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Tyrosine kinase inhibitors in sarcoma treatment (Review)
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Abstract. Sarcomas are a group of rare mesenchymal
malignant tumors that arise from transformed cells of the
mesenchymal connective tissue, which are challenging to
treat. The majority of sarcomas are soft tissue sarcomas
(STSs; 75%) and this heterogeneous group of tumors is further
comprised of gastrointestinal stromal tumors (~15%) and
bone sarcomas (10%). Although surgery remains the current
primary therapeutic approach for localized disease, recur-
rent, metastatic and refractory sarcomas require cytotoxic
chemotherapy, which usually yields poor results. Therefore the
efficiency of sarcoma treatment imposes a difficult problem.
Furthermore, even though progress has been made towards
understanding the underlying molecular signaling pathways of
sarcoma, there are limited treatment options. The aim of the
present study was therefore to perform a systematic literature
review of the available clinical evidence regarding the role
of tyrosine kinase inhibitors (TKIs) in patients with recur-
rent or refractory STSs and bone sarcomas over the last two
decades. Tyrosine kinases are principal elements of several
intracellular molecular signaling pathways. Deregulation of
these proteins has been implicated in driving oncogenesis
via the crosstalk of pivotal cellular signaling pathways and
cascades, including cell proliferation, migration, angiogenesis
and apoptosis. Subsequently, small molecule TKIs that target
these proteins provide a novel potential therapeutic approach
for several types of tumor by offering significant clinical
benefits. Among the eligible articles, there were 45 prospective
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clinical trials, primarily multicentric, single arm, phase IT and
non-randomized. Numerous studies have reported promising
results regarding the use of TKIs, mainly resulting in disease
control in patients with STSs. The lack of randomized clinical
trials demonstrates the ambiguous efficiency of various
studied treatment options, which therefore currently limits
the approved drugs used in clinical practice. Research both
in clinical and preclinical settings is needed to shed light on
the underlying molecular drivers of sarcomagenesis and will
identify novel therapeutic approaches for pretreated patients.
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1. Introduction

Bone and soft tissue sarcomas (STSs) are malignant mesen-
chymal neoplasms. They represent 1% of all malignant
diseases (1). The majority of sarcomas arise from soft tissue
(75%), followed by gastrointestinal stromal tumors (GISTs;
~15%) and bone sarcomas (10%) (2). STSs are classified into
120 histological groups. Moreover, a recent World Health
Organization classification described an even greater number
of molecular subsets, comprising of a heterogeneous group
of tumors with rare and ultrarare subcategories of STSs (3).
The most common histological types are liposarcoma and
leiomyosarcoma, with an incidence of less than 1 case in
100,000 individuals/year, which highlights the rarity of
sarcomas (4).

Bone sarcomas have distinct patterns of incidence, with
no more than 0.3 cases in 100,000 individuals/year for each
bone sarcoma subtype (5). Osteosarcoma (OST) and Ewing
sarcoma (ES) are most common in young individuals, with
a high incidence rate in individuals <20 years old, whereas
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chondrosarcoma (CS) is more common in older adults (6).
Extremities and trunk areas are the most common locations
for the majority of bone sarcomas and approximately half of
STSs. However, both bone and STSs can also develop in the
head and neck, retroperitoneum, gastrointestinal tract and
genitourinary tract (7,8).

A multidisciplinary approach is strongly recommended for
sarcoma treatment due to the rarity and heterogeneity of bone
sarcomas and STSs. Complete surgical resection remains the
treatment of choice in regimens with curative intent. Cytotoxic
chemotherapy is the backbone of the systemic treatment
approach, but the discovery of various molecular signaling
pathways implicated in sarcomagenesis has paved the way for
targeted therapeutics (7-10). The targeting of tyrosine kinases
is currently studied in clinical trials but this approach has also
been used in clinical practice.

Tyrosine kinases are important molecules that cross-talk
and regulate the activity of several intracellular signaling path-
ways. They are divided into two subtypes: i) receptor tyrosine
kinases (RTKSs); and ii) non-RTKs (NRTKSs). RTKs are trans-
membrane glycoproteins that regulate proliferation, survival,
migration, apoptosis and cell adhesion upon ligand binding.
NRTKSs act downstream of several signaling molecules and
are located either in the cytoplasm or the nucleus. Tyrosine
kinase receptors that have been considered as potential thera-
peutic targets in sarcomas include VEGFR, platelet-derived
growth factor receptor (PDGFR), insulin-like growth factor
receptor, cellular (c)-receptor tyrosine kinase KIT (KIT),
fibroblast growth factor receptor (FGFR), mesenchymal
epithelial transition (MET) and AXL receptor tyrosine kinase
(AXL). Tyrosine kinase inhibitors (TKIs) are small molecules
that inhibit these receptor tyrosine kinases (11,12).

The aim of the present systematic review was to discuss the
role of TKIs in the treatment of patients with locally advanced,
unresectable, or metastatic STSs and bone sarcomas.

2. Methods

This present review was conducted and reported in accor-
dance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement and the
common practices in the field. Eligible articles were identified
by performing a search of the Medical Literature Analysis
and Retrieval System Online bibliographical database for
the period between the 1 January 2000 and 30 August 2021.
The search strategy included the following keywords: STS
(neoplasm or cancer or sarcoma), bone sarcoma (neoplasm or
cancer or sarcoma) and TKI (chemotherapy or systemic therapy
or management). Only articles in English were included in the
present review. Reviews, expert opinions and prospective and
retrospective studies were also included, whereas case reports
were excluded from the analysis. Moreover, manuscripts that
did not state the name of the authors were excluded. Additional
articles were identified from the reference lists of the retrieved
articles.

3. Results of the literature meta-analysis

The initial literature search resulted in the identification
of 351 articles, from which one duplicate was removed.

Moreover, one article was excluded due to language restric-
tions and 10 case reports were excluded; however, three case
report series were included. Furthermore, 309 additional
articles, which focused on sarcoma diagnosis, prognosis
and biology, and articles presenting surgical approaches
and primary or adjuvant sarcoma treatment or preclinical
assays, or those referring to GISTs, were considered to be
outside the scope of the present review and were therefore
also excluded. Overall, 28 studies (27 prospective clinical
trials-two phase I, one phase Ib/II and 24 phase II studies,
of which five were randomized trials and one was a retro-
spective study) were recovered from the reference lists of
rejected articles. Overall, 58 studies were considered eligible
for inclusion in the final analysis. The research strategy is
presented in Fig. 1.

The results identified 45 prospective clinical trials
published between 2000 and 2021, among which six were
phase I trials, two were phase Ib/II trials, 36 were phase II
trials and one was a phase III trial. All studies were single
arm, with the exception of seven previous, randomized,
placebo-controlled trials (13-20). Moreover, 13 retrospective
studies were analyzed (21-33). Furthermore, five reviews, one
systematic literature review (34), one expert review (35) and
three reviews of clinical trials (36-38) were identified.

Pazopanib. Pazopanib is a small molecule TKI. It primarily
targets VEGFR-1/2/3, PDGFR-a/p and KIT (13).

The use of pazopanib in STSs was approved based on the
results of the double-blinded, placebo-controlled, random-
ized, pazopanib explored in STS (PALETTE) phase III
trial. This clinical trial demonstrated a significant improve-
ment in the progression-free survival (PFS) of patients with
non-adipocytic STS who were treated with pazopanib. The
median PFS was 4.6 months for patients treated with pazo-
panib compared with 1.6 months for patients treated with the
placebo (P<0.0001). However, no significant difference was
observed in overall survival (OS; 12.5 vs. 10.7 months for
the pazopanib and placebo arms, respectively) (14). Patients
with liposarcoma were excluded from the PALETTE study
based on the previous results of the European Organization for
Research and Treatment of Cancer (EORTC) 62043 phase 11
study, in which patients in the liposarcoma cohort demon-
strated a discouraging progression-free point at 12 weeks (39).
However, preclinical investigations and prospective clinical
trials focusing on dedifferentiated liposarcoma have reported
that pazopanib has potential antitumor activity (40). In a
phase II study of pazopanib for adipocytic sarcomas, a 68.3%
PFS rate (PFSR) at 12 weeks and a median PFS of 4.4 months
were demonstrated; well-differentiated liposarcomas were
excluded from this study (41).

In a retrospective analysis based on two EORTC clinical
trials, pazopanib was studied in uterine and nonuterine
sarcomas. Pazopanib activity in patients with uterine
sarcomas was similar to that in patients with nonuterine STSs.
The PFS was 3.0 months (95% CI, 2.5-4.7 months) in uterine
vs. 4.5 months (95% CI, 3.7-5.1 months) in nonuterine STS.
Furthermore, the median OS was 17.5 months in the uterine
STS population (95% CI, 11.1-19.6 months) vs. 11.1 months
(95% CI, 10.2-12.0 months) (P=0.352) in the nonuterine STS
population (21).
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Figure 1. Diagram summarizing the elimination process of the initially iden-
tified published papers.

The activity of pazopanib in angiosarcoma (AS) is also
comparable to its reported activity in other STS subtypes, as
noted in a retrospective analysis (22). The median PFS and
median OS were 3 (95% CI, 2.1-4.4 months) and 9.9 months
(95% CI, 6.5-11.3 months), respectively, in AS. In this
previous study, the activity of pazopanib was similar in cuta-
neous/non-cutaneous and radiation/non-radiation-associated
AS. Furthermore, another study demonstrated that pazopanib
exhibited promising activity in epithelioid hemangioendo-
thelioma (EH) and intimal sarcoma (IS), two rare sarcomas
with limited treatment options. The response rates were 8/40
(20%), 2/10 (20%) and 2/2 (100%) patients in the AS, EH and
IS subtype groups, respectively.

The SPIRE study examined pazopanib for compas-
sionate use in heavily pretreated patients with advanced
STS. The treatment duration was influenced by histological
subtype, with certain patients exhibiting long responses.
Long responses were reported for perivascular epithelioid cell
tumors (8.2 months), aggressive fibromatosis (AF; 8.0 months),
alveolar soft part sarcoma (ASPS; 7.1 months), desmoplastic
small round cell tumors (5.7 months) and synovial sarcoma
(5.1 months). Histological subtypes with the highest percentage
of clinical benefit [complete response (CR) + partial
response (PR) + stable disease (SD)] at any time, included
nonuterine leiomyosarcoma (45%; 18/40 patients), uterine
leiomyosarcoma (43%; 17/40 patients), synovial sarcoma (54%;
13/24 patients), undifferentiated sarcoma (42%; 8/19 patients),
AS (38%; 6/16 patients) and solitary fibrous tumors (54%;
7/13 patients) (23).

Pazopanib also benefits patients with surgically unresect-
able or metastatic CS. The disease control rate (DCR) was
achieved in 43% of patients following 16 weeks of pazo-
panib treatment (95% CI, 28-58%) and the median OS was
17.6 months (95% CI, 11.3-35.0 months). Even though only 43%
of patients reached the DCR, the results of this previous study
are clinically meaningful as they offer the option of pazopanib
in a traditionally chemotherapy-resistant disease (36,42).

Several case reports have also demonstrated PRs in patients
with ES, with acquired resistance being developed with
prolonged use (37). A single reference center case series report
demonstrated that 2/4 patients with unresectable or metastatic
chordoma, who were treated with pazopanib, derived clinical
benefits and SD was achieved for 14 and 15 months (43).

The Pediatric Preclinical Testing Program evaluation
of pazopanib revealed a statistically prolonged event-free
survival (EFS) in ES xenografts but no objective responses
were exhibited (44). Currently, in advanced OST, only case
reports have been published with pazopanib (45).

Coadministration of TKIs with other targeted therapeutics
and cytotoxic agents has also been investigated in retrospec-
tive studies. The safety and efficacy of pazopanib has been
analyzed in combination with vorinostat, everolimus, lapatinib
or trastuzumab. and MEK inhibitors in patients with advanced
sarcoma. Pazopanib administration in combination with
other agents is safe; however, pazopanib combinations do not
reverse resistance. In a previous case series report, the inhibi-
tion of VEGFR with everolimus initially resulted in SD for
the majority of patients with advanced sarcomas. The addition
of everolimus resulted in a clinical benefit at 4 months for
3/6 patients (24). Moreover, a study on the addition of sirolimus
in patients with metastatic high-grade STS, who progressed
after previous clinical benefit on pazopanib, suggested that
the combination of sirolimus and pazopanib may serve as a
potential treatment to reverse resistance and extend the chemo-
therapy-free window (25). However, the small sample size of
these aforementioned studies is a limitation that influences
the statistical significance of these observations. Therefore,
prospective studies are needed support the conclusions of
these aforementioned studies. Furthermore, the combination
of pazopanib with chemotherapy is associated with greater
toxicity (26). Table I summarizes pazopanib clinical trials.

Apatinib. Apatinib is a small-molecule receptor TKI with
potential antiangiogenic and antineoplastic activities. It
selectively targets VEGFR2 and therefore inhibits endothelial
cell migration and proliferation and further influences tumor
microvascular density (46).

In a single-arm, phase II trial, apatinib exhibited encour-
aging objective efficacy and manageable toxicity in patients
with metastatic STS who were previously unable to receive
chemotherapy. At 12 weeks, the PFSR, objective response rate
(ORR) and DCR were 70, 26.32 and 86.84%, respectively.
The median PFS was 7.87 months and the median OS was
17.55 months. Apatinib was reported to be well tolerated,
with the main adverse effects including, hypertension, palmar
plantar erythrodysesthesia, anorexia, proteinuria, pain, fatigue
and diarrhea, which were adequately controlled following
symptomatic treatment or dose reduction to 375 mg and
subsequently 250 mg (47). In an observational study, patients
with leiomyosarcoma treated with apatinib did not show
significant survival benefits compared with patients with
other histological subtypes. The median PFS was 3.79 months
(95% CI, 0.96-7.24 months) in patients with leiomyosarcoma
vs. 4.35 months (95% CI, 2.22-5.58 months) in patients with
other histological subtypes (P=0.3170). The median OS was
8.17 months (95% CI, 1.56 months-not estimated) months
in patients with leiomyosarcoma vs. 11.22 months (95% CI,
6.64-18.72 months) in patients with other histological subtypes
(P=0.9219) (27).

The results from a prospective phase II trial demon-
strated that the administration of apatinib in patients with
unresectable, locally advanced or metastatic OST, which was
progressing upon prior treatment with chemotherapy agents,
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Table 1. Pazopanib.

Patient PFS (0N
Study type Phase number Subtype (months) (months) Outcomes (Refs.)
Randomized III 372 Non-adipocytic STS 4.6 12.5 Approved as 2nd line treatment (14)
Prospective II 41 Liposarcoma 4.4 12.6 Promising activity 41
Retrospective 44 Uterine sarcomas 3 17.5 Promising activity (21)
Retrospective 42 Vascular sarcomas 3 99 Promising activity (22)
Retrospective 211 Advanced STS 3 11.1 Activity in compassionate use setting ~ (23)
Prospective II 47 Chondrosarcoma 79 17.6 Negative (42)
Retrospective 9 Advanced sarcoma 3.1 - Disease stability with the combo of 24)
pazopanib + everolimus
Retrospective 8 Advanced STS 55 Promising activity (25)
Retrospective 44 Advanced sarcoma 24 9 Negative (26)

STS, soft tissue sarcomas; PFS, progression-free survival; OS, overall survival.

resulted in tumor shrinkage of at least 30% in 16/37 patients
(43.24%). However, this result only had a short response
duration, as the median duration response was 5.07 months
(95% CI, 2.70-6.53 months) (48). In a recently published
retrospective study, a regime of a combination of apatinib
with ifosfamide and etoposide exhibited clinically meaningful
antitumor activity in patients with recurrent or refractory
OST, as the 4- and 6-month EFS rates were 90.9 (95% ClI,
74.4-97.0%) and 78.5% (95% CI, 60.0-89.1%), respectively.
However, the adverse effects of the combination were severe
and the majority of grade 3 and 4 toxicities included myelo-
suppression, bronchial infection, pneumothorax, anorexia and
posterior leukoencephalopathy syndrome, which resulted in
dose reductions (28).

In an off-label study of apatinib in patients with
advanced, previously treated bone and STS, toxicity was
more severe than results reported in clinical trials. The
ORR (CR + PR) was 40.9% (9/22 patients) for OST, 70%
(7710 patients) for ES, 100% (3/3 patients) for CS and 71.4%
(15721 patients) for STS. Moreover, the median duration
of response was 8.8 months (95% CI, 4.3-11.5 months) for
malignant peripheral nerve sheath tumors and 5.6 months
(95% CI, 1.3-9.8 months) for undifferentiated pleomorphic
sarcoma (UPS) (29).

In preclinical studies, apatinib reduces programmed
death-ligand 1 (PD-L1) expression in OST cells, which
suggested that it may act as an immunotherapy modulator in
patients with sarcoma (49,50). An open-label, phase II trial
studying the combination of apatinib with camrelizumab (an
anti-programmed cell death 1 antibody) revealed prolongation
of PFS compared with apatinib only in treating advanced
OST (51). However, this previous clinical trial did not reach
the prespecified target of a 6-month PFS of 60%. This study
also suggested that patients with high PD-L1 expression levels
and pulmonary metastases exhibited a longer PFS than those
with bone lesions (P=0.017). Table II summarizes the clinical
trials that have studied apatinib.

Sunitinib. Sunitinib malate is a multitargeted TKI with
activity against VEGFR1/2/3, PDGFR-a/p, KIT, Fms-like

tyrosine kinase 3 (FLT3), RET and colony stimulating factor 1
(CSF1) (52). Sunitinib also has both antiangiogenic and anti-
tumor activities.

George et al (53) reported a multicenter, single-arm,
phase II study of sunitinib in metastatic or locally advanced
non-GIST STS, in which 53 patients were enrolled and 48
of them were eligible for response assessment. An imaging
assessment demonstrated a median PFS of 1.8 months, with
11/48 patients (22%) exhibiting SD at 12 weeks and seven
patients (14%) maintaining SD after 24 weeks of treatment (53).
In another phase II study, 48 patients with documented unre-
sectable or metastatic STS (liposarcoma, leiomyosarcoma and
UPS), in which other therapeutic approaches had failed, were
treated with sunitinib malate. The median PFS and OS for
liposarcoma, leiomyosarcoma and malignant fibrous histiocy-
toma were 3.9 and 18.6, 4.2 and 10.1 and 2.5 and 13.6 months,
respectively. The safety profile did not reveal any new toxicities,
with the most common adverse effects being fatigue/asthenia
and other gastrointestinal complaints at grade 1 or 2 (54).

A further small, nonrandomized, open-label, prospective,
phase II trial of sunitinib was performed by Jo ef al (55), in
which 19 patients with advanced AF, which was not amenable
to surgery, were treated with 37.5 mg sunitinib once daily.
Following treatment, five patients (26.3%) achieved a PR and
eight (42.1%) presented with SD. With a median follow-up
time of 20.3 months (range, 1.8-50.7 months), the 2-year rates
for PFS and OS were 74.7 and 94.4%, respectively. However,
3/12 patients in this trial with mesenteric AF experienced
serious adverse effects, including mesenteric mass bleeding
(n=1), bowel perforation (n=1) and bowel fistula (n=1), which
were likely to be related to tumor necrosis. Therefore, suni-
tinib may be useful for the management of non-mesenteric
AF (55). Sunitinib has also been tested in patients with
metastatic ASPS in a small case series. In nine patients
with progressive/advanced ASPS, treated with sunitinib, five
patients (55%) had a PR, based on the Response Evaluation
Criteria in Solid Tumors (RECIST), and an additional three
patients (33%) exhibited SD (56). When sunitinib was given to
31 patients with progressive advanced solitary fibrous tumors,
of which 25 patients were pretreated with conventional
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Table II. Apatinib.

Study type Phase  Patient number Subtype PFS (months)  OS months) Outcomes (Refs.)
Prospective II 42 Advanced STS 7.87 17.55 Promising activity 47)
Retrospective II 31 Advanced STS 4.25 943 Promising activity 27
Prospective 11 37 Advanced OS 4.5 9.87 Moderate activity 48)
Retrospective 79 Advanced OS 12.6 19.8 High toxicity (28)
Prospective II 43 Advanced OS 6.2 - Negative 5D

STS, soft tissue sarcomas; PFS, progression-free survival; OS, overall survival.

chemotherapeutic regimens, disease control was achieved in
18/31 patients (58%) with a median PFS of 6 months (30). In
a retrospective case series of 10 patients with extra-skeletal
myxoid CS treated with sunitinib, 6/10 patients (60%) had a PR,
which was determined using RECIST, two patients presented
with SD (20%) and two patients exhibited disease progression
(20%) (31). The single-arm, nonrandomized design of these
studies limited any definitive conclusions regarding the effi-
cacy of sunitinib in STS. However, the activity of sunitinib in
specific subtypes is very promising despite the often-indolent
nature of these tumors, such as AF.

Sunitinib has previously been co-administered with
nivolumab in patients with refractory, advanced sarcomas. The
ImmunoSarc trial evaluated the efficacy of sunitinib in combi-
nation with nivolumab as assessed by PFSR at 6 months. The
6-month PFSR was 48% according to the central assessment,
whereas the median PFS was 5.6 months (3-8.1 months). One
CR was registered in a patient with AS and a PR was described
in patients with ASPS, AS, synovial sarcoma and extra-skel-
etal myxoid CS (57). The bone sarcoma group demonstrated
similar results, with a 6-month PFSR of 32% and a modified
(m)PFS of 3.7 months (95% CI, 3.4-4.0 months). Moreover,
the median OS was 14.2 months (95% CI, 7.1-21.3 months),
inducing durable disease control in 55% of patients and a PR
in one patient with OST (58). Table III summarizes the trials
that have studied sunitinib.

Regorafenib. Regorafenib is an oral multikinase inhibitor that
targets VEGFR1/2/3, FGFR1, PDGFR-a/8, CSF1 receptor and
¢-KIT (59).

A randomized placebo-controlled phase II trial, rego-
rafenib in metastatic STS (REGOSARC), was performed for
non-GIST STSs in which the response and survival benefit of
regorafenib were evaluated in four cohorts (leiomyosarcoma,
synovial sarcoma, liposarcoma and other histologies). Three
cohorts, excluding the patients with liposarcoma, exhibited
PFS prolongation compared with the placebo arm. PFS was
1.1 months with regorafenib (95% CI, 0.9-2.3 months) vs.
1.7 months (0.9-1.8) with the placebo [hazard ratio (HR),
0.89; 95% CI, 0.48-1.64 months] (P=0.70) in the liposarcoma
cohort. Furthermore, in the leiomyosarcoma cohort PFS was
3.7 months (95% CI, 2.5-5.0 months) with regorafenib vs.
1.8 months (95% CI, 1.0-2.8 months) with the placebo (HR,
0.46; 95% CI, 0.46-0.80 months) (P=0.0045). In the synovial
sarcoma cohort, PFS was 5.6 months (95% CI, 1.4-11.6 months)
with regorafenib vs. 1.0 months (95% CI, 0.8-1.4 months) with

the placebo (HR, 0.10; 95% CI, 0.03-0.35 months) (P<0.0001).
Finally, in the other histologies sarcoma cohort, PFS was
reported to be 2.9 months (95% CI, 1.0-7.8) with regorafenib
vs. 1.0 months (95% CI, 0.9-1.9) with the placebo (HR, 0.46;
95% CI,0.25-0.81 months) (P=0.0061) (15). The REGOSARC
trial also demonstrated the benefits of quality-adjusted
survival (60). The survival benefits of regorafenib in the
REGOSARC trial were similar to those of pazopanib. The
median PFS of the regorafenib-treated patients with non-lipo-
sarcoma was limited to 4 months and the OS was limited to
13.4 months. Moreover, regorafenib treatment for liposarcoma,
similar to pazopanib, failed to result in PFS prolongation (38).
The most common clinically significant grade 3 or higher
adverse events exhibited included arterial hypertension (19%),
hand and foot skin reactions (15%) and asthenia (13%).

The results of a prospective, open-label, single-arm,
nonrandomized phase II trial verified that regorafenib is active
in patients with non-adipocytic pretreated advanced STS
(leiomyosarcoma, synovial sarcoma and vascular sarcoma),
as 13/21 (62%) patients were progression-free at 8 weeks (61).
Therefore, regorafenib proved to have a clinically meaningful
antitumor effect in non-adipocytic STSs by improving PFS.

The randomized, double-blind, placebo-controlled
regorafenib in patients with metastatic bone sarcomas
(REGOBONE) and SARCO024 clinical trials, in relapsed
progressive metastatic OST, demonstrated the benefit of rego-
rafenib in patients with bone sarcoma. In the REGOBONE
trial, 38 patients with advanced bone sarcoma were randomized
(2:1) to receive either regorafenib or the placebo. This study
demonstrated that 17/26 patients (65%; one-sided 95% ClI,
47%) in the regorafenib group were nonprogressive at 8 weeks
compared with no patients in the placebo group, resulting in
a median PFS of 4.1 months (95% CI, 8.0-27.3 months) vs.
1.0 month (95% CI,3.0-5.7 months), respectively (16). Similarly,
in the North American trial, among the 22 patients treated
with regorafenib, a median PFS of 3.6 months was achieved
vs. 1.7 months in the placebo group (HR, 0.42; 95% CI,
0.21-0.85 months; P=0.017). However, regarding OS, there was
no statistically significant difference (11.1 vs. 13.4 months for
regorafenib and placebo, respectively; P=0.62) (17).

SARCO024 also assessed the efficacy of regorafenib in
30 patients with advanced ES, in which it was noted that the
median PFS was 3.6 months (95% CI, 2.8-3.8 months) and
the median duration of response was 5.5 months (95% CI,
2.9-8.0 months). This study met its primary endpoint and the
toxicity of the drug was similar to that seen previously; no
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Patient
Study type Phase number Subtype PFS (months) oS Outcomes (Refs.)
Prospective II 53 Advanced STS 1.8 - Activity in DC (SD) (53)
Prospective 1I 48 Liposarcoma, 3.9 (LS) 18.6 (LS) Moderate activity 54)
leiomyosarcoma, 4.4 (LMS) 10.1 (LMS)
malignant fibrous 2.5 (MFH) 13.6 (MFH)
histiocytoma
Prospective II 19 Advanced aggressive 74.7% (median 94.4% (median Promising activity (55)
fibromatosis follow-up time follow-up time
of 20.3 months) of 20.3 months)
Retrospective 35 Advanced solitary 6 16 Promising activity with a (30)
fibrous tumor long-lasting response
Retrospective 10 Extraskeletal myxoid Not reached - Statistically non-significant ~ (31)
chondrosarcoma
Prospective Ib/11 68 Advanced STS 5.6 24 Promising activity 57)
Prospective I 40 Advanced OS 3.7 14.2 Promising activity (58)

STS, soft tissue sarcomas; PFS, progression-free survival; OS, overall survival.

grade 4 adverse effects were noted (18,37). In the same study,
the OST cohort included 42 patients and regorafenib resulted in
a mPFS of 3.6 (95% CI, 2-7.6 months) vs. 1.7 months (95% CI,
1.2-1.8 months) for the placebo. There was no benefit to OS.
Table IV summarizes the trials that have studied regorafenib.

Sorafenib. Sorafenib targets Raf, VEGFR2/3 and PDGFR-f3,
and therefore inhibits tumor cell proliferation and
angiogenesis (37).

In a prospective multicenter open-label nonrandomized
phase II trial, 101 patients with advanced STS, pretreated
with anthracycline-based chemotherapy, received sorafenib
(400 mg) twice daily for 28 days. Even though the primary
endpoint of the PFSR at 6 months was not reached by the entire
population, patients with leiomyosarcoma achieved a 6-month
PFSR of 38.4%, which confirmed the activity of sorafenib in
this subset of patients (62). In the French Sarcoma Group study,
which assessed the response to sorafenib in 41 patients with
advanced AS, the primary end point was PFS at 9 months,
which was assessed by RECIST. There were no responses
reported in the chemotherapy naive group, but there was a
40% tumor control rate and a 23% response rate in pretreated
patients (63). Similar results were seen in another phase II trial
of 51 patients with advanced STS, in which five patients with
vascular sarcoma (63%), eight patients with leiomyosarcoma
(42%) and two patients with dedifferentiated liposarcoma
(20%) had SD, resulting in a median PFS of 5 months for
patients with vascular sarcoma compared with 2-3 months for
the patients with liposarcoma and leiomyosarcoma (64).

Regarding bone sarcomas, sorafenib has also demon-
strated activity in patients with OST. The Italian Sarcoma
Group designed a single-arm phase II study of sorafenib as
a single treatment agent in patients with relapsed and unre-
sectable OST. PFS at four months was 46%, whereas OS
was 7 months. An objective response was seen in 14% of

patients and 29% of patients had SD (65). Another previous
nonrandomized phase II trial used a combination of sorafenib
and everolimus in 38 patients with high-grade, nonresectable
OST. This combination demonstrated the greatest antitumor
activity as a second- and third-line treatment for OST, as
17/38 patients (45%; 95% CI, 28-61) were progression free
at 6 months. However, the trial did not reach the prespecified
threshold of activity (6-month PFS =50%) with a 6-month
PFS of 45% (66).

Cabozantinib. Cabozantinib inhibits the activity of multiple
tyrosine kinases that are expressed in STSs, such as MET,
VEGFR, AXL and TYROS3 protein tyrosine kinase (67).

In a phase II study, 20 heavily-treated patients with relapsed
uterine leiomyosarcoma received a combination of temozolo-
mide and bevacizumab without (n=9) or with cabozantinib
(n=6). Cabozantinib, in combination with temozolomide and
bevacizumab, increased the clinical benefit rate (CBR) from
67 to 100%, without providing any additional benefits to the
ORR (33% for both cohorts) (68).

In the phase II cabozantinib in patients with advanced ES or
OS clinical trial, heavily pretreated patients with OST (n=45)
or ES (n=45) were enrolled and patients were treated with
cabozantinib (60 mg) once daily in adults or 40 mg/m? once
daily in children (<16 years). In patients with OST and ES, the
median PFS was 6.7 (95% CI, 5.4-7.9 months) and 4.4 months
(95% Cl1, 3.7-5.6 months), respectively, and the median OS
was 10.6 (95% CI, 7.4-12.5 months) and 10.2 months (95% CI,
8.5-18.5 months), respectively, which demonstrated promising
activity for cabozantinib. However, 61/90 (68%) patients
presented with at least one serious adverse event. No deaths
due to drug-related toxic effects were reported (69).

Cediranib. Cediranib is a receptor TKI that targets
VEGFR1/2/3, KIT and PDGFRs (70).



ONCOLOGY LETTERS 23:

Table I'V. Regorafenib.

183, 2022 7

Patient PFS oS
Study type Phase number Subtype (months)  (months) Outcomes (Refs.)
Randomizee II 182 Liposarcoma, leiomyosarcoma, 1.1 (LS) - Promising activity (15)
synovial sarcoma, other histologies 3.7 (LMS) except from LS

5.6 (SVS)

2.9 (other)
Prospective II 21 Advanced STS 3.8 14.8 Clinical activity (61)
Randomized 1I 38 Advanced OS 4.1 - Clinical activity (16)
Randomized I 42 Advanced OS 3.6 - Clinical activity 17)
Randomized 1I 30 Ewing sarcoma 3.6 - Clinical activity (18)

STS, soft tissue sarcomas; PFS, progression-free survival; OS, overall survival; LS, liposarcoma; LMS, leiomyosarcoma; SVS, synovial

sarcoma.

A phase II study, including GISTs and sarcomas, reported
the activity of cediranib in metastatic ASPS. Of the six patients
with ASPS, two achieved PR and four exhibited SD (71).
Further investigation in a double-blind, placebo-controlled,
randomized, phase II trial confirmed cediranib's activity in
ASPS (19). A total of 48 patients with advanced ASPS were
recruited and randomly assigned to cediranib treatment (n=32)
or placebo (n=16) groups. The primary endpoint was the
percentage change in the sum of the longest diameters of target
marker lesions between the baseline and week 24, or progres-
sion if this was sooner. The median PFS was 10.1 months
(95% CI, 5.3-19.0 months) with cediranib and 4.9 months
(95% CI, 1.9-20.0 months) with the placebo.

A pediatric phase I study of cediranib for children and
adolescents with refractory solid tumors defined the maximum
tolerated monotherapy dose as 12 mg/m?*/dose administered
orally, once daily, continuously. Objective responses were
observed in pediatric patients with ES, synovial sarcoma and
OST, which resulted in a reduction in primary tumor size and
pulmonary metastatic lesions (72). As a result, a phase II study
of cediranib in children with metastatic ASPS was developed.
This study did not reach the primary endpoint and cediranib as
a single agent was found to be inactive in ASPS in the pediatric
cohort compared with the adult PR rate of 35%. Therefore, the
role of cediranib in the treatment of children and adolescents
with ASPS remains unclear (73).

Crizotinib. Crizotinib is a small molecule that targets MET,
anaplastic lymphoma kinase (ALK) and ROS proto-onco-
gene 1 receptor tyrosine kinase.

The EORTC initiated a multinational, multi-tumor,
prospective phase II clinical trial, cross-tumoral phase II with
crizotinib (‘CREATE’), and evaluated the efficacy and safety
of crizotinib in patients with advanced tumors characterized
by abnormal MET and/or ALK expression. In this study 26/43
enrolled patients with clear-cell sarcoma were treated with
crizotinib. The study design focused on MET+ disease with
documented rearrangement of the EWS RNA binding protein
1 gene confirmed via fluorescence in situ hybridization. The
primary end point of the trial, the ORR, was not met, as only one
objective PR was observed in 26 MET+ patients (ORR, 3.8%;

95% CI, 0.1-19.6%). However, disease control was achieved in
18/26 MET+ patients (DCR, 69.2%; 95% CI, 48.2-85.7%) and
the median PFS was 131 days (95% CI, 49-235 days). This trial
demonstrated that crizotinib could potentially provide clinical
benefits to patients with locally advanced or metastatic MET+
clear-cell sarcoma (74). The ‘CREATE’ trial also demonstrated
that crizotinib is an active compound for patients with advanced
or metastatic ASPS with central determination of rearrange-
ment of transcription factor binding to IGHM enhancer 3.
The DCR determined in this histotype-specific trial was 90%
(36/40 MET+ patients; 95% CI, 76.3-97.2%) and the PFSR
at 1 year was 37.5% (95% CI, 22.9-52.1%) (75). Crizotinib as
a single agent in patients with advanced metastatic alveolar
rhabdomyosarcomas was well tolerated but lacked clinically
meaningful activity, with a median PFS of 1.3 months (95% CI,
0.5-1.5 months) and a median OS of 5.6 months (95% ClI,
0.7-7.0 months) (76). Crizotinib could be considered as the stan-
dard of care for patients with locally advanced or metastatic
ALK-positive inflammatory myofibroblastic tumors, as 6/12
ALK+ patients (50%; 95% CI, 21.1-78.9) and 1/7 ALK-negative
patients (14%; 95% CI, 0.0-57.9) achieved an objective response
according to RECIST 1.1 in the ‘CREATE’ trial (77).

Axitinib. Axitinib is a selective small molecule inhibitor of
VEGFR1/2/3 that binds to the inactive conformation of the
catalytic domain of VEGF RTKs.

A phase I trial of young patients with refractory solid
neoplasms demonstrated the safety and tolerability of axitinib.
One patient with ASPS had a confirmed PR that lasted for
6 months and both patients with OST and % patients with ES
were progression free at 6 months of axitinib treatment (78).

Moreover, the combination of axitinib plus pembrolizumab
was used in 33 patients with advanced sarcomas, including
ASPS, in a single-arm, phase II trial. This treatment combi-
nation was reported to result in 3-month PFS rates of 65.6%
(95% CI, 46.6-79.3%) for all evaluable patients, especially
leiomyosarcoma and UPS, and 72.7% (95% CI, 37.1-90.3%) for
patients with ASPS, with a manageable toxicity profile (79).

Anlotinib. Anlotinib inhibits angiogenesis signaling via selec-
tively targeting VEGFR1/2/3 and FGFR1/2/3/4. Furthermore,
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it targets and decreases the activity of PDGFR-a/f, c-KIT
and RET and therefore significantly inhibits tumor cell
proliferation in preclinical studies (80).

In a phase I, open-label study, at a dose of 12 mg once daily
with a 2-1 treatment schedule, anlotinib displayed significant
antitumor effects in patients with advanced refractory solid
tumors, including STS (80). A phase II clinical trial demon-
strated that 166 patients with advanced STS had a 12-week
PFSR of 68.42% and an ORR of 12.65% following treatment
with anlotinib. PFS and OS were 5.63 and 12.33 months,
respectively (81). A placebo-controlled trial of 233 patients with
recurrent advanced STS presented with a PFS of 6.27 months
vs. 1.47 months (P<0.0001) for anlotinib compared with the
placebo (82). A retrospective single-center analysis studying
the combination of chemotherapy with anlotinib and anlotinib
maintenance in patients with metastatic STS, reported that the
treatment had good efficacy and a favorable survival benefit.
The PES at 3 and 6 months was 81 and 69%, respectively (32).

Imatinib. Imatinib is known to inhibit c-KIT, the breakpoint
cluster region-ABL fusion protein and PDGFRs (83).

In a phase II multicenter trial, the efficacy of imatinib
was tested in patients with different subtypes of advanced
sarcoma. However, although CBRs, defined as SD + PR + CR,
were exhibited in the subgroups of patients with liposarcomas
(CBR=24.1%) and leiomyosarcomas (CBR=21.4%), imatinib
was not considered an active agent in patients with advanced
STS (84).

In a collaborative Italian-Swiss, prospective, phase 11
clinical trial, 56 patients with advanced chordoma expressing
PDGFR-f and/or platelet-derived growth factor subunit B
(PDGFB) were treated with imatinib. Confirmed SD (RECIST
PR + SD) was observed in 72% of patients, with a median PFS of
9 months and a 64% CBR, defined as RECIST CR + PR + SD,
which was greater than that exhibited at 6 months (85). Trials
with imatinib have demonstrated promising results, especially
in PDGFB+ or PDGFR-f+ chordomas, whereby SD has been
exhibited in previously progressive advanced chordomas in
up to 70% of cases. However, no benefit in survival rates was
noted (33).

Imatinib as a single agent has also been tested in young
patients with relapsed or refractory ES and OST but it did not
confer any objective benefit (86).

Erlotinib. Erlotinib is a highly potent inhibitor of the EGFR
tyrosine kinase with significant but lesser inhibitory activity
against Erb-B2 receptor tyrosine kinase 2.

Erlotinib and temozolomide form another tolerable double
regimen that has been tested in patients <22 years old with
osteogenic sarcoma, rhabdomyosarcoma and STS. However,
it was not demonstrated to be effective against recurrent OST
and STS (87).

Gefitinib. Gefitinib is an EGFR TKI. The results of a phase II
study in which gefitinib was used as a monotherapy for
patients with advanced HER1-expressing synovial sarcoma,
as doxorubicin-containing regimens were ineffective, did not
demonstrate sufficient activity in this tumor subtype. These
results suggested that HE-1 was not a critical protein in tumor
progression in this disease (88).

A phase I trial that combined gefitinib and irinotecan treat-
ment reported no benefit for patients with OST or ES, despite
exhibiting activity in other tumor types (89).

Nintedanib. Nintedanib is an oral TKI that targets PDGFR-a/p,
FGFR1/2/3, VEGFR1/2/3 and FLT3. A prospective, multi-
centric, randomized, open-label phase II trial assessed the
efficacy and safety of nintedanib compared with the intrave-
nous cytotoxic compound ifosfamide. Patients had advanced,
inoperable and/or metastatic STS following the failure of
systemic non-oxazaphosphorine-based first-line chemotherapy.
However, the trial was stopped early as nintedanib did not prove
to be beneficial as a second-line therapy and resulted in a mPFS
of 2.5 months compared with 4.4 months for ifosfamide (20).

Lenvatinib. Lenvatinib is a synthetic, orally available inhibitor
of VEGFR2 with antineoplastic activity. A single-arm
phase Ib/II study reported on the combination of lenvatinib
and eribulin in advanced adipocytic sarcoma and leiomyo-
sarcoma. This previous study was designed to investigate the
safety and efficacy of this treatment in 20 patients with inop-
erable or metastatic liposarcoma and leiomyosarcoma. The
ORR, determined using RECIST 1.1, was 27% (5/18 patients;
95% CI, 10-53%) and the median PFS and 6-month PFSR
were 56 weeks (95% CI, 25 weeks-not reached) and 72%,
respectively. Even though no benefit was observed in OS, the
combination of lenvatinib and eribulin exhibited promising
efficacy in advanced leiomyosarcomas and liposarcomas (90).

4. Discussion

In the present study, a systematic literature review of the
available clinical evidence regarding the role of TKIs in the
treatment of patients with locally advanced, unresectable or
metastatic STS and bone sarcoma, was performed. For this
purpose, available scientific reports that were published between
2000 and 2021 were explored. The results identified 45 prospec-
tive clinical trials, 13 retrospective studies and five reviews of
clinical studies that fit into the aforementioned criteria and the
results of these were therefore discussed in the present review.
Advanced, unresectable and/or metastatic sarcomas, both
soft tissue and bone, have a relatively poor outcome, with
very few systemic therapies demonstrating clinical benefits
in terms of PFS and OS prolongation. Current practice for
advanced, unresectable, or metastatic STSs includes anthra-
cycline-based chemotherapy regimens as first-line treatment,
which present with a median PFS of 4.5 months and a median
OS of 12-18 months. It has previously been reported that a
combination of doxorubicin and ifosfamide improves the
mPFS (7.4 vs. 4.6 months) and ORR (26 vs. 14%) compared
with doxorubicin alone. However, toxicity is increased with
the combination without being associated with an OS benefit
compared with the doxorubicin alone. (91) TKIs are included in
the algorithm for the treatment of STSs and bone sarcomas, as
demonstrated in the National Comprehensive Cancer Network
and European Society for Medical Oncology guidelines (7-10).
However, the fact that first-line therapy is still based on anthra-
cyclines, which have become the gold standard over the last
35 years, highlights the necessity for the development of new
treatment options for this heterogeneous group of tumors.



ONCOLOGY LETTERS 23: 183, 2022 9

Table V. Active trials.

Primary outcome

Trial Study type Phase Interventions measures
NCTO03798106 A study of pazopanib and durvalumab for II Durvalumab + Pazopanib  PFR at 12 weeks
metastatic soft tissue sarcoma
NCT04741438 Efficacy of the combination of nivolumab 11, Nivolumab + Ipilimumab  PFS up to 36 months
and ipilimumab as a treatment in patients Randomized OR Pazopanib
with sarcoma of rare subtype (RAR-Immune)
NCTO04351308 Comparison of MAPI + camrelizumab II, MAPI chemotherapy OR  EFSR
vs. API + apatinib vs. MAPI in Randomized Apatinib Mesylate OR
patients with a poor response to preoperative Camrelizumab

chemotherapy for newly diagnosed
high-grade osteosarcoma (MAPAC)

A phase I/II study of regorafenib plus
avelumab in solid tumors (REGOMUNE)
SARCO38: Phase 2 study of regorafenib
and nivolumab in osteosarcoma

NCT03475953

NCT04803877

Nl Regorafenib + Avelumab  Objective response

I Regorafenib + Nivolumab PFSR at 16 weeks

The results of the PALETTE study were the foundations
for the approval of pazopanib for STSs, which was the first
molecular targeted therapy for STS (14). After the introduction
of pazopanib, numerous clinical trials have been performed for
other antiangiogenic TKIs (34,35). The majority of TKIs that
display clinical activity against sarcomas offer a 6-month PESR
of ~40-50%, which is close to a recent strict limit of 42% that is
recommended from the EORTC meta-analysis for leiomyosar-
comas (92). These results provide an important rational to further
investigate TKIs in the treatment of sarcomas as a second-line
treatment and beyond. Furthermore, the combination of TKIs
with immune checkpoint inhibitors has demonstrated prom-
ising results in pretreated sarcomas both in STSs and bone
tumors (57,58,79). Moreover, an understanding of the molecular
mechanisms underlying mesenchymal tumor responses to
immunotherapy could potentially support the potential activity
of immunotherapy agents in combination with TKIs. However,
a 6-month PFSR of >70%), at least for leiomyosarcomas, is very
high for the implementation of TKIs in a first-line setting.

Despite improvements in treatment approaches, unresect-
able and/or metastatic bone and STSs remain a therapeutic
challenge, as the median OS of patients with sarcomas is
<2 years. Several preclinical studies and investigations of
sarcoma genomics and mutations of signaling pathways
have indicated potential therapeutic targets. The molecular
biology of both STSs and bone sarcomas demonstrates the
importance of several signaling pathways for the oncogenesis
of these tumors (35). It can therefore be hypothesized that the
addition of TKIs that interfere with these cellular signaling
pathways may have an important clinical impact. The results
of numerous phase II trials support this hypothesis. However,
it should be noted that the results of trials testing TKIs, either
in monotherapy or in combination with other treatments, have
not exhibited unequivocal superiority compared with other
treatments. Moreover, the rarity and heterogeneity of sarcomas
highlights the relatively low number of randomized studies
and phase III trials with TKIs. Therefore trials of this design

should be performed in the future. The active trials using
combinations of TKIs are summarized in Table V.

Furthermore, the design of these trials should not only
compare the study drug with the placebo but should also
compare the study drug with at least one active agent
already used in sarcoma treatment. Due to the heterogeneity
of sarcomas, these agents can be chosen according to the
sarcoma histotype, which would provide more representative
data regarding the activity of the tested TKI.

It is important to highlight that TKIs may cause numerous
adverse effects. TKI toxicities may systematically affect
the gastrointestinal tract, cutaneous system, cardiovascular
system and may result in biochemical abnormalities or
general symptoms, such as fatigue. When TKIs are given in
combination with other agents, the toxicity profile seems to be
unchanged; however, clinicians need to specify the causality
of each adverse event. The wide use of TKIs in the treatment
of numerous types of tumor has ensured that medical oncolo-
gists have the necessary experience to cope effectively with
the toxicity profile of these drugs, which therefore contributes
to good tolerability in patients.

The present review demonstrated that TKIs are an impor-
tant therapeutic option in the treatment of both STSs and bone
sarcomas, especially in second-line settings. Furthermore, the
results of recent trials have highlighted the potential beneficial
activity of combinations of TKIs with immunotherapy in
patients with sarcoma. The molecular and genetic background
of sarcomas further supports the implementation of TKIs in
their treatment. New clinical trials with histotype specificity,
even with a lower number of patients, are needed for this
heterogeneous and lethal group of tumors.

5. Conclusion
In conclusion, STSs and bone sarcomas are significant

neoplasms; however, their rarity and heterogeneity have
contributed to a relatively low number of studies. Molecular
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targeted therapy development has brought a new era of drug
treatments for bone and STSs. Future studies will shed light on
the underlying pathophysiology of sarcoma, providing patients
and physicians with more treatment options.
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