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ARTICLE INFO ABSTRACT

Keywords: Primary vascular tumors of bone are a heterogeneous group of neoplasms, ranging from benign hemangiomas to
Vascular tumors of bone frankly malignant epithelioid hemangioendotheliomas and angiosarcomas. Over the years, their classification
Hemangioma

has been a matter of discussion, due to morphologic similarities and uncertainty regarding biologic behavior.
Over the past decade, with the development of next-generation sequencing, there has been a significant
improvement in the molecular characterization of these lesions. The integration of their morphologic, immu-
nohistochemical and molecular features has led to a better stratification, with important prognostic and thera-
peutic implications. Nevertheless, primary vascular bone tumors still represent a challenge for medical
oncologists. Given their rarity and heterogeneity, in the last few years, there has been no significant progress in
medical treatment options, so further research is needed. Here we present a review of the current knowledge
regarding primary vascular tumors of the bone, correlating clinicopathologic features with tumor behavior and
therapeutic approaches.

Epithelioid hemangioma
Epithelioid hemangioendothelioma
Angiosarcoma

2013); hence, the definition of these cells in humans remains contro-
versial (Yoder and Ingram, 2009; Kovacic et al., 2008). Morphologic

1. Introduction

Vascular tumors of bone are extremely rare, accounting for ~1% to
2% of all bone neoplasms (Righi et al., 2020) and consist of a wide va-
riety of different clinicopathologic entities, ranging from benign to
frankly malignant lesions. Tumors are characterized by obvious endo-
thelial differentiation highlighted by expression of vascular markers
(Hart et al., 2014), and a variable capacity to form mature or immature
vessels. The data reported in literature on the cell of origin for vascular
tumors (other than infantile hemangioma) are scarce and suggest an
endothelial precursor cell or a hematopoietic precursor cell along its
path of endothelial differentiation, for canine and murine hemangio-
ma/angiosarcoma (Lamerato-Kozicki et al., 2006; Kakiuchi-Kiyota et al.,

classification has been a source of debate and several classifications have
been proposed so far (WHO, 2020; Antonescu, 2014; Errani et al.,
2012a; Hung, 2021). Interestingly, a broad group of vascular tumors
display an epithelioid morphology and are characterized by a relatively
specific genetic alteration. This group of tumors is associated with a
variety of tumor entities that range from completely benign to very
aggressive lesions (Huang et al., 2016; Hung et al., 2017; Antonescu
et al., 2014; Gambarotti et al., 2018; Angelini et al., 2014). Due to the
presence of morphological overlap between different entities, the diag-
nosis of vascular tumors is still challenging, however, in the last decade,
the increase in molecular understanding of their pathogenesis has
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greatly improved the classification of these tumors (Table 1; (WHO,
2020; Torrence and Antonescu, 2022; Antonescu et al., 2013; Dermawan
et al., 2021; Errani et al., 2011; Sbaraglia et al., 2021; Fletcher, 1996;
Verbeke and Bovée, 2011). For example, in the diagnosis of vascular
tumors of bone, the nonspecific and descriptive label “hemangioendo-
thelioma”, used for many years, and encompassing a heterogenous
group of vascular tumors, has disappeared from the current WHO clas-
sification (WHO, 2020). Now, based on morphology and molecular
features, we know that most of these tumors are epithelioid hemangi-
omas (EH) (Volpe and Mazabraud, 1982; Huang et al., 2015; Nielsen
et al., 2009; Van IJzendoorn et al., 2015). Epithelioid hemangioma oc-
curs both in bone and soft tissue. Bone-seated EH are most often
multifocal, affecting multiple bones in the same anatomic region and
sometimes behave more aggressively (Wenger and Wold, 2000a). Even
if histologically and genetically are identical, in WHO classification
(WHO, 2020), epithelioid hemangioma in soft tissue is considered a
benign tumor, whereas in bone it is considered a lesion of intermediate
grade showing a locally aggressive behavior with a very low metastatic
potential. Furthermore, the rarity of these neoplasms combined with
their genetic, biologic and clinical heterogeneity poses a challenge for
clinical research, identification of therapeutic targets and improvement
of patient outcomes. This article reviews the spectrum of vascular tu-
mors of bone, which range from benign lesions (hemangioma, epithe-
lioid hemangioma of soft tissue), to intermediate-locally aggressive
(epithelioid hemangioma of bone) and intermediate-rarely metasta-
sizing neoplasms (pseudomyogenic hemangioendothelioma), to malig-
nant lesions, namely epithelioid hemangioendothelioma and
angiosarcoma (WHO, 2020; Van IJzendoorn and Bovée, 2017).

All vascular tumors present endothelial differentiation, which can be
highlighted using a panel of immunohistochemical markers, mostly
CD31 and ETS-related gene (ERG). ERG positivity can be highly specific
for endothelial differentiation, though it depends on the clone used:
antibodies against the N-terminal part of the protein are more specific
than antibodies against the C-terminal part that can be positive in other
mesenchymal tumors (Machado et al., 2014; Miettinen et al., 2011).
Friend leukemia integration 1 transcription factor (FLI1) and von Wil-
lebrand factor (VFW) or factor VIII are less specific and less helpful.
Smooth muscle actin (SMA) can highlight the pericytes, whereas D2-40
(podoplanin) and Prospero homeobox protein 1 (Proxl) can show
lymphatic differentiation. In addition, a significant subset of vascular
tumors, especially the epithelioid variants (93%—100%, 29,30) partly
exhibit keratin expression (Miettinen et al., 2011; Verbeke et al., 2011;
Barak et al., 2012; Deshpande et al., 2003). Recurrent genetic alterations
have been described in vascular bone tumors: a chromosomal trans-
location involving FOS (Finkel-Biskis-Jinkins osteosarcoma) gene has
been identified in epithelioid hemangioma; FOSB rearrangements have
been detected in both pseudomyogenic hemangioendothelioma and a
subset of epithelioid hemangiomas (Hung et al., 2017; Antonescu et al.,
2014; Van IJzendoorn et al., 2015). Moreover, the WWTR1 (WW
Domain Containing Transcription Regulator 1)-CAMTAI (Calm-
odulin-binding transcription activator) gene fusion has been identified
as a recurrent gene aberration in epithelioid hemangioendothelioma
(Antonescu, 2014; Flucke et al., 2014). In addition, recent studies have
identified a YAP1 (Yesl Associated Transcriptional Regulator)-TFE3

Table 1
Classification of Vascular Tumors of Bone.

Benign

Hemangioma

Intermediate - locally aggressive
Epithelioid hemangioma

Intermediate - rarely metastasizing
Pseudomyogenic hemangioendothelioma
Malignant

Epithelioid hemangioendothelioma
Angiosarcoma
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(Transcription Factor Binding IGHM Enhancer 3) fusion in a specific
subset of epithelioid hemangioendotheliomas, which were negative for
WWTRI1-CAMTAI fusion and characterized by distinct clinical and his-
topathologic characteristics in comparison to conventional epithelioid
hemangioendothelioma (Dermawan et al., 2021). Currently, the detec-
tion of fusion genes is frequently used as an auxiliary diagnostic tool for
these vascular tumors, which are sometimes difficult to distinguish from
each other (Daly et al., 2004; Wei et al., 2022). Moreover, the increased
understanding of the molecular mechanisms behind these fusion genes
can guide the development of targeted therapeutic strategies. In this
regard, in the GATA6-FOXO1 (Forkhead box protein O1) fusion identi-
fied in a subset of epithelioid hemangiomas, it has been observed that
although all of the GATA6 functional domains were retained, there was
a partial loss of the N-terminal part of FOXO1, which disrupted the
transcriptional activity of FOXO1 (Antonescu et al., 2021). As such,
GATA6-FOXO1 translocation could disrupt the angiogenic regulation of
FOXO1 and increase the likelihood of tumor formation. So, FOX0O1 gene
targets, which modulate the angiogenesis and vascular remodeling such
as angiopoietin-1, angiopoietin-2, and MMP10 (Matrix Metal-
lopeptidase 10) could be potential drug targets for the treatment of
patients with such rearrangement (Antonescu et al., 2021). In addition,
in vitro studies have focused on SERPINE1(Serpin Family E Member
1)-FOSB translocation in pseudomyogenic hemangioendothelioma to
identify potential therapeutic targets (Van [Jzendoorn et al., 2018).
CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic Re-
peats- CRISPR associated protein 9) was used to generate the
SERPINE1-FOSB fusion in human induced pluripotent stem -cells
(hIPSCs) that were differentiated toward endothelial cells (Van IJzen-
doorn et al., 2020). Transcriptome analysis of these isogenic pairs
revealed the phosphatidylinositol 3-kinase (PI3K)-Akt-mammalian
target of rapamycin (mTOR) and MAPK (mitogen-activated protein ki-
nase) signaling pathways as potential therapeutic options (Van [Jzen-
doorn et al., 2020). The hippo signaling pathway also contributes to
tumorigenesis in various vascular tumors, including
WWTR1-CAMTA1-rearranged epithelioid hemangioendothelioma and
YAP1-TFE3-fused hemangioendothelioma (Dermawan et al., 2021;
Tanas et al., 2016). The hippo signaling pathway-mediated gene upre-
gulation observed in these tumors could be used as a therapeutic option,
such as targeting connective tissue growth factor (CTGF) in epithelioid
hemangioendothelioma which is currently explored in a clinical trial
using the MEK inhibitor trametinib (Trial ID: NCT03148275) (Tanas
et al., 2016; Shimo et al., 1999). Moreover, a few case reports have
demonstrated the anecdotal efficacy of targeted therapies for epithelioid
hemangioendothelioma (apatinib, sorafenib, pazopanib, or sirolimus)
and angiosarcoma (pazopanib, sorafenib) (Rosenberg and Agulnik,
2018; Melincovici et al., 2018). However, larger studies are needed to
demonstrate these as efficacious agents in this exceedingly rare disease.
A flurry of new research is now exploring the role of immunotherapy in
soft tissue and bone sarcomas. Several clinical trials are exploring the
use of immunotherapy in patients with sarcoma, but none of them has
yet led to drug approval (Panagi et al., 2022). The absence of dramatic
immunotherapeutic responses in most cases has been attributed to a
variety of factors, including the poor immune-infiltrated tumor micro-
environment (TME) that among others hinder the delivery of the
immunotherapeutic agents and cause immunosuppression (Panagi et al.,
2022; Van Ravensteijn et al., 2022). However, some case series have
shown promising responses in patients with angiosarcoma treated with
limmune checkpoint inhibitors (ICIs) (Rosenbaum et al., 2022;
Hamacher et al., 2018). D’Angelo et al. (2022) reported a durable
clinical response in 3/8 patients with secondary angiosarcoma treated
with a combination of nivolumab and bempegaldesleukin, a
CD122-preferential interleukin-2 pathway agonist. They have also
shown that CD8" T-cell infiltrates were correlated with an improved
objective response rate after treatment with ICI. Even if the composition
of immune cell subsets, especially B- and T-cells within the TME, might
be more indicative of ICI response (Petitprez et al., 2020), specific
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biomarkers able to predict therapy response for sarcomas are lacking. In
this regard,Petitprez et al. (2020) reported that in sarcomas, a CD8"
T-cell signature and PD-1 expression resulted in favorable outcomes
when there is a strong presence of B-cells. In addition, recent data sug-
gest that characterization of the immunological landscape of angio-
sarcomas combined with genetic data enables the possible identification
of subgroups that are likely to benefit from immunotherapy. In partic-
ular, Van Ravensteijn et al (Van Ravensteijn et al., 2022). observed
clinically relevant differences in immunological and genomic profiles
between primary and secondary angiosarcomas, with a T-cell infiltrated
tumor microenvironment and frequent DNA Damage Response gene
mutations, especially in secondary angiosarcomas, that warrant trials to
investigate the potential of immunotherapy. Moreover, a few evidences
on immune checkpoint blockade treatment in patients with cutaneous
angiosarcomas (cAS) suggest biomarkers of response to ICI, such as
tumor mutational burden-high (TMB-High), PD-L1 positivity, UV
mutational signature (preponderance of C — T substitutions), and
presence of tumor infiltrating lymphocytes (TILs) in the tumor micro-
environment. A number of these immune biomarkers are predictive of
response to immunotherapy, suggesting promising future directions for
cAS treatment (Florou et al., 2019b). Various studies focused on cuta-
neous angiosarcomas and they highlighted UV mutation signatures
similar to those of melanoma and squamous cell carcinoma, with a
higher mutational burden due to the genomic stigmata of UV muta-
genesis (Miao et al., 2023). This suggest that some cutaneous angio-
sarcomas have analogous genetic backgrounds to UV light-related skin
cancers and it might in part explain the higher response rate of cuta-
neous angiosarcomas to ICIs. Instead similar evidences do not seem to be
about bone angiosarcomas. Thus, due to the rarity and heterogeneity of
bone vascular tumors and the limited efficacy of the current generic
therapeutic options, there is an urgent need for further characterization
of their combined immunological and genomic landscape to detect
subgroups that may benefit from ICI treatment.

In this review, we describe the most common vascular tumors of
bone with the clinicopathological and radiographic features of the
various subtypes, including diagnostic pitfalls and strategies for avoid-
ance, and discuss the recent developments in the genetics and tumori-
genesis of this spectrum of entities. Finally, we focused on the
therapeutic approaches for vascular tumors of bone, in particular as
regards epithelioid hemangioendothelioma and angiosarcoma.

2. Methods

We performed a systematic review of the existing literature investi-
gating primary vascular tumors of bone. For this purpose, we conducted
a comprehensive bibliographic search on Pubmed using the key words
“vascular bone tumors”, “hemangioma”, “epithelioid hemangioma”,
“epithelioid hemangioendothelioma” and “angiosarcoma” and also
manually searching the reference lists of several publications of interest.
There was no time restriction. We excluded non-English articles and
conference abstracts. All titles and abstract were screened to identify
eligible articles. Phase Il trials, systematic reviews, retrospective studies,
case series and case reports published from August 1980 to July 2023
were identified and used for this review.

3. Hemangioma
3.1. Epidemiology, clinical and radiologic features

Primary osseous hemangioma is the most common benign vascular
tumor of bone (Wenger and Wold, 2000b). As reported by Mirra et al.
(1980), hemangiomas are found in approximately 10% of all autopsies.
They occur in both men and women, with a broad age range. Kaleem
et al. (2000) reviewed the previous cases of extremity hemangiomas that
had been reported in English literature through 2000 (n = 109),
observing a mean age of 32 y.o. and a slight preference for women
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(60%). The majority of patients with hemangioma present an asymp-
tomatic and incidental radiographic finding (Wenger and Wold, 2000b).
Hemangiomas of bone generally affect the skull (Sim et al., 2023; Yun
and Yun, 2023; Bolous et al., 2023; Geetha et al., 2023; Ommerborn
et al., 2023) and the vertebra (Deep et al., 2023a; Tsuchiya et al., 2023).
When they occur in long bones, the most common location is the
diaphysis or metadiaphysis (Kaleem et al., 2000). Medullary origin is
frequent, but 45% of cases are either periosteal (33%) or intracortical
(12%) (Kaleem et al., 2000). Malignant transformation is reported in a
few cases (Wenger and Wold, 2000a; Damiani et al., 2003, 2004;
Handfield-Jones et al., 1988; Mandahl et al., 1990; McRae et al., 1990;
Obana et al., 1996; Rossi and Fletcher, 2002). As for their radiologic
features, they are radiolucent, due to the significant presence of fat and
lack of bone tissue; for this reason, they give a high MRI (Magnetic
Resonance Imaging) signal in T1 and T2 (Wenger and Wold, 2000b;
Ashraf, 2022; Deep et al., 2023b). Thus far, no genetic aberrations have
been described for these entities. Hemangiomas have a good prognosis
with a low recurrence rate (Verbeke and Bovée, 2011).

3.2. Pathological features

Hemangioma of bone appears macroscopically as a dark spongelike
trabeculated bone (Errani et al., 2012a; Wenger and Wold, 2000b).
Cavernous hemangioma is the most frequent histotype, although capil-
lary hemangioma can also be found (Wenger and Wold, 2000b). The
lesions are composed of numerous blood-filled spaces, lined by a single
layer of flat endothelial cells without cytologic atypia, surrounded by
loose connective tissue (Righi et al., 2020; Wenger and Wold, 2000b).
Endothelial cells express CD31, and ERG whereas the network of pre-
served pericytes is highlighted by the use of SMA and this feature is
usually present in benign vascular lesion (Hart et al., 2014).

3.3. Tumorigenesis and genetics

Specific genetic alterations of hemangioma are still under investi-
gation. The Notch pathway plays a crucial role in vascular development
and tumor angiogenesis (Calicchio et al., 2009). Several lines of evi-
dence show that there is an aberrant activation of the Notch pathway in
benign vascular tumors, such as hemangiomas (Wu et al., 2010; Adepoju
et al.,, 2011). A switch in Notch gene expression seems to reflect the
transition from immature cells to endothelial differentiation, which
characterizes the growth of endothelial hemangioma (Wu et al., 2010).
In addition, through the study of eight members of the HES (Hairy and
Enhancer of Split) / HEY (Hairy Ears, Y-Linked) family, Adepoju et al.
(2011) demonstrated the activation of Notch signaling in infantile
hemangioma. Moreover, EWSR (EWing Sarcoma breakpoint Region
1)-NFATC1 (Nuclear Factor of Activated T Cells 1) and EWSR-NFACT2
fusions have been described in hemangiomas of bone (Arbajian et al.,
2013; Dashti et al., 2021). NFATC1 and NFATC2 belong to NFAT (nu-
clear factor activated T-cells) family of transcription factors, with a
critical role in B and T-cell activation and differentiation (Peng et al.,
2001). They are members of calcineurin/NFAT pathway affecting
chondrogenesis, muscle-cell size and differentiation, osteoclast differ-
entiation and angiogenesis regulation (Ranger et al., 2000). Further
studies are certainly needed to establish the pathogenetic role of this
rare molecular subset and to determine its impact on tumor behavior.

3.4. Treatment

Hemangiomas are typically non-life-threatening lesions and do not
usually require treatment. However, in the case of active lesions,
possible options for treatment are arterial embolization or curettage,
according to the anatomical and clinical features (Yun and Yun, 2023;
Ommerborn et al., 2023). In patients with symptomatic vertebral hem-
angioma, preoperative transarterial embolization followed by verte-
broplasty, with or without surgical decompression, may offer long-term
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symptomatic relief (Blecher et al., 2011; Teferi et al., 2023). Further-
more, the introduction of harmonic scalpels in the endonasal endoscopic
resection of hemangiomas of the skull base region has enabled precise
cutting with minimal bleeding, resulting in reduced surgical morbidity
(Jurlina et al., 2023).

4. Epithelioid hemangioma
4.1. Epidemiology, clinical and radiologic features

Epithelioid hemangioma (EH) of bone is an intermediate, locally
aggressive and rarely metastasizing vascular bone tumor (Sbaraglia
et al., 2021; Fletcher, 1996). Most cases occur in the third to sixth de-
cades, though they may present at any age (Hart et al., 2014), with a
median age of 34 years (Sung et al., 2000). Epithelioid hemangiomas
have a broad skeletal distribution and generally manifest as painful
masses, but they may also be identified as incidental radiographic ab-
normalities (Errani et al., 2012a). The long tubular bones are the site
most commonly involved, followed by the distal lower extremities, flat
bones, vertebra and hand bones (Verbeke and Bovée, 2011; Svajdler
et al., 2006; Werhahn et al., 1990; El Harroudi et al., 2008; Papke et al.,
2023), and further reports include orbit involvement (McEachren et al.,
2000; Budimir et al., 2015; Sanchez-Orgaz et al., 2014; Alder et al.,
2013; Fernandes et al., 2007; Baili et al., 2014). Most cases of epithelioid
hemangiomas are solitary; however, approximately 25% of cases are
multifocal (Errani et al., 2012a; O’Connell et al., 2001) and rare cases
may present with concomitant extra-osseous epithelioid hemangiomas
(Hart et al., 2014). It has been observed that multifocal EHs display
identical fusion products, such as FOS-MBNLI (Muscleblind Like
Splicing Regulator 1) or FOS-lincRNA (Long intergenic non-coding RNA)
in different foci, suggesting that the separate tumors affecting multiple
bones as well as soft tissue are of monoclonal origin (Huang et al., 2015).
This tumor has an excellent prognosis, with a local recurrence risk of
approximately 10%. There are reported rare cases of regional lymph
node metastases (Verbeke and Bovée, 2011; Floris et al., 2006); wide-
spread metastases or death from disease have not been reported (Hart
et al., 2014). Radiographically epithelioid hemangiomas are
well-demarcated lytic lesions affecting the metaphysis or diaphysis of
the involved bones, that may show a non-destructive extension into the
adjacent soft tissue. They do not generally cause cortical destruction, but
when cortical involvement is present, focal destruction with associated
thick reactive periosteal new bone formation is observed (Deyrup and
Montag, 2007; Ramkumar, 2021).

4.2. Pathological features

Epithelioid hemangiomas are generally well-defined lesions with
lobular architecture and frequent peripheral reactive bone formation
but can extend into soft tissues. The lobules are composed of epithelioid
endothelial cells with abundant eosinophilic cytoplasm, enlarged nuclei
with open chromatin, occasional intracytoplasmic vacuoles and without
prominent nuclear atypia. The stroma surrounding the vessels can be
infiltrated by eosinophils and sometimes present foci of myxoid degen-
eration and extravasated red blood cells (Righi et al., 2020). Recently a
cellular/atypical variant of EH has been described (Sbaraglia et al.,
2021). This label was introduced for cases in which the pattern of
growth was predominantly solid and neoplastic cells show a higher
grade of nuclear atypia. Most often these cases are misclassified as
malignant. Foci of spindle cell morphology often associated with hem-
orrhagic foci may be observed. Mitotic activity is usually low (<1
mitosis per 10 HPFs). Epithelioid hemangioma cells express CD31 and
ERG and, similar to other epithelioid vascular tumors, they usually stain
with various cytokeratin antibodies (i.e. AE1 [anion exchanger 1] / AE3
[anion exchanger 3] and CAMS5.2 [cell adhesion molecules 5.2]) and
Epithelial Membrane Antigen (EMA) (Bansal et al., 2022). FOS or FOSB
protein overexpression detected by Immunohistochemistry, which may
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or may not be associated to the presence of a gene fusion, represents a
useful ancillary tool in the diagnosis of epithelioid hemangioma (Tsui
et al., 2023). FOS and FOSB are part of the AP-1 (Activator Protein 1)
transcription factor complex and they are involved in cell proliferation,
differentiation, apoptosis, angiogenesis and tumor invasion. Interest-
ingly, FOS is the AP-1 transcription factor and FOSB represents its
paralogue; thus, the presence of FOS and FOSB is mutually exclusive
(Milde-Langosch, 2005). The differential diagnosis mostly in cellular
variant of epithelioid hemangioma includes epithelioid hemangioen-
dothelioma and epithelioid angiosarcoma. In these cases, in addition to
morphological aspects, the presence of specific molecular alteration may
be extremely helpful to ensure a correct diagnosis (97; 102; Fig. 1).

4.3. Tumorigenesis and genetics

Rearrangements involving either FOS or FOSB gene were detected in
one-third of EH cases, with FOS fusion twice as common as FOSB (Huang
et al.,, 2015; Ong et al., 2021); the frequency is higher in epithelioid
hemangioma of bone (59%—71%) compared with their soft tissue
counterparts (19%) (Verbeke and Bovée, 2011; Nielsen et al., 2009). In
FOS-translocated epithelioid hemangiomas, the fusion partners are
placed at the C-terminal end leading to the loss of the transactivating
domain of FOS. Subsequently, there is a reduced turnover of FOS protein
leading to endothelial sprouting (Tsuda et al., 2021). Multiple gene
fusion partners were identified for FOS including LMNA (Lamin A/C),
MBNL1, VIM (Vimentin), or lincRNA. However, 50% of fusion partners
in FOS rearrangements remained undefined (Ong et al., 2021). In the
FOSB rearrangements, the fusion partners are at the N-terminal end of
the protein, activating promoter swap events. FOSB chimeric transcripts
cause the upregulation of IL-8 and matrix metalloproteinases and then
enhance vascular tumorigenesis. The fusion partners of FOSB include
ZFP36 (Zinc finger protein 36) and rarely WWTR1 or SETD1B (SET
domain containing 1B) (Ong et al., 2021; Yuen et al., 2022). The
chimeric ZFP36-FOSB fusion is most often observed in the variant of
cellular/atypical EH located in bone and in soft tissue (Antonescu et al.,
2014).

4.4. Treatment

Most epithelioid hemangiomas are treated conservatively. Treat-
ments range from biopsy to intralesional curettage or limited local
surgery (marginal en-bloc resection), with an excellent prognosis (Ver-
beke and Bovée, 2011). A few cases of patients treated with
post-operative radiation therapy have been reported (Boyaci et al.,
2013; O’Shea and Kim, 2015; Savvidou et al., 2022). In selected cases a
careful radiographic follow-up may be considered (Wenger and Wold,
2000Db).

Fig. 1. Epithelioid hemangioma of the bone. Vascular channels delimitated by
abundant eosinophilic cytoplasm.
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5. Pseudomyogenic hemangioendothelioma
5.1. Epidemiology, clinical and radiologic features

Pseudomyogenic hemangioendothelioma (PHE) is a rare, locally
aggressive and rarely metastasizing neoplasm with endothelial differ-
entiation (Wenger and Wold, 2000b). According to the available data,
this entity was described for the first time by Mirra et al. (1992). They
reported 5 cases of a previously unknown variant of epithelioid sarcoma
showing multicentric, including intraosseous, involvement of a single
limb, with diffuse fibrohistiocytic and rhabdoid cells. Pseudomyogenic
hemangioendothelioma was first recognized as a distinct entity in 2003,
when Billings et al. (2003). described 7 histologically identical cases
identified as epithelioid sarcoma-like hemangioendothelioma. These
tumors were characterized by epithelioid cells with eosinophilic cyto-
plasm, staining positively for endothelial markers (i.e. CD34, Flil) as
well as epithelial markers. They showed a multifocal presentation in the
dermis and subcutaneous tissue in the limbs of young adults, associated
with rare loco-regional metastases. In 2011, Hornick et al (Hornick and
Fletcher, 2011). described 29 additional cases, 24% with concurrent
bone involvement. Based on their findings, they proposed te designating
the lesion as pseudomyogenic hemangioendothelioma, which better
reflected the myoid-appearing spindle cell morphology. In 2016 Inyang
et al (Inyang et al., 2016). described the largest series of pseudomyo-
genic hemangioendothelioma of bone, reporting 10 cases, with a male
predominance (9 male vs 1 female) and a mean age of 36 years (range
12-74 years). Both unifocal and multifocal lesions have been described
in the literature (Hornick and Fletcher, 2011; Inyang et al., 2016; Sheng
and Wang, 2012; McGinity et al., 2013). This tumor generally presents
as multiple soft tissue lesions in the lower extremities, although the
upper extremities, head, neck and trunk may also be involved, with a
male predominance (82%) (Hornick and Fletcher, 2011). It generally
arises in the skin and soft tissue, but approximately 14% of cases show
bone involvement (Inyang et al., 2016). Only a few cases of primary
osseous lesions (without soft tissue involvement) are reported (Sheng
and Wang, 2012; McGinity et al., 2013). The clinical presentation is
generally associated with pain (Inyang et al., 2016). The early recur-
rence or development of additional regional soft tissue tumor nodules
are common (~60%) (Hart et al., 2014; Hornick and Fletcher, 2011);
widespread metastases and death from this disease are very rare
(Hornick and Fletcher, 2011; Inyang et al., 2016). Primary osseous le-
sions may be aggressive, with cortical destruction and soft tissue inva-
sion (Inyang et al., 2016). Radiologically it is possible to observe
multiple discontinuous osteolytic and circumscribed lesions (Hornick
and Fletcher, 2011), ranging from 0.3 cm to 5.5cm in size, with
ill-defined margins (Van IJzendoorn and Bovée, 2017).

5.2. Pathological features

Microscopically, pseudomyogenic hemangioendothelioma is formed
by tumor cells that typically show an epithelioid sarcoma-like or
rhabdomyoblastic-like appearance (Inyang et al., 2016). It is composed
of infiltrative sheets and fascicles of mildly atypical plump spindled to
epithelioid cells with abundant eosinophilic cytoplasm, vesicular nuclei
and readily identifiable nucleoli, whereas only a minority of cases show
marked cytologic atypia (Sheng and Wang, 2012; Yang et al., 2023).
Mitotic figures are generally scant (1 per 10 HPF [high-power field])
but; sometimes; an increased proliferative activity may be observed. The
presence of prominent stromal neutrophilic infiltrate is a useful diag-
nostic clue seen in nearly 50% of cases (Hart et al., 2014). Despite
immunophenotypic evidence of endothelial differentiation, no histo-
logically identifiable vascular channel formation is present that may
result in misdiagnosis as a benign fibrous histiocytoma, rhabdomyo-
sarcoma or epithelioid sarcoma. Tumoral cells characteristically show
strong and diffuse immunoreactivity with AE1/AE3, Flil and ERG.
About 50% of tumours express CD31 and occasional cases are SMA
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positive. S100 protein, desmin, cytokeratin MNF116, EMA and CD34 are
negative, whereas INI1 (HSNF5/SMARCB1) is retained (2,9,28,113,115;
Fig. 2).

5.3. Tumorigenesis and genetics

Trombetta et al. (2011) published the first report of a balanced
translocation between chromosomes 7 and 19 in pseudomyogenic
hemangioendothelioma. Later, the exact fusion partners were identified
as SERPINE1 and FOSB (Walther et al., 2014). FOSB is an excellent
immunohistochemical marker for detecting the presence of the SERPI-
NEI-FOSB fusion that leads to up-regulation of FOSB as it is retained
almost entirely and gains the promoter of SERPINEI. The up-regulation
of FOSB could lead to activation of the AP-1 complex, a strong tran-
scription factor linked to the tumorigenesis (Walther et al., 2014). The
underlying molecular mechanism is very similar to that of epithelioid
hemangioma, in which ZFP36::FOSB fusion causes the activation of AP-1
complex (Antonescu et al., 2014). Recently two additional rare FOSB
fusion partners, WWTR1 and CLTC (clathrin heavy chain), were
described (Ong et al., 2021).

5.4. Treatment

Most of the published cases of pseudomyogenic hemangioendothe-
lioma of bone were treated surgically, with local excision or curettage,
including amputations for extensive disease with a high risk of fracture
(Hornick and Fletcher, 2011; Inyang et al., 2016). Local recurrence is
fairly frequent (Sheng and Wang, 2012). Data on the nonsurgical
treatment of patients with extensive or multiple lesions are rather
limited. There are reported cases of patients affected by multifocal dis-
ease treated with radiation therapy or systemic treatment; however, no
strong evidence is available to guide drug selection (Hornick and
Fletcher, 2011; Joseph et al., 2015). Amary et al. (2013) published a
case of a 36-year-old man with multiple lesions on the right leg stabi-
lized with isolated limb perfusion with melphalan and tumor necrosis
factor alpha followed by four cycles of ifosfamide and doxorubicin. Van
IJzendoorn et al. (2020) engineered the SERPINEI-FOSB into human
induced pluripotent stem cells (hiPSCs) using CRISPR/Cas9 (Clustered
Regularly Interspaced Short Palindromic Repeats- CRISPR associated
protein 9) that were differentiated toward endothelial cells. They
showed specific transcriptome alterations reflecting PHE and indicating
the PI3K-Akt-mTOR and MAPK signaling pathways as potential thera-
peutic targets. Joseph et al. (2015) reported a case of a 45-year-old man
who had a single lesion initially treated with intra-arterial cisplatin,
followed by the administration of docetaxel and gemcitabine with some
clinical benefit. They also described a case of a 22-year-old man who
presented a widespread metastatic disease that failed to respond to
gemcitabine and docetaxel and later to doxorubicin plus cisplatin.
However, mild shrinkage of the metastasis was observed following
2-months of treatment with the mTOR inhibitor everolimus, with stable
disease after 5 months of follow-up. Gabor et al. (2018) reported a case
of a 9-year-old boy with advanced pseudomyogenic hemangioendothe-
lioma relapsing after surgery and chemotherapy, which was treated with
the mTOR inhibitor sirolimus, achieving a significant clinical improve-
ment and stabilization of the lesions without any remarkable toxicity. In
addition, Brance et al. (2022) described a case of a 25-year-old woman
with a painful pseudomyogenic hemangioendothelioma in the left lower
limb, characterized by multiple bone lesions (left femur, tibia, patella,
ankle, and foot), treated with intravenous pamidronate, showing clinical
improvement and a marked decrease in lesions size. Furthermore, Otani
et al. (2019) published a case of treatment by denosumab of a 20-year--
old female patient with multiple intraosseous pseudomyogenic heman-
gioendothelioma lesions in her left lower extremity that showed rapidly
progressive osteolytic change. Although the multiple lesions did not
disappear, denosumab administration led to pain relief, attenuation of
the tumor viability and formation of clear bone sclerosis around the
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Fig. 2. Pseudomyogenic hemangioendothelioma: the tumor is composed of infiltrative sheets and fascicles of mildly atypical plump spindled to epithelioid cells with
abundant eosinophilic cytoplasm (a). Neoplastic cells are diffusely positive for FOSB (b).

lesions. Van [Jzendoorn et al. (2018) described a case of a 17-years old
man diagnosed with advanced, unresectable cutaneous PHE, who
showed a durable complete remission in a phase I trial for telatinib, a

tyrosine kinase inhibitor targeting VEGFR, PDGFR, and KIT. With the
aim to elucidate the underlying biology of the response to telatinib, they
created an in vitro model for PHE, to study the functional consequences

Table 2
Cases described in the literature involving systemic treatment for patients with pseudomyogenic hemangioendothelioma of the bone.

Author N. Age Sex Tumor location Multifocal  Distant Symptoms Systemic Loco-regional FU/
(M/F) metastases treatment treatment months
(Hornick and 50 Mean M: 41 Extremity: 39 (78%) 2/50 Pain (21/ ND Excision: NA
Fletcher, 2011) age: 31 (82%) Trunk: 9 (18%) 33 (66%) (inguinal LN; 37)* chemotherapy: 46 (92%)
F: 9 Head/neck: 2 (4%) disseminated) 6 (12%) Post-operative
(18%) RT:
8 (16%)
(Amary et al., 1 36 M Right tibia and fibula  Yes No N/A Ifosfamide and ILP AWD/
2013) doxorubicin (Melphalan 25
and TNFa)
Hyperthermia
(Stuart et al., 2013) 1 30 M Left tibia, fibula and Yes No Pain OMC No AWD/
femur 10
(Joseph et al., 1 45 M Right ilium No No Pain Cisplatin 1A No AWD/
2015) Gemcitabine and 16
docetaxel
Paclitaxel
1 22 M Right femur Yes Left Pain Gemcitabine and  Distal femoral AWD/5
acetabulum docetaxel resection
Doxorubicin CI Cryotherapy
and cisplatin 1A
Everolimus
(Ozeki et al., 2017) 1 15 M Left tibia, thoracic Yes No Pain Everolimus No AWD/
vertebra and lumbar 10
vertebra
(Gabor et al., 2018) 1 9 M Left pubis, femur, Yes No Limping, CEVAIE Resection AWD/
fibula, tibia pain Sirolimus of pubic and 24
femoral lesions
(Agaram et al., 1 45 F Ischium, ankle Yes NA NA ND Excision AWD/
2018) chemotherapy RT 26
(Kosemehmetoglu 1 5 M Left tibia, femur, Yes No Pain ND Cusretage NA
et al., 2019) fibula, talus and chemotherapy
calcaneus
(Danforth et al., 1 6 M Right tibia, fibular Yes No Pain Sirolimus and No NED/37
2019) metaphysis zoledronic acid
(Otani et al., 2019) 1 20 F Left femur, patella, Yes No Pain Denosumab Curettage of AWD/
tibia, and talus tibia lesions 48
(Brance et al., 1 25 F Left femur, tibia, Yes No Pain Pamidronate No NED/36
2022) patella, ankle, and
foot
(Pasricha et al., 1 23 M Right tarsal, tibia, Yes No Pain Denosumab No AWD/6

2022)

femur, ischium,
bilateral ilium,
sacrum, vertebrae
and sternum.

Abbreviations: N, number; M, male; F, female; FU, follow up; LN, lymph node; ND, not defined; RT: radiation therapy; NA, not available; ILP, Iisolated limb perfusion;
TNFa, tumor necrosis factor alpha; AWD, alive with disease; OMC, oral metronomic cyclophosphamide; IA, intra-arterial; CI, continuous intravenous infusion; CEVAIE,
carboplatin, epirubicin, vincristine, actinomycin-D; ifosfamide, etoposide; NED, no evidence of disease.

" Description of the clinical symptoms was available for 37 of 50 patients:
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of SERPINE1-FOSB in endothelial cells, the most likely precursor for
PHE, and its interaction with telatinib. So, as the fusion results in
overexpression of a truncated form of FOSB, they overexpressed trun-
cated FOSB in normal endothelial cells, leading to a tumor growth in
three-dimensional (3D) on matrigel. Furthermore, truncated FOSB acted
as a transcription factor capable to upregulate PDGFRA (platelet-derived
growth factor receptor alpha) and FLT1 (Fms Related Receptor Tyrosine
Kinase 1) expression. Telatinib decreased tumor growth in 3D and
induced apoptosis. As expected, telatinib blocked VEGF (Vascular
Endothelial Growth Factor) signaling by the abolition of ERK (extra-
cellular signal-regulated kinase) phosphorylation. Interestingly, in FOSB

Table 3
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overexpressing cells, telatinib specifically affected PDGFRA, FLT1, and
FLT4 signaling and downregulated SERPINEI, thereby affecting the
self-regulation expression of the fusion product. Thus, because telatinib
indirectly affects the expression of SERPINEI-FOSB, which is considered
the driver alteration in PHE, it could be a highly specific targeted
treatment option for patients with multifocal unresectable PHE. Based
on these findings, it is likely that also other tyrosine kinase inhibitors
could have a similar effect as telatinib in the treatment of PHE. Pazo-
panib is a tyrosine kinase inhibitor that target VEGF-receptors 1 to 3 and
the PDGF-receptors, therefore showing a large overlap with telatinib.
Indeed, it was approved as a treatment for soft tissue sarcomas,

Cases described in literature involving systemic treatment for patients with epithelioid hemangioendothelioma of the bone.

Author N. Age Sex Tumor location Multifocal  Distant Symptoms Systemic Loco-regional FU/
™M/ metastases treatment treatment months
F)
(Boutin 1 24 M Cervical, Yes No Pain, ND No AWD/36
et al., 1996) thoracic and neck stiffness Chemotherapy
lumbar spine RT
(Rosenthal 1 21 F Left tibia and foot Yes No Pain Alpha-interferon Surgical NED/71
et al., 2001) excision
RFA
(Evans et al., 1 25 M Thoracic vertebra, Yes (liver, NA ND Surgery Died of tumor at
2003) skull, left femur, Yes lung, bone, Chemotherapy 60 months
humerus and right LN)
scapula
(Aquilina 1 17 M Thoracic vertebra Yes Yes (lung) Pain, Ifosfamide, Surgical AWD,
et al., 2005) Progressive carboplatin, resection 132
flexion etoposide, RT
deformity and vincristine
(Bolke et al., 1 47 M Thoracic, Yes Yes Pain Thalidomide No Died of tumor
2006) lumbar, sacral (liver, several weeks later
spine spleen)
(Pintoffl 1 32 NA Right scapula Yes (liver, Doxorubicin and Surgical AWD/72
et al., 2009) lung, bone) ifosfamide. resection
Gemcitabine
(Kerry et al., 1 25 M Thoracic vertebra Yes Yes (liver, Pain, Doxorubicin IS Died of
2012 Jan) lung, skin) paraplegia Endovascular tumor at
embolization 2 months
Resection
of lung
metastasis
RT
(Matamalas 1 58 F Cervical vertebrae Yes Yes (liver) Pain, Paclitaxel 1S AWD/24
et al., 2014) asthenia, RT
anemia
(Saste et al., 1 29 M Left femur and Yes No Pain Doxorubicin and Wide surgical NED/24
2015) foot ifosfamide. excision
Radiotherapy
(Xu et al., 1 67 M Bilateral tibia and Yes No Pain Recombination No NA/he voluntarily
2019) fibula, pelvis human discontinued
endostatin treatment and
and apatinib died after 2
mesylate months.
(Gusho 50  Median M: Appendicular Yes 24% Pain ND Surgery: NA*
et al., 2021) age: 54.5 58% skeleton: (9/50) Chemotherapy: 54.8% (23/50)
29/ 46% (23/50) 22% (11/50) RT:
50) Axial skeleton: 26% (13/50)
F: 38% (19/50) Surgery + RT:
42% Other: 18% (8/50) 26% (13/50)
21/
50)
(Tansir 1 45 M Vertebra No Yes (lung, Back pain Paclitaxel and NA Died of
et al., 2023) LN, bone) Bevacizumab tumor at
4 months
1 8 M Vertebrae Yes Yes (bone, Paraparesis Vinblastine NA AWD/24
orbit) Sorafenib
1 69 F Vertebrae Yes Yes (bone) Back pain Pazopanib NA Died of
tumor at
5 months

Abbreviations: N, number; M, male; F, female; FU, follow up; ND, not defined; RT: radiation therapy; AWD, alive with disease; RFA, Radiofrequency ablation; NED, no
evidence of disease; LN, lymph node; NA, not available; RT: radiation therapy; IS: intralesional surgery.

* Kaplan-Meier was used to estimate overall survival (OS) and disease-specific survival (DSS): the 5-year OS probability was 49.2% (95% CI, 23.6-70.6), and the 5-
year DSS probability was 63.9% (95% CI, 33.0-83.5).
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including angiosarcoma and epithelioid hemangioendothelioma, where
standard therapy has failed (Kollar et al., 2017). In conclusion, ac-
cording to the literature, the treatment of most of cases of bone pseu-
domyogenic hemangioendothelioma is surgery, with certain patients
receiving radiotherapy or chemotherapy. In recent years, mTOR in-
hibitors and anti-resorptive treatments were considered alternative
treatment options, especially in multifocal lesions. In addition,
VEGFR1-4/PDGFRA multi-tyrosine kinase inhibitors such as telatinib or
pazopanib could be a promising targeted therapy for patients with bone
PHE..

6. Epithelioid hemangioendothelioma
6.1. Epidemiology, clinical and radiologic features

Epithelioid hemangioendothelioma (EHE) of bone, like its soft tissue
counterpart, is classified by the World Health Organization as a low-
grade malignant vascular tumor (WHO, 2020). Most cases show an
indolent course, although 20% to 30% of the tumors metastasize, with
mortality rates of about 15% (Deyrup et al., 2008). Thomas (Thomas,
1942) first distinguished epithelioid hemangioendothelioma from
angiosarcoma in 1942, as in contrast with the latter, the former
resembled epithelium. By 1943, Stout (Stout, 1943) formulated the first
comprehensive description of epithelioid hemangioendothelioma,
identifying two main characteristics: the formation of atypical endo-
thelial cells in greater numbers than required for lining blood vessels and
the formation of vascular tubes with a delicate framework of reticulin
fibers. Later, Weiss and Enzinger (Weiss and Enzinger, 1982) added to
the criteria for this entity the typical “blister cells”. This tumor may
present at any age, but the majority are seen in adolescents and adults
between 10 and 60 years of age, with a male predominance. All bones
can be involved, but it most commonly affects the lower extremities,
while pelvic, rib and vertebral lesions are not uncommon (Kleer et al.,
1996); concurrent parenchymal tumors may be found with a diffuse,
multiorgan presentation at diagnosis in more than 50% of cases (Van
IJzendoorn and Bovée, 2017; Kleer et al., 1996). The available data
concerning the prognosis of this tumor are sometimes conflicting: most
cases have indolent behavior; however, visceral involvement seems to
be associated with a worse prognosis. The risk of widespread metastasis
and death from disease is about 20% (Van IJzendoorn and Bovée, 2017;
O’Connell et al., 2001; Kleer et al., 1996; Stacchiotti et al., 2021a;
Tsuneyoshi et al., 1986; Ramer et al., 2001; Liu and He, 2022; Paulson
et al., 2023). The most frequent site for metastasis is the lung, followed
by the bone, although it is still unclear whether these skeletal localiza-
tions should be considered true metastases or multifocal regional spread.
In fact, polyostotic presentation is observed in over 50% of cases
(Campanacci et al., 1980). The clinical presentation can vary from a soft,
red nodular mass to a firm tan-white lesion, whereas localized pain is
generally a common finding (Wenger and Wold, 2000a; O’Connell et al.,
2001). Radiologically, epithelioid hemangioendothelioma, similar to
other bone vascular tumors, manifests as a lytic lesion, which may be
either well defined or without a sharp demarcation; cortical erosion and
soft tissue invasion may also be observed (Hart et al., 2014; Chen et al.,
2022; Liang et al., 2022; Ariyaratne et al., 2023).

6.2. Pathological features

Epithelioid hemangioendothelioma is typically formed by short
cords and nets of epithelioid cells with endothelial differentiation set in
a myxohyaline matrix. Well-formed vascular structures are seldom
observed, helping to differentiate this lesion from epithelioid heman-
gioma, which displays vascular channel formation. Tumor cells are
characterized by abundant eosinophilic cytoplasm, sometimes with
intracytoplasmic vacuolization and the presence of cells with round
intra-cytoplasmic primitive lumina containing erythrocytes or red cell
fragments (so-called “blister cells”) is a histologic hallmark of this entity
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(Fig. 3). Only a few cases demonstrate features associated with an
increased risk of metastasis: marked nuclear atypia and/or necrosis
(Hart et al., 2014; Van IJzendoorn and Bovée, 2017). Immunohis-
tochemically, the tumor cells are positive for CD31, CD34, FLI1, keratin,
D2-40, Prox1, ERG (Fig. 4a) and Claudin-1 (Miettinen et al., 2011; Gill
et al., 2009; Miettinen et al., 2012). The nuclear expression of CAMTA1
(Fig. 4b) is a highly specific marker for epithelioid hemangioendothe-
lioma, being positive in 86% to 88% of the cases (Shibuya et al., 2015;
Doyle et al., 2016). Alternately, TFE3 expression can be used to identify
the specific subset of hemangioendotheliomas characterized by YAPI::
TFE3 fusion, even if not all TFE3-positive cases carry this translocation
(Dermawan et al., 2021; Flucke et al., 2014). A risk stratification model
for epithelioid hemangioendothelioma of soft tissue has been proposed
by Deyrup et al. (2008). According to this model, tumors larger than
3 cm and with more than 3 mitoses per 50 high-power fields (HPFs) are
high-risk lesions with a 5-year survival rate of 59% and a metastatic rate
of 32%; tumors smaller than 3 cm and with fewer than 3 mitoses per 50
HPFs are low-risk lesions marked by excellent 5-year survival rates
approaching 100%. Whether this risk stratification model is also appli-
cable to primary epithelioid hemangioendothelioma of bone remains to
be established.

6.3. Tumorigenesis and genetics

An identical translocation involving chromosomes 1 and 3 [t (1;3)
(p36.3;q25)] was initially described in two cases of epithelioid heman-
gioendothelioma of soft tissue (one arising in the liver and the other one
in the soft tissues of an extremity), suggesting a tumor-specific trans-
location (Fletcher et al., 2002; Boudousquie et al., 1996; Mendlick et al.,
2001). Further studies have identified the genes involved in the trans-
location (Sbaraglia et al., 2021; Tanas et al., 2011). WWTRI1 on 3q25
fuses to CAMTAI on 1p36, and this fusion leads to activation of the
Hippo signaling pathway, which is normally highly expressed in endo-
thelial cells and is described as an important regulator of organ size
(Chan et al., 2011). The CAMTA1 part of the fusion protein leads to
nuclear localization of the chimeric product (Patel et al., 2015). WWTR1
and CAMTA1 genes have then been shown to have an important role in
tumorigenesis and it has been observed that almost all (89%—100%)
epithelioid hemangioendotheliomas with classic histologic features
harbor this fusion (Patel et al., 2015). In addition, by analysis of
WWTRI1-CAMTAI breakpoints in multiple nodules from two patients
with multifocal epithelioid hemangioendothelioma with different rear-
rangements of WWTR1 and CAMTAL genes, an identical monoclonal
rearrangement was described among the lesions of the same patient, but
not in tumors from different patients. This data suggests that a multi-
focal epithelioid hemangioendothelioma derives from the metastasis of
the same neoplastic clone rather than the simultaneous neoplastic for-
mation of multiple cell clones (Errani et al., 2012b). Recently, many
studies have confirmed this metastatic theory, which could have ther-
apeutic implications since metastatic disease suggests an aggressive
tumor, in contrast with tumors arising independently that may simply
show the propensity of an organ to develop occult tumors, not neces-
sarily progressing to a clinically significant disease (Henrich et al., 2006;
Leietal., 2008; Chan et al., 2009; Zhang et al., 2009). In addition, recent
studies have identified a YAPI-TFE3 fusion in a specific subset of
hemangioendotheliomas, which were negative for WWTR1-CAMTA1
fusion and generally characterized by a strong TFE3 immunohisto-
chemical expression and distinct morphologic and clinical characteris-
tics in comparison to conventional epithelioid hemangioendothelioma
(Antonescu et al., 2013; Dermawan et al., 2021). TFE3 is a member of
the MiT/TFE family of transcription factors that bind to DNA and
enhance transcriptional activation. Moreover, several evidences have
suggested an essential role for MIT/TFE in angiogenesis (Ong et al.,
2021). Although not as well studied, it seems that the YAP1-TFE3
chimeric protein also leads to activation of the Hippo pathway (Anto-
nescu et al., 2013). In the YAP1-TFE3 rearrangement, the truncated
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Table 4
Cases described in literature involving systemic treatment for patients with angiosarcoma of the bone.
Author N. Age Sex Tumor Multifocal  Distant Symptoms Systemic Loco- FU/
(M/F) location metastases treatment regional months
treatment
(Abdelwahab 1 60 M Left femur No No NA ND Chemotherapy  Surgical NED/36
et al., 1998) resection
RT
(Evans et al., 1 65 M Left tibia NA Yes (upper NA ND Chemotherapy Amputation Died of tumor
2003) gingiva) Gingival at 9 months
metastasis
excision
1 64 M Right 9th rib NA Yes (lung, right NA ND Chemotherapy  Rib resection Died of tumor
atrium) at 14 months
(Scholsem 1 26 F Left temporal ~ Yes Yes (LN, lung, Left otalgia and Paclitaxel Embolization Died of tumor
et al., 2005) bone ribs) tinnitus Doxorubicin and Surgical at 26 months
ifosfamide resection
RT
(Mittal et al., 1 67 M Right Yes No Pain Doxorubicin and Surgical NED/6
2007) humerus ifosfamide resection
(Yamashita 1 65 F Left humerus No Yes (liver, Pain MAID Surgical NA
et al., 2012) spleen) resection
(Palmerini 60 Median M: 38 Bone: 8 (33%) Multivisceral: NA 13 pts with Surgery: NA*
et al., 2014) age: 54 (63%) 60 (100%) 12 (50%) localized disease: 43 (72%)
F: 22 Lung: o Osteosarcoma- RT:
(37%) 3 (13%) like (DOX, MTX, 17 (28%)
Spleen: CDDP, IFO)
1 (4%) e Paclitaxel
15 pts with
metastatic disease:
e Osteosarcoma-
like
e Doxorubicin or
pegylated
liposomal
doxorubicin
o Paclitaxel + /-
bevacizumab
e Cisplatin and
etoposide
e Sorafenib
(Es-Sbissi 1 53 M Right middle No No Right epistaxis Cisplatin Surgical Died of tumor
et al.,, 2015) nasal with Cisplatin and resection at 30 months
turbinate mucopurulent epirubicin RT after several
nasal discharge Paclitaxel Gamma-knife local tumor
and partially radiosurgery recurrences.
blocked nose
(Chen et al., 1 50 M Right NO Yes Hearing loss, Cisplatin and Surgery Died of tumor
2019) temporal (leptomeningeal disequilibrium, paclitaxel PBRT at 9 months
bone sarcomatosis) otalgia, and acute Paclitaxel and Spine
facial paresis bevacizumab radiation
(Palmerini 80 Median M:51 Bone: 8 (23%) Multiple sites: NA 18 pts with Surgery: With a
et al., 2020) age: 54 (64%) e Extremity 16 (46%) localized disease: (76%) median FU of
F: 29 45 (56%) Lung: e Osteosarcoma- RT: 31 mo. (4-
(36%) 7 (20%) like (DOX, MTX,  (41%) 309 mo.):
e Central Nodes: CDDP, IFO) e 54 pts.
16 (20%) 1 (3%) e Doxorubicin dead of
e Pelvis and Spleen: + ifosfamide disease
sacrum 1 (3%) e Paclitaxel and e 23 pts.
19 (24%) Unknown: gemcitabine NED
2 (5%) 18 pts with e 10 pts.
metastatic disease: AWD
e Doxorubicin- e 3 pts. dead
Ifosfamide of other
o Osteosarcoma- causes
like
o Paclitaxel
e Gemcitabine
e Pegylated
liposomal
doxorubicin
(Huang et al., 1 54 M Spine, NO Yes Pain ND chemotherapy Surgery Died of tumor
2020) pelvis (leptomeningeal RT at 18 months
sarcomatosis)
(Jeyaraman 1 53 M Right Yes No Pain MAID No AWD/6
et al., 2021) humerus
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Abbreviations: N, number; M, male; F, female; FU, follow up; NA, not available; ND, not defined; RT: radiation therapy; NED, no evidence of disease; LN lymph node;
MAID, mesna, doxorubicin,ifosfamide, dacarbazine; pts, patients; DOX, doxorubicin; MTX, methotrexate; CDDP, cisplatin; IFO, ifosfamide; PBRT, proton beam ra-

diation therapy; mo, months; AWD, alive with disease.

“ At a median follow-up of 10 years (range 1-25 years), the 5-year overall survival (OS) was 20% (95%CI 9-30%): 33% (95%CI 17-50%) for patients with localized

disease and 0% for metastatic patients.

Fig. 3. Epithelioid hemangioendothelioma: tumor is composed of short cords
of epithelioid cells set in a myxohyaline matrix showing an infiltrative growth
in the bone.

N-terminal TEAD binding domain of YAP1 is fused to TFE3. As such,
YAP1 acts as a stronger promoter to TFE3 (Ong et al., 2021). Given the
rarity of YAP1-TFE3-fused hemangioendothelioma relative to conven-
tional EHE, and the few available data suggesting that this entity may be
distinct from conventional EHE in terms of its clinical and pathologic
characteristics, Dermawan et al (Dermawan et al., 2021). (2021) per-
formed a  multi-institutional  clinicopathologic ~ study  of
YAP1-TFE3-fused hemangioendothelioma to study its histomorphologic
spectrum, clinical features, and long-term outcome. They highlighted
that while WWTR1-CAMTAL1 EHE is characterized by relatively uniform
morphology, YAP1-TFE3-fused hemangioendothelioma shows remark-
able inter- and intra-tumor heterogeneity with only a minority of cases
exhibiting morphologic features similar to conventional EHE. In addi-
tion, YAP1-TFE3-fused hemangioendothelioma is characterized by a
strong TFE3 immunohistochemical expression, even if TFE3 is a sensi-
tive but nonspecific marker t for these tumors before confirming the
diagnosis with molecular analyses. Finally, the behavior of
YAP-TFE3-fused hemangioendothelioma seems to be different from
WWTR1-CAMTA1 EHE, with patients experiencing lower rates of dis-
ease progression. Based on these data, it has been proposed to categorize
YAP1-TFE3-fused hemangioendothelioma as a distinct disease entity
rather than including it under the rubric of conventional
WWTR1-CAMTA1 EHE (Dermawan et al., 2021; Stacchiotti et al.,
2021a). The anatomic localization of these-lesiens epithelioid heman-
gioendothelioma is generally within the soft tissue of head, neck, trunk
and extremities, with only a few cases arising from bone, mainly
vertebral bodies, but other primary bone sites have been described
(Weissferdt and Moran, 2014; Plumby et al, 2018). Some cases
involving the lung, with a multifocal presentation, have also been
described. This specific subset of tumors generally affects young adults,
with a median age of 30 years old and no gender predilection. The
morphological features vary, with vasoformative and vasoinvasive

growth, combined with solid areas. Microscopically these tumors have
abundant eosinophilic cytoplasm, with nuclei that can be mild to
moderately atypical. Molecular genetic analysis for the chromosomal
translocation involving the TFE3 gene can be used to confirm the
diagnosis (Van IJzendoorn and Bovée, 2017).

6.4. Treatment

Complete surgical excision is the treatment of choice for epithelioid
hemangioendothelioma of the bone, with case reports and small series
showing a favorable disease-free survival (DFS) after surgery (Kleer
etal., 1996; Campanacci et al., 1980; Gherman and Fodor, 2011). Gusho
et al. (2021) recently published a survival analysis of 50 patients with
epithelioid hemangioendothelioma of bone selected from the Surveil-
lance, Epidemiology and End Results (SEER) database from 1992 to
2016. Most patients treated through surgical resection of the primary
tumor (partial or local excision, wide resection or amputation) demon-
strated significant improvement in terms of survival, regardless of the
kind of surgery received. In the study, there was no survival advantage
provided by either chemotherapy or radiation alone, nor with radiation
plus surgery. Additionally, given that the local recurrence rate of
epithelioid hemangioendothelioma of bone after surgery seems to be
significant (about 15%) (Weiss et al., 1986), a wide resection should be
the surgical treatment of choice when feasible. However, curettage is
also an alternative option (Larochelle et al., 2006) and for patients with
asymptomatic disease, watchful waiting can be a useful strategy.
Angelini et al. (2014) reviewed 62 patients with epithelioid heman-
gioendothelioma of bone, treated with surgery from 1985 to 2010. The
purpose of their retrospective study was to evaluate overall survival and
time to local recurrence of patients with unifocal and multifocal disease
and to assess time to local recurrence after intralesional or wide surgery.
It was observed that survival was higher with unifocal than multifocal
tumors and time to local recurrence was significantly better after wide
resection than after intralesional surgery, with no statistical difference
between unifocal and multifocal tumors. In epithelioid hemangioendo-
thelioma of bone in which the surgical approach is not applicable or in
the case of multicentric disease or incomplete resection, chemotherapy
and/or radiation therapy may be utilized. In particular, radiation ther-
apy with or without surgery represents a valid alternative to amputation
for multicentric tumors in contiguous bone (Stacchiotti et al., 2021a).
Systemic therapies available for advanced sarcomas show limited ac-
tivity in epithelioid hemangioendothelioma (Frezza et al.,, 2021).
However, chemotherapy has been used in some cases, particularly for
patients with multifocal disease or showing multiple lesions involving
the skeleton, soft tissue, lung and liver concurrently (Rosenthal et al.,
2001; Saste et al., 2015; Pintoffl et al., 2009; Albakr et al., 2017; Mat-
amalas et al., 2014; Kerry et al., 2012 Jan; Aquilina et al., 2005; Evans

Fig. 4. Neoplastic cells showing a strong and diffuse nuclear immunopositivity for ERG (a) and CAMTA1 (b).
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et al., 2003; Boutin et al., 1996; Bolke et al., 2006). According to the
scarce available data, chemotherapy may consist of doxorubicin plus
ifosfamide and mesna (Rosenthal et al., 2001; Saste et al., 2015);
gemcitabine-based regimens can also be used (Pintoffl et al., 2009).
However, there are considerable toxicities associated with chemo-
therapy, therefore systemic treatment should be reserved for select
cases, especially given the lack of a demonstrable survival benefit
(Stacchiotti et al., 2021a; Albakr et al., 2017; Matamalas et al., 2014;
Kerry et al., 2012 Jan; Aquilina et al., 2005; Evans et al., 2003; Boutin
et al., 1996; Bolke et al., 2006). Another drug of interest in EHE is the
mTOR inhibitor, sirolimus (Stacchiotti et al., 2021b, 2023). Although
studied only retrospectively and not formally approved in this indica-
tion, sirolimus is one of the agents considered more effective in EHE
(Stacchiotti et al., 2021a). Even though there are no reports on primary
epithelioid hemangioendothelioma of bone, sirolimus has shown some
activity in a case-series analysis by the Italian Rare Cancer Network in
which 42.1% of patients had bone involvement (Stacchiotti et al.,
2021b). Other anti-angiogenetics drugs have been shown to have some
activity, such as pazopanib, sorafenib and bevacizumab (Stacchiotti
et al., 2023; Yousaf et al., 2015; Chevreau et al., 2013; Tansir et al.,
2023; Agulnik et al., 2013). In addition, there are two case reports
regarding patients with multifocal epithelioid hemangioendotheliomas
of bone whose treatment included daily administration of
alpha-interferon in one case, and recombination human endostatin in-
jection 15 mg q.d. combined with apatinib mesylate tablets 500 mg p.o.
q.d. in the other ene case (Xu et al., 2019). The MEK inhibitor trametinib
has been recently investigated in advanced EHE showing some activity
(Schuetze et al.). Based on preclinical data (Ma et al., 2022), a phase II,
single-arm trial (NCT03148275) with the MEK-inhibitor trametinib was
conducted by the Sarcoma Alliance for Research through Collaboration
(SARC) collaborative group in the USA in a population of 42 patients
with advanced EHE. The preliminary results showed a 9.4% overall
response rate (ORR), a m-PFS of 8.4 months, 30% progression-free rate
(PFR) at 12 months, and a 2-year survival rate of 41% (Schuetze et al.).
In conclusion, bone epithelioid hemangioendothelioma is a rare
vascular tumor displaying a generally indolent clinical behavior but
with metastatic potential, that sometimes demonstrates more aggressive
behavior. The number, size, location and stage of the tumor frequently
determine the type of treatment, which can range from watchful waiting
in asymptomatic patients to surgical resection of localized disease. A
surgical approach, when feasible, should always be attempted followed
by chemotherapy and/or radiation if appropriate. Unfortunately, given
its rarity, to date there is no standard systemic treatment strategy for this
tumor. Chemotherapy can be administered in metastatic disease or if the
palliation of symptoms is needed. In light of the variable clinical course
and the lack of solid, prospective data about the association of multi-
modal management with survival in epithelioid hemangioendothelioma
of bone, the choice of the optimal therapy should be discussed in a
multidisciplinary setting, tailoring the treatment plan to the individual
patient.

7. Angiosarcoma
7.1. Epidemiology, clinical and radiologic features

Primary angiosarcoma (AS) of the bone is an aggressive high-grade
malignant tumor composed of cells with endothelial differentiation
(Wenger and Wold, 2000a). Approximately 4% of all angiosarcomas
arise primarily in bone, making it an ultrarare neoplasm, accounting for
less than 1% of malignant tumors of bone (Fletcher, 1996; Verbeke et al.,
2011). It may occur at any age, even if most cases present in adults older
than 30 years, with a peak incidence in the seventh decade and a male
predominance (Hart et al., 2014; Errani et al., 2012a). It generally af-
fects the short and long tubular bones of the extremities, followed by the
pelvis and axial skeleton (Errani et al., 2012a). About one-third of bone
angiosarcomas are multifocal at presentation, generally involving

11

Critical Reviews in Oncology / Hematology 195 (2024) 104268

contiguous skeletal sites, even if widespread disease may be observed
(Verbeke and Boveée, 2011; Verbeke et al., 2011). The majority of these
lesions arising in bone are primary, however, a small percentage is
secondary to radiation or associated with bone infarction (Verbeke and
Bovée, 2011). The most frequent clinical presentation is a chronic dull
pain and/or soft tissue swelling. Bone angiosarcomas are associated with
high mortality, where the 1-year survival rate is 55% and the 5-year
survival rate is just 33% (Verbeke et al., 2011; O’Connell et al., 1993).
On imaging, it generally presents as an aggressive-appearing osteolytic
lesion, often with cortical destruction (about 65% of cases) and invasion
of the adjacent tissue. Because of its frequent multifocal presentation, it
may be confused radiologically with metastatic carcinoma (Errani et al.,
2012a; Van IJzendoorn and Bovée, 2017; Ariyaratne et al., 2023; Ver-
maat et al., 2011).

7.2. Pathological features

Macroscopically, angiosarcoma appears as red, hemorrhagic lesions
with often prominent necrosis. Microscopically, they are usually
composed of ill-defined vessels lined by atypical endothelial cells that
exhibit hyperchromatic and pleomorphic nuclei. More than 90% of bone
angiosarcomas show epithelioid morphology (Verbeke et al., 2011). The
characteristic feature of this neoplasm is its vasoformative appearance.
Multilayering, solid areas can often be found. An increased number of
mitoses, sometimes with atypical mitotic figures, are easily observed
(Errani et al., 2012a; Wenger and Wold, 2000a; Verbeke et al., 2011;
Evans et al, 2003; O’Connell et al., 1993). It is characterized by
immunohistochemical positivity for CD31 (95%—100%), ERG (96%),
VWF (60%—75%), CD34 (39%—40%), and SMA (61%) (Miettinen et al.,
2011; Verbeke et al., 2011; Deshpande et al., 2003; Miettinen et al.,
2012). Expression of keratin AE1/AE3 is found in 69%— 80% of
angiosarcomas. Therefore, as these lesions tend to occur multifocally,
pathologists should be aware not to misinterpret them as metastatic
carcinoma (Verbeke et al., 2011). D2-40 is expressed in 31% of the cases
and it is associated with a worse outcome. Likewise, the presence of a
macronucleolus, fewer than 5 eosinophilic granulocytes and 3 or more
mitoses per 10 HPFs are associated with poor prognosis (Verbeke et al.,
2011). In addition, loss of p16 seems to be linked to a more aggressive
clinical behavior (Verbeke et al., 2013).

7.3. Tumorigenesis and genetics

In recent years, several studies have investigated the genetic and
molecular aberrations involved in angiosarcoma oncogenesis. Verbeke
et colleagues (Verbeke et al., 2015) distinguished two main groups of
angiosarcomas: the first characterized by a complex genetic profile and
second presenting few gross genetic aberrations. Inactivation of p53
pathway is frequently described in angiosarcomas. Antonescu et al.
(2009) identified KDR (VEGF Receptor 2) mutation in some cases of
breast angiosarcomas but also in one case arising from the lumbar spine.
This mutation could determine autophosphorylation, providing ratio-
nale for treatment with tyrosine kinase inhibitors. Further studies have
shown that a genomic amplification of MYC is a common event (55%—
100%) in secondary angiosarcomas (associated with irradiation or
chronic lymphedema) (Manner et al., 2010), even if this aberration has
been later described also in primary angiosarcoma cases, including
angiosarcoma of bone (Verbeke et al., 2015; Italiano et al., 2012). MYC
has been shown to be involved not only in the control of cell prolifera-
tion, differentiation and apoptosis, but also in non-cell autonomous
cancer processes such as angiogenesis. Moreover, MYC amplified
angiosarcomas seem to be associated with a low expression of
thrombospondin-I, a potent inhibitor of angiogenesis (Italiano et al.,
2012). Furthermore, additional mutations in PLCG1 (Phospholipase C
Gamma 1) and PTPRB (Protein Tyrosine Phosphatase Receptor Type B)
and co-amplification of FLT4 (Fms-Related Receptor Tyrosine Kinase 4)
can be seen in secondary angiosarcomas (Mentzel et al., 2012; Behjati
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et al., 2014).
7.4. Treatment

The treatment of angiosarcoma of the bone is a significant clinical
challenge due to both their aggressive nature and limited evidence
regarding the use of various treatment methods and agents. Further-
more, the choice of treatment depends on several factors, such as the age
of the patients, size and location of the tumor, solitary or multifocal
presentation and opportunity of a multidisciplinary approach (including
surgery, radiotherapy and chemotherapy), which is commonly required
(Lewis et al., 2011). Complete surgical resection remains the treatment
of choice for patients with localized disease or with a multicentric
angiosarcoma involving a single anatomical location. Reconstruction of
the bone after resection can be performed using several techniques
depending on lesion localization (Wenger and Wold, 2000a). The com-
bination of surgery and radiation appears useful for achieving the
highest degree of local control. An improvement in disease-free survival
(DFS) has been observed with the use of adjuvant radiotherapy in
localized disease after complete surgery (Palmerini et al., 2014).
Radiotherapy alone should be considered for patients with multifocal
tumors in different anatomical locations and/or for surgically unre-
sectable tumors; it may also be used for the palliative care of metastatic
patients (Palmerini et al., 2014). There is still no definitive data sup-
porting improved progression-free survival (PFS) and/or overall sur-
vival (OS) with adjuvant chemotherapy in a localized setting. However,
neoadjuvant chemotherapy should improve survival making feasible a
surgical approach for initially unresectable tumors (Mittal et al., 2007;
Fayette et al., 2007; Constantinidou et al., 2020). Recently, a large,
retrospective European study suggested that patients with large tumors
and/or high-risk primary, localized angiosarcoma could benefit from
(neo)adjuvant chemotherapy, though the majority of patients had
breast, skin, and head and neck primary angiosarcoma. In patients with
metastatic disease, systemic cytotoxic chemotherapy can induce re-
sponses and prolong survival (Conforti et al., 2022).

Palmerini et al. (2014) performed a retrospective study to analyze
treatment and survival of 60 patients with primary angiosarcoma of
bone treated from 1980 to 2009. Metastatic disease at diagnosis was
described in 24 patients (40%). A primarily surgical approach was
adopted for 43 patients, 30 of whom experienced complete remission.
Radiation therapy was used in 17 patients and chemotherapy was
administered to 13 patients with localized disease and 15 metastatic
patients. Patients with localized disease mainly received an
osteosarcoma-like regimen (doxorubicin, cisplatin, and ifosfamide
+ methotrexate) or paclitaxel. For metastatic patients, several chemo-
therapy regimens were adopted. First-line treatments consisted of an
osteosarcoma-like regimen, anthracycline monotherapy (doxorubicin or
pegylated liposomal doxorubicin), paclitaxel or cisplatin-etoposide. The
agents used in the second line setting were either paclitaxel in combi-
nation with bevacizumab or sorafenib. The 5-year OS was 20%: 33% in
localized and 0% in the metastatic setting. Higher 5-year OS (46%) was
observed in patients who achieved a complete surgical resection than in
those who did not (0%), and a trend towards improved survival was
observed in patients treated with adjuvant chemotherapy based on
cisplatin, doxorubicin and ifosfamide. The data from this retrospective
analysis underlines the fact that complete surgical resection remains the
treatment of choice for bone angiosarcomas. In addition, this study
suggests that certain agents such as taxanes and anthracycline may be
beneficial in patients with bone angiosarcoma and require further pro-
spective evaluation. The role of antiangiogenic agents for the treatment
angiosarcoma of bone is still unclear, whereas in soft tissue angio-
sarcomas, a significant (~15%) response rate has been observed with
antiangiogenic agents such as bevacizumab, sorafenib and brivanib
(Evans et al., 2003; Maki et al., 2009; Fuller et al., 2010; Agulnik et al.,
2009; Schwartz et al., 2011; Chen et al., 2019; Es-Sbissi et al., 2015;
Yamashita et al., 2012; Abdelwahab et al., 1998; Jeyaraman et al., 2021;
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Huang et al., 2020; Scholsem et al., 2005). Recently, the European
Musculoskeletal Oncology Society (EMSOS) reported a large retrospec-
tive study on bone angiosarcomas (Palmerini et al., 2020), including 80
patients with primary bone angiosarcomas treated across nine European
institutions. A significant number of patients (44%) presented with
metastatic disease at the time of diagnosis. Several types of chemo-
therapy were used, with 33% of patients receiving osteosarcoma-based
regimen (doxorubicin, methotrexate, cisplatin and ifosfamide) and the
remaining receiving soft tissue sarcoma regimens: adriamycin/ifosfa-
mide (22%), Paclitaxel (17%), and gemcitabine (11%). The response
rates in metastatic disease treated with adriamycin/ ifosfamide vs
osteosarcoma-based regimen were similar. The 5- year OS was 41% for
localized and 8% for metastatic patients. Of note, the 5-year PFS for
patients with localized disease who received adjuvant chemotherapy
was better than those who did not (49% Vs. 33%, respectively).

In conclusion, the treatment of bone angiosarcomas mainly depends
on the stage and location. Surgery is the cornerstone treatment in
localized disease, showing a survival benefit in patients who underwent
complete surgical resection. Radiotherapy may be used in localized
setting when surgery is not feasible or with palliative intent in metastatic
patients. No definitive conclusions can be drawn on the role of chemo-
therapy for angiosarcoma of the bone. The limited data available shows
an advantage in terms of disease-free survival (DFS) in patients with
localized disease who receive adjuvant chemotherapy after a complete
surgical resection. Moreover, neoadjuvant chemotherapy might play a
role in unresectable diseases by creating a surgical option. Systemic
cytotoxic chemotherapy can induce response in metastatic disease,
although, at present, no recommendations on the superiority of a spe-
cific chemotherapy regimen are available. However, given the poor
survival rate even for patients with resected disease, with 50%— 80%
developing metastatic relapse (Volpe and Mazabraud, 1982; Wenger
and Wold, 2000a; Yamashita et al., 2012), more effective systemic
treatments are needed for patients with this rare diagnosis, making such
patients candidates for studies of novel agents, with the hope of
improving outcomes.

8. Conclusions

Vascular bone tumors represent a heterogeneous group of entities
that consist of endothelial cells. For decades, their morphologic overlap
has generated much controversy regarding the classification and
nomenclature of these tumors. The improvement of knowledge on their
immune-morphologic and molecular findings, with the discovery of
specific genetic alterations, has proved useful in distinguishing among
these different entities. Because their clinical behavior, prognosis and
treatment can vary significantly, a precise diagnosis is of utmost
importance. An accurate diagnostic approach enables the prognostic
stratification that is essential for therapeutic planning. Indeed, genomic
profiling has not only improved the classification and diagnosis of
vascular tumors, but it has also improved our understanding of the un-
derlying molecular mechanisms involved in tumorigenesis. By exploring
these molecular pathways, leads can be found te for developing targeted
molecular therapy. Recent data suggest that characterization of the
immunological landscape combined with genetic data enables the
possible identification of subgroups that are likely to benefit from
immunotherapy. Furthermore, future strategies should focus on the
development of modeling systems that enable functional studies
exploring these molecular mechanisms to improve treatment for pa-
tients with multifocal inoperable vascular tumors. In any case, given
their rarity and heterogeneity, these neoplasms often make it difficult to
design clinical trials that can account for the different behaviors and
biology of the several subtypes. Therefore, generating high-quality ev-
idence for the multidisciplinary management of patients with these tu-
mors is very challenging and both diagnostic and treatment decision-
making should be carried out at reference centers with specific exper-
tise in sarcomas. In this scenario, the strength of sarcoma research is the
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academic research collaboration, with the ultimate goal to realize
studies that allow to better outcome of patients with rare and ultra-rare
diseases, such as vascular tumors of bone.
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