, respectively. In this study, PDL1 expression was associated with
improved ORR. The authors concluded that the combination of pembrolizumab and dox-
orubicin has manageable toxicity and promising activity in advanced STS.

Pollack et al. [93] performed another phase I/II trial with pembrolizumab plus dox-
orubicin in 37 anthracycline-naïve patients with advanced STS, reporting an ORR of 19%,
a median PFS of 8.1 months and a median OS of 27.6 months. Similarly, durable partial
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responses were observed in two of three patients with UPS and two of four patients with
DDLPS. A retrospective study of pembrolizumab plus doxorubicin in 21 patients with STS
showed a similar DCR (71.4%) [151]. As in the clinical trials, patients with UPS, synovial
sarcoma and angiosarcoma showed higher response rates.

The combination of pembrolizumab plus metronomic cyclophosphamide showed
limited activity in the phase II trial PEMBROSARC [79], with just 1 partial response among
50 advanced STS. Interestingly, the response was observed in the only case, a solitary
fibrous tumor, with a PDL1 expression >10% in immune cells.

Italiano et al. [152] demonstrated that the presence of tertiary lymphoid structures
(TLS) was a powerful predictor of response among the patients from the PEMBROSARC
trial, with an ORR of 40% in TLS+ and 26.7% in TLS- tumors. New strategies are needed to
induce TLS neogenesis and sensitize TLS-negative tumors to immunotherapy. In fact, a
cohort of 20 TLS- patients from the PEMBROSARC study were treated with pembrolizumab,
low-dose cyclophosphamide and intra-tumoral injection of the toll-like receptor 4 (TLR4)
agonist G100, which would potentially enhance the immune response against a TLS-
negative TME [153]. G100 seemed to modulate the TME, increasing TILS infiltration,
though the ratio CD8+/FoxP3+ decreased in 11 out of 14 assessable cases, suggesting a
predominant recruitment of T-regs-, a finding that may explain the modest clinical results
(PFS of 11.8% at 6 months).

A phase I/II clinical trial (SAINT) has analyzed the dual CTLA4/PD1 blockade with
ipilimumab plus nivolumab added to trabectedin in advanced STS, with encouraging
results. Among 79 patients enrolled in the phase II study, there was a DCR of 87.3% (6 CR,
14 PR, 49 SD), with a median PFS of 6.7 months and a median OS of 24.6 months [94]. A
retrospective study of nivolumab alone combined with trabectedin in 28 pre-treated STS
found a DCR of 72.7% (4 PR and 12 SD among 22 assessable patients), with a median PFS
at 6 months of 68.2% [154].

The results of trabectedin combined with dual immune blockade (ipi/nivo) seem better
than its combination with nivolumab alone, which obtained modest results in the phase II
trial NITRASARC (2 PR among 25 evaluable patients, with an mPFS of 4 months) [95].

The phase I trial GEMMK [96] is studying the combination of pembrolizumab plus
gemcitabine in STS; among 13 patients included, there were 11 leiomyosarcomas (LMS)
(with 8 SD and 3 PD) and 2 UPS (with 2 PR). A phase II trial of pembrolizumab plus eribulin
in STS (NCT 03899805) has reported preliminary data from the LMS cohort (19 patients),
with limited efficacy (ORR 5.3% and DCR 26.3% after 12 weeks) [97].

A phase I/II study has evaluated anti-PDL1 avelumab combined with trabectedin
in 33 patients with advanced liposarcoma and LMS, with an ORR of 13%, a DCR of 56%
(3 PR, 10 SD) and a median PFS of 8.3 months [98]. Trabectedin has also been combined
with durvalumab by a phase Ib study (TRAMUNE) in 16 patients with STS, with an ORR
of 7% and a 6-month PFS of 28.6% [99].

The heterogeneity in the selection of patients may explain the significant differences in
the results of these studies with combination strategies. The best results seem to be obtained
with the early use of ICI+CT, particularly with dual immune blockade (CTLA4/PD1). As
monotherapy with ICIs, the combination of ICI+CT seems to obtain better response rates in
certain histologic subtypes of STS (such as liposarcoma and UPS). In our opinion, there are
promising data supporting the combination of nivo/ipi plus trabectedin for advanced STS
in anthracycline-refractory patients, as well as pembro plus doxorubicin in anthracycline-
naïve patients. Phase III trials comparing these schemes to the standard treatment would be
helpful to confirm these results and incorporate the ICI+CT combinations into the first-line
of systemic treatment.

Several ongoing phase I/II clinical trials are studying combinations of different
cytotoxic drugs with pembrolizumab (NCT 03899805, NCT 03123276, NCT 04332874),
nivolumab (NCT 04535713, NCT 03590210) and durvalumab (NCT 03802071) [25]. Their
results will hopefully help us identify proper ICI/CT synergistic combinations with man-
ageable toxicity.
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3.3. Combination of ICIs and Tyrosine–Kinase Inhibitors

Tyrosine–kinase inhibitors (TKIs) are progressively gaining ground in CT-refractory
sarcoma. In addition to blocking the immune-suppressive effect of VEGF [83], multi-
target TKIs, especially lenvatinib and cabozantinib, seem to decrease the arrival of MD-
SCs/TAMs to the TME, and increase the infiltration of dendritic cells, NK cells and CD8+
lymphocytes [155]. This favorable immune-modulating effect provides a rationale for their
combination with ICIs.

The combination of nivolumab and sunitinib in advanced sarcoma has been studied
by the phase I/II trial IMMUNOSARC, including 40 patients with BS and 50 patients
with STS. In the BS cohort, there was 1 CR (2.5%), 1 PR (2.5%) and 22 SD (55%) among
40 assessable patients, with a median PFS of 3.7 months [100]. In the STS cohort, there was
1 CR (2.3%), 3 PR (7%) and 26 SD (60%) among 43 evaluable patients, with a median PFS of
5.9 months [101].

A phase II clinical trial [102] has evaluated pembrolizumab plus axitinib in 33 patients
with advanced sarcoma, mainly STS (12 ASPS, 6 LMS, 5 UPS, 2 DDLPS and 8 other subtypes,
including 2 BS). 51% of patients had received prior treatment with TKIs, and 15% of them
with immunotherapy. Among 32 assessable patients, the ORR was 25% (8 PR) and the
median PFS was 4.7 months in the intention-to-treat analysis. Six of the eight patients with
a PR had ASPS, a subgroup in which this combination seems especially active (ORR 50%),
as confirmed by a post-hoc analysis, median PFS of 12.4 months in the ASPS subgroup.
Dorman et al. [156] reported a case of ASPS with a durable (15 months) response to
pembrolizumab plus axitinib, in consonance with the previous data. The rarity of ASPS,
which comprise just 1% of STS, and its unique biology, which seems to make it especially
responsive to ICI/TKI combinations, have led some authors to warn about the potential
skew of unselected STS studies that include a high proportion of this subtype.

The phase II trial APFAO [103] evaluated anti-PD1 camrelizumab in combination
with apatinib in 43 CT-refractory osteosarcomas, with an ORR of 20.9% and a median PFS
of 6.2 months. A PDL1 tumor proportion score >5% and lung metastasis correlated with
longer PFS. A retrospective study in 33 STS (8 ASPS, 5 LMS, 3 UPS and 17 others) showed
an interesting activity of this combination added to local therapy with radiofrequency
ablation or transarterial chemoembolization [157].

Durvalumab plus pazopanib have also shown encouraging activity in advanced STS in
a phase II trial with 47 patients, with an ORR of 28.3% (1 CR and 12 PR), a median duration
of response of 11 months and a median PFS of 8.6 months [104]. Combinations of pazopanib
with PD1 inhibitors have been explored by retrospective studies. Paoluzzi et al. [158] treated
28 patients (24 STS and 4 BS) with nivolumab (plus pazopanib in 18 cases), with a DCR of
50% and 3 PR (one CS, one epithelioid sarcoma and one maxillary osteosarcoma, last two
patients on pazopanib). Arora et al. [159] reported a sustained response to pembrolizumab
plus pazopanib in a patient with advanced UPS.

The combination of avelumab plus regorafenib has been tried by a phase II basket
trial in advanced solid tumors (REGOMUNE), with an STS cohort including 49 patients
(22 LMS, 9 synovial sarcomas, 4 liposarcomas, 4 UPS and 10 other subtypes) [105]. The
results were similar to other combinations of ICI + TKIs, with 4 PR among 43 evaluable
patients and a DCR of 48.8%.

Given the known immune-suppressive role of IDO1 in sarcoma, explained above in
detail, there is a rationale for combining ICIs with TKI against IDO1. A phase II trial with
pembrolizumab plus IDO1 inhibitor epacadostat showed modest efficacy in 29 pre-treated
advanced sarcomas (ORR 3%, DCR 48%) [106]. A phase I trial has shown promising results
of pembrolizumab plus olaratumab PDGFR inhibitor in 28 patients with advanced STS
(ORR 21.4%, DCR 53.5%) [107].

In our opinion, the combination of ICI/TKI (nivolumab/sunitinib, pembrolizumab/
axitinib, durvalumab/pazopanib or avelumab/regorafenib) should be considered in pa-
tients with advanced STS after progression to standard CT. The authors believe that further
research is required to evaluate the benefits of these combinations compared to ICI or TKI
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monotherapy. It would also be interesting to evaluate this strategy in the first-line setting
of patients unfit for anthracycline-based CT.

Several ongoing trials will assess the combination of ICIs with TKIs and other antian-
giogenic drugs [25], including lenvatinib plus pembrolizumab (NCT 04784247), cabozan-
tinib plus nivolumab and ipilimumab (NCT 04551430), anlotinib plus toripalimab (NCT
04172805), olaparib or cediranib plus durvalumab (NCT 03851614), epacadostat plus pem-
brolizumab (NCT 03414229), bevacizumab plus atezolizumab (NCT 03141684), tivozanib
plus atezolizumab (NCT 05000294), dasatinib plus ipilimumab (NCT 01643278) and axitinib
plus avelumab (NCT04258956).

3.4. Combination of ICIs and Other Agents

Various studies have explored the combination of ICIs with other immunomodulatory
therapies. One of the most promising agents is talimogene laherparepvec (T-VEC), a modi-
fied immune-enhanced herpes simplex virus (HSV) type 1, engineered for intratumoral
injection. It contains the coding sequence for granulocyte–macrophage colony-stimulating
factor (GM-CSF) and proinflammatory cytokines, inducing an immune response against
tumor cells. Preoperative RT plus T-VEC has been studied in 30 locally advanced STS, with
modest results [160].

A phase II trial has evaluated T-VEC plus pembrolizumab in 20 cases of advanced
sarcoma (after at least one standard therapy), with promising results (7 PR, with a median
duration of response of 56 weeks, and 7 SD) and an acceptable safety profile. The most
represented subtypes were LMS (25%), cutaneous angiosarcoma (15%) and UPS (10%) [108].
The mean TIL score was higher in responsive patients. A phase II trial has analyzed
T-VEC plus nivolumab and trabectedin in 36 advanced sarcomas, including chordoma
and desmoid tumor heavily pre-treated patients, with a median of 4 previous lines, with
encouraging results: 3 PR, 27 SD (DCR 86.1%) and a median PFS of 5.5 months (being the
median PFS of the immediately prior therapy 2.0 months) [109].

Bempegaldesleukin (NKTR-214), an interleukin-2 (IL-2) agonist, increases TIL infil-
tration and has shown encouraging activity in several refractory tumors [161], setting
a rationale for its addition to PD1 inhibitors. A pilot study combining this agent with
nivolumab in 84 patients showed positive results in angiosarcoma (3 PR out of 8), ASPS
(1 PR out of 4) and UPS (2 PR out of 10) [110]. There was a correlation between the ORR,
CD8+ TIL infiltration and PDL1 expression. Interestingly, the reduced expression of the
Hedgehog signaling pathway was associated with better clinical outcomes, suggesting that
the Hedgehog pathway enhances immune-suppressive mechanisms as it has been found in
breast cancer [162] and skin basal cell carcinoma [163] and setting a rationale for combining
immunotherapy with Hedgehog inhibitors.

Oleclumab is a monoclonal antibody that selectively binds and blocks the activity
of CD73, a key enzyme for the extracellular generation of adenosine, which is a relevant
biochemical component of the immunosuppressive TME [164]. An ongoing phase II study
is evaluating the combination of durvalumab and oleclumab in specific sarcoma subtypes
selected according to CD73 staining on the TME cells [165]. A basket phase II trial (CAIRE)
is evaluating durvalumab plus tazemetostat, a molecule that inhibits EZH2, which leads to
a functional alteration of Tregs and favors an effector-like profile in advanced solid tumors,
including a cohort for STS [166].

Another approach is the modulation of immune cells in vivo. LV305 is a modified
lentivirus-based vector designed to selectively transduce dendritic cells and promote the
expression of NY-ESO1, unleashing an immune response against NY-ESO1-expressing
cells. Somaiah et al. [111] tried LV305 in 24 patients (13 SS, 6 MRCL and 5 other subtypes),
reporting 1 PR (SS) and 14 SD. NY-ESO1 expression was >75% in 67% of the subjects.
A phase I study has evaluated avelumab plus SNK01, a therapy based on autologous
modified NK cells, with enhanced cytotoxicity, in 15 patients with advanced sarcoma
(6 LMS, 2 osteosarcoma and 7 other subtypes) [113], with 2 PR and 3 SD.
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Other strategies to modulate the immune-suppressive TME of sarcoma have been
explored in preclinical studies and early trials. Colony-stimulating factor 1 receptor (CSF1R)
signaling regulates the infiltration of MDSCs and promotes their differentiation towards
an M2 phenotype [167]. A phase Ib study has explored the combination of durvalumab
with DCC-3014 (vimseltinib), a selective inhibitor of CSF1R, in 13 patients with advanced
STS (7 leiomyosarcoma, 2 UPS, 2 DDLPS, 1 synovial sarcoma and 1 liposarcoma) [112].
There was a median decrease of 26.9% in circulating MDSCs, with disease stabilization in
three patients.

3.5. Therapeutic Vaccines

Cancer vaccines are usually based on the exogenous administration of selected tumor
antigens combined with adjuvants to induce the activity of APCs, mainly dendritic cells,
aiming to stimulate the adaptive immune system against cancer cells [168].

Sato et al. [169] demonstrated that peptides derived from SYT-SSX fusion genes,
resultant from chromosomal translocation t(X:18) specific to synovial sarcoma (SS), are
recognized by circulating CD8+ T-cells in HLA-A24+ patients, and induce tumor-specific
cytotoxic responses. They developed an SYT-SSX peptide vaccine and tried it on six
patients with advanced SS, with no response [114]. However, they performed a second
study adding interferon-alfa to the vaccine in 12 patients, observing 6 SD and a transient
response in 1 patient [170].

Takahashi et al. [115] conducted a phase II clinical trial with a personalized vaccine in
20 patients with refractory BS and STS. A maximum of four HLA-matched peptides were
selected, based on their high peptide-specific IgG responses in pre-vaccination plasma, and
administered to each patient weekly for 6 weeks and each 2 weeks thereafter; six patients
achieved SD, including one minor response in a malignant fibrous histiocytoma, and one
durable SD (33 months) in a mediastinal SS. The authors concluded that this treatment
could be feasible for the vast majority of refractory sarcoma patients, with high rates of
immunological responses.

Neoantigens such as cancer–testis antigens (CTA), aberrantly expressed in a high
percentage of high-grade sarcoma, mainly MAGE and NY-ESO, as explained above in detail,
might also be used to design personalized vaccines [32]. A phase I/II trial has evaluated an
autologous dendritic-cell vaccine based on CTA (CaTeVac) in 74 patients with advanced
STS, with a cohort receiving the vaccine as adjuvant or maintenance treatment after the first
or second line of systemic therapy and another cohort receiving it in monotherapy after
at least one CT line [116]. Median OS was 24.4 months in the first cohort and 14.2 months
in the second one, suggesting a positive impact on overall survival. A phase I study
tried a dendritic cell vaccine-targeting MAGE-A1, MAGE-A3 and NY-ESO1 combined
with decitabine in 10 children with neuroblastoma, Ewing’s sarcoma, osteosarcoma and
rhabdomyosarcoma. Six of nine patients developed a response to MAGE-A1, MAGE-A3
or NY-ESO-1 peptides post-vaccine, concluding that the chemoimmunotherapy approach
using DAC/DC-CT vaccine is feasible [171].

More recently, Chawla et al. [117] have published a phase II randomized study of
CMB305 and atezolizumab compared with atezolizumab alone in STS expressing NY-ESO1.
CMB305 is a vaccination regimen designed to prime the CD8+ T-cell population specific
for NY-ESO1 and then use a TLR4 agonist to unleash the antitumor immune response.
The study recruited 89 patients with SS and myxoid liposarcoma (MLS). Though the PFS
increase was not significant, the patients treated with the combination acquired a higher
rate of NY-ESO1-specific T-cells, which was associated with longer OS in a post hoc analysis.

In addition to vaccines based on specific peptides, a potential approach to induce tumor
recognition is the production of vaccines derived from whole tumor cells combined with
immune-enhancing adjuvants (such as IFN-γ and GM-CSF), with interesting preliminary
data in a cohort of STS [172].

69



Cancers 2023, 15, 2287

3.6. Adoptive Cell Therapy

Adoptive cell therapy (ACT) encompasses several strategies to improve the activity of
autologous T cells, which are obtained through leukapheresis and genetically engineered to
overcome tumor immune evasion. Modified T cells are reinfused into the patient, usually
in combination with adjuvant IL-2, after lymphodepleting CT (commonly fludarabine
plus cyclophosphamide). ACT includes chimeric antigen receptor (CAR) T cell therapy,
engineered TCRs and TIL therapy [173].

3.6.1. Engineered TCR

In sarcoma, the aberrant expression of CTA not present in normal cells makes TCR
therapy particularly attractive since T cells can be equipped with newly engineered TCRs
transduced through retroviral vectors that enable them to target these specific neoantigens.

Robbins et al. [118] conducted a phase II trial with letetresgene autoleucel (Lete-cel), a
therapy based on T cells transduced with a TCR against NY-ESO1, plus adjuvant IL-2- in
HLA-A02 patients with metastatic melanoma and synovial sarcoma. Among 18 patients
with NY-ESO1+ SS, 11 objective responses were documented (61%), including 1 CR and
10 PR (ranging from 3 to 47 months). The estimated overall 3-year OS rate was 38%.
The authors concluded that the adoptive transfer of autologous T cells transduced with
a retrovirus encoding a TCR against an HLA-A*0201 restricted NY-ESO-1 epitope can be
an effective therapy for synovial cell sarcomas. Considering that all the patients were
heavily pre-treated and refractory to standard CT, the authors consider it improbable that
the lymphodepleting therapy could significantly contribute to the clinical responses.

More recently, Lete-cel has been evaluated in 45 patients with advanced SS after
standard first-line CT, enrolled in 4 cohorts according to NY-ESO1 tumor expression [119].
Objective responses were documented in all cohorts, with a total of 1 CR and 14 PR (ORR 20–
50%). The median PFS ranged from 8.6 to 22.4 weeks between cohorts. A post-hoc analysis
revealed that responders had higher pre-infusion levels of IL-15, which may be used as
a predictive biomarker [174]. NY-ESO1-targeted TCR therapy is also being evaluated in
myxoid/round cell liposarcoma (MRCL) [175].

A first-in-human study with T cells equipped with afamitresgene autoleucel (Afami-
cel), a genetically engineered autologous specific peptide enhanced affinity receptor (SPEAR)
targeting MAGE-A4, reported 4 PR and 3 SD among eight assessed patients with advanced
SS [120]. Following these results, Afami-cel was evaluated by a phase II trial (SPEARHEAD-
1) in 32 eligible patients (HLA-A02) with MAGE-A4-expressing STS (87.5% SS, 12,5%
MLS) [121]. Among 25 evaluable subjects (23 SS and 2 MLS), there were 2 CR, 8 PR and
11 SD (DCR 84%). The safety profile was favorable, with mainly low-grade cytokine
release syndrome (CRS) and reversible hematologic toxicities due to lymphodepleting
CT. A pooled efficacy analysis of phase I and II trials with Afami-cel revealed that the
baseline tumor burden, prior systemic treatment history and MAGE-04 expression levels
are potential predictors of response [176].

3.6.2. CAR T Cells

The use of CAR T cells has also been explored in sarcoma, with the advantage over
TCR therapy of not being restricted to HLA-A02 carriers. In contrast to hematologic
malignancies, the efficacy of CAR T cells in solid tumors is limited by their intense antigenic
heterogeneity derived from their polyclonal expansion and accumulative mutations, which
makes it hard to find homogeneously expressed targets, particularly without unacceptable
off-tumor toxicity [177].

Human epidermal growth factor receptor 2 (Her2) is the most studied target for CAR
T cells in sarcoma. A phase I/II trial evaluated Her2-CAR T cells in 19 Her2+ sarcoma (16
of them osteosarcoma), with modest activity (4 SD ranging from 12 weeks to 14 months).
Her2-CAR T cells persisted for at least 6 weeks in seven of the nine evaluable patients.
Three of these patients had their tumors removed, with one showing ≥90% necrosis. The
median overall survival was 10.3 months (ranging 5.1 to 29.1 months) [122].
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In a phase I trial with Her2-CAR T cells in 10 Her2+ sarcoma, there were 2 long-
term CR, 1 in osteosarcoma and 1 in rhabdomyosarcoma, added to 3 SD [123]. A phase
I study is currently using the combination of Her2-CAR T therapy with PD1 blockade
pembrolizumab or nivolumab in advanced Her2+ sarcoma (NCT 049955003).

Other phase I trials are currently evaluating CAR T cells targeting epidermal growth fac-
tor receptor (EGFR) (NCT 03618381) and tumor antigen GD2 (NCT 04539366, NCT 03635632,
NCT 02107963, NCT 03721068) [177]. Preclinical studies have also suggested a promising
activity of CAR T cells targeting the type I insulin-like growth factor receptor (IGF1R) and the
tyrosine–kinase-like orphan receptor 1 (ROR1), which are highly expressed in sarcoma cell
lines [178]. Other potential targets for CAR T therapy in sarcoma are CD44v6 [179] and NK
cell activating receptor group 2-member D ligand (NKG2DL) [180,181].

3.6.3. TIL Therapy

TIL therapy is based on the extraction of tumor-infiltrating lymphocytes for ex vivo
expansion and reinfusion to the patient, after lymphodepleting conditioning, in combina-
tion with immune-enhancing adjuvants such as IL-2. It has an exciting potential, being the
only ACT-using cells with multiple TCR clones able to cover the antigenic heterogeneity
of solid tumors in contrast to engineered TCRs and CAR T cells, which target specific
antigens [182]. Up to date, TIL therapy has been mainly developed in melanoma with a
positive phase III trial versus ipilimumab in the first-line setting [183] and has promising
results in cervical cancer [184–186], non-small cell lung cancer [187], ovarian cancer [188],
colorectal cancer [189], breast cancer [190] and cholangiocarcinoma [191].

Mullinax et al. [192] demonstrated the feasibility of TIL therapy in STS. They suc-
cessfully propagated TILs from 70 STS surgical specimens, cocultured them with tumor
cells, and expanded them using a rapid expansion protocol, observing that nearly all speci-
mens generated TILs, mainly CD3+, which were responsive to the autologous tumor. Ko
et al. [193] published another preclinical study that suggests that certain sarcoma subtypes
can potentially yield an appropriate number of cells for TIL therapy.

Zhou et al. [194] conducted a retrospective study of 60 patients with CT-resistant
metastatic osteosarcoma who were treated with TIL therapy plus nivolumab. Of the pa-
tients, 83.3% had lung metastasis, and 83.3% had presented a poor response to neoadjuvant
CT. The results were encouraging, with an ORR of 36.7% (2 CR and 20 PR), a DCR of 80%
and a median PFS of 5.8 months. An infusion of ≥ 5 × 10 [9] TIL cells, a percentage of CD8+
TIL ≥ 60% and a percentage of CD4+/FoxP3+ TIL <20% were significantly associated with
response to treatment. Overall, OS was 23.7 months in responders versus 8.7 months in
non-responders (p < 0.0001).

Despite these interesting preclinical and retrospective data, the use of TIL therapy
in sarcoma is not endorsed by any clinical trial to date. A phase I study of TILs in STS
(NCT 04052334) and two phase II basket trials, one with a cohort for carcinosarcoma (NCT
03610490) and another with a cohort for STS (NCT 03935893), are ongoing [177]. Further
research is required to understand how to overcome the challenges still faced by TIL
therapy, such as the negative impact of the immunosuppressive TME or its application in
‘cold’ tumors, including many sarcoma subtypes.

4. Conclusions

Immunotherapy is progressively acquiring a role in the treatment of advanced sar-
coma, though the biological heterogeneity among histologic subtypes impacts their clinical
response. Globally, soft tissue sarcomas (STS) are more responsive than bone sarcomas (BS).
Undifferentiated pleomorphic (UPS), alveolar soft part (ASPS), synovial and Kaposi sarco-
mas seem especially immunogenic, followed by some liposarcoma and leiomyosarcoma.
The presence of tertiary lymphoid structures (TLS), a high density of infiltrating CD8+ T
cells and a high PDL1 expression in cells of the TME have been identified as prognostic
and predictive biomarkers.
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Immune checkpoint inhibitors (ICI) have poor results in monotherapy, except for
certain subtypes. The SARC028 trial is the most relevant study with an ICI alone (pem-
brolizumab), with an ORR of 40% in UPS and 20% in liposarcoma and chondrosarcoma
but <10% in the other subtypes. Kaposi and other rare forms of sarcoma, such as chor-
doma and SMARCA4-deficient rhabdoid tumors, might also benefit from PD1 inhibitors.
Dual blockade with ipilimumab plus nivolumab showed superiority compared to single
immunotherapy (Alliance A091401), and durvalumab plus tremelimumab seems especially
active in ASPS.

Multiple studies have evaluated ICI combined with conventional CT, trying to achieve
a synergistic effect. Pembrolizumab plus doxorubicin has positive results in anthracycline-
naïve STS, and some other combinations, ipi/nivo plus trabectedin, pembro plus gemc-
itabine and avelumab plus trabectedin, have promising results in CT-refractory STS. The
IMMUNOSARC trial is the main study combining ICI with tyrosine–kinase inhibitors
(nivolumab plus sunitinib), reaching a DCR >60% both in STS and BS, though other combi-
nations have shown similar outcomes in phase I and II trials. ICI has also been combined
with immunomodulatory agents, with promising results of oncolytic viral therapy (T-VEC)
added to PD1 blockade.

Going beyond checkpoint inhibitors, therapeutic vaccines and adoptive cell therapy
are incorporated into the arsenal of immunotherapy, with encouraging results. Engineered
TCR targeting aberrant neoantigens NY-ESO1 (Lete-cel) and MAGE-A4 (Afami-cel) have
shown ORR 40–60% in synovial sarcoma, with a favorable safety profile. Her2-targeted
CAR-T cells and TIL therapy have promising preclinical and retrospective data in advanced
sarcoma, with the potential benefit of their combination with PD1 inhibitors. Further
research is still needed to overcome the theoretical and practical obstacles faced by adoptive
cell therapy, especially in such aggressive tumors with a powerful immunosuppressive
microenvironment.
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Simple Summary: This review focusing on gender differences in the incidence of soft tissue and bone
sarcomas. Sarcomas are rare cancers arising from mesenchymal tissues, which are different from the
epithelial tissues and originate from the embryonic mesodermal layer. These cancers can be classified
into bone or soft tissue sarcomas. Most sarcomas occur without known causes; however, certain
genetic syndromes and environmental factors are known to be associated with these malignancies.
Studies have indicated a male predominance in sarcoma incidence, which is also seen in other cancers
like colorectal and lung cancers. Notably, childhood sarcomas exhibit significant gender differences,
with a stronger association with the male sex, particularly in soft tissue sarcomas. The biological
reasons for these sex differences are not well understood, and this review seeks to shed light on these
underlying factors to aid in prevention and treatment strategies.

Abstract: Sarcomas, uncommon malignancies, stem from mesenchymal tissues, distinct from epithe-
lial tissues, originating in the embryonic mesodermal layer. These sarcomas have been categorized as
either bone or soft tissue sarcomas, depending on their originating tissue. The majority of sarcomas
occur sporadically with their etiology being unknown, but there are several, well-established genetic
predisposition syndromes and some environmental exposures associated with specific sarcomas.
Recently, many studies have shown that sarcomas, in analogy with colorectal, skin, head and neck,
esophageal, lung, and liver carcinomas, also have a male sex predilection. Significant gender differ-
ences have already been observed in childhood sarcomas. Among the tumors strongly associated
with the male sex, childhood sarcomas have been identified as being particularly sensitive to the
biological differences between the sexes, with special regard to soft tissue sarcomas. As the biological
mechanisms underlying the sex differences in the incidence of soft tissue sarcomas remain largely un-
explored, this review aims to highlight the factors underlying these differences to inform prevention
and treatment.

Keywords: gender differences; sarcoma; soft tissue cancer

1. Introduction

Sarcomas are tumors of mesenchymal origin, accounting for approximately 15% of all
cancers in children and 1% of all malignancies in adults [1]. According to histopathological
criteria and the primary site of occurrence within tissues, the World Health Organization
has delineated over 70 distinctive histological subtypes of soft tissue sarcomas (the most
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common of which are shown in Figure 1) and about 10 subtypes of bone sarcomas (the
most common of which are shown in Figure 2) [2].
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Figure 1. The most common soft tissue sarcomas.

 
Figure 2. The most common bone sarcomas.
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Sarcomas are rare tumors (their annual incidence is lower than six new cases per
100,000 people) that can occur in virtually any part of the body. Their prognosis varies
greatly across different histological subtypes and depends also on the stage the tumor is
diagnosed. Due to their rarity and heterogeneity, sarcomas show better outcomes when
treated within the frame of specialized centers, with inappropriate medical management
being reported in more than 70% of patients treated outside dedicated centers [3,4].

Although most sarcomas typically occur without a known cause, some types are
attributable to various confirmed genetic predisposition syndromes and specific environ-
mental factors. However, although the etiology of sarcomas is not yet clear, numerous
studies agree that sarcomas, like other types of cancer known so far, arise predominantly in
men. This gender disparity has already been observed in childhood sarcomas, where there
is a strong association between the male sex and soft tissue sarcomas. Because the precise
biological mechanisms responsible for these sex-based differences in sarcoma incidence
remain largely unexplored, this review seeks to shed light on the factors that underlie these
distinctions, improving our understanding for prevention and treatment.

1.1. Environmental Factors and Sarcomas

Although the etiology of sarcomas remains poorly understood, several environmental
and genetic factors have been identified that are responsible for their development.

Previous studies have shown that exposure to radiation for the treatment of other
cancers, such as lymphoma, breast, testicular, ovarian, prostate, and lung, increases the
risk of developing sarcomas. While radiation-associated sarcomas (RAS) are typically infre-
quent, affecting less than 1% of individuals undergoing radiation therapy, their occurrence
is anticipated to rise due to the expanded utilization of radiation therapy for specific tumor
types and the overall enhancement in cancer patient survival rates.

Radiation-associated sarcoma is a rare iatrogenic malignancy that occurs after radio-
therapy for a high malignant grade and accounts for approximately 0.5–5.5% of all sarcomas.
This event appears to be due to the ability that ionizing radiation has to damage the DNA
triggering a spectrum of molecular changes, ranging from minor single base substitutions
to severe genomic disorders. The use of whole genome sequencing in a limited subgroup
of radiation-related neoplasms (carcinomas and sarcomas) has allowed the identification of
particular traits highlighting a greater prevalence of small deletions (with a higher ratio to
insertions) compared to non-radiation-induced tumors.

Furthermore, these neoplasms also show balanced inversions responsible for chro-
motripsy and other structural abnormalities damage [5].

The 3-year survival rate for individuals with radiation-associated sarcoma varies and
is generally considered poor due to the aggressive nature of the disease and its resistance to
chemotherapy. A study by Xi et al. reported that the 3-year overall survival rate was 32.4%
among treated patients with RAS, with the median survival being 21.2 months. Complete
surgical resection was identified as a major prognostic factor for survival. Another study
by Wei et al. reported a 3-year overall survival rate of 19.1%, with a 3-year survival rate
with no disease at 11.1% [6,7].

In a recent retrospective study focusing on radiation-induced sarcomas, it was found
that the overall median survival for RAS patients at 3 years was 36 months.

This study, however, noted no significant survival differences when stratifying patients
by various factors such as age at radiation therapy, latency time, and age at RAS occurrence.
This indicates that these factors may not have a straightforward impact on the survival of
RAS patients [5].

While the 5-year survival rate for individuals with RAS ranges from 17% to 58%, it is
considerably lower than the 54% to 76% rate observed in the cases of sporadic sarcomas [8].

A study comparing radiation-associated sarcoma of the pelvis/sacrum (RASB) and
primary osteosarcoma/spindle cell sarcoma of pelvis/sacrum (POPS) found that older
RASB patients were less likely to receive chemotherapy and more likely to have higher
perioperative mortality and worse 5-year disease-specific survival. No difference was
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noted in local recurrence or metastasis-free survival at 5 years. Overall, RASB shows poorer
outcomes compared to POPS [9].

Diagnostic protocols for RAS continue to follow guidelines established in the 1940s,
which have undergone few changes over time. These guidelines are based on three funda-
mental principles: the documented history of radiation exposure preceding the develop-
ment of the sarcoma, the onset of the sarcoma in or near the radiation-exposed area, and
the confirmation of the sarcoma through a histological diagnosis and histological diagnosis
of sarcoma other than cancer in the first instance [10].

Although ionizing radiation remains the most relevant environmental factor associated
with the development of sarcoma, other environmental elements have been investigated.
In particular, increased incidence and mortality for some types of cancer, particularly soft
tissue sarcomas (STS), have been observed in individuals exposed to both agricultural
and non-agricultural chemicals. The link between these chemicals and STS was initially
highlighted by Hardell et al. in 1977 [11]. This evidence was supported in 1995 by the
same authors in a Swedish case–control study conducted in the 1970s and 1980s, which
confirmed a significantly increased risk of STS with exposure to these compounds, with an
odds ratio (OR) of 2.7 (95% confidence interval (CI) 1.9, 4.7) and OR of 3.3 (95% CI: 1.8, 6.1)
obtained for phenoxy acetic acids and chlorophenols, respectively [12].

A recent systematic review that included a total of 50 publications and 35 meta-
analyses highlighted, in 16 studies involving 2254 participants, a combined odds ratio
(OR) for sarcoma of 1.85 (95% CI: 1, 22, 2,82) about exposure to phenoxy herbicides and
chlorophenols, with a pooled standardized mortality ratio based on four cohort studies
with 59,289 participants of 40.93 (95% CI: 2.19, 765.90) [13]. Furthermore, exposure to vinyl
chloride monomers resulted in pooled hazard ratios of 19.23 (95% CI: 2.03, 182.46) for
hepatic angiosarcoma and 2.23 (95% CI: 1.55, 3, 22) for other STS, respectively, in three
cohort studies involving 12,816 participants [14], while, in four cohort studies including
30,797 participants, an association between dioxin exposure and increased STS mortality
was observed, showing a combined standardized mortality ratio of 2.56 (95% CI: 1.60,
4.10). Finally, woodworking occupations also represent an increased risk of developing
STS, presenting an aggregate odds ratio of 2.16 (95% CI: 1.39, 3.36) [15].

1.2. Genetic Susceptibility and Sarcoma

Genetically, sarcomas are a type of tumor that can be divided into two groups. One
group is characterized by simple karyotype defects consisting of disease-specific chromoso-
mal translocations leading to abnormal gene (and protein) function, such as Ewing sarcoma,
alveolar rhabdomyosarcoma, and synovial sarcoma. Furthermore, there are instances where
complex karyotypes are observed, signifying a notable disturbance in genomic stability,
seen for example in leiomyosarcoma, liposarcoma, undifferentiated pleomorphic sarcoma,
osteosarcoma, angiosarcoma, and malignant peripheral nerve sheath tumor [16].

In addition, it is now known that individuals with certain genetic syndromes are pre-
disposed to developing sarcoma. In particular, many inherited syndromes such as Familial
gastrointestinal stromal tumor syndrome (GIST), Li–Fraumeni syndrome (LFS), neurofibro-
matosis (NF1), and retinoblastoma (Rb), Bloom syndrome (BS), fumarate hydratase (FH),
Rothmund–Thompson syndrome (RTS), and Werner syndrome (WS) are responsible for an
increased risk of developing this type of cancer [17].

Familial gastrointestinal stromal tumor syndrome (GIST)

Familial gastrointestinal stromal tumor (GIST) syndrome is a condition associated with
sarcoma development, originating from the interstitial cells of Cajal in the gastrointestinal
tract. Recognized recently as distinct, GISTs were previously classified as leiomyomas or
leiomyosarcomas. Most GISTs (75% to 80%) exhibit c-kit gene mutations, especially in exon
11, which lead to increased function of a tyrosine kinase receptor, fostering cell proliferation.
Additionally, mutations in the PDGFRA gene account for 5% to 15% of GIST cases [18].
Moreover, the syndrome is characterized by activating mutations in the KIT or PDGFRA
genes, which include inherited mutations in specific exons of these genes. These mutations
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lead to continuous kinase activation, promoting tumorigenesis. Individuals with these
mutations may develop multiple GISTs in the stomach or bowel [18].

Li–Fraumeni syndrome (LFS)

Li–Fraumeni syndrome (LFS) was initially identified and documented by Li and
Fraumeni, along with their colleagues, after examining four family cases wherein either
siblings or first cousins manifested pediatric sarcoma, while a parent had experienced
early-onset cancer.

The Li–Fraumeni syndrome definition requires “the presence of a proband diagnosed
with sarcoma before age 45, a first-degree relative younger than age 45 with any cancer,
and a first- or second-degree relative younger than age 45 with any cancer or a sarcoma at
any age” [19]. In 2009, a version of the Chompret Criteria was proposed to help clinicians
to recognize Li–Fraumeni syndrome, expanding on the old definition and based on three
criteria (Table 1) [20]. The syndrome is linked to TP53 gene mutations, which typically
prevent tumor growth and promote cell death and DNA repair. These mutations often
result in the loss of p53 function or impede the cell death pathway, contributing to sarcoma
and other cancers due to genomic instability. Germline mutations in the p53 gene are found
in Li–Fraumeni syndrome (LFS), with 30% to 60% of soft tissue sarcomas showing somatic
p53 mutations. Affected individuals are prone to a range of tumors, including breast, brain,
adrenocortical tumors, and various leukemias. Children with rhabdomyosarcoma under
age 3 may particularly carry TP53 germline mutations [21]. A study from 2004 to 2015
with 89 identified carriers showed that those who underwent a comprehensive surveillance
protocol for Li–Fraumeni syndrome had better outcomes. Surveillance led to the detection
of 40 asymptomatic tumors and was associated with higher 5-year survival rates compared
to those who declined surveillance. The study suggests incorporating surveillance into
clinical management for improved survival in TP53 variant carriers [22].

Table 1. 2009 Chompret Criteria for germline TP53 mutation screening.

Criterion Description

I.

Proband with a tumor belonging to the LFS tumor spectrum (e.g., soft tissue
sarcoma, osteosarcoma, brain tumor, premenopausal breast cancer,

adrenocortical carcinoma, leukemia, and lung bronchoalveolar cancer) before
the age of 46 years and at least one first- or second-degree relative with an

LFS tumor (except breast cancer if the proband has breast cancer) before the
age of 56 years or with multiple tumors.

II.
Proband with multiple tumors (except multiple breast tumors), two of which
belong to the LFS tumor spectrum, and the first of which occurred before the

age of 46 years.

III. Patient with adrenocortical carcinoma or choroid plexus tumor, irrespective
of family history.

Abbreviations LFS, Li–Fraumeni syndrome

Neurofibromatosis (NF1)

Neurofibromatosis is a genetic disorder that progresses slowly, primarily affecting
neuroectodermal tissues like skin, nerves, bones, and eyes. It increases the risk of devel-
oping malignant peripheral nerve sheath tumors (MPNST), with up to a 10% lifetime risk.
NF1, a subtype of this condition, involves a heterozygous mutation in the neurofibromin
gene on chromosome 17q11.2. Neurofibromin is a tumor suppressor that regulates the
Ras/MAPK/AP-1 pathway, and its loss leads to heightened Ras activity, which can pro-
mote tumor growth. NF1 is associated with various tumors, including neuroblastoma,
neurofibroma, thymoma, and breast cancer [23].
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Retinoblastoma (Rb)

Retinoblastoma is a childhood eye cancer arising in the retina, with hereditary and
non-hereditary forms. Survivors of hereditary retinoblastoma are at increased risk of
secondary tumors like osteosarcoma, and radiation treatment heightens this risk [24].

Retinoblastoma arises from germline mutations that deactivate one RB1 gene al-
lele. Tumors form when both RB1 alleles mutate, followed by other genetic changes.
Hereditary retinoblastoma patients are more likely to develop osteosarcoma, with RB1
mutations detected in 30–75% of these tumors. Hereditary survivors face a greater risk
of secondary osteosarcomas than the general population or those with non-hereditary
retinoblastoma [25,26]. RB1 gene mutations not only predispose individuals to retinoblas-
toma but also increase the risk for secondary tumors like soft tissue sarcomas, melanoma,
brain tumors, and some carcinomas, including those of the lung, breast, and bladder [27].

Bloom syndrome (BS)

Bloom syndrome (BS) is a rare autosomal recessive disorder more common among
Ashkenazi Jews, characterized by genetic instability and increased sarcoma risk. It is caused
by mutations in the BLM gene on chromosome 15, which encodes a RecQ family DNA
helicase essential for genomic stability. Ashkenazi Jewish BS patients often have a specific
frameshift mutation. Cells from BS individuals show numerous cytogenetic abnormalities,
such as increased chromosome breaks, quadriradial chromatid exchanges, and, notably, a
high rate of sister chromatid exchanges (SCEs), which is a key diagnostic marker for the
syndrome [28].

Rothmund–Thompson syndrome

Rothmund–Thomson syndrome is an autosomal recessive disorder caused by muta-
tions in the RECQL4 gene, which increases cancer risk, particularly osteosarcoma. Muta-
tions leading to RECQL4 loss-of-function include nonsense mutations, frameshifts, splice
site changes, and intron deletions. Located on chromosome 8q24.3, RECQL4, a RecQ
DNA helicase gene, is often amplified in osteosarcoma, near the MYC gene. Those with
Rothmund-Thomson syndrome have a higher chance of developing malignancies, espe-
cially osteosarcoma [29].

Werner syndrome

Werner syndrome (WS) is a rare autosomal recessive disorder that emerges in the
late teens or early twenties, simulating symptoms of accelerated aging like heart disease,
osteoporosis, hair loss, cataracts, diabetes, and hypogonadism. It is caused by mutations
in the WRN gene, a RecQ helicase on chromosome 8p11.1. People with WS have a higher
risk for several cancers, including osteosarcoma, soft tissue sarcoma, meningioma, myeloid
disorders, melanoma, thyroid carcinoma, and various epithelial cancers. There are over
90 known mutations affecting the WRN gene, including base substitutions, insertions,
deletions, and complex mutations that disrupt its function and reading frames [30].

1.3. Sex Differences in Sarcomas

In recent years, epidemiological studies have highlighted sexual dimorphism as a
relevant factor in the incidence and survival of many cancers, including colorectal, skin,
head, neck, esophageal, lung, and liver cancers. Indeed, incidence rates ranging from 1.26:1
to 4.86:1 have been reported to be significantly higher in men than in women, irrespective
of the ethnicity of the population studied [31–34].

Overall, the variations in question have commonly been linked to occupational or
behavioral aspects. However, researchers have also explored cellular and molecular in-
fluences, particularly emphasizing the impact of sex hormones. Notably, these hormones
might potentially influence cancer cells, elements within the tumor’s microenvironment,
cellular metabolism, and the immune system [34].

Recently, Rong J et al. collected gastric GIST data from 2010 to 2016 through the
SEER database, using, for the first time, propensity score matching (PSM) with a relatively
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large sample size. These authors aimed to investigate the relationship between sex and
prognosis in patients with gastric GISTs using a method capable of reducing the influence
of confounding factors.

The findings from this study emphasized the role of gender as a distinct factor in-
fluencing the prognosis of gastric GIST, revealing that males exhibit a heightened risk of
mortality compared to females [35].

Indeed, compared to female gastric GIST, male patients were less likely to undergo
surgical treatment (95.9% vs. 98.1%), more likely to have large tumors (>10.0 cm) (24.0% vs.
16.4%), and more likely to have a mitotic index greater than 10/50 HPF (14.1% vs. 9.7%).
These data confirm the findings of previous studies reporting that the prognosis of gastric
GIST is related to sex [36].

The link between variations in sex and prognosis might be attributed to the involve-
ment of sex hormones. Evidence from other cancer studies indicates that the pathway
associated with sex hormone signaling can impact susceptibility to cancer and the microen-
vironment of tumors, albeit operating through diverse mechanisms. These hormones play
a role in controlling processes such as angiogenesis and inflammation, thereby affecting
the progression of cancer differently among genders. For instance, there’s been a noted
reduction in ERß levels within cancer scenarios.

A recent study has highlighted the interconnectedness of estrogen with the mucosal
barrier, gastrointestinal functionality, and the regulation of intestinal inflammation. This
hormone appears to play a protective role, particularly in gastrointestinal tumor develop-
ment, notably in the case of colorectal cancer.

Indeed, it has been reported that the use of anti-estrogen drugs such as tamoxifen may
increase the risk of gastric adenocarcinoma [37].

A prospective study conducted by Freedman ND and colleagues, as part of the
Shanghai Women’s Health Study and based on population data, revealed an association
between exposure to hormones like estrogen and a decreased likelihood of developing
gastric cancer [38].

Additionally, exploring the notion that sex hormones might contribute to the devel-
opment of esophageal or gastric adenocarcinoma, M Lindblad et al. conducted research
on the protective effects of hormone replacement therapy (HRT) in women against these
tumors. Their findings indicated that HRT usage correlates with a reduction of over 50% in
the risk of gastric adenocarcinoma among users compared to non-users [39].

Newer studies have provided additional evidence supporting the notion that extended
exposure to estrogen could potentially lower the chances of developing gastric cancer.
Recent meta-analysis findings have revealed a noteworthy connection: the utilization
of hormone replacement therapy (HRT), commonly employed to alleviate menopausal
symptoms, was linked to a 28% decrease in gastric cancer risk compared to individuals not
exposed to HRT. Moreover, a subgroup analysis focused on the type of HRT formulation
demonstrated risk reductions in gastric cancer following the use of both estrogen-only
therapy (pooled RR, 0.63; 95% CI: 0.51–0.77, I2 = 0%) and estrogen–progestin therapy
(pooled RR, 0.70; 95% CI: 0.57–0.87; I2 = 0%) compared to non-users [39,40].

For soft tissue sarcomas (STS), the variability of incidence-based mortality by sex
over the past decade has not been well studied, but many studies examining sex differ-
ences have highlighted that men have a higher incidence of STS compared with their
female counterparts.

In England, an estimated 4295 cases of soft tissue sarcoma are diagnosed annually,
representing a crude rate of 7.7 cases per 100,000 individuals (2017–2019). The distribution
of soft tissue sarcoma cases in the UK appears to be relatively equal between females
and males (1996–2010). Despite this equality, the incidence rates of soft tissue sarcoma,
especially the European age-standardized (AS) rate, significantly differ between genders,
being notably lower in females compared to males [33]. These results were confirmed
by another analysis conducted by Hung and collaborators performed on the Taiwanese
population according to the 2013 WHO classification.
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The study highlighted a male predominance, particularly marked in Kaposi’s sarcoma
(SIRR, 5.4; 95% CI: 4.41–6.63, p < 0.05), as well as in other subtypes such as UPS, liposarcoma,
angiosarcoma, fibrosarcoma, GIST, chondrosarcoma (CS), and NOS sarcoma with a SIRR of
1.2–2.1 [41].

Hsieh et al. previously documented similar outcomes, exploring discrepancies in the
occurrence rates and patterns of STS across different racial and ethnic groups in adolescents
and young adults aged 15–29 years, considering sex, age, and histological type. Their
findings revealed a 34% higher incidence of all STSs combined in males compared to
females (95% CI: 1.28, 1.39), as well as a 60% higher incidence in Black individuals compared
to Caucasians (95% CI: 1.52, 1.68) [42].

The demographic associations linked to STS in recent years and the probability of
developing comorbidities have recently been analyzed to understand the mechanisms
underlying the disease and to focus on diagnostic and therapeutic strategies.

In their examination of patients with STS, Van Herk-Sukel and colleagues discovered a
notable escalation in the risk of developing medical complications, specifically highlighting
a heightened risk for cardiovascular disease [43].

The proportion of STS in male and female patients may vary significantly depending
on the type of tumor. A study analyzing the incidence and survival of cutaneous soft tissue
sarcomas (CSTS) in the US population highlighted that CSTS rates varied markedly over
time and by race, sex, and histological type, supporting the notion that the histological
variants of CSTS are etiologically distinct and appear to affect males more than females [44].
Patel SJ et al., in a recent investigation utilizing data sourced from the National Cancer
Institute’s Surveillance, Epidemiology, and End Results (SEER), analyzed mortality rates
correlated with incidence between 2000 and 2016 across various categories such as tumor
grades, gender, and racial demographics among individuals diagnosed with STS.

The authors confirmed that STS has a male sex predilection and that the male sex
tends to have a higher incidence of mortality, regardless of tumor grade and race.

Indeed, this study highlights the higher incidence-based mortality rate in Caucasian
males compared to African American males over the past 15 years, suggesting that soft
tissue sarcomas in Caucasian males have worse outcomes [45].

As a result of these recent trends, the American Cancer Society predicts that 13,400 new
soft tissue sarcomas will be diagnosed in the United States in 2023 (7400 in males and 6000 in
females), with the majority of cases occurring in male patients. In addition, an estimated
5140 people (2720 males and 2420 females) will die from STS. Although the proportion of
STS in male and female patients can vary significantly depending on the type of tumor, STS
appears to affect males more than females [46].

As osteosarcoma is rarer than other sarcomas and is characterized by an incidence
with a bimodal age distribution, little is known about its incidence in males and females.

Cole S et al. conducted a study utilizing data provided by the National Cancer
Institute’s Surveillance, Epidemiology, and End Results (SEER) program to delve into
younger osteosarcoma cases and examine racial minorities. Despite evidence suggesting
a higher incidence of osteosarcoma among individuals of African descent, the authors
extensively compared osteosarcoma occurrence and survival rates across four distinct age
groups (0–9, 10–24, 25–59, and >60 years old) based on race/ethnicity, gender, decade,
pathological subtype, and tumor location.

Their investigation uncovered a total of 2312 osteosarcoma cases within the 10–24 age
category, nearly accounting for half of all osteosarcoma cases in the SEER 18 database.
Additionally, it was noted that osteosarcoma demonstrated a higher prevalence in males
compared to females across all race/ethnicity categories, displaying an overall male-to-
female ratio of 1.3:1 (males, IR, 8.1; 95% CI: 7.7–8.6 vs. females, IR, 6.2; 95% CI: 5.8–6.6).
Furthermore, in the >60 age group, males exhibited a higher prevalence of osteosarcoma
compared to females, both overall (1.3:1) and within specific race/ethnicity categories [47].

Ewing sarcoma ranks as the second most prevalent bone sarcoma, displaying an
incidence rate of 0.3 cases per 100,000 individuals annually. Within childhood cancer cases,
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this particular subtype of bone sarcoma constitutes approximately 2%. Notably, it exhibits
a higher prevalence among males compared to females, maintaining a male-to-female ratio
of roughly 1.5, and typically peaks in incidence around the age of 15 [48].

Gender differences in the incidence of radiation-associated sarcomas are not widely
documented and the evidence may vary by study. However, some literature suggests that
there could be a higher incidence in females, especially following radiation treatment for
breast cancer, which is one of the more common scenarios leading to RIS. The specific
incidence rates and gender differences can depend on a multitude of factors, including
the type and location of the primary cancer treated with radiation, genetic predispositions,
and the individual radiation doses administered. A recent study on RIS provided insights
into the distinct genomic landscapes of these sarcomas. The research included 82 patients,
predominantly females (83%), with a median age of 64 years. It compared radiation-
associated angiosarcomas (RT-AS) with other RIS histotypes and sporadic sarcomas. The
study found notable differences in the mutation and copy number alteration profiles among
various RIS histotypes. RT-AS, especially those derived from breast radiation, had a unique
genomic landscape with frequent MYC, FLT4, CRKL, HRAS, and KMT2D alterations. In
contrast, other RIS types had genomic features similar to their non-radiation counterparts.
The findings suggest that potential molecular targets for treatment could be specific to
each histotype [49]. However, in the Inoue YZ study which evaluates the analysis of the
clinical–pathological characteristics and treatment of patients with post-irradiation sarcoma
of the bones and soft tissues, there does not seem to be a clear gender bias in this condition.
Indeed, the ratio of males to females was 8:5, but this difference vanished when tumors
specific to one gender (such as those affecting the breast, cervix, testis, or ovary) were
excluded from the analysis. Additionally, no racial predilection has been noted in the
research literature [50].

Furthermore, the onset of sarcomas associated with genetic syndromes does not seem
to have a clear gender disparity. However, the manifestation of certain types of sarcomas
may vary with age and the specific genetic mutation involved. For example, individuals
with Li–Fraumeni syndrome (LFS), which is characterized by germline mutations in the
TP53 gene, tend to develop sarcomas and other cancers at a younger age compared to the
general population. Specifically, sarcomas represent a significant proportion of tumors in
TP53 mutation carriers, with most occurring before the age of 50. The type of sarcoma can
also be correlated with the type of TP53 mutation present, with certain mutations being
associated with early-onset sarcomas like rhabdomyosarcoma in individuals younger than
5 years and osteosarcoma at any age [51].

It is important to note that knowledge of these genetic predispositions is crucial for
the clinical management of sarcoma patients. Identifying individuals with heritable cancer
predisposition syndromes can help tailor treatment strategies to minimize toxicity and
maximize efficacy. Furthermore, understanding a patient’s genetic background can assist in
the implementation of appropriate genetic counseling, as well as screening or surveillance
strategies for both the patient and their relatives [52].

The research emphasizes that while treatment strategies for most sarcomas may not sig-
nificantly differ between sporadic cases and those associated with predisposition syndromes,
the recognition of genetic predisposition is vital for overall patient management [53].

1.4. Sex Differences in Sarcoma in Childhood

Significant sex differences have already been observed in childhood sarcomas. Among
the tumors strongly associated with the male sex, childhood sarcomas have been identified
as being particularly sensitive to sex biological differences.

Osteosarcoma (OS) ranks as the prevailing primary malignant bone tumor found
among children and teenagers, with an estimated 4.8 new cases per million individuals
under the age of 20 in the United States annually; this figure to roughly 450 cases per
year in this age group, contributing to approximately 3% to 5% of childhood tumors. OS
demonstrates a higher occurrence among males and African Americans. Following OS, the
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second most frequent primary malignant bone tumor among children and adolescents is
Ewing sarcoma (ES), recording an estimated 2.9 new cases per million among individuals
under the age of 20 in the United States annually.

Ewing sarcoma (ES) exhibits a slightly higher occurrence among males, and its fre-
quency is nine-fold greater in Caucasians compared to African Americans [54].

The male predominance in childhood cancer incidence is well known, but few studies
have focused on sex differences in incidence during childhood and adolescence.

Ognjanovic et al. conducted an analysis focusing on the incidence and survival
patterns of rhabdomyosarcoma (RMS) among children and adolescents under the age
of 20. This cancer type is typically categorized into two primary histological subtypes:
embryonal RMS (ERMS) and alveolar RMS (ARMS), with ERMS accounting for 60–70% of
cases and ARMS representing 20–30%. The investigation considered various demographic
factors such as sex (male and female), age brackets (0–4 years, 5–9 years, 10–14 years, and
15–19 years), and racial backgrounds (white, black, American Indian/Alaskan Native, and
Asian/Pacific Islander combined). In the nine SEER registers between 1975 and 2005

A total of 987 cases of RMS were diagnosed among children aged 0–19 years. Males
displayed a higher incidence of RMS compared to females, with rates of 5.2 per 1,000,000
and 3.8 per 1,000,000, respectively, resulting in a rate ratio of 1.37 (95% CI: 1.21–1.56).
Notably, the male predominance in RMS was predominantly seen in ERMS, with a male-
to-female rate ratio of 1.51 (95% CI: 1.27–1.80). These findings support previous reports
indicating high incidence rates of RMS, its early onset before the age of 10 in more than
50% of cases, and a distinct male predominance [55].

This disparity has been found in most pediatric cancers, acute lymphoblastic leukemia,
non-Hodgkin’s lymphoma, medulloblastoma, hepatic tumors, osteosarcoma, and germ cell
tumors, showing that the direct effect of the male sex is significant for several tumor types.
Furthermore the American Cancer Society reported a higher cancer incidence in males
aged 0–14 years with a rate of 178.0 per 1,000,000, unlike females where a rate of 160.1 cases
per 1,000,000 was observed, corresponding to a crude incidence rate ratio for childhood
cancer for 1.11 for male versus female [56]. To shed light on potential mechanisms, such
as hormonal fluctuations or periods of rapid growth, that may contribute to increased
cancer incidence in males, Williams LA and collaborators used data from the Surveillance,
Epidemiology, and End Results (SEER)’s 18 registries (2000–2015) to examine the association
between male sex and childhood cancer by single year of age (0–19) and tumor type. The
study found that male sex was positively associated with most cancers.

Particularly notable were the positive correlations found between the male gender
and various types of cancers across different age groups. Neuroblastoma (IRR, 1.13; 95%
CI: 1.07–1.19), retinoblastoma (IRR, 1.17; 95% CI: 1.08–1.26), and hepatoblastoma (IRR,
1.70; 95% CI: 1.53–1.86) exhibited significant associations with male sex across all ages.
Notably, neuroblastoma showed a significant link with males at ages 1, 2 to 3, and 5,
while retinoblastoma manifested this association at age 2. Hepatoblastoma, on the other
hand, exhibited a notable correlation with males aged < 1 to 3. Furthermore, the male
gender also displayed positive associations with nephroblastoma at ages < 1 to 1, and with
various bone tumors (osteosarcoma IRR, 1.33; 95% CI: 1.25–1.41; chondrosarcoma IRR,
2.59; 95% CI: 2.08–3.10; Ewing sarcoma IRR, 1.69; 95% CI: 1.56–1.81), notably significant in
osteosarcoma at ages 14 to 19. Ewing sarcoma consistently exhibited an association with
male sex, significantly so from ages 9 to 19, except at age 1. “The Ewing sarcoma family”
of tumors (Ewing tumors, Askin tumors, and pPNET) showed associations with male
sex (IRR, 1.27; 1.06–1.48), similarly with rhabdomyosarcoma (IRR, 1.42; 95% CI: 1.33–1.51)
and fibrosarcoma (IRR, 1.14; 95% CI: 1.00–1.28). Additionally, a strong association was
observed between male sex and GCTs, particularly intracranial/intraspinal (IRR, 2.73; 95%
CI: 2.51–2.95) and malignant gonadal GCTs (IRR, 2.35; 95% CI: 2.24–2.45) across all age
groups. These higher incidence rates among males remained consistent from childhood
through adolescence [57,58].
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In a more recent analysis aiming to identify sex-based survival disparities in childhood
cancers, the same researchers examined overall survival differences and estimated the risk
of death in males versus females for 18 childhood cancers. This investigation utilized the
Surveillance, Epidemiology, and End Results (SEER) program’s 18 registries spanning from
2000 to 2014.

This study not only confirmed that males had worse overall survival than females,
but also reported worse survival and an increased risk of death for males diagnosed with
ependymoma, neuroblastoma, and osteosarcoma. Furthermore, disparities in five-year
survival rates based on gender were evident, indicating lower rates among males (85% for
males, 88% for females). This trend was notably pronounced in specific cancers: ependy-
moma (71% male, 78% female), neuroblastoma (74% male, 78% female), hepatoblastoma
(77% male, 82% female), osteosarcoma (64% male, 71% female), and Ewing sarcoma (67%
male, 71% female). Notably, males exhibited significantly poorer overall survival across a
15-year observational period for ependymoma (log-rank p = 0.02), neuroblastoma (log-rank
p = 0.003), and osteosarcoma (log-rank p = 0.004) [59]. However the concept of gender
disparities in the incidence of certain sarcomas among different age groups remain an
intriguing aspect of cancer epidemiology]. During childhood, particularly in the pre-
pubescent years, some sarcomas show a marked difference in incidence between genders.
For instance, embryonal rhabdomyosarcoma (ERMS) is more commonly diagnosed in boys
than in girls [60]. The reasons behind this gender inequality in incidence rates are not fully
understood but may involve genetic, environmental, and hormonal factors, even though
these hormonal influences are not as pronounced before puberty.

As individuals age, the incidence of sarcomas still shows gender variations, but the
reasons for these differences may shift. In older adults, hormonal differences between
genders diminish, particularly post-menopause in women, when levels of hormones such as
estrogen and progesterone decrease significantly. Despite the reduced hormonal differences,
gender disparities in sarcoma incidence persist in the elderly. This could suggest that factors
other than hormones, such as genetics, lifestyle, or environmental exposures, may play a
more significant role in the development of sarcomas in older age groups [61].

1.5. Sex Biological Differences in Sarcoma in Childhood

The intricate biological pathways contributing to the variations in childhood cancer
occurrence between genders have largely eluded extensive investigation.

However, it is thought that the increased cancer diagnoses in boys are mainly due to
hormonal, genetic, and immune factors.

Some sex differences in cancer may be due to differences in the hormonal milieu.
While this facet might not hold as much significance during early childhood compared
to adolescence and adulthood, certain cancers like osteosarcoma, fueled by swift bone
development and/or hormonal changes during puberty, could potentially be affected by
fluctuations in hormones [62].

Williams LA et al. observed that osteosarcomas and Ewing sarcoma have a male-to-
female ratio that fluctuates according to pubertal timing, which coincides with peak bone
growth dependent on estrogen [58].

Recent research emphasizes the crucial involvement of the growth hormone (GH)/
insulin-like growth factor 1 (IGF-1) axis in bone growth during puberty. Studies suggest
that estrogen boosts GH secretion in both boys and girls, while testosterone primarily
impacts GH secretion by converting it into estrogen through aromatization [63].

Differences in the onset of puberty and estrogen levels in males and females may
regulate the rate of bone growth, which may explain the higher incidence of osteosarcoma
and Ewing sarcoma in males during adolescence [47].

Furthermore, the strikingly higher male predominance observed in chondrosarcoma
compared to other bone tumors raises noteworthy considerations, suggesting a potential
involvement of hormonal or growth-related factors in this observed pattern. Population-
based studies indicate a protective effect for women in cancer survival, potentially linked
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to hormonal differences. In high-grade CS, the female gender, likely influenced by estrogen,
significantly improves survival compared to males. This effect is age-dependent, diminish-
ing post-menopause. Estrogen’s role in bone and cartilage development and its presence
in CS suggest a potential for anti-estrogen therapy. Despite inconsistent findings across
studies, the age and gender impact on chondrosarcoma survival highlights the importance
of further research into the interaction between sex hormones and high-grade CS [48,64].

The consistent prevalence of males in medulloblastoma is likely attributed to the
asymmetric impact of sex on brain development. Animal studies have highlighted the
contribution of prenatal hormones, sex chromosomes [65], and the immune system in
influencing early neural sexual differentiation [66].

The elevated risk of childhood cancer among males may also be rooted in genetic
factors. Although studies of sex-biased gene expression during human development are
limited in adults, it has also been observed in children that genes on the X chromosome
show higher variation in expression between the sexes than autosomal genes, and this
may depend on sex differences in chromatin accessibility. Additional genetic mechanisms
could involve somatic mutations occurring on the X or Y chromosome, affecting males
and females differently. Over time, a preference toward one X chromosome may emerge,
potentially confining mutations to the inactive copy due to selection pressure. In contrast,
any mutation of the X chromosome in males is obligatory throughout their lifespan and
could exert a more pronounced influence on gene expression and cancer development [67].
Given that the Y chromosome contains fewer than 100 genes, its role in increasing cancer
risk in males cannot be ignored [68].

Finally, in both children and adults, disparities in cancer risk between the sexes may
be linked to differences in the immune response to tumor development. Notably, males
typically exhibit lower innate and adaptive immune responses than females, evidenced
by higher rates of infectious diseases in males and elevated rates of autoimmune diseases
in females.

This attribute likely arises from the abundance of immune-related genes located on
the X chromosome and their distinct expression patterns, which potentially contribute to
discernible differences in immune function between males and females [65].

2. Conclusions

Substantial evidence indicates that gender significantly contributes to the incidence,
prognosis, and mortality of many cancers. Although sarcoma remains one of the least
studied tumors in terms of sex differences, numerous studies using data collected from
the SEER and USSEER databases on a large number of cohorts, and supported by clinical
trials, have shown that women also have an advantage over men in sarcoma. Many studies
suggest (Table 2) that males have a higher incidence of this type of cancer and are less likely
to survive a sarcoma diagnosis.

Significant sex differences have already been observed in childhood malignancies
sarcomas. Among the tumors strongly associated with the male sex, childhood sarcomas
have been identified as being particularly sensitive to sex biological differences. Differences
in incidence between males and females have also been found in different racial and
age groups. Although the precise causes behind the disparities in cancer incidence and
survival rates between sexes remain unclear, recent research has hinted at the potential
involvement of intricate interactions between genetic and environmental factors. These
complex interplays might contribute to the generally inferior prognosis observed among
males in contrast to females, a trend notable even in soft tissue sarcoma.

Despite this evidence, further research is needed to gain a better understanding
of sex differences in sarcoma etiology and prognosis in order to guarantee a therapeutic
approach specifically designed for different sexes. In particular, a more systematic approach
to examine the disparities in disease rates between male and female patients could be
beneficial. This would involve dividing the study into different aspects and categories,
such as bone versus soft tissue diseases and pediatric versus adult cases, to confirm the
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links between translocation and different phenotypes. Supplementing this analysis with
fundamental scientific data could help clarify the reasons for these differences.

Table 2. Key landmark studies in sarcoma’s gender disparity.

Study Design, Data
Source, Years Include

Relevant Study
Population

Key Results

Part A: Evidence for
adult

Rong J
et al., 2020 [35]

Retrospective
registry-based cohort

(CHINA-USA) 2010–2016
1050

Data from gastric GIST patients were collected from the SEER database.
Propensity score matching (PSM) was performed to reduce

confounding factors, and the clinicopathological features and prognosis
of GIST patients were comprehensively evaluated. Gender could be a
prognostic factor for gastric GIST survival, and male patients had a

higher risk of death.

Mo Chen
et al., 2018 [36]

Retrospective
registry-based cohort

(CHINA-USA) 1973–2013
6582

Data from gastric GIST patients were collected from the SEER database.
The study investigated the impact of marital status on the overall

survival (OS) and cancer-specific survival (CSS) of operable GIST cases.
The marriage could be a protective prognostic factor for survival, and

widowed patients had a higher risk of death.

Neal D Freedman
et al., 2007 [38]

Retrospective
registry-based cohort

(USA)
154

The study investigated the association of menstrual and reproductive
factors and gastric cancer risk. No associations were observed between

gastric cancer risk and age of menarche, number of children, breast
feeding, or oral contraceptive use. In contrast, associations were
observed with age of menopause, years of fertility, years since

menopause, and intrauterine device use.

M Lindblad
et al., 2006 [39]

Retrospective
(SWEDEN) 1994–2001 612

Esophageal and gastric adenocarcinoma share an unexplained male
predominance, A nested case–control study of hormone replacement
therapy (HRT) was conducted among 299 women with esophageal
cancer, 313 with gastric cancer, and 3191 randomly selected control

women. Among 1,619,563 person-years of follow-up, more than 50%
reduced risk of gastric adenocarcinoa was found among users of HRT

compared to non-users. This inverse association appeared to be
stronger for gastric noncardia and weaker for gastric cardia tumors.

There was no association between HRT and
esophageal adenocarcinoma.

Giun-Yi Hung
et al., 2019 [41]

Retrospective
registry-based cohort
(TAIWAN) 2007–2013

11,393

STS data were acquired from the population-based 2007–2013 Taiwan
Cancer Registry of the Health and Welfare Data Science Center, Taiwan.
In total, 11,393 patients with an age-standardized incidence rate of 5.62
per 100,000 person-years were identified. Overall, a male predominance

and the rate increased with age, peaking at >75 years.

Mei-Chin Hsieh
et al., 2013 [42]

Retrospective
registry-based cohort

(USA) 1995–2008
10,289

STS data were obtained from the North American Association of
Central Cancer Registries (NAACCR). The incidence of all STSs

combined was higher in males than females.

Rouhani P et al.,
2008 [44]

Retrospective
registry-based cohort

(USA) 1992–2004
12,114

Data from cutaneous soft tissue sarcoma (CSTS) patients were collected
from the SEER database confirmed that the incidence of all CSTSs

combined was higher in males than females.

Part B: Evidence for
childhood

and adolescent

Cole S et al., 2022 [47]
Retrospective

registry-based cohort
(USA) 1975–2017

5016

Data from osteosarcoma patients were collected from the SEER
database. The findings confirm in cases 0 to 9 years old, incidence of
primary osteosarcoma was similar between the sexes and increased

significantly throughout the study period. Overall, survival rates for all
cases have remained relatively unchanged over recent decades, with

worse survival observed in males.

Ognjanovic S
et al., 2009 [55]

Retrospective
registry-based cohort

(USA) 1975–2005
987

Data from childhood rhabdomyosarcoma (RMS) patients were collected
from the SEER database. The findings revealed the incidence of an
embryonal rhabdomyosarcoma (ERMS) was higher in male than

females and, more specifically, a smaller peak of embryonal
rhabdomyosarcoma (ERMS) incidence rates was observed during

adolescence in males which may be related to only those sex-specific
hormonal differences.

94



Cancers 2024, 16, 201

Table 2. Cont.

Study Design, Data
Source, Years Include

Relevant Study
Population

Key Results

Ward E et al.,
2014 [56]

Retrospective
registry-based cohort

(USA) 1975–2010
15,780

Data from children and adolescent patients diagnosed with cancer were
collected from the SEER database and The North American Association

of CentralCancer Registries (NAACCR). The findings confirm that
gender disparity has been found in most pediatric cancers, acute

lymphoblastic leukemia, non-Hodgkin’s lymphoma, medulloblastoma,
hepatic tumors, osteosarcoma, and germ cell tumors, showing that the

direct effect of male sex is significant for several tumor types.

Williams LA
et al., 2019 [69]

Retrospective
registry-based cohort

(USA) 2000–2015
71,906

Cancer cases aged 0–19 years were identified using the SEER Program.
Male sex was positively associated with most cancers. The higher

incidence rates observed in males remained consistent over the
childhood and adolescent periods, suggesting that childhood and

adolescent hormonal fluctuations may not be the primary driving factor
for the sex

disparities in childhood cancer. The observed incidence disparities may
be due to sex differences

in exposures, genetics, or immune responses.

Williams LA
et al., 2019 [58]

Retrospective
registry-based cohort

(USA) 2000–2014
57,004

Cancer cases aged 0–19 years were identified using the the SEER
program. Males had worse overall survival and a higher risk of death

for acute lymphoblastic leukemia, ependymoma, neuroblastoma,
osteosarcoma, thyroid carcinoma, and malignant melanoma.
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Simple Summary: Liposarcoma is the most widespread soft-tissue sarcoma in adults. This review
summarizes the molecular genetics and epigenetics of the main liposarcoma subtypes and corre-
sponding aberration in signaling forming the basis for targeted therapy selection. In recent years,
specific inhibitors of CDK4/6 and MDM2 and VEGFR/FGFR/PDGFR multi-kinase inhibitors have
been proposed for the treatment of liposarcoma.

Abstract: Liposarcoma (LPS) is one of the most common adult soft-tissue sarcomas (STS), charac-
terized by a high diversity of histopathological features as well as to a lesser extent by a spectrum
of molecular abnormalities. Current targeted therapies for STS do not include a wide range of
drugs and surgical resection is the mainstay of treatment for localized disease in all subtypes, while
many LPS patients initially present with or ultimately progress to advanced disease that is either
unresectable, metastatic or both. The understanding of the molecular characteristics of liposarcoma
subtypes is becoming an important option for the detection of new potential targets and development
novel, biology-driven therapies for this disease. Innovative therapies have been introduced and they
are currently part of preclinical and clinical studies. In this review, we provide an analysis of the
molecular genetics of liposarcoma followed by a discussion of the specific epigenetic changes in
these malignancies. Then, we summarize the peculiarities of the key signaling cascades involved
in the pathogenesis of the disease and possible novel therapeutic approaches based on a better
understanding of subtype-specific disease biology. Although heterogeneity in liposarcoma genetics
and phenotype as well as the associated development of resistance to therapy make difficult the
introduction of novel therapeutic targets into the clinic, recently a number of targeted therapy drugs
were proposed for LPS treatment. The most promising results were shown for CDK4/6 and MDM2
inhibitors as well as for the multi-kinase inhibitors anlotinib and sunitinib.

Keywords: liposarcoma; well-differentiated liposarcoma; dedifferentiated liposarcoma; myxoid/round-
cell liposarcoma; pleomorphic liposarcoma; myxoid pleomorphic liposarcoma; molecular genetic abnor-
malities; epigenetic changes; targeted therapy

1. Introduction

Liposarcoma (LPS) is a subtype of soft-tissue sarcoma (STS) further divided into
five separate groups of malignancies characterized by distinct genetic and molecular
aberrations, unique histologic appearance, therapy strategies and overall clinical out-
come: well-differentiated liposarcoma (WDLPS), dedifferentiated liposarcoma (DDLSP),
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myxoid/round-cell liposarcoma (MLPS), pleomorphic liposarcoma (PLPS) and the recently
isolated, separate sub-type myxoid pleomorphic liposarcoma (MPLPS), each harboring its
own unique features [1]. Although surgical resection and radiotherapy remain the most
frequent choices for treatment, chemotherapeutic options are also applied for the treatment
of patients with advanced/metastatic clinically unresectable LPS. The specific patterns of
disease pathogenesis and progression of each LPS subtype suggest different approaches to
improve chemotherapy. An understanding of the genetic and epigenetic abnormalities and
corresponding transcriptome changes is critical to the management of liposarcoma and
further studies of the mechanisms of liposarcoma pathogenesis.

Well-differentiated (WDLPS) and dedifferentiated (DDLPS) liposarcoma are the most
common subtypes of liposarcoma [2–4]. WDLPSs are slow-growing malignancies character-
ized by the presence of adipocytes [2–4]. DDLPS is characterized by a higher cellularity and
elevated mitosis number [3,4]. DDLPS is a much more aggressive metastatic disease and as-
sociated with poor prognosis [5–7]. Both subtypes do not have specific age risk factors and
usually develop in the retroperitoneum, extremities, paratesticular areas and trunk [3,4,8].
WDLPS and DDLPS are largely resistant to conventional cytotoxic chemotherapy and
radiation therapy, and surgery remains the main option [2–4].

Myxoid/round-cell (MLPS) liposarcoma is a neoplasm with high cellularity and non-
lipogenic, mesenchymal, round- to oval-shaped cells mixed with mature adipocytes [9,10]
characterized by a more aggressive disease biology and worse clinical outcome [11]. MLPS
is more common in younger patients and predominantly arises in the proximal lower
extremities, as opposed to the retroperitoneum [12]. The tumor tends to recur locally and
systemically, with a high risk of metastasis to the retroperitoneum, abdomen, chest and
trunk [9]. Treatment for MLPS includes surgery and radio- and chemotherapy [13].

Pleomorphic liposarcoma (PLPS) is the most aggressive and histologically non-uniform
subtype of liposarcoma. It is a high-grade, aggressive neoplasm consisting of pleomorphic
lipoblasts and occasional multinucleated giant cells [2–4,9]. The median age of the patients
is 55-65 years old and they most commonly present with disease in the lower extremities.
These malignancies are highly resistant to all current treatment modalities [14,15].

Myxoid pleomorphic liposarcoma (MPLPS) is an exceedingly rare adipocytic malig-
nancy developing in the mediastinum, followed by the limbs and the head and neck region.
Morphologically, MPLPS shows features of both myxoid and pleomorphic liposarcoma
with aggressive clinical behavior, including fast tumor growth and early metastasis to the
lungs, bone and soft tissues [1]. Genetic and epigenetic results suggest a possible link with
conventional pleomorphic liposarcoma [16].

In practice, distinguishing one liposarcoma subtype from another is rather challenging.
Molecular studies should follow the histologic examination for more accuracy in diagnostics
and optimal disease therapy course or enrollment into clinical trials.

2. Molecular Genetic Abnormalities and Corresponding Transcriptome Changes
Specific to Liposarcomas and Their Possible Role as Therapeutic Targets

A number of the genetic abnormalities are specific to the whole set of LPSs: TOP2A,
PTK7 and CHEK1 were overexpressed in 140 cases of liposarcoma [17]; point mutations
in CTNNB1, CDH1, FBXW7 and EPHA1, C-MET and EGFR amplification and increased
expression of C-KIT, EGFR, PD-L1 and PD-1 also represent potential oncogenic events in
liposarcoma cells [18]. Loss of estrogen receptor expression may be involved in the patho-
genesis of liposarcoma through an unknown mechanism [19]. The transcription factor TBX3,
a critical developmental regulator, was shown to have a role as an oncogene/motogene in
liposarcoma [20].

Additionally, the specific genetic alterations found were specific to several subtypes of
liposarcoma.
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2.1. Well-Differentiated Liposarcoma (WDLPS) and Dedifferentiated Liposarcoma (DDLSP):
12q13-15-Associated Chromosomal Aberrations as Major Driver of Pathogenesis

WDLPS and DDLPS usually share the same genetic aberration, represented by the
distinctive ring and/or giant marker chromosomes from the 12q13-15 segment (Table 1
and [21]). This chromosome region bears more than 350 genes, including multiple prolifer-
ative genes [22]. In particular, the most common overamplified genes in WDLPS/DDLPS
are the member of the High-Mobility Group A (HMGA) gene family HMGA2, encoding
the transcriptional factor modulating the chromatin structure in the nucleus [21,23]; CDK4,
gene of cyclin-dependent kinase 4 [24]; pro-proliferative genes from the JUN family [25];
and mouse double minute 2 (MDM2), encoding a well-studied inhibitor of the p53 tumor
suppressor [24,26,27]. These genes are well-studied in the context of WDLPS/DDLSP and
reveal several correlations with the type of malignancy, location, grade, node involvement,
distant metastasis and recurrence-free survival [25]. Other genes frequently amplified
within the 12q13-15 amplicon include tetraspanin 31 (TSPAN31), a gene with possible role
in the proliferation, migration and inhibition of apoptosis [28,29]. YEATS4, a proliferative
gene, and CPM, encoding carboxypeptidase M, a proteolytic enzyme inducing cleavage
activation of growth factors, are genes commonly amplified within 12q13-15 that have
been implicated in dedifferentiation [30]. FRS2, E2F1 and CDKN2A are also among the
most upregulated genes in DDLPS and WDLPS [26,31]. Notable deletions were found in
chromosome 1p (RUNX3, ARID1A), chromosome 11q (ATM, CHEK1) and chromosome
13q14.2 (MIR15A, MIR16-1) [30]. It was also demonstrated for WDLPS/DDLPS without the
CDK4 amplification that an alteration in the CDKN2A/CDKN2B/CDK4/CCND1 pathway
is present in almost all cases without CDK4 amplification and may play a pivotal role in
oncogenesis [32].

Table 1. The most frequent genetic and epigenetic aberrations in LPS.

LPS Subtype
Cytogenetic Abnormality and Associated

Genetic Aberration
Epigenetic-Related Change

WDLPS

Ring chromosome 12
12q13-15 region amplifications: MDM2, CDK4,

HMGA2, SAS, GL1, JUN family genes
[21–24,26,27]

Not described

DDLPS

Ring chromosome 12
12q13-15 region amplifications: MDM2, CDK4,

HMGA2, SAS, GL1, JUN family genes
[21–24,26,27]

Mutations in genes of epigenetic regulators
(HDAC1)

Aberrant methylation of tumor-promoting genes
KLF4, CEBPA, CDKN2A

Increased expression of miR-155
[33–36]

MLPS t(12;16) (q13;p11), t(12;22) (q13;q12)
FUS-CHOP, EWS-CHOP [18]

Specific methylation profile of 12q13-q14 region
CpG-methylated APC locus and reduced APC

expression
Epigenetic regulation of increased expression of

CDKN2A, MGMT, RASSF1A, MST1, MST2
Increased expression of microRNA-135b

[37–40]

PLPS

13q14.2-5 deletion
Rb/TP53 deletion

Complex karyotype
[21,26,41,42]

Not described

MPLPS No specific changes
Complex karyotype Not described

In WDLPS/DDLPS, the molecular features of malignancies may vary between sub-
types. In particular, insulinoma-associated protein 1 (INSM1) is a specific biomarker for
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neuroendocrine cancers, but its expression is also detected in liposarcomas. Moreover,
INSM1 expression in WDLPS was significantly higher than in adipocytes and DDLPS cells.
Significant differences in the expression of INSM1 in WDLPS and DDLPS may assist in the
diagnosis, enriching the diagnostic index system of mesenchymal cancers [43]. Additional
chromosomal abnormalities, more exclusive for DDLPS than for WDLPS, are recurrent
amplifications of 1p32 and 6q23, in particular, overexpression of ASK1, DDR2, ERBB3,
STAT6, FGFR1, MAP3K5, LGR5, MCL1, CALR, AQP7, ACACB, FZD4, GPD1, LEP and
ROS1 [21,44–46]. Another set of core genes in DDLPS identified as significantly enriched in
microarray profiling generated from DDLPS and normal fat controls include APP, MDM2,
CDK1, PCNA, TKT, CDK4, CDC20, BUB1B, BARD1, ADRB2, LGALS3, CAV1, CCNA2 and
CDKN2A. The pathways identified as enriched in DDLPS are the pyruvate pathway, cell
cycle genes and molecular mechanisms associated with the DDLPS pathway and PPAR
signaling pathway [47]. CTDSP1/2-DNM3OS fusion genes were identified in a subset of
DDLPS tumors by integrating exome and RNA sequencing data [48].

Several genes located at 19p13.1-13.2 were highly expressed in DDLPS, including
genes encoding CRT, the inhibitor of adipocyte differentiation, and CD47, tightly associated
with malignant transformation [18]. The expression of the E3-ubiqutin ligase gene SIAH2
in DDLPS tumor-associated macrophages and other stromal cells indicates that SIAH2
expression may serve as a molecular marker distinguishing between DDLPS and WDLPS,
but more complete evaluation of the role of SIAH2 in the DDLPS phenotype is limited
by the availability of fresh tissues from these rare cancers [49]. In a study of the role of
α-thalassemia/mental retardation syndrome X-linked (ATRX) or death domain-associated
protein 6 (DAXX) gene expression in telomerase activation and alternative lengthening of
telomeres, a 100% correlation was demonstrated between ATRX or DAXX and alternative
telomere lengthening in DDLPS. It was also correlated with poor survival, suggesting the
prognostic role of ATRX and DAXX in DDLPS [50]. Expression of the PD-1 gene, encoding
the differentiation marker of the immune cells, was particularly high in DDLPS [51].
Another study reported a correlation between high expression of the centromere protein
F (CENPF) gene and worse survival of DDLPS patients, therefore suggesting CENPF as
a malignant indicator of tumor immune infiltration-related survival [52]. Rare DDLPS-
specific alterations are mutations in the fibroblast growth factors FGFR1, FGFR2, FGFR3 and
FGFR4, as well as in FGFR substrate 2 (FRS2), characterized by a poor prognosis [18,53–55].

For WDLPS pathogenesis, a second amplicon originating from 10p11-14 is described
containing 62 genes, including oncogenes such as MLLT10, previously described in chimeric
fusion with MLL in leukemias, NEBL and BMI1 [22]. SORBS1, KRT8 and MT1G are among
the top downregulated genes in WDLPS and DDLPS [31]. MT1G was previously reported
to be a tumor suppressor and was silenced in hepatocellular carcinoma [56]. Low SORBS1
expression is associated with promotion of invasion and metastasis as well as an overall
poor prognosis in breast cancer [57]. CCAAT/enhancer binding protein (CEBPA) and PPAR-
γ are reported to be downregulated in DD/WDLPS but more frequently in DDLPS [18].

2.2. Myxoid and Round-Cell Liposarcoma (MLPS): DNA Damage-Associated Gene CHOP and Its
Translocation Partners

MLPS is characterized by unique chromosome rearrangements, namely, t(12;16)
(q13;p11), that result in the FUS-CHOP (FUS-DDIT3) gene fusion in more than 95% of
cases or the rarer translocation t(12;22) (q13;q12), leading to the formation of the EWS-
CHOP oncogene in 5% of malignancies [18]. The gene CHOP encodes a growth arrest and
DNA-damage inducible member of the C/EBP family of transcription factors, regulates
adipogenesis and assists in growth arrest, but loses the function after the rearrangement
and stimulates proliferation [58]. The CHOP translocation partners include a TLS gene
of nuclear RNA-binding protein and an EWS gene with great similarity to TLS, whose
protein product is involved in the development of a wide variety of cancers, including
Ewing’s sarcoma, melanoma and several neuroendocrine cancers [33]. Interestingly, the
breakage in the introns of the CHOP gene with further formation of chimeric genes suggests
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the presence of a characteristic sequence in the breakpoint regions, including the mobile
element Alu and palindromic oligomer sequences [34]. To date, eleven FUS-CHOP and
five EWS-CHOP chimeric genes have been described [35]. The corresponding aberrant
proteins interfere with normal adipocyte differentiation and are involved in the activa-
tion of several tyrosine kinase receptor pathways including MET, RET, IGFR, AXL, EGFR,
PI3K/Akt and VEGFR2 specifically for round-cell liposarcoma [18]. Activating mutations
or amplification of PIK3CA, P110α catalytic subunit mutations of PI3K are seen in approxi-
mately 15% of MLPS and are associated with a poor prognosis, whereas PTEN deletion has
also been described [18,21]. MLPSs are also characterized by a high frequency of hotspot
mutations (C228T or C250T) in the promoter region of telomerase reverse transcriptase
(TERT), which encodes the TERT protein responsible for telomerase reactivation [36,59].
TERT mutation is associated with a poor prognosis in MLPS; however, it could not be
depicted as a prognostic factor. Thus, in a retrospective study on 83 primary MLPS tumor
samples, TERT hotspot mutations were observed in 77% of cases, but aberrant telomere
lengthening was not detected. Furthermore, TERT promoter hotspot mutations did not
correlate with patient survival [60], in contrast with ATRX/DAXX overexpression and
alternative telomere lengthening in DDLPS [50]. Gene expression studies have reported the
specific expression of CTAG1B, CTAG2, MAGEA9 and PRAME in myxoid and round-cell
liposarcoma [61]. High expression of the CHSY1 gene encoding surface glycosaminoglycan
could be an additional marker of malignant pathologic grade and poor clinical prognosis
in soft-tissue sarcomas with myxoid substance [62]. STAT6 can also be overexpressed in
myxoid liposarcoma [46].

2.3. Pleomorphic Liposarcoma (PLPS) and Myxoid Pleomorphic Liposarcoma (MPLPS): Complex
Karyotype and Poor Prognosis

PLPS and MPLPS are usually characterized by complex karyotypic aberrations without
specific genetic alterations. Comparative genomic hybridization analyses showed gains
of 1p, 1q21-q32, 2q, 3p, 3q, 5p12-p15, 5q, 6p21, 7p, 7q22, 8q, 10q, 12q12-q24, 13q, 14q, 15q,
17p, 17q, 18p, 18q12, 19p12, 19q13, 20q, 22q and Xq21-q27 and losses of 1q, 2q, 3p, 4q, 10q,
11q, 12p13, 13q14, 13q21-qter, 14q23-24, 16q22, 17p13, 17q11.2 and 22q13 [41,42]. TP53
mutations are observed in 60% of PLPS patients [26], deletion of 13q14.2-5 (containing the
tumor-suppressor gene RB1) in up to 50% [21] and loss of tumor the suppressor-gene NF1
in 5% of patients [30]. In a study of 155 patients diagnosed with PLPS, increased expression
of PPARγ (adipogenic marker), BCL2 and survivin (survival factors), VEGF (angiogenic
factor), MMP2 metalloprotease and other biomarkers was revealed [15,18]. Amplification of
δ catenin on 5p and deregulation of genes involved in adipogenesis (CEBPA on 19q, EP300
on 22q13) associated with the promotion of metastasis and loss of adipocyte differentiation
are also observed [41].

2.4. Conclusion on Liposarcoma Genetics

To sum up, some genetic alterations with oncogenic potential are described for all
subtypes of liposarcoma. The most frequent WDLPS and DDLPS genetic aberration is
represented by the 12q13-15 segment rearrangements, affecting the expression of more
than 60 genes, including pro-proliferative ones. An additional frequent transcriptome
abnormality for DDLPS is represented by the overexpression of several genes located at
19p13.1-13.2. Telomerase activation and alternative lengthening of telomeres were also
demonstrated for DDLPS. Moreover, high expression of PD-1 was found in DDLPS tumor-
associated macrophages. For WDLPS, a second amplicon originating from 10p11-14 is
described. Several genes, including SORBS1, KRT8 and MT1G, are downregulated in
WDLPS and DDLPS. MLPS is characterized by the translocation (12;16) (q13;p11), resulting
in the FUS-CHOP gene fusion and affecting adipocyte differentiation and the activation
of tyrosine kinases MET, RET, IGFR, AXL, EGFR, PI3K/Akt and VEGFR2. Additionally,
overexpression of CTAG1B, CTAG2, MAGEA9, PRAME and CHSY1 was described in
MLPS. As concerns tumor-suppressor genes, PTEN deletion is also not uncommon in
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this type of liposarcoma. PLPS and MPLPS are characterized by complex karyotype and
simultaneous aberrations simultaneously with P53 mutations and the deletion of 13q14.2-5,
including RB1.

3. Epigenetic Markers of Liposarcoma

Epigenetic regulation of gene expression occurs on multiple levels, including DNA
methylation, histone mutations and modification, chromatin structure alterations and re-
modeling, the formation of alternative DNA structures as well as transcription regulation
by specific subsets of long non-coding RNA (lncRNA) and miRNA [45,63]. Novel manners
of cell communication and genetic exchange such as exosomes, macrovesicle, and apop-
totic bodies containing miRNAs with LPS-relevant functions involve adjacent and distant
recipient cells and add complexity to this situation [45]. It has to be noted that studies of
LPS epigenetics have not been reported all LPS subtypes, and the use of epigenetic mod-
ulators in therapy for liposarcoma should develop a stronger basis. WDLPS and DDLPS
are already characterized by a multi-component landscape of histone modifications and
histone-modifying enzymes as well as by a specific miRNA profile. In contrast, there are no
data describing the epigenetic changes in PLPS and MPLPS. Nevertheless, specific miRNAs,
in particular, miR-215-5p, was shown to promote MDM2 expression in liposarcoma without
specificity to a certain subtype. In addition, it was found to promote cell proliferation,
inhibit apoptosis, promote cell cycle progression and promote cell invasion and migration.
Therefore, miR-215-5p could be considered a novel therapeutic target in liposarcoma [64].
Hypermethylation of H3K4me3 and H3K9me3 was found in a study of patient-derived
xenografts from upper-abdominal soft-tissue liposarcoma. This epigenetic feature may be
related to methionine addiction, a fundamental hallmark of cancer, termed the Hoffman
effect [65]. The over-methylation of these histone marks requires excess methionine in the
form of S-adenosylmethionine and may, at least in part, account for the excess methionine
required by cancer cells [66]. Liposarcoma subtypes have their unique genetic and clinical
characteristics, undoubtedly cross-talking with the epigenetic features of specific malig-
nancies. Below, we review the current and potential future epigenetic prognostic markers
and/or therapy targets.

3.1. Mutations in the Genes of Epigenetic Regulators and the Whole Set of Differentially Expressed
miRNAs in WDLPS and DDLSP

In DDLPS, specific methylation profiles correlate with clinical outcomes [67,68]. In
many cases, promoter elements are hypomethylated, while enhancers and coding sequences
are hypermethylated, although the net consequences on transcription in vivo are not
entirely predictable [67].

Mutations in genes of epigenetic regulators, specifically in histone deacetylase 1
HDAC1, were demonstrated for DDLPS, but the significance of HDAC1 mutations in DLPS
remains to be fully defined at the biochemical level [69]. A comparative analysis of epige-
netic modifications and the DNA methylation level in DDLPS identified 833 differentially
methylated regions affecting the promoters of 677 genes [70]. Significant tumor-specific
promoter methylation associated with downregulation was found in KLF4 and CEBPA, en-
coding two transcription factors associated with adipocyte differentiation. KLF4 regulates
CEBPA, and loss of expression of these factors is considered to be tumorigenic [70]. A study
of DNA methylation status and gene expression levels in a large and representative cohort
of 80 untreated, primary high-grade sarcomas composed of eight subtypes revealed the
prognostic value of DNA hypermethylation of CpG sites in the CDKN2A gene in PLPS and
DDLPS [71]. p16INK4a gene promoter hypermethylation is considered to be a potential
marker for DDLPS but not for WDLPS [72].

More than 40 miRNAs were found to be differentially expressed in DDLPS and WDLPS
among themselves as well as in comparison to normal fat [18]. One of the most frequently
upregulated miRNAs in DDLPS is miR-155, involved in malignization via the regulation
of casein kinase 1α (CK1α), which results in the activation of the β-catenin pathway [73].
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β-catenin and its downstream effector cyclin D1 were found to be overexpressed in all
human DDLPS cell lines compared with preadipocytes and adipocytes and were also
shown to induce DDLPS cell proliferation and cell cycle progression [73,74]. Knockdown
of miR-155 inhibited DDLPS cell proliferation, decreased colony formation, induced cell
cycle arrest in vitro and blocked tumor growth in xenografts [75]. MiR-193 family members
were found to be downregulated in DDLPS compared with normal fat, and miR-193
expression is considered a favorable prognostic factor in WDLPS/DDLPS [76], as well
as a therapeutic approach, as miR-193 targets PDGFRβ, SMAD4 and YAP1, belonging
to strongly interacting pathways (focal adhesion, TGFβ and Hippo, respectively) [77].
Interestingly, the expression of miR-193b in liposarcoma cells was downregulated by
promoter methylation, resulting at least in part from increased expression of the DNA
methyltransferase DNMT1 in WDLS/DDLS, which leads researchers to also consider
the immediate implication of demethylation agents for therapeutic exploration [76,78].
MiR-143, which is abundant in normal adipose tissue, was found to be underexpressed
in WDLPS, and its expression decreased further as the tumor progressed to DDLPS. The
signaling targets of miRNA-143 include BCL2, TOP2A and PLK1 [79]. The role of miR-145
and miR-451 in the suppression of tumor growth was demonstrated for DDLPS, as well as
the tumor-promoting role of miR-26a in DDLPS/WDLPS [80]. Loss of miR-133a expression
induces a metabolic shift due to a reduction in oxidative metabolism favoring a Warburg
effect in DDLPS [81].

In a study of the expression of 1888 miRNAs in 25 human liposarcoma samples, a
DDLPS-specific downregulated subset of miRNAs was described, including miR-144, miR-
451, miR-29b-2, miR-365, miR29b miR-499-5b, miR-486-5p and miR-551 [82]. Further, the
role of the miRNAs miR-133a, miR-199a-3p, miR25-3p and miR-92a-3p was investigated
in DDLPS progression, but a correlation between the expression of miRNAs and tumor
viability was shown only for miR-199a-3p [18]. MiR-133, miR-1 and miR-206 were signifi-
cantly underexpressed in WDLPS and may function as tumor suppressors, as described
in muscle-relevant rhabdomyosarcomas [83]. Tan et al. described other specific subsets
of miRNAs in DDLPS and WDLPS: they confirmed the upregulation of miR-214-3p, miR-
199a, miR-21-3p and miR-21-5p and downregulation of miR-10b, miR-126-3p, miR-126-5p,
miR-143-3p, miR-143-5p, miR-145-5p and miR-193b-3p in WDLPS/DDLPS compared to
benign lipoma [84]. MiR-3613-3p is upregulated in DDLPS patients and may serve as a
potential specific biomarker for dedifferentiated liposarcoma [85]. The analysis of tissue
and serum miRNA expression in DDLPS identified miR-1246, -4532, -4454, -619-5p and
-6126 as biomarkers for DDLPS [86].

3.2. MLPS: FUS-CHOP-Associated Chromatin Remodeling and Changes in Specific
miRNA Expression

The specific methylation profile of the 12q13-q14 region in MLPS with t(12;16) (q13;p11)
translocation has been described [38]. Epigenetic analyses showed that 45% of myxoid/round-
cell liposarcomas were CpG-methylated at the APC locus and had reduced APC expres-
sion [39]. Increases in expression of CDKN2A, MGMT, RASSF1A, MST1 and MST2 were also
found to be epigenetically regulated by the DNA methylation level [40].

Chromatin remodeling plays a role in MLPS through interactions between FUS-DDIT3
and components of the subfamily of ATP-dependent chromatin remodeling complexes
SWI/SNF and polycomb repressive complex 2 PRC2 [87–89]. The histone code reader
Spindlin1 (SPIN1) was shown to impair proliferation and increase apoptosis of liposarcoma
cells in vitro and in xenograft mouse models. Using signaling pathway, genome-wide chro-
matin binding and transcriptome analyses, Franz et al. found that SPIN1 directly enhances
the expression of GDNF, an activator of the RET signaling pathway, in cooperation with
the transcription factor MAZ. Importantly, a mutation of SPIN1 within the reader domain
interfering with chromatin binding reduces liposarcoma cell proliferation and survival.
These data suggest SPIN1 as a novel target for chromatin-associated small-molecule in-
hibitors [90]. In a study of integral DNA methylation patterns in liposarcoma samples,
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it was demonstrated that ALDH1A3 was the most hypermethylated and downregulated
gene for MLPS compared to normal fat [71]. ALDH1A3 is a member of the aldehyde
dehydrogenase family with 19 isoenzymes that potentially plays a role in the detoxification
of aldehydes in alcohol metabolism and lipid peroxidation [91]. High ALDH1 activity in
sarcoma cell lines is associated with an increase in proliferation [92]. The EFEMP1 gene
encoding fibulin-3, a member of the extracellular matrix glycoprotein family associated
with lymph node metastasis, vascular invasion and poor prognosis, was also found to be
hypermethylated and downregulated in MLPS compared to normal fat [71,93–95].

A lesser extent of specific miRNAs is described for MLPS. Thus, microRNA-135b (miR-
135b) is described as a key regulator of the malignancy, promoting MLPS metastasis in vivo
through the direct suppression of thrombospondin 2 (THBS2) and following an increase in
the total amount of MMP2 [37]. Another study demonstrated the role of high expression
of miR-9, miR-9* and miR-31 in the progression and metastasis of MLPS [96]. It was
demonstrated that miR-486 expression was repressed in TLS-CHOP-expressing MLS tissues,
so downregulation of miR-486 may be an important process for MLPS development [97].

3.3. Conclusions of Liposarcoma Epigenetics

In conclusion to the epigenetic section, it should be noted that almost all liposarcoma
subtypes accumulate a number of epigenetic alterations, which could be considered possi-
ble therapy targets. In particular, the whole pool of target miRNAs in DDLPS, WDLPS and
MLPS is described as drivers/markers of pathogenesis and are under extensive investiga-
tion. Hypermetylation of H3K4me3 and H3K9me3 in the abovementioned LPS subtypes
may lead to the hyperexpression of cell cycle regulators and a decrease in the expression of
tumor-suppressor genes such as APC. No data on epigenetic-specific features of PLPS and
MPLPS have been described in the literature.

4. Changes in Signaling and Therapeutic Approaches

Treatment of liposarcoma typically involves surgery and radiation therapy, while the
use of classic cytostatic treatment and targeted therapy frequently lead to the development
of resistance at the advanced disease stage. However, multiple translational studies of novel
therapies target various genetic and molecular aberrations in different subtypes of liposar-
coma. In particular, WDLPS/DDLPS-specific aberrations in the 12q13-15 amplicon leading
to the amplification of MDM2 and CDK4 and MLPS-specific FUS-DDIT3/EWSR1-DDIT3
fusion represent potential therapeutic candidates. Moreover, several low-molecular-weight
multi-kinase inhibitors targeting MET, AXL, IGF1R, EGFR, VEGFR2 and PDGFR-β could
be effective in the types of liposarcoma characterized by abnormalities in PI3K/Akt/mTOR
signaling and the associated deregulation of other cascades [98–102].

4.1. MDM2/p53 and CDK4 Signaling Aberrations as Well as Activation Mutations in Multiple
Growth Factors in WDLPS and DDLPS

As described in the section “Molecular genetic abnormalities”, MDM2 and CDK4 are
frequently co-amplified in WDLPS and DDLPS [103]. Amplification of MDM2 results in
the inactivation of p53, and CDK4 amplification leads to cell cycle progression [53,104].
Both alterations can be targeted by specific inhibitors (MDM2 antagonists RG7388 and
Nutlin 3A (RG7112); CDK4/6 inhibitors palbociclib, ribociclib, abemaciclib and TQB3616)
in experimental and clinical trials either used individually or in combination, especially in
the therapy of DDLPS [98,100,103,105–112]. However, it has to be noted that combinations
of MDM2 and CDK4 inhibition in DDLPS should be thoroughly investigated in clinical
studies due to the possible combined toxicities of these drugs [106].

The orally bioavailable selective inhibitor of nuclear export selinexor has been demon-
strated to have preclinical activity in various cancer types and is currently in phase I and II
clinical trials for advanced cancers. It was shown in vitro that selinexor induces G1-arrest in
liposarcoma cell lines with MDM2 and CDK4 amplification by increasing the protein level
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of p53 and p21, indicating a post-transcriptional effect. These results justify the exploration
of selinexor in clinical trials targeting various sarcoma subtypes [113].

MDM2 inactivates p53 in a phosphorylated form. Dephosphorylation and depletion of
MDM2 by the inhibitor of HDAC resulted in increased apoptosis, anti-proliferative effects
and cell cycle arrest in liposarcoma cell lines, warranting further evaluation of HDACi
as a therapeutic option in MDM2-amplified LPS [114]. Another epigenetic approach to
the treatment of DDLPS/WDLPS is the inhibition of specific miRNAs. Thus, promotion
of MDM2 expression, cell proliferation and invasion of the liposarcoma SW-872 cell line
as well as inhibition of apoptosis by miR-215-5p is described in the literature. Targeting
miR-215-5p may be a novel therapeutic strategy for the treatment of liposarcoma [64].

Following MDM2/P53 signaling, these molecules are linked to PTEN and the
PI3K/Akt/mTOR pathway, regulating the pro-apoptotic and anti-apoptotic signals. Specif-
ically, MDM2 could be stabilized by Akt-mediated phosphorylation, and, in turn, inhibit
PI3K/Akt activity via prevention of the nuclear localization of the tumor suppressor
REST [104]. PTEN expression in patient samples correlates with poor survival [115]. The
PTEN-controlled PI3K/Akt/mTOR pathway could be a therapeutic target for DDLPS, as
PTEN protects p53 from MDM2-mediated degradation. Together with the inhibition of
PI3K/Akt/mTOR signaling, it can augment P53-mediated apoptosis, as was demonstrated
in multiple studies in vitro and in vivo [104]. PI3K/Akt/mTOR inhibitors, for example,
BEZ235, could be an option for combined treatment of WDLPS/DDLPS [104,116]. Further,
downstream Akt targets c-Jun N-terminal kinase (JNK) from the mitogen-activated protein
kinase (MAPK) family and this cross-talk may be useful in the development of therapy ap-
proaches [117]. However, in phase II trials, the multi-kinase, dual-action inhibitor sorafenib
demonstrated a lack of significant clinical efficacy in liposarcoma treatment [118].

Mutational events in the fibroblast growth factor receptors FGFR1, FGFR2, FGFR3
and FGFR4 and the FGFR substrate FRS2 suggest that FGFR signaling plays a role in the
pathogenesis of liposarcoma, especially in the development of high-grade DDLPS [18,53].
Moreover, a combination of the FGFR inhibitors erdafitinib and NVP-BGJ398 together with
the MDM2 antagonist RG7388 was shown to be a promising strategy for the treatment of
DDLPS and needs further investigation in clinical trials [55,119].

In addition to the TP53 and RB signaling pathways, other pathways may be involved in
the dedifferentiation process from WDLPS to DDLPS, including mitogenic and motogenic
Wnt and Hedgehog signaling cascades, as well as Notch signaling regulation the differenti-
ation. Besides their overall tumorigenic properties, a specific association of Wnt, Hedgehog
and Notch activation with malignant transformation was demonstrated in DDLPS and
WDLPS. However, there is no clear evidence for a role of this pathway in regulating tumor
progression and the dedifferentiation process [18]. Another Akt downstream target is
insulin-like growth factor 1 receptor (IGF1R). IGF1R inhibitors are early-stage therapeutics,
and their potential synergistic effect in combination with CDK4/6 inhibitors were predicted
in silico and proved in vitro [120]. Several receptors, including MET, PDGFR, AXL, VEGFR
and EGFR as well as Aurora kinase family proteins are overexpressed in WDLPS/DDLPS.
All these receptors may act as targets and have already available small-molecule inhibitors,
and some of them have already demonstrated anti-proliferative and proapoptotic effects
in liposarcoma cells [18,45]. Noteworthily, the multi-kinase angiogenesis inhibitor anlo-
tinib demonstrated in preclinical and clinical studies a higher efficacy compared to the
multi-kinase inhibitors sorafenib, sunitinib and nintedatinib [102]. A phase II trial showed
the promising efficacy and acceptable toxicity of anlotinib as maintenance treatment after
first-line anthracycline-based chemotherapy [121,122].

Peroxisome proliferator-activated receptors (PPAR) regulate normal adipocyte differ-
entiation. PPAR-gamma is regulated by c-JUN and induces the differentiation of normal
preadipocytes. Hyperactivation of c-JUN blocks differentiation and may contribute to
malignant transformation. PPAR-gamma agonists revealed antitumor activity in vitro in
liposarcoma cell lines. In this sense, PPAR-gamma represents an attractive target, particu-
larly for DDLPS, MLPS, and in some cases, PLS as a mechanism to revert these subtypes to
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a well-differentiated phenotype. However, clinical trials with the PPAR-gamma ligands
demonstrated mixed results. The PPAR-gamma agonist troglitazone was used for the
treatment of patients with advanced liposarcoma and demonstrated expression of several
mRNA transcripts characteristic of adipocytic differentiation and a marked reduction in
cancer cell proliferation [123]. Two other clinical trials with rosiglitazone and efatutazone
demonstrated mixed results [124,125].

4.2. FUS-CHOP-Associated Abnormalities of PI3K/Akt/mTOR and Other Proliferative Signaling
in MLPS

Fusion proteins from the chimeric oncogenes FUS-DDIT3 and EWS1R-DDIT3 act
as aberrant transcription factors and may affect many signaling molecules. Thus, gene
expression studies in MLPS have identified the recurrent upregulation of MET, RET, IGF-IR
and PIK3CA, suggesting that these genes to be downstream targets of MLPS-specific fusion
proteins [104]. Mutations in the PI3K catalytic subunit, IGF1R expression, amplification
and mutations in PIK3Ca and loss of PTEN are reported in 12–18% of cases, therefore
affecting multiple PTEN and PI3K/Akt/mTOR downstream genes [18,104]. The use of
IGF-IR/PI3K/Akt/mTOR inhibitors in therapy for MLPS has a therapeutic potential and is
currently under investigation. More specifically, treatment of myxoid liposarcoma cell lines
in vitro and xenograft-bearing mice in vivo with several IGF-IR and PI3K/Akt/mTOR
inhibitors resulted in significant growth inhibition [126,127]. One of the mechanisms
of tumor heterogeneity and oncogenic potential maintenance is the phosphorylation of
Interacts With SUPT6H (IWS1), a regulator of histone activity, by AKT. These findings
support the use of the AKT/IWS1 axis as a novel prognostic factor and potential therapeutic
target in liposarcoma therapy [128].

Another microarray analysis revealed overexpression of FGFR2 and other members of
the FGF/FGFR family and the efficacy of the FGFR inhibitors PD173074, TKI258 (dovitinib)
and BGJ398 in experiments in vitro [129]. In addition, the FUS-DDIT3 protein induces
increased expression of the CAAT/enhancer-binding protein (C/EBP) and nuclear factor
NFKBIZ, a member of the NF-kB family, colocalizing with FUS-DDIT3 [130]. A study of
the kinome of cell lines and primary cell cultures from patients with metastatic myxoid
liposarcoma revealed the activation of the kinase set associated with activation of the
atypical nuclear factor-kappaB and the Src pathways. Moreover, in vitro NF-kB suppression
by Casein kinase II inhibitor TBB and Src inhibition using dasatinib decreased cancer cell
viability and offered potential therapeutic strategies for myxoid liposarcoma patients with
advanced disease [131].

The Hippo pathway effector and transcriptional co-regulator YAP1 was shown to be a
downstream target of FUS-DDIT3. In vitro studies demonstrated that FUS-DDIT3-driven
IGF-IR/PI3K/AKT signaling promotes stability and nuclear accumulation of YAP1 via
deregulation of the Hippo pathway. Gene expression profiling revealed gene signatures
related to proliferation, cell cycle progression, apoptosis and adipogenesis. Therefore,
FUS-DDIT3 involves IGF-IR/PI3K/AKT signals via Hippo/YAP1, and YAP1 may be an
immunohistochemical marker for MLPS diagnostics. Moreover, these findings provide a
rationale for the development of low-molecular-weight inhibitors of key components in
Hippo/YAP1 signaling [132–134].

FUS-DDIT3-associated malignant transformation of adipocytes resulted in elevated
levels of STAT3 and phosphorylated STAT3, suggesting the involvement of JAK/STAT
signaling in the pathogenesis of MLPS [135]. Several inhibitors targeting JAK and GSK-3
caused downregulation of FUS-DDIT3 in vitro and reduced cell proliferation [136].

The components of the VEGF signaling pathway FLT1, PGF, VEGFA and VEGFB
were shown to be indirect targets of FUS-DDIT3 in vitro. This could be a consequence of
the ability of FUS-DDIT3 to reprogram primary adipocytes to a liposarcoma-like pheno-
type [137]. One case is reported in the literature of a 68-year-old Chinese woman initially
diagnosed with advanced multiple intra-abdominal and pelvic round-cell liposarcomas
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who responded to therapy with the VEGFR2 inhibitor apatinib [138]. Further clinical trials
are needed to confirm the efficacy and safety of VEFGR inhibitors in the treatment of MLPS.

MLPSs, like some other malignancies associated with chromosomal translocations result-
ing in expression of a fusion protein, are more responsive to trabectedin than other sarcoma
types. Trabectedin does not act as an inhibitor of specific hyperactivated/overexpressed pro-
teins; it binds covalently to the exocyclic amino group of guanines in the DNA minor groove,
competing with the fusion protein and preventing its transcriptional activity. Several clinical
studies have demonstrated the efficacy and favorable safety profile of trabectedin [18,112].

4.3. PLPS and MPLPS: No Specific Targets

No data on specific features in signaling and targeted treatments of pleomorphic
liposarcoma are described in the literature. It is the rarest type of liposarcoma with poor
prognosis, and its therapy involves mainly surgical management and the application of
radiation. In addition, PLPS and MPLPS may respond to a doxorubicin and ifosfamide
combination; trabectedin and eribulin are also options for advanced disease. A reduction
in the primary tumor and the eradication of lung metastasis were reported in a clinical
case of combined PLPS treatment with the multi-kinase inhibitor pazopanib, eribulin and
dacarbazine [139]. Significant work remains to be done to develop novel therapies for this
disease. To date, most studies have failed to identify targetable aberrations and have noted
only consistent losses in p53 and Rb pathway proteins [18,140–142]

4.4. Perspectives of Targeted Therapy for Liposarcomas

Currently, CDK 4/6 and MDM2 amplifications present the prospective targets for
LPS therapy, and the efficacy of CDK4/6 and MDM2 inhibitors was proved in clinical
trials on WDLPS and DDLPS (Table 2). Multi-kinase inhibitors including the well-studied
sunitinib and the most recent, anlopanib, demonstrated mixed results, suggesting the
necessity of further studies. To date, their combination with standard radiotherapy and
conventional cytostatic approaches is still required until chemoresistance to the standard
therapy appears. As nowadays chemoresistance prediction based on molecular genetics
analysis seems insufficient, the development of experimental approaches for testing it ex
vivo and in vitro may be useful for the exclusion of potentially ineffective targeted therapy
courses and the choice of more promising treatment strategies.

Table 2. Targeted molecules proposed for LPS treatment.

Drug Target/Mechanism of Action LPS Subtype References

Palbociclib CDK 4/6 inhibitor
WDLPS, DDLPS [100,112]

Abemaciclib CDK 4/6 inhibitor

Milademetan MDM2 inhibitor
WDLPS, DDLPS [143–146]

BI 907828 (brigimadlin) MDM2 inhibitor

Sunitinib PDGFR/VEGFR inhibitor Metastatic LPS [98]

Lenvatinib VEGFR/c-Kit/PDGFR/FGFR/RET inhibitor LPS [147]

Pazopanib PDGFR/VEGFR/FGFR inhibitor Metastatic LPS [99]

Efatutazone PPAR-α inhibitor MLPS [125]

Anlotinib VEGFR/c-Kit/PDGFR/FGFR1 inhibitor WDLPS/DDLPS [102,121,122]

Selinexor Inhibitor of nuclear transportation (inhibitor of
exportin 1) DDLPS [148]

5. Conclusions/Future Direction in Therapy

Although multiple key genetic and epigenetic aberrations in liposarcoma have been
explored, only a few of them have given rise to novel targeted therapy courses. The
heterogeneity and very variable percentage of genetic and epigenetic abnormalities lead to
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an insufficient understanding of the complex signaling changes enabling tumor progression
and high chance of development of tumor resistance. Notably, the reviewed data on
specific genetic abnormalities taken together present a cluster of genetically characterized
liposarcomas that may be considered for targeted therapies. The results of clinical trials
of CDK4 and MDM2 inhibitors in the case of WDLPS/DDLPS and multi-kinase inhibitors
targeting the FUS-CHOP downstream proteins seem promising. In many other cases,
the complexity of sarcoma genetics could impede the diagnostics and may lead to tumor
resistance and a poor prognosis. However, the combination with standard radiotherapy and
conventional cytostatic approaches is still required until chemoresistance to the standard
therapy appears. As nowadays chemoresistance prediction based on molecular genetics
analysis seems insufficient, the development of experimental approaches for testing it
ex vivo and in vitro may be useful for the exclusion of potentially ineffective targeted
therapy courses and the choice of more promising treatment strategies. Overall, further
data accumulation is required in the field of LPS molecular pathogenesis as well as in
clinical trials of specific inhibitors, as the first target therapy applications gave rather
promising results. A better understanding of the distinct genetic and molecular aberrations
of liposarcoma subtypes may allow the development of several novel biology-driven
therapies based on the specific molecular genetic profile of the disease.
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Abbreviations

ACACB Acetyl-Coa Carboxylase
ADRB2 Adrenoceptor Beta 2
Akt AKT Serine/Threonine Kinase
ALDH1A3 Aldehyde Dehydrogenase 1 Family Member A3
APC Adenomatous Polyposis Coli
APP Amyloid Beta (A4) Precursor Protein
AQP7 Aquaporin-7
ARID1A At-Rich Interaction Domain 1a
ASK1 Apoptosis Signal-Regulating Kinase 1
ATM Ataxia Telangiectasia Mutated
ATRX ATP-Dependent Helicase
AXL Axl Receptor Tyrosine Kinase
BARD1 BRCA1 Associated RING Domain 1
BCL2 B-Cell Lymphoma 2
BMI1 BMI1 Proto-Oncogene, Polycomb Ring Finger
BUB1B Mitotic Checkpoint Serine/Threonine-Protein Kinase BUB1 Beta
CALR Calreticulin
CAV1 Caveolin 1
CCNA Cyclin A
CCND1 Cyclin D1
CDC20 Cell Division Cycle Protein 20
CDH1 E-Cadherin
CDK Cyclin-Dependent Kinase
CDKN Cyclin Dependent Kinase Inhibitor 2a
CEBPA CCAAT/Enhancer Binding Protein Alpha
CENPF Centromere Protein F
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CHEK1 Checkpoint Kinase 1
CHOP C/EBP Homologous Protein Alpha
CpG CG-Dinucleotides
CPM Carboxypeptidase M
CTAG Cancer/Testis Antigen
CTNNB1 Catenin Beta 1
DAXX Death-Associated Protein 6
DDIT3 DNA Damage-Inducible Transcript 3,
DDLPS Dedifferentiated Liposarcoma,
DDR2 Discoidin Domain Receptor Tyrosine Kinase 2
E2F1 E2f Transcription Factor 1
EGF Epidermal Growth Factor
EGFR Epidermal Growth Factor Receptor
EPHA1 Ephrin Type-A Receptor 1
ERBB3 Human Epidermal Growth Factor Receptor 3
EWS Ewing Sarcoma Protein
FBXW7 F-Box and WD Repeat Domain Containing 7
FGF Fibroblast Growth Factor
FGFR Fibroblast Growth Factor Receptor
FLT1 FMS-Like Tyrosine Kinase 1
FRS2 Fibroblast Growth Factor Receptor Substrate 2
FUS Fused In Sarcoma
FZD4 Frizzled Class Receptor 4
GPD1 Glycerol-3-Phosphate Dehydrogenase 1 (Soluble)
HDAC Histone Deacetylase
HMGA High-Mobility Group A
IGF Insulin-Like Growth Factor
IGFR Insulin-Like Growth Factor
INSM1 Insm Transcriptional Repressor 1
KLF4 Kruppel Like Factor 4
KRT8 Keratin 8
LEP Leptin
LGALS3 Galectin-3
LGR5 Leucine-Rich Repeat Containing G Protein-Coupled Receptor 5
lncRNA Long Non-Coding RNA
LPS Liposarcoma
MDM2 Murin Double Minute 2
miRNA Microrna
MAGEA9 Melanoma-Associated Antigen 9
MAP3K5 Mitogen-Activated Protein Kinase Kinase Kinase 5
MAPK Mitogen-Activated Protein Kinase
MAZ MYC-Associated Zinc Finger Protein
MCL1 Myeloid Leukemia and Chlamydia 1
MET MET Proto-Oncogene, Receptor Tyrosine Kinase
MGMT O6-Methylguanine DNA Methyltransferase

MLLT10
Myeloid/Lymphoid or Mixed-Lineage Leukemia (Trithorax Homolog, Drosophila);
Translocated To 10

MLPS Myxoid/Round-Cell Liposarcoma,
MMP2 Matrix Metalloproteinase 2
MPLPS Myxoid Pleomorphic Liposarcoma
MST1 Mammalian Sterile 20-Like 1 Kinase
MT1G Metallothionein 1G
mTOR Mammalian Target of Rapamycin
NEBL Nebulette
PCNA Proliferating Cell Nuclear Antigen
PD-1 Programmed Cell Death Protein 1
PD-L1 Programmed Death Ligand 1
PDGF Platelet-Derived Growth Factor
PDGFR Platelet-Derived Growth Factor Receptor
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PGF Placental Growth Factor
PGFR Placental Growth Factor Receptor
PI3K Phosphatidylinositol 3-Kinase
PLPS Pleomorphic Liposarcoma
PPAR Peroxisome Proliferator-Activated Receptor
PRAME Preferentially Expressed Antigen in Melanoma
PRC2 Polycomb Repressive Complex 2
PTEN Phosphatase and Tensin Homolog
PTK7 Protein Tyrosine Kinase 7
RASSF1A Ras-Association Domain Family 1 Isoform A
REST Re1 Silencing Transcription Factor
RET Rearranged During Transfection
ROS1 ROS Proto-Oncogene 1, Receptor Tyrosine Kinase
RUNX3 Runt-Related Transcription Factor 3
SAS Stranded At Second
SIAH2 Seven In Absentia Homolog (SIAH) 2

SMAD4
Similar To The Gene Products Of The Drosophila Gene Mothers Against
Decapentaplegic 4

SORBS1 Sorbin and SH3 Domain-Containing Protein 1
SPIN1 Spindlin 1
STAT6 Signal Transducer and Activator Of Transcription 6
STS Soft-Tissue Sarcoma
SWI/SNF Switch/Sucrose Non-Fermentable
TBX3 T-Box Transcription Factor 3
TERT Telomerase Reverse Transcriptase
TGF Transforming Growth Factor
THBS2 Thrombospondin 2
TKT Transketolase
TOP2A DNA Topoisomerase II Alpha
TSPAN31 Tetraspanin 31
VEGF Vascular Endothelial Growth Factor
VEGFR Vascular Endothelial Growth Factor Receptor
WDLPS Well-Differentiated Liposarcoma
YAP1 Yes-Associated Protein 1
YEATS4 YEATS Domain Containing 4
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Simple Summary: Presentation of sarcoma inside the peritoneal cavity is a rare finding to begin
with. In such a rare incidence, there are a multitude of sarcoma subtypes that can be identified, with
each of these subtypes presenting with different characteristics in terms of prognosis and treatment
options. Considering these factors and the resulting lack of strong data to guide treatment plans, this
study aims to share our experiences with cases of peritoneal sarcomatosis to increase the knowledge
about possible options and outcomes. We report on 19 cases of surgery in patients with peritoneal
sarcomatosis, ranging from palliative procedures to major multivisceral resections, and highlight their
course of disease, treatment, and outcome. Hereby, we aspire to increase the cumulative experience
with challenging cases like these and support a more informed tailoring of treatment plans for future
cases to come.

Abstract: Sarcomas represent a heterogeneous group of mesenchymal malignancies that most com-
monly occur in the extremities, retroperitoneum, and head and neck. Intra-abdominal manifestations
are rare and prove particularly difficult to treat when peritoneal sarcomatosis is present. Because of
the overall poor prognosis of the disease, a tailored approach to surgical management is essential to
achieve satisfactory outcomes with limited morbidity. We present the perioperative and long-term
outcomes of 19 cases of sarcoma with peritoneal sarcomatosis treated surgically at our hospital.
Treatment pathways were reviewed and clinical follow-up was performed. Patient characteristics,
medical history, tumor subtype, surgical approach, hospital stay, complications, follow-up, and
overall survival (OS) were assessed. Our patients were 9 women and 10 men with a median age of
45.9 years (18–88) and a median survival of 30 months (0–200). In most cases, peritoneal sarcomatosis
was either discovered during surgery or the procedure was performed with palliative intent from
the beginning. The surgical approach in these cases is very heterogeneous and should consider a
variety of factors to tailor an approach for each patient. Sharing our experiences will help to increase
knowledge about this rare disease and provide insight into the management of future cases.

Keywords: sarcomatosis; sarcoma; peritoneal

1. Introduction

Soft tissue sarcomas (STSs) account for less than 1% of malignancies and are thus
a rare entity [1]. In industrialized nations, STSs occur with an incidence of 4–5/100,000
residents per year. Owing to their wide distribution in localization and with more than
80 further specified histological subtypes, they comprise a very heterogeneous group
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of malignancies [1,2]. However, continuous efforts to characterize and subclassify STSs,
taking molecular pathology into account, proves to be the most promising approach
for individualized treatment efforts [3,4]. The growing understanding of the molecular
differences between tumors that used to be viewed as indiscriminative offers great chances
for future efforts to characterize these subtypes clinically and develop a more customized
treatment approach. Previous attempts to develop standardized treatment protocols have
faced difficulties in addressing all of the individual requirements and it is challenging to
obtain reliable data for a specific subtype. Especially in advanced cases with recurrent or
metastasized disease, finding the fine line between undertreatment and overtreatment can
be a huge challenge. STS with the involvement of the peritoneum is even more uncommon
than other sites of metastasis, hence there is very limited experience from which to draw [5].
Therefore, evidence-based treatment for these cases has not yet been established.

Treatment options for patients with peritoneal sarcomatosis (PS) range from palliative
treatment to aggressive systemic therapy and include extensive cytoreductive surgery
(CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC) in selected patients. Given
the high morbidity and differential survival benefit of cytoreduction and HIPEC, the
approach to PS remains controversial [6,7]. As a result of the lack of sufficient data, current
recommendations for treatment pathways mostly consist of consensus statements [8]. While
most studies focus on a single histologic subtype or attempt to bundle sarcoma patients as
a whole, there is a distinct lack of data focusing on advanced stages such as PS. In addition,
to the best of our knowledge, there is no study that has focused on the role of surgery
as a palliative modality in PS. Thus, the aim of our study was to present cases with PS
that were treated at our department in order to illustrate the wide variety of therapeutic
options available in the development of a tailored approach for each individual patient and
to provide examples for future treatment plans. We further aim to showcase the highly
heterogeneous outcome for patients with different STSs and PS to encourage continuous
efforts to develop evidence-based treatment protocols.

2. Materials and Methods

Of the 291 sarcoma cases we have treated since September 2003, we identified 19 patients
who underwent surgical procedures for PS. In all cases, an individualized approach was cho-
sen depending on the disease course, prognosis, and patient requirements. We conducted a
preoperative interdisciplinary discussion in our tumor board specialized in sarcomas, in
which recommendations for the therapeutic regimen were made, considering histology,
clinical findings, physical performance, and patient preferences.

Patients were selected from a retrospectively collected and prospectively maintained
database of sarcoma patients treated at our university hospital. For the study, we included
only surgically treated patients with histologically confirmed PS either before or at the time
of their surgical procedure. We obtained approval for this study from the ethics committees
of the Medical Faculty of Heinrich Heine University, Düsseldorf (study number: 2022–2010).

The following information was obtained from the patients’ medical records: age at
surgical intervention, sex, time between initial diagnosis and diagnosis of PS, disease status
at presentation (primary or recurrent), prior treatment, change of treatment centre, tumor
subtype, details of treatment (palliative or curative intent, resected structures, surgical
margins, reconstructive technique, Clavien–Dindo surgical complications, length of hospital
stay), and follow-up.

Follow-up and survival times after discovery of PS and after primary diagnosis of
sarcoma were calculated and corresponding Kaplan–Meier survival curves were generated.
The statistical analyses were conducted with the software R (version 1.4.1106) utilizing the
packages readxl, survminer, and survival [9–11].
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3. Results

3.1. Patient Characteristics

Detailed patient characteristics are summarized in Table S1. The median age at the
time of PS diagnosis was 45.9 years, with large differences between tumor types. Nine of
the patients were female and ten were male. Among the 19 patients we identified, there
were 8 different tumor entities (Table 1).

Table 1. Tumor subtypes and patient characteristics.

Tumor Subtype Number of Patients Median Age (Range) Sex Male/Female

NOS 5 67 (46–88) 3/2

DSRCT 4 18 (18–24) 2/2

Dedifferentiated liposarcoma 3 65 (36–84) 1/2

Myxoid liposarcoma 2 61 (44–64) 2/0

Leiomyosarcoma 2 51 (44–58) 0/2

MPNST 1 24 0/1

SFT 1 68 1/0

Osteosarcoma 1 26 1/0

Total 19 45.9 (18–88) 10/9

Desmoplastic small round cell tumor (DSRCT), pleomorphic sarcomas—not otherwise specified (NOS), malignant
peripheral nerve sheath tumor (MPNST), solitary fibrous tumor (SFT).

3.2. State of Disease

Twelve of the patients were found to have a primary tumor in the abdominal cavity.
Four patients had PS at the time of their primary diagnosis, with ten patients treated
for more than 12 months before sarcomatosis occurred. The median time between initial
diagnosis and PS was 16.2 months. We noted that 11 of the patients had been treated for
their disease at another institution before being treated at our hospital. Thirteen of the
patients had already undergone surgical resection prior to PS diagnosis and, in eight of these
patients, the tumors were not completely removed from healthy tissue microscopically or
macroscopically. In two cases, the primary tumor originated from the retroperitoneal space,
and in both cases, R1/R2 resection was documented before the discovery of PS. In ten cases,
distant metastases were already present at the time of PS discovery (Table 2, Figure 1).

Table 2. State of disease at discovery of peritoneal sarcomatosis.

Tumor Subtype
Number of
Patients

Mean Time Since
Primary Diagnosis (SD)

Prior External
Treatment

Mean Prior
Resections (Range)

Prior
R1/R2

Distant
Metastasis

NOS 5 18 (26.1) 40% 3.4 (0–10) 60% 20%

DSRCT 4 6 (9.6) 75% 0.3 (0–1) 25% 50%

Dedifferentiated
liposarcoma 3 7 (10) 33% 1.7 (0–4) 66% 100%

Myxoid liposarcoma 2 40 (7.4) 100% 1.5 (1–2) 0% 100%

Leiomyosarcoma 2 9 (11.8) 100% 1.5 (1–2) ND 50%

MPNST 1 13 100% 3 100% 100%

SFT 1 27 0% 1 0% 0%

Osteosarcoma 1 34 0% 2 0% 100%

Total 19 16.2 (17.94) 57.9% 1.8 42.1% 52.6%

Peritoneal sarcomatosis (PS), standard deviation (SD), desmoplastic small round cell tumor (DSRCT), pleomorphic
sarcomas—not otherwise specified (NOS), malignant peripheral nerve sheath tumor (MPNST), solitary fibrous
tumor (SFT), not defined (ND).
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Figure 1. Example for diagnosis of a peritoneal metastasized soft tissue sarcoma. The patient was an
87-year-old male who presented with a palpable growing mass in his abdomen. (A–C) Abdominal
CT-scan showed a large tumor in his right upper quadrant and suggested infiltration of the tumor
into the distal stomach and ascending colon. (D) Histophotograph of the tumor shows a neoplasm
consisting of atypical spindle cells infiltrating the peritoneum (arrowheads: mesothelial lining) (100×,
H&E). Histology report showed a high-grade pleomorphic sarcoma—not otherwise specified (NOS).

3.3. Treatment

Each patient underwent surgical resection of the tumor mass at some point, with an
average of 3.8 resections during the course of the disease (Table 3). The list of operations
ranged from diagnostic procedures and bypass surgery to metastasectomy and major
multiorgan resections (Figure 2).

At the time of diagnosis of PS, we treated nine patients with curative intent, sometimes
including resection of the symptomatic tumor mass, and at other times to prevent future
complications. In two cases, palliative treatment was chosen at another institution and
resection with curative intent was performed after referral to our hospital.
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Table 3. Treatment.

Tumor
Subtype

Number of
Patients

Total Number
of Resections
per Patient

Surgical Treatment Spectrum

Exploration
and Biopsy

Palliative
Procedure

Limited
Resection

Multivisceral
Resection

NOS 5 5 15 11

DSRCT 4 2.75 2 1 7

Dedifferentiated
liposarcoma 3 2 2 1 2 3

Myxoid
liposarcoma 2 5 1 3 6

Leiomyosarcoma 2 6 2 5 6

MPNST 1 4 2 2

SFT 1 2 1 1 1

Osteosarcoma 1 3 2 1

Total 19 3.8 7 2 31 37

Desmoplastic small round cell tumor (DSRCT), pleomorphic sarcomas—not otherwise specified (NOS), malignant
peripheral nerve sheath tumor (MPNST), solitary fibrous tumor (SFT).

Four patients received CRS and cisplatin-based HIPEC for PS, all of whom had desmo-
plastic round cell tumors (DSRCTs).

3.4. Follow-Up

The mean follow-up was 22 months ranging from 0 to 172 months (Table 4). Six
patients achieved a survival of greater than 5 years after primary diagnosis of sarcoma,
while five patients are still alive at the time of publication of this study. The median follow-
up of these surviving patients was 13 months, ranging from 2 to 172 months. Complications
were common in these patients, with only five patients without any surgical complications.
Seven patients developed wound healing issues and two patients died from terminal
respiratory insufficiency after a complicative postoperative course.

Table 4. Follow-up.

Tumor
Subtype

Number of
Patients

Mean Survival in Months
Since Primary
Diagnosis (SD)

Mean Survival in
Months after PS

Major Complications
(Clavien–Dindo 3 or 4)

Mean
Follow-Up in
Months (SD)

NOS 5 38 (31.2) 20 (27.8) 60% 17 (25.3)

DSRCT 4 24 (1.0) 17 (9.2) 25% 13 (7.4)

Dedifferentiated
liposarcoma 3 10 (10.3) 3 (2.5) 33% 3 (2.3)

Myxoid
liposarcoma 2 63 (18.3) 22 (10.9) 0% 20 (9.6)

Leiomyosarcoma 2 151 (76.5) 143 (88.3) 0% 115 (80.4)

MPNST 1 15 2 100% 2

SFT 1 62 36 100% 3

Osteosarcoma 1 43 9 0% 8

Total 19 46 (47.4) 30 (47.9) 31.6% 22 (40.2)

Peritoneal sarcomatosis (PS), standard deviation (SD), desmoplastic small round cell tumor (DSRCT), pleomorphic
sarcomas—not otherwise specified (NOS), malignant peripheral nerve sheath tumor (MPNST), solitary fibrous
tumor (SFT), standard deviation (SD).
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Figure 2. Example of palliative resection. Intraoperative findings of the previously mentioned
87-year-old male with pleomorphic sarcoma (Figure 1). (A) Surgical exploration showed diffuse
peritoneal sarcomatosis and a massive tumor formation. (B) Palliative resection and reconstruction
with gastrojejunostomy, Roux–en–Y reconstruction, and terminal ileostomy were performed, and the
patient was discharged three weeks later. (C) The resected specimen contained the tumor with the
infiltrated distal stomach (#) and ascending colon (c) and terminal ileum (*), as well as the greater
omentum (o).

The patients we treated with curative intent were on average 40 years old, in contrast
to an average age of 55 years for patients who received palliative surgery. Survival rates
differed significantly between the groups and showed a longer overall survival after
primary diagnosis as well as after diagnosis of PS for patients treated with a curative intent
(Figure 3). Interestingly, patients receiving curative therapy tended to have fewer severe
complications. In contrast to the group of patients who underwent curative surgery, all
of whom survived the hospital stay, we observed an in-hospital mortality rate of 20% in
patients who underwent palliative surgery. However, hospital stay did not differ between
the two groups (Table 5).
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p 0.040 p = 0.037 

Figure 3. Overall survival. (A) Kaplan–Meier survival curve after primary diagnosis of sarcoma is
shown. (B) These Kaplan–Meier curves show survival after the diagnosis of peritoneal sarcomatosis
has been made.

Table 5. Treatment intention and outcome.

Number of Patients Age in Years
Major Complications
(Clavien–Dindo 3 or 4)

Hospital Stay in Days (SD)

Curative Intention 9 40 22% 29 (16)

Palliative Intention 10 55 40% 27 (21)

Peritoneal sarcomatosis (PS), standard deviation (SD).

The median overall survival after primary diagnosis of sarcoma was 76 months in
patients treated with a curative intent versus 22 months in patients with a palliative
treatment plan, and the 5-year survival rates were 52% versus 23%. After diagnosis of PS,
the median survival was 30 months and 7.5 months when comparing curative and palliative
treated patients, respectively, with a 5-year survival rate of 40.2% versus 13%, respectively.

4. Discussion

Surgery with complete en bloc resection of all adjacent tissues and organs, combined
with or without radiation therapy, remains the primary and only truly curative treatment
option for localized and clinically resectable STSs. It is also recommended for advanced
or metastatic STSs. In this context, factors such as isolated oligometastatic disease, long
disease-free interval, favorable histology, response to chemotherapy, and high likelihood
of complete resection make the argument for surgery even in advanced and recurrent
disease [12]. Interestingly, a recently published meta-analysis also suggests that CRS
with HIPEC may improve prognosis in a selected group of PS patients [13]. In addition,
patients with advanced, primarily inoperable STS may also be offered palliative surgery
for symptom control of tumor-related complications such as pain, bleeding, or bowel
obstruction [14]. While the adjuvant and neoadjuvant treatment of patients with STS is still
controversial and no standardized regimen exists, anthracycline-based chemotherapy in
combination with ifosfamide is used as a first-line therapy in the treatment of advanced
STS [15,16]. A study by Gough et al. demonstrated that palliative chemotherapy with
doxorubicin alone or in combination with ifosfamide, as well as combination chemotherapy
with gemcitabine and docetaxel, significantly reduced pain and sleep disturbance while
worsening fatigue [17]. However, not all patients with advanced or metastatic STS benefit
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from conventional chemotherapy, and targeted therapy may play the most important role
in the treatment of patients who are resistant to conventional chemotherapy or in whom
conventional chemotherapy has failed. Accordingly, in recent years, increasing numbers
of preclinical studies have been conducted to explore the pathogenesis and potential
therapeutic targets of STS [4,18,19], and clinical trials have been initiated to target different
molecules in distinct histologic subtypes [20], hopefully opening new doors in the clinical
management of patients with advanced or metastatic disease in the future. Although
the proportion of patients receiving outpatient palliative care for STS is likely to be very
small [21], specialized palliative care interventions have recently been shown to result in
significant symptom relief in patients with advanced STS, and early integration of palliative
care in these patients is thus recommended [22]. Nevertheless, the treatment decision
should be made in the context of a multidisciplinary discussion.

However, treatment recommendations for sarcoma patients increasingly depend on
their individual tumor subtype [23], while scientific advances have provided increasing
rationale for differentiating STSs with a focus on genetics and potential molecular targets
for individualized treatment options. The increasing distinction of subtypes with different
biological and clinical aspects makes it difficult to draw conclusions for individualized
treatment pathways for each sarcoma subtype, especially for smaller studies [24]. As
we were confronted with the same problem in our study, we aimed to provide a largely
descriptive overview of our experience with PS. Because one-third of our patients are the
only patients with their respective histologic subtype, we cannot claim to present conclusive
evidence of standardized treatment. Nevertheless, we believe that any contribution to the
collective knowledge of these difficult cases is valuable.

The highest number of patients with a tumor subtype in our study was generated
by pleomorphic sarcomas—not otherwise specified (NOS), formerly known as malignant
fibrous histiocytomas. This group accounts for 10–15% of STSs and is typical of low-
differentiated tumors prone to aggressiveness and early metastasis. It is diagnosed less
frequently today than twenty years ago, as technological improvements often make it
possible to determine a line of differentiation [25]. Nevertheless, the group remains in-
homogeneous in terms of age, tumor location, disease progression, and overall survival.
Surgical intent was mostly palliative and complication rates were high. One case stood out
with significantly higher overall survival—in this case, the primary diagnosis was sarcoma
from a morcellated uterus during hysterectomy. We can only speculate whether the mere
location of the primary tumor played a role in the favourable outcome or whether there was
an affiliation with uterine leiomyosarcomas that could not be determined. Nevertheless,
further progress in determining a histologic subtype of these low-differentiated tumors
should be helpful in identifying the ideal treatment for these patients.

One of the more uniform patient groups in our study was those with DSRCTs. As
DSRCTs typically occur in adolescent patients, we found our youngest patients in this
group [26]. These often physically fit and motivated patients are dealing with a very
aggressive disease with a 5-year overall survival rate of 15% to 30% [26,27]. In light of this,
aggressive interdisciplinary treatment with perioperative chemotherapy following Ewing
protocol and radical surgery with peritonectomy offers the best chance for patients [28].
As most cases of DSRCTs have peritoneal seeding, there is more information about PS in
this type of sarcoma. Additional HIPEC after CRS is being investigated in DSRCTs and
seems to provide additional benefit, which is why these patients were the only ones to
receive this treatment in this study [29]. Other treatment options such as radiotherapy,
targeted therapies, or the use of regional deep hyperthermia protocols should be discussed
in serial tumor board meetings [26,30]. The patients with DSRCTs that we treated received
aggressive treatment with multivisceral resection and HIPEC, often with repeated surgeries
during the course of their disease, but incredible recovery and only minor complications
were demonstrated in three of four patients.

Differentiating the extent of peritoneal involvement of a malignancy is an established
concept for peritoneal carcinomatosis. The peritoneal carcinomatosis index (PCI) has been
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widely used for prognostic reasons or to evaluate aggressive treatment options such as
cytoreductive surgery (CRS) and HIPEC [31,32]. The concept has also been used for PS, but
its prognostic value for a benefit of CRS and HIPEC in PS remains controversial [33–35]. If
future studies succeed in defining indications for CRS and HIPEC outside of DSRCTs, PCI
is likely to become more important in the treatment of peritoneal metastatic sarcomas.

With more than 20% of all STSs in Germany, liposarcoma occupies a significant role
in this group of rare diseases [1]. Even though there are more data available in relation to
other STS types, scientific approaches to understand PS in liposarcoma are just beginning
to take shape [5]. Well-differentiated liposarcomas have low metastatic rates, whereas
dedifferentiated liposarcomas are more aggressive and are associated with a worse prog-
nosis. Myxoid liposarcomas account for approximately 20–30% of all liposarcomas and
typically carry a genetic translocation resulting in a higher rate of primary multifocal
appearance and metastasis, but still have a significantly better overall survival rate than
dedifferentiated liposarcomas [1,4,36]. Our results support these data, as we only studied
PS in dedifferentiated and myxoid liposarcomas. The two patients we treated for myxoid
liposarcoma both underwent multiple surgical resections, received various chemotherapies,
and had an overall survival of more than 50 months. In contrast, the overall survival of the
patients we treated for dedifferentiated liposarcoma was much lower, the rate of distant
metastases was high, and recurrence was rapid. Looking at one of the patients we treated
with palliative small bowel bypass anastomosis for tumor-associated ileus, we managed
to discharge the patient without surgical complications, but unfortunately, he died the
following month.

Leiomyosarcoma accounts for approximately 10–25% of STSs in Germany [1]. Both
patients had a history of hysterectomy, making uterine primary disease likely, although
histologic evidence of uterine tumor was obtained in only one case. Five-year survival
rates for uterine leiomyosarcomas are 20–60%, which compares favourably with many of
the previously mentioned tumor types, and our data support these findings with overall
survival since primary diagnosis of 205 and 97 months, respectively, in our patients, both
of whom are alive to date. It is worth noting that both patients received multiple surgical
resections and systemic therapies during the course of their disease, but achieved long
periods of tumor control. In one case, the patient was considered palliative owing to
recurrent locally advanced disease, but opted for surgical resection with local peritonectomy.
The patient received perioperative chemotherapy with a regional deep hyperthermia
protocol and, to date, has been disease-free for 14 years without further treatment. Uterine
leiomyosarcoma appears to reward persistent efforts to control the disease and offers
opportunities for successful systemic and surgical treatment even with advanced disease.

The patient we treated for MPNST was in the expected age group for patients with
neurofibromatosis type 1, and because MPNST is a highly malignant sarcoma, tumor
recurrence and distant metastases ensured a rapid disease progression [1].

SFT is a subtype with a low metastatic burden, but also low sensitivity to chemother-
apy, so the focus is on local control of the tumor [37]. We treated the patient with total
parietal peritonectomy, right hemicolectomy with resection of the terminal ileum, radical
lymphadenectomy, and partial resection of the urinary bladder. Although the postoperative
course was not without complications, the patient is still alive and well 41 months later.

In one case, we treated a patient with advanced osteosarcoma with peritoneal involve-
ment. Intra-abdominal metastases in osteosarcoma are very rare and often occur late in the
disease course. A recent study of abdominally metastatic osteosarcomas found that 75% of
patients died within 6 months of diagnosis of peritoneal involvement [38]. Nevertheless,
resectable disease can be treated surgically and may be beneficial to patients. In our case,
the patient could be discharged after 17 days of hospitalization and lived for 9 months after
extensive abdominal surgery.

The tumor site from which sarcoma originated varied widely between cases and did
not appear to play a role once PS was detected. Two of the documented cases started
in the retroperitoneal space. In both cases, there was a history of previous incomplete
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resection prior to the development of PS. This supports the existing view that a clean
surgical technique with clear resection margins is one of the most important factors in
avoiding PS in surgical treatment of retroperitoneal STS [39].

Because most of our patients received surgical treatment for their malignancy before
a diagnosis of PS, it is not surprising that a high number of R1/R2 resections lead to PS.
Our data underscore the principle of negative surgical margins, supporting one of the
well-established principles in sarcoma treatment [40,41].

During data collection, we found that most patients were referred to more than one
centre during the course of their disease and that treatment plans changed frequently when
the physician changed. In fact, a study from France demonstrated that more than 40% of
histologic diagnoses were changed after obtaining a second opinion [42]. Numerous data
suggest that patients benefit from treatment in a larger institution where multidisciplinary
tumor boards discuss therapeutic options [43,44].

By focusing on advanced-stage sarcoma with PS, we hope to provide valuable expe-
rience for surgeons trying to find the right treatment path for their patients, taking into
account the disease course and histologic subtype of the sarcoma. In contrast to other
studies that focus on curative therapy for PS, we also investigated the importance of pallia-
tive surgery in this patient population. Importantly, to the best of our knowledge, there
are no studies specifically evaluating the value of palliative surgery in patients with PS.
However, there are a limited number of studies that focus exclusively on the quality of life
and oncologic benefit of palliative resection for retroperitoneal or intra-abdominal STSs.
In the study by Yeh and co-workers, in a collective of 1084 patients with intra-abdominal
STS, palliative procedures were performed in 112 patients and were surgically performed
in 82% of cases [45]. Of these, palliative procedures were most commonly undertaken in
the gastrointestinal tract (44%). Symptom burden improved in 71% of patients 30 days
after surgery, while only 54% of patients were symptom-free at 100 days. Moreover, 54%
of obstructive gastrointestinal symptoms were successfully resolved at 30 days and 23%
of patients were also symptom-free at 100 days. While the overall morbidity in this study
was 29%, the postoperative mortality was 12%. A study by the U.S. Sarcoma Collaborative
analyzed the results of palliative resection in 70 patients with retroperitoneal STS [46]. The
predominant indication for palliative surgery was pain or bowel obstruction. However, the
authors also observed a relatively high morbidity rate of 38% in their study. Unfortunately,
these relatively high morbidity and mortality rates are consistent with our results, as we
also observed a mortality rate of 20% and a major complication rate of 40% in the palliative
surgery group in our own cohort of patients with PS. While it may be tempting to treat
an obvious surgical emergency, it can be devastating for the patient to spend valuable
time recovering from surgery or its complications while the disease inexorably progresses.
Therefore, although palliative surgery for PS may improve symptom burden in these
patients, given the limited oncologic benefit and increased postoperative morbidity and
mortality, surgical therapy for symptom control should be considered only after careful
selection and risk–benefit analysis in specialized centers.

5. Conclusions

Overall, patients with PS have a high rate of surgical complications and poor survival
rates, and indications for further surgical intervention should take this into account. It
should be noted that, in many cases, PS could be detected only during surgery. Neverthe-
less, in selected patients, considering tumor subtype, physical performance, and patient
preference, surgical resection may be beneficial even if PS is detected.

The individualization of a treatment pathway always has the potential to be superior to
a standardized approach by providing additional information. However, if the information
available is based on unrepresentative personal experience or is not tailored to the specific
case, there is also a risk of over- or undertreatment of the patient. Sharing experiences with
colleagues, making treatment recommendations based on scientific evidence and consensus,
and discussing all options with the patient are essential in the management of PS.
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In the future, the use of large STS databases to generate reliable data on individual
STS subtypes and stages of progression would be necessary to allow a scientific-based
tailored treatment plan for difficult cases such as these. In our view, however, surgical
control remains crucial in patients with PS and warrants a greater level of effort.
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Simple Summary: Sarcomas are a group of heterogeneous diseases with a poor prognosis and scarce
therapeutic options. Innovative approaches based on novel therapeutic targets are eagerly awaited.
AXL, a TAM family tyrosine kinase receptor, recently emerged as an interesting target for several type
of sarcomas. Here, we propose an innovative immunotherapeutic strategy based on the targeting
of AXL, using a first-in-class Pronectin™-based Bispecific T-Cell Engager (pAXL×CD3ε) for the
treatment of sarcomas. Our results demonstrate that pAXL×CD3ε redirects T cells toward AXL-
expressing sarcoma cell lines, leading a dose-dependent and T cell-mediated cytotoxicity in vitro.
Moreover, pAXL×CD3ε inhibits the in vivo growth of human sarcoma xenografts and improves
survival in immunocompromised mice, thus representing a new-generation strategy for the treatment
of a still-incurable disease.

Abstract: Sarcomas are heterogeneous malignancies with limited therapeutic options and a poor
prognosis. We developed an innovative immunotherapeutic agent, a first-in-class Pronectin™-based
Bispecific T-Cell Engager (pAXL×CD3ε), for the targeting of AXL, a TAM family tyrosine kinase
receptor highly expressed in sarcomas. AXL expression was first analyzed by flow cytometry, qRT-
PCR, and Western blot on a panel of sarcoma cell lines. The T-cell-mediated pAXL×CD3ε cytotoxicity
against sarcoma cells was investigated by flow cytometry, luminescence assay, and fluorescent
microscopy imaging. The activation and degranulation of T cells induced by pAXL×CD3ε were
evaluated by flow cytometry. The antitumor activity induced by pAXL×CD3ε in combination
with trabectedin was also investigated. In vivo activity studies of pAXL×CD3ε were performed
in immunocompromised mice (NSG), engrafted with human sarcoma cells and reconstituted with
human peripheral blood mononuclear cells from healthy donors. Most sarcoma cells showed high
expression of AXL. pAXL×CD3ε triggered T-lymphocyte activation and induced dose-dependent
T-cell-mediated cytotoxicity. The combination of pAXL×CD3ε with trabectedin increased cytotoxicity.
pAXL×CD3ε inhibited the in vivo growth of human sarcoma xenografts, increasing the survival of
treated mice. Our data demonstrate the antitumor efficacy of pAXL×CD3ε against sarcoma cells,
providing a translational framework for the clinical development of pAXL×CD3ε in the treatment of
human sarcomas, aggressive and still-incurable malignancies.

Keywords: sarcomas; AXL; pronectins™; bispecific T-cell engager; BTCE; immunotherapy; cancer
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1. Introduction

Sarcomas are a large group of heterogeneous malignancies of mesenchymal origin,
commonly characterized by a poor prognosis, of which the onset may occur at any age [1,2].
Among them, soft tissue sarcomas (STSs) represent 80%, bone sarcomas 15% and gastroin-
testinal stromal tumors 5%. Because of their heterogeneity and common aggressive nature,
they are resistant to available therapies and clinical management is still highly challeng-
ing [3–5]. Conventional treatment, including surgery, radiation therapy and chemotherapy
(Doxorubicin, Ifosfamide, trabectedin, and others), differs from one subtype to another.
Surgery is the first-line treatment for localized sarcomas, in combination with pre- or post-
operative therapies [6], while chemotherapy is the standard treatment for metastatic disease.
Unfortunately, the median survival for advanced disease is around 12 months [7]. In this
scenario, targeted therapies which might overcome the limitations of current treatments are
eagerly awaited [8]. Different signaling pathways involved in sarcoma genesis have been in-
vestigated so far. Targeting therapies involving (i) cell cycle progression, through cell cycle
inhibitors (CDKIs) [9,10]; (ii) and growth receptors and pro-survival signaling molecules,
through tyrosine kinase inhibitors (TKIs) [11], IGFR [12] and mTOR inhibitors [13], have
shown efficacy against sarcomas, but only the VEGR inhibitor pazopanib has reached the
prime time [14]. Inhibition of epigenetic regulators [15] and poly-ADP-ribose-polymerase
(PARP) inhibitors have also demonstrated promising anti-cancer activity in preclinical and
clinical studies [16].

Even if immunotherapy may be considered a new therapeutic path and some clinical
trials based on the use of immune checkpoint inhibitors are currently ongoing [17,18], to
date, it is not considered a valuable option for most sarcomas. Other clinical trials are
investigating strategies based on endogenous, transgenic, or chimeric antigen receptor
(CAR)-expressing T cells for the targeting of specific antigens, such as tyrosine-kinase-
like orphan receptor 2, CD133, GD-2, Muc1 and CD117 (e.g., NCT03356782, NCT00902044,
NCT04995003, NCT01953900) (https://clinicaltrials.gov/, accessed on 10 February 2023) [19].
Nevertheless, the effective treatment of advanced disease is an unmet clinical need, and
most sarcomas can still be considered incurable. Novel strategies based on new therapeutic
targets are highly desirable.

Recently, the AXL receptor has emerged as a promising candidate target for a variety
of sarcomas [20–22]. The AXL gene is located on chromosome 19q13.2. It encodes for the
protein called AXL (UFO, ARK, Tyro7, or JTK11), a member of the TAM family of tyrosine
kinase receptors (RTKs) characterized by an extracellular, transmembrane, and intracellular
domain [22]. The extracellular structure consists of two immunoglobulins (Ig-like) and
two fibronectin type III (Fro III-like) chains, while the intracellular domain is important
for auto-phosphorylation and signaling kinase activity [23]. In normal cells and tissues,
AXL regulates cell survival, non-inflammatory clearance of apoptotic cells, natural killer
cell differentiation and platelet aggregation. AXL is also expressed in cancer cells and
microenvironmental immune cells, including dendritic cells, macrophages, and NK cells. It
drives several cellular processes that are critical for the development, growth and spread
of tumors, including proliferation, invasiveness and migration, epithelial–mesenchymal
transition, angiogenesis, and immune resistance [24–26].

Different therapeutic agents targeting AXL have been recently developed, including:
(i) small molecule inhibitors, which block AXL auto-phosphorylation and kinase activities,
such as BGB324, presently investigated in phase I/II clinical trials [27]; (ii) anti-AXL
monoclonal antibodies (mAbs), such as YW327.6S2, which bind both human and murine
AXL [22]; (iii) nucleotide aptamers, such as the RNA aptamer GL21.T [28]; (iv) soluble AXL
receptor that acts as a decoy receptor for the AXL ligand GAS6; (v) natural compounds,
such as the Viscum album (L.) extract [29].

It was also demonstrated that AXL is over-expressed in Kaposi sarcoma and Ka-
posi sarcoma herpesvirus-transformed endothelial cells. MAbs generated to induce AXL
degradation inhibited Kaposi-sarcoma-cell invasion in in vitro models and tumor growth
in vivo [30]. A subsequent study identified AXL as a potential therapeutic target for Ewing
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sarcoma. AXL inhibitors were shown to affect the viability of Ewing sarcoma cells [31].
In addition, a high expression of AXL gene was found in leiomyosarcoma, and its ac-
tivity was suppressed by two different multi-tyrosine kinase inhibitors (Crizotinib and
Foretinib) [20]. Finally, other studies have found that osteosarcoma cells highly express
AXL [32], of which the inhibition significantly reduces lung metastases [21]. Despite all
these promising findings, an effective anti-AXL treatment is still not available for these
aggressive malignancies.

A novel class of non-immunoglobulin, single-domain therapeutic proteins (Pronectins™),
based on “antibody mimics” technology, has been just developed with the aim of providing
a novel platform for the treatment of various diseases, including cancer. Pronectins™
were isolated from synthetic human libraries, built upon the 14th domain of Fibronectin
III (14FN3) scaffold, which is selected by a bioinformatic approach, and on advanced
complementarity-determining region (CDR) diversity of more than 25 billion loop se-
quences [33]. Since Pronectins™ mimic the natural human repertoire, they are poorly
immunogenic [34]. Several pharmacological properties are associated to the fibronectin III
scaffold, such as high stability, tissue penetration, and low cost of production. Furthermore,
they are smaller than a conventional mAb, representing a favorable feature for the local
delivery to the solid tumor mass [35]. Starting from Pronectins™, it is possible to generate
multimers, fusion proteins, bispecifics or constructs with site-specific modifications for
tailored therapy [36]. Bispecific T-Cell Engagers (BTCEs) emerged as a novel promising
strategy for hematologic malignancies, but their application in solid tumors is highly
challenging, due to the paucity of selective tumor-associated antigens (TAAs) and the
struggle in penetrating the solid tumor mass [37]. In this scenario, a Pronectin™-based
BTCE (pBTCE) can help overcome these limitations.

Based on this rationale, we investigated the in vitro and in vivo activity of a first-in-
class pBTCE targeting AXL (pAXL×CD3ε) as a potential immunotherapeutic agent for the
treatment of sarcomas.

2. Materials and Methods

2.1. Generation and Development of pAXL×CD3ε

A highly specific anti-AXL Pronectin™, a non-immunoglobulin and single-domain
protein, has been isolated from synthetic libraries based on the human scaffold of the 14th
domain of fibronectin III (14FN3), as previously described [38]. By bioinformatic analysis
aimed to select the best candidate within the amino acid loop diversity and minimize or
prevent immunogenicity, 6 Pronectins™ with a KD < 10 nM were identified and AXL54
was chosen for targeting purposes (KD = 8 nM). This Pronectin™ was used to develop a
first-in-class BTCE (AXL54 (Pronectin™)-linker-scFV CD3, pAXL×CD3ε), for investigation
as an anti-tumor novel agent. The linker is made of a single unit of Gly4–Ser (GGGGS) [38].

2.2. Cell Lines

CAL-72, ESS-I, HT-1080, SAOS-2 and Rh-30 were purchased by DSMZ. SW982 and
RD-ES were purchased from ATCC. ESS-I (endometrial stromal sarcoma), SAOS-2 (os-
teogenic sarcoma), SW982 (synovial sarcoma) and RD-ES (Ewing’s sarcoma) were grown in
RPMI 1640 (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with
20% fetal bovine serum (FBS) (Lonza Group Ltd., Basel, Switzerland), penicillin (100 U/mL)
and streptomycin (100 μg/mL) (Gibco®, Thermo Fisher Scientific). Rh-30 (rhabdomyosar-
coma) was cultured in RPMI 1640, supplemented with 10% FBS, 100 U/mL penicillin and
100 μg/mL streptomycin. CAL-72 (osteosarcoma) and HT-1080 (fibrosarcoma) cell lines
were cultured in DMEM-GlutaMAX™ (Gibco®, Thermo Fisher Scientific), respectively, sup-
plemented with 20% FBS and 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin.
Cell lines were maintained at 37 ◦C, in a humidified atmosphere with 5% CO2.
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2.3. Transduction of Sarcoma Cell Lines

Sarcoma cells were plated at 1 × 105 cells/mL in 6-well plate and incubated O/N.
To obtain sarcoma cells stably expressing green fluorescent protein (GFP) transgene, a
lentiviral GFP-encoding vector was added according to the manufacturer’s instruction (SBI
System Biosciences, Mountain View, CA, USA). Polybrene (Sigma-Aldrich, Saint Louis, MO,
USA) was also used to a final concentration of 8 μg/mL. Two days after transduction, cells
were selected using DMEM, supplemented with 20% FBS, containing 1 mg/mL puromycin
(Sigma Aldrich). After antibiotic selection, puromycin-resistant transduced cells were
assessed for the expression of GFP by flow cytometry, using Attune NxT Flow cytometer
(Thermo Fisher Scientific) and microscopy (Thunder Imaging Systems, Leica Microsystems,
Wetzlar, Germany).

2.4. Peripheral Blood Mononuclear Cell (PBMC) Isolation

Mononuclear cells were obtained from healthy donor buffy coats. Briefly, PBMCs
were isolated by Ficoll-Paque Plus (Cytiva Europe GmbH, Buccinasco, Milan, Italy) density
gradient centrifugation, according to the manufacturer’s recommendations, and washed
twice in the culture medium (RPMI-1640 supplemented with 10% FBS), as previously
described [39,40].

2.5. Detection of AXL Expression and Target Quantification

AXL expression was analyzed on each sarcoma cell line by flow cytometry. Cells were
incubated with FITC-conjugated AXL antibody (#MAB154-100, R&D Systems, Minneapolis,
MN, USA) for 15 min at RT in the dark. The tubes were washed in PBS 1X and centrifuged
400× g for 5 min, resuspended in 500 μL of PBS 1X and analyzed by a flow cytometer.

To quantify AXL expression on sarcoma cell lines, calibrated microspheres (Quantum
Simply Cellular, Bangs Laboratories Inc., Fishers, Castenaso, BO, Italy) were used according
to the manufacturer’s protocol. Briefly, saturating amounts of FITC-conjugated AXL
antibody were added to one drop of each microbead suspension, and the final mixes were
incubated for 30 min at RT in the dark. Samples were washed twice using PBS 1X (2500× g),
resuspended in 500 μL of PBS 1X and analyzed by a flow cytometer. Simultaneously, each
cell line was stained with FITC-conjugated AXL antibody, as previously described. The
analysis was performed maintaining the same instrument setting used for QSC beads. A
QuickCal® spreadsheet, provided by Bangs Laboratories, was used to convert the main
fluorescence intensity (MFI) from microspheres to antibody-binding capacity (ABC) values.

2.6. Redirected T-Cell Cytotoxicity Assay

PBMCs were isolated from at least 3 donors and labeled with CellTrace™ Violet viable
marker (Invitrogen, Waltham, MA, USA), according to the manufacturer’s instructions, and
co-cultured with sarcoma cell lines (CAL-72, ESS-I, HT-1080, SAOS-2, Rh-30, SW982 or RD-
ES) at different effector-to-target-cell (E:T) ratio, in the presence of increasing concentrations
of pAXL×CD3ε (0.1 μg/mL, 1 μg/mL and 2.5 μg/mL) or anti-B-cell maturation antigen
(BCMA) Pronectin™-based BTCE, pBCMA×CD3ε (2.5 μg/mL), as a negative control.
BCMA is in fact highly restricted to hematopoietic B cells and is not expressed by solid
tumors, therefore representing a suitable negative control in our case. Cells were incubated
for 72 h at 37 ◦C and 5% CO2, and finally stained with 7-AAD (BD Biosciences, La Jolla,
CA, USA). The cytotoxic effect on sarcoma cell lines was detected by flow cytometry and
reported as the percentage of 7-AAD+/CellTrace™ Violet– cells. The 10:1 E:T ratio was
selected because it allowed for the highest toxicity.

Cells stably expressing GFP gene were co-cultured with PBMCs from at least 3 donors
at 10:1 E:T ratio, in the presence of pAXL×CD3ε (2.5 μg/mL). Cells were incubated for
72 h at 37 ◦C and 5% CO2. Cytotoxicity was assessed by flow cytometry monitoring MFI in
GFP-positive cells.

For microscope imaging, co-cultured cells were plated on a round cover glass (Fisher
Scientific) above 24 wells, and fixed using 4% paraformaldehyde (PFA) for 15 min. Sections
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were washed three times with PBS 1X, mounted in Vectashield with DAPI (Vector Lab, Newark,
CA, USA) and analyzed using Thunder Imaging Systems (Leica, Wetzlar, Germany).

2.7. Cell Viability Assay

Cells were plated in 96 wells treated with different concentrations of pAXL×CD3ε,
and cell viability was evaluated by Cell Titer-Glo Luminescent Assay (CTG; Promega,
Madison, WI, USA), as previously reported [41].

2.8. Western Blot

Whole-cell protein extracts were obtained using NP40 lysis buffer containing Halt
Protease and Phosphatase Inhibitor cocktail (Invitrogen, Thermo Fisher Scientific), sepa-
rated using 4–12% Novex Bis-Tris SDS-acrylamide gels (Invitrogen), and transferred on
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA), as previously reported [42]. Ni-
trocellulose membranes were incubated O/N at 4 ◦C with primary antibody. In detail,
anti-AXL (#4566) by Cell Signaling Technology (Danvers, MA, USA) and anti-GAPDH
(sc-25778) by Santa Cruz (Dallas, TX, USA) were used for Western blotting (WB) procedures.
The membrane was washed thrice with PBS-Tween and incubated with the secondary anti-
body (anti-rabbit IgG HRP-linked antibody #7074S, Cell Signaling Technology) for 1 h at RT.
Chemiluminescence was recorded using SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Scientific). Densitometric analysis of blots was performed using LI-COR
Image Studio Digits Ver 5.0 (Bad Homburg, Germany).

2.9. RNA Isolation and Quantitative Real-Time PCR

The WizPrep™ Total RNA Mini Kit (Wizbiosolutions, Seongnam, South Korea) was
used, according to the manufacturer’s guidelines, to extract purified RNA from sarcoma
cell lines. The RNA quantity and quality were assessed by NanoDrop® (ND-1000 Spec-
trophotometer). cDNA was obtained from the reverse transcription of total RNA, using the
“high-capacity cDNA reverse transcription kit” (Applied Biosystems, Foster City, CA, USA).
Taq-Man® assay (Life Technologies, Carlsbad, CA, USA) was used to detect and quantify
AXL (Hs01064439_m1), and GAPDH (Hs03929097_g1) was considered to normalize the
recorded threshold cycle values. qRT-PCR was performed in triplicate and relative expres-
sion was obtained through the comparative cross threshold method on a ViiA7 System
(Thermo Fisher Scientific, Waltham, MA, USA).

2.10. T-Cell Activation

Sarcoma cells lines were co-cultured with PBMCs from at least 3 donors at selected
10:1 E:T ratio in the presence of increasing concentrations of pAXL×CD3ε (0.1 μg/mL,
1 μg/mL, and 2.5 μg/mL) or negative control, and were incubated for 72 h at 37 ◦C and 5%
CO2. T cells were stained using anti-human CD4 (SK3) FITC (#345768), CD8 (SK1) APC-Cy7
(#641400), CD25 APC (#555434), CD69 PE (#555531), CD3 (UCHT1) PerCP-Cy5.5 (#560835),
CD45 (HI30) BV510 (#563204) and CD107a PE (#555801) (BD Biosciences), for 4 h at 37 ◦C
and 5% CO2. T cells were selected as CellTrace™ Violet-positive, gated for CD4-, CD8- or
CD3-positive, and CD69-, CD25- or CD107a-positive cells. The intracellular production of
cytokines and cytolytic enzymes was investigated adding brefeldin A 10 mg/mL. After 4 h,
cells were incubated with surface antibodies and treated using FIX&PERM® kit (Nordic
MUbio, Susteren, The Netherlands), according to the manufacturer’s guidelines. Subse-
quently, cells were incubated with anti-TNFα PE-Cy™7 (Mab11) (#560678), anti-IFNγ PE
(#559327) and anti-Granzyme B (AlexaFluor®647) (#560212) (BD Biosciences) for 15 min at
RT in the dark. Samples were finally washed in PBS 1X and analyzed by a flow cytometer.

2.11. Analysis of the Activity of pAXL×CD3ε in Combination with Chemotherapeutic Drugs

SAOS-2 were plated in 24 wells and co-cultured at selected 10:1 E:T ratio with
PBMCs from at least 3 donors, labelled with CellTrace™ Violet. Cells were treated with
pAXL×CD3ε (1 μg/mL), trabectedin (0.2 nM) or their combination (pAXL×CD3ε + tra-
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bectedin). After 72 h of incubation, cells were stained using 7-AAD and analysis of positive
cells were performed through flow cytometry.

2.12. In Vivo Studies

In vivo experiments were performed according to standard guidelines and approved
protocols by the National and Institutional Animal Committee (483/2020-PR, 18 May 2020).
Four-to-six-week-old male NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice were purchased
from Charles River Laboratories (Wilmington, MA, USA). Animals were regularly moni-
tored and euthanized when signs of disease-related symptoms or graft-versus-host disease
(GvHD) developed.

To obtain a subcutaneous (sc) xenografted in vivo model, 10 mice were inoculated
in the dorsal right flank with HT-1080 cells (3 × 106) resuspended in 100 μL of PBS 1X.
On day 4, 10 × 106 PBMCs from healthy donors were intraperitoneally (ip) injected into
each mouse. The same day, mice were randomized in 2 groups (5 mice for each group),
and 0.1 mg/kg pAXL×CD3ε or vehicle were ip injected for 15 consecutive days. Tumor
sizes were measured with a digital caliper. The tumor volume (tv) was calculated using
the formula:

tv = (W2 × L)/2, (1)

where W is the tumor width and L is the tumor length, as previously described [43].
Mice were sacrificed when the tv reached >2000 mm3. At the time of sacrifice, blood

samples were collected. Red blood cell lysis was performed, and cells were stained with
anti-human CD45 BV510 and CD3 PerCP-Cy5.5 to evaluate PBMCs engraftment. Explanted
tumors were analyzed by WB, as previously described, using anti-caspase-3 (#9668, Cell Sig-
naling Technology) and anti-PARP (#9532, Cell Signaling Technology), and by immunohis-
tochemistry (IHC) using anti-CD3 antibody (#GA503, Agilent Dako, Glostrup, Denmark).

2.13. Statistical Analysis

Statistical evaluations were carried out using a parametric Student’s t-test by the Graph-
Pad software (www.graphpad.com, accessed on 10 February 2023). Graphpad Prism version
6.0 was used to make graphs. Only results with a p value < 0.05 were accepted as statistically
significant. Each value is reported as the mean of at least 2 experiments ± SD/SEM.

3. Results

3.1. Evaluation of AXL Expression on Sarcoma Cell Lines

To investigate the expression of AXL on sarcoma cells (Figure 1A), we collected a panel
of seven human cell lines, including CAL-72 (osteosarcoma), ESS-I (endometrial stromal
sarcoma), HT-1080 (fibrosarcoma), SAOS-2 (osteosarcoma), Rh-30 (rhabdomyosarcoma),
SW982 (synovial sarcoma) and RD-ES (Ewing’s sarcoma). Flow cytometry showed different
AXL expression levels on the surface of tumor cells: high expression on CAL-72, ESS-I
and HT-1080; intermediate expression on SAOS-2 and Rh-30; and low- or no-expression
on SW982 and RD-ES cell lines, respectively (Figure 1B,C). This trend was confirmed
performing quantitative analysis of antigen expression density for each cell line, using
calibrated microspheres to assess the antibody-binding capacity (ABC). As reported in
Figure 1D, AXL expression was in a range between 21,000 and 4200 antigen molecules on
CAL-72 and SW982 cells, respectively. Through qRT-PCR analysis, we assessed the AXL
mRNA expression in sarcoma cells (Figure 1E). Our findings revealed a different pattern
of target expression, which was in accordance with data retrievable by cBioPortal for the
Cancer Genomics dataset (cbioportal.org, accessed on 10 February 2023) and Cancer Cell
Line Encyclopedia (CCLE) dataset (https://depmap.org/portal/interactive, accessed on 10
February 2023). Further Western blot analyses were performed to investigate the expression
of AXL protein in sarcoma cells, reporting a clear difference in the band intensity between
various cell lines (Figure 1F). According to our results, AXL expression is not correlated to
specific sarcoma sub-types.
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Figure 1. AXL expression. (A) Schematic representation of AXL receptor tyrosine kinase structure.
It is composed of two immunoglobulin (Ig)-like domains that characterize extracellular domains,
two fibronectin type III (FNIII) domains, a transmembrane domain and a kinase domain that is intra-
cellular. (B) Flow cytometry analysis of AXL expression of sarcoma cells. (C) Representative FACS
overlays between unstained (empty) and stained (full red) sample of each cell line. (D) Quantification
of antibody-binding capacity (ABC) assay. (E) AXL-relative mRNA level determined by qRT-PCR
and normalized on GAPDH housekeeping. (F) Western blot of AXL total form reported in a collection
panel of sarcoma cells. The uncropped blots are shown in Figure S3.

Our data demonstrate that AXL is highly expressed in sarcoma cells, therefore rep-
resenting a potential mean for selective targeting. The interaction of pAXL×CD3ε with
sarcoma cells was assessed through indirect staining, using an anti-human IgG secondary
antibody (Jackson ImmunoResearch, West Grove, PA, USA) (Figure S1).

3.2. T-Cell Mediated Cytotoxicity Is Induced by pAXL×CD3ε In Vitro

To assess the activity of pAXL×CD3ε, sarcoma cells with different expression levels of
AXL were co-cultured with purified human T cells (E:T ratio selected at 10:1) from healthy
donors, in the presence of three different concentrations of pAXL×CD3ε (0.1 μg/mL,
1 μg/mL, and 2.5 μg/mL) for 72 h. Increasing concentrations of pAXL×CD3ε produced
T-cell-mediated cytotoxicity on sarcoma cells except for the RD-ES because of its low expres-
sion of the target antigen (Figure 2A,B). In particular, the cytotoxic activity of pAXL×CD3ε
followed a binding-response effect leading to around 50% of cell death on CAL-72, Rh-30,
and HT-1080, 40% on SAOS-2, 30% and 20% in SW982 and ESS-I, respectively, at 2.5 μg/mL.
As a negative control, we performed a cytotoxicity assay using a Pronectin™-based BTCE
binding a different target expressed by B cells only, the BCMA, not expressed by sarcoma
cells (pBCMA×CD3ε).

138



Cancers 2023, 15, 1647

Figure 2. Redirected T-lymphocyte cytotoxicity by pAXL×CD3ε in sarcoma cell lines. (A) FACS
analysis of 7-AAD(7-amino-actinomycin D)-positive cells. (B) HT-1080 and Rh-30 treated with
increasing concentrations of pAXL×CD3ε (0.1 μg/mL, 1 μg/mL and 2.5 μg/mL), and as a negative
control 2.5 μg/mL of pBCMA×CD3ε after 72 h. Each group has been compared to the 0.1 μg/mL
group for statistical analysis. Results are normalized to the recorded vehicle values. (C) Cell Titer-Glo
luminescent cell viability (%) assay performed on sarcoma cell lines without effector cells, following
pAXL×CD3ε 72 h treatment. (C) Positive cells (relative percentage %) of sarcoma cell lines co-
cultured with peripheral blood mononuclear cells (PBMCs) and treated with different concentrations
of pAXL×CD3ε or vehicle for 72 h. Each group has been compared to the 0.1 μg/mL group for
statistical analysis. Results are normalized to the recorded vehicle values. (D) Imaging of CAL-
72 stably expressing green fluorescent protein (GFP) in untreated cells (vehicle) and 2.5 μg/mL
of pAXL×CD3ε-treated cells after 72 h. Nuclei were stained with DAPI and microscopies were
performed at 10-fold magnification. (E) Percentage of stably expressing CAL-72 GFP viable cells and
median fluorescence intensity (MFI) of GFP analyzed by flow cytometry. PBMCs were obtained from
3 healthy donors and results are expressed as the mean value of triplicate experiments from each
donor. * p < 0.0332; ** p < 0.0021; *** p < 0.0002; **** p < 0.0001.

As shown in Figure 2B, 2.5 μg/mL of pBCMA×CD3ε did not induce cytotoxicity in
two different sarcoma cell lines, such as HT-1080 and Rh-30, when it was used at a higher
dose. To exclude direct cytotoxicity of pAXL×CD3ε on sarcoma cells, we performed a cell
viability assay that allows the evaluation of metabolically active cells, in the absence of effec-
tor cells. We found that different concentrations of pAXL×CD3ε did not alter cell growth
capability of cancer cells (Figure 2C), indicating that T lymphocytes are indeed required
to induce the redirected cytotoxicity of sarcoma cell lines. Furthermore, we performed
co-culture experiments on sarcoma cells stably expressing GFP in the presence of 2.5 μg/mL
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of pAXL×CD3ε. As expected, we observed a strong reduction of GFP signal via imaging
analysis, confirming the cytotoxic activity of pAXL×CD3ε observed in our experimental
models (Figrues 2D and S2A). Moreover, the percentage of viable cells and fluorescence
quantification evaluated by flow cytometry led to the same result (Figrues 2E and S2B).

Taken together, our findings demonstrate that pAXL×CD3ε has an antitumor effect
through the recruitment of cytotoxic T lymphocytes.

3.3. pAXL×CD3ε Triggers T-Lymphocyte Activation against Sarcoma Cells

Functional effects on PBMCs co-cultured with sarcoma cells at 10:1 E:T ratio, in the
presence of increasing concentrations of pAXL×CD3ε or vehicle, were also evaluated after
72 h of treatment. As shown in Figure 3, we observed the upregulation of early and late
T-cell surface activation markers (CD69 and CD25) in experiments performed in three dif-
ferent sarcoma cell lines, such as Rh-30, HT-1080 and CAL-72. Additionally, pAXL×CD3ε
induced the release of inflammatory cytokine Interferon-γ (IFN-γ) and cytolytic enzyme,
Granzyme B.

Figure 3. Functional experiments on CD4–CD8 gated T cells. Surface early and late activation
markers (CD69 and CD25), cytokine release (IFN-γ) and cytolytic enzyme (Granzyme B) on CD4 and
CD8-positive T lymphocytes from at least 3 donors co-cultured with Rh-30, HT-1080 and CAL-72
sarcoma cell lines at 10:1 E:T ratio, in the presence of different concentrations of pAXL×CD3ε. Each
result is expressed as the mean value of triplicate experiments obtained from each donor. * p < 0.0332;
** p < 0.0021; *** p < 0.0002.

Consistent with their cytotoxic function, T lymphocytes were also positive for CD107a
degranulation marker (Figure 4A,B).

140



Cancers 2023, 15, 1647

Figure 4. Degranulation assay on activated T lymphocytes. (A) Histogram quantification of CD107a-
positive T cells from at least 3 donors, co-cultured with Rh-30, HT-1080 and CAL-72 sarcoma cell
lines and treated with 0.1 μg/mL and 1 μg/mL of pAXL×CD3ε for 72 h. (B) Representative dot plots
of CD107a-positive T lymphocytes analyzed by flow cytometry. Each result is expressed as the mean
value of triplicate experiments obtained from each donor. * p < 0.0332.

These data indicate that pAXL×CD3ε produces a dose-dependent activation of T
lymphocytes against AXL-positive sarcoma cells.

3.4. pAXL×CD3ε Increases Cytotoxicity Induced by Trabectedin

To verify if pAXL×CD3ε could make tumor cells more sensitive to conventional
chemotherapeutic drugs, SAOS-2 was selected as the cell model to investigate the effect
of redirected T-cell toxicity. Cells were co-treated with pAXL×CD3ε (1 μg/mL) and
trabectedin (0.2 nM). After 72 h of treatment, an enhanced cytotoxic effect was observed
for pAXL×CD3ε plus trabectedin, as compared to the effect induced by the single agents.
In detail, pAXL×CD3ε increased cell death >20% in SAOS-2 cells compared to the effect
induced by trabectedin alone (Figure 5A). The dot plots in Figure 5B provide a graphical
overview of the reduction in cell viability (%). These data suggest a potential advantage
induced by the combination of pAXL×CD3ε with chemotherapeutics commonly used for
sarcoma therapy.
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Figure 5. pAXL×CD3ε sensitizes chemotherapeutic drug activity in vitro. (A) Redirected cytotoxicity
T-cell of pAXL×CD3ε in SAOS-2, analyzed in co-culture experiments using 1 μg/mL of pAXL×CD3ε,
0.2 nM of trabectedin and their combination (Combo) for 72 h. (B) Representative dot plots of SAOS-2
viability reduction (%) after treatment with pAXL×CD3ε and trabectedin alone or in combination.
PBMCs were obtained from 3 healthy donors and results are expressed as the mean value of triplicate
experiments from each donor. * p < 0.0332.

3.5. pAXL×CD3ε In Vivo Activity

The in vivo antitumor efficacy of pAXL×CD3ε was validated against human HT-1080
cell xenografts in NSG-immunocompromised mice (Figure 6A). A total of 10 xenografted
mice were randomized to receive pAXL×CD3ε (0.1 mg/kg, five mice) or the vehicle
alone (VEH, five mice) as the control group. A significant reduction of tumor growth
was observed in NSG mice treated with pAXL×CD3ε as compared to VEH (Figure 6B).
After 20 days from the cell engraftment, mice treated with pAXL×CD3ε showed a tumor
volume of about 630 mm3 versus 1200 mm3 in the VEH-only group. This effect translated
into a prolonged survival of treated animals (Figure 6C). To demonstrate the engraftment
of human T-lymphocytes in these immunocompromised mice, flow cytometry analyses
were performed on peripheral blood samples collected from mice on the day of sacrifice.
An anti-CD3-fluorochrome-conjugated antibody was used for the staining, and T-cell
engraftment was confirmed both in pAXL×CD3ε and VEH groups (Figure 6D). Retrieved
xenografts from mice were homogenized and WB analysis was performed on the whole-cell
protein extracts. The analysis revealed the induction of apoptotic processes, which was
demonstrated by the increase of cleaved PARP and cleaved caspase-3 in treated mice as
compared to VEH (Figure 6E). IHC analyses also highlighted the infiltration of CD3+ cells
in tumor xenografts from mice treated with pAXL×CD3ε, thus demonstrating the effective
engagement of T-lymphocytes at the tumor site (Figure 6F).
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Figure 6. pAXL×CD3ε in vivo activity. (A) Experimental timeline of in vivo study on a sarcoma
xenograft model. (B) Tumor volume curve of mice treated with pAXL×CD3ε 0.1 mg/kg or vehicle
alone. Results obtained from each group have been compared at the same timepoint for statisti-
cal purposes. (C) Survival curves (Kaplan–Meier) of mice treated with pAXL×CD3ε or vehicle.
(D) Representative FACS dot plots of T-cell engraftment evaluated on the day of sacrifice on intracar-
diac blood samples collected from mice. CD3-positive cells were evaluated on gated CD45-positive
lymphocytes. (E) WB analysis of cleaved caspase-3 and cleaved PARP in whole-cell protein extracts
from representative retrieved xenografts. GAPDH was used as a loading control. The uncropped blots
are shown in Figure S3. (F) IHC staining of CD3 lymphocytes performed on tumors explanted from
mice treated with vehicle or pAXL×CD3ε 0.1 mg/kg at 20-fold magnification. * p < 0.0332; ** p < 0.0021.

Based on these findings, pAXL×CD3ε demonstrates promising antitumor activity
against sarcoma xenografts in vivo.

4. Discussion

Cancer immunotherapy based on T-cell engagement is a valuable therapeutical op-
tion and is in an advanced phase of clinical evaluation for different hematological ma-
lignancies [44–46]. While conventional mAbs bind the same antigen with both fragment
antigen-binding (Fab) arms [47], BTCEs simultaneously bind a TAA on cancer cells and
the epsilon (ε) subunit of CD3 on the T lymphocytes and, therefore, can efficiently trigger
redirected T-cell cytotoxicity in an MHC-independent fashion [48,49]. This simultaneous
engagement of the antigen on tumor cells and effector cells leads to an immunological
synapse, resulting in T-cell activation and subsequent release of inflammatory cytokines
and cytolytic molecules that lead to the killing of cancer cells [39,40,50].
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Despite their demonstrated efficacy in patients with hematological malignancies, no
BTCEs have been approved so far for the treatment of solid tumors [51]. There are, in fact,
some main hurdles that can hamper the use of BTCEs in solid tumors: (i) on-target off-
tumor toxicities due to the absence of specific TAAs; (ii) impaired anti-cancer activity due
to the hostile and immunosuppressive tumor microenvironment (TME) that antagonizes
T-cell infiltration into the tumor mass; (iii) reduced bioavailability and scarce penetration
within a solid tumor mass [52,53]. In this scenario, the TME may play a relevant role in
cancer progression and can influence the clinical management of these diseases [54–56],
since it includes immune cells and stromal cells interacting with malignant cells through
contact mechanisms or cytokines and subcellular structures, inducing both pro-tumor and
antitumor activity. Among them, CD4+ and CD8+ T cells, together with NK cells, dendritic
cells, and M1 tumor-associated macrophages (TAMs), promotes cell killing [57–59]. Novel
approaches would aim to restore the immune function overcoming cancer suppressive
effects [60]. In this light, different strategies are emerging by innovative protein-based
scaffolds and novel targets [39,40,61].

Here, we assessed that AXL is highly expressed among a variety of sarcomas, con-
firming previous data performed on primary sarcoma samples [20,22,31,32,62,63] and
representing a promising target for the development of innovative immunotherapeutic
approaches, especially in chemo-refractory disease. Previous studies, using mAbs against
AXL, have reported activity and manageable toxicity in sarcoma patients, suggesting its
targeting potential also in the clinical setting [22,64]. Recently, different strategies based
on mAbs and CAR-T cells showed encouraging results against AXL-expressing sarcomas
and some of them are currently under clinical investigation. The safety and tolerability
of CCT301-38 CAR-modified autologous T cells are being investigated in subjects with
r/r sarcomas (NCT05128786). Patients with AXL gene alterations were also recruited for
another phase I study to determine the safety, tolerability, pharmacokinetics, and anti-
tumor effects induced by Mipasetamab Uzoptirine (ADCT-601) alone, or in combination
with other anti-cancer drugs (NCT05389462). The immunogenicity and antitumor efficacy
of BA3011, a conditionally active biologic (CAB) AXL-targeted antibody drug conjugate
(CAB-AXL-ADC), is being investigated in a phase I/II study in different sarcoma subtypes,
in monotherapy or combined with a PD-1 inhibitor (NCT03425279). Finally, a trial has
been completed on different tumor types, including sarcoma, to investigate the safety
and efficacy of Enapotamab Vedotin (HuMax-AXL-ADC), an AXL-specific antibody drug
conjugate (NCT02988817).

On these premises, we focused on AXL as an immunotherapeutic target to be exploited
in sarcoma treatment by BTCE-based strategy. We used an emerging protein therapeutic
class, called Pronectins™ [36], taking advantage of their small size and low molecular
weight to reach a higher concentration within the tumor tissue. Consistently, here we
demonstrated that pAXL×CD3ε indeed redirects T cells toward AXL-expressing sarcoma
cells, leading to a dose-dependent T-cell activation, with a consequent release of inflamma-
tory cytokines and cytolytic molecules. Our results are in accordance with data recently
reported, showing that pAXL×CD3ε exhibits cytotoxic effects on AXL-positive MDA-
MB-231 cells and minimal cytotoxicity on AXL-negative CHO cells [38]. Moreover, we
found enhanced cytotoxic effects as a function of increased concentrations of pAXL×CD3ε,
which was highly promising taking into account the presence of immune cells in the TME
of sarcomas. Furthermore, we demonstrated that the combination of pAXL×CD3ε with
trabectedin, a conventional active chemotherapeutic drug, improved the cytotoxicity of
sarcoma cells. Even if the use of conventional chemotherapeutics is under interindividual
variability term of efficacy and toxicity [65–67], our data suggest the feasibility of combina-
torial treatments and are consistent with preliminary reports, which showed anti-sarcoma
activity of immunotherapy/chemotherapy combination [68]. Importantly, in our in vivo
model, pAXL×CD3ε guaranteed the recruitment of T lymphocytes in the tumor site and
significantly inhibited the growth of sarcoma xenografts, suggesting that this strategy has
the potential to also control the fast-growing tumor cells in patients. These findings are of
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translational relevance, since conventional approaches are still largely unsuccessful, and
the only favorable strategy at the present, for the treatment of this incurable disease, is
represented by surgery in combination with pre- or post-surgery therapies.

Overall, we demonstrate that the first-in-class pAXL×CD3ε-based immunotherapy
exerts significant anti-sarcoma activity in vitro and in vivo, and therefore represents a
promising tool to be developed in the clinical setting, offering a novel opportunity to
overcome the unmet need of long-term control of drug refractory disease.

5. Conclusions

Despite the identification of molecular mechanisms driving sarcoma genesis, as well
as the discovery of key transcription factors, sarcoma treatment still represents a great
challenge. The variability in response to current therapies can be ascribed to their hetero-
geneity and aggressive behavior. Taken together, our results indicate that AXL-targeting
by the Pronectin™-based BTCE platform may represent a new-generation strategy for the
treatment of this still-incurable disease.
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Figure S3: Original Western blots.
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Simple Summary: Sarcomas are rare cancers; they can arise anywhere in the body and most often
spread to the lungs. When patients are diagnosed, they have a scan of the chest to look for this.
The scan often finds small nodules whereby we cannot be certain whether they are cancer or not;
these are called indeterminate pulmonary nodules or IPNs. We do not yet understand what the
presence of IPNs means for patients with high-grade sarcomas in their soft tissues, although we know
that some of these reveal themselves later on as being a spreading of the cancer. Currently, patients
with IPNs normally have repeat scans a number of months down the line to see whether they have
changed in size, suggesting that they may be cancer. This study has identified a number of different
characteristics that make these IPNs more likely to be cancer.

Abstract: Background: Sarcomas are rare, aggressive cancers which frequently metastasise to the
lungs. Following diagnosis, patients typically undergo staging by means of a CT scan of their chest.
This often identifies indeterminate pulmonary nodules (IPNs), but the significance of these in high-
grade soft tissue sarcoma (STS) is unclear. Identifying whether these are benign or malignant is
important for clinical decision making. This study analyses the clinical relevance of IPNs in high-
grade STS. Methods: All patients treated at our centre for high-grade soft tissue sarcoma between
2010 and 2020 were identified from a prospective database. CT scans and their reports were reviewed,
and survival data were collected from patient records. Results: 389 suitable patients were identified;
34.4% had IPNs on their CT staging scan and 20.1% progressed into lung metastases. Progression
was more likely with IPNs ≥ 5 mm in diameter (p = 0.006), multiple IPNs (p = 0.013) or bilateral IPNs
(p = 0.022), as well as in patients with primaries ≥ 5 cm (p = 0.014), grade 3 primaries (p = 0.009) or
primaries arising deep to the fascia (p = 0.041). The median time to progression was 143 days. IPNs at
diagnosis were associated with an increased risk of developing lung metastases and decreased OS in
patients with grade 3 STS (p = 0.0019 and p = 0.0016, respectively); this was not observed in grade
2 patients. Conclusions: IPNs at diagnosis are associated with significantly worse OS in patients with
grade 3 STS. It is crucial to consider the primary tumour as well as the IPNs when considering the
risk of progression. Surveillance CT scans should be carried out within 6 months.

Keywords: indeterminate pulmonary nodules (IPNs); sarcoma; soft tissue sarcoma; survival;
metastasis; metastases

1. Introduction

Sarcomas are rare [1], aggressive tumours arising from mesenchymal cells which most
commonly metastasise to the lungs [2]; up to 30% of soft tissue sarcoma (STS) patients
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present with synchronous metastases [3–6]. Following diagnosis, guidelines dictate that
patients should undergo staging by means of a CT scan of their chest [7,8]. Whilst CT
scanning has good utility for the identification of metastases, allowing important treatment
decisions to be made, they often identify indeterminate pulmonary nodules (IPNs), but the
significance of these is currently unclear.

The prevalence of IPNs varies widely in the literature; Rissing et al. reported IPNs
at diagnosis in 21% of the 331 sarcoma patients whom they followed prospectively [5],
whilst a retrospective review by Saifuddin et al. identified IPNs in up to 49.5% of 200 STS
patients [6]. Whilst there is variation in CT scanning modalities, differences in technol-
ogy and variation in radiological reporting that may explain some of this; there remains
uncertainty surrounding IPNs. There is no agreed definition of what an IPN is and what
metastatic disease is based on CT imaging, and as such, there is a high degree of variability;
non-calcified nodules either <5 mm or <10 mm in size are frequently used [3,5,6]. Arguably
more importantly, with regard to the significance of IPNs in STS, Rissing et al. demon-
strated that 28% of IPNs progressed into overt lung metastases, with IPNs > 5 mm in size
associated with decreased disease-free survival at 3 years [5]. Nakamura et al. analysed
the factors associated with an increased likelihood of nodules being malignant rather than
benign, finding that larger nodules, n > 1, bilateral distribution and first detection during
follow up rather than at screening were more likely to prove malignant [3].

Differentiation between benign and metastatic lung nodules is of high clinical impor-
tance, as it helps to guide treatment decisions which have proven impacts on survival;
Billingsley et al. demonstrated the complete resection of metastatic disease as being the
most important prognostic factor in STS patients with pulmonary metastases [4]. Not only
is this important for clinical decision making, but the detection of IPNs can add significant
stress to patients who may not actually have metastatic disease. Whilst new technologies
such as positron emission tomography (PET) show promise in the detection of metastatic
disease [9], a study by Fortes et al. (including sarcoma patients) reported a 30% false
negative rate in the detection of metastatic pulmonary nodules [10]. As such, there is an
unmet clinical need both for the detection and interpretation of pulmonary nodules in
patients with high-grade STS.

Whilst IPN rates have previously been reported in STS, we aimed to perform the largest,
most in-depth analysis to date of IPNs, their progression and detection, as well as looking at
their effect on patient overall survival (OS), focusing specifically on high-grade STS.

2. Materials and Methods

A retrospective cohort study of consecutive patients treated for high-grade soft tis-
sue sarcoma in the North of England Bone and Soft Tissue Tumour Service between
1 January 2010 and 1 May 2020 was performed, following identification from a prospec-
tively maintained database. This study was registered with the local institutional review
board (number 13952). Low-grade sarcomas, as well as tumours arising from visceral,
retroperitoneal and intracranial locations, were excluded from the study. Patients with no
available staging scans for review were also excluded. All grading and classification of
tumour subtypes were conducted by expert sarcoma pathologists, according to the WHO
classification of bone and soft tissue tumours [11]. Tumours were considered to be high-
grade if they were scored as being grade 2 or 3 using the French Fédération Nationale des
Centres de Lutte Contre le Cancer (FNCLCC) grading system [12]. As the FNCLCC grading
system does not apply to all sarcoma subtypes, sarcomas reported as being morphologically
high-grade in the pathology report were also included.

Patients underwent staging as part of their initial work up; this was usually performed
at our centre using a Scanner Somatom Definition AS by Siemens, Erlangen, Germany—
3 mm slices, although this was occasionally performed at local hospitals due to the logistics
of travel. The scans and reports were reviewed by the lead author (MJB), whilst blinded
to the outcomes at this point. Nodules were classified as metastatic, benign or indetermi-
nate, with indeterminate pulmonary nodules defined as non-calcified nodules <10 mm
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in maximum diameter [5]. Follow up imaging was reviewed to determine whether these
nodules remained unchanged or progressed, as well as to monitor for the development of a
new disease. Survival data were also collected by reviewing patients’ clinical notes and
collecting information including age, gender, tumour location, histological subtype, grade,
size and depth relative to the fascia.

Differences between groups were compared using independent T-tests and Fisher’s
exact test, accordingly, using SPSS statistics (Version 28.0, IBM Corp, Armonk, NY, USA).
The time taken to develop lung metastases in different groups was analysed using Kaplan–
Meier plots and log rank tests to calculate p values. The influence of other risk factors
on the progression of IPNs and the development of metastases was analysed as part
of both univariate and multivariate models using the Cox proportional hazards model.
Survival analysis was conducted using R statistics (version 4.2.1, R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

A total of 389 patients were identified as being suitable for the study and their basic
clinical information is displayed in Table 1. Patients had a mean age of 61.9 years (range
2–97), with a male predominance of 62.4% of the cohort. A wide range of histological
subtypes were included, with undifferentiated pleomorphic sarcoma (UPS) (25.7%) and
myxofibrosarcoma (25.7%) being the most frequent subtypes. Only high-grade sarcomas
were included, with 71.5% being grade 3, and the remaining 28.5% being grade 2.

After reviewing the staging CT scans and reports, 222 (57.1%) patients had no evidence
of lung metastases or IPNs, 134 (34.4%) had IPNs and 33 (8.5%) had synchronous lung
metastases (Figure 1). Of the patients with no IPNs or lung metastases upon CT staging,
62 (27.9%) went on to develop metastases at a later date, with a median time to development
of lung metastases of 448 days (range 87–1998). A greater percentage of patients with IPNs
at diagnosis went on to develop lung metastases, with 48 (35.8%) developing metastatic
disease after a median of 249 days (range 13–1676). Patients with IPNs at diagnosis
appeared to be at a higher risk of developing lung metastases than patients without,
although this did not reach significance (Figure 2A, KM p = 0.14, HR 1.33, HR p = 0.14).
When patients with grade 2 primaries were excluded, this became significant (Figure 2B,
KM p = 0.019, HR 1.62, HR p = 0.021).

Of those patients with IPNs from the initial CT staging developing metastases in the
future, 27 (56.3%) had progression of these IPNs, whereas the remaining 11 (43.7%) had new
lesions, suggesting that only 20.1% of IPNs progressed. Of those with grade 3 primaries,
progression occurred in 27.2%. The progression of known IPNs occurred sooner than
the development of new lesions, with a median time to progression of 143 days (range
13–557) compared to 409 days (range 96–1676) (p < 0.001). Table 2 displays the distribution
of risk factors amongst IPNs which did and did not progress; the progression group
contained a significantly higher proportion of multiple IPNs (p = 0.010), IPNs ≥ 5 mm
in diameter (p = 0.008), bilateral IPNs (p = 0.029), primaries ≥ 5 cm (p = 0.010), grade
3 primaries (p = 0.002) and primaries arising deep to the fascia (p = 0.032). When the
above risk factors for IPN progression were analysed using a Cox regression model, all
demonstrated a significant increase in the risk of progression to lung metastases (Table 3).
When analysed at the multivariate level, IPNs ≥ 5 mm in diameter at diagnosis and grade
3 primaries retained significance (HR = 2.37, p = 0.03 and HR = 6.07, p = 0.015, respectively).
Supplementary Table S1 shows the clinical details of all of the patients with IPNs that
progressed into metastases; only two patients had a grade 2 sarcoma, with the rest having
grade 3 primaries, whilst only three patients had a primary sarcoma <5 cm. The median age
of patients whose IPNs progressed was 68 years (range 11–87) and there was no significant
difference in the average age between the group of patients whose IPNs progressed and
those whose remained stable (p = 0.531). Of these 27 patients, the progression of IPNs was
detected on interval CT scans in 9 patients, and six were detected upon routine surveillance
chest X-ray (CXR) prior to confirmation with CT scanning of the chest; the remainder were
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detected on scans carried out for patients who were acutely unwell or during restaging
following the detection of metastatic disease elsewhere.

Figure 1. Flowchart depicting patients’ IPN statuses at diagnosis and their progression during
follow up.

Figure 2. (A) Kaplan–Meier graph depicting the cumulative hazard of the development of lung
metastases in patients with and without IPNs on the CT staging scan. Patients with IPNs at diagnosis
appeared to be at higher risk of developing lung metastases, but this did not reach significance
(p = 0.14, HR 1.33, HR p = 0.14). (B) Kaplan–Meier graph depicting the risk of lung metastases
according to IPN status at diagnosis after patients with grade 2 primaries were excluded. Patients
with IPNs at diagnosis are at a significantly higher risk of developing lung metastases (p = 0.019,
HR 1.62, HR p = 0.021).
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Table 1. Summary of demographic and basic clinical information.

Characteristic

Mean age, years (range) 61.9 (2–97)

Gender, number (%)

Male 243 (62.4%)

Female 146 (37.6%)

Location, number (%)

Lower limb 223 (57.3%)

Upper limb 69 (17.7%)

Trunk 87 (22.4%)

Head and neck 10 (2.6%)

Histological subtype, number (%)

Angiosarcoma 38 (9.8%)

Extra-skeletal Ewing sarcoma 9 (2.3%)

Leiomyosarcoma 42 (10.8%)

Liposarcoma 32 (8.2%)

MPNST 0 (2.6%)

Myxofibrosarcoma 100 (25.7%)

Rhabdomyosarcoma 19 (4.9%)

Synovial sarcoma 28 (7.2%)

Undifferentiated pleomorphic sarcoma 100 (25.7%)

Other 11 (3.8%)

FNCLCC grade, number (%)

Grade 2 111 (28.5%)

Grade 3 278 (71.5%)

Size

<5 cm 121 (31.1%)

≥5 cm 268 (68.9%)

Depth relative to fascia

Superficial 179 (46.0%)

Deep 210 (54.0%)

Table 2. Distribution of risk factors amongst patients with IPNs that did and did not progress, p value
calculated using Fisher’s exact test. * indicates significance.

Clinical Outcome of IPNs (n = 134)

Stable (n = 107) Progressed (n = 27) p Value

IPN number 1 66 9 0.010 *

>1 41 18

IPN size ≥5 mm 1 74 11 0.008 *

>1 33 16

Bilateral IPNs No 83 15 0.029 *

Yes 24 12

Primary size ≥5 cm No 40 3 0.010 *
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Table 2. Cont.

Clinical Outcome of IPNs (n = 134)

Stable (n = 107) Progressed (n = 27) p Value

Yes 67 24

Primary grade 2 40 2 0.002 *

3 67 25

Primary depth Superficial 53 7 0.032 *

Deep 54 20

Table 3. Analysis of IPN and tumour characteristics on the progression of IPNs to metastatic disease,
calculated using the Cox regression model. * indicates significance.

Progression of IPNs

Univariate Multivariate

HR p Value HR p Value

IPN number ≥1 2.76 0.013 * 2.29 0.087

IPN size ≥5 mm 2.96 0.006 * 2.37 0.030 *

Bilateral IPNs 2.43 0.022 * 1.66 0.282

Primary size ≥5 cm 4.55 0.014 * 2.58 0.160

Primary grade 6.79 0.009 * 6.07 0.015 *

Primary depth 2.46 0.041 * 1.71 0.280

Figure 3A displays the OS of the three patient groups, demonstrating a significant
difference in the OS between the three groups (p < 0.001). When those presenting with
frank metastases were removed, a trend towards poorer OS (Figure 3B) was seen in those
with IPNs upon staging CT, although this did not reach significance (p = 0.19, HR = 1.23,
HR p = 0.190). This remained insignificant at the multivariate level when analysed with
known prognostic risk factors of tumour size (<5 cm or ≥5 cm), depth relative to the fascia
and grade (Table 4). When patients with grade 2 primaries were excluded, worse OS
was seen in patients presenting with IPNs at diagnosis (p = 0.016, HR 1.50, HR p = 0.017)
(Figure 3C). All but one patient with IPNs that progressed are now deceased, with a median
OS of 248 days (range 23–840).

The percentage of patients developing lung metastases varied between histological
subtypes; during follow up, 53.6% of synovial sarcoma patients, 46% of UPS patients, 40.5%
of leiomyosarcoma patients, 33.3% of liposarcoma patients, 28.9% of angiosarcoma patients
and 20% of myxofibrosarcoma patients developed lung metastases. The cohort included
100 UPSs and 100 myxofibrosarcomas; as such, these were analysed independently as a
subanalysis. Of the 100 patients with UPSs, 53 (53%) had no lung metastasis, 35 (35%) had
IPNs and 12 (12%) had synchronous lung metastases. Of those with no lung metastases or
IPNs at diagnosis, 18 (33.9%) developed lung metastases at a later date. Of those presenting
with IPNs, 12 (34.2%) progressed into lung metastases, 4 (11.4%) developed new lung
metastases and 18 (51.4%) remained stable, with no metastases developing elsewhere in the
lungs. The presence of IPNs did not increase the likelihood of developing lung metastases
(p = 0.45, Figure 4A), nor did it confer worse OS (p = 0.64, Figure 4B). Of the 100 patients
included with myxofibrosarcoma, 66 (66%) presented with no lung metastases or IPNs,
32 (32%) presented with IPNs and 2 (2%) presented with lung metastases. Only 12 (18.2%)
of the patients presenting without metastases or IPNs went on to develop metastases. Of
those presenting with IPNs, 0 progressed and 6 (18.8%) patients developed lung metastases
in different areas of the lung. There was no difference in the likelihood of developing lung
metastases between those presenting with IPNs and those presenting with no signs of IPNs
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or lung metastases (p = 0.68, Figure 4C), and no difference in overall survival (p = 0.46,
Figure 4D).

Figure 3. (A) Kaplan–Meier graph comparing survival in patients with no IPNs or lung metastases at
diagnosis, IPNs and overt lung metastases, with a significant difference detected between groups
(p < 0.001). (B) The same Kaplan–Meier graph with the lung metastases at presentation group
removed, demonstrating a trend to decreased OS in patients with IPNs at diagnosis, although this did
not reach significance (p = 0.19). (C) OS according to IPN status once patients with grade 2 primaries
are excluded, demonstrating significantly decreased OS in patients with IPNs at diagnosis (p = 0.016).
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Figure 4. (A) Kaplan–Meier graph depicting the cumulative hazard of the development of lung
metastases in UPS patients with and without IPNs on the CT staging scan. Patients with IPNs at
diagnosis were not at increased risk of developing lung metastases (p = 0.45). (B) Kaplan–Meier
graph comparing survival in UPS patients with no IPNs and IPNs detected upon CT staging, with
no significant difference between groups seen (p = 0.64). (C) Kaplan–Meier graph depicting the
cumulative hazard of the development of lung metastases in myxofibrosarcoma patients with and
without IPNs on the CT staging scan. Patients with IPNs at diagnosis did not have an increased
risk of developing lung metastases (p = 0.68). (D) Kaplan–Meier graph comparing survival in
myxofibrosarcoma patients with no IPNs and IPNs detected upon CT staging, with no significant
difference seen between groups (p = 0.46).

Table 4. Analysis of tumour characteristics and IPN status (IPNs or no IPNs/lung metastases) at
diagnosis on the progression of IPNs to metastatic disease, calculated using the Cox regression model.
* indicates significance.

Overall Survival

Univariate Multivariate

HR p Value HR p Value

Primary size ≥5 cm 3.60 <0.001 * 3.03 <0.001 *

Primary grade 2.74 <0.001 * 2.25 <0.001 *

Primary depth 1.48 0.011 * 1.01 0.947

IPN status 1.23 0.190 1.31 0.080
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4. Discussion

This study provides the largest and most in-depth analysis of IPNs in patients pre-
senting with high-grade STS and provides new data on an area which remains poorly
understood. We included 389 patients and demonstrated that the presence of IPNs is asso-
ciated with an increased risk of developing lung metastases and poorer OS in patients with
grade 3 STS, but not grade 2 STS. In this cohort, 34.4% of patients had IPNs at diagnosis,
and of which, 20.1% progressed after a median time of 143 days.

This study builds on work conducted by Saifuddin et al. [6], with similar inclusion
criteria, but with a longer period of follow up and a significantly larger sample, allowing
for greater study of the progression of IPNs, rather than frequency at staging, and focusing
solely on high-grade STS. We had similar issues as these authors in terms of inconsistency
in follow up scans, meaning the rate of detection of progression may be lower than the
true value; the length of follow up here reduces the chances of this however. Our results
demonstrated that grade 3 STS patients presenting with IPNs have significantly poorer
survival than patients presenting with no metastatic disease, although this was not observed
in patients with grade 2 primaries. Previous studies in other types of sarcoma have
produced various results; Tsoi et al. demonstrated worse OS in patients with IPNs in
osteosarcoma [13], whilst Ghosh et al. found no difference [14]. Tsoi et al. also studied the
relevance of IPNs in Ewing sarcoma, finding no difference in OS [15]. It is important to
note that Tsoi et al.’s sample size for their osteosarcoma study was significantly larger than
the other two studies mentioned, allowing for much greater power to detect a difference.

This study has once again reinforced the clinical conundrum raised by IPNs and
highlights an unmet clinical need. This is particularly important given that pulmonary
nodules have been shown to have a higher risk of being malignant in sarcoma patients [16].
We analysed the factors associated with the progression of IPNs to frank metastatic dis-
ease; this occurred in 27 out of 134 patients (20.1%) with IPNs at diagnosis. The results
demonstrated that IPNs ≥ 5 mm, multiple IPNs and a bilateral IPN distribution were more
likely to be indicators of metastatic disease, as shown previously [3,6,16]. Interestingly,
the two factors with the highest HR for progression actually related to the primary rather
than the IPNs, with a primary size of ≥5 cm and a grade 3 primary having HRs of 4.55
and 6.79, respectively. Of the 27 patients with IPNs that progressed, only 3 had a primary
<5 cm and only 2 had a grade 2 primary. As suggested previously by Mayo et al. [17], this
suggests that it is important to consider the characteristics of the primary as well as the
IPN when considering the risk of progression; this is logical given that larger, higher-grade
sarcomas are associated with higher rates of metastasis in general [18]. As such, even single
IPNs < 5 mm warrant close surveillance in patients with large grade 3 primaries. The
small number of IPNs progressing prohibited examining prognostic factors separately in
different subtypes. The results demonstrated variation between the percentage of patients
developing lung metastases during follow up however, with synovial sarcoma and UPS
having particularly high rates; it would be logical that IPNs in these patients also had a
higher risk of progression.

There are currently no established guidelines to guide the follow up of IPNs on CT
staging scans in STS patients. Often, an interval scan at 3, 6 or 12 months is recommended
by radiologists to look for changes in the nodules. Our results would suggest that this is
insufficient however; 5 of the 27 IPNs that progressed did so after more than 12 months.
Given that the median time to progression was 143 days, it seems reasonable that the initial
interval scan should be performed within 6 months and be repeated after 12. Interestingly,
progression was detected via surveillance CXR in 6 out of 27 patients who progressed. This
highlights the importance of regular chest surveillance in STS patients, something which
the SAFETY trial is currently investigating [19]. Gamboa et al. previously investigated
surveillance methods in high-grade STS patients, comparing CT surveillance to CXR
surveillance, finding no improvement in detection and intervention rates in the CT arm [20].

It is important that imaging technologies advance in order to aid clinical decision
making in the management of these complex patients. The early identification of malignant
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nodules followed by rapid intervention with metastasectomy or stereotactic radiotherapy
may increase the cure rate in these patients. Relatively new technologies such as FDG PET
are still insufficient, with a false negative rate of 30% [10]. One possible solution to this
is the development of targeted agents specific to surface proteins expressed on sarcoma
cells, such as MT1-MMP [21–24]. Pringle et al. recently published preclinical data of a
targeted MT1-MMP antibody labelled with both IRDye800 and Zr-DFO [25]. Zr-DFO emits
Cerenkov luminescence and can be imaged via PET scans [26], offering the potential for
more accurate pre-operative local imaging and theoretically a differentiation between IPNs
and metastatic sarcoma deposits in the lungs. Furthermore, IRDye800 fluoresces in a similar
spectrum to indocyanine green, which is currently under investigation for its utility in
fluorescence-guided sarcoma surgery [27,28], meaning it could also be used as a targeted
fluorescent dye for intra-operative guidance using current camera systems. Given that
surgical resection is the current cornerstone of curative STS management, this dual purpose
is particularly enticing. In combination with the ever-evolving fields of machine learning
and artificial intelligence, which have already been suggested to be equal in efficacy at
identifying pulmonary nodules to consultant radiologists, huge progress could be made in
the distinction of malignant and benign pulmonary nodules over the coming years [29,30].
Ideally, this will remove the concept of IPNs, being able to accurately distinguish between
metastatic disease and benign nodules.

5. Conclusions

In conclusion, this study demonstrates that patients with grade 3 STS presenting with
IPNs have significantly worse survival than those without. It also highlights the importance
of the consideration of factors related to the primary tumour itself when evaluating the
risk of IPN progression in patients with high-grade STS; IPNs in patients with larger,
higher-grade primaries arising deep in the fascia are associated with an increased risk of
progression, as are IPNs ≥ 5 mm in diameter, multiple IPNs and a bilateral distribution.
In order to monitor for progression, we recommend that IPNs are followed up with CT
scans at 6 and 12 months. Further study in a larger cohort of people with high-grade STS is
required, particularly to allow for the analysis of the role of subtype on risk of progression.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cancers15133531/s1: Table S1: Clinical details of patients with
IPNs at diagnosis progressing to lung metastases.
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Simple Summary: Sarcomas encompass a diverse range of cancers, resulting in intricate classification
that contributes to treatment delays. The aim of this pilot study, conducted within a specific subset
of sarcoma types, is to demonstrates the feasibility of methylation and copy-number variation data
obtained from low-coverage whole-genome sequencing using Oxford Nanopore for rapid point-of-
care sarcoma classification. Oxford Nanopore sequencers are relatively affordable for laboratories,
unlike other technologies used in previous studies for methylation-based sarcoma classification. Our
findings indicate that this method attained an overall correct classification rate of 78%. This study
could serve as the foundation for a rapid point-of-care sarcoma classification test, facilitating timely
and efficient care across diverse clinical settings.

Abstract: Sarcoma classification is challenging and can lead to treatment delays. Previous studies
used DNA aberrations and machine-learning classifiers based on methylation profiles for diagnosis.
We aimed to classify sarcomas by analyzing methylation signatures obtained from low-coverage
whole-genome sequencing, which also identifies copy-number alterations. DNA was extracted from
23 suspected sarcoma samples and sequenced on an Oxford Nanopore sequencer. The methylation-
based classifier, applied in the nanoDx pipeline, was customized using a reference set based on
processed Illumina-based methylation data. Classification analysis utilized the Random Forest
algorithm and t-distributed stochastic neighbor embedding, while copy-number alterations were
detected using a designated R package. Out of the 23 samples encompassing a restricted range of
sarcoma types, 20 were successfully sequenced, but two did not contain tumor tissue, according
to the pathologist. Among the 18 tumor samples, 14 were classified as reported in the pathology
results. Four classifications were discordant with the pathological report, with one compatible and
three showing discrepancies. Improving tissue handling, DNA extraction methods, and detecting
point mutations and translocations could enhance accuracy. We envision that rapid, accurate, point-
of-care sarcoma classification using nanopore sequencing could be achieved through additional
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validation in a diverse tumor cohort and the integration of methylation-based classification and other
DNA aberrations.

Keywords: sarcoma; nanopore; methylation; copy-number; classification; machine learning

1. Introduction

Sarcoma is a cancer that originates from connective tissue [1]. Sarcomas are classified
based on tissue and cell type and are typically divided into two major groups: bone
sarcomas and soft-tissue sarcomas (STS) [2].

Sarcoma often presents as a painless mass that grows over months or years. Some
types are more likely to affect children, while others affect mainly adults. Sarcomas can
occur anywhere in the body, but the most common types occur in the arms, legs, and
abdomen [3]. Generally, the cancer grade refers to its aggressiveness and the likelihood of
spreading to other body parts. Low-grade sarcomas have a better prognosis than higher-
grade sarcomas and are usually treated surgically, although sometimes radiation therapy
or chemotherapy are used. Intermediate- and high-grade sarcomas are more frequently
treated with surgery, chemotherapy, and radiation therapy. The treatment varies according
to the exact type of sarcoma [4].

Diagnosis of bone sarcomas and soft-tissue sarcomas begins with a history, physical
examination, and imaging studies [5]. Definitive diagnosis requires a tumor biopsy with
extensive pathological review [4]. There is high inter-observer variability among patholo-
gists. Using current pathological methods, up to 80–85% of sarcoma cases are classified,
while the remaining cases remain unclassified [6]. Institutions with access to fluorescence
in situ hybridization (FISH), Sanger sequencing, massively parallel DNA sequencing, and
methylation-based arrays can gain a more accurate diagnosis by detecting point mutations,
translocations, copy-number alterations [6,7], and methylation patterns [8].

Copy-number alterations in sarcomas are relatively uncommon, except for MDM2
amplification. The MDM2 gene is located on chromosome 12q13-15 and encodes the MDM2
protein. MDM2 amplification involves the presence of multiple copies of the MDM2 gene,
which leads to elevated levels of MDM2 protein expression [9,10]. This amplification has
been associated with heightened MDM2 protein expression and is linked to the process
of de-differentiation in liposarcomas [11]. In de-differentiated liposarcoma, MDM2 is
amplified in all tumors while in other tumors such as extraskeletal osteosarcoma MDM2
amplification is found in about 40% of the tumors.

The identification of MDM2 amplification employs techniques such as fluorescence in
situ hybridization (FISH) and immunohistochemistry (IHC) to detect MDM2 overexpres-
sion, serving as the gold standard methods [12].

The DNA of normal and tumor cell types in the body carries unique methylation
marks correlating with its gene-expression profile, representing a fundamental aspect of
tissue identity [13]. Numerous independent studies have shown that most central nervous
system tumor types can be reliably identified based on their epigenetic DNA methylation.
This layer of molecular information in neuropathological practice has increased accuracy
and reduced the error rate in classifying CNS tumors [14]. A similar tool was developed
for 54 histological types of sarcomas [8]. Most studies have used Illumina-based arrays for
DNA methylation analysis, more specifically, the HumanMethylation450 with 485K CpGs
or the MethylationEPIC with 850K CpGs. These arrays are based on DNA that undergoes
bisulfite treatment that introduces specific changes in the DNA sequence that depend on
the methylation status of individual cytosine residues and thus yield single-nucleotide
resolution information about the methylation status [15].

The Oxford Nanopore sequencer can directly detect methylated base pairs (bp) with-
out bisulfite modification. The sequencing of methylated bp is achieved by differentiating
between the ionic current changes produced by unmethylated cytosine vs. 5-methylated cy-
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tosine [16]. Bisulfite-converted sequencing, which is the basis for Illumina Array, is a widely
used method for detecting DNA methylation. Nonetheless, this approach has drawbacks
including DNA degradation, limited specificity, and the production of short reads with
low sequence diversity. In comparison, nanopore sequencing technology enables the direct
detection of base modifications in native DNA, without requiring harsh chemical treatment
as in bisulfite sequencing [17]. Moreover, nanopore technology allows the sequencing of
longer DNA fragments up to about 100 kbp, allowing tumor classification based on methy-
lation patterns and chromosomal aberrations [18]. It has been demonstrated that accurate
and reliable CNS tumor classification can be performed based on methylation signatures
gained by nanopore sequencing. Studies have shown that nanopore sequencing of low-
coverage whole-genome sequencing (lcWGS) yielding a minimum set of 1000 random CpG
sites chosen from the 450K sites, is sufficient for reliable brain tumor classification [19,20].

In this study, we investigated the utility of nanopore sequencing in classifying sarco-
mas. We successfully implemented and customized a nanopore-based nanoDx pipeline [19]
to classify a restricted range of sarcoma types. The pipeline employs machine-learning algo-
rithms for methylation-based classification. In addition, we utilize copy-number alteration
to validate the classification of specific sarcoma types.

2. Materials and Methods

2.1. Patients and DNA Isolation

23 Patients diagnosed with sarcoma between 2018 to 2023 who signed an informed
consent form (0346-12) participated in this study. Surgically resected masses were freshly
frozen, and a pathological report is available for all tumors with a molecular profile using
Oncomine comprehensive panel (Thermo Fisher Scientific, Waltham, MA, USA) for some
samples. Per the manufacturer’s protocol, we extracted tumor DNA using a DNeasy blood
and tissue kit (Qiagen, Hilden, Germany). DNA was quantified by Qubit (Thermo Fisher
Scientific) or QuantiFluor (Promega, Madison, WI, USA) assays and quality controlled
(260/280 ratio) (NanoDrop, Thermo Fisher Scientific).

2.2. Nanopore WGS

Between 200 and 400 ng of genomic tumor DNA of each sample is used for library
preparation with barcode labeling using the Rapid Barcoding Kit (SQK-RBK004, Oxford
Nanopore Technologies, Oxford, UK) according to the manufacturer’s instructions. Low-
coverage whole-genome sequencing (lcWGS) is performed on a Minion Mk1C device (OS
ubuntu 18.04) using an R9.4.1 flow cell (FLO-MIN106D, Oxford Nanopore Technologies).
Sequencing was performed until the recommended 100M bps (per correspondence with
the nanoDx pipeline developer [19]). Output FAST5 files containing the raw signal data
were generated by the manufacturer’s software MinKNOW (v.22.12.5) and the equivalent
FASTQ files. They were all transferred to high-performance computing (HPC) clusters for
further analysis.

2.3. Data Analysis Pipeline

FAST5 and FASTQ files of the assigned barcode were processed on the HPC using
the nanoDx pipeline (v.5.0.1) that uses snakemake [19] v5.4.0 workflow [19,20]. This
pipeline was initially developed for nanopore methylation-based classification and used
the Heidelberg reference cohort of brain tumor methylation profiles of CpG sites probed
by Illumina BeadChip 450K array (Illumina, Cambridge, UK) [14]. The nanoDx pipeline
for brain tumor classification converts the methylation data from the 450K CpG sites to
match the nanopore methylation data type for analysis. We adapted the pipeline to use
sarcoma tumor methylation profiles obtained by the same Illumina platform from the
cohort of 1077 sarcomas tumors [8]. We downloaded the beta-value processed data from
GEO (GSE140686) and adapted it to the requirement of the pipeline code as a sarcoma
reference set.
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2.3.1. Classification

1. Methylation-based Random Forest Classification

The processing of the FAST5 files calls the methylation status of genome-wide CpG
sites of each sample using nanopolish software (v.0.13.2) [18]. The nanopolish software
assigns a binary value of 1 or 0 to each detected CpG site, indicating methylation or
unmethylation, respectively. This assignment is made through statistical analysis of the
methylation detection algorithm [18]. The methylation frequency per site is then calculated
by the fraction of reads classified as methylated. Given the fundamental differences between
the Illumina Array-based methylation beta values and the nanopore methylation frequency
values of the CpG sites, both data sources are subjected to binarization using a cutoff value
of 0.6, consistent with previous nanoDx implementations [19,20] and are compatible with
the nanopore methylation data type format. This enables the classification of each CpG site
as either methylated (>0.6) or unmethylated. Subsequently, an ad-hoc Random Forest [20]
classifier is trained using the most variable maximum of 100,000 overlapping sites within
the sarcoma reference set.

The Random Forest classifier is built in Python using the RandomForestClassifier function
from the scikit-learn package v.1.0.2 [21]. The classifier is then used to predict the methylation
class of each sample. The Random Forest-estimated class probabilities are rescaled to be more
accurately interpreted as confidence levels or “confidence scores” by the CalibratedClassi-
fierCV function from the scikit-learn package in Python, as previously described [20]. Based
on previous research conducted on CNS tumors, a confidence score greater than the threshold
value of 0.15 is regarded as a reliable classification (see Discussion Section 4) [20] (Figure 1B,C).
The sarcoma reference set was generated in the ‘HDF5’ binary data format, adhering to the
pipeline’s specifications, using R/Bioconductor and the rhdf5 package [22].

2. Unsupervised Clustering

Additional unsupervised clustering analysis using t-SNE (t-distributed stochastic
neighbor embedding) was performed on the 50,000 most variable CpG sites, and a final plot
was generated using the R package Rtsne [23] (Figure 1D). Yet, t-SNE plots are meant for
visual quality control, not classification. It can help validate the Random Forest classification
results but must be interpreted carefully (per correspondence with the nanoDx pipeline
developer [19]).

2.3.2. Copy-Number Analysis

Briefly (as of [19,20]), FASTQ files are aligned to the hg19 human reference genome (min-
imap2 v2.15) [24] for the generation of copy-number profile (Figure 1A) which is generated
from the same sequencing run using R/Bioconductor and the QDNAseq package [21]. Reads
with a minimum mapping quality of 20 were sorted into 1000 kbp bins and analyzed using
public data from a single flow cell sequencing run (FAF04090) generated with NA12878 refer-
ence DNA [22] for pseudo-germline subtraction. The circular binary segmentation method,
implemented in the PSCBS R package, was utilized for the analysis. Change points were ac-
cepted based on an alpha value < 0.05. Arm-level copy-number calls were made by calculating
the segment length weighted mean log ratio per chromosome arm.

2.3.3. Reporting

All the analysis and classification results are reported in a PDF file. Extracts from a typical
PDF report are depicted in Figure 1. The full report format of all cases is shown in File S1.
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Figure 1. Extracts from an example of the final nanoDx analysis report for sample SARC-09 of a female
patient with retroperitoneal MDM2 amplified well-differentiated liposarcoma. (A): Copy-number
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profile. The x-axis is the chromosomal location, and the y-axis is the read counts (log2 transforma-
tion). The MDM2 amplification is shown in chromosome 12. (B): Bar plot of the Random Forest
classification voting results. The category (y) axis shows this sample’s 10 most frequent methylation
classification votes and the percentage voting rate in the x-axis. (C): Bar plot of the confidence score
of the voted Random Forest classification (in B). The most confident classification of this sample is
“well/dedifferentiated liposarcoma” (WDLS/DDLS), with a confidence score of 0.45. This confidence
score validates the top classification in the voting results (B) as a correct one. (D): t-SNE plot shows
the clustering of the methylation pattern of the specific sample (circled cross sign) among the other
methylation patterns of the sarcomas in the reference set. It shows that the sample clusters very close
to the WDLS/DDLS group (dark yellow), as classified by the Random Forest classifier. Abbreviation:
AFH, angiomatoid fibrous histiocytoma; AFX/PDS, atypical fibroxanthoma/pleomorphic dermal
sarcoma; ALMO/MPC, angioleiomyoma/myopericytoma; AS, angiosarcoma; ASPS, alveolar soft
part sarcoma; CB, chondroblastoma; CCS, clear cell sarcoma of soft parts; CCSK, clear cell sarcoma of
the kidney; CHORD, chordoma; CHORD (DD), chordoma (dedifferentiated); CSA (A), chondrosar-
coma (group A); CSA (B), chondrosarcoma (group B); CSA (CC), chondrosarcoma (clear cell); CSA
(IDH A), chondrosarcoma (IDH group A); CSA (IDH B), chondrosarcoma (IDH group B); CSA [25],
chondrosarcoma (mesenchymal); CTRL (BLOOD), control (blood); CTRL [26], control (muscle tissue);
CTRL (REA), control (reactive tissue); DFSP, dermatofibrosarcoma protuberans; DSRCT, desmoplastic
small round cell tumor; DTFM, desmoid-type fibromatosis; EHE, epithelioid hemangioendothelioma;
EMCS, extraskeletal myxoid chondrosarcoma; ES, epithelioid sarcoma; ESS (HG), endometrial stro-
mal sarcoma (high grade); ESS [27], endometrial stromal sarcoma (low grade); EWS, Ewing’s sarcoma;
FDY, fibrous dysplasia; GCTB, giant cell tumor of bone; GIST, gastrointestinal stromal tumor; IFS,
infantile fibrosarcoma; IMT, inflammatory myofibroblastic tumor; Kaposi, Kaposi sarcoma; LCH,
Langerhans cell histiocytosis; LGFMS, low-grade fibromyxoid sarcoma; LIPO, lipoma; LMO, leiomy-
oma; LMS, leiomyosarcoma; MEL (CUT), melanoma (cutaneous); MLS, myxoid liposarcoma; MO,
myositis ossificans; MP, myositis proliferans; MPNST, malignant peripheral nerve sheath tumor;
MRT, malignant rhabdoid tumor; NFA, nodular fasciitis; NFB, neurofibroma; NFB (PLEX), neurofi-
broma (plexiform); OB, osteoblastoma; OFMT, ossifying fibromyxoid tumor; OS (HG), osteosarcoma
(high grade); RMS [4], rhabdomyosarcoma (alveolar); RMS [28], rhabdomyosarcoma (embryonal);
RMS (MYOD1), rhabdomyosarcoma (MYOD1); SARC (MPNST-like), sarcoma (MPNST-like); SARC
(RMS-like), sarcoma (RMS-like); SBRCT (BCOR), small blue round cell tumor with BCOR alteration;
SBRCT [29], small blue round cell tumor with CIC alteration; SCC (CUT), squamous cell carcinoma
(cutaneous); SEF, sclerosing epithelioid fibrosarcoma; SFT, solitary fibrous tumor; SWN, schwannoma;
SYSA, synovial sarcoma; USARC, undifferentiated sarcoma; WDLS/DDLS, well/dedifferentiated
liposarcoma; t-SNE, t-distributed stochastic neighbor embedding.

3. Results

3.1. DNA Extracted from Sarcoma Surgical Samples Are Successfully Utilized for Nanopore Sequencing

Out of the 23 samples, 20 were successfully run using nanopore and met the minimum
sequencing coverage required to be processed by the nanoDx pipeline (see Methods). These
include 18 tumors representing a limited range of 11 pathologically identified sarcoma
types and 2 masses with no tumor; hence, we included in the statistical analysis the
18 tumor samples (Table 1). The included samples had a mean read length of 3966 bp (range
1310–7078), the mean number of CpG sites covered is 27594 (range 6539–100,000, Table S1),
and the mean coverage is 0.53X (range 0.03X–6.4X).

The 2 non-tumor samples (not shown in Table 1) were analyzed in the pipeline. They
have a mean read length of 1262 and 5769 bp, several CpG sites covered 7436 and 20,895,
and coverage of 0.04X and 0.08X, respectively (Table S1).
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3.2. Low-Overage DNA Methylation Successfully Classifies Sarcoma

The classification of sarcoma samples using the nanoDx Random Forest exhibited
a concordance rate of 78% (14/18) with the pathological report (Table 1; File S1). The median
confidence score of the Random Forest voting of the concordant classifications is 0.18 (range
0.08–0.88), with half above the threshold (0.15) considered the correct classification of
CNS tumors. The Random Forest mean voting rate of the most confident concordant
classifications is 11.23% (4.4–27.6%, Table 1).

Of the 18 samples analyzed, 4 (22%) exhibit discordant classification with the pathology
report. One (SARC-07) is classified as a Ewing sarcoma (EWS) with a confidence score of
0.91 and a Random Forest voting rate of 30%. According to the pathologist, it is a small
round blue cell tumor with no EWS translocation detected using FISH.

The two Myxofibrosarcomas samples (SARC-12, SARC-22) were not classified correctly,
as well as the chondrosarcoma sample (SARC-13). In these three samples, the confidence
score is 0.04 to 0.07.

The two non-tumor samples were discordantly classified as undifferentiated sarcoma
(USARC) and malignant peripheral nerve sheath tumor (MPNST) with confidence scores
of 0.03 and 0.05, respectively (Table S1; File S1).

3.3. t-SNE Unsupervised Clustering Matches Concordant Classifications

Based on the methylation fingerprint, out of the 14 cases that exhibited concordant
classification with the pathology report, 12 (86%) were also clustered by the t-SNE analysis
in agreement with the Random Forest classification (Table 1). Of the 4 discordant Ran-
dom Forest classifications, 2 were not clustered by t-SNE analysis in agreement with the
classification. They both had a low-confidence score of 0.04.

Notably, there is a discordant case (SARC-07) in which the final pathological report
disagreed with the Random Forest classification. Nevertheless, there is an agreement
between the t-SNE clustering and the Random Forest classification. This case achieved the
highest confidence score of 0.91 and the highest Random Forest voting rate of 30%.

All the cases in the cohort where the t-SNE clustering disagreed with the Random
Forest classification had low-confidence scores (range 0.04–0.10).

The t-SNE clustering also disagreed with the classification of the 2 non-tumor samples
(excluded from the cohort) that also achieved low-confidence scores (0.03, 0.05).

3.4. Copy-Number Analysis Detects Typical Sarcoma Alteration

In 5 samples (28%), copy-number analysis identified MDM2 amplification, as depicted
in Figure 1A and Table 1. All samples with MDM2 amplifications were classified under
the methylation class of ‘well/dedifferentiated liposarcoma’ (WDLS/DDLS), characterized
by MDM2 amplification [7]. In these instances, the MDM2 amplification validates the
classification results. In one well-differentiated liposarcoma sarcoma, MDM2 amplification
is not identified. The analysis of copy-number variations did not produce any particular
modifications linked to alternative subtypes of sarcoma.

4. Discussion

This pilot study presents several key findings. First, in a cohort of 23 surgically resected
sarcoma tumors, 20 were successfully sequenced using an Oxford Nanopore device with
low-coverage whole-genome sequencing (lcWGS). Out of the 20 samples, 2 did not contain
tumor tissue, and 18 tumors were included in the study. The 18 tumors included a limited
range of 11 pathologically identified sarcoma types. Among the 18 tumors, 14 were
classified in agreement with the pathological report based on their methylation fingerprints.
Copy-number alterations were also detected from the same sequencing data and were used
to validate the classification. Specifically, MDM2 amplification is successfully identified in
five out of six liposarcomas [7].

Our results were accomplished by tailoring the nanoDx classification pipeline specifi-
cally for sarcoma tumors [19,20]. We achieved a significant concordant classification rate
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of 78% (14/18) for the restricted sarcoma types by making a single effective adjustment
to the pipeline incorporating our in-house-built sarcoma reference set. This reference set
is generated using Illumina Array data [8]. Although Illumina Array has limitations, as
discussed in the Introduction section [17], it currently stands as our sole data source for
constructing the machine-learning sarcoma training set for methylation-based.

It’s worth noting that no changes were made to parameters related to the training of
the Random Forest, such as the minimum number of CpG sites required for training or
other hyperparameters [20]. The successful implementation of nanopore methylation-based
classification using the nanoDx pipeline in this study for sarcomas indicates its potential
applicability to other cancer types. It implies that low-pass methylation data obtained
through nanopore sequencing might be meaningful and adequate to achieve a satisfactory
classification rate using the Random Forest classification approach in other cancers. This
potentially can be achieved by making similar adaptations to the current pipeline. However,
as Koelsche and von Deimling pointed out, applying a methylation-based approach in
hematopoietic tumors may present greater challenges than CNS or mesenchymal-derived
tumors. This is primarily due to the already well-established classification system in
hematopoietic tumors, which heavily relies on specific mutational events. Since indi-
vidual mutations do not influence cellular methylation patterns in most cases, further
evidence is needed to demonstrate their contribution to the existing classification system of
hematopoietic tumors [30].

In CNS nanopore methylation-based classification, a confidence score is implemented.
A platform-specific threshold is determined to ensure a more precise interpretation of the
classifier results in a clinical context. The classification above a confidence score of 0.15 is
considered reliable [20]. This study’s median confidence score for the concordant cases is
0.18 (range 0.08–0.87), comparable to the confidence score observed in CNS classification.
However, a nanopore-specific confidence score threshold for accurate interpretation has not
yet been determined for sarcomas. Establishing such a threshold will help ensure a precise
interpretation of the nanopore methylation-based classification results in sarcoma cases.

Factors such as low tumor cell content and DNA quality can influence confidence score
values [20]. The current nanopore sequencing method is primarily optimized for fresh tissue
samples from biopsies or collected during surgical procedures [20,30]. Using only fresh
tissues is a limitation that restricts the ability to select sample regions with high tumor purity.
Consequently, this can result in a methylation pattern that significantly deviates from that of
cancerous tissue leading to a non-valid classification that is indicated by a low-confidence
score. Furthermore, the possibility that the sample belongs to unknown sarcoma entities or
different tumor types not represented in the Random Forest classifier training set [8,23] can
also contribute to lower confidence scores and potentially discordant classifications.

Genomic alterations detected by copy-number analysis can help achieve more reliable
classification, particularly in low-confidence score cases. In our results, six cases with
low-confidence scores (range 0.08–0.14) were also classified in agreement with the t-SNE
clustering analysis and the pathology report. In three of them, which are classified as
liposarcoma (WDLS/DDLS), we identified the MDM2 amplification. This emphasizes the
added value of the copy-number profile in validating the methylation-based classification
results, mainly when a low-confidence value is achieved. Thus, as pointed out in [8,30],
developing additional classifiers combining methylation patterns with other molecular
parameters such as sequencing data, proteomic signatures, and histology might increase
diagnostic accuracy.

In four cases (22%), the pathology report disagrees with the Random Forest classi-
fications. Three of these cases achieved the lowest confidence score in the cohort (range
0.04–0.07). Moreover, the two non-tumor samples excluded from the cohort achieved
a similar low-confidence score (0.03–0.05). Overall, all the cases that achieved a confidence
score below 0.08 disagreed with the Random Forest classifications. This might imply that
a confidence score lower than 0.08 indicates a non-valid classification in sarcoma. Still, this
hypothesis should be tested in further research.
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Particular attention should be focused on a specific instance of discordant classification
referred to as SARC-07. In this case, the EWS class obtained a confidence score of 0.91.
Notably, this class’s Random Forest voting rate was remarkably high, at 30%, the highest
among the entire cohort. Furthermore, the t-SNE clustering result also aligned with the
assigned classification. The pathology report for SARC-07 classifies it as a small round
blue cell sarcoma (SRBCS) without EWS translocations through FISH analysis. EWS, which
frequently manifests as SRBCS, typically involves the prototypical translocation of the
ESWR1 gene with genes from the ETS family [31]. An additional SRBCS type, based
on distinct pathology, molecular analysis, and clinical observations indicating a highly
aggressive clinical course [32,33], is a distinct entity termed “CIC rearranged sarcoma” [34].
Given these findings, we suspect SARC-07 might be a case of CIC rearranged sarcoma,
warranting molecular reassessment. Further investigation could potentially result in the
reclassification of this case, leading to its inclusion among the concordant cases.

The findings of this pilot study should be interpreted with caution, considering the
following limitations:

First, the hyperparameters of the Random Forest machine-learning algorithm, such as the
minimum number of CpG sites required for model training and confidence score threshold,
were determined based on the analysis of CNS tumor methylation data obtained by nanopore
sequencing [19,20]. These hyperparameters were not adjusted or explicitly recalibrated to
analyze sarcoma nanopore methylation data. Consequently, there is potential to enhance the
classification process by rescaling these parameters specifically for sarcoma data.

Second, this study’s limited size and diversity of the sarcoma cohort do not adequately
represent the wide range of sarcoma types. Therefore, it is impossible to definitively claim
that this customized classification pipeline is suitable for reliably classifying all sarcoma
subtypes based on nanopore lcWGS methylation data.

Last, it is essential to note that the current reference set used in this study comprised
62 sarcoma methylation classes [8]. The analysis of additional sarcoma samples will
contribute to further improvement of this tool [30].

However, it is essential to underscore that achieving a more accurate sarcoma classifi-
cation can be facilitated by integrating supplementary layers of sarcoma-related data into
the statistical analysis. These layers involve transcriptomic and proteomic analyses and
consider pathological features and metabolic characteristics. Additionally, incorporating
supplementary genomic and molecular data, such as copy-number alterations and point
mutations, should be explored in conjunction with the current methylation data.

Despite these limitations, the classification concordance rate is significant, relying only
on nanopore methylation data and minimal pipeline adaptations for sarcomas.

5. Conclusions

Previous studies have established the validity of methylation-based classification using
Illumina Array methylation data, particularly in sarcomas and CNS tumors [8,14]. Illumina
Array has limitations such as GC bias, time-consuming procedures, and reliance on central
high-volume laboratories. In contrast, nanopore sequencing devices offer compact, rapid, and
accessible technology that detects methylation patterns, point mutations, translocations, and
copy-number alterations [16,18]. In the future, we expect that upcoming studies involving
nanopore methylation data could provide more suitable and accurate information, potentially
presenting an alternative to the currently employed Illumina-based methylation data.

In this study, we successfully customized the nanopore methylation-based classifica-
tion pipeline for a restricted range of 11 pathologically identified sarcoma tumor types.
This highlights its potential for aiding in the timely diagnosis of sarcoma. However, further
validation is necessary across a broader range of tumors and in different centers, along with
appropriate statistical refinement tailored for sarcomas. A more elaborate classifier that
combines methylation patterns with sarcoma-specific CNA, translocations, point mutations,
and additional multi-omic data layers is expected to increase accuracy further.
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With these advancements, this method can potentially add to sarcoma diagnosis,
providing accurate classification in a faster, point-of-care manner. Furthermore, rapid
detection of methylation patterns, copy-number alterations, and translocation might be
used in the future to plan patient-specific cell-free DNA biomarkers and shed light on
sarcoma biology.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers15164168/s1, File S1: Final nanoDx reports of all 23 cases, including
an extract of the pathology microscopic report; Table S1: Supplemental data including additional
sequencing and classification information.
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Simple Summary: Undifferentiated pleomorphic sarcomas (UPSs) represent 10–20% of all soft tissue
sarcomas (STSs) and have quickly emerged as one of the more immune-sensitive types. There are
few real-world data on the use of immune checkpoint blockade (ICB) in UPS patients and those
with other high-grade pleomorphic STSs. This is a retrospective, observational study of all patients
with metastatic high-grade pleomorphic sarcomas treated with FDA-approved ICB at MD Anderson
Cancer Center intended to describe the efficacy and toxicity of ICB in this particular group of patients.
We find that our outcomes are comparable to those in the published literature and pose a question
regarding the need to further evaluate the optimal sequencing of radiotherapy and prior lines of
systemic therapy.

Abstract: Background: Undifferentiated pleomorphic sarcomas (UPSs) are amongst the most common
subtypes of soft-tissue sarcomas. Few real-world data on the use of immune checkpoint blockade
(ICB) in UPS patients and other high-grade pleomorphic STS patients are available. Purpose: The
purpose of our study is to describe the efficacy and toxicity of ICB in patients with advanced UPSs and
other high-grade pleomorphic sarcomas treated at our institution. Methods: This is a retrospective,
observational study of all patients with metastatic high-grade pleomorphic sarcomas treated with
FDA-approved ICB at MD Anderson Cancer Center between 1 January 2015 and 1 January 2023.
Patients included in trials for which results are not yet published were excluded. Results: Thirty-
six patients with advanced/metastatic pleomorphic sarcomas were included. The median age
was 52 years. A total of 26 patients (72%) had UPSs and 10 patients (28%) had other high-grade
pleomorphic sarcomas. The median follow-up time was 8.8 months. The median PFS was 2.9 months.
The 3-month PFS and 6-month PFS were 46% and 32%, respectively. The median OS was 12.9 months.
The 12-month OS and 24-month OS were 53% and 29%, respectively. The best response, previous
RT, and type of ICB treatment were significantly and independently associated with shorter PFS
(p = 0.0012, p = 0.0019 and p = 0.036, respectively). No new safety signal was identified, and the
toxicity was overall manageable with no toxic deaths and only four patients (11%) stopping treatment
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due to toxicity. Conclusions: Real-world retrospective data are consistent with the published literature,
with a promising 6-month PFS of 32%. Partial or stable responders to ICB treatment have significantly
improved PFS compared to progressors.

Keywords: immunotherapy; anti-PD1; real world; sarcoma; undifferentiated pleomorphic sarcomas;
survival; clinical

1. Introduction

Undifferentiated pleomorphic sarcomas (UPSs) are amongst the most common sub-
types of soft-tissue sarcomas (STSs), representing 10–20% of all STSs [1,2]. Morphologically,
UPS consists of pleomorphic spindle cells with no specific line of differentiation [3] and is a
specific entity distinct from other high-grade pleomorphic sarcomas not otherwise speci-
fied [4,5]. The mainstay of advanced/metastatic treatment for STSs in general and UPSs in
particular consists of systemic therapies, with doxorubicin-based [6,7] and gemcitabine-
based treatments used as front-line treatment, with a median progression-free survival (PFS)
of around 6 months and a median overall survival (OS) of around 18–20 months [2,8–12].

UPS has quickly emerged as one of the more immune-sensitive types of STS, which
was identified during the first immune checkpoint blockade (ICB) clinical trials in patients
with advanced and pretreated STS with an objective response rate (ORR) of 20–40% and a
median PFS of 3 months [13–19], whereas other types of sarcomas such as leiomyosarcomas
or synovial sarcomas have an ORR < 10% with ICB. Building upon this, several clinical
trials have looked at the role of combination therapies with ICB across several STS types,
including UPSs, and demonstrated increased efficacy of combination treatments over single
agents [20–23]. These combinations are now moving to the earlier setting including first-line
advanced [19] and peri-operative settings [24].

While there is an increasing number of ICB-based clinical trials with UPS patients,
few real-world data on the use of ICB in UPS patients and other high-grade pleomorphic
STS patients are available. Thus, our aim was to describe the efficacy and toxicity of ICB
in patients with advanced UPSs and other high-grade pleomorphic sarcomas treated at
our institution.

2. Materials and Methods

2.1. Study Design

This is a retrospective, observational study of all patients with high-grade pleomorphic
sarcomas treated at MD Anderson Cancer Center between 1 January 2015 and 1 January
2023 with anti-PDL1 and anti-CTLA4 ICB. Patients were identified through our MD Ander-
son Cancer Center’s pharmacy database using the following molecule names: ipilimumab,
nivolumab, durvalumab, tremelimumab, atezolizumab, and pembrolizumab. Patients
receiving ICB outside of our institution were not identified and, thus, not included. Patients
with at least one month of follow-up after initiation of ICB were included. To keep a homo-
geneous cohort, patients with localized disease receiving ICB treatment in the neoadjuvant
setting were excluded. Patients included in trials for which results are not yet published
were excluded.

Clinical variables recorded included demographic characteristics such as sex, age, BMI,
race and ethnicity, and European Cooperative Oncology Group (ECOG) performance status
at initiation of ICB treatment. Disease-associated variables collected included the site of the
primary tumor, stage at ICB treatment (locally recurrent/advanced or metastatic), location
of metastasis if present, tumor size (biggest dimension, evaluated per RECIST criteria) [25]
at ICB, and histologic type. Prior treatment modalities were recorded, including systemic
therapies, radiation therapy (RT), and surgical resections. For patients with multiple
surgical resections, treatment modalities (chemotherapy regimens and RT) between each
surgical resection and any eventual recurrence were recorded. Variables pertaining to ICB
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treatment included the type of ICB treatment, whether it was administered as a standalone
or in combination with another type of systemic therapy or RT, the best radiographic
response by Response Evaluation Criteria In Solid Tumors version 1.1 (RECIST1.1) [25], any
toxicities experienced, time on treatment, time to progression, and the reason for treatment
discontinuation. The last known status of each patient was censored as of 5 April 2023.

Pathology was evaluated by experienced pathologists (RN and AL) in soft-tissue
tumors to differentiate between UPSs and other high-grade pleomorphic sarcomas.

ORR is defined as the percentage of patients who achieve a response, whether complete
response (complete disappearance of lesions) or partial response (reduction in the sum of
maximal tumor diameters by at least 30% or more) per RECIST1.1. Clinical benefit rate
(CBR) is defined as the percentage of advanced cancer patients who achieve complete
response, partial response, or stable disease for at least 6 months as a result of therapy [25].

This retrospective study of patients treated with sarcomas was approved by the
Institutional Review Board.

2.2. Statistical Considerations

Categorical variables were reported as percentages and continuous variables as me-
dians and interquartile ranges (IQRs). Comparisons between categorical variables were
conducted using Fisher’s exact test. Progression-free survival (PFS) was defined as the
time from initiation of ICB treatment to radiographic or clinical progression, death of any
cause, or last follow-up, whichever occurred first. Overall survival (OS) was defined as
the time from initiation of ICB treatment to death of any cause or last follow-up. The
median PFS and OS were calculated using the Kaplan–Meier method, and a 95% confidence
interval (95% CI) was estimated. We used the log-rank method to compare the significance
of differences between survival curves. The association of clinical factors (disease stage,
location of primary, sex, age, ECOG performance status (PS), presence of lung or liver
metastasis, number of prior systemic lines, prior receipt of RT, type of ICB received and
combination or single agent, and radiographic best response RECIST1.1) with PFS and OS
was assessed using Cox univariate and multivariable proportional hazard models. Only
those variables that were associated with survival at p < 0.1 in univariate models were
included in the multivariable model. All analyses were performed using GraphPad Prism
version 9 and IBM SPSS version 26.

3. Results

3.1. Patient Characteristics

Thirty-six patients with advanced/metastatic pleomorphic sarcomas were included in
this study. Patient demographics and disease characteristics are outlined in Table 1. The
median age of the patients at the time of initiation of ICB treatment was 52 years (range:
22–79), and 66% were male (n = 24/36). Most patients had an ECOG performance status
of 1 (n = 23; 64%). The median body mass index (BMI) at the time of ICB treatment was
30.3 (range: 20–52). The disease histology was UPS in 72% of patients (n = 26/36). The
median size of the biggest tumor at the start of ICB treatment was 6 cm (range: 1.3–25).
The site of the primary tumor was divided between extremities (n = 15; 42%), trunk (n = 15;
42%), and other (n = 6; 16%), respectively. Lung and liver metastases were seen in 72%
(n = 26) and 11% (n = 4) of patients, respectively.

Regarding treatment modalities prior to ICB treatment, 61% (n = 22/36) of patients
had prior RT, including neoadjuvant or adjuvant RT for primary sarcoma in 36% (n = 8/22)
of cases and palliative intent RT in 64% (n = 14/22) of cases. The median time between the
last RT treatment and initiation of ICB was 12 months (IQR: 1.9–49.7). Eight patients (22%)
received subsequent courses of RT at any time after the start of ICB with a median of two RT
treatments (IQR: 1–3). The median number of surgical resections prior to ICB treatment was
one (range: 0–8), and the median number of lines of systemic therapy prior to ICB treatment
was two (range: 0–10). Patients received prior anthracycline-based and gemcitabine-based
chemotherapy in 72% (n = 26/36) and 75% (n = 27/36) of cases, respectively. As 53%
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(n = 19/36) of patients received their first line of chemotherapy in the peri-operative setting
(neoadjuvant and/or adjuvant), the median number of prior systemic lines in the metastatic
setting was 1.5 (range 0–6).

Table 1. Patient and disease characteristics.

Characteristic Category

N (%)/Median [Range]

Whole Cohort
N = 36

UPS
N = 26

Other
N = 10

Age at first ICB (years) 52 [22–79] 52 [22–79] 53 [30–79]

Sex Male
Female

24 (66)
12 (33) 18 (69) 6 (60)

Race Caucasian
African American

31 (86)
5 (14) 22 (85) 9 (90)

ECOG performance status
0
1
2

11 (30)
23 (64)
2 (6)

10 (38) 1 (10)

BMI 30.3 [20–52] 31 [21–50] 26 [20–52]

Histology
UPS

Other unclassified
pleomorphic

26 (72)
10 (28)

26 (100)
0

0
10 (100%)

Biggest tumor diameter at start of
ICB (cm) 6 [1.3–25] 5.3 [1.3–22] 6.7 [1.5–25]

Lung metastasis 26 (72) 18 (69) 8 (80)

Liver metastasis 4 (11) 2 (8) 2 (20)

Site of primary tumor
Extremities

Trunk
Other *

15 (42)
15 (42)
6 (16)

12 (46)
10 (38)
4 (16)

3 (30)
5 (50)
2 (20)

Previous RT prior to ICB Yes 22 (61) 17 (65) 5 (50)

Number of surgical resections
prior to ICB 1 [0–8] 1 [0–6] 2 [1–8]

Number of lines of systemic
therapy prior to ICB 2 [0–10] 2 [0–5] 4 [1–10]

Type of ICB ** treatment

Standalone ICB
Combination of ICB + ICB
Combination of ICB + RT

Combination of ICB + chemo
or antiangiogenic

15 (42)
16 (44)

3 (8)
2 (6)

11 (42)
10 (38)
3 (12)
2 (8)

4 (40)
6 (60)

0
0

Received ICB as part of a
clinical trial 25 (69) 18 (69) 7 (70)

Best response to ICB

Partial/complete response
Stable disease

Progressive disease
Unknown

3 (8)
9 (25)

21 (58)
3 (9)

3 (12)
6 (23)

15 (58)
2 (7)

0
3 (30)
6 (60)
1 (10)

* Other sites of disease include abdomen, heart, and lumbar spine, ** ICB drugs used: atezolizumab, durvalumab,
ipilimumab, nivolumab, pembrolizumab, tremelimumab. Abbreviations: ICB, immune checkpoint blockade;
ECOG, Eastern Cooperative Oncology Group; BMI, Body Mass Index; UPS, undifferentiated pleomorphic sarcoma;
RT, radiotherapy.

The ICB treatments received were atezolizumab (n = 2), durvalumab (n = 11), ipili-
mumab (n = 2), nivolumab (n = 5), pembrolizumab (n = 14), tremelimumab (n = 11), and
other PDL1 inhibitors (n = 3). ICB treatment was given either as single-agent standalone
therapy (n = 15; 42%), in combination with another ICB agent (n= 16; 44%), in combination
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with RT (n= 3; 8%), or in combination with chemotherapy or an antiangiogenic (n = 2; 6%).
Twenty-five patients (69%) received ICB as part of a clinical trial.

3.2. Responses to ICB

The best response of patients to treatment was progression of disease (n = 21; 58%),
stable disease (n = 9; 25%), partial response (n = 2; 6%), or complete response (n = 1;
3%). One patient with UPS achieved CR after seven cycles of pembrolizumab, having
received prior RT (56 months prior to ICB) and one prior line of gemcitabine-based systemic
therapy. Three patients did not have an evaluable response due to logistical issues related
to insurance coverage that prevented imaging at MD Anderson after ICB start. Responses
are illustrated in the waterfall plot shown in Figure 1.

Figure 1. Waterfall plot by histology: purple represents UPS, and blue represents other pleomor-
phic sarcomas.

In the 33 patients with an evaluable response by imaging, the ORR was 9.1% (n = 3/33)
and the CBR was 30.3% (n = 10/33). Table 2 shows the response rates according to the
studied clinical characteristics. Previous RT, sex, BMI, histology, presence of liver or lung
metastasis, number of previous lines of systemic therapy, and type of ICB treatment did
not statistically significantly affect CBR. None of the aforementioned characteristics had a
significant impact on ORR either.

Table 2. Response rates according to clinical characteristics.

Variable
N (%)

Number of
Patients *

Objective Response
Rate (ORR)

ORR p-Value
Clinical Benefit

Rate (CBR)
CBR p-Value

All cohort 33 3 (9.1) - 10 (30.3) -

Histology
UPS

Other
24
9

-
3 (12.5)

0 (0)
0.54

-
7 (29.2)
3 (33.3)

1
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Table 2. Cont.

Variable
N (%)

Number of
Patients *

Objective Response
Rate (ORR)

ORR p-Value
Clinical Benefit

Rate (CBR)
CBR p-Value

Previous
Radiotherapy

Yes
No

20
13

-

2 (10)
1 (7.7)

0.54

-

4 (20)
6 (46)

0.14

Previous Radiotherapy
Intent
Peri-op

Palliative
12
8

1 (8)
1 (12.5)

1 2 (17)
2 (25)

1

Number of
Previous Systemic

Therapies
≤2
>2

18
15

-

3 (16.7)
0 (0)

0.233

-

7 (38.9)
3 (20)

0.28

Lung Metastasis
Yes
No

24
9

-
3 (12.5)

0 (0)
0.54

-
9 (37.5)
1 (11.1)

0.22

Liver Metastasis
Yes
No

3
30

-
0 (0)

3 (10)
1

-
0 (0)

9 (30)
0.54

ICB Combination
Type

Standalone
Combination

13
20

-

2 (15.4)
1 (5)

0.55

-

5 (38.5)
5 (25)

0.46

Sex
Male

Female
21
12

-
2 (9.5)
1 (9.1)

1
-

6 (28.6)
3 (27.3)

1

BMI
<25
>25

8
25

-
0 (0)

3 (12)
0.56

-
1 (12.5)
9 (36)

0.38

* A total of 33 patients were evaluable for response.

3.3. Progression-Free Survival with ICB

With a median follow-up time of 8.8 months, the median PFS was 2.9 months, as seen
in Figure 2A. The 3-month PFS and 6-month PFS were 46% and 32%, respectively.

The median PFS was 2.9 months and 3.8 months in the UPS group and in the other
high-grade pleomorphic sarcoma group, respectively.

In univariate analyses of PFS (Table 3; Figure 3), ICB combination was associated
with significantly shorter PFS (combination: 2.3 months vs. no combination 9.2 months,
p = 0.021) while previous RT, sex, histology, age, presence of liver or lung metastasis, and
number of previous lines of systemic therapy did not. Sarcoma histology (UPSs vs. other
high-grade pleomorphic sarcomas) did not have a statistically significant impact on PFS
(p = 0.93) (Figure 4A). The previous number of systemic lines of therapies (>2 vs. 1 or 2) was
not significantly associated with PFS despite an HR of 2.06 (p = 0.053). Likewise, previous
RT was not significantly associated with PFS despite an HR of 0.49 (p = 0.054).

The best response to ICB treatment was significantly associated with PFS (p = 0.0012)
(Figure 5A): the median PFS was 40.7 months and 5.6 months in patients whose tumors re-
sponded (PR/CR) and stabilized (SD) per RECIST 1.1, respectively, compared to 2.2 months
in non-responders.
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Figure 2. Outcomes of the whole cohort: (A) progression-free survival; (B) overall survival.
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Table 3. Progression-free survival according to clinical characteristics.

Variable
Number of

Patients
Median PFS

(Months, IQR)
Univariate HR

(95%CI)
p-Value

Cox Multivariate
(a) HR (95%CI)

p-Value

Sex
Male

Female

-
24
12

-
2.7 (1.6–9)
3.1 (2–5.3)

1.33 (0.60–2.92)
-
-

0.48
-
-

Race
Caucasian

African American

-
31
5

-
3.3
1.6

0.6 (1.9–2.2)
-
-

0.4
-
-

Age
0–65

>65 years

-
25
11

-
3 (1.5–8.8)

2.5 (1.6–6.6)

1.2 (0.5–2.6)
-
-

0.68
-
-

Performance Status
0, 1
2+

-

Histology
UPS

Other unclassified
pleomorphic

-
26
10

-
2.9 (1.68–7.64)
3.8 (1.64–6.21)

0.97 (0.44–2.09)
-
-

0.92

Previous
Radiotherapy

Yes
No

-
22
14

-
2.2 (1.3–3.5)
5.4 (3–13.1)

0.49 (0.24–1.01)
-
-

0.054
-
-

0.39 (0.18–0.86) 0.019

ICB Combination
Type

Standalone
Combination

-
15
21

-
9.2 (2.1–11.2)
2.3 (1.4–3.32)

0.42 (0.23–0.92)
-
-

0.0207
-
-

0.4 (0.17–0.94)
0.036

Number of Previous
Systemic Therapies

≤2
>2

-
19
17

-
3.68 (1.9–9.2)
2.4 (1.3–5.3)

2.06 (0.93–4.29)
-
-

0.053
-
-

0.65 (0.29–1.45) 0.29

Lung Metastasis
Yes
No

-
26
10

-
3 (1.4–5.6)

2.8 (1.9–8.5)

0.95 (0.45–2.0)
-

0.94
-
-

Liver Metastasis
Yes
No

-
4

32

-
2.5 (2–7.6)
3 (1.5–7.2)

1.012 (0.34–3.0)
-

0.98
-
-

PFS = progression-free survival; ICB = immune checkpoint blockade; HR = hazard ratio; RT = radiotherapy;
UPS = undifferentiated pleomorphic sarcoma; (a) multivariate model included previous radiotherapy, number of
previous systemic therapies, and type of ICB combination. Values in bold have p-values < 0.05.

In the multivariate analysis including RT prior to ICB treatment, the number of
previous systemic therapies (>2 vs. 1 or 2), and the type of ICB treatment (standalone
vs. combination), only previous RT and the type of ICB treatment were significantly
and independently associated with shorter PFS (p = 0.0019 and p = 0.036, respectively,
Table 3). There was no significant difference in PFS (p = 0.52) between patients receiving
peri-operative RT and patients receiving RT with palliative intent in the metastatic setting
(Supplementary Figure S1).
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Figure 3. Progression-free survival stratified by (A) number of lines of systemic therapy prior to ICB,
(B) exposure to radiotherapy (RT) prior to ICB, and (C) type of ICB treatment.
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Figure 4. Outcomes stratified by histology: (A) progression-free survival; (B) overall survival.
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Figure 5. Outcomes stratified by best response to ICB: (A) progression-free survival; (B) overall
survival.

3.4. Overall Survival with ICB

The median OS was 12.9 months in the whole cohort (Figure 2B). The 12-month OS
and 24-month OS rates were 53% and 29%, respectively.

The median OS was 12.9 months and 15 months in the UPS group and in the other
high-grade pleomorphic group, respectively.

In the univariate analyses for OS, previous RT had a statistically significant impact
on OS (HR = 0.44, previous RT 7.9 months vs. no previous RT 17.5 months, p = 0.047,
Supplementary Table S1 and Supplementary Figure S2) while age, race and ethnicity, sex,
histology, presence of liver or lung metastasis, number of previous lines of systemic therapy
(Supplementary Figure S3), and type of ICB combination (Supplementary Figure S4) did
not. Sarcoma histology (UPSs vs. other pleomorphic sarcomas) did not have a statistically
significant impact on OS (p = 0.90) (Figure 4B).

The best response to ICB treatment per RECIST1.1 significantly impacted OS (p = 0.011)
(Figure 5B): the median OS was not attained and 18.6 months in patients whose tumors
responded and stabilized per RECIST 1.1, respectively.

3.5. Previous Radiation Therapy

Due to the results on the impact of previous radiation therapy, we performed ad-
ditional analyses to compare patients who had had previous RT and those who did not.
While no significant difference was found between these two groups, patients who had
previous RT tended to have larger tumors (biggest diameter 7.7 cm vs. 4 cm; Supplementary
Table S2).
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Additionally, we performed a subgroup analysis based on the timing of RT prior to ICB.
This analysis showed no difference in PFS or OS based on the timing of RT (peri-operative
vs. palliative/metastatic setting, Supplementary Figure S1).

3.6. ICB Combination

Due to the results on the impact of ICB combination therapy, we performed additional
analyses to compare patients who had standalone ICB therapy and those who did not.
Patients who had ICB combinations tended to have more prior surgical resections (median
of 2 vs. 1 surgical resections for standalone ICB, p = 0.013) and more prior lines of therapy
(median 3 vs. 1, p = 0.062), suggesting that this population was more heavily pretreated.
Patients who had ICB combinations also tended to have received ICB as part of a clinical
trial (90% of combination ICB vs. 40% of standalone ICB patients; Supplementary Table S3).

3.7. Toxicity

No new safety signal was identified, and the toxicity was overall manageable. There
were no toxic deaths. Four patients (11%) stopped treatment due to toxicity. Seven patients
(19%) experienced > grade 3 toxicities. Five patients (14%) experienced diarrhea or colitis
of any grade.

4. Discussion

This report aims to describe real-world data on ICB treatment for patients with UPSs
and other high-grade pleomorphic STSs. While several prospective clinical trials have
identified this subtype of STS as one of the most immune-sensitive types of STS [13,14,26],
few real-world histology-specific data exist.

The data reported here are overall consistent with that reported in clinical trials with a
median PFS of roughly 3 months for UPS patients [13,14]; however, the ORR was slightly
inferior to that previously reported, as ours is around 10% versus 20–30% in clinical trials.
Real-world data are often slightly less promising than clinical trials, as patients are usually
frailer and have more comorbidities and prior lines of treatment. We also found that ICB in
later lines of therapy may be less effective and that RECIST response is associated with PFS
with ICB treatment, which is consistent with reports across other cancer types [27–33].

High-grade pleomorphic sarcomas that do not meet all morphologic criteria for UPSs
have often been treated along the same lines as UPSs and are offered ICB in clinical practice,
and our report indicates that this approach is reasonable for ICB treatment, given that the
3-month PFS and 6-month PFS were 46% and 32%, respectively. Clinical trials are now
including these sarcomas with UPS cohorts testing ICB treatment.

The notable difference in our report compared to clinical trials is that combination
ICB seemed inferior to standalone ICB regarding PFS. This is not expected, as multiple
trials have shown a benefit of combination ICB compared to single-agent PD1 [21,22,34,35].
However, a potential selection bias could explain this association since clinicians are aware
that single-agent PD1 treatment may take longer to be active and can be concerned with
the risk of hyperprogressive disease [36]. Thus, in cases of rapidly progressing disease or
high tumor burden, clinicians are more likely to try a combination therapy. In contrast, in
the case of a slow-growing disease, the added toxicity of a combination therapy is avoided
by treating patients with single-agent ICB [37,38]. This selection bias is illustrated by the
fact that patients who were treated with combination therapies had a higher number of
previous surgical resections and lines of systemic therapies, indicating this population was
more heavily pretreated and that there is likely a selection bias in this analysis.

The association between RT and ICB response observed in our study is also likely a
result of selection bias. The main hypothesis to explain this is that tumors that recurred
and progressed despite RT in the peri-operative setting had intrinsically bad biology and
an immune-suppressive microenvironment. Likewise, RT in the metastatic setting would
be offered in patients with more symptomatic disease, which may inherently be linked
to bad biology. However, there may be biological ties, but the role of previous RT in
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resistance to ICB is controversial. While concurrent ICB and RT are effective and likely
synergistic in the treatment of UPSs and other tumor types, previous RT may have a more
immune-suppressive role, as several cytokines, including TGFbeta, and tissue remodeling
cells, such as macrophages and neutrophils, are recruited to the tumor after RT [39]. We
tried to investigate differences between patients who had previous RT compared to those
who did not and did not find any significant differences in our small cohort. Ultimately, our
data are hypothesis-generating in nature, and no strong association or mechanistic claim
can be made from our clinical report, but the question of RT timing with respect to ICB may
be an important one to address in the future. As such, concurrent RT when feasible with
ICB is a very promising therapeutic strategy for patients with UPSs.

This study highlights a critical need for the identification of biomarkers of response to
ICB for patients with sarcomas. As our cohort is a small, real-world, heterogeneous cohort,
we were unable to identify strong predictors of response. This highlights a challenge in
deriving data from real-world studies beyond clinical trials but invites further investigation
into potential predictors of response.

This is a retrospective, single-center cohort with a small number of patients, and thus,
there is significant bias in this analysis, and the statistical power of our findings is limited.
The results discussed here are hypothesis-generating and descriptive by nature, and no
causality can be inferred.

5. Conclusions

Real-world retrospective data demonstrate a median PFS of 2.9 months for patients
with UPSs and other high-grade pleomorphic sarcomas treated with ICB in the metastatic
setting, which is consistent with the published literature. The optimal sequencing of RT
and prior lines of systemic therapy needs to be further evaluated.
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Simple Summary: There have been limited advances in the diagnosis, prognosis, and treatment of
both canine and human osteosarcoma (OSA), the most common type of primary bone cancer. OSA
has an aggressive nature, with incidence rates ranging from 13.9 to 27.2 cases per 100,000 dogs, yet
there have been limited advances in patient outcomes in recent decades. Recent developments have
identified similarities between human and canine OSA; therefore, researching naturally occurring
canine bone cancer may help inform research into OSA in people. The present research investigated
three proteins, FOXO4, IRF8, and LEF1, to visualise their expression in OSA tissue. This research
helps us understand where the proteins are being expressed in the tumours, which genetic pathways
are changing, and may help us identify potentially informative diagnostic, prognostic, and treatment
avenues for this cancer in dogs and people.

Abstract: Osteosarcoma (OSA) is the most common type of primary bone malignancy in people
and dogs. Our previous molecular comparisons of canine OSA against healthy bone resulted in
the identification of differentially expressed protein-expressing genes (forkhead box protein O4
(FOXO4), interferon regulatory factor 8 (IRF8), and lymphoid enhancer binding factor 1 (LEF1)).
Immunohistochemistry (IHC) and H-scoring provided semi-quantitative assessment of nuclear and
cytoplasmic staining alongside qualitative data to contextualise staining (n = 26 patients). FOXO4 was
expressed predominantly in the cytoplasm with significantly lower nuclear H-scores. IRF8 H-scores
ranged from 0 to 3 throughout the cohort in the nucleus and cytoplasm. LEF1 was expressed in all
patients with significantly lower cytoplasmic staining compared to nuclear. No sex or anatomical
location differences were observed. While reduced levels of FOXO4 might indicate malignancy, the
weak or absent protein expression limits its primary use as diagnostic tumour marker. IRF8 and
LEF1 have more potential for prognostic and diagnostic uses and facilitate further understanding of
their roles within their respective molecular pathways, including Wnt/beta-catenin/LEF1 signalling
and differential regulation of tumour suppressor genes. Deeper understanding of the mechanisms
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involved in OSA are essential contributions towards the development of novel diagnostic, prognostic,
and treatment options in human and veterinary medicine contexts.

Keywords: cancer identification; forkhead box protein O4; interferon regulatory factor 8; lymphoid
enhancer binding factor 1; osteosarcoma; pathology

1. Introduction

Osteosarcoma (OSA) is a neoplasia of mesenchymal origin, which tends to derive
from the medullary cavity of metaphyseal bones and subsequently expands to the cortical
bone; this pathological process is named central OSA [1,2]. Rarely, OSA can originate from
the periosteal surface and is thought to be overall less aggressive compared to central
OSA [2]. Canine OSA is considered the most common bone tumour identified, with a
documented prevalence of approximately 85% of all primary malignancies arising in
the skeleton of this species and 3–4% of all malignant tumours in dogs [3–6]. Reported
OSA incidence is greater in canines than in any other species, with an estimated rate of
13.9–27.2 cases per 100,000 dogs [7–10]. OSA incidence in humans is much lower, at 0.89–1.2
per 100,000 [8,10,11]. This high incidence in dogs not only emphasises the veterinary
challenge posed by OSA, but also enhances the efficacy of the canine model as the low
incidence rate in humans is a big factor in the lack of understanding observed to date.
The low incidence in people also contributes towards the lack of diagnosis and treatment
options, and the relatively poor outcomes following OSA diagnosis.

Linking OSA incidence with specific risk factors can allude to the involvement of
certain biological pathways. Canine OSA predominantly affects middle-aged, naturally
larger breeds including Rottweilers, Great Danes, Saint Bernards, Doberman Pinschers, and
Irish Wolfhounds [7,11–13]. In addition, increased body weight (even after controlling for
breed), height, and age are risk factors for OSA in dogs [12]. These link with human OSA
risk factors, as taller and heavier individuals are more prone to OSA formation [14–16].
This is further reinforced by higher incidence in males across both species, who on average
naturally grow to be slightly larger [10,12,16,17]. These risk factors also implicate bone
growth as potentially causative in OSA formation. The growth risk factor may also cor-
respond to the respective risk of certain age groups. In people, OSA formation follows a
bimodal trend with the primary peak being in adolescence, contributing to over 50% of
cases. There is then another smaller peak in seniors [10,15,16]. A similar bimodal trend is
observed in canines, with a peak in dogs aged less than 3 years old, and then 80% of cases
presenting in dogs aged 7 years (middle-aged) and older [9,18]. The association with OSA
formation and high growth levels in puberty implicate growth and developmental factors
in OSA aetiology.

Clinical presentation of canine OSA is characterised by progressive lameness, hard
bony swelling, or even pathological fracture of the affected bone [5,19]. This neoplasia is
very aggressive and invasive in dogs, causing local skeletal destruction and is also highly
metastatic, predominantly to the lungs, with a lower frequency of spread to distant bones,
regional lymph nodes, and other soft tissues [3,5]. The accepted treatment at present is
a combination of radiotherapy, chemotherapy (both adjuvant and/or neo-adjuvant) and
surgery [10,17,20]. For people with OSA with no concomitant metastases at diagnosis, the
5-year event-free survival stands at around 70%; however, approximately 20% of patients
will exhibit metastases upon diagnosis and their 5-year event-free survival drops to 27%.
In canine OSA, the 1-year survival after treatment is just 45%, whereas the median time
from diagnosis to euthanasia has been reported to be as low as 111 days (range, 28 to
447 days) in one study [21]. For those dogs that survive past 1 year, over 50% will develop
metastases and present with a median survival time of 243 days [7,17,22]; patient outcomes
are currently limited due to the highly metastatic nature of OSA and multi-drug resistance
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limiting the effects of chemotherapy. Investigations into the canine model could yield new
treatments specifically targeting OSA molecular pathways.

Our previous research showed that FOXO4, IRF8, and LEF1 were differentially ex-
pressed (via RNA sequencing) in canine osteosarcoma compared to patient-matched
non-tumour tissue [11,23]. FOXO4 (also known as AFX1) belongs to the forkhead box
class O (FOXO) family, a group of transcription factors involved in numerous cellular
processes, including development, proliferation, survival, apoptosis, metabolism, and
homeostasis [24–26]. Post-translational changes in the FOXO group can alter their nuclear
import/export, modify DNA binding affinity, and change the transcriptional activity of
target genes [24]. Growth factors such as insulin and insulin-like growth factor 1 (IGF-1)
can regulate the activity of FOXO4 by repressing it through the phosphoinositide—3 kinase
(PI3K)/Akt signalling pathway [24,25]. Upon activation of the PI3K-AKT pathway, AKT
phosphorylates FOXO proteins, impeding their localisation to the nucleus and transcrip-
tional activity [27,28]. Without growth factors present, the FOXO transcription factors
are localised in the nucleus and upregulate key genes, causing cell cycle arrest and cell
death [29]. Additionally, through an interaction with p53 that represses p53-mediated
apoptosis, FOXO4 has been shown to have a key role in senescent cell viability [30]. The
FOXO4 protein, along with FOXO1 and FOXO3, is also important for bone development.
The loss of these proteins in osteoclast progenitors can result in an increase in prolifer-
ation, bone resorption, and osteoclast formation [31]. In human OSA, a study by Chen
and colleagues found that the oncogenic miRNA, miR-664, promoted cell proliferation by
supressing FOXO4 expression, suggesting that FOXO4 has a role as a tumour suppressor in
osteosarcoma [32]. Consistent with this finding, FOXO4 has been reported to have reduced
expression in cancer compared to non-malignant tissue and have a tumour suppressor role
in several other cancer types, including colorectal, gastric, and head and neck squamous
cell cancer [33–35]. Findings by Paik et al. [36] revealed that FOXO1, 3, and 4 are largely
functionally redundant in their tumour suppressor function. Oncogenic splice variants of
FOXO4 have also been reported [37].

The transcription factor, interferon regulatory factor 8 (IRF8), originally named in-
terferon consensus sequence binding protein (ICSBP), is a member of the IRF protein
family [38]. IRF8 is constitutively expressed, is IFNγ inducible, and plays key roles in
multiple biological processes, including modulation of the immune response and other
physiological processes (reviewed in [39]). Considering that IRF8 is expressed in hematopoi-
etic cells, recent studies have shown that the formation of mammalian dendritic cells (DCs)
requires the transcription factor IRF8 [40]. Specifically, type 1 dendritic cells (DC1s) and the
tumour-associated macrophages (TAMs) require and express IRF8 [41]. This is required
for the TAM ability to present cancer cell antigens, indicating that IRF8 may play a role
in promoting tumour growth [41]. Like many other transcription factors, IRF8 can be
dysregulated in cancer, and therefore, this study aimed to determine the protein expression
of IRF8 in canine OSA.

The LEF1 gene encodes the Lymphoid enhancer-binding factor 1 protein, which be-
longs to the TCF/LEF family of transcription factors known to act via the Wnt signalling
pathway [42,43]. LEF1 is principally involved in the process of T cell, B cell, and natu-
ral killer cell development [44–46]; however, it also plays a role in the regulation of skin
development, the hair cycle, and development of the mammary gland [47–49]. As an
effector of the Wnt signalling pathway, LEF1 is also associated with regulating the cell
cycle, epithelial-to-mesenchymal transition, and with tumour development and progres-
sion [50–53]. Increased LEF1 expression has been associated with carcinogenesis in many
different cancer types, including melanoma, pancreatic, colorectal, and breast, as well as
several myeloid and blood cancers [54–60].

Our previous research [11] showed that FOXO4, IRF8, and LEF1 were differentially
expressed (via RNA sequencing) in canine OSA compared to patient-matched non-tumour
tissue. FOXO4 in OSA tissue had a 1.42 Log2 fold decrease, but not significant at p = 0.056,
compared to patient-matched non-tumour bone; IRF8 showed a 2.33 Log2 fold decrease,
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p = 0.01, and LEF1 exhibited a 2.2 Log2 fold increase, p = 0.04. Therefore, to determine
the prognostic or diagnostic potential of FOXO4, IRF8, and LEF1 in canine OSA, we
performed IHC on OSA specimens to determine protein expression. The present research
ascertained the H-scores in the nucleus and cytoplasm (and total H-score), alongside
descriptive qualitative analysis, of these proteins in OSA specimens. The present study
additionally investigated tumour location (appendicular vs. axial) and sex in relation to
protein expression.

2. Materials and Methods

2.1. Specimen Preparation

All animal tissue work in this study was approved by the ethics committee at the
University of Nottingham School of Veterinary Medicine and Science. The ethics complied
with national (Home Office) and international ethics procedures (permission numbers—
1823 160714, 959 130925, UG 20331). The samples were from patients (Figure 1) under
veterinary practice care for OSA, not related to research. A board-certified veterinary
pathologist histologically confirmed the diagnosis of OSA.

Figure 1. Canine osteosarcoma protein expression materials and methods. (A) Overview of methods.
(B) Examples of cytoplasmic and nuclear H-scores 0, 1, 2, and 3, on IRF8 and LEF1 immunohisto-
chemistry photomicrographs. H-score 0 (rectangles), 1+ (circles), 2+ (blue arrows), 3+ (grey arrows).

Canine diagnostic OSA tissues from Rottweilers (n = 26) were obtained from Bridge
Pathology, UK and the tissue had been formalin-fixed, paraffin-embedded. There were
13 females, 12 males, and 1 not specified. The males were between 4 and 10 years old, and
the females ages ranged between 5 and 12 years old. OSA samples were from a variety of
bones, including four from the head and two mammary/thoracic wall (n = 6 axial), and
n = 20 from the appendicular skeleton (humerus, ulna, stifle, including the femur and tibia).
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2.2. Immunohistochemistry and Microscopy

Paraffin-embedded samples were sectioned at 7 μm. Positive protein expression of
FOXO4, IRF8, and LEF1 was visualised using a Leica Novolink Polymer Detection Kit
(Leica, Wetzlar, Germany) according to manufacturer’s protocols. Primary antibodies were
diluted in foetal calf serum; these included anti-FOXO4/AFX1 polyclonal unconjugated
human antibody raised in rabbit (1:100 dilution, LS-C112273; LSBio, Cambridge, UK),
anti-IRF8 antibody (1:500 dilution; ab28696, Abcam, Cambridge, UK), and anti-LEF1 rabbit
polyclonal (1:100 dilution, GTX129186, GeneTex, Irvine, CA, USA). Negative controls
were incubated in foetal calf serum only, without the primary antibody. Positive controls
consisted of canine blood vessels, skeletal muscle, and nasal epithelium, as the proteins
were known to be expressed in these cells and tissue types [34,61,62]. Cytoplasmic and
nuclear staining was assessed following microscopy (Leica, Wetzlar, Germany), and n = 5
photomicrographs/specimen at 40× magnification were taken using systematic random
sampling for H-scoring analysis (for methods overview, see Figure 1A).

2.3. H-Scoring and Statistical Analysis

H-scoring was used to semi-quantitatively analyse the IHC staining, as it is consid-
ered as one of the “gold standards” for IHC evaluation [63–65]. Staining intensity for
each cell was designated into scores of 0, 1+, 2+, or 3+ (none, weak, moderate, strong
staining signal) for each target protein (examples shown in Figure 1B). The percentage
of positive staining for each score for each cell (nuclear and cytoplasmic independently)
was scored to the nearest 5% for a fixed field of n = 5 photomicrographs per sample
(n = 26 OSA samples) for each antibody. H-scores were calculated using the following for-
mula: H-score = [1 × (% cells 1+) + 2 × (% cells 2+) + 3 × (% cells 3+)]. Cytoplasmic, nu-
clear, and total H-scores were calculated for each specimen (0–300) for each marker of
interest. One double-blinded researcher undertook H-scores and established a scoring defi-
nition. Thereafter, an additional researcher scored a random 10% of the samples, to ensure
concordance (intraclass correlation coefficient (ICC) > 90% for all proteins) and interpreta-
tion consistency. The mean, standard error of the mean, minimum, maximum, and range
of H-scores were tabulated and plotted for FOXO4, LEF1, and IRF8 to demonstrate score
distributions and staining intensities. Additionally, representative staining classifications
were demonstrated as benchmarks. The H-score low/moderate/high classifications were
calculated based on the ranges for each individual antibody: FOXO4 = low ≤ 34, moderate
35–69, high ≥ 70; IRF8 low ≤ 83, moderate 84–166, high ≥ 167; and LEF1 = low ≤ 62, mod-
erate 63–124, high ≥ 125. Statistical analysis between cytoplasmic and nuclear H-scores,
male vs. female H-scores, and OSA location (appendicular vs. axial) were conducted using
paired t-test (SPSS v26). Fisher’s exact test 2 × 3 Contingency Table was used to compare
the number of specimens with low, moderate, and high H-score staining categories in both
the cytoplasm and nucleus.

Qualitative data were also recorded to describe general immunohistochemical staining
patterns. Specifically, the tissue structures and cell types with positive immunostaining
were indicated, the general staining distribution was identified for each sample (diffuse,
multifocal, focal), and in addition, the overall predominant cytoplasmic and nuclear stain-
ing intensity was described following H-scoring (absent, low, moderate, high) and the main
staining location was identified (cytoplasmic or nuclear).

3. Results

The IHC staining of the three proteins is summarised in Tables 1–3. FOXO4 staining
showed H-score variations between the different patients, and 8/26 specimens exhibited
no nuclear or cytoplasmic staining, 15/25 expressed cytoplasmic staining only, and 3/26
exhibited both nuclear and cytoplasmic staining. Cytoplasmic H-scores for FOXO4 were
low in the majority of patients (20/26; 77%), with moderate (3/26; 11.5%) and high (3/26;
11.5%) scores in the remaining dogs (Table 1). Nuclear FOXO4 scores were either absent
(23/26; 88.5%) or low (3/26; 11.5%; Table 1) in all samples. Hence, a total 20 of the 26 pa-
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tients (77%) exhibited both low cytoplasmic and low nuclear average scores, 3/26 (11.5%)
exhibited low nuclear and moderate cytoplasmic scores, and 3/26 (11.5%) showed low
nuclear and high cytoplasmic scores (Table 2). Overall, the staining was diffuse, and the
nuclear H-scores were significantly lower than the cytoplasmic staining scores (p > 0.002,
Table 3, Figure 2).

Table 1. Immunohistochemistry staining overview for H-scores.

Cytoplasmic FOXO4 IRF8 LEF1

Absent - 2 (8%) 8 (31%)

Low 20 (77%) - 4 (15.5%)

Moderate 3 (11.5%) 15 (58%) 10 (38%)

High 3 (11.5%) 9 (34%) 4 (15.5%)

Nuclear

Absent 23 (88.5%) - -

Low 3 (11.5%) 17 (65.5%) 26 (100%)

Moderate - 6 (23%) -

High - 3 (11.5%) -

Table 2. Subcellular staining H-scores (nuclear and cytoplasmic).

Cytoplasmic Score

FOXO4 Absent Low Moderate High

N
u

cl
e

a
r

sc
o

re

Absent - - - -

Low - 20 (77%) 3 (11.5%) 3 (11.5%)

Moderate - - - -

High - - - -

IRF8 Absent Low Moderate High

Absent - - - -

Low - 1 (4%) - 1 (4%)

Moderate - 11 (42%) 3 (11.5%) 1 (4%)

High - 5 (19%) 3 (11.5%) 1 (4%)

LEF1 Absent Low Moderate High

Absent - - - -

Low 8 (31%) 4 (15.5%) 10 (38%) 4 (15.5%)

Moderate - - - -

High - - - -

Table 3. H-scores for FOXO4, IRF8, and LEF1.

H-Score

Protein (n = 26) Cellular Location Mean ± SEM p-Value (Cytoplasmic vs. Nuclear) Range (Min-Max)

FOXO4 Cytoplasmic 23.17 ± 5.53 0.002 103 (0–103)
Nuclear 1.38 ± 0.96 27 (0–27)

IRF8 Cytoplasmic 63.65 ± 12.15 0.0001 230 (0–230)
Nuclear 146.81 ± 9.16 48 (20–68)

LEF1 Cytoplasmic 70.66 ± 8.64 0.0001 185.5 (7–192.5)
Nuclear 6.13 ± 1.77 38.5 (0–38.5)

n = 26 immunostained canine OSA specimens showing inter case variation. p < 0.05 = significant difference.
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Figure 2. FOXO4 cytoplasmic and nuclear H-scores. (A) H-score (scores 0, 1, 2, and 3) distributions.
(B) H-score low/moderate/high classifications across the cases (p = 0.02). (C) Nuclear and cytoplasmic
H-score distributions and correlation. Overall, the nuclear H-scores were significantly lower than
cytoplasmic (** p = 0.002), n = 26. (D–G) Immunohistochemical staining photomicrographs of canine
osteosarcoma FOXO4 expression, 40× magnification. (H) Right-hand side: positive control nasal
mucosa lined by well-differentiated pseudostratified tall columnar ciliated epithelium, inset upper
left: muscle positive control, insert lower left: negative control, 40× magnification. All scale bars
represent 50 μm.

IRF8 staining showed H-score variations between the different patients, and 2/26 pa-
tients exhibited nuclear staining only, whilst the remaining 24/26 had both nuclear and
cytoplasmic staining. The cytoplasmic score was moderate in the majority of patients
(15/26; 58%), with high (9/26; 34%) and low (2/26; 8%) scores in the remaining cases
(Table 1). Nuclear scores showed 17/26 patients (65.5%) with low H scores, 6/26 (23%) at
moderate, and 3/26 (12%) at high (Table 1). When assessing subcellular score combinations,
low cytoplasmic scores were combined with low, moderate, and high nuclear scores in 1/26
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(4%), 11/26 (42%), and 5/26 (19%) of patients, respectively (Table 2). Moderate cytoplasmic
score was combined with moderate and high nuclear scores in 3/26 (11.5%) and 3/26
(11.5%), respectively (Table 2). High cytoplasmic score was combined with low, moderate,
and high nuclear scores in one case each. Overall, the staining was diffuse, and the nuclear
H-scores were significantly higher than the cytoplasmic staining scores (p > 0.0001, Table 3,
Figure 3), and there was little correlation between nuclear and cytoplasmic H-scores within
individual samples (Figure 3).

 
Figure 3. IRF8 cytoplasmic and nuclear H-scores. (A) H-score (scores 0, 1, 2, and 3) distributions.
(B) H-score low/moderate/high classifications across the cases (p = 0.0001). (C) Nuclear and cyto-
plasmic H-score distributions and correlation. Overall, the nuclear scores were significantly higher
than cytoplasmic (**** p = 0.0001), n = 26. (D–G) Immunohistochemical staining photomicrographs of
canine osteosarcoma IRF8 expression, 40× magnification. (H) Positive control nasal mucosa lined
by well-differentiated pseudostratified tall columnar ciliated epithelium, inset upper left: negative
control, 40× magnification. All scale bars represent 50 μm.

LEF1 staining showed H-score variations between the different patients, and 8/26
expressed nuclear staining only, while the remaining 18/26 had both nuclear and cytoplas-
mic staining. Cytoplasmic scores were low, moderate, and high in 12/26 (46.6%), 10/26
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(38%), and 4/26 (15.5%) patients, respectively. Nuclear scores were low in 26/26 (100%) of
the patients, with no cases expressing moderate or high H-scores. Low nuclear score was
combined with low, moderate, and high cytoplasmic scores in 12/26 (46.5%), 10/26 (38%),
and 4/26 (15.5%) of cases, respectively (Table 2). Overall, the staining was diffuse, and
nuclear H-scores for LEF1 were significantly lower than the cytoplasmic staining scores
(p > 0.0001, Table 3, Figure 4), and there was a small positive correlation between nuclear
and cytoplasmic H-scores within individual samples (Figure 4).

Figure 4. LEF1 cytoplasmic and nuclear H-scores. (A) H-score (scores 0, 1, 2, and 3) distributions.
(B) H-score low/moderate/high classifications across the cases (p = 0.0001). (C) Nuclear and cyto-
plasmic H-score distributions and correlation. Overall, the nuclear scores were significantly lower
than cytoplasmic (**** p = 0.0001), n = 26. (D–G) Immunohistochemical staining photomicrographs
of canine osteosarcoma LEF1 expression, 40× magnification. (H) Right-hand side: positive control
nasal mucosa lined by well-differentiated pseudostratified tall columnar ciliated epithelium, inset
upper left: endothelial cells of vasculature positive control, inset lower left: negative control, 40×
magnification. All scale bars represent 50 μm.
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Comparisons between the sexes and anatomical locations were also analysed for each
protein. Nuclear, cytoplasmic, and combined H-scores for FOXO4, IRF8, and LEF1 in males
and females (n = 12 and 13, respectively) showed no statistically significant differences
(t-tests, p > 0.05; Figure 5A). Differing anatomical location of the bone tumours—either
appendicular (n = 20) or axial (head + thorax; n = 6)—showed no significant differences for
any of the proteins (t-test, p > 0.05; Figure 5B).

Figure 5. Nuclear, cytoplasmic, and combined H-scores for FOXO4, IRF8, and LEF1 by sex and
anatomical location. (A) Males and females (n = 12 and 13, respectively), and (B) differing bone
locations—appendicular and axial (n = 20 and 6, respectively). No statistically significant differences
in sex or bone location were observed for nuclear, cytoplasmic, or total H-scores (t-test, p > 0.05).

4. Discussion

The influences of genetic factors in relation to the aetiology and progression of OSA
have been widely recognised, and p53 is the most frequently investigated gene in canine
OSA [3]. Furthermore, there is strong documented evidence of chromosomal rearrange-
ments, gene mutations, alterations in gene expression, alterations in microRNA expression,
and DNA methylation pattern changes between human and canine OSA [66]. Another
important genetic cause is the RB tumour suppressor gene, which has been associated to
the development of canine OSA. In a pilot study, the expression of MET proto-oncogene
was identified in the majority of the histopathological samples of seven large breed dogs
with spontaneous skeletal OSA [3,67]. Importantly, canine OSA has been compared to
human OSA due to similar genetic, biologic, and clinical pathological features, and it has
a 14 times higher incidence rate compared to human OSA; hence, it has been used as
translational medicine to understand human OSA [6,68]. A study ascribed an interesting
role of miR-1 and miR-133b as biomarkers for canine OSA’s treatment and validated the
high molecular homology between human and canine OSA [6]. Despite these advances,
very little is known about the genetics of OSA and protein expression, the present study
aimed to elucidate the expression of three proteins, FOXO4, LEF1, and IRF8, in OSA.

Previously, we have shown a 1.42 Log2 fold decrease in FOXO4 transcripts in OSA
tissue compared to patient-matched non-tumour bone [11]. In the present study, the
majority of OSA specimens exhibited no nuclear protein staining of FOXO4. As little
cytoplasmic expression was also observed, FOXO4 holds limited value for prognostic or
diagnostic use, although expression in non-malignant bone is yet to be determined. Firstly,
it is of interest that our research shows that it is expressed in bone. The Human Protein
Atlas data by Santos and coauthors found FOXO4 transcript expression across numerous
tissues; however, protein was detected by IHC in only the testis, placenta, heart, skeletal
muscle, and smooth muscle [69], notably not bone. This discrepancy between mRNA
and protein expression was not consistent with our analysis of canine OSA tissue, where
the protein was expressed. There was little previously known about FOXO4 in relation
to canine OSA; however, a study investigating the role of FOXO4 in human colorectal
cancer found that it had a role as a tumour suppressor, as FOXO4 was downregulated
in colorectal cancers when compared to the control [33]. Overexpression of FOXO4 was
found to have reduced migration and in vivo metastasis of the colorectal cancer cells by
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regulating the colorectal cancer tumour suppressor gene adenomatous polyposis coli 2
(APC2) in the APC2/β-catenin axis; therefore, this inhibitory effect could be reversed
by APC2 knockdown [33]. Another study supports this claim that FOXO4 is a tumour
suppressor, as it found that its expression was decreased in human gastric cancer tissue
and gastric cancer cell lines. The upregulation of this protein inhibited tumour growth
and progression, whereas downregulation of this protein promoted tumour growth and
progression [34]. Therefore, although FOXO4 expression was not expected in bone, its
expression and its downregulation in other tumours (reviewed in [70,71]), including OSA,
as shown in the present research, support its role relating to tumour suppression, and the
subsequent growth and progression where it is downregulated.

We previously identified IRF8 to be downregulated in canine OSA as compared
to matched non-malignant specimens. In agreement with previous studies analysing
cellular localisation of the protein in other cell types [72,73], we found positive staining in
both the nuclear and cytoplasmic compartment of OSA cells, with cytoplasmic staining
present at a lower level of expression. Currently, little is known about the role of IRF8
in human or canine OSA. Muhitch and coauthors [74] observed that high expression of
IRF8 in combination with low levels of TAMs has a significantly better survival outcome in
comparison to low levels in both TAMs and IRF8 expression metastatic renal cell carcinoma
tumour. It has been shown that IRF8 promoted epithelial–mesenchymal transition (EMT)-
like phenomena, cell motility, and invasion in a human OSA cell line, suggesting that it may
play a role in metastasis [75]. Another group found that PD-L1 was induced by IRF8 and
that in human OSA cells, PD-L1 and IRF8 were involved in growth and tumorigenicity, and
that PD-L1 knockdown combined with doxorubicin treatment resulted in inhibition of cell
growth [76]. Furthermore, a study identified that IRF8 was among one of the many genes
deleted in >25% of cases, according to an analysis of 28 human OSA samples [77]. Our
current study presents the expression of IFR8 in canine OSA. Taken together, these studies
identify a role for IRF8 in OSA, with potential as a prognostic marker, and further studies
on the role and clinical relevance of IRF8 in both human and canine OSA are warranted.

Our present research shows LEF1 expression in both the cytoplasm and nucleus, and
our previous work showed that LEF1 exhibited a 2.2 Log2 fold increase in OSA samples
compared to patient-matched non-tumour tissue. LEF1 expression has also been demon-
strated to be upregulated in OSA cells and patient samples compared with non-malignant
osteoblasts and tissue in people [78–81]. LEF1 has been associated with metastasis in OSA.
Overexpression of LEF1 was observed in highly metastatic OSA cell lines compared with
OSA cells with low metastatic potential and, moreover, knock-out of LEF1 resulted in
significantly reduced extravasation of OSA cells to the lungs [82]. LEF1 overexpression has
also been found to abrogate the inhibitory effect of miR-34c on metastasis and chemore-
sistance in OSA cells [83]. It is notable that all studies investigating the role of LEF1 in
OSA appear to have been conducted only in people and mice. To the best of the authors’
knowledge, the current study is the first to report on the potential role of LEF1 in canine
OSA. LEF1 expression has also been shown to be downregulated in numerous cancers
through promoter hypermethylation and also higher levels of IRF8 [61,84,85]. LEF1 was
initially thought to be an effective therapeutic target [86]. In 2010, two small molecule
inhibitors of Wnt/beta-catenin/LEF1 signalling (CGP049090 and PKF115-584) significantly
inhibited the proliferation of CLL cells in vivo [60]. A large number of other small molecule
inhibitors targeting the Wnt/beta-catenin/LEF1 pathway have since been discovered, and
work to improve their utility and specificity as anti-cancer treatments is ongoing [87].
Unfortunately, very few of the compounds that have shown promise in vitro and in vivo
have progressed to clinical trials, and among the ones that have, many have resulted in
unsatisfactory outcomes due to inhibition of the wide-ranging essential functions of this
pathway in normal physiological processes [88]. The authors are not aware of any inhibitors
that have advanced beyond the very early phases of clinical trials to date. LEF1 has also
been purported to have utility as a prognostic biomarker, since its high expression has
been significantly associated with disease progression and poorer prognosis in chronic
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lymphocytic leukaemia (CLL) [89], acute lymphoblastic leukaemia (ALL) [90,91], small
B-cell lymphomas [86], solid pseudopapillary neoplasms and pancreatic neuroendocrine
tumours [92], oesophageal squamous cell carcinoma [93], nasopharyngeal carcinoma [94],
deep penetrating nevi [62], and with metastasis in colorectal cancer [95]. Proteins such
as GLUT1, MMP3, and NRF2 have shown promise as canine OSA biomarkers and are
involved in Wnt activation [10]. The Wnt/β-catenin/LEF1 signaling pathway has also
been shown to be involved in human osteosarcoma cells and tissues via RT-qPCR, where
it was indicated that LEF1 translation via degradation of DKK3 was mediated through
miR-214-3p, and that cantharidin could be a prospective candidate for osteosarcoma by
targeting the pathways involved [96].

Primary OSA occurs more frequently on the appendicular skeleton in around 75%
of the cases; 24% on the axial skeleton; and also, very rarely, approximately 1%, in ex-
traskeletal tissues, for instance, mammary tissue, subcutaneous tissue, spleen, bowel, liver,
kidney, testicle, vagina, eye, gastric ligament, synovium, meninges, and adrenal gland [3,4].
Interestingly, this does differ in relation to dog size, with one study showing that 5% of the
diagnosed large and giant breed dogs with OSA presented with axial tumours compared to
59% in small breed dogs (less of 15 kg) [97]. Appendicular canine OSA is more commonly
in the metaphysis of long bones, especially of the forelimbs, with higher frequency rates
affecting locations such as the proximal humerus, the distal radius, and the distal tibia in
the hind limb [18,98,99]. One crucial risk factor is related to the body size, since the tumour
tends to occur in major weight-bearing bones adjacent to late closing physes [13,100]. Obe-
sity has also been postulated to promote osteoblast proliferation in the limbs, which can
contribute to remodelling in response to increased stress on weight-bearing limbs [100]. In
light of this, and given the fact that appendicular OSA is the most frequent presentation
in large and giant breed dogs with rapid early bone growth, it is reasonable to argue that
the combination of these factors can help elucidate the complex aetiopathophysiology
of OSA in this species [19]. No overall differences were observed between the axial and
appendicular samples within this study, but given the body of evidence relating to ax-
ial and appendicular OSA, future studies should note potential differences and consider
whether the anatomical location impacts the tumours, their environment, and prognosis
and treatment factors. A limitation of the present study is a relatively smaller number of
samples in the axial bones, and ideally a larger number of anatomical locations should also
be investigated in the future.

The males and females in this study showed no significant differences between protein
expression for any of the markers investigated; these data add interesting evidence to
the sex susceptibility discussions which are ongoing about OSA. There is contradictory
evidence concerning sex predisposition in canine OSA [101]. Historically, males have
been thought to be slightly more frequently affected than females, with a reported ratio
of 1.1–1.5:1 [3]. In contrast, another study showed that females were more prone to be
affected with OSA, with a ratio of 2.1:1, but this was not consistent with respect to the
location of OSA [97]. Ru et al. concluded in their study there was no sex susceptibility, but
neutered males and females were noted to have twice the risk for OSA compared to intact
dogs for both of the sexes [12]. A retrospective case series with 744 dogs diagnosed with
appendicular OSA revealed that the male-to-female ratio was 0.95:1.0, and 80.9% of the
population with OSA were neutered [99]. Despite these findings, research has not found
any strong evidence that sex or neuter status is a risk factor for the development of OSA
in dogs. Additionally, in some of these older reports, males have been overrepresented
and/or there was bias towards male dogs or neutered animals [19,98–100]. Nevertheless, it
has been thought that endogenous sex hormones have a significant impact on OSA, and
some reports go towards the consideration of a protective influence in intact dogs [99].

Understanding whether proteins can assist with diagnosis, prognosis, or treatment
development is important. Several negative prognostic factors for canine OSA have been
described in the literature, and these include histological grade, distant metastasis at
diagnosis, age at diagnosis, large primary tumour size, high body weight, high serum
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alkaline phosphate (ALP) activity, proximal humeral location, prolonged duration of clinical
signs before surgery, lymph node metastasis, and delayed initiation of chemotherapy
following surgery [98,102,103]. Schmidt et al. confirmed in their study that tumour location
and ALP activity levels are prognostic factors for both mortality and metastasis; age was
only a prognostic factor for mortality [103]. Understanding the expression of these proteins
in canine, and indeed human OSA, could prove beneficial for diagnosis, prognosis, and
treatment development. Further studies elucidating their roles, mechanisms of action,
further protein expression level studies (e.g., Western blots), and drug discovery avenues
of research are recommended.

5. Conclusions

Unlike human medicine, diagnosis and prognosis are not presently facilitated by the
use of IHC for canine OSA; however, the present work enhances the knowledge required
to understand protein expression in these tissues in different OSA samples. The diagnosis
of OSA can be made through a combination of signalment, clinical presentation, and radio-
graphic findings such as lytic, proliferative, or mixed bone lesions [18,101]. Nevertheless,
histopathological samples are warranted for a final diagnosis and for tumour classification
based on the formation of osteoid matrix with osteoblastic, fibroblastic, chondroblastic,
telangiectic, and combined subtypes [98]. The aetiology of canine OSA has not been
completely established but is considered to be complex, involving physical, genetic, and
molecular factors. The investigations undertaken in the present research facilitate further
understanding of the roles played by these proteins within their respective molecular path-
ways, including altered Wnt/beta-catenin/LEF1 signalling and via differential regulation of
tumour suppressor genes and proliferation, and the effects of promoter hypermethylation.
This is especially important given the opportunities that advances in molecular methods for
investigating canine cancer offer for diagnosis, prognosis, and treatment development [23].
Given the staining observed and their involvement in various signalling pathways, IRF8
and LEF1 are promising biomarker candidates for prognostic and diagnostic purposes
and may have mechanisms which can be targeted for the development of therapeutics. A
deeper understanding of the mechanisms involved in OSA represents essential contribu-
tions towards the development of novel diagnostic, prognostic, and treatment options in
human and veterinary medicine contexts.
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Simple Summary: Radionuclide bone imaging, which reflects osteoblastic activity, is used in eval-
uating cartilaginous bone tumors; higher SUVmax is more indicative of an ACT rather than an
enchondroma in SPECT/CT. However, SUVmax can be influenced by several factors, including
radiodensity. Therefore, this study was designed to correlate radiodensity measurements with SU-
Vmax of central cartilaginous bone tumors, including enchondroma, and low-to-intermediate grade
chondrosarcomas. Our findings revealed a significant negative correlation between SUVmax and
radiodensity measurements in HUmax, HUmean, and HUSD. The subgroup analysis showed signif-
icantly higher SUVmax and lower HUSD in the malignant group (grade 1 and 2 chondrosarcoma)
than in the benign group (enchondroma). It was observed that higher SUVmax and lower HUSD

were associated with a higher probability of having a low-to-intermediate grade chondrosarcoma
with aggressive features and a less calcified tumor matrix.

Abstract: (1) Background: it is challenging to determine the accurate grades of cartilaginous bone
tumors. Using bone single photon emission computed tomography (SPECT)/computed tomography
(CT), maximum standardized uptake value (SUVmax) was found to be significantly associated with
different grades of cartilaginous bone tumor. The inquiry focused on the effect of the tumor matrix on
SUVmax. (2) Methods: a total of 65 patients from 2017 to 2022 with central cartilaginous bone tumors,
including enchondromas and low-to-intermediate grade chondrosarcomas, who had undergone bone
SPECT/CT were retrospectively enrolled. The SUVmax was recorded and any aggressive CT findings
of cartilaginous bone tumor and Hounsfield units (HU) of the chondroid matrix as mean, minimum,
maximum, and standard deviation (SD) were reviewed on CT scans. Pearson’s correlation analysis
was performed to determine the relationship between CT features and SUVmax. Subgroup analysis
was also performed between the benign group (enchondroma) and the malignant group (grade 1 and
2 chondrosarcoma) for comparison of HU values and SUVmax. (3) Results: a significant negative
correlation between SUVmax and HU measurements, including HUmax, HUmean, and HUSD, was
found. The subgroup analysis showed significantly higher SUVmax in the malignant group, with
more frequent CT aggressive features, and significantly lower HUSD in the malignant group than
in the benign group. (4) Conclusions: it was observed that higher SUVmax and lower HUSD were
associated with a higher probability of having a low-to-intermediate chondrosarcoma with aggressive
features and a less calcified tumor matrix.

Keywords: cartilaginous bone tumor; bone SPECT/CT; SUVmax; hounsfield units; chondroid matrix
mineralization; correlation
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1. Introduction

Cartilaginous bone tumors are among the most common bone tumors [1]. Enchon-
droma represents the most prevalent benign tumor and chondrosarcoma represents the
most common malignant tumor [2]. Distinguishing between the grades of these tumors,
particularly between enchondroma and atypical cartilaginous tumor (ACT), is often chal-
lenging due to their similar radiological and histologic features [2–6]. While most enchon-
dromas do not necessitate treatment unless symptomatic or causing complications, ACTs
require curettage due to their locally aggressive nature [7]. Thus, efforts have been made to
improve radiological differentiation between these tumors using imaging modalities like
computed tomography (CT) or magnetic resonance imaging (MRI) [8].

Radionuclide bone imaging, which reflects osteoblastic activity, is also used in eval-
uating cartilaginous bone tumors. Higher-grade tumors typically exhibit an increased
uptake on scintigraphy, reflecting cortical destruction and permeation due to cartilaginous
tumor growth [9]. Single photon emission computed tomography (SPECT) provides three-
dimensional information on radiotracer uptake, while the combination of SPECT and CT
(SPECT/CT) enables accurate localization of the uptake [10]. Recent advancements have
allowed for quantitative analysis of radiotracer distribution, with maximum standardized
uptake value (SUVmax) being widely used in clinical practice due to its simplicity [10,11].
A previous study by Choi et al. suggests that a higher SUVmax is more indicative of an
ACT rather than an enchondroma, with a cutoff value of 15.6 [10].

However, SUVmax can also be high in enchondromas, raising questions about other
factors influencing it besides cortical destruction and permeation. While previous studies
have focused on imaging features determining tumor grading, such as endosteal scalloping,
cortical expansion, and disruption [8,12–14], the significance of chondroid matrix mineral-
ization within the tumor has not been thoroughly explored. Cartilaginous bone tumors
often exhibit chondroid matrix mineralization [2], which can be analyzed by measuring the
radiodensity using the Hounsfield units (HU) scale on CT, indicating strength and distri-
bution [15]. Given a report suggesting that bone mineral density (BMD) influences bone
SPECT/CT radiotracer uptake [16], we planned to investigate the relationship between
radiodensity on CT and SUVmax of a central cartilaginous bone tumor on SPECT.

Therefore, our aim is to investigate the relationship between chondroid matrix miner-
alization and bone radionuclide uptake in central cartilaginous bone tumors. Combined
SPECT/CT images provide both radiodensity of HU information from CT and SUVmax
from SPECT simultaneously, making it an excellent tool for analysis. Also, we performed
subgroup analysis for comparison of radiodensity in HU measurements and SUVmax
between benign and malignant groups.

2. Materials and Methods

2.1. Patient Selection

This retrospective study was approved by the institutional review board at our in-
stitution and informed consent was waived. From July 2017 to December 2022, 108 pa-
tients with suspected cartilaginous bone tumors underwent bone SPECT/CT. Moreover,
37 patients with suspected cartilaginous bone tumors in the hand or foot were excluded
from the analysis in order to avoid a selection bias due to the different radiological and
histopathologic appearances that may falsely suggest aggressiveness (such as pathologic
fracture), particularly in small bones, even if the tumors were benign and a disproportion-
ate amount of enchondromas was present in these regions. Five patients with secondary
chondrosarcomas arising from osteochondroma or enchondromatosis and one patient with
dedifferentiated chondrosarcoma were also excluded. Accordingly, 65 patients (22 males,
43 females; mean age 52.7 ± 14.7 years; range 18–83 years) with the diagnosis of an en-
chondroma, ACT/chondrosarcoma grade 1 (CS1, low grade), and chondrosarcoma grade
2 (CS2, intermediate grade) were included in the analysis. All diagnoses were made by
pathological findings (n = 27) via surgery or biopsy with preoperative imaging studies and
by clinical and radiological findings (n = 38) such as X-ray, CT, or MRI without pathological
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confirmation due to a high suspicion of benign conditions. In none of these patients was
the diagnosis changed during follow-ups of at least two years. Clinical and radiological
information such as age, gender, and tumor location were obtained from medical records.
Patients had central cartilaginous bone tumors in the proximal humerus (n = 20; 18 enchon-
dromas and 2 ACTs), distal femur (n = 28; 19 enchondromas, 8 ACTs, and 1 CS2), proximal
femur (n = 7; 4 enchondromas, 2 ACTs, and 1 CS2), proximal fibula (n = 4; 2 enchondromas
and 2 ACTs), distal radius (n = 1, ACT), scapula (n = 2; 1 enchondroma and 1 CS2), and
pelvic bone (n = 3; 1 enchondroma, 1 CS1, and 1 CS2).

2.2. Bone SPECT/CT Acquisition

All bone SPECT/CT scans were conducted using an NMCT/670 SPECT/CT scanner
(GE Healthcare, Waukesha, WI, USA). First, 800–1100 MBq of Tc-99m hydroxymethylene
diphosphonate (HDP) was injected. SPECT/CT images of the tumor site were obtained
4 h after the radiotracer injection. CT acquisition was done with the following parameters:
peak energy at 140 keV with 10% window and step-and-shot mode acquisition (25 s per step
and 30 steps per detector) with 6◦ angular increments. For SPECT image reconstruction, an
iterative ordered subset expectation maximization algorithm was employed (four iterations;
10 subsets), with CT-based attenuation correction, scatter correction, and resolution recovery
carried out on a Xeleris imaging workstation (version 4.0, GE Healthcare, Waukesha, WI,
USA). The reconstructed images had a matrix size of 128 × 128 with a section thickness
of 4.42 mm. The minimal source-to-collimator distance for the parallel-hole collimation
of Tc-99m was set to 4 mm. The camera sensitivity of the scanner was calibrated as
68.06 count/second/Mbq, using a dedicated point source provided by GE healthcare.

The patient information and acquisition parameters were obtained at the time of
injection. Patient height and body weight was measured prior to injection. The pre-
injection and post-injection activity of the syringe was measured before and after injection,
respectively. The time of each measurement was also recorded. The injected radioactivity
was automatically calculated with a decay correction on the Xeleris workstation as follows:

Injected radioactivity = post-injection activity − pre-injection activity

2.3. Image Analysis
2.3.1. SPECT Image Evaluation

All images were evaluated by experienced nuclear medicine physician blinded to
histological results. All SPECT/CT images were evaluated on a dedicated workstation
(Xeleris 4.0, GE Healthcare, Waukesha, WI, USA) that displayed CT, SPECT, and fused
SPECT/CT images. For quantitative analysis, the volumes of interest (VOIs) were generated
by automatic segmentation function on the dedicated workstation by clicking the seed
point on the tumor center. The generated VOI was manually inspected and corrected if
needed. Quantitative parameters were obtained from VOIs using the Q.Metrix toolkit
installed on the dedicated workstation. SUVmax in a given VOI was calculated as follows:

SUVmax = (maximum radioactivity/voxel volume)/(injected radioactivity/bodyweight) (g/mL)

2.3.2. CT Image Evaluation

First, radiodensity measurements were performed using a picture archiving and com-
munication system (PACS) workstation (Zetta PACS, TaeYoung Soft, Anyang-si, Republic
of Korea). The independent evaluation of images was performed by two musculoskeletal
radiologists. Both readers were blinded regarding clinical information including surgery
and histopathological results. A region of interest (ROI) marker was placed around the
lesion with the use of the freehand ROI tool, which produced the maximum, minimum,
mean, and standard deviation (SD) values of the lesions’ radiodensity in Hounsfield units
(HU; HUmax, HUmin, HUmean, and HUSD). The CT slice on which the lesion had the
largest cross-sectional area was selected. Among these, the axial slice with an abundant
mineralized matrix and increased radionuclide uptake as seen on fused SPECT/CT im-
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ages were selected. The freehand ROI was drawn to contain the lesion only within the
intramedullary canal, ensuring that the bony cortex was not included within the ROI.
When the lesion margin was not well visualized, the fused SPECT/CT image or MRI were
referenced (Figure 1).

 

Figure 1. Radiodensity measurement in a patient with ACT in the distal femur. (A) Axial CT
image shows a lobulated mass containing chondroid matrix mineralization and focal deep endosteal
scalloping ≥ 2/3 of the normal cortical thickness (arrow). (B) Mean (±SD) attenuation of this
lesion was measured using the freehand ROI tool (green line) and HU values were found to be
435.49 ± 335.30 [−111 to 1501]. (C) Fused SPECT/CT image shows the radioactive uptake with
SUVmax of this lesion which was calculated to be 23.71.

Any aggressive CT features for the grading of central cartilaginous bone tumors
including (i) deep endosteal scalloping ≥ 2/3 of the normal cortical thickness (Figure 1),
(ii) extensive endosteal scalloping ≥ 2/3 of the lesion length (Figure 2), (iii) expansile
cortical remodeling (Figure 3), and (iv) cortical destruction with or without soft tissue
extension (Figure 4) were also evaluated. The CT images were evaluated in conjunction with
the plain radiographs and/or MRI. After finishing the independent review, a consensus
review of the CT was performed. The two radiologists reviewed the CT images together to
reach a final consensus on discrepant interpretations from the independent reading.

2.4. Statistical Analyses

To reveal the correlative relationships between SUVmax and radiodensity measure-
ments in HU, the Pearson’s correlation coefficient was calculated. Strength of correla-
tion was interpreted as follows: Spearman’s rho (denoted as r)—0.0 to 0.1 no correla-
tion, 0.1 to 0.3 poor correlation, 0.3 to 0.5 fair correlation, 0.5 to 0.7 moderate correlation,
0.7 to 1 very strong correlation, and 1 perfect correlation. Assessment of the relative impor-
tance of regressors in the multiple linear regression analysis was performed. A student’s
t-test was performed to compare SUVmax and radiodensity measurements in HU, and a
chi-square test was conducted to compare aggressive CT features of central cartilaginous
bone tumors between the benign group (enchondromas) and the malignant group (low-to-
intermediate grade chondrosarcomas). Intraclass correlation coefficients (ICCs) were used
to evaluate interobserver reliability for the SUVmax and radiodensity measurements in HU.
The ICC was calculated using a two-way random model by absolute agreement. The de-
gree of agreement was interpreted as follows: ICC < 0.40 poor, 0.4–0.59 fair, 0.60–0.74 good,
0.75–1.00 excellent. Interobserver variability for the aggressive CT features of central
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cartilaginous bone tumors was assessed using kappa statistics. A kappa value lower
than 0.40 indicated poor agreement, 0.40 to 0.59 moderate agreement, 0.60 to 0.79 good
agreement, and 0.80 or greater excellent agreement. For all statistical comparisons, the
significance level was set to p < 0.05. Statistical analysis was conducted using a software
package (SPSS v. 20.0, Chicago, IL, USA).

 

Figure 2. Extensive endosteal scalloping ≥ 2/3 of the lesion length in a patient with ACT in the distal
femur. (A) An axial CT image shows a lobulated mass containing chondroid matrix mineralization
and focal endosteal scalloping (arrow). (B) A sagittal T2-weighted image shows a lobulated mass
with heterogeneously increased signal intensity and extensive endosteal scalloping ≥ 2/3 of the
lesion length (arrows).

 

Figure 3. Expansile cortical remodeling in a patient with CS2 in the proximal femur. (A) An
axial CT image shows a lobulated mass containing chondroid matrix mineralization and expansile
cortical remodeling (arrows). (B) A plain radiograph shows a lobulated mass with expansile cortical
remodeling (arrows) with cortical thickening (arrowhead).
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Figure 4. Cortical destruction with small extraosseous soft tissue extension in a patient with CS2 in the
scapula. (A) An axial CT image shows a lobulated mass containing chondroid matrix mineralization
and focal cortical destruction (arrow). (B) An axial T1-weighted fat-suppressed enhanced MRI shows
a lobulated mass with extraosseous soft tissue extension (arrowhead).

3. Results

3.1. Relationship of SUVmax with Radiodensity in HU Measurements

Pearson’s correlation analysis showed that SUVmax demonstrated a fair negative
correlation with HUmax (r = −0.45, p < 0.001), a fair positive correlation with HUmin
(r = 0.32, p =0.010), a fair negative correlation with HUmean (r = −0.31, p = 0.012), and a
moderate negative correlation with HUSD (r = −0.52, p < 0.001). Figure 5 shows these rela-
tionships with the linear fit trend lines and r2 values (goodness-of-fit of linear regression).
The multiple linear regression analysis demonstrated that the HUSD (r = −0.52, r2 = 0.256,
p < 0.001) was significantly and independently associated with SUVmax.

The interobserver reliability of the radiodensity between both readers were ‘excellent’
for HUmax (ICC of 0.861, p < 0.001), HUmean (ICC of 0.933, p < 0.001), and HUSD (ICC of
0.944, p < 0.001), and ‘fair’ for HUmin (ICC of 0.710, p = 0.001).

3.2. Association of SUVmax and CT Features between Benign and Malignant Groups

Since most of the relationships between radiodensity in HU measurements and SU-
Vmax showed a negative correlation, further subgroup analysis was performed to deter-
mine the association of each parameter between the benign (enchondroma) and malignant
(ACT/CS1 + CS2) groups.

First of all, most of the aggressive CT features of central cartilaginous bone tumors
were significantly more frequent in the malignant group than in the benign group (deep
endosteal scalloping, 60.0% vs. 11.1%, p < 0.001; extensive endosteal scalloping, 80.0%
vs. 26.7%, p < 0.001; expansile cortical remodeling, 35.0% vs. 2.2%, p = 0.001) (Table 1).
Interobserver agreement between the two readers was ‘good’ for deep endosteal scalloping
(κ, 0.710) and extensive endosteal scalloping (κ, 0.757), and ‘excellent’ for expansile cortical
remodeling (κ, 0.867) and cortical destruction (κ, 0.936).
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Figure 5. The relationship between SUVmax and radiodensity. (A) HUmax, (B) HUmin, (C) HUmean,
and (D) HUSD. r = Pearson’s correlation; r2 = goodness-of-fit of linear regression.

Table 1. Comparison of aggressive CT features between benign and malignant groups.

Benign,
Enchondroma

Malignant,
ACT/CS1 + CS2 p Value

(n = 45) (n = 20)

Deep endosteal scalloping
<0.001<1/3 of normal cortical thickness 40 (88.9%) 8 (40.0%)

≥2/3 of normal cortical thickness 5 (11.1%) 12 (60.0%)
Extensive endosteal scalloping

<0.001<1/3 of the lesion length 33 (73.3%) 4 (20.0%)
≥2/3 of the lesion length 12 (26.7%) 16 (80.0%)

Expansile cortical remodeling
0.001Absent 44 (97.8%) 13 (65.0%)

Present 1 (2.2%) 7 (35.0%)
Cortical destruction

0.169Absent 45 (100.0%) 18 (90.0%)
Present 0 (0.0%) 2 (10.0%)

SUVmax was also significantly higher in the malignant group than in the benign
group (22.3 ± 13.2 vs. 11.8 ± 5.9, p = 0.003) (Table 2). Among the radiodensity mea-
surements in HU, only HUSD was significantly lower in the malignant group than in the
benign group (322.5 ± 149.1 vs. 405.1 ± 140.3, p = 0.036) (Table 2). In addition, HUmax
(1522.6 ± 623.4 vs. 1748.8 ± 480.9, p = 0.116) and HUmean (381.5 ± 193.3 vs. 412.8 ± 197.9,
p = 0.556) were lower in the malignant group than in the benign group, although with-
out statistically significant differences, and HUmin (−223.0 ± 137.2 vs. −244.2 ± 113.1,
p = 0.515) was higher in the malignant group than in the benign group, again without
statistically significant difference (Table 2). A representative case is shown in Figure 6.
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Table 2. Comparison of SUVmax and radiodensity in HU measurements between benign and
malignant groups.

Benign,
Enchondroma

Malignant,
ACT/CS1 + CS2 p Value

(n = 45) (n = 20)

SUVmax 11.8 ± 5.9 22.3 ± 13.2 0.003
HUmax 1748.8 ± 480.9 1522.6 ± 623.4 0.116
HUmin −244.2 ± 113.1 −223.0 ± 137.2 0.515

HUmean 412.8 ± 197.9 381.5 ± 193.3 0.556
HUSD 405.1 ± 140.3 322.5 ± 149.1 0.036

 

Figure 6. Comparison of SUVmax and radiodensity in HU measurements between ACT (A–C) and
enchondroma (D–F). (A) A coronal T1-weighted fat-suppressed enhanced MRI shows a lobulated
mass with septal enhancement with pathology of ACT. (B) A fused SPECT/CT image shows the
radioactive uptake with SUVmax of this lesion which was calculated to be 23.61. (C) The radiodensity
in HU measurement of this lesion was found to be 376.14 ± 270.35 [−163 to 1458]. (D) A coronal
T1-weighted fat-suppressed enhanced MRI shows a lobulated mass with faint septal enhancement
with pathology of enchondroma. (E) A fused SPECT/CT image shows the radioactive uptake with
SUVmax of this lesion which was calculated to be 11.5. (F) The radiodensity in HU measurement of
this lesion was found to be 724.05 ± 653.68 [−463 to 2689].

4. Discussion

Our findings revealed a significant negative correlation between SUVmax and radio-
density measurements in HU, including HUmax, HUmean, and HUSD. This contradicts the
assumption that the strength and distribution of chondroid matrix mineralization directly
influences SUVmax, suggesting an inverse relationship instead. To further explore this
paradoxical association, subgroup analyses were conducted. The data were divided into
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benign (enchondroma) and malignant (low-to-intermediate grade chondrosarcoma) groups,
and comparisons were made in relation to SUVmax and radiodensity measurements in
HU between the two groups. The subgroup analysis showed significantly higher SUVmax
in the low-to-intermediate grade malignant group, which exhibited more frequent CT
aggressive features compared to the benign group. It also revealed significantly lower
HUSD in the low-to-intermediate grade malignant group compared to the benign group.
Although statistical significance was not established, a trend of lower radiodensity of
HUmax and HUmean was observed in the low-to-intermediate malignant group relative
to the benign group.

Bone scintigraphy uptake in cartilaginous tumors typically increase with a higher-
grade [17]. This is thought to reflect the cortical destruction and bone permeation, as
important histological features of high-grade tumors include infiltration and encasement
of the existing trabecular bone [18]. Increased bone radiotracer uptake can be objectively
described by SUV in SPECT/CT images. Previous research by Choi et al. [10] demonstrated
that ACT exhibits a higher SUVmax compared to enchondroma. This suggests that the
higher SUVmax in ACT may reflect a greater degree of reaction in the surrounding bone,
such as cortical extension or permeation, as observed in ACT, leading to increased radionu-
clide uptake [17]. However, SUVmax can be influenced by several factors, including BMD
which is known to be positively correlated with SUVs [19]. Therefore, there was curiosity
regarding whether chondroid matrix mineralization might influence the SUVmax of tumors.
This curiosity led us to initiate a study correlating radiodensity in HU measurements with
SUVmax of central cartilaginous bone tumors.

Based on existing literature, a positive correlation between SUVmax and the radioden-
sity of the tumor matrix was anticipated [19]; however, our actual results contradicted our
expectations. Our findings revealed a significant negative correlation between SUVmax
and radiodensity measurements in HUmax, HUmean, and HUSD. This result led us to the
discovery that the strength and distribution of chondroid matrix mineralization do not
directly influence SUVmax; instead, they exhibit an inverse relationship. Consequently,
further subgroup analysis was prompted.

Subgroup analysis was conducted, dividing the patients into two groups: benign (en-
chondroma) and low-to-intermediate grade malignant (ACT/CS1 + CS2) groups. SUVmax
and radiodensity measurements in HU were subsequently compared between the two
groups. The subgroup analysis revealed significantly higher SUVmax in the malignant
group, which exhibited more frequent CT aggressive features compared to the benign
group. This finding is consistent with previous studies aiming to differentiate benign from
malignant cartilaginous bone tumors using bone SPECT/CT [10,20]. In bone SPECT/CT,
SUVmax serves as an indicator of osteoblastic activity, reflecting cortical destruction and
permeation in cartilaginous bone tumors. Our results confirm that low-to-intermediate
grade chondrosarcomas are associated with higher SUVmax and more frequent CT ag-
gressive features, such as deep and extensive endosteal scalloping and expansile cortical
remodeling [21–23].

Subgroup analysis also revealed a significantly lower HUSD in the low-to-intermediate
grade malignant group compared to the benign group. Although statistical significance
was not established, a trend of lower radiodensity was observed in the low-to-intermediate
grade malignant group (HUmax and HUmean). Balta et al. conducted a study analyzing
cartilaginous bone tumors using HU measurements and reported that ACT exhibited
lower HU values than enchondroma. However, their study analyzed only the maximum
and minimum values of HU without the SD of HU [15]. Although our study showed
statistical significance only in HUSD, and not in HUmax, HUmin, and HUmean, between
the two groups, there appears to be some degree of similarity in the results between the
study by Balta and ours. In other words, a higher SD of HU in a tumor matrix with dense
calcification indicates a greater likelihood of a stable enchondroma, while a lower SD of
HU in a less calcified tumor matrix suggests a greater likelihood of an active aggressive
low-to-intermediate grade chondrosarcoma [15].
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Relevant previous studies have demonstrated that HU measurements in CT exam-
inations, including the proximal femur and lumbar vertebrae, can predict BMD and
strength [24,25] as well as bone neoplasms [26–29]. Thus, it can be concluded that HU
measurements on CT scans can serve as a tool to differentiate between enchondroma and
ACT, reflecting the characteristics of the tumor matrix. This aspect will be further analyzed
in the future with a larger sample size and additional tools such as texture analysis [30–33].
It is also notable that, in the combined modality of SPECT/CT, both radiotracer and ra-
diodensity information can be obtained simultaneously without additional examinations.
Performing multiple examinations during disease evaluation increases the medical cost
and decreases patient satisfaction due to the need for repeated visits to the hospital. By
reducing the total number of examinations, SPECT/CT may improve patient convenience
and reduce the total medical cost.

There are several limitations in this study. Firstly, it is retrospective in nature and
conducted at a single center. Larger studies are required to confirm the results in the
future. Secondly, there is a lack of histological confirmation for some portions of the
enchondromas. Instead, we consider the diagnosis of enchondroma based on radiological
imaging and follow-up results to be clinically valid. Third, the study did not encompass
grade 3 chondrosarcoma (high-grade malignancy), thus limiting the capacity to definitely
establish a conclusive relationship among chondrosarcoma malignant features, SUVmax,
and HU values. Therefore, our results derive from the incorporation of low-to-intermediate
grade chondrosarcomas only, with plans to broaden the analysis by including more patients
across multiple centers in the future. Lastly, the heterogeneous tumor locations, such as in
the trunk, pose a limitation. Future studies will include a large number of patients with
tumors located only in the extremities or only in the trunk.

5. Conclusions

The current study revealed a negative correlation between SUVmax and radiodensity
in HU measurements of the tumor matrix in central cartilaginous bone tumors. It was
observed that higher SUVmax and lower HUSD were associated with a higher probability of
having a malignant cartilaginous bone tumor (low-to-intermediate grade) with aggressive
feature and a less calcified tumor matrix. This study highlights the potential usefulness of
SPECT/CT scans to tumor diagnosis and characterization for central cartilaginous bone
tumors. Further research is needed to validate these findings in larger patient cohorts and
to explore their clinical applications.
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Abbreviations

ACT Atypical cartilaginous tumor
BMD Bone mineral density
CS1 Chondrosarcoma grade 1
CS2 Chondrosarcoma grade 2
CT Computed tomography
HDP Hydroxymethylene diphosphonate
HU Hounsfield units
ICC Intraclass correlation coefficients
MRI Magnetic resonance imaging
SD Standard deviation
SPECT Single photon emission computed tomography
SUVmax Maximum standardized uptake value
PACS Picture archiving and communication system
ROI Region of interest
VOI Volume of interest
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Simple Summary: Alterations in the SMARCB1/INI1 expression pattern have been detected in
many tumors, including chordomas. We studied a large group of patients with conventional spinal
chordomas, and the aims were to assess the differences in the immunohistochemical expression of
SMARCB1/INI1 and the underlying alterations in the SMARCB1 gene and to investigate the corre-
lation between clinicopathological features and patient survival. Partial SMARCB1/INI1 loss was
identified in several patients, and this pattern correlated with mobile spine location and inadequate
surgical margins. Moreover, mobile spine tumor location and inadequate surgical margins negatively
impacted disease-free survival. The complete loss of SMARCB1/INI1 is currently ongoing as a
target for molecular therapy; therefore, the partial loss of SMARCB1/INI1 in tumors could also have
therapeutic implications.

Abstract: The partial loss of SMARCB1/INI1 expression has recently been reported in skull base
conventional chordomas, with possible therapeutic implications. We retrospectively analyzed 89
patients with conventional spinal chordomas to investigate the differences in the immunohistochem-
ical expression of SMARCB1/INI1 and the underlying genetic alterations in the SMARCB1 gene.
Moreover, we assessed the correlation of clinicopathological features (age, gender, tumor size, tumor
location, surgical margins, Ki67 labelling index, SMARCB1/INI1 pattern, previous surgery, previous
treatment, type of surgery, and the Charlson Comorbidity Index) with patient survival. Our cohort
included 51 males and 38 females, with a median age at diagnosis of 61 years. The median tumor size
at presentation was 5.9 cm. The 5-year overall survival (OS) and 5-year disease-free survival (DFS)
rates were 90.8% and 54.9%, respectively. Partial SMARCB1/INI1 loss was identified in 37 (41.6%)
patients with conventional spinal chordomas (27 mosaic and 10 clonal). The most frequent genetic
alteration detected was the monoallelic deletion of a portion of the long arm of chromosome 22,
which includes the SMARCB1 gene. Partial loss of SMARCB1/INI1 was correlated with cervical–
thoracic–lumbar tumor location (p = 0.033) and inadequate surgical margins (p = 0.007), possibly due
to the high degree of tumor invasiveness in this site. Among all the considered clinicopathological
features related to patient survival, only tumor location in the sacrococcygeal region and adequate
surgical margins positively impacted DFS. In conclusion, partial SMARCB1/INI1 loss, mostly due to
22q deletion, was detected in a significant number of patients with conventional spinal chordomas
and was correlated with mobile spine location and inadequate surgical margins.
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1. Introduction

Chordomas are rare malignant neoplasms that develop from embryonic remnants of
the notochord. They exhibit distinct histotypes (conventional, poorly differentiated, and
dedifferentiated) with different clinical behavior [1]. Conventional chordoma accounts for
approximately 95% of cases [1,2]. Chordomas are locally destructive tumors characterized
by very slow growth, with possible local recurrence and metastases. The 5- and 10-year OS
rates are estimated to be 68.4% and 39.2%, respectively, and the 5- and 10-year DFS rates
are 80.9% and 60.1%, respectively [3]. The diagnostic hallmark of chordomas is the nuclear
expression of the brachyury protein [1,4]. Complete loss of the SMARCB1/INI1 nuclear pro-
tein has also been reported as a peculiar feature of poorly differentiated chordoma [3,5,6].
Recently, the partial loss of SMARCB1/INI1 protein expression has been detected in con-
ventional chordomas localized in the skull base [7]. SMARCB1/INI1 is a tumor suppressor
encoded by the SMARCB1 gene (SWI/SNF-related, matrix-associated, actin-dependent
regulator of chromatin, subfamily B, member 1), which is located on the long arm of
chromosome 22 (22q11.23). This protein is part of the multisubunit ‘SWItch/Sucrose Non-
Fermentable ATP-dependent chromatin remodelling complex’ (SWI/SNF), which regulates
different cellular mechanisms, including gene expression and cell proliferation and differ-
entiation [8,9]. Abnormal expression of SMARCB1/INI1 has been detected extensively in
different tumor types, and three distinct expression patterns have been identified: complete
loss, partial loss, and reduced expression [10,11]. However, the type of abnormal expression
pattern and the type of mutation in the SMARCB1 gene do not always match; in some
cases, no DNA or RNA changes are detected [10]. Among tumors with focal expression
of SMARCB1/INI1, different types of genetic alterations have been described, the most
frequent being the monoallelic deletion of a portion of the long arm of chromosome 22,
which includes the SMARCB1 gene [7,10]. However, several studies have revealed that
SMARCB1/INI1-deficient tumors, despite being very different from each other in location
and type, generally share an aggressive clinical course with high local recurrence rates and
a prognosis that is often poor [11–14].

From a treatment perspective, chordoma appears to be resistant to common chemother-
apy, and clinical studies are currently ongoing to treat some of these forms with new tar-
geted molecules, including tyrosine kinase inhibitors, CDK4 inhibitors, and immunotherapy
based on monoclonal antibodies [2,3,15]. Specifically, the complete loss of SMARCB1/INI1
expression is considered a marker for the evaluation of the effectiveness of Enhancer of
Zeste Homolog 2 (EZH2) inhibitors (Tazemetostat) [15,16]. The most frequent cytogenetic
abnormalities observed in conventional chordomas are monosomy of chromosome 1 and
copy number gains of chromosomes 2, 6, and 7 [1,3]. Loss of chromosome 22 and/or genetic
alterations in the SMARCB1 gene seem to be rare [17–19].

This study aimed to compare SMARCB1/INI1 protein expression patterns in spinal
conventional chordomas with genetic alterations detectable in the SMARCB1 gene by FISH,
clinicopathological features, OS, and DFS.

2. Materials and Methods

A retrospective study of 89 patients with conventional spinal chordoma diagnosed
at the Anatomy and Pathological Histology Unit of the Rizzoli Orthopedic Institute from
2010 to 2019 was carried out. In order to perform morphological, immunohistochemical,
and molecular analyses, a formalin-fixed paraffin-embedded (FFPE) tumor tissue sample
of adequate size and quality was used, after selection by pathologists (MG and AR). The
diagnosis of all the original tumor slides was confirmed independently by two pathologists
(MG and AR) via the immunohistochemical expression of brachyury and pan-cytokeratin
AE1/AE3. The clinicopathological parameters investigated were: age, gender, tumor size,
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tumor location, surgical margins, Ki67 labelling index, SMARCB1/INI1 pattern, previous
surgery, previous treatment, type of surgery, and comorbidities. The surgical margins were
classified according to the Enneking classification [20] and to the Weinstein–Boriani–Biagini
(WBB) system [21]. The comorbidities were evaluated by the Charlson Comorbidity Index
(CCI) [22]. Ethical committee approval was obtained from the Comitato Etico di Area Vasta
Emilia Centro on 27/04/2023 (protocol # CE AVEC: 312/2023/Oss/IOR). As a comparison
group, 4 patients with poorly differentiated chordoma were included in the analysis.

Immunohistochemical staining was performed using an automated immunostainer
following the manufacturer’s guidelines (Ventana BenchMark-Ventana Medical Systems,
Tucson, AZ, USA), with a mouse monoclonal anti-INI-1 antibody at a concentration of
0.4 μg/mL (MRQ-27; Cell Marque, Rocklin, CA, USA) and a rabbit monoclonal primary
anti-Ki-67 antibody at a concentration of 0.2 μg/mL (clone 30-9, Ventana). The immuno-
histochemical evaluation was executed independently by two pathologists to determine
the percentage of proliferating cells (Ki67 labelling index) and to select only samples with
partial SMARCB1/INI1 expression and a minimum 10% cut-off of neoplastic nuclei. Re-
garding SMARCB1/INI1, both patients with mosaic expression (defined by the presence of
negative nuclei mixed with positive nuclei) and patients with clonal expression (character-
ized by the presence of a completely negative high-magnification field alongside a fully
positive high-magnification field) were considered eligible; homogeneous nuclear staining
in the background of inflammatory cells, stromal fibroblasts, normal epithelial cells, and/or
vascular endothelial cells were used as an internal control.

FISH for the SMARCB1 gene was performed using a commercial SPEC SMARCB1/22q12
Dual color CE/IVD Probe (ZytoVision, Bremerhaven, Germany). The analysis was per-
formed on conventional chordomas with focal SMARCB1/INI1 expression and four poorly
differentiated chordomas. The probe included a 545 kb sequence mapped to the 22q11.23
region (ZyGreen fluorochrome label) harboring the SMARCB1 gene and a 335 kb sequence
mapped to the 22q12.1–q12.2 region (ZyOrange fluorochrome label) harboring the KRE-
MEN1 gene, which was used as an internal control region to detect large chromosome 22q
deletions. FISH was performed on interphase nuclei using the Histology FISH accessory kit
(Dako, Glostrup, Denmark) according to the manufacturer’s protocol [23], as previously de-
scribed [7]. For each slide, a minimum of 100 intact nuclei within the tumor area previously
marked by the pathologist were scored using a BX41 fluorescence microscope (Olympus,
Tokyo, Japan) at 100× magnification, and visible alteration in at least 10% of the cells was
considered a positive result. Nuclei with no signal or signals in overlapping nuclei were
considered non-informative and were not analyzed. A Color View III CCD camera soft
imaging system (Olympus) was used to capture images, which were subsequently analyzed
with CytoVision imaging software version 7.5 (Leica Biosystem Richmond Inc., Richmond,
IL, USA). The presence of two green signals and two orange signals in a 1:1 ratio was
considered the normal copy number pattern; any FISH signals differing from this pattern
were classified as altered. The detection of one green signal and one orange signal indicated
a monoallelic co-deletion of SMARCB1 and the control region, which was classified as a
monoallelic 22q large deletion, and the presence of additional copies of both green and
orange signals indicated a copy number gain (CNG) of chromosome 22.

OS was defined as the time between the date of diagnosis and the date of death or
the last follow-up, and DFS was defined as the time between the first disease relapse
or metastasis and the last follow-up. Descriptive statistics were used to report patient
and clinical characteristics. All the continuous data were expressed as the means and the
standard deviations of the means; the categorical data were expressed as frequencies and
percentages. Fisher’s chi-square exact test was used to analyze dichotomous variables.
Pearson’s chi-square exact test was performed to investigate categorical variables. Kaplan–
Meier survival analyses with the log-rank test were performed to assess the influence
of the different parameters on OS and DFS. For all the tests, p < 0.05 was considered as
statistically significant. All the statistical analyses were performed using SPSS v.19.0 (IBM
Corp., Armonk, NY, USA).
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3. Results

Table 1 summarizes the main clinicopathological features of 89 patients with conven-
tional spinal chordomas.

Table 1. Clinicopathological features of 89 patients with conventional spinal chordomas.

Parameters All Samples (n = 89)

Gender (N, %)
Male 51 (57.3%)
Female 38 (42.7%)

Age (median, range in years) 61 (17–86)
Age (N, %)
≤60 years 42 (47.2%)
>60 years 47 (52.8%)

Tumor size (N, %)
<5 cm 36 (40.4%)
≥5 cm 39 (43.9%)
Not available 14 (15.7%)

Tumor localization
Cervical–thoracic–lumbar region 43 (48.3%)
Sacrococcygeal region 46 (51.7%)

Surgical margin
Adequate 45 (50.6%)
Inadequate 25 (28.1%)
Not available 19 (21.3%)

Ki-67 index (median, range) 3 (1–12)

Ki-67 index (N, %)
≤3% 43 (48.3%)
>3% 37 (41.6%)
Not evaluable 9 (10.1%)

SMARCB1/INI1 immunohistochemical expression (N, %)
Positive 52 (58.4%)
Positive/negative 37 (41.6%)

Previous surgery
No 53 (59.6%)
Yes 21 (23.6%)
Not available 15 (16.9%)

Previous treatment
No 59 (66.3%)
Yes 14 (15.7%)
Not available 16 (18%)

Type of surgery
En bloc resection 54 (60.7%)
Other surgery 16 (18%)
No surgery 19 (21.3%)

Charlson Comorbidity Index (CCI)
Mean (SD) 4.1 (0.260)

The dataset included 51 (57.3%) males and 38 (42.7%) females, with a median age
at diagnosis of 61 years (range 17–86). Clinically, 43 (48.3%) tumors were located in
the cervical–thoracic–lumbar region (mobile spine), while 46 (51.7%) were located in the
sacrococcygeal region. The median tumor size at presentation was 5.9 cm (range 1.4–16 cm).
The mean CCI of the population was 4.1. Twenty-one patients (23.6%) underwent previous
surgical treatment, and 14 patients (15.7%) underwent previous systemic therapy and/or
radiotherapy for the same tumor.
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Among the 70 patients who underwent surgical resection, 45 patients (50.6%) had
adequate surgical margins (wide and radical), while 25 (28.1%) had inadequate surgi-
cal margins (intralesional and marginal), according to the Enneking classification [20]
(Table S1). Among the remaining 19 inoperable patients, 12 were treated with carbon ion
therapy, 3 with proton therapy, and 1 with radiation and chemotherapy; for 3 patients only
biopsy information was available without follow-up data. Of the cases with inadequate
margins, nine cases were localized at the cervical region, seven cases were localized at the
thoracic–lumbar region (six patients were previously treated with surgery at other centers),
and nine cases were localized at the sacrococcygeal region (three patients were previously
treated with surgery at other centers). When feasible, a classification according to the WBB
system [21] was performed and all 10 tumors analyzed had very large extensions with both
extra-osseous and intracanal components (Table 2), which did not allow resection with
wide margins.

Table 2. The WBB classification of patients with surgical inadequate margins.

Case Number Tumor Localization WBB Classification Revision Surgery

1 L3 layers A–E; zones 12–1 NO
2 sacrum n.a. NO
7 C4–C5 layers C–E, zones 8–5 NO
15 sacrum n.a. NO
19 sacrum n.a. NO
25 L5 n.a. YES
29 C2 layers A–E; zones 11–7 NO
34 C3 layers A–E; zones 2–8 NO
35 C2 layers A–E; zones 9–4 NO
40 L3 n.a. YES
42 sacrum n.a. YES
44 C2–C3 layers A–E; zones 6–2 NO
45 L4–L5 n.a. YES
48 L2 n.a. YES
52 sacrum n.a. YES
58 T2–T3 n.a. YES
64 T9 layers A–E; zones 9–1 YES
66 C2 layers A–E; zones 7–4 NO
68 C2 layers A–E; zones 11–5 NO
71 C5–C6 n.a. YES
72 coccyx n.a. NO
73 sacrum n.a. YES
78 sacrum n.a. NO
79 C1–C2 layers A–E; zones 6–3 NO
89 sacrum n.a. NO

n.a. = not applicable, because of localization on the sacrococcygeal region or because of the absence of pre-
operative imaging.

The median Ki-67 labelling index was 3% (range 1–12%), excluding nine non-evaluable
cases (absence of positive internal controls in normal bone marrow cells). The SMARCB1/INI1
immunohistochemical analyses revealed a partial loss of SMARCB1/INI1 (range 10–80%)
in 37 (41.6%) patients, while 52 (58.4%) patients exhibited complete protein expression in
all neoplastic cells (Table S1). In the 37 patients with focal SMARCB1/INI1 loss, 2 different
staining patterns were identified: 27 cases had a mosaic expression pattern (with mixed
negative and positive nuclei), while 10 cases had a clonal expression pattern (with separate
fully negative and fully positive high-magnification fields) (Figure 1A,B). The four poorly
differentiated chordomas exhibited complete loss of SMARCB1/INI1 in all the evaluated
neoplastic cells.
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Figure 1. (A) Case n.25 showing clonal expression of SMARCB1/INI1; (B) case n.44 showing mosaic
expression of SMARCB1/INI1.

Partial loss of the immunohistochemical expression of SMARCB1/INI1 was signifi-
cantly associated with localization in the cervical–thoracic–lumbar region (p = 0.033) and
inadequate surgical margins (p = 0.007). No significant associations were found with gender,
age at diagnosis, tumor size, or Ki67 index (Table 3).

Table 3. Clinicopathological features according to SMARCB1/INI1 immunohistochemical expression.

SMARCB1/INI1 +
(n = 52)

SMARCB1/INI
+/−

(n = 37)
p-Value

Gender (N, %)
Male

Female
28 (53.8%) 23 (62.2%) 0.516
24 (46.2%) 14 (37.8%)

Age (median, range in years) 61.5 (28–86) 59 (17–79) 0.511

Age (N, %)
≤60 years 22 (42.3%) 20 (54.1%) 0.291
>60 years 30 (57.7%) 17 (45.9%)

Tumor size (N, %)
<5 cm 20 (38.5%) 16 (43.2%)
≥5 cm 20 (38.5%) 19 (51.4%) 0.818

Not available 12 (23%) 2 (5.4%)

Tumor localization
Cervical–thoracic–lumbar region 20 (38.5%) 23 (62.2%) 0.033

Sacrococcygeal region 32 (61.5%) 14 (37.8%)

Surgical margin
Adequate 30 (57.7%) 15 (40.5%)

Inadequate 8 (15.3%) 17 (46%) 0.007
Not available 14 (27%) 5 (13.5%)

Ki-67 index
(median, range in percentage) 3 (1–12%) 3 (1–9%) 0.459

Ki-67 index (N, %)
≤3% 26 (50%) 17 (46%)
>3% 24 (46.2%) 13 (35%) 0.817

Not evaluable 2 (3.8%) 7 (19%)
Statistically significant p values are shown in red color.
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The FISH analysis performed on 37 conventional spinal chordoma patients with focal
SMARCB1/INI1 loss revealed three possible molecular patterns (Figure 2).

Figure 2. (A) Normal nucleus, with two signals for the control region (orange) and two signals for the
SMARCB1 gene (green); (B) nucleus with monoallelic deletion, with only one signal for the control
region (orange) and only one signal for the SMARCB1 gene (green); (C) nucleus with CNG, with
three or more signals for both the control region (orange) and SMARCB1 gene (green).

Monoallelic deletion of the SMARCB1 gene associated with co-deletion of the control
region was observed in 16 cases of conventional chordoma (range 26–94%) (Figure 3A,B);
5 of these also had nuclei with additional copies of both signals (Figure 3C,D). One case
exhibited only nuclei with CNG and none with deletions. Due to poor tissue quality,
20 samples did not show hybridized signals and were considered inadequate for FISH
scoring (Table S1). Considering the two different staining patterns of focal SMARCB1/INI1
expression, all 10 cases with mosaic patterns had a monoallelic 22q deletion (range 30–94%),
3 of these cases also had nuclei with CNG of both signals; 5 of 6 cases with clonal patterns
had a monoallelic 22q deletion (range 26–81%); 2 of these cases also had nuclei with extra
copies of SMARCB1 and the control region, whereas 1 case had only nuclei with CNG of
both signals.

Figure 3. (A,B) Nuclei with monoallelic co-deletion of the SMARCB1 gene and the control region
from cases n.58 and n.21, respectively; (C,D) nuclei with CNG from cases n.37 and n.66, respectively.
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In the four cases of poorly differentiated chordoma, FISH analyses revealed biallelic
SMARCB1 deletions in two cases, a monoallelic deletion in one case, and a pattern with a
monoallelic SMARCB1 deletion associated with an additional control region signal in one
case. The average follow-up duration after treatment completion was 66 months (range
2–148). The 5-year OS and 5-year DFS rates were 90.8% (SE 3.6%) and 54.9% (SE 6%),
respectively. Univariate analysis revealed worse overall survival for patients older than
60 years (p = 0.046). The risk of local recurrence or metastasis was greater for patients
with a tumor in the cervical–thoracic–lumbar region (p = 0.017), for those with inadequate
surgical margins (p = 0.009), and for patients who underwent a previous surgery for the
same tumor (p < 0.0005) (Table 4; Figures 4 and 5). Moreover, the presence of comorbidities
significantly affected both OS and DFS, as shown in Tables 4 and 5.

Table 4. Results from univariate Kaplan–Meier models for OS and DFS.

5 Years—OS % (SE) p-Value 5 Years—DFS % (SE) p-Value

Entire sample 90.8% (3.6%) 54.9% (6%)

Gender (N, %)
Male 91% (5%) 0.731 51.1% (8.1%) 0.728

Female 89.7% (5.6%) 59.8% (8.8%)

Age (N, %)
≤60 years 96.8% (3.2%) 0.046 51.9% (8.3%) 0.907
>60 years 85.1% (6.2%) 58.3% (8.5%)

Tumor size (N, %)
<5 cm 90.5% (5.2%) 0.800 52.7% (9%) 0.486
≥5 cm 94.4% (5.4%) 49.7% (9.3%)

Tumor localization
Cervical–thoracic–lumbar region 87.7% (5.8%) 0.477 44.2% (8.5%) 0.017

Sacrococcygeal region 94.6% (3.7%) 64.8% (8.1%)

Surgical margin
Adequate 96.8% (3.2%) 0.065 61% (8%) 0.009

Inadequate 82.2% (9.3%) 23.2% (10.4%)

Ki-67 index (N, %)
≤3% 89.6% (5.7%) 0.648 60.5% (7.9%) 0.125
>3% 96.7% (3.3%) 47.3% (9.1%)

SMARCB1/INI1 immunohistochemical
expression (N, %)

Positive 94.8% (3.6%) 0.210 58.6% (8.8%) 0.275
Positive/negative 85.5% (6.8%) 49.4% (9.1%)

Previous surgery
No 88.9% (4.8%) 0.98 66.3% (7.5%) <0.0005
Yes 93.7% (7.4%) 25.3% (10.4%)

Previous treatment
No 90.6% (4.5%) 0.858 54.4% (7.4%) 0.56
Yes 90.0% (9.5%) 58.4% (14.5%)

Type of surgery
En bloc resection 88.7% (4.8%) 0.693 61.6% (7.2%) 0.899

Other 90.0% (9.5%) 44.7% (17.1%)

Charlson Comorbidity Index (CCI)
≤4 92.3% 0.076 63.0% (7.3%) 0.011
>4 83.8% 39.3% (10.2%)

Statistically significant p values are shown in red color.
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Figure 4. Kaplan–Meier survival analyses for age and gender features.

The results of the multivariate analysis demonstrated that the inadequate surgical
margin and an age older than 60 years significantly impaired the OS (Table 6). The risk
of local recurrence or metastases was increased by a higher Ki67 index, by an inadequate
surgical margin, and by a high CCI: with the same surgical margin and Ki67 scores, the
increase of 1 unit of the CCI increases the risk by 40.5% (Table 7). It should be noted that
the CCI includes the age, and all patients older than 60 years have a CCI higher than 4.
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Figure 5. Kaplan–Meier survival analyses for size and tumor localization, surgical margins, Ki-67
index, and SMARCB1/INI1 immunohistochemical expression.
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Table 5. Univariate analysis for CCI as continuous variable.

5 years—OS
p-Value HR

95.0% CI
Inferior Superior

CCI 0.043 1.694 1.018 2.820

5 years—DFS
p-Value HR

95.0% CI
Inferior Superior

CCI 0.078 1.222 0.978 1.528
Statistically significant p values are shown in red color.

Table 6. Multivariate analysis for overall survival.

p-Value HR
95.0% CI

Inferior Superior

Phase 1

CCI 0.788 1.110 0.519 2.373

margin (1 vs. 0) * 0.006 29.965 2.619 342.854

age (>60 vs. ≤60) 0.050 19.600 1.001 383.640

Phase 2
margin (1 vs. 0) * 0.006 30.049 2.634 342.745

age (>60 vs. ≤60) 0.012 24.592 2.019 299.586
* 0 = adequate margin; 1 = inadequate margin. Statistically significant p values are shown in red color.

Table 7. Multivariate analysis for disease-free survival.

p-Value HR
95.0% CI

Inferior Superior

Phase 1

Ki67 0.037 1.216 1.012 1.461

margin (1 vs. 0) * 0.036 2.501 1.060 5.904

localization 0.233 0.530 0.187 1.504

previous surgery 0.321 1.489 0.678 3.270

CCI 0.008 1.526 1.119 2.079

type of surgery (other) 0.556 0.681 0.189 2.447

type of Surgery(en bloc resection) 0.868 0.913 0.313 2.664

Phase 2

Ki67 0.033 1.216 1.016 1.455

margin (1 vs. 0) * 0.026 2.598 1.119 6.032

localization 0.210 0.548 0.214 1.403

previous surgery 0.279 1.529 0.709 3.298

CCI 0.004 1.513 1.141 2.007

Phase 3

Ki67 0.032 1.216 1.017 1.453

margin (1 vs. 0) * 0.018 2.771 1.195 6.429

localization 0.203 0.547 0.216 1.383

CCI 0.004 1.517 1.143 2.013

Phase 4

Ki67 0.061 1.188 0.992 1.421

margin (1 vs. 0) * 0.019 2.667 1.173 6.059

CCI 0.004 1.502 1.142 1.976
* 0 = adequate margin; 1 = inadequate margin. Statistically significant p values are shown in red color.
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4. Discussion

Conventional spinal chordoma is a rare, slow-growing, locally aggressive malignant
neoplasm [1,2]. In recent years, an increasing number of tumors, including poorly differ-
entiated chordomas, have been found to exhibit complete loss of SMARCB1/INI1 protein
expression. In many patients, molecular analyses of the SMARCB1 gene revealed a biallelic
deletion [3,11]. Recently, conventional skull base chordomas have also been investigated
by immunohistochemistry, and partial loss of SMARCB1/INI1 was identified [7]. In our
study, the immunohistochemical pattern of SMARCB1/INI1 in conventional spinal chor-
domas was analyzed for the first time, and partial loss of SMARCB1/INI1 was observed
in 41.6% of cases. In particular, two distinct expression patterns were detected, mosaic
and, less frequently, clonal, confirming what has been previously reported on conventional
skull base chordomas [7]. From a molecular perspective, several types of genetic alter-
ations have been described among tumors with focal expression, but the most frequent
is the monoallelic deletion of a portion of the long arm of chromosome 22 (involving
SMARCB1) [7,10,16]. However, the genomic studies in the literature revealed that the loss
of chromosome 22 or the monoallelic deletion of SMARCB1 is rare in conventional spinal
chordomas [17,18]. In our series, we genetically investigated only conventional chordomas
with impaired SMARCB1/INI1 pattern expression, and in 43.2% of the feasible cases, a
monoallelic co-deletion of the SMARCB1 gene and the control region was observed. To
evaluate the SMARCB1 locus at chromosome 22q, we used FISH analysis with a CE-IVD
probe. Due to cross-hybridization of chromosome 22 alpha satellites to other centromeric
regions, a probe mapped to the 22q12.1-q12.2 region was used as an internal control,
which has already been proven to be a reliable control for investigating large deletions [24].
Heterozygous partial deletion of the long arm of chromosome 22 was confirmed as the
main molecular mechanism underlying the focal expression of the SMARCB1/INI1 pro-
tein. Specifically, the chordomas with mosaic SMARCB1/INI1 expression showed mainly
monoallelic 22q deletion, whereas the cases with clonal SMARCB1/INI1 expression were
associated with different types of genetic patterns. Nuclei with additional copies of the
SMARCB1 gene and 22q12 control region were also frequently detected in several subclones
of cases with deletion, confirming a previously described event [7,16,19]. However, point
mutations in SMARCB1 were not investigated in our study, and epigenetic alterations or
post-translational modifications might play an additional role in interpreting the large
genetic variability associated with the phenotypic expression of SMARCB1/INI1. We
observed that partial loss of SMARCB1/INI1 was significantly associated with the cervical–
thoracic–lumbar region (p = 0.033) and inadequate surgical margins (p = 0.007), suggesting
that partial loss of the protein might be associated with increased clinical aggressiveness. A
possible reason for the correlation between partial SMARCB1/INI1 loss and inadequate
margins could be the major extra-osseous and intracanal involvement of the tumors in the
mobile spine, thus increasing the difficulty in obtaining adequate surgical margins. Indeed,
37.5% of patients with inadequate surgical margins were treated for local recurrence of the
tumor. The statistical analysis, moreover, indicated the localization in the mobile spine and
the presence of surgical inadequate margins as negative prognostic factors in terms of the
disease-free survival (p = 0.017 and p = 0.009, respectively), unlike the cases located in the
skull base, where no correlations were found between the partial loss of SMARCB1/INI1
and the clinicopathological parameters evaluated [7]. The multivariate analyses revealed
the most crucial factors to be monitored for patient prognosis. The presence of inadequate
surgical margins was confirmed as the prevalent risk factor both for OS and DFS; more-
over, an age older than 60 years also significantly impaired the OS, whereas DFS was also
associated with a high Ki67 index and by a high CCI.

Due to the difficulty in surgically eradicating tumors and the known resistance of
chordoma to common chemotherapies [25,26], new molecular targets are being investigated
to properly treat these tumors [15]. Increasing knowledge of SMARCB1/INI1 function
has enabled the identification of specific targets, including the EZH2 gene. This target is
a catalytic subunit of the polycomb repressive complex 2 (PRC2), which plays a role in
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the chromatin regulation, in cell fate determination, and in cellular differentiation and
is often up-regulated in tumors with a loss of SMARCB1/INI1 [8,27,28]. An increase in
EZH2 expression correlates with tumor aggressiveness [28], and specifically, this mech-
anism has been associated with the progression of chordomas [29]. Thus, clinical trials
on inhibitors of the EZH2 enzyme are currently underway in tumors with complete loss
of SMARCB1/INI1 expression, including poorly differentiated chordomas (ClinicalTri-
als.gov Identifiers: NCT02601950 and NCT05407441) [30–32]. These trials show the safety
tolerability and effectiveness of the drug, with the possibility of use in other types of malig-
nancies [2,3,28]; specifically, the potential use of EZH2 inhibitors could also be promising
for patients with partial SMARCB1/INI1 loss, but it needs further exploration.

5. Conclusions

In conclusion, we retrospectively analyzed 89 cases of conventional spinal chordoma,
and two distinct expression patterns (mosaic and clonal) of partial SMARCB1/INI1 loss
were observed. The most frequent molecular alteration detected in conventional chordoma
was the monoallelic deletion of the 22q locus (including SMARCB1 gene). Partial loss
of SMARCB1/INI1 was significantly associated with location in the mobile spine and
inadequate surgical margins. Inadequate surgical margins, a high Ki67 index, a high CCI,
and an age older than 60 years were also associated with a worse prognosis. Treatments
with inhibitors of the EZH2 enzyme are currently ongoing in tumors with complete loss of
SMARCB1/INI1 expression; therefore, tumors with partial loss of SMARCB1/INI1 could
also have therapeutic implications.
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