
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Marla Weetall,
PTC Therapeutics (United States),
United States

REVIEWED BY

Alessandro De Vita,
Scientific Institute of Romagna for the
Study and Treatment of Tumors (IRCCS),
Italy
Alexia Bertuzzi,
Humanitas Research Hospital, Italy

*CORRESPONDENCE

Mark Agulnik

magulnik@coh.org

SPECIALTY SECTION

This article was submitted to
Molecular and Cellular Oncology,
a section of the journal
Frontiers in Oncology

RECEIVED 13 December 2022

ACCEPTED 23 February 2023
PUBLISHED 09 March 2023

CITATION

Fuchs JW, Schulte BC, Fuchs JR and
Agulnik M (2023) Targeted therapies for the
treatment of soft tissue sarcoma.
Front. Oncol. 13:1122508.
doi: 10.3389/fonc.2023.1122508

COPYRIGHT

© 2023 Fuchs, Schulte, Fuchs and Agulnik.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 09 March 2023

DOI 10.3389/fonc.2023.1122508
Targeted therapies for the
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Soft tissue sarcomas are rare malignant tumors derived from mesenchymal cells

that have a high morbidity and mortality related to frequent occurrence of

advanced and metastatic disease. Over the past two decades there have been

significant advances in the use of targeted therapies for the treatment of soft

tissue sarcoma. The ability to study various cellular markers and pathways related

to sarcomagenesis has led to the creation and approval of multiple novel

therapies. Herein, we describe the current landscape of targeted medications

used in the management of advanced or metastatic soft tissue sarcomas,

excluding GIST. We distinguish three categories: targeted therapies that have

current US Food and Drug Administration (FDA) approval for treatment of soft

tissue sarcoma, non-FDA approved targeted therapies, and medications in

development for treatment of patients with soft tissue sarcoma.
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1 Introduction

Soft tissue sarcomas (STS) are rare malignant tumors derived from mesenchymal cells

that represent 1% of all adult malignancies in the US (1, 2). In addition to being rare in

incidence, treatment of STS is complicated by the heterogenous nature of these tumors. In

fact, the 2020 WHO classification of STS includes over 70 different histologic and

molecular subtypes which have varied response to treatment (3). The most prevalent

soft tissue sarcoma subtypes identified through registries of referral centers other than

gastrointestinal stromal tumor (GIST) are liposarcoma, leiomyosarcoma, pleomorphic

sarcoma, and synovial sarcoma (4, 5).

First line therapy for most advanced or metastatic STS remains anthracycline-based

cytotoxic chemotherapy. For patients with neurotrophic receptor tyrosine kinase (NTRK)

gene fusion without a known acquired resistance mutation, that are either metastatic or

where surgical resection is likely to result in severe morbidity, and who have no satisfactory

alternative treatments or whose cancer has progressed following treatment, TRK inhibitors

are also a first-line treatment option. Advanced or metastatic STS have high morbidity and
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mortality with historic median progression free survival (PFS) of

approximately 6 months and median overall survival of just over

one year using anthracycline based chemotherapy (6–8) while more

recent studies have suggested some improvement in survival with

median OS of approximately 20-30 months using anthracycline-

based regimens (9, 10).

While some patients with advanced or metastatic disease may

benefit from local therapy of oligometastatic disease, for those who

have progression on cytotoxic chemotherapy, targeted molecular

therapies may be a treatment option. Over the past two decades

there have been significant advances in the use of targeted

molecular therapies for the treatment of STS. This has altered the

landscape of STS therapy and has implications for future targeted

therapies for STS which are currently in development.

In this paper we describe the current landscape of targeted

therapies that are used in the management of advanced or

metastatic soft tissue sarcomas, excluding GIST. We discuss

medications in three categories: targeted therapies that have

current US Food and Drug Administration (FDA) approval for

treatment of STS, non-FDA approved targeted therapies studied in

patients with STS, and medications in development for treatment of

various STS histologies.
2 FDA approved targeted therapies for
treatment of soft tissue sarcoma

2.1 Pazopanib

Pazopanib is an oral small molecule inhibitor of multiple

tyrosine kinases including vascular endothelial growth factor

receptor (VEGFR)-1, -2, and -3, platelet derived growth factor

receptor (PDGFR)-a and -b, stem cell growth factor receptor (c-

kit), fibroblast growth factor receptor (FGFR)-1 and -3, and colony-

stimulating factor-1 receptor (c-fms) (11). Pazopanib has

demonstrated utility in the treatment of all non-adipocytic STS.

In a randomized, double-blind, placebo-controlled phase III

trial of 372 patients with non-adipocytic STS who had progression

of disease despite standard chemotherapy, pazopanib was found to

have a median progression free survival (PFS) of 4.6 months

compared with 1.6 months in patients receiving placebo (hazard

ratio [HR] 0.31, 95% CI 0.24-.040, P < 0.0001) (12). There was no

statistically significant improvement in overall survival (OS) with a

median OS of 12.5 months with pazopanib group versus 10.7

months with placebo. The most common adverse events (AE)

were fatigue (65%), diarrhea (58%), nausea (54%), and weight loss

(48%). The most common (≥ 10%) Grade ≥ 3 AE was fatigue (13%).

Given the results of this study, pazopanib was FDA approved for the

treatment of patients with advanced STS who have received prior

chemotherapy in 2012 (13).

Pazopanib has subsequently been studied for patients with

specific sarcoma histologies. In a non-comparative, randomized,

open-label phase 2 trial of 72 patients with metastatic desmoid

tumors, the median PFS for the 43 patients in the pazopanib group

was 83.7% (95% CI 69.3 – 93.2) (14). A Phase II study of pazopanib
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patient with partial response and five with stable disease. Median

PFS was 5.5 months (95% CI 3.4-7.6 months) and the only severe

toxicity noted was one case of Grade 3 diarrhea (15). In a single-

arm, phase II trial of 34 patients with metastatic or unresectable

typical solitary fibrous tumor, of the 31 evaluable patients, 18 (58%)

had partial response 12 (39%) and had stable disease.

While typically used as a subsequent line of therapy after first-

line anthracycline, pazopanib has been suggested as an initial

treatment option for older adults who may not tolerate

anthracycline therapy. An open-label, randomized, phase II study

of pazopanib versus doxorubicin has been performed for patients

age 60 years or over with progressive advanced or metastatic STS

with an Eastern Cooperative Oncology Group (ECOG)

performance status of 0 to 2. This study demonstrated non-

inferiority of pazopanib compared with doxorubicin (16).
2.2 Pexidartinib

Tenosynovial giant-cell tumors (TGCTs) are benign neoplasms

of joints which, while rarely metastatic, can cause significant

morbidity (17, 18). TGCT cells express colony-stimulating factor-

1 (CSF1) and frequently have a t(1;2) translocation of the CSF1 gene

on chromosome 1p13 to the COL6A3 gene on chromosome 2q37

which leads to CSF1 overexpression (19–21). Therefore, CSF1/

CSF1R interaction has been considered as a potential therapeutic

target in the treatment of TGCT.

Pexidartinib is an orally administered, small molecule tyrosine

kinase inhibitor with selective activity against colony stimulating

factor 1 receptor (CSF1R) and c-kit (22). Based on its ability to act

against CSF1R, pexidartinib was initially studied for the treatment

of TGGT in a phase I/II dose-escalation and extension study

published in 2015. For the extension group, 12 of 23 patients had

partial response and 7 of 23 had stable disease (22).

Given the promising results of this dose-escalation and

extension study, a randomized, phase III trial of pexidartinib

versus placebo was conducted in 120 patients with advanced

TGCT (23). Results of this study showed a 39% overall response

rate compared to placebo (0%) (P < 0.001). Patients on pexidartinib

also reported significantly increased range of motion (+15% with

pexidartinib versus +6% with placebo, P = 0.0043) and significantly

improved physical functioning (P = 0.0019) per the Patient-

Reported Outcomes Measurement Information System – Physical

Function scale (PROMIS). The most common AEs were hair color

change (67%), fatigue (54%), aspartate aminotransferase increase

(39%), nausea (38%), alanine aminotransferase increase (28%), and

dysgeusia (25%). The most common (≥ 10%) Grade ≥ 3 AE were

aspartate aminotransferase increase (10%) and alanine

aminotransferase increase (10%).

Of note, emergence of mixed or cholestatic hepatotoxicity led to

a shortened enrollment period and enrollment was halted six

patients short of target. Three patients in the pexidartinib group

had aminotransferase levels three or more times the upper limit of

normal with total bilirubin and alkaline phosphatase two or more

times the upper limit of normal indicative of mixed or cholestatic
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hepatoxicity. One patient required two liver dialysis procedures.

However, with longer pexidartinib treatment no additional cases of

mixed and cholestatic hepatoxicity occurred.

Pexidartinib was FDA approved for the treatment of adult

patients with symptomatic TGCT associated with severe

morbidity or functional limitations and not amenable to

improvement with surgery in August 2019 (24). Given the reports

of liver injury, pexidartinib has a boxed warning of hepatoxicity and

is available through a Risk Evaluation and Mitigation Strategy

(REMS) program.
2.3 Imatinib

Imatinib is an orally bioavailable multikinase inhibitor.

Designed as an inhibitor of BCR-ABL, imatinib has been found

to have multiple tyrosine kinase activity including against PDGFR-

a, -b, and c-kit (25). In 2006 the US FDA approved imatinib for the

treatment of adult patients with unresectable, recurrent and/or

metastatic dermatofibrosarcoma protuberans (DFSP) which

harbors t(17;22)(COL1A1;PDGFB) fusion protein in the majority

of cases (26, 27).

Imatinib has been studied in two phase II trials for the

treatment of locally advanced or metastatic DFSP harboring

t(17;22) and found to have objective response rate approaching

50% (28). The most common (≥10%) Grade 3 AEs of imatinib in

the treatment of DFSP are neutropenia (16.7%) and fatigue (16.7%).

Long-term results of a single-institution study of 31 patients

with locally advanced/initially inoperable/or metastatic DFSP

(including those with fibrosarcomatous transformation) treated

with imatinib demonstrated a 5-year PFS of 58% and 5-year OS

of 64% (29).

Finally, an updated systematic review published in 2019 showed

complete response in 5.2% of patients, partial response rate of

55.2%, and stable disease in 27.6% of 152 patients treated with

imatinib for locally advanced or metastatic DFSP (30).
2.4 Crizotinib

Crizotinib is an orally available, small molecule tyrosine kinase

inhibitor of c-Met, anaplastic lymphoma kinase (ALK), and ROS1

which has FDA approval for treatment of ALK or ROS1-positive

non-small cell lung cancer (31, 32). In January 2022, crizotinib was

FDA approved for treatment of pediatric and adult unresectable,

recurrent, or refractory ALK-positive inflammatory myofibroblastic

tumors (IMT).

Crizotinib has been studied in two open-label trials, one in the

pediatric population and one in the adult population. An open-

label, phase I dose-escalation study of patients older than 12 months

and younger than 22 years with refractory measurable or evaluable

solid, CNS tumors, or anaplastic large cell lymphoma was

performed (33). Seven patients were enrolled in this study with

ALK-positive IMT. Of these patients, 4 had SD and 3 had PR. The

most common Grade ≥ 3 AEs was decreased neutrophil count.
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In a single-arm, open-label, phase Ib trial of crizotinib for

adolescent and adult patients ≥ 15 years old with ALK-positive

advanced malignancies other than non-small cell lung cancer, 44

patients were enrolled of which 9 had ALK-positive IMT (34). Of

the 9 patients with IMT, 67% (95% CI 30-93) had response with 1

complete response and 5 partial responses. After two years, three of

these patients still showed response. The most common Grade ≥

3 AE for all patients were neutropenia 22.7%, elevated

transaminases 6.8%, and vomiting 6.8%.
2.5 Tazemetostat

More than 90% of epithelioid sarcoma (ES) tumors lack

expression of INI1/SMARCB1, an epigenetic regulator. Loss of

INI1 function allows the histone methyltransferase and epigenetic

modifier Enhancer of Zeste Homolog 2 (EZH2) to act as an

oncogenic driver in tumor cells (35).

Tazemetostat was developed as an orally available, small

molecule selective inhibitor of S-adenosyl methionine (SAM)

competitive inhibitor of EZH2 (36). Tazemetostat was initially

studied in a phase I trial of relapsed or refractory B-cell non-

Hodgkin lymphoma and advanced solid tumors including 3

patients with INI1-negative ES (37).

In an open-label, phase II basket study of patients with INI1-

negative solid tumors and synovial sarcoma treated with

tazemetostat, results were published for the ES cohort. Of the 62

patients in the ES cohort, tazemetostat showed objective response in

15% of patients at data cutoff and a disease control rate of 26% at 32

weeks (38). The most commonly reported AE were fatigue (37%),

nausea (35%), and cancer pain (27%). The only Grade ≥ 3 AE in

more than 10% of the study population was anemia (13%). In June

2020, based on the results of this study, the FDA gave accelerated

approval for the treatment of patients aged 16 or older with

metastatic or locally advanced ES not eligible for complete

resection (39).
2.6 Nanoparticle albumin-bound sirolimus
(nab-sirolimus)

Perivascular epithelioid cell tumor (PEComa) is an ultra-rare

type of STS with an estimated annual incidence of ≤1 per 1,000,000

population (40). PEComas often have mutations in or loss of TSC1

or TSC2 genes which leads to increased mammalian target of

rapamycin (mTOR) activity (41, 42). It is thought that mTOR

activation is a driver of cell proliferation in PEComa and mTOR has

subsequently been used as a therapeutic target with mTOR

inhibitors as evaluated in retrospective analyses and case series

(43, 44).

Given the variable oral absorption and bioavailability of

sirolimus and everolimus, intravenous nanoparticle albumin-

bound (nab-sirolimus) has been studied in the treatment of

advanced malignant PEComa. Results of a prospective, open-

label, phase II registration study of 31 patients who had not

previously been treated with mTOR inhibitors and were available
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for analysis in the efficacy arm showed an overall response rate of

39% (12 of 31; 95% CI 22 to 58) with one complete response and 11

partial responses (45). Additionally, 52% (16 of 31) of patients had

stable disease. Twenty-five patients had tumor profiling. Of note, 8

of 9 (89%) patients with a TSC2 mutation achieved a confirmed

response versus 2 of 16 (13%) without TSC2 mutation (P <0.001).

The most common AEs ≥ 30% were mucositis (79%), fatigue

(59%), rash (56%), anemia (47%), nausea (47%), diarrhea (38%),

decreased weight (38%), hyperglycemia (35%), hypertriglyceridemia

(32%), hypercholesterolemia (32%), and decreased appetite (32%).

The most common (≥10%) Grade 3 AEs were mucositis (18%) and

anemia (12%).

When nab-sirolimus treatment was expanded in study for use

in patients who had been treated previously with mTOR inhibitors

(sirolimus, everolimus, temsirolimus, or sapanisertib), 25% (4 of 16

patients) achieved partial response and 50% had stable disease.

There were no Grade ≥ 4 AEs (46). nab-sirolimus was FDA

approved for adult patients with locally advanced unresectable or

metastatic malignant PEComa in November 2021 (47).
2.7 Tropomyosin receptor kinase inhibitors

The NTRK genes NTRK1, NTRK2, and NTRK3 encode

tropomyosin receptor kinase (TRK) proteins known as TRKA,

TRKB, and TRKC, respectively (48). While these proteins are

normally involved in neuronal development, NTRK gene fusions

have been identified in a variety of adult and pediatric tumors types

(49). These gene fusions encode proteins which have constitutive

TRK activity believed to be a key oncogenic driver regardless of

tissue type.

Larotrectinib is an orally available, small-molecule inhibitor of

all three TRK proteins and has been studied in a phase II basket

study of adults and adolescents with TRK fusion-positive cancers

(50). Seven (13%) patients had infantile fibrosarcoma and 11 (20%)

of the patients in the study had “other” soft tissue sarcoma

including myopericytoma (two patients), sarcoma that was not

otherwise specified (two patients), peripheral-nerve sheath tumor

(two patients), spindle-cell tumor (three patients), infantile

myofibromatosis (one patient), and inflammatory myofibroblastic

tumor of the kidney (one patient).

The overall response rate for all tumor types was 75% (95% CI,

61 - 85) as determined by independent radiology review committee.

Of the 55 patients in the study, 7 patients had complete response, 34

had a partial response, and 7 had stable disease. The median time to

response was 1.8 months. At 1 year, 71% of responses were ongoing

and 55% of all patients remained progression-free.

The most common (>30%) AEs, regardless of attribution, were

fatigue (36%), vomiting (33%), nausea (31%), dizziness (31%), and

increased ALT or AST (42%). The only Grade ≥ 3 AE regardless of

attribution in more than 10% of patients was anemia (11%).

Larotrectinib was granted accelerated FDA approval for adult and

pediatric patients with solid tumors that have NTRK gene fusion

without a known acquired resistance mutation, that are either

metastatic or where surgical resection is likely to result in severe
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whose cancer has progressed following treatment in November

2018 (51).

Entrectinib is an orally available inhibitor of all three TRK

proteins that has the ability to cross the blood-brain barrier. A

review of two phase I (ALKA-372-001 and STARTRK-1) and one

phase II (STARTRK-2) clinical trials of entrectinib for NTRK

fusion-positive has been conducted (52). There were 13 patients

with various types of soft tissue sarcoma included in this analysis.

At the data cutoff (May 31, 2018), the efficacy-available

population of 54 adults and 12.9 months of median follow-up

showed a 57% objective response including 7% complete response

and 50% partial response with a median duration of response of 10

months for all tumor types. The most common (≥10%) Grade ≥ 3

AEs in patients in the NTRK fusion-positive safety population were

increased weight (10%) and anemia (12%). Three serious

treatment-related events occurred in the NTRK fusion-positive

positive population: cognitive disorder, cerebellar ataxia,

and dizziness.

In an updated analysis of 150 adults with NTRK fusion-positive

tumors treated with entrectinib across 17 solid tumor types, the

objective response rate was 61.3% with 16.7% complete responses

(53). Thirty-two of the patients in this analysis had NTRK fusion-

positive sarcomas and an objective response rate was seen in 19

(59.4%) of these patients. The median duration of response for all

NTRK fusion-positive tumor types was 20 months (95% CI 13.2 –

31.1), median progression free survival was 13.8 months (95% CI

10.1 – 20.0), and median overall survival was 37.1 months (95% CI

27.2 – not estimable).

Given that entrectinib crosses the blood brain barrier, patients

with CNS metastases were included in this study. In patients with

investigator-assessed baseline CNS disease, objective response rate

was seen in 61.3% (95% CI 42.2 – 78.2) of patients with baseline

CNS metastases compared to 61.3% (95% CI 52.0 – 70.1) in patients

without CNS disease.

Entrectinib has been well-tolerated among patients with the most

common treatment related AEs being Grade 1/2 including dysgeusia

(36.6%), diarrhea (29.8%), and weight increase (28.5%). Adverse events

led to dose interruption in 32.8% of patients, dose reduction in 24.3% of

patients, and discontinuation in 7.2% of patients.

The most current data on use of entrectinib for NTRK fusion-

positive sarcoma was presented at the CTOS Annual Meeting in

November 2022 (54). In the sarcoma efficacy population of 26

patients (2 with baseline CNS disease and 24 without baseline CNS

disease), 11.5% (2 of 26) had complete response, 46.2% (12 of 26)

had partial response, 15.4% (4 of 26) had stable disease. The median

duration of response was 15.0 months (95% CI 4.6 – not evaluable).

While both patients with baseline CNS disease had at least a partial

response, only one patient had a durable response to therapy.

Seventeen of thirty-seven patients in the sarcoma safety group

experienced a Grade ≥ 3 AE. The most common Grade 3

treatment-related AE was increased weight in 10.8% of patients

and there was one Grade 4 treatment-related AE of hyperuricemia.

Entrectinib was granted accelerated FDA approval for adults

and pediatric patients 12 years of age and older with solid tumors

that that have NTRK gene fusion without a known acquired
frontiersin.org
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resistance mutation, that are either metastatic or where surgical

resection is likely to result in severe morbidity, and who have no

satisfactory alternative treatments or whose cancer has progressed

following treatment in August 2019 (55).
3 Non-FDA approved targeted
therapies studied in patients with soft
tissue sarcomas

3.1 Regorafenib

Regorafenib is a an orally bioavailable multikinase inhibitor of

VEGFR-1, -2, and -3, tyrosine kinase with immunoglobulin and

epidermal growth factor homology domain 2, and KIT (56). It is

chemically similar to sorafenib with the addition of a fluorine atom

in the center phenyl ring. Regorafenib has met primary endpoints in

phase III trials of patients with metastatic colorectal cancer (57, 58),

locally advanced, unresectable, or metastatic GIST (59), and

hepatocellular carcinoma (60).

In a randomized, placebo-controlled, phase II trial of 182

patients with non-GIST STS subtypes who had progressed or

were intolerant to anthracycline-based chemotherapy, compared

to placebo, regorafenib was shown to extend PFS in non-adipocytic

STS (61). The median PFS for patients with non-adipocytic STS was

4 months with regorafenib vs. 1 month with placebo (HR 0.36, P

<0.0001). The most common (≥10%) AEs were asthenia (13%),

hand and foot skin reaction (15%), hypertension (18%), and

hypophosphatemia (12%).

An open-label, single-arm phase II trial of daily regorafenib for

chemotherapy-refractory, metastatic or locally advanced

unresectable angiosarcoma demonstrated an overall response rate

of 17.4% (4/23) with 52% (12/23) of patients showing progression

free survival for greater than 4 months (62). The most common

Grade ≥ 3 adverse events were decreased lymphocyte count (26%),

hypertension (19%), fatigue (16%), anemia (13%), and

hyponatremia (10%). Based on these results, regorafenib has been

included as a treatment for metastatic or locally advanced

angiosarcoma in the NCCN guidelines (1).
3.2 Sorafenib

Sorafenib is an oral multikinase inhibitor which was initially

developed as an inhibitor of Raf kinase. This medication has been

found to have broad activity against multiple tyrosine kinases

including receptors involved in angiogenesis such as VEGFR-2,

-3, and PDGRF-b (63). Given its anti-angiogenic properties,

sorafenib has been studied for the treatment of multiple soft-

tissue sarcomas including angiosarcoma, desmoid tumor (DT),

and solitary fibrous tumor. Sorafenib has been identified as a

preferred treatment by the NCCN soft tissue sarcoma guidelines

for treatment of DT and solitary fibrous tumor (1).

A double-blind, phase III trial of sorafenib versus matching

placebo has been carried out for 87 patients with progressive,
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the study was progression-free survival (PFS). Results of the study

showed a two-year PFS of 81% (95% CI 69 – 96) in the sorafenib

group and 36% (95% CI 22 – 57) in the placebo group. Results also

showed objective response in 33% (95% CI 20 – 48) of the fifty

patients in the sorafenib group with one patient having a complete

response and 15 having partial responses. Twenty percent (7 of 35

patients) (95% CI 8 – 38) in the placebo group had objective partial

response. The most common grades 1 and 2 treatment related

adverse events were rash (73%), fatigue (67%), hypertension (55%),

diarrhea (51%), and nausea (49%) while the most common Grade ≥

3 adverse event was rash (14%).
3.3 Imatinib

As previously discussed, imatinib is an oral multikinase

inhibitor which has FDA approval for the treatment of locally

advanced or metastatic dermatofibrosarcoma protuberans. While

not FDA approved for the treatment of locally advanced or

metastatic TGCT, imatinib has shown some efficacy for use in

this population. A retrospective multi-institutional study of 27

patients evaluable for response showed an overall response rate in

19% of patients with 1 complete response and 4 partial responses

and 74% of patients had stable disease (65). It is thought that

inhibition of CSF1R by imatinib is the mechanism underlying this

response and has led to investigation of CSF1R specific inhibition

with medication such as pexidartinib and vimseltinib as discussed.
3.4 Sunitinib

Sunitinib is an orally available tyrosine kinase inhibitor with in

vivo activity against VEGFR-2 and PDGFR-b (66, 67). Sunitinib has

been studied for the treatment of solitary fibrous tumor and alveolar

soft part sarcoma (ASPS).

In a retrospective analysis of 31 patients evaluable for response

treated with sunitinib for advanced solitary fibrous tumor, the best

responses were 2 partial response, 16 stable disease, and 13

progressive disease (67). A <30% decrease in size of tumor was

observed in three patients. The median progression-free survival

was 6 months.

Sunitinib has also been studied for the treatment of ASPS in a

retrospective series of nine patients with advanced, translocated

ASPS and evidence of progression during the three months prior to

treatment (68). The median progression-free survival was 17

months and there was partial response in 5 cases, stable disease in

3 cases, and progression in one case.
3.5 Lenvatinib

Lenvatinib is an orally administered tyrosine kinase inhibitor

that targets VEGFR1-3, FGFR1-4, PDGFRa, c-kit, and RET (69).

Lenvatinib has FDA approval for the treatment for the treatment of

differentiated thyroid cancer, hepatocellular carcinoma, and as part
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of combination therapy in the treatment of renal cell carcinoma and

endometrial carcinoma (70, 71)

Pre-clinical evidence has demonstrated activity of lenvatinib in

treatment of STS (72). Additionally, phase I dose-escalation studies

have shown stable disease using lenvatinib in some patients with

synovial sarcoma and leiomyosarcoma (73, 74).

A phase Ib/II study of lenvatinib plus eribulin has been

conducted for patients with leiomyosarcoma and LPS (75). Thirty

patients enrolled in the study (21 with leiomyosarcoma, 9 with

LPS). The objective response rate was 19% for the leiomyosarcoma

group and 20% for the LPS group. The median PFS was 8.56

months (95% CI 4.40 – Not Reached) for both groups. The most

common Grade ≥ 3 AEs included neutropenia (36.7%), hand-foot

syndrome (16.7%), hypertension (13.3%), proteinuria (10%), and

febrile neutropenia (10%).

A phase II pilot study evaluating the efficacy of lenvatinib plus

pembrolizumab in the treatment of metastatic and/or unresectable

soft tissue sarcoma is currently in recruitment (Clinictrial.gov

identifier: NCT04784247).
3.6 Crizotinib

In addition to ALK-positive IMT as discussed above, given that

ASPS is characterized by translocation between chromosomes 17

and X resulting in ASPSCR1-TFE3 fusion gene and MET

overexpression, crizotinib has been studied in the treatment of

advanced or metastatic ASPS (76). A non-randomized, open-label,

phase II trial of 45 assessable patients with ASPS was conducted and

characterized patients as being MET+ or MET- based on the

presence or absence of TFE3 gene rearrangement (76). Among

the 40 MET+ patients, one patient had partial response and 35 had

stable disease. The one-year PFS was 37.5% (95% CI 22.9 – 52.1).

Among the 4 MET- patients one patient had partial response and 3

had stable disease. The one-year PFS for the MET- group of patients

was 50% (95% CI 5.8 – 84.5). One patient had unknownMET status

and had stable disease. Grade ≥ 3 treatment related AEs were fatigue

in two patients and hypotension with bradycardia, blurred vision,

diarrhea, and febrile neutropenia in one patient each, respectively.
3.7 CDK4/6 inhibitors

Palbociclib and abemaciclib are cyclin-dependent kinase

CDK4/CDK6 inhibitors which are FDA approved for the

treatment of advanced breast cancer (77). Given that a high

percentage of well-differentiated (WD) and de-differentiated (DD)

liposarcoma (LPS) demonstrate CDK4 amplification, recent trials

described below have been conducted to evaluate the utility of

CDK4/6 inhibitors in the treatment of LPS.

In a non-randomized, open-label, phase II trial of 60 patients

with WD and DD LPS treated with single-agent palbociclib the

median PFS was 17.9 weeks (2-sided 95% CI 11.9 - 24.0 weeks) with

one complete response. The primary toxicity was neutropenia

(grade 3, n = 20 [33%], grade 4, n = 2 [3%]) without neutropenic

fever reported (78).
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Abemaciclib has also been studied in a single-arm, phase II trial

of patients with DD LPS. Thirty patients were enrolled in the study

and 29 included for analysis. The median PFS was 30.4 weeks (95%

CI 28.9 – NE) with one partial response. The observed PFS at 12

weeks was 76% (95% CI 57-90%). Grade ≥ 3 toxicities included

anemia (37%), neutropenia (20%), thrombocytopenia (17%), and

diarrhea (7%) (79).

A randomized, double-blind, placebo-controlled phase III study

is currently in recruitment for the study of abemaciclib in patients

with advanced, recurrent, or metastatic DD LPS (Clinicaltrial.gov

identifier: NCT04967521).

While CDK4/6 inhibitors have most evidence for treatment of

LPS, a recent phase II study evaluated palbociclib for treatment of

other types of STS and osteosarcoma with have high CDK4

expression and underexpressed CDKN2A mRNA (80). Twenty-

two patients who had median of three lines of prior treatment were

enrolled in the study with nine different sarcoma subtypes,

including two osteosarcomas represented. The median follow-up

was 10 months, the median PFS was 4.2 months (95% CI 0.9-7.4),

and the median 6 months PFS was 30% (95% CI 9-51). Of the 19

evaluable patients, 11 (58%) had stable disease and 8 (42%) had

progression as best response. Of note, patients with higher CDK4

expression above the median showed significantly longer median

PFS and OS in the univariate analysis.
4 Medications in development for
various soft tissue sarcoma histologies

4.1 g-Secretase inhibitors

The Notch signaling pathway and dysregulation of cross-talk

between the Notch and Wnt/b-catenin pathway have been

implicated in multiple tumor types including DT (81). g-secretase
inhibitors (GSIs) block Notch receptor proteolysis and subsequent

translocation of the Notch intracellular domain to the nucleus,

preventing cell cycle progression (82).

The GSI nirogacestat (PF-03084014) was studied in an open-

label, phase II trial of 17 heavily pretreated adults with recurrent,

progressive DT (83). Results of this study showed a 29% (5 of 17

patients) overall response rate (all partial response) for more than

two years. There were also 29% (5 of 17 patients) with stable disease

who remained on study. The most common AEs were Grade 1 or 2

(95%) including diarrhea (76%) and skin disorders (71%). The only

Grade ≥ 3AE was hypophosphatemia (47%).

Given these results, a randomized, double-blind, placebo-

controlled phase III trial of nirogacestat versus placebo has been

conducted for patients with progressing DT (84). Results were

presented at the European Society of Medical Oncology in 2022.

There were 142 patients in the study. Nirogacestat showed

improvement in PFS compared with placebo with a HR of 0.29

(95% CI 0.15 – 0.55), overall response rate was 41% with

nirogacestat versus 8% with placebo (P<0.001), and the median

time to response was 5.6 with nirogacestat versus 11.1 months with

placebo. Of the AEs, most were Grade 1 or 2 (95%) and included
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diarrhea (84%), nausea (54%), fatigue (51%), hypophosphatemia

(42%), and maculopapular rash (32%). Of note, ovarian dysfunction

occurred in 75% (27/36) of women of childbearing potential and

resolved in 20 (74%) who discontinued the medication.

In addition to the GSI nirogacestat, early studies of the GSIs

AL101 and AL102 have demonstrated regression of DT (85, 86).

Interim results of a phase II/III open-label dose regimen finding

study and randomized, double-blind, placebo-controlled study of

AL102 were recently presented at the European Society of Medical

Oncology (ESMO) 2022 meeting (ClinicalTrials.gov identifier

NCT04871282) (87). As of February 22, 2022, 31 patients had

enrolled in the phase II study. Thirty patients were still on study at

time of analysis and 18 of those for more than 4 weeks. Mean age

was 40 years and 74% of patients were women. The most common

treatment-emergent adverse effects (TEAE) ≥ 15% for all doses were

diarrhea (39%), rash (26%), nausea (19%), fatigue (19%), and

stomatitis (16%). Four patients had Grade 3 AEs (two deemed

study-drug related: anemia, diarrhea; two deemed unrelated:

vomiting, pleural effusion). There was no significant ECG or food

effects noted.
4.2 Anlotinib

Anlotinib is an oral small-molecule inhibitor of multiple

tyrosine kinases, primarily VEGFR-2 and -3, FGFR-1-4, PDGFR-

a and -b, c-Kit, and Ret (88). Anlotinib first received the National

Medical Products Administration of China’s approval for use in

treatment of locally advanced or metastatic non-small cell lung

cancer in 2018 (89). Anlotinib has since been studied extensively in

the People’s Republic of China and received approval in June 2019

for second-line treatment of clear cell sarcoma, alveolar soft part

sarcoma, and other soft tissue sarcomas already treated with first-

line anthracyclines (90). This approval was based in part on a phase

II study of 166 soft tissue sarcoma patients who had progressive

disease after anthracycline-based chemotherapy and had not

previously received treatment with angiogenesis inhibitors (91).

The results of this study showed twelve-week PFS in 77% of patients

with alveolar soft part sarcoma, 75% of patients with synovial

sarcoma, and 75% of patients with leiomyosarcoma. The most

common grade 3 or higher adverse events were hypertension

(4.8%), triglyceride elevation (3.6%), and pneumothorax (2.4%).

Anlotinib (AL3818) is currently being studied in the US as a

phase III clinical trial for the treatment of alveolar soft part sarcoma,

synovial sarcoma, and leiomyosarcoma. Known as the APROMISS

trial, patients with alveolar soft part sarcoma will receive open-label

anlotinib while patients with leiomyosarcoma or synovial sarcoma

will receive either anlotinib (two-thirds) or dacarbazine (one-third)

(Clinicaltrials.gov identifier NCT03016819). At the time of this

publication this study is recruiting only patients with alveolar soft

part sarcoma.

Preliminary results from the APROMISS trial have evaluated

anlotinib compared to dacarbazine for second line treatment of

advanced or metastatic synovial sarcoma (92). Seventy-nine

patients received initial treatment and were evaluable in this

study with 52 receiving anlotinib as the treatment arm and 27
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receiving dacarbazine as the placebo arm. Overall PFS was 2.89

months (95% CI 2.73 – 6.87) for anlotinib compared to 1.64 months

(95% CI 1.45 – 2.70) for dacarbazine. The primary endpoint was

met (P = 0.0015) with a hazard ratio of 0.449 (95% CI 0.270 –

0.744). Grade 3 treatment related adverse events were seen in 23.1%

of patients treated with anlotinib and 25.9% of patients treated with

dacarbazine. The most common Grade 3 adverse events for

anlotinib were diarrhea (5.8%) and hypertension (3.8%).
4.3 MDM2 inhibitors

The Murine Double Minute Clone 2 (MDM2) gene encodes an

E3 ligase that binds tumor suppressor P53, both blocking the P53

transactivation domain and targeting P53 for degradation in the

proteasome (93). It is thought that inhibition of MDM2 may lead to

increased concentrations of P53 and restore P53 function.

MDM2 inhibition is currently being studied in a variety of

cancer types given the prevalence of P53 mutations in human

cancers. Amplification of MDM2 has been specifically identified

in certain cancer types including LPS. In fact, amplification of

MDM2 can be useful in the diagnosis of WD LPS (94).

Milademetan, an oral inhibitor of MDM2, was studied in a

phase I trial of patients with advanced, relapsed, or refractory solid

tumors or lymphoma (95). This study included patients with WD

and DD LPS. Fifty percent of the 107 patients in this study hadWD/

DD LPS. Median age was 61 years and 62% of patients had received

≥3 prior therapies. Partial response was seen in 3.8% of patients and

stable disease was seen in 64.2% of patients with WD/DD LPS. The

most common (>10%) grade ≥ 3 drug related adverse events in the

Schedule D was thrombocytopenia (14%).

Based on these phase I results, milademetan will be studied in a

phase III registration study of milademetan compared to

trabectedin in patients with unresectable or metastatic DD LPS

that has progressed on one or more prior systemic therapies

inc lud ing a t l eas t one anthracyc l ine-based therapy

(Clinicaltrial.gov identifier: NCT04979442).

In addition to milademetan, BI 907828 is another MDM2-p53

inhibitor currently under study. In vivo study of BI 907828 for the

treatment of MDM2 amplified DD LPS showed decreased tumor

size and even complete response for an in vivo murine model (96).

Based on these pre-clinical studies, BI 907282 is currently being

evaluated in a phase I dose escalation/expansion study of patients

w i t h a d v a n c e d s o l i d t umo r s ( C l i n i c a l T r i a l s . g o v

Identifier: NCT03449381).

Preliminary results have been presented for a group of 90

patients with median two lines of prior systemic therapy (97).

Forty-four of the patients in the study had advanced LPS with 28

diagnosed with DD LPS and 16 diagnosed with WD LPS. At data

cut-off, 34.4% of patients had received treatment for ≥ 6 months. In

the 41 evaluable patients with LPS, 24 of 27 patients with DD LPS

had partial response or stable disease and 13 of 14 patients withWD

LPS had partial response or stable disease. The most common

Grade ≥ 3 AEs were neutropenia (23.8%), thrombocytopenia

(21.4%), and anemia (11.9%).
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4.4 Vimseltinib

As discussed above, CSF1/CSF1R interaction has been a recent

target for the treatment of TGCT cells given their expression of

CSF1 related to the t(1;2) translocation of the CSF1 gene on

chromosome 1p13 to the COL6A3 gene on chromosome 2q37.

Vimseltinib is an oral, switch control tyrosine kinase inhibitor

which has been specifically designed for selective and potent

inhibition of CSF1R (98). Initial results from a phase I (dose

escalation) and phase II (expansion) study of vimseltinib for

treatment of TGCT in patients with unresectable TGCT showed

evidence of objective response for 30-50% of patients (99). Updated

results from the phase II expansion portion for patients treated with

the recommended phase II dose (30 mg twice weekly) showed

partial response or stable disease in 100% with 44% of patients in

Cohort A and 49% of patients in Cohort B having partial response

at a median treatment duration of 7.9 and 5.7 months,

respectively (100).

A randomized, double-blind, placebo-controlled, phase III trial

is currently in recruitment for study of vimseltinib for patients with

unresectable TGCT (Clinicaltrial.gov identifier: NCT05059262).
4.5 BRD9 inhibitors

Synovial sarcoma is defined by the presence of translocation

t(X;18)(p11.2;q11.2) leading to the fusion of genes SYT on

Chromosome 18 and SSX on Chromosome X (101). The SS18-

SSX fusion oncoprotein has been found to result in genetic
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transcription changes through alteration in the function of SWI/

SNF or BAF complexes, leading to the development of synovial

sarcoma (102). Changes in canonical BAF (cBAF) complexes driven

by the SS18-SSX oncoprotein causes synovial sarcoma gene

expression (103, 104). One alteration this leads to is repression of

SMARCB1, a cBAF complex protein that may act in tumor

suppression and is found in ~70% of synovial sarcoma

samples (105).

Studies have found that disruption of the ncBAF complex in

samples with loss of SMARCB1 leads to attenuation of cell

proliferation in synovial sarcoma (106). One subunit of ncBAF,

unique from cBAF and pBAF is the BRD9, a bromodomain-

containing protein. Degradation of BRD9 inhibits synovial

sarcoma tumor progression in a murine model (107). Therefore,

BR9D inhibitors have been developed as a possible target for

treatment of synovial sarcoma.

There are two BR9D inhibitors currently under early phase I

clinical trial development for the treatment of synovial sarcoma.

CFT8634 is an oral heterobifunctional degrader that bridges BRD9

with E3 ligase, causing ubiquitination and proteasomal degradation

of BRD9 (108). A phase I clinical trial is currently recruiting to

assess the safety and tolerability of CFT8634 in locally advanced or

metastatic SMARCB1-Perturbed cancers including synovial

sarcoma and SMARCB1-Null tumors who have been previous

treated with at least one prior line of systemic therapy

(ClinicalTrials.gov Identifier: NCT05355753).

FHD-609 is an intravenous BRD9 degrader that bridges BRD9

with cereblon (CRBN) E3 ubiquitin ligase substrate that leads to

proteasomal degradation (109). A phase I, open-label, dose escalation
FIGURE 1

Simplified mechanisms of action of targeted therapies for treatment of soft tissue sarcoma. *Indicates that medication is FDA approved for treatment
of certain soft tissue sarcoma subtypes. Key: Platelet derived growth factor receptor (PDGFR); vascular endothelial growth factor receptor (VEGFR);
stem cell growth factor receptor (c-kit); Hepatocyte Growth Factor Receptor (c-Met); Anaplastic Lymphoma Kinase (ALK); cyclin dependent kinase
(CDK); colony stimulating factor 1 (CSF1); enhancer of zeste homolog 2 (EZH2); retinoblastoma (RB).
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and expansion study is currently recruiting patients to evaluate the

safety, tolerability, and preliminary clinical activity of FHD-609 for

patients with advanced synovial sarcoma or advanced SMARCB1-loss

tumors (ClinicalTrials.gov Identifier: NCT04965753).
5 Discussion

Targeted therapies for treatment of locally advanced and

metastatic STS have historically relied on tyrosine kinase

inhibition (TKI) with pazopanib for non-adipocytic STS.

Additional TKIs have been studied in STS including imatinib,

regorafenib, sorafenib, sunitinib, lenvatinib, and crizotinib. These

TKIs are multikinase inhibitors and thought to have activity in

treatment of STS given their ability to inhibit angiogenesis and

tumor growth promoting receptor tyrosine kinases.

With improved understanding of the cellular markers and

possible driver mutations causing sarcomagenesis for different

STS subtypes, multiple targeted therapies have been developed to
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directly inhibit these cellular processes with the hope of objective

tumor response. Simplified mechanisms of action of these therapies

can be seen in Figure 1. These therapies include FDA approved

treatments with a wide variety of specific mechanisms listed

in Table 1.

Multiple medications are currently in development for the

treatment of STS which are directed at known targets from

previously effective therapies including anlotinib (TKI) and

vimseltinib (CSF1R inhibitor) and are listed in Table 2. Successive

generations of medications targeting known STS drivers may have

high receptor affinity and decrease adverse events.

Medications currently under investigation for treatment of STS

with novel mechanisms of action include g-secretase inhibitors

(Notch and WNT/b-catenin pathway) for treatment of DT,

MDM2 inhibitors targeting P53 for treatment of LPS given high

expression of MDM2 in this STS subtype, and BRD9 inhibitors

targeting ncBAF complex for treatment of synovial sarcoma and

other SMARCB1-loss tumors. These medications and related

clinical trials are listed in Table 3.
TABLE 1 FDA Approved Targeted Therapies for Treatment of Soft Tissue Sarcoma.

Medication Mechanism of Action Target Sarcoma Type

Pazopanib Tyrosine Kinase Inhibitor VEGFR-1,-2,-3; PDGFR-a,-b; c-kit; FGFR-1,-3; c-fms Non-adipocytic STS (12)

Pexidartinib Tyrosine Kinase Inhibitor CSF1R; c-kit TGCT (23)

Imatinib Tyrosine Kinase Inhibitor PDGFR-b Dermatofibrosarcoma Protuberans (28–30)

Crizotinib Tyrosine Kinase Inhibitor c-Met; ALK; ROS1 IMT (33, 34)

Tazemetostat EZH2 Inhibitor EZH2 Epithelioid Sarcoma (38)

nab-Sirolimus mTOR inhibitor mTOR Pathway PEComa (45, 46)

Larotrectinib
Entrectinib

TRK inhibitor TRK TRK Fusion-Positive Tumors (50, 52–54)
Vascular endothelial growth factor receptor (VEGFR); platelet derived growth factor receptor (PDGFR); stem cell growth factor receptor (c-kit); fibroblast growth factor receptor (FGFR); colony-
stimulating factor-1 receptor (c-fms); tenosynovial giant cell tumor (TGCT); hepatocyte growth factor receptor (c-Met); anaplastic lymphoma kinase (ALK); inflammatory myofibroblastic tumor
(IMT); mTOR (mammalian target of rapamycin); perivascular epithelioid tumor (PEComa).
TABLE 2 Non-FDA Approved Targeted Therapies Studied in Patients with Soft Tissue Sarcoma.

Medication Mechanism of Action Target Sarcoma Type

Regorafenib Tyrosine Kinase Inhibitor PDGFRa; VEGFR-1, -2, -3; c-kit Non-adipocytic STS (61)
Angiosarcoma (62)

Sorafenib Tyrosine Kinase Inhibitor Raf Kinase; VEGFR-2, -3; PDGFR-b Desmoid Tumor (64)

Imatinib Tyrosine Kinase Inhibitor ABL; PDGFR; c-kit
Possible CS1FR

TGCT (65)

Sunitinib Tyrosine Kinase Inhibitor VEGFR-2, PDGFR-b Solitary Fibrous Tumor (67)
ASPS (68)

Lenvatinib Tyrosine Kinase Inhibitor VEGFR1-3; FGFR1-4; PDGFRa; c-kit; RET Leiomyosarcoma (75)
LPS (75)

Crizotinib Tyrosine Kinase Inhibitor c-Met; ALK; ROS1 ASPS (76)

Palbociclib
Abemaciclib

CDK4/6 Inhibitor CDK 4/6 WD/DD LPS (78, 79)
STS with high CDK4 expression (80)
Platelet derived growth factor receptor (PDGFR); vascular endothelial growth factor receptor (VEGFR); stem cell growth factor receptor (c-kit); hepatocyte growth factor receptor (c-Met);
anaplastic lymphoma kinase (ALK); cyclin dependent kinase (CDK); tenosynovial giant cell tumor (TGCT); Alveolar Soft Part Sarcoma (ASPS); well-differentiated/dedifferentiated liposarcoma
(WD/DD LPS).
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Given the interest in immunotherapy for treatment of STS,

future studies may seek to combine targeted therapy with

immunotherapy to evaluate if there is enhancement in treatment

effect and improved patient outcomes (110, 111). These studies

must be mindful of adverse effects of combination immunotherapy

as has been seen in previous study (112, 113).

In addition to therapies that target specific cellular and

molecular mechanisms as discussed, research is also underway to

identify drug delivery systems which may improve patient

outcomes. Nanoparticle albumin-bound sirolimus (nab-sirolimus)

is an example of a targeted therapy (mTOR inhibitor) which had

improved therapeutic dosing with a nanoparticle drug delivery

system. Future work will explore drug delivery systems with the

hope to enhance the effect of chemotherapy, molecular targeted

therapies, and radiation therapy while reducing toxicity (114).
6 Conclusion

Over the past two decades there has been significant

advancement in the use of targeted therapies for the treatment of

advanced and metastatic STS. These developments in targeted

therapies have highlighted a key paradigm and future direction of

treatment. Continuing in this vein, and building on the success of

the prior years, it is easy to see that the future of treatment in

sarcoma is bright. Next generation sequencing of STS in later lines

will continue to improve, and with it, our ability to identify

actionable targets. The promise of treatments that minimize

toxicity, while maximizing on target efficacy is hard to ignore,

and with the rapid pace of development, may shortly be in reach.
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