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Sarcomas comprise a heterogenous group of malignancies, of more than 100 different entities, arising from mesenchymal tissue, and accounting for 1% of adult malignancies. Surgery, radiotherapy and systemic therapy constitute the therapeutic armamentarium against sarcomas, with surgical excision and conventional chemotherapy, remaining the mainstay of treatment for local and advanced disease, respectively. The prognosis for patients with metastatic disease is dismal and novel therapeutic approaches are urgently required to improve survival outcomes. Immunotherapy, is a rapidly evolving field in oncology, which has been successfully applied in multiple cancers to date. Immunomodulating antibodies, adoptive cellular therapy, cancer vaccines, and cytokines have been tested in patients with different types of sarcomas through clinical trials, pilot studies, retrospective and prospective studies. The results of these studies regarding the efficacy of different types of immunotherapies in sarcomas are conflicting, and the application of immunotherapy in daily clinical practice remains limited. Additional clinical studies are ongoing in an effort to delineate the role of immunotherapy in patients with specific sarcoma subtypes.




Keywords: sarcoma, bone sarcoma, soft tissue sarcoma, immunotherapy, checkpoint inhibitors, undifferentiated pleomorphic sarcoma UPS




1 Introduction

Sarcomas comprise a rare and heterogenous group of malignancies, originating from mesenchymal tissue (1, 2). Among all adult malignancies, sarcomas account for approximately 1% (3). Soft tissue sarcomas (STS) and bone sarcomas (BS) are the two main categories, with an estimated incidence in Europe of 4-5 cases/100,000/year for STS and 0.8-0.9 cases/100,000/year for BS (4, 5). More than 100 different entities of sarcomas are identified; liposarcomas and leiomyosarcomas constitute the commonest STS subtypes whereas osteosarcomas represent the commonest BS subtype (4–6).

The standard of care for patients diagnosed with local/locoregional sarcomas is surgical excision of the primary tumour with clear margins (R0). Radiotherapy has a role in the treatment of non-metastatic sarcomas and it can be applied pre- or post-operatively (7–9). Additionally, neoadjuvant or adjuvant chemotherapy may be considered in selected cases of localized sarcomas, particularly if they involve patients of young age, with high grade sarcomas (4, 5). Up to 50% of patients with localized high-grade STS will eventually experience progression of disease and will develop metastases (10–13).

In the advanced setting, treatment options have not changed significantly over the last few decades, with the prognosis remaining dismal (14). The mainstay of first line treatment since the early 70s’, is anthracycline-based chemotherapy (4, 14, 15). The combination of doxorubicin with ifosfamide in the first line setting failed to demonstrate improved survival benefit over doxorubicin alone (EORTC 62012) (16). Further line treatments may include gemcitabine-docetaxel (17), high dose ifosfamide (18), dacarbazine combinations (19), trabectedin (20), eribulin (21, 22), and pazopanib (23). However, the median overall survival (OS) in metastatic disease is poor ranging from 16 to 20 months (24–26).

There is a pressing need to identify new therapeutic strategies to better manage sarcoma. Immunotherapy, is a rapidly evolving field in oncology, which has been applied with success in multiple cancers, including melanoma (27), non-small cell lung cancer (28, 29), and renal cell carcinoma (30). Novel therapeutic approaches that target the immune system including immunomodulating antibodies, adoptive cellular therapy, cancer vaccines, and cytokines have been tested in several clinical studies comprising clinical trials, pilot studies, retrospective and prospective studies in patients with different types of sarcomas. Although the use of immunotherapy in daily clinical practice in sarcomas remains minimal, certain sarcoma subtypes may benefit from this approach. The challenge ahead, for the sarcoma research community and the industry, is to identify these subtypes and predictive biomarkers. This review provides a thorough documentation of the clinical landscape of past and current efforts to explore the role of immunotherapy in sarcomas.



2 Overview of cancer immunotherapy

The critical dual role of the immune system in the elimination and development of cancer has been well established and is known as “cancer immunoediting”. The concept of cancer immunoediting consists of the elimination, equilibrium and escape phases. Specifically, through the elimination process the potentially malignant cells are identified and decimated by the innate and adaptive immune system. The elimination phase is followed by the equilibrium phase, considered to be the longest of all three phases, lasting possibly for years. Tumour cells that have not been destroyed during the elimination process enter the equilibrium phase where their expansion is prevented and tumour cells immunogenicity takes place. Subsequently, tumour cells evade the immune system leading to the escape phase where uncontrolled proliferation occurs (31, 32).

Cancer immunotherapy aims to manipulate and stimulate the immune system against malignant cells (33, 34). In order to achieve this, multiple strategies and forms of immunotherapy have been proposed. Immunotherapy might affect any of the three phases of immunoediting, leading eventually to response to treatment and elimination of the tumour cells or disease may remain in a dormant status as per the equilibrium phase or even progression may be observed as part of the escape process (32).

Immunotherapy can be further categorized into passive and active therapy. Passive immunotherapy describes the delivery of effector modules or cells to the patient to enrich the existing anti-neoplastic activity (35, 36). It includes the use of immunomodulating antibodies (immune co-stimulatory antibodies or immune checkpoint inhibitors) or the use of adoptive immunotherapy (36). Additionally, adoptive immunotherapy includes the production of genetically modified blood-derived T cells (genetically engineered T-cell receptors (TCR) and Chimeric Antigen Receptor CAR-T cells), or the isolation of tumour infiltrating lymphocytes (TILs) from the tumour microenvironment followed by ex vivo expansion and subsequent administration to the patient (35, 36). On the other hand, active immunotherapy aims to activate the patient’s immune system in order to assail and defeat malignant cells (36). Cancer vaccines and cytokines administration compose the group of active immunotherapies (35, 36).



3 Materials and methods

We conducted a narrative review searching in PubMed for articles published from inception to November 2022 using the keywords “immunotherapy” AND (“bone sarcoma” OR “soft tissue sarcoma”). Original clinical studies including clinical trials, pilot studies, prospective studies, and retrospective studies that have enrolled at least one patient diagnosed with sarcoma and treated with immunotherapy, and published in English language, are included in this review article. Furthermore, we searched and included clinical studies that were presented in abstract form at the European Society of Medical Oncology (ESMO), the American Society of Clinical Oncology (ASCO), or the Connective Tissue Society Oncology (CTOS) meetings during this time. In total of 92 studies have been identified and are presented in 
Tables S1–S4
 (
Supplementary Material
). The different types of immunotherapies that have been investigated in selected histological types of STS and BS are presented in 
Tables 1
, 
2
.


Table 1 | 
Different types of immunotherapies that have been investigated in selected histological types of STS.





Table 2 | 
Different types of immunotherapies that have been investigated in selected histological types of BS.






4 Clinical experience with passive immunotherapy in sarcomas


4.1 Immunomodulating antibodies and combination therapies

Identification of immune checkpoint molecules including CTLA-4 (cytotoxic T lymphocyte-associated molecule 4) and PD-1 (programmed cell death 1) T-cell surface molecules, led to the development of immune checkpoint inhibitors and the subsequent suppression of the associated inhibitory pathways (36). Ipilimumab, an anti-CTLA-4 antibody, was the first immune checkpoint inhibitor to be approved by FDA in 2011 for the treatment of metastatic melanoma, followed by several other immune checkpoint inhibitors with multiple clinical indications (114). Several clinical studies have investigated the use of checkpoint inhibition in STS or BS (summarized in 
Table S1
, 
Supplementary Material
). Contrary to melanoma however, the mutational burden of sarcomas is low, the numbers of TILs in the tumour microenvironment are low and the PD-L1+ expression is significantly lower, which may explain the variable responses documented with different immune checkpoint inhibitors. Anti- PD-1 agents (pembrolizumab, nivolumab, geptanolimab, spartalizumab, toripalimab, camrelizumab, sintilimab), anti- PD ligand 1 (PD-L1) agents (durvalumab, pacmilimab, avelumab, atezolizumab), and anti-CTLA4 (ipilimumab, tremelimumab) agents have been used as single therapy or combined with chemotherapy or targeted therapy or other types of immunotherapies (
Figure 1
).




Figure 1 | 
Selected approved and experimental immunotherapy drugs that have been used as single agent or in combination with other treatment modalities in patients with sarcomas. *ChT includes the following regimens: Doxorubicin, AIM (anthracycline, ifosfamide, mesna), AD (anthracycline, dacarbazine), High-dose ifosfamide, Gemcitabine ± Docetaxel or Dacarbazine or Nab-paclitaxel or Vinorelbine, Irinotecan, Liposomal doxorubicin, Metronomic cyclophosphamide. IT, immunotherapy approaches; ICI, immune checkpoint inhibitors; CTLA4, cytotoxic T lymphocyte-associated molecule 4; PD1 programmed death 1; PDL1, programmed death-ligand 1; ACT, adoptive cell therapy; ETC, endogenous T cells; CTL, cytotoxic T lymphocytes; TCR, T-cell receptor; CAR, Chimeric Antigen Receptor; TILs, tumour-infiltrating lymphocytes; NK, natural killer; PHA, phytohemagglutinin; PBL, peripheral blood lymphocytes; IL-2, interleukin-2; ChT, chemotherapy; RT, radiotherapy; T-VEC, Talimogene laherparepvec; Pexa-Vec, pexastimogene devacirepvec.





4.1.1 Immune checkpoint inhibitor monotherapy

Single agent treatment responses have in general been disappointing with exceptional effectiveness reported in certain subtypes such as alveolar soft part sarcoma (85, 86). One of the early trials - published in 2017 - that actually demonstrated single agent activity was SARC028 a non-randomized, open-label, single arm, two cohort, phase 2 clinical trial of Pembrolizumab (200mg IV 3 weekly), in which 86 patients with STS or BS were enrolled (47). Eighty patients with at least one and up to 3 previous lines of therapy, were evaluable for response. The STS cohort included patients with undifferentiated pleomorphic sarcoma (UPS), liposarcoma, synovial sarcoma, and leiomyosarcoma (10 patients of each histological type), whilst 40 patients were included in the BS cohort which consisted of osteosarcoma, Ewing sarcoma, and dedifferentiated chondrosarcoma. The objective response rate (ORR) was 18% for the STS cohort and 5% for the BS cohort. However, significant variability was observed across different histological types in the STS cohort. One complete response (CR) and 3 partial responses (PR) were documented in the UPS cohort (ORR 40%). The study reported 2 PRs in patients with liposarcoma, 1 PR in synovial sarcoma and none in patients with leiomyosarcoma. Regarding the BS cohort, 1 out of 22 patients with osteosarcoma and 1 out of 5 patients with chondrosarcoma experienced PR, and none of the 13 patients with Ewing sarcoma. The median duration of response was 33 weeks (IQR, 23–49) in the STS cohort, with ongoing responses at the analysis time, and 43 weeks (IQR, 25–61) for the BS cohort. Additionally, the median progression free survival (PFS) was 18 weeks (95% CI 8-21) for the STS patients and 8 weeks (95% CI 7-9) for the BS patients; the 12-weeks PFS rate was 55% (95% CI 40-70) for the STS population. Of note, for UPS and liposarcoma the median PFS was estimated at 30 weeks (95% CI 8-68) and 25 weeks (95 CI 8-42), respectively. The 12-weeks PFS rate was 70% (95% CI 42-98) for UPS and 60% (95% CI 30-90) for liposarcoma. The median OS was 49 weeks (95% CI 34-73) for the STS cohort and 52 weeks (95% CI 40-72) for BS cohort. Interestingly, the pre- treatment PD-L1 expression levels were examined in 70 tissues and only 3 had tested positive, all of them being from patients with UPS; specifically, one achieving CR, the second one PR and the third one not being evaluable. Regarding toxicity, fatigue, anaemia, and lymphopenia were the most common grade 3-4 adverse events, while 9 patients developed serious adverse events including adrenal insufficiency, pneumonitis, and interstitial nephritis. Overall, the conclusion was that pembrolizumab demonstrated promising efficacy in patients with UPS and liposarcoma therefore warranting further investigation (47). Thus, expansion of these two cohorts (UPS and liposarcoma) was performed and their results were presented in ASCO annual meeting in 2019 (64). Additional 30 patients with UPS and 30 with dedifferentiated/pleomorphic liposarcoma were enrolled, leading to 40 patients in total in each cohort. The ORR was 23% (9/40) and 10% (4/39 evaluable patients) in UPS and liposarcoma cohort, respectively. The median PFS was 3 months (95% CI 2-5) and the median OS was 12 months (95% CI 7-34) for UPS patients, whilst for liposarcoma the median PFS was 2 months (95% CI 2-4) and the median OS was 13 months (95% CI 8-NR) (64). These data indicate that PD1 inhibition has meaningful activity in a small subset of patients with STS, and predictive biomarkers are needed to better select patients that are likely to respond. Studies examining single agent activity assessed not only pembrolizumab, nivolumab and ipilimumab but also the role of newer molecules including pacmilimab and geptanolimab (37, 83–85, 94, 115, 116).



4.1.2 Dual checkpoint inhibitors

. Due to the limited activity of single agent checkpoint inhibitors, combination immunotherapies were explored. In particular, nivolumab plus ipilimumab demonstrated preliminary activity in STS. The Alliance A091401 trial, a non-comparative, multicentre, open-label, unblinded, randomized phase 2 clinical trial that included patients from 15 centres in the USA, investigated the use of nivolumab versus nivolumab plus ipilimumab in patients with sarcoma (BS or STS) and published its first results in 2018 (38). The one treatment arm consisted of nivolumab 3mg/kg every 2 weeks, and the other consisted of nivolumab 3mg/kg plus ipilimumab 1mg/kg every 3 weeks for 4 doses and then nivolumab 3mg/kg every 2 weeks. Among the 85 enrolled patients with metastatic or unresectable sarcoma, 76 were evaluable for efficacy; 38 received nivolumab and 38 patients received combined treatment with nivolumab plus ipilimumab. The primary endpoint, ORR, was 5% for nivolumab monotherapy, and 16% with combined therapy in patients with UPS, leiomyosarcoma (uterine and non-uterine), myxofibrosarcoma and angiosarcoma among the patients treated with nivolumab plus ipilimumab. As per secondary endpoints, in the monotherapy arm the 6-month clinical benefit rate was 10% and the 12-months clinical benefit rate was 2%, compared to 12% 6-month clinical benefit rate and 12% 12-months clinical benefit rate in the combination therapy arm. Additionally, the median PFS was 1.7 months and 4.1 months in the monotherapy arm and the combination therapy arm, respectively. Also, the median OS was estimated at 10.7 months for the monotherapy and 14.3 months for the combination therapy. Overall, the results of this trial suggested that nivolumab as a single agent has limited efficacy in unselected sarcoma patients, while the combination of nivolumab and ipilimumab showed more encouraging results in specific subtypes of sarcomas with tolerable toxicity, therefore further studies are required to define its exact role.

Of note, results of 3 expansion cohorts of the Alliance A091401 trial (NCT02500797) were presented in the ASCO annual meeting in 2020 (117). The cohorts consisted of gastrointestinal stromal tumour, UPS, or dedifferentiated liposarcoma, and the primary endpoint was the assessment of 6-month confirmed RR. The primary endpoint was met for the UPS and liposarcoma cohorts but only for the combination therapy with nivolumab and ipilimumab (RR 14% for UPS, and 14% for dedifferentiated liposarcoma), not for the therapy with single agent nivolumab (RR 8% for undifferentiated pleomorphic sarcoma, and 7% for dedifferentiated liposarcoma). The trial is still in progress, in active not recruiting status.

The comparison of nivolumab versus the combination ipilimumab/nivolumab was examined in the neoadjuvant setting in patients with surgically resectable retroperitoneal dedifferentiated liposarcoma or extremity/truncal UPS receiving concomitant neoadjuvant radiotherapy. The preliminary results of a phase 2 clinical trial in currently active, not recruiting status (NCT03307616) were reported in 2020 (39). In particular, 24 patients were evaluable for response and the median pathological response (primary end point) was 95% and 22.5% in patients with UPS and dedifferentiated liposarcoma, respectively; providing encouraging preliminary results for combination radiation therapy and immune checkpoint inhibitors. Additionally, the SU2C-SARC032 (NCT03092323), a randomized, phase 2, currently in recruiting status trial investigates the combination of neoadjuvant pembrolizumab and radiotherapy followed by surgery and adjuvant pembrolizumab versus neoadjuvant radiotherapy followed by surgery in high-risk localized soft tissue sarcoma of the extremity (118).

The combination was also examined in angiosarcoma, a disease with very limited systemic therapeutic options available. In a phase 2, open-label, multicentre clinical trial including patients with metastatic or unresectable angiosarcoma, the combination of ipilimumab (1mg/kg every 6 weeks) with nivolumab (240mg every 2 weeks) was explored in 16 patients. The results reported by Wagner MJ et al. (87) showed ORR at 25% (4/16), and a 6-month PFS (secondary endpoint) at 38%. Interestingly, 60% of the patients with primary cutaneous scalp or face angiosarcoma experienced objective response to treatment. Results that indicated additional investigation of the combination of ipilimumab and nivolumab in patients with angiosarcoma, may be worth performing. Clinical activity of immune checkpoint inhibitors in patients with angiosarcomas has also been reported in a retrospective case series study, including 7 patients treated off label or in the context of clinical trial with pembrolizumab (single agent or combined with axitinib) or AGEN1884 (a CTLA-4 inhibitor) or ipilimumab and nivolumab (88).

Retrospective studies have also reported on the combination of nivolumab with ipilimumab concluding that the combination is associated with manageable toxicity and could be effective in certain types of sarcomas in the advanced disease (40, 43, 99).



4.1.3 Combinations of immune checkpoint inhibitors with chemotherapy

Combinations of immunotherapy with chemotherapy have provided mixed results. Cytotoxic chemotherapy due to its potential immunogenic effects (including suppressive immune cells depletion or inhibition, release of damage-associated molecular patterns and increased tumour antigen presentation), may synergize with immunotherapy leading to increased effectiveness (48, 119, 120). Currently, the combination of immunotherapy with chemotherapy is being applied in clinical practice in other malignancies including non-small-cell lung cancer (121) and has been under investigation in sarcomas.

One of the most important prospective trials in this category, the PEMBROSARC was a multicohort phase 2 study of pembrolizumab (200 mg IV) combined with low-dose cyclophosphamide (50 mg twice daily; 1 week on followed by 1 week off). One of its strata included 17 adults diagnosed with metastatic and/or unresectable osteosarcomas 15 of which were evaluated for efficacy (104). The non-progression and objective responses at 6 months as per RECIST 1.1 were the primary endpoints of the trial. The results revealed that only one patient experienced PR (6.7%), and that participant did not express PD-L1. Five patients (33.3%) had stable disease (SD), and 8 patients (53.3%) experienced progression. Among the 14 participants who were tested for PD-L1 expression, only 2 were positive. The 6-month non-progression rate was 13.3%, the median PFS was 1.4 months (95% CI = 1.0 months - 1.4 months), and the median OS was 5.6 months (95% CI = 2.1 months - 12.1 months). Results suggested limited activity of PD-1 inhibitors in patients with advanced osteosarcoma.

The results of another strata of the PEMBROSARC trial including patients with STS, were reported earlier by Toulmonde M et al. (49). Fifty-seven patients were enrolled in the study; 15 with leiomyosarcoma, 16 with UPS, 10 with gastrointestinal stromal tumour and 16 with other types of sarcomas. The 6-month non-progression rate was 0% for both leiomyosarcoma and UPS, 14.3% for other sarcomas and 11.1% for gastrointestinal stromal tumour. PR was reported in only one patient who was also the only one with strong PD-L1–positive staining. In the majority of patients, strong infiltration of macrophage expressing the IDO1 (inhibitory enzyme indoleamine 2,3-dioxygenase) was reported. A limited efficacy of PD-1 inhibitors in certain sarcoma types was observed, which was attributed to macrophage infiltration, IDO1 activation and subsequent immunosuppressive tumour microenvironment.

Subsequently, in June 2022 the results of a biomarker-driven cohort of the PEMBROSARC trial were reported (50). Thirty patients selected based on the presence of intratumoral tertiary lymphoid structures (TLSs) and treated with low-dose cyclophosphamide and pembrolizumab were included in the efficacy analysis. The 6-month non-progression rate was 40% (95% CI, 22.7-59.4) and the ORR was 30% (95% CI, 14.7–49.4). Specifically, 9 patients experienced PR, 10 patients had SD, and 10 had PD. Additionally, the median duration of response was 11 months (95% CI, 1.1 months to not attained), the median PFS was 4.1 months (95% CI, 1.4–12.5 months), and the median OS was 18.3 months (95% CI, 8.5 months to not attained). With regards to toxicity, grade 1 or 2 fatigue, nausea, dysthyroidism, diarrhoea and anaemia were the most frequent toxicities. Interestingly, abundance of intratumoral plasma cells was correlated with improved outcome. Overall, this biomarker-driven cohort demonstrated better results in terms of efficacy compared to other cohorts of PEMBROSARC trial, and the presence of TLSs in advanced STS is suggested as a potential predictive biomarker to support patient selection for treatment with immune checkpoint inhibitors. Importantly, the impact of immunotherapy compared to standard chemotherapy in patients with TLS-positive sarcomas is now further evaluated through randomized phase 2 trials, in recruiting status, in both the neoadjuvant setting (NCT04968106) and the metastatic setting (NCT04874311).

The combination of pembrolizumab with doxorubicin have also been tested in clinical trials (48, 51). A phase 1/2 non-randomized trial reported by Pollack SM et al. evaluating the safety and efficacy of pembrolizumab combined with doxorubicin in advanced anthracycline-naïve sarcomas (48). Safety of doxorubicin was tested in two dose levels (45 and 75 mg/m2) whilst the recommended dose for phase 2 was determined at 75 mg/m2. Thirty-seven patients were treated in the combined phase 1/2 and the ORR (primary endpoint) was 13% for phase 2 and 19% overall. Durable PRs were observed in 2 of 3 patients with UPS and 2 of 4 patients with dedifferentiated liposarcoma. The median PFS and the median OS were 8.1 (95% CI 7.6-10.8) months and 27.6 (95% CI 18.7-NR) months, respectively. Immunohistochemistry was applied in 29 patients, and 66% had PD-L1 expression scores of 0 and there was no association of PD-L1 expression with PFS and OS. Additionally, TILs were presented in 21% of assessable tumours and correlated with inferior PFS. Another phase 2, single arm study assessed safety (primary endpoint) and efficacy of pembrolizumab with doxorubicin (60 mg/m2 cycle 1 with escalation to 75 mg/m2 on cycle 2) in advanced anthracycline-naive STS (51). Thirty patients were enrolled, and the ORR was 36.7%. One patient with liposarcoma (3.3%) achieved CR, 10 patients (33.3%) had PR, and 13 patients (43.3%) had SD. The median PFS was 5.7 months (95% CI 4.1-8.9) and the median OS was 17 months (95% CI 9.9-NR). Interestingly, PD-L1 expression was associated with improved ORR but there was no correlation with PFS and OS. Both studies demonstrated manageable toxicity profile. The results of the phase 1/2 and phase 2 of SAINT clinical trial (NCT03138161) which is currently on recruiting status, were presented in the ASCO’s annual meeting in 2019 and subsequently in 2020 and in 2022 (122–124). In this study, untreated patients with locally advanced or unresectable or metastatic STS were treated with combination treatment with ipilimumab, nivolumab, and trabectedin. The recommended doses for phase 2 were ipilimumab 1 mg/kg IV q 12 weeks, nivolumab 3 mg/kg IV q 2 weeks, and trabectedin 1.2 mg/m2 IV q 3 weeks. The ORR was 21.6%, and the disease control rate was 87.5% among the 88 evaluable for efficacy patients in phase 2. The median OS and the median PFS were 14 months and 7 months, respectively. These results suggested that the combination may have clinical benefit in sarcoma. Another phase 1/2 trial published in June 2022 investigated the combination of an immune checkpoint inhibitor with trabectedin (59). This single arm, open label trial tested the safety and efficacy of avelumab (anti-PD-L1 antibody) combined with trabectedin in patients with advanced leiomyosarcoma (18 patients with non-uterine and 6 with uterine disease) and liposarcoma (11 patients). The recommended phase 2 dose was determined at 1.0 mg/m2 for trabectedin and 800mg for avelumab. Twenty-three patients were evaluable at recommended phase 2 dose. PR was reported in 3 patients (13%), and SD in 10 patients (43%). The six-month PFS and the median PFS were 52% and 8.3 months, respectively.

Several other studies currently on active, not recruiting status, have reported their preliminary results on the combination of chemotherapy with immunotherapy, over the last few years. The TRAMUNE trial (NCT03085225) a phase 1b study reported its results regarding safety and preliminary efficacy initially at the 2020 ESMO Congress and was subsequently published in May 2022 (125, 126). Patients with unresectable or metastatic STS and relapsed ovarian carcinoma were treated with trabectedin and durvalumab. Nine patients were enrolled in the 3 + 3 dose escalation phase (1 mg/m2, 1.2 mg/m2, 1.5 mg/m2 dose levels of trabectedin given on day 1, combined with durvalumab 1120 mg/m2 on day 2 q 2 weeks), 16 patients were included in the STS cohort and 15 in the ovarian carcinoma cohort. Recommended phase 2 dose and ORR were the primary endpoints. The maximum tolerated dose was defined as 1.2 mg/m2 and 1120 mg/m2 for trabectedin and durvalumab, respectively. Regarding the STS cohort, 16 patients were evaluable for safety and 14 for efficacy. Efficacy wise, 1 PR was reported corresponding to 7.1% (CI95% 0.2 - 33.9) ORR, and the 6-month progression free rate was estimated at 28.6% (CI95% 8.4 - 58.1). Additionally, tumour shrinkage was observed in 43% of the patients. As per toxicity, 50% (8 patients) experienced drug-related grade 3/4 adverse events including neutrophil count decrease in 35.7%, and 2 patients had grade 5 adverse events including multi-organ failure and febrile aplasia.

Furthermore, the phase 2 clinical trial (NCT03899805) which investigated the combination of eribulin and pembrolizumab in patients diagnosed with metastatic STS presented the results of the leiomyosarcoma cohort in 2020 (127). The estimated PFS at 12 weeks (primary endpoint) was 42.1% which did not meet the predefined endpoint. In addition, the phase 1 clinical trial (NCT03123276) using gemcitabine and pembrolizumab in patients with advanced leiomyosarcoma and UPS was presented in the 2021 ESMO congress (52). Two patients with UPS and 11 with leiomyosarcoma were included, and a 3 + 3 design was applied using 800 mg/m2, 1000 mg/m2, 1200 mg/m2 of gemcitabine. The maximum tolerated dose was not reached and the recommended dose of gemcitabine was 1200 mg/m2. Sixteen serious adverse events were reported with fever to be the most frequent. The median PFS was estimated at 5.1 months, and 92% of the patients were free of progression at 9 weeks.

Retrospective analyses have also suggested activity of immunotherapy combinations with chemotherapy in certain sarcoma subtypes. Liu J et al. (53), reported on the combination of pembrolizumab with either chemotherapy or targeted agents (anlotinib 12 mg/day or pazopanib 400–600 mg/day or lenvatinib 10–18 mg/m2) in comparison to pembrolizumab monotherapy, in 36 patients with metastatic STS. The ORR, median PFS, and median OS had no significant difference between the three different treatment groups. Leiomyosarcoma had a low response rate to pembrolizumab based treatment, while other histological types including alveolar soft part sarcoma, UPS, extraskeletal chondrosarcoma, and angiosarcoma had a better response rate. There was no association between treatment efficacy and PD-L1 expression but combined treatment (pembrolizumab plus chemotherapy or pembrolizumab plus targeted therapy) could increase the risk for developing severe adverse events. Similarly, in a retrospective study of 28 patients with metastatic STS including angiosarcoma, UPS, epithelioid sarcomas, fibrosarcoma, synovial sarcomas, leiomyosarcomas, pleomorphic liposarcoma, and rhabdomyosarcoma, the nanoparticle albumin-bound paclitaxel was combined with sintilimab in patients with metastatic STS (Tian Z et al. in January 2022) (57). The results showed modest activity and fairly tolerable toxicity with no grade 4 adverse events. Interestingly, patients with angiosarcoma demonstrated significantly longer PFS compared to other subtypes, and among the 5 patients with angiosarcoma included in this study 1 experienced CR (the only patient in the study with CR), 2 had PR, 1 had SD, and 1 experienced PD.



4.1.4.  Combinations of immune checkpoint inhibitors with targeted therapies.

Contrary to other combinations, the combination of checkpoint inhibitors with tyrosine kinase inhibitors has provided promising results. In particular, the combination the immunotherapy with VEGF targeting multikinase inhibitors has been examined in prospective clinical trials. In a multicentre, single-arm, phase 1b/2 clinical trial, of 68 patients the concurrent inhibition of angiogenesis with sunitinib and the inhibition of PD-1/PD-L1 pathway with nivolumab was examined (73). The primary endpoint was to establish the recommended dose for the phase 2 and to evaluate the 6 months PFS rate. The phase 1 of the trial concluded to a recommended dose of sunitinib of 37.5 mg as induction followed by 25 mg per day, combined with nivolumab. Transaminitis and neutropenia were the most common adverse events, in 17.3% and 11.5%, respectively. The 6 months PFS rate was estimated at 48% (95% CI 41% to 55%), the median OS and the ORR, which were the secondary endpoints, were 24 months and 21%, respectively. Overall, this combination of drugs was tolerated fairly well, the side effects were manageable, and nearly half of the patients did not experience progression at 6 months.

A further phase 2, single centre, single arm clinical trial reported by Wilky BA et al. in 2019 (54) explored the role of the combination of a check point inhibitor (pembrolizumab) and a VEGF targeting multikinase inhibitor (axitinib). Thirty-three patients with advanced sarcomas including 12 patients with alveolar soft part sarcoma, 5 with high-grade pleomorphic sarcoma, 4 with uterine leiomyosarcoma, 2 with non-uterine leiomyosarcoma, 2 with dedifferentiated liposarcoma, and 8 with other types of sarcomas were enrolled in the trial. The patients were treated with escalating doses of axitinib (2-10mg) and flat dose of pembrolizumab (200mg IV on day 8 and every 3 weeks). The 3-month PFS (primary endpoint) for all evaluable patients and for patients with alveolar soft part sarcoma specifically, were 65.6% and 72.7%, respectively. The median PFS was 4.7 months, and the median OS was 18.7 months. Regarding the toxicity, the most common grade 3 or 4 adverse events were hypertension (15%), autoimmune toxicities (15%), nausea or vomiting (6%), seizures (6%), while serious adverse events were reported in 7 patients (21%) and included autoimmune colitis, transaminitis, pneumothorax, haemoptysis, seizures, hypertriglyceridemia. These results were suggestive of clinical benefit particularly for alveolar soft part sarcoma cases and manageable toxicity.

In March 2022 the TAPPAS trial a phase 3, multinational, multicentre, open label, parallel group trial reported the efficacy and safety of TRC105 (carotuximab, an IgG1 antibody binding to endoglin) combined with pazopanib compared to treatment with pazopanib alone in patients with advanced angiosarcoma (89). However, the results were disappointing whilst the PFS (primary endpoint) was not improved with treatment with carotuximab combined with pazopanib compared to pazopanib alone.

In addition, a pilot trial (NCT03282344) which investigated the use of bempegaldesleukin (0.006 mg/kg), a CD122-preferential interleukin-2 pathway agonist, with nivolumab (360 mg/kg every three weeks) in patients with high-grade sarcoma was published in June 2022 by D’Angelo SP demonstrating modest results (45). Eighty-four patients in 9 cohorts were enrolled, based on their histological type including 4 alveolar soft part sarcoma, 10 angiosarcomas, 10 conventional/dedifferentiated chondrosarcomas, 10 leiomyosarcomas, 10 dedifferentiated liposarcomas, 10 osteosarcomas, 6 small blue round cell tumour or synovial sarcoma, 10 UPS or high-grade myxofibrosarcomas, 14 with other types. PR was observed in 1 patient with leiomyosarcoma, 1 with chondrosarcoma, 2 with UPS, 3 patients with angiosarcoma, and 1 with alveolar soft part sarcoma. Overall, ORR (primary endpoint) was highest in patients with angiosarcoma and UPS. The median time to response was 3.7 months and the median duration of response 9.3 months. All patients had at least 1 treatment related adverse event, 30 patients (35%) experienced grade 3-4 toxicity and one death possibly related to therapy was reported.

It is worth mentioning an older retrospective study of Paoluzzi L et al. in 2016 which explored the efficacy of 3mg/kg of nivolumab (IV) every 2 weeks in 28 patients (STS 24, BS 4), 18 of which received concurrently 400-800mg of pazopanib daily (41). Toxicity wise, grade 3-4 adverse events comprised colitis, liver function tests elevations, pneumonitis which occurred in 5 patients. Twenty-four patients were evaluable for response to treatment and the clinical benefit, which corresponded to response and stabilization of disease, was reported in 50% of them. Specifically, 1 patient with dedifferentiated chondrosarcoma on nivolumab, 1 with epithelioid sarcoma and 1 with maxillary osteosarcoma on nivolumab and pazopanib, experienced PR, while 9 patients (including 3 patients with leiomyosarcoma) had SD and 5 of them were on combined treatment. The other 12 patients (including 4 leiomyosarcomas) had progressive disease (PD).Adoptive cellular therapy




4.2 Adoptive cellular therapy

Adoptive cellular therapy is a rapidly evolving area in cancer immunotherapy which has the ability to increase the number, specificity, and reactivity of T-cells against malignancies (128). The three major modalities of adoptive cellular therapy include the tumour infiltrating lymphocytes (TILs), genetically engineered T-cell receptors (TCRs) and Chimeric Antigen Receptor (CAR)-T cells. Specifically, TILs therapy requires isolation of TILs from the tumour microenvironment which are expanded ex vivo, away from the immunosuppressive microenvironment, and then are transferred back to the patient; whilst TCRs and CAR-T cells involve expansion of genetically modified T-cells which express T-cell receptors recognizing specific tumour antigens. Importantly, genetically modified TCRs are HLA restricted whilst CAT T-cells identify extracellular antigens independently of HLA presentation. Additionally, lymphodepletion chemotherapy is combined with most forms of adoptive cellular therapy to improve T-cell proliferation and persistence. Multiple factors including inadequate number and function of anti-tumour T cells, and insufficient formation of memory T cells may be involved to resistance mechanisms to immune checkpoint inhibitors, whilst the adoptive cellular therapy has the potential ability to overcome these barriers (128). Several efforts to apply this type of immunotherapy as monotherapy or in combination with immune checkpoint inhibitor or chemotherapy in sarcomas have been made over the last years (
Table S2
, 
Supplementary Material
).


4.2.1 TILs therapy combined with chemotherapy or immune checkpoint inhibitors

In order to assess the efficacy of the combination of adjuvant chemotherapy and TILs therapy in patients diagnosed with primary high-grade intramedullary osteosarcoma and had histologically proven poor response to neoadjuvant chemotherapy, Shi J et al., conducted a retrospective analysis which was published in 2020 (105). Of the 80 included in the study, 40 patients comprised group 1 where participants received adjuvant chemotherapy, and another 40 patients comprised group 2 receiving adjuvant chemotherapy and TILs therapy. The neoadjuvant and adjuvant regimens in both groups consisted of high-dose methotrexate, cisplatin and doxorubicin (MAP). It was estimated that the median disease-free survival was 55.5 months and 65.3 months in group 1 and in group 2, respectively. The median OS was 80.4 months in group 1 and 95.8 months in group 2. Additionally, the investigation suggested that a greater number of transfused TILs was an independent prognostic factor for median PFS and OS based on univariate and multivariate analyses. These results indicated that patients with osteosarcoma who responded poorly to neoadjuvant chemotherapy could benefit and have better survival with the combination of adjuvant chemotherapy and TILs therapy.

Another combination approach was presented in two retrospective studies reported in 2020 evaluating the concurrent use of anti-PD1 therapy and TILs therapy in patients with metastatic osteosarcoma. The first retrospective analysis conducted by Zhou X et al. reviewed 60 patients with chemotherapy-resistant metastatic osteosarcoma who were treated with an average of 5x109 cells (range, 3-8x109), TILs per infusion in combination with nivolumab at a dose of 3 mg/kg/cycle. The ORR was estimated at 36.67%, with 2 patients achieving CR and 20 patients PR; the disease control rate was 80% (48 out of 60 patients), the median PFS was 5.75 months, and the median OS was 13.6 months. The most common adverse effects included fever, fatigue, rash, anorexia, leukopenia, and anaemia, and only two patients (3.33%) experienced grade 3 or 4 treatment related adverse events. Importantly, improved PFS and OS were observed in patients with more infusions of TIL and CD8+ TIL, less infusions of CD8+PD1+ TIL and less infusions of CD4+FoxP3+TIL. The results indicated the combination of TILs and anti-PD1 treatment is both safe and effective in patients with refractory metastatic osteosarcoma (106). The second retrospective study by Wang C et al. evaluated the efficacy of anti-PD1 therapy combined with TILs in patients with metastatic osteosarcoma, concluding that this is a potentially promising combination. Thirty patients (group 1) received only nivolumab at 3mg/kg/cycle with a maximum dose of 240mg/cycle and 30 patients (group 2) received combination treatment with an average of TILs per infusion 5.1 × 109 cells (range, 3.2–8.9 × 109). The ORR was estimated at 6.67% and 33.3% for group 1 and group 2, respectively. In group 1 the median PFS was 3.8 months and the median OS was 6.6 months, compared to group 2 in which higher median PFS 5.4 months and OS (15.2 months) was observed. Interestingly, more infusions of TIL number and CD8+ TILs, or fewer infusions of CD8+PD+ TILs or fewer infusions of CD4+FoxP3+ TILs have been associated with prolonged PFS and OS (107).



4.2.2 Genetically modified T-cells

Genetically engineered TCRs and CAR T-cells are directed toward specific tumour antigens (128). Specifically, cancer testis antigens, which are tumour associated antigens, including New York esophageal squamous cell carcinoma 1 (NY-ESO-1) and melanoma-associated antigen (MAGE) are promising targets for sarcoma immunotherapy especially synovial sarcomas and myxoid/round cell liposarcomas (129, 130). Cancer testis antigens are a group of antigens which are normally expressed in testes and are not presented in adult somatic tissues. However, they are also expressed in various malignancies including melanoma, lung cancer and sarcomas, and are likely correlated with tumorigenesis (130). Importantly, NY-ESO-1 has been reported to be expressed in 49-82% of synovial sarcoma and 88-100% in myxoid/round cell liposarcoma, and MAGE is expressed in 45-88% of synovial sarcomas and in 11-68% of myxoid/round cell liposarcoma (130). Overall, NY-ESO-1 and MAGE have been proposed as potential immunotherapy targets for selected subtypes of sarcomas and have been investigated in clinical studies (130).

A phase 1/2 non-randomized, open-label clinical trial was conducted by Ramachandran et al. to illuminate the factors and mechanisms that affect the response and resistance of treatment with NY-ESO-1 SPEAR T-cells, which are genetically modified autologous T cells expressing NY-ESOc259, in patients with synovial sarcoma (75). Forty-two patients were enrolled in one of the four cohorts, in which the NY-ESO-1 expression and the lymphodepletion regimen differed between the cohorts. In cohorts 1, 3 and 4 patients expressed the antigen at 2+ or 3+ staining using centralized immunohistochemistry (IHC) in ≥50% of tumour cells, compared to cohort 2 in which patients expressed antigen at 1+ staining by IHC in ≥ 1% of tumour cell, but not 50% or more of cells expressing 2+ or 3+ by IHC. Regarding the lymphodepletion regimen, patients enrolled in cohorts 1 and 2 were treated with fludarabine 30 mg/m2/day for 4 days and cyclophosphamide 1800 mg/m2/day for 2 days. Participants in cohort 3 were given cyclophosphamide 1800 mg/m2/day for 2 days, and patients included in cohort 4 were treated with fludarabine 30 mg/m2/day for 3 days and cyclophosphamide 600 mg/m2/day for 3 days. The median transduced T-cell dose overall was 2.67 × 109 T-cells. The estimation of the ORR as per RECIST 1.1 was determined as the primary endpoint. Among the 42 patients, CR was reported in 1 patient, PR in 14 patients, SD in 24 patients and PD in 3 patients. Through the performance of this study, it was observed that in order to achieve persistence and efficacy of SPEAR T-cell, high dose fludarabine and cyclophosphamide was required. Additionally, it was suggested that adoptive cellular therapy with gene-modified T cells could be an alternative for non-T-cell inflamed tumours that have poor response to PD-1/PD-L1 inhibitors.

Further to the above, previous clinical studies attempted to evaluate the application of adoptive cell therapy in HLA-*0201 positive patients with synovial sarcoma whose tumours expressed NY-ESO-1 antigen. In 2015 a pilot trial was published, in which 18 HLA-*0201 patients with refractory metastatic synovial cell sarcoma and 20 patients with refractory metastatic melanoma, NY-ESO-1 positive, were treated post lymphodepleting preparative chemotherapy administration with genetically engineered lymphocytes expressing NY-ESO-1 reactive T-cell receptors (76). The lymphodepleting chemotherapy included cyclophosphamide (60 mg/kg/day for 2 days) and fludarabine (25 mg/m2/day for 5 days), while the median dose of transduced T cells, which were given 1-3 days after chemotherapy, was 5.5×1010 T cells (range from 0.9x1010 to 13×1010) and additionally interleukin-2 (IL-2) was given at 720,000 IU/kg. Regarding synovial sarcoma, objective clinical response was reported in 11 out 18 patients (61%). The overall 3-year survival rate and 5-year survival rate was estimated to be 38% and 14%, respectively. Of note, the PRs lasted for 3 to 18 months. In comparison, the objective clinical response in the group of patients with melanoma was 55% (11 out of 20 patients), while both the 3-year survival rate and 5-year survival rate were 33%. It was concluded that treatment with autologous T cells transduced with an NY-ESO-1-reactive T-cell receptors could be an effective therapeutic option in patients with synovial sarcoma and melanoma with certain characteristics and resistant to other therapies warranting further investigation.

Another phase 1 clinical trial presented in the 2019 ESMO investigated the use of ADP-A2M4, genetically engineered autologous SPEAR T-cells against MAGE-A4 peptide in HLA-A*02 patients, including participants with inoperable or metastatic synovial sarcoma (79). Ten patients with synovial sarcoma were included and they were treated with median T-cell dose of 9.7x109 (4.49-9.98x109). No dose limiting toxicity was mentioned. Regarding the antitumour activity, 3 confirmed PRs were reported, 1 unconfirmed PR at week 6, 3 SD, 1 PD, and 2 patients were not evaluated. The trial is still ongoing and further data are expected to be reported. Importantly, the ADP-A2M4 (MAGE-A4) was granted Regenerative Medicine Advanced Therapy Designation by FDA in December 2019. Also, SPEARHEAD-1, an open-label phase 2 clinical trial in recruiting status (NCT04044768) is currently investigating the efficacy and safety of ADP-A2M4 SPEAR T-cells in HLA-A*02 positive patients with advanced synovial sarcoma or myxoid/round cell liposarcoma with their tumours being positive for the MAGE-A4 protein (67).

Additionally, in 2015 a clinical trial phase 1/2 conducted by Ahmed N et al. investigated the use of human epidermal growth factor receptor 2 (HER2) - specific CAR T cell in patients with HER2 positive sarcomas (100). Nineteen patients (16 patients with osteosarcoma, 1 with Ewing sarcoma, 1 with primitive neuroectodermal tumour and 1 with desmoplastic small round cell tumour) were enrolled in the study. T cells expressing the HER2-specific chimeric antigen receptor with a CD28.ζ signalling domain were infused. HER2-CAR T cells were given to the participants in escalating doses starting from 1x104/m2 to 1x108/m2 and no dose limiting toxicity was reported. Among the 19 patients 17 patients were assessable for response to treatment. SD was reported in 4 patients lasting for 12 weeks to 14 months, and 3 of them underwent excision of the tumour with one having ≥90% necrosis indicating the antitumor effect of the treatment. The median OS was 10.3 months with a range from 5.1 to 29.1 months. Interestingly, the persistence of the HER2-CAR T cells was evaluated in 9 patients who were given greater than 1x106/m2 HER2-CAR T cells, and it was observed that CARs persisted for at least 6 weeks in 7 patients. A safe dose of HER2-CAR T cells was established through this study. Despite the limited clinical benefit, the possibility of combinations of HER2-CAR T cells with other types of immunotherapies could be further explored.





5 Clinical experience with active immunotherapy in sarcomas


5.1 Cancer vaccines

Another innovative and challenging immunotherapeutic approach which has been investigated in the treatment of sarcoma is the use of cancer vaccines. Over the past decades, multiple clinical studies on cancer vaccination in sarcoma have been published (
Supplementary Material


, Table S3
).

Published in 2021 a phase 2, randomized, double-blind, placebo-controlled clinical trial assessed the efficacy of Yeast-Brachyury Vaccine (GI-6301) combined with radiation therapy in patients with locally advanced unresectable chordomas (131). Twenty-four patients were enrolled in the trial 11 patients were assigned in the vaccine arm and 13 patients in the placebo arm, with both arms receiving radiotherapy as well. The results showed no difference in ORR between the two arms and the trial was terminated early. Another phase 1/2 clinical trial conducted by Miwa S et al. evaluating the treatment with autologous tumour lysate pulsed dendritic cells (DCs) in 37 patients with STS or BS showed minimal clinical effectiveness (60). No significant benefit from the treatment with DCs pulsed with autologous tumour lysate in patients diagnosed with sarcoma, was also reported in the phase 1 trial reported by Himoudi N et al. (108), on 16 patients, 13 of which with osteosarcoma. On the other hand, more promising results were reported by Merchant MS et al. in their study on the role of adjuvant immunotherapy with autologous lymphocytes, tumour lysate/keyhole limpet hemocyanin –pulsed DC vaccinations in patients with metastatic or recurrent Ewing sarcoma and rhabdomyosarcoma since these subtypes demonstrated improved outcome compared to previous published studies in this population (80, 132, 133). Forty-three patients (aged <35 at the initial diagnosis) with Ewing sarcoma, rhabdomyosarcoma, desmoplastic small round cell, synovial sarcoma, or undifferentiated sarcoma were enrolled, and 29 finally received immunotherapy with DC-based vaccine ± recombinant human IL7 after the administration of standard chemotherapy regimens. The toxicity of the immunotherapy was tolerable. Significant variability was observed among the different histological subtypes with the 5-year OS being 63% and the PFS 40% in patients with Ewing/rhabdomyosarcoma compared to other sarcomas for which both 5-year OS and PFS were 0%. Therefore, the results suggested that improvement in terms of survival may occur in some histological types of sarcomas with DC-based vaccines (80).

Furthermore, a multicentre, open label, phase 1b clinical trial conducted by Somaiah N et al. evaluated the safety, tolerability and immunogenicity of CMB305, a Lentiviral-Based prime-boost vaccine aimed to produce an anti-ESO-1 immune response, in patients diagnosed with NY-ESO-1 positive locally advanced, or relapsed or metastatic solid malignancies (70). Among the 79 patients who were enrolled in the study, 45 (57%) had progressive disease at study entry, and 64 were diagnosed with sarcomas including myxoid/round cell liposarcoma and synovial sarcoma. There was a 3 + 3 dose-escalation design which was followed by an expansion with CMB305 given as a single regimen or in combination with oral metronomic cyclophosphamide or intratumoral injections of glucopyranosyl lipid A. Toxicity was tolerable with the most common adverse events being fatigue, nausea, and injection-site pain. The estimated disease control rate (defined as immure-related CR, immure-related PR, or immure-related SD, and confirmed by a consecutive assessment at least 4 weeks after first documentation) for sarcoma patients was 61.9% and the OS was 26.2 months. Specifically, the immure-related SD was 61.9% and the immune-related PD was 33.3% for all STS, whilst 4.8% of the tumours were not assessed. Overall, this treatment approach was safe with promising effects indicating further investigation may be worth performing.

Promising results in Ewing’s sarcoma were reported in a previous prospective, non-randomized study published in 2016, in which 16 patients received the Vigil vaccine (GMCSF/bi-shRNAfurin DNA-transfected autologous tumour immunotherapy) (112). No significant toxicity was reported and the 1-year survival was 73% and 23% in Vigil-treated patients and non-Vigil treated patients, respectively. A 17.2-month difference in OS between the two groups, was also observed. These results suggested further investigation of Vigil in patients diagnosed with advanced Ewing’s sarcoma could be pursued.


5.1.1 Combinations of oncolytic virus with immune checkpoint inhibitors

Beyond common combinations, one that has nevertheless been tested is the combination of immunotherapy with an oncolytic virus. Oncolytic viruses could be classified into two major categories based on their development, the natural viruses and the genetically modified virus strains (134). Oncolytic viruses have the ability to selectively infect and kill cancer cells whist the normal cells are less susceptible to infection (135). Oncolytic viruses demonstrate multi-mechanistic anti-tumour effects which could be both direct and indirect, and include selective virus replication within targeted cells leading to cytolytic effects, activation of systemic anti-tumour immunity and recruitment of activated immune cells in the tumour microenvironment, and also exert effects of cell death pathways on cancer cells (infected and uninfected) and associated endothelial cell in the tumour-related vasculature eliminating angiogenesis (135). However, mechanisms of oncolytic viruses may vary among different viruses and cancer cell types (135). Several limitations and challenges of the successful function of oncolytic viruses have been descripted (135). Some factors that contribute to the limitation of oncolytic viruses activities and functions include the unknown host anti-viral pathways that restrict oncolytic viruses activity and spread, the selection of the optimal oncolytic virus candidate, the delivery of oncolytic viruses (intratumoral injections are required), the immunosuppressive environment where the oncolytic viruses must function, and the adaptive immune responses that reduce the viral functions (135).

The combination of oncolytic viruses with immune checkpoint inhibitors has been tested in several malignancies in an effort to overcome the limited effectiveness of immune checkpoint inhibitors which is reported in immunologically “cold” tumours (135). Talimogene laherparepvec (T-VEC), an oncolytic immunotherapy developed from a modified human herpes simplex virus type 1, combined with pembrolizumab has been investigated in sarcomas (63). T-VEC has been designed to self-replicate within tumour cells causing their lysis which leads to tumour antigen realise, and regional and systemic antitumour immunity promotion (63). Importantly, T-VEC was approved by FDA for the treatment of melanoma (136).

An open-label, single institution, phase 2 clinical trial assessed the anti-tumour activity of Talimogene laherparepvec (T-VEC) and pembrolizumab in patients diagnosed with locally advanced or metastatic sarcomas (63). The study included 5 patients with leiomyosarcoma, 3 with angiosarcomas, 2 with UPS, 3 with undifferentiated or unclassified sarcoma, and 7 with other histologic subtypes. Both pembrolizumab and T-VEC were given on day 1 of a 21-day cycle. The pembrolizumab was administered IV at a dose of 200mg, while the T-VEC was injected into palpable tumour site/sites with the first dose determined at ≤4 mL × 106 PFU/mL, and the second and subsequent doses at ≤4 mL × 108 PFU/mL. The primary endpoint was met with ORR 30% at 24 weeks. No CR was reported, but 7 patients (35%) experienced PR, 7 patients (35%) had SD, and 6 patients (30%) had PD. The PRs were observed in 5 different histological types and the median duration of response, was 56.1 weeks (range, 49.4-87.0 weeks). Regarding toxicity, 20% (4 patients) experienced grade 3 treatment-related adverse events, and there was no grade 4 adverse events or treatment related deaths. Eleven patients’ samples were tested for PD-L1 expression and TIL characterization before and after treatment. Six patients (55%) turned from PD-L1 negative pre-treatment to PD-L1 positive post-treatment. Only 1 patient was PD-L1 positive before treatment but 4 patients had tested positive after treatment. Also, for the 13 patients with refractory disease, PD-L1 expression was negative pre- treatment but 5 had PD-L1 expression post-treatment. Regarding the TIL score, it was higher in patients who responded to treatment compared to those who did not. In addition, patients who responded to therapy had aggregates of CD3+/CD8+ TILs at the infiltrating tumour edge in their samples before treatment was applied, and also increased number of CD3+/CD8+ TILs after treatment. In comparison, in the non-responders’ group both samples pre- and post-therapy had minimal CD3+/CD8+ TILs infiltration in the tumour, and lack of aggregates TILs at the infiltrating edge of the tumour. Overall, anti-tumour activity has been observed in different types of sarcomas with tolerable toxicity and further investigation of therapy with T-VEC and pembrolizumab in certain histological types of sarcomas is being pursued.




5.2 Cytokines

The use of cytokines has also been explored in sarcoma patients. A phase 0 clinical trial published in 2019 conducted by Zhang S et at. investigated the possibility of turning a “cold”, immunosuppresive tumour microenvironment into a “hot” immunosupportive one and thus, enhance additional immunotherapy to act (72). The trial included 8 patients diagnosed with synovial sarcoma or myxoid/round cell liposarcoma, which are sarcoma subtypes considered to have a cold tumour microenvironment. The patients were administered 2-4 weekly injections of IFNγ 100mcg/m2 subcutaneously and biopsies were taken before and after the treatment. Tumour microenvironment changes due to IFNγ were observed, and in particular T-cell infiltration and tumour-surface MHC-I expression was reported. Additionally, PD-L1 expression in tumour-infiltrating myeloid cells and tumour cells in certain occasions was increased. This phase 0 trial indicated that IFNγ can convert a “cold” into a “hot” tumour in patients with synovial sarcoma and myxoid/round cell liposarcoma, and the combination with anti-PD1 treatment may produce some advantages in the treatment of this patients.

Earlier, in 2017 Meazza C et al. reported the results of a prospective study which included 35 patients under the age of 18 diagnosed with metastatic osteosarcoma and treated with chemotherapy plus IL-2 (110). Between 1995 and 2010 patients were treated with high dose methotrexate, doxorubicin, cisplatin, ifosfamide, IL-2, LAK (lymphokine-activated killer) reinfusion and surgery. Specifically, 32 participants had their primary tumour excised, 25 underwent lung metastasectomy, and 27 patients were given IL-2 and LAK reinfusion. The determined dose of IL-2 was 9 × 106 IU/sqm/day. The estimated 3-year event-free survival rate was 34.3% and the 5-year EFS was 28.6%. Also, the 3-year OS rate was 45.0% and the 5-year OS was 37.1%. Twenty-four patients experienced a progression or relapse with a median of 10 months after their diagnosis. Twenty-three patients died within 18 months (median) after the diagnosis. Of note, 11 patients remained alive at the time of analysis and importantly all of them underwent surgical excision of both primary tumour and lung metastatic disease, except one who had CR of lung disease. Conclusively, the potential role of IL-2 and LAK/NK cells activation was suggested through the study but further studies are needed to validate the results. Several other clinical studies since the early 1990s presented in 
Table S4
 (
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 included patients with BS or STS who were treated with cytokines combined with chemotherapy and/or radiotherapy and/or surgical interventions.




6 Potential predictive biomarkers of response to immunotherapy

The rarity and heterogeneity of sarcomas pose challenges in the development of new effective therapeutic strategies but also in the identification of biomarkers that can predict the response of sarcomas to certain therapies. A number of potential biomarkers of response to immunotherapy in sarcoma have been investigated including microsatellite instability (MSI), mismatch repair deficiency (dMMR), tumour mutation burden (TMB), PD-L1 expression, infiltration of TILs, B cell-related gene signature and presence of intratumoral tertiary lymphoid structures (TLSs) (137, 138).

FDA approved mismatch repair deficiency and microsatellite instability as a biomarker for immune response to pembrolizumab, for solid tumours independently of histological type or site of malignancy (137, 139). The use of dMMR/MSI as a predictive biomarker of immunotherapy has great clinical value in some cancers, especially in colorectal cancer (137, 140). The potential of dMMR/MSI as predictive biomarker has also been assessed in sarcomas but the results are conflicting (137). Through their study, Campanella NC et al. observed, the absence of MSI in 71 patients with STS who were examined (141). Compatible with this result were several other studies including patients with either BS or STS (142–144). Conversely, other studies have identified dMMR/MSI in sarcoma patients (145–147) but further studies are required to delineate the role of this marker in sarcomas.

TMB has an established role in the treatment of several cancers (137). For example, it correlates with the response to nivolumab in patients with non-small cell lung cancer, and it has a predictive value in melanoma patients and their response to immunotherapy (148, 149). However, its role in sarcomas is not thoroughly investigated and its clinical value has not been established yet. Cote GM et al. reported a retrospective analysis of 133 tumour samples of sarcoma patients following next generation sequencing. Low or intermediate TMB levels were observed in almost all samples, except in two samples (1 UPS, 1 high‐grade STS with leiomyosarcoma features) (150). The role of TMB has also been investigated through the Angiosarcoma Project, where it was quantified in 47 angiosarcoma samples (151); angiosarcoma being an aggressive sarcoma subtype with very limited therapeutic options at present (152). Interestingly, the median mutational burden was estimated at 3.3 mutations per megabase in full cohort, but it appeared to be much higher in head/neck/face/scalp angiosarcoma samples (20.7 mutations per megabase) compared to non-head/neck/face/scalp angiosarcomas (2.8 mutations per megabase). Of note, 3 patients with head/neck/face/scalp angiosarcoma and high TMB were treated with off-label pembrolizumab and 2 of them experienced durable response to this treatment, while the third patient stopped the treatment after the first dose due to toxicity. In contrast, 3 patients with non-head/neck/face/scalp angiosarcomas, low TMB, and no dominant mutational signature of ultraviolet light, derived no clinical benefit from PD1 checkpoint inhibitors. These results suggest that TMB may have a predictive role in patients with head/neck/face/scalp angiosarcomas who receive immune check point inhibitors.

In clinical practice an important predictive biomarker of immunotherapy in a variety of malignancies is the expression of the PD-L1 (137, 153, 154). Inevitably, the role of PD-L1 expression has been studied in sarcomas as well. However, among clinical studies there is a diversity regarding the expression of PD-L1 among different histological types of sarcomas and the role of PD-L1 as a predictive biomarker is not clear (137). A retrospective analysis by Starzer AM et al. showed no association between PD-L1 expression and response to immunotherapy, which is also supported by other clinical studies showing no correlation between PD-L1 and treatment efficacy (37, 53). Interestingly, in the SARC028 trial, only 3 cases had PD-L1 expression among the 70 tissue samples that were examined. All three patients were diagnosed with UPS and 2 of them had response to pembrolizumab (47). Currently, there is no established role of PD-L1 expression as a predictive biomarker in sarcomas (137).

Tumour immune microenvironment is another marker which may have a potential role in the prediction of response to immune checkpoint inhibitors (137, 155). TILs, which are part of tumour microenvironment, are considered to be a prognostic factor in multiple malignancies, and the density of TILs in the tumour microenvironment has been correlated with clinical advantages from immunotherapy with immune checkpoint inhibitors (137). The evidence related to the use of TILs as a predictive biomarker of immune checkpoint blockage in patients diagnosed with sarcomas is not sufficient yet, so further investigation is required (137).

The presence of intratumoral tertiary lymphoid structures, which are aggregates consisted of B cell-rich areas, T cells and follicular dendritic cells, has been proposed as a predictive biomarker for the treatment with immune checkpoint inhibitors in STS (50, 138). Petitprez F et al. investigated the gene expression profiles in more than 600 STS tumours, and established an immune-based classification in sarcomas according to the composition of the tumour microenvironment (138). Particularly, five sarcoma immune class (SIC) phenotypes were identified comprise of SIC-A and SIC-B which were characterised as low immune activity groups, SIC-D and SIC-E which were high immune activity groups, and SIC-C which was high vascularized group. SIC-E was characterised by high expression of B cell-related gene signature, which was predictive of survival irrespectively of the infiltration level of CD8+T cell, and by the presence of intratumoral TLSs based on immunohistochemistry analysis. Additionally, investigators proceeded to a retrospective analysis of samples taken from 47 patients who were included in the SARC028 trial and were further classified in one of the five SIC phenotypes. Analysis showed that those patients who were categorised as SIC-E group had improved survival and higher response rate to pembrolizumab compared to other SIC groups indicating that the presence of TLSs in STS might represent a predictive biomarker (138). Based on these results, the PEMBROSARC trial introduced the biomarker-driven cohort which included TLS-positive STS treated with cyclophosphamide and pembrolizumab with the results of this cohort further supporting that presence of intratumoral TLSs could predict response to immune checkpoint inhibitors in STS (50).



7 Discussion

The high rate of relapse in high-grade localized sarcomas, the poor prognosis in metastatic disease and the limited range of effective therapies, create an urgent need for new, effective therapeutic strategies to be developed. Different types of immunotherapy approaches have been tested in patients with sarcoma through multiple clinical trials as presented in this review.

It appears that different histological types of sarcomas may respond differently to immunotherapy, but the results of clinical trials are not always in agreement with each other. UPS for example, may have a meaningful response to immune checkpoint inhibitors. This is supported by two important clinical trials the SARC028 and Alliance A091401, in which patients were treated with pembrolizumab (SARC028) and with nivolumab versus nivolumab plus ipilimumab (Alliance A091401 trial) respectively (38, 47). Similar results were reported also by large retrospective studies (40, 53) and a systematic review and meta-analysis (156). On the other hand, limited efficacy has been shown in a phase 2 clinical trial reported by Toulmonde M et al. where metronomic cyclophosphamide and pembrolizumab were used in patients with UPS (49). Conflicting results have also been reported for leiomyosarcomas. The clinical activity and response to single immune checkpoint inhibitor appeared poor in studies including the SARC028 (47), a phase 2 clinical trial conducted by Toulmonde M (49), a retrospective study reported by Liu J et al. (53), and a phase 2 trial conducted by Ben-Ami E et al. which was terminated early due to a lack of benefit of nivolumab in patients with advanced uterine leiomyosarcoma (42). However, the combination of nivolumab and ipilimumab provided more promising results in leiomyosarcomas, in the Alliance A091401 (38) and a retrospective analysis by Monga V et al. (40).

In other sarcoma subtypes, results supporting the benefit or lack of benefit of immunotherapy, are more consistent. In alveolar soft tissue part sarcomas, for example, there is cumulative evidence of response to certain immune checkpoint inhibitors. In a phase 2 clinical trial conducted by Wilky BA et al. in which patients were treated with pembrolizumab and axitinib, the 3-month PFS was 72.7% (54). Also, geptanolimab provided promising results in a phase 2 trial by Shi YK et al. (85). An ongoing phase 2 clinical trial (NCT03141684) has shown encouraging results so far of the use of atezolizumab in patients with alveolar soft part sarcomas (86). Additional evidence regarding the use of immune checkpoint inhibitors, has been provided by a systematic review and a meta-analysis performed by Saerens M et al. (156), as well as the retrospective analysis of data collected from a world-wide registry in which sixty patients with alveolar soft part sarcomas and treated with PD1/PD-L1 in Europe, Australia and USA (157). Conversely, in synovial sarcomas, the role of immune checkpoint inhibitors is limited as reported in several trials (47, 74) but interestingly, the role of adoptive cellular therapy might be promising. A phase 1/2 clinical trial reported by Ramachandran I et al. (75), and also a pilot trial conducted by Robbins PF indicating further investigation (76), provide preliminary evidence that patients with synovial sarcoma and “cold” tumours with minimal response to immune checkpoint inhibitors, may derive benefit from adaptive cellular therapy. With regards to osteosarcoma, single immune checkpoint inhibition is of limited value but the combination of anti-PDL-1 and TILs therapy in metastatic disease, showed safety and effectiveness, in two retrospective studies published in 2020 (106, 107). Also notable, the use of mifamurtide, an innate immunity modulator, has been approved in Europe for patients with non-metastatic osteosarcoma, based on a phase 3 clinical trial in which mifamurtide was combined with conventional chemotherapy and showed better outcomes compared to patients treated with chemotherapy alone (158).

The reasons why different sarcoma subtypes, may respond differently to immunotherapy remain unclear. What is clear however, is that with the exception of SARC028, single agent immunotherapy treatment responses in unselected sarcoma populations have been disappointing, raising the question whether the results of this trial occurred by chance. To this end, within SARC028, a further investigation of the characteristics that might have been related with the response to pembrolizumab in UPS patients, was performed. PD-L1 expression was noted in 3 patients with UPS, one having a CR and one having a PR. The PD-L1 expression correlating with infiltration of T cells may suggest that UPS is indeed an “inflamed” malignancy leading to response to PD-1 inhibitors. Other studies also support that UPS is a “hot” tumour with high tumour infiltrating lymphocytes, making patients possible candidates for treatment with immune check point inhibitors (159). On the other hand, responses have been reported in patients with UPS who have no PD-L1 expression, which indicates that the actual role and importance of PD-L1 expression has not been fully clarified yet (47).

The expression of PD-L1 in STS has been reported in different studies over the last decade but the results have been variable. In some studies, the percentage of tumour cells expressing PD-L1 appears to be as high as 58% and 59% (159, 160), whilst in others it is reported to be as low as 6.6% and 12% (161, 162). Admittedly, the number of sarcoma samples tested in each study is different, the assay used may be different and the sarcoma subtypes included in each study may also be different. In the study by Kim et al. (160) of 105 cases PD-L1 expression was significantly associated with higher clinical stage, presence of distant metastasis, higher histological grade, poor differentiation of tumour, and tumour necrosis. In the multivariate analysis, PD-L1 was reported as an independent prognostic indicator of OS. In contrast, in the study by D’Angelo (162) of 50 STS cases, there was no association between clinical features, OS and PD-L1 expression in tumour. Regarding specific subtypes, in the study by Pollack et al. (159) UPS were found to have higher levels of PD-L1 (P≤.001) and PD-1 (P≤.05) expression, significantly more than other subtypes including liposarcoma or synovial sarcoma, which had the lowest (P≤.05).

Regarding the use of active immunotherapy (vaccines, cytokines) although explored in multiple types of sarcomas, there has been diversity in efficacy among clinical studies (60, 70, 80, 108, 112, 131). There might be merit in further investigating the role of active immunotherapy in Ewing sarcoma based on encouraging results on a DC-based vaccination (80) and the Vigil vaccine (112). Regarding treatment with cytokines, considered a promising treatment back in the 1990s, the results of several clinical trials showed that IFNγ as a single immunotherapeutic agent is not effective (72, 163). Currently, the interest is directed to further explore changes in tumour microenvironment that can be induced by IFNγ and also to investigate the combination of IFNγ with other types of immunotherapies and especially with anti-PD1 treatment (72). Some sarcoma subtypes such as synovial sarcoma and myxoid/round cell liposarcoma characterized as “cold” tumours without high expression of MHC-I and T-cells infiltration, may turn into hot tumours by IFNγ and thus may benefit from combination treatment with IFNγ and other immunotherapy strategies. The phase 2 clinical trial NCT03063632 for example, investigating the combination of IFNγ and pembrolizumab, included patients with synovial sarcoma as one of its cohorts.

To conclude, sarcomas constitute a rare group of malignancies characterized by extensive heterogeneity. Metastatic disease is associated with poor prognosis and new therapeutic avenues are intensively explored. Immunotherapy, being a rapidly expanding field in oncology, has emerged as a potential therapeutic strategy in sarcomas although its clinical activity has not been impressive to date. There are several challenges around the use of immunotherapy in sarcomas including the great heterogeneity of mesenchymal origin malignancies, the absence of antigens that could be potential targets for vaccines or adoptive cellular therapy or antibodies, and the lack of sufficient understanding of tumour microenvironment characteristics. There is also an unfulfilled need for the identification of potential predictive biomarkers of immunotherapy in sarcomas. Whilst results of clinical trials on some sarcoma subtypes, may provide a glimpse of promising data, further studies are essential to delineate the role of immunotherapy among the different subtypes of sarcomas, particularly in combination therapy.



Author contributions

AC and TS conceptualized the study and all authors were involved in the design of the review. Both PP and MP contributed to the collection of relevant literature and data. PP wrote the first draft of the manuscript. SA and RJ contributed in the review and editing of the manuscript. Both TS and AC reviewed, revised and edited the final version of the manuscript. All authors read and approved the final manuscript. All authors contributed to the article and approved the submitted version.




Funding

This project received funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (grant agreement nos. 863955 and 101069207).



Acknowledgments

This is a short text to acknowledge the contributions of specific colleagues, institutions, or agencies that aided the efforts of the authors.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1069963/full#supplementary-material




References

1. Stiller, CA, Trama, A, Serraino, D, Rossi, S, Navarro, C, Chirlaque, MD, et al. Descriptive epidemiology of sarcomas in Europe: Report from the rarecare project. Eur J Cancer (2013) 49(3):684–95. doi: 10.1016/j.ejca.2012.09.011


2. Sbaraglia, M, Bellan, E, and Dei Tos, AP. The 2020 who classification of soft tissue tumours: News and perspectives. Pathologica (2021) 113(2):70–84. doi: 10.32074/1591-951X-213


3. Hui, JY. Epidemiology and etiology of sarcomas. Surg Clin North Am (2016) 96(5):901–14. doi: 10.1016/j.suc.2016.05.005


4. Gronchi, A, Miah, AB, Dei Tos, AP, Abecassis, N, Bajpai, J, Bauer, S, et al. Soft tissue and visceral sarcomas: Esmo-Euracan-Genturis clinical practice guidelines for diagnosis, treatment and follow-up(). Ann Oncol (2021) 32(11):1348–65. doi: 10.1016/j.annonc.2021.07.006


5. Strauss, SJ, Frezza, AM, Abecassis, N, Bajpai, J, Bauer, S, Biagini, R, et al. Bone sarcomas: Esmo-Euracan-Genturis-Ern paedcan clinical practice guideline for diagnosis, treatment and follow-up. Ann Oncol (2021) 32(12):1520–36. doi: 10.1016/j.annonc.2021.08.1995


6. WHO Classification of Tumours Editorial Board. Soft tissue and bone tumours
. (WHO classification of tumours series, 5th ed.; vol. 3). Lyon (France): International Agency for Research on Cancer (2020). Available at: https://publications.iarc.fr/588.


7. Beane, JD, Yang, JC, White, D, Steinberg, SM, Rosenberg, SA, and Rudloff, U. Efficacy of adjuvant radiation therapy in the treatment of soft tissue sarcoma of the extremity: 20-year follow-up of a randomized prospective trial. Ann Surg Oncol (2014) 21(8):2484–9. doi: 10.1245/s10434-014-3732-4


8. Haas, RL, Walraven, I, Lecointe-Artzner, E, van Houdt, WJ, Strauss, D, Schrage, Y, et al. Extrameningeal solitary fibrous tumors-surgery alone or surgery plus perioperative radiotherapy: A retrospective study from the global solitary fibrous tumor initiative in collaboration with the sarcoma patients euronet. Cancer (2020) 126(13):3002–12. doi: 10.1002/cncr.32911


9. Pisters, PW, Harrison, LB, Leung, DH, Woodruff, JM, Casper, ES, and Brennan, MF. Long-term results of a prospective randomized trial of adjuvant brachytherapy in soft tissue sarcoma. J Clin Oncol (1996) 14(3):859–68. doi: 10.1200/JCO.1996.14.3.859


10. Clemente, O, Ottaiano, A, Di Lorenzo, G, Bracigliano, A, Lamia, S, Cannella, L, et al. Is immunotherapy in the future of therapeutic management of sarcomas? J Transl Med (2021) 19(1):173. doi: 10.1186/s12967-021-02829-y


11. Bajpai, J, and Susan, D. Adjuvant chemotherapy in soft tissue Sarcomas. Conflicts, consensus, and controversies. South Asian J Cancer (2016) 5(1):15–9. doi: 10.4103/2278-330X.179687


12. Frustaci, S, Gherlinzoni, F, De Paoli, A, Bonetti, M, Azzarelli, A, Comandone, A, et al. Adjuvant chemotherapy for adult soft tissue sarcomas of the extremities and girdles: Results of the Italian randomized cooperative trial. J Clin Oncol (2001) 19(5):1238–47. doi: 10.1200/JCO.2001.19.5.1238


13. Woll, PJ, Reichardt, P, Le Cesne, A, Bonvalot, S, Azzarelli, A, Hoekstra, HJ, et al. Adjuvant chemotherapy with doxorubicin, ifosfamide, and lenograstim for resected soft-tissue sarcoma (Eortc 62931): A multicentre randomised controlled trial. Lancet Oncol (2012) 13(10):1045–54. doi: 10.1016/s1470-2045(12)70346-7


14. Meyer, M, and Seetharam, M. First-line therapy for metastatic soft tissue sarcoma. Curr Treat Options Oncol (2019) 20(1):6. doi: 10.1007/s11864-019-0606-9


15. O'Bryan, RM, Luce, JK, Talley, RW, Gottlieb, JA, Baker, LH, and Bonadonna, G. Phase II evaluation of adriamycin in human neoplasia. Cancer (1973) 32(1):1–8. doi: 10.1002/1097-0142(197307)32:1<1::aid-cncr2820320101>3.0.co;2-x


16. Judson, I, Verweij, J, Gelderblom, H, Hartmann, JT, Schoffski, P, Blay, JY, et al. Doxorubicin alone versus intensified doxorubicin plus ifosfamide for first-line treatment of advanced or metastatic soft-tissue sarcoma: A randomised controlled phase 3 trial. Lancet Oncol (2014) 15(4):415–23. doi: 10.1016/S1470-2045(14)70063-4


17. Maki, RG, Wathen, JK, Patel, SR, Priebat, DA, Okuno, SH, Samuels, B, et al. Randomized phase ii study of gemcitabine and docetaxel compared with gemcitabine alone in patients with metastatic soft tissue sarcomas: Results of sarcoma alliance for research through collaboration study 002 [Corrected]. J Clin Oncol (2007) 25(19):2755–63. doi: 10.1200/JCO.2006.10.4117


18. Martin-Liberal, J, Alam, S, Constantinidou, A, Fisher, C, Khabra, K, Messiou, C, et al. Clinical activity and tolerability of a 14-day infusional ifosfamide schedule in soft-tissue sarcoma. Sarcoma (2013) 2013:868973. doi: 10.1155/2013/868973


19. Garcia-Del-Muro, X, Lopez-Pousa, A, Maurel, J, Martin, J, Martinez-Trufero, J, Casado, A, et al. Randomized phase II study comparing gemcitabine plus dacarbazine versus dacarbazine alone in patients with previously treated soft tissue sarcoma: A Spanish group for research on sarcomas study. J Clin Oncol (2011) 29(18):2528–33. doi: 10.1200/JCO.2010.33.6107


20. Demetri, GD, von Mehren, M, Jones, RL, Hensley, ML, Schuetze, SM, Staddon, A, et al. Efficacy and safety of trabectedin or dacarbazine for metastatic liposarcoma or leiomyosarcoma after failure of conventional chemotherapy: Results of a phase III randomized multicenter clinical trial. J Clin Oncol (2016) 34(8):786–93. doi: 10.1200/JCO.2015.62.4734


21. Demetri, GD, Schoffski, P, Grignani, G, Blay, JY, Maki, RG, Van Tine, BA, et al. Activity of eribulin in patients with advanced liposarcoma demonstrated in a subgroup analysis from a randomized phase III study of eribulin versus dacarbazine. J Clin Oncol (2017) 35(30):3433–9. doi: 10.1200/JCO.2016.71.6605


22. Schoffski, P, Chawla, S, Maki, RG, Italiano, A, Gelderblom, H, Choy, E, et al. Eribulin versus dacarbazine in previously treated patients with advanced liposarcoma or leiomyosarcoma: A randomised, open-label, multicentre, phase 3 trial. Lancet (2016) 387(10028):1629–37. doi: 10.1016/S0140-6736(15)01283-0


23. van der Graaf, WT, Blay, JY, Chawla, SP, Kim, DW, Bui-Nguyen, B, Casali, PG, et al. Pazopanib for metastatic soft-tissue sarcoma (Palette): A randomised, double-blind, placebo-controlled phase 3 trial. Lancet (2012) 379(9829):1879–86. doi: 10.1016/S0140-6736(12)60651-5


24. Billingsley, KG, Burt, ME, Jara, E, Ginsberg, RJ, Woodruff, JM, Leung, DH, et al. Pulmonary metastases from soft tissue sarcoma: Analysis of patterns of diseases and postmetastasis survival. Ann Surg (1999) 229(5):602–10. doi: 10.1097/00000658-199905000-00002


25. Ryan, CW, Merimsky, O, Agulnik, M, Blay, JY, Schuetze, SM, Van Tine, BA, et al. Picasso III: A phase III, placebo-controlled study of doxorubicin with or without palifosfamide in patients with metastatic soft tissue sarcoma. J Clin Oncol (2016) 34(32):3898–905. doi: 10.1200/jco.2016.67.6684


26. Tap, WD, Wagner, AJ, Schoffski, P, Martin-Broto, J, Krarup-Hansen, A, Ganjoo, KN, et al. Effect of doxorubicin plus olaratumab vs doxorubicin plus placebo on survival in patients with advanced soft tissue sarcomas: The announce randomized clinical trial. JAMA (2020) 323(13):1266–76. doi: 10.1001/jama.2020.1707


27. Hodi, FS, Chiarion-Sileni, V, Gonzalez, R, Grob, JJ, Rutkowski, P, Cowey, CL, et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced melanoma (Checkmate 067): 4-year outcomes of a multicentre, randomised, phase 3 trial. Lancet Oncol (2018) 19(11):1480–92. doi: 10.1016/S1470-2045(18)30700-9


28. Brahmer, JR, Rodriguez-Abreu, D, Robinson, AG, Hui, R, Csoszi, T, Fulop, A, et al. Health-related quality-of-Life results for pembrolizumab versus chemotherapy in advanced, pd-L1-Positive nsclc (Keynote-024): A multicentre, international, randomised, open-label phase 3 trial. Lancet Oncol (2017) 18(12):1600–9. doi: 10.1016/S1470-2045(17)30690-3


29. Mok, TSK, Wu, YL, Kudaba, I, Kowalski, DM, Cho, BC, Turna, HZ, et al. Pembrolizumab versus chemotherapy for previously untreated, pd-L1-Expressing, locally advanced or metastatic non-Small-Cell lung cancer (Keynote-042): A randomised, open-label, controlled, phase 3 trial. Lancet (2019) 393(10183):1819–30. doi: 10.1016/S0140-6736(18)32409-7


30. Motzer, RJ, Tannir, NM, McDermott, DF, Aren Frontera, O, Melichar, B, Choueiri, TK, et al. Nivolumab plus ipilimumab versus sunitinib in advanced renal-cell carcinoma. N Engl J Med (2018) 378(14):1277–90. doi: 10.1056/NEJMoa1712126


31. Dunn, GP, Bruce, AT, Ikeda, H, Old, LJ, and Schreiber, RD. Cancer immunoediting: From immunosurveillance to tumor escape. Nat Immunol (2002) 3(11):991–8. doi: 10.1038/ni1102-991


32. Schreiber, RD, Old, LJ, and Smyth, MJ. Cancer immunoediting: Integrating immunity's roles in cancer suppression and promotion. Science (2011) 331(6024):1565–70. doi: 10.1126/science.1203486


33. Nathenson, MJ, Conley, AP, and Sausville, E. Immunotherapy: A new (and old) approach to treatment of soft tissue and bone sarcomas. Oncologist (2018) 23(1):71–83. doi: 10.1634/theoncologist.2016-0025


34. Wedekind, MF, Wagner, LM, and Cripe, TP. Immunotherapy for osteosarcoma: Where do we go from here? Pediatr Blood Cancer (2018) 65(9):e27227. doi: 10.1002/pbc.27227


35. Frankel, T, Lanfranca, MP, and Zou, W. The role of tumor microenvironment in cancer immunotherapy. Adv Exp Med Biol (2017) 1036:51–64. doi: 10.1007/978-3-319-67577-0_4


36. Zhang, H, and Chen, J. Current status and future directions of cancer immunotherapy. J Cancer (2018) 9(10):1773–81. doi: 10.7150/jca.24577


37. Starzer, AM, Berghoff, AS, Hamacher, R, Tomasich, E, Feldmann, K, Hatziioannou, T, et al. Tumor DNA methylation profiles correlate with response to anti-Pd-1 immune checkpoint inhibitor monotherapy in sarcoma patients. J Immunother Cancer (2021) 9(3). doi: 10.1136/jitc-2020-001458


38. D'Angelo, SP, Mahoney, MR, Van Tine, BA, Atkins, J, Milhem, MM, Jahagirdar, BN, et al. Nivolumab with or without ipilimumab treatment for metastatic sarcoma (Alliance A091401): Two open-label, non-comparative, randomised, phase 2 trials. Lancet Oncol (2018) 19(3):416–26. doi: 10.1016/s1470-2045(18)30006-8


39. Roland, CL, Keung, EZ-Y, Lazar, AJ, Torres, KE, Wang, W-L, Guadagnolo, A, et al. Preliminary results of a phase ii study of neoadjuvant checkpoint blockade for surgically resectable undifferentiated pleomorphic sarcoma (Ups) and dedifferentiated liposarcoma (Ddlps). J Clin Oncol (2020) 38(15_suppl):11505–. doi: 10.1200/JCO.2020.38.15_suppl.11505


40. Monga, V, Skubitz, KM, Maliske, S, Mott, SL, Dietz, H, Hirbe, AC, et al. A retrospective analysis of the efficacy of immunotherapy in metastatic soft-tissue sarcomas. Cancers (Basel) (2020) 12(7). doi: 10.3390/cancers12071873


41. Paoluzzi, L, Cacavio, A, Ghesani, M, Karambelkar, A, Rapkiewicz, A, Weber, J, et al. Response to anti-Pd1 therapy with nivolumab in metastatic sarcomas. Clin Sarcoma Res (2016) 6:24. doi: 10.1186/s13569-016-0064-0


42. Ben-Ami, E, Barysauskas, CM, Solomon, S, Tahlil, K, Malley, R, Hohos, M, et al. Immunotherapy with single agent nivolumab for advanced leiomyosarcoma of the uterus: Results of a phase 2 study. Cancer (2017) 123(17):3285–90. doi: 10.1002/cncr.30738


43. Zhou, M, Bui, N, Bolleddu, S, Lohman, M, Becker, HC, and Ganjoo, K. Nivolumab plus ipilimumab for soft tissue sarcoma: A single institution retrospective review. Immunotherapy (2020) 12(18):1303–12. doi: 10.2217/imt-2020-0155


44. Doshi, A, Zhou, M, Bui, N, Wang, DS, Ganjoo, K, and Hwang, GL. Safety and feasibility of cryoablation during immunotherapy in patients with metastatic soft tissue sarcoma. J Vasc Interv Radiol (2021) 32(12):1688–94. doi: 10.1016/j.jvir.2021.08.017


45. D'Angelo, SP, Richards, AL, Conley, AP, Woo, HJ, Dickson, MA, Gounder, M, et al. Pilot study of bempegaldesleukin in combination with nivolumab in patients with metastatic sarcoma. Nat Commun (2022) 13(1):3477. doi: 10.1038/s41467-022-30874-8


46. D'Angelo, SP, Shoushtari, AN, Keohan, ML, Dickson, MA, Gounder, MM, Chi, P, et al. Combined kit and ctla-4 blockade in patients with refractory gist and other advanced sarcomas: A phase ib study of dasatinib plus ipilimumab. Clin Cancer Res (2017) 23(12):2972–80. doi: 10.1158/1078-0432.CCR-16-2349


47. Tawbi, HA, Burgess, M, Bolejack, V, Van Tine, BA, Schuetze, SM, Hu, J, et al. Pembrolizumab in advanced soft-tissue sarcoma and bone sarcoma (Sarc028): A multicentre, two-cohort, single-arm, open-label, phase 2 trial. Lancet Oncol (2017) 18(11):1493–501. doi: 10.1016/S1470-2045(17)30624-1


48. Pollack, SM, Redman, MW, Baker, KK, Wagner, MJ, Schroeder, BA, Loggers, ET, et al. Assessment of doxorubicin and pembrolizumab in patients with advanced anthracycline-naive sarcoma: A phase 1/2 nonrandomized clinical trial. JAMA Oncol (2020) 6(11):1778–82. doi: 10.1001/jamaoncol.2020.3689


49. Toulmonde, M, Penel, N, Adam, J, Chevreau, C, Blay, JY, Le Cesne, A, et al. Use of pd-1 targeting, macrophage infiltration, and ido pathway activation in sarcomas: A phase 2 clinical trial. JAMA Oncol (2018) 4(1):93–7. doi: 10.1001/jamaoncol.2017.1617


50. Italiano, A, Bessede, A, Pulido, M, Bompas, E, Piperno-Neumann, S, Chevreau, C, et al. Pembrolizumab in soft-tissue sarcomas with tertiary lymphoid structures: A phase 2 pembrosarc trial cohort. Nat Med (2022) 28(6):1199–206. doi: 10.1038/s41591-022-01821-3


51. Livingston, MB, Jagosky, MH, Robinson, MM, Ahrens, WA, Benbow, JH, Farhangfar, CJ, et al. Phase ii study of pembrolizumab in combination with doxorubicin in metastatic and unresectable soft-tissue sarcoma. Clin Cancer Res (2021) 27(23):6424–31. doi: 10.1158/1078-0432.Ccr-21-2001


52. Smrke, A, Ostler, A, Napolitano, A, Vergnano, M, Asare, B, Fotiadis, N, et al. 1526mo - gemmk: A phase I study of gemcitabine (Gem) and pembrolizumab (Pem) in patients (Pts) with leiomyosarcoma (Lms) and undifferentiated pleomorphic sarcoma ups). Ann Oncol (2021). ESMO Congress 2021. 32(suppl_5):S1111–28.


53. Liu, J, Fan, Z, Bai, C, Li, S, Xue, R, Gao, T, et al. Real-world experience with pembrolizumab in patients with advanced soft tissue sarcoma. Ann Transl Med (2021) 9(4):339. doi: 10.21037/atm-21-49


54. Wilky, BA, Trucco, MM, Subhawong, TK, Florou, V, Park, W, Kwon, D, et al. Axitinib plus pembrolizumab in patients with advanced sarcomas including alveolar soft-part sarcoma: A single-centre, single-arm, phase 2 trial. Lancet Oncol (2019) 20(6):837–48. doi: 10.1016/S1470-2045(19)30153-6


55. Kelly, CM, Chi, P, Dickson, MA, Gounder, MM, Keohan, ML, Qin, L-X, et al. A phase ii study of epacadostat and pembrolizumab in patients with advanced sarcoma. J Clin Oncol (2019) 37(15_suppl):11049–. doi: 10.1200/JCO.2019.37.15_suppl.11049


56. Weiss, GJ, Waypa, J, Blaydorn, L, Coats, J, McGahey, K, Sangal, A, et al. A phase ib study of pembrolizumab plus chemotherapy in patients with advanced cancer (Pembroplus). Br J Cancer (2017) 117(1):33–40. doi: 10.1038/bjc.2017.145


57. Tian, Z, Dong, S, Yang, Y, Gao, S, Yang, Y, Yang, J, et al. Nanoparticle albumin-bound paclitaxel and pd-1 inhibitor (Sintilimab) combination therapy for soft tissue sarcoma: A retrospective study. BMC Cancer (2022) 22(1):56. doi: 10.1186/s12885-022-09176-1


58. Somaiah, N, Conley, AP, Parra, ER, Lin, H, Amini, B, Solis Soto, L, et al. Durvalumab plus tremelimumab in advanced or metastatic soft tissue and bone sarcomas: A single-centre phase 2 trial. Lancet Oncol (2022) 23(9):1156–66. doi: 10.1016/s1470-2045(22)00392-8


59. Wagner, MJ, Zhang, Y, Cranmer, LD, Loggers, ET, Black, G, McDonnell, S, et al. A phase 1/2 trial combining avelumab and trabectedin for advanced liposarcoma and leiomyosarcoma. Clin Cancer Res (2022) 28(11):2306–12. doi: 10.1158/1078-0432.Ccr-22-0240


60. Miwa, S, Nishida, H, Tanzawa, Y, Takeuchi, A, Hayashi, K, Yamamoto, N, et al. Phase 1/2 study of immunotherapy with dendritic cells pulsed with autologous tumor lysate in patients with refractory bone and soft tissue sarcoma. Cancer (2017) 123(9):1576–84. doi: 10.1002/cncr.30606


61. Coosemans, A, Vanderstraeten, A, Tuyaerts, S, Verschuere, T, Moerman, P, Berneman, ZN, et al. Wilms' tumor gene 1 (Wt1)–loaded dendritic cell immunotherapy in patients with uterine tumors: A phase I/Ii clinical trial. Anticancer Res (2013) 33(12):5495–500.


62. Takahashi, R, Ishibashi, Y, Hiraoka, K, Matsueda, S, Kawano, K, Kawahara, A, et al. Phase II study of personalized peptide vaccination for refractory bone and soft tissue sarcoma patients. Cancer Sci (2013) 104(10):1285–94. doi: 10.1111/cas.12226


63. Kelly, CM, Antonescu, CR, Bowler, T, Munhoz, R, Chi, P, Dickson, MA, et al. Objective response rate among patients with locally advanced or metastatic sarcoma treated with talimogene laherparepvec in combination with pembrolizumab: A phase 2 clinical trial. JAMA Oncol (2020) 6(3):402–8. doi: 10.1001/jamaoncol.2019.6152


64. Burgess, MA, Bolejack, V, Schuetze, S, Tine, BAV, Attia, S, Riedel, RF, et al. Clinical activity of pembrolizumab (P) in undifferentiated pleomorphic sarcoma (Ups) and Dedifferentiated/Pleomorphic liposarcoma (Lps): Final results of Sarc028 expansion cohorts. J Clin Oncol (2019) 37(15):11015–11015. doi: 10.1200/JCO.2019.37.15_suppl.11015


65. Naing, A, Gainor, JF, Gelderblom, H, Forde, PM, Butler, MO, Lin, CC, et al. A first-in-Human phase 1 dose escalation study of spartalizumab (Pdr001), an anti-Pd-1 antibody, in patients with advanced solid tumors. J Immunother Cancer (2020) 8(1). doi: 10.1136/jitc-2020-000530


66. Kohli, K, Yao, L, Nowicki, TS, Zhang, S, Black, RG, Schroeder, BA, et al. Il-15 mediated expansion of rare durable memory T cells following adoptive cellular therapy. J Immunother Cancer (2021) 9(5). doi: 10.1136/jitc-2020-002232


67. Araujo, DM, Druta, M, Agulnik, M, D'Angelo, SP, Blay, J-Y, Strauss, SJ, et al. Spearhead-1: A phase II trial of adp-A2m4 spear T cells in patients with advanced synovial sarcoma or Myxoid/Round cell liposarcoma. J Clin Oncol (2020) 38(15_suppl):TPS11569–TPS. doi: 10.1200/JCO.2020.38.15_suppl.TPS11569


68. Nowicki, TS, Berent-Maoz, B, Cheung-Lau, G, Huang, RR, Wang, X, Tsoi, J, et al. A pilot trial of the combination of transgenic ny-Eso-1-Reactive adoptive cellular therapy with dendritic cell vaccination with or without ipilimumab. Clin Cancer Res (2019) 25(7):2096–108. doi: 10.1158/1078-0432.Ccr-18-3496


69. D'Angelo, SP, Druta, M, Tine, BAV, Liebner, DA, Schuetze, S, Nathenson, M, et al. Primary efficacy and safety of letetresgene autoleucel (Lete-cel; Gsk3377794) pilot study in patients with advanced and metastatic Myxoid/Round cell liposarcoma (Mrcls). J Clin Oncol (2022) 40(16_suppl):11500–. doi: 10.1200/JCO.2022.40.16_suppl.11500


70. Somaiah, N, Chawla, SP, Block, MS, Morris, JC, Do, K, Kim, JW, et al. A phase 1b study evaluating the safety, tolerability, and immunogenicity of Cmb305, a lentiviral-based prime-boost vaccine regimen, in patients with locally advanced, relapsed, or metastatic cancer expressing ny-Eso-1. Oncoimmunology (2020) 9(1):1847846. doi: 10.1080/2162402X.2020.1847846


71. Karbach, J, Gnjatic, S, Bender, A, Neumann, A, Weidmann, E, Yuan, J, et al. Tumor-reactive Cd8+ T-cell responses after vaccination with ny-Eso-1 peptide, cpg 7909 and montanide isa-51: Association with survival. Int J Cancer (2010) 126(4):909–18. doi: 10.1002/ijc.24850


72. Zhang, S, Kohli, K, Black, RG, Yao, L, Spadinger, SM, He, Q, et al. Systemic interferon-gamma increases mhc class I expression and T-cell infiltration in cold tumors: Results of a phase 0 clinical trial. Cancer Immunol Res (2019) 7(8):1237–43. doi: 10.1158/2326-6066.CIR-18-0940


73. Martin-Broto, J, Hindi, N, Grignani, G, Martinez-Trufero, J, Redondo, A, Valverde, C, et al. Nivolumab and sunitinib combination in advanced soft tissue sarcomas: A multicenter, single-arm, phase Ib/II trial. J Immunother Cancer (2020) 8(2). doi: 10.1136/jitc-2020-001561


74. Maki, RG, Jungbluth, AA, Gnjatic, S, Schwartz, GK, D'Adamo, DR, Keohan, ML, et al. A pilot study of anti-Ctla4 antibody ipilimumab in patients with synovial sarcoma. Sarcoma (2013) 2013:168145. doi: 10.1155/2013/168145


75. Ramachandran, I, Lowther, DE, Dryer-Minnerly, R, Wang, R, Fayngerts, S, Nunez, D, et al. Systemic and local immunity following adoptive transfer of ny-Eso-1 spear T cells in synovial sarcoma. J Immunother Cancer (2019) 7(1):276. doi: 10.1186/s40425-019-0762-2


76. Robbins, PF, Kassim, SH, Tran, TL, Crystal, JS, Morgan, RA, Feldman, SA, et al. A pilot trial using lymphocytes genetically engineered with an ny-Eso-1-Reactive T-cell receptor: Long-term follow-up and correlates with response. Clin Cancer Res (2015) 21(5):1019–27. doi: 10.1158/1078-0432.Ccr-14-2708


77. Lu, YC, Parker, LL, Lu, T, Zheng, Z, Toomey, MA, White, DE, et al. Treatment of patients with metastatic cancer using a major histocompatibility complex class II-restricted T-cell receptor targeting the cancer germline antigen mage-A3. J Clin Oncol (2017) 35(29):3322–9. doi: 10.1200/jco.2017.74.5463


78. Mazumder, A, Eberlein, TJ, Grimm, EA, Wilson, DJ, Keenan, AM, Aamodt, R, et al. Phase I study of the adoptive immunotherapy of human cancer with lectin activated autologous mononuclear cells. Cancer (1984) 53(4):896–905. doi: 10.1002/1097-0142(19840215)53:4<896::aid-cncr2820530414>3.0.co;2-e


79. Van Tine, BA, Butler, MO, Araujo, D, Johnson, ML, Clarke, J, Liebner, D, et al. 5471 - adp-A2m4 (Mage-A4) in patients with synovial sarcoma. Ann Oncol (2019) 30(suppl_5)::v683–709. ESMO 2019 Congress.


80. Merchant, MS, Bernstein, D, Amoako, M, Baird, K, Fleisher, TA, Morre, M, et al. Adjuvant immunotherapy to improve outcome in high-risk pediatric sarcomas. Clin Cancer Res (2016) 22(13):3182–91. doi: 10.1158/1078-0432.CCR-15-2550


81. Fedorova, L, Mudry, P, Pilatova, K, Selingerova, I, Merhautova, J, Rehak, Z, et al. Assessment of immune response following dendritic cell-based immunotherapy in pediatric patients with relapsing sarcoma. Front Oncol (2019) 9:1169. doi: 10.3389/fonc.2019.01169


82. Suminoe, A, Matsuzaki, A, Hattori, H, Koga, Y, and Hara, T. Immunotherapy with autologous dendritic cells and tumor antigens for children with refractory malignant solid tumors. Pediatr Transplant (2009) 13(6):746–53. doi: 10.1111/j.1399-3046.2008.01066.x


83. Kawai, A, Nishikawa, T, Okamura, N, Shibata, T, Tamaura, K, Ueda, G, et al. (2020). Efficacy and safety of nivolumab monotherapy in patients with unresectable clear cell sarcoma and alveolar soft part sarcoma (Oscar trial, Ncch1510): A multicenter, phase 2 clinical trial, in: CTOS Virtual Annual Meeting, Vancouver, Canada.


84. Blay, J, Chevret, S, Penel, N, Bertucci, F, Bompas, E, Saada-Bouzid, E, et al. High clinical benefit rates of single agent pembrolizumab in selected rare sarcoma histotypes: First results of the acsé pembrolizumab study. Ann Oncol (2020) 31:S972. doi: 10.1016/j.annonc.2020.08.1845


85. Shi, Y, Cai, Q, Jiang, Y, Huang, G, Bi, M, Wang, B, et al. Activity and safety of geptanolimab (Gb226) for patients with unresectable, recurrent, or metastatic alveolar soft part sarcoma: A phase II, single-arm study. Clin Cancer Res (2020) 26(24):6445–52. doi: 10.1158/1078-0432.CCR-20-2819


86. Naqash, AR, Coyne, GHOS, Moore, N, Sharon, E, Takebe, N, Fino, KK, et al. Phase II study of atezolizumab in advanced alveolar soft part sarcoma (Asps). J Clin Oncol (2021) 39(15_suppl):11519–. doi: 10.1200/JCO.2021.39.15_suppl.11519


87. Wagner, MJ, Othus, M, Patel, SP, Ryan, C, Sangal, A, Powers, B, et al. Multicenter phase II trial (Swog S1609, cohort 51) of ipilimumab and nivolumab in metastatic or unresectable angiosarcoma: A substudy of dual anti-Ctla-4 and anti-Pd-1 blockade in rare tumors (Dart). J Immunother Cancer (2021) 9(8). doi: 10.1136/jitc-2021-002990


88. Florou, V, Rosenberg, AE, Wieder, E, Komanduri, KV, Kolonias, D, Uduman, M, et al. Angiosarcoma patients treated with immune checkpoint inhibitors: A case series of seven patients from a single institution. J Immunother Cancer (2019) 7(1):213. doi: 10.1186/s40425-019-0689-7


89. Jones, RL, Ravi, V, Brohl, AS, Chawla, S, Ganjoo, KN, Italiano, A, et al. Efficacy and safety of Trc105 plus pazopanib vs pazopanib alone for treatment of patients with advanced angiosarcoma: A randomized clinical trial. JAMA Oncol (2022) 8(5):740–7. doi: 10.1001/jamaoncol.2021.3547


90. Miki, Y, Tada, T, Kamo, R, Hosono, MN, Tamiya, H, Shimatani, Y, et al. Single institutional experience of the treatment of angiosarcoma of the face and scalp. Br J Radiol (2013) 86(1030):20130439. doi: 10.1259/bjr.20130439


91. Ogawa, K, Takahashi, K, Asato, Y, Yamamoto, Y, Taira, K, Matori, S, et al. Treatment and prognosis of angiosarcoma of the scalp and face: A retrospective analysis of 48 patients. Br J Radiol (2012) 85(1019):e1127–33. doi: 10.1259/bjr/31655219


92. Ohguri, T, Imada, H, Nomoto, S, Yahara, K, Hisaoka, M, Hashimoto, H, et al. Angiosarcoma of the scalp treated with curative radiotherapy plus recombinant interleukin-2 immunotherapy. Int J Radiat Oncol Biol Phys (2005) 61(5):1446–53. doi: 10.1016/j.ijrobp.2004.08.008


93. Sasaki, R, Soejima, T, Kishi, K, Imajo, Y, Hirota, S, Kamikonya, N, et al. Angiosarcoma treated with radiotherapy: Impact of tumor type and size on outcome. Int J Radiat Oncol Biol Phys (2002) 52(4):1032–40. doi: 10.1016/s0360-3016(01)02753-5


94. Scheinberg, T, Lomax, A, Tattersall, M, Thomas, D, McCowage, G, Sullivan, M, et al. Pd-1 blockade using pembrolizumab in adolescent and young adult patients with advanced bone and soft tissue sarcoma. Cancer Rep (Hoboken) (2021) 4(2):e1327. doi: 10.1002/cnr2.1327


95. Tonn, T, Schwabe, D, Klingemann, HG, Becker, S, Esser, R, Koehl, U, et al. Treatment of patients with advanced cancer with the natural killer cell line nk-92. Cytotherapy (2013) 15(12):1563–70. doi: 10.1016/j.jcyt.2013.06.017


96. Krishnadas, DK, Shusterman, S, Bai, F, Diller, L, Sullivan, JE, Cheerva, AC, et al. A phase I trial combining Decitabine/Dendritic cell vaccine targeting mage-A1, mage-A3 and ny-Eso-1 for children with relapsed or therapy-refractory neuroblastoma and sarcoma. Cancer Immunol Immunother (2015) 64(10):1251–60. doi: 10.1007/s00262-015-1731-3


97. Wang, J, Gao, S, Yang, Y, Liu, X, Zhang, P, Dong, S, et al. Clinical experience with apatinib and camrelizumab in advance clear cell sarcoma: A retrospective study. Cancer Manag Res (2021) 13:8999–9005. doi: 10.2147/CMAR.S337253


98. Geiger, JD, Hutchinson, RJ, Hohenkirk, LF, McKenna, EA, Yanik, GA, Levine, JE, et al. Vaccination of pediatric solid tumor patients with tumor lysate-pulsed dendritic cells can expand specific T cells and mediate tumor regression. Cancer Res (2001) 61(23):8513–9.


99. Doshi, SD, Oza, J, Remotti, H, Remotti, F, Moy, MP, Schwartz, GK, et al. Clinical benefit from immune checkpoint blockade in sclerosing epithelioid fibrosarcoma: A translocation-associated sarcoma. JCO Precis Oncol (2021) 5:1–5. doi: 10.1200/po.20.00201


100. Ahmed, N, Brawley, VS, Hegde, M, Robertson, C, Ghazi, A, Gerken, C, et al. Human epidermal growth factor receptor 2 (Her2) -specific chimeric antigen receptor-modified T cells for the immunotherapy of Her2-positive sarcoma. J Clin Oncol (2015) 33(15):1688–96. doi: 10.1200/JCO.2014.58.0225


101. Montagna, D, Turin, I, Schiavo, R, Montini, E, Zaffaroni, N, Villa, R, et al. Feasibility and safety of adoptive immunotherapy with ex vivo-generated autologous, cytotoxic T lymphocytes in patients with solid tumor. Cytotherapy (2012) 14(1):80–90. doi: 10.3109/14653249.2011.610303


102. MarjaNska, A, Drogosiewicz, M, Dembowska-BagiNska, B, PawiNska, WK, Balwierz, W, Bobeff, K, et al. Nivolumab for the treatment of advanced pediatric malignancies. Anticancer Res (2020) 40(12):7095–100. doi: 10.21873/anticanres.14738


103. Salkeni, MA, Conley, AP, Chen, JL, Davis, EJ, Burgess, MA, Razak, ARA, et al. A phase 2 study of anti-Pd-L1 antibody (Atezolizumab) in grade 2 and 3 chondrosarcoma. J Clin Oncol (2022) 40(16_suppl):11528–. doi: 10.1200/JCO.2022.40.16_suppl.11528


104. Le Cesne, A, Marec-Berard, P, Blay, JY, Gaspar, N, Bertucci, F, Penel, N, et al. Programmed cell death 1 (Pd-1) targeting in patients with advanced osteosarcomas: Results from the pembrosarc study. Eur J Cancer (2019) 119:151–7. doi: 10.1016/j.ejca.2019.07.018


105. Shi, J, Li, M, and Yang, R. Tumor-infiltrating lymphocytes as a feasible adjuvant immunotherapy for osteosarcoma with a poor response to neoadjuvant chemotherapy. Immunotherapy (2020) 12(9):641–52. doi: 10.2217/imt-2020-0107


106. Zhou, X, Wu, J, Duan, C, and Liu, Y. Retrospective analysis of adoptive til therapy plus anti-Pd1 therapy in patients with chemotherapy-resistant metastatic osteosarcoma. J Immunol Res (2020) 2020:7890985. doi: 10.1155/2020/7890985


107. Wang, C, Li, M, Wei, R, and Wu, J. Adoptive transfer of tils plus anti-Pd1 therapy: An alternative combination therapy for treating metastatic osteosarcoma. J Bone Oncol (2020) 25:100332. doi: 10.1016/j.jbo.2020.100332


108. Himoudi, N, Wallace, R, Parsley, KL, Gilmour, K, Barrie, AU, Howe, K, et al. Lack of T-cell responses following autologous tumour lysate pulsed dendritic cell vaccination, in patients with relapsed osteosarcoma. Clin Transl Oncol (2012) 14(4):271–9. doi: 10.1007/s12094-012-0795-1


109. Campanacci, M, Bacci, G, Bertoni, F, Picci, P, Minutillo, A, and Franceschi, C. The treatment of osteosarcoma of the extremities: Twenty year's experience at the istituto ortopedico rizzoli. Cancer (1981) 48(7):1569–81. doi: 10.1002/1097-0142(19811001)48:7<1569::aid-cncr2820480717>3.0.co;2-x


110. Meazza, C, Cefalo, G, Massimino, M, Daolio, P, Pastorino, U, Scanagatta, P, et al. Primary metastatic osteosarcoma: Results of a prospective study in children given chemotherapy and interleukin-2. Med Oncol (2017) 34(12):191. doi: 10.1007/s12032-017-1052-9


111. Thiel, U, Schober, SJ, Einspieler, I, Kirschner, A, Thiede, M, Schirmer, D, et al. Ewing Sarcoma partial regression without gvhd by chondromodulin-I/Hla-a*02:01-Specific allorestricted T cell receptor transgenic T cells. Oncoimmunology (2017) 6(5):e1312239. doi: 10.1080/2162402x.2017.1312239


112. Ghisoli, M, Barve, M, Mennel, R, Lenarsky, C, Horvath, S, Wallraven, G, et al. Three-year follow up of Gmcsf/Bi-Shrna(Furin) DNA-transfected autologous tumor immunotherapy (Vigil) in metastatic advanced ewing's sarcoma. Mol Ther (2016) 24(8):1478–83. doi: 10.1038/mt.2016.86


113. Cripe, TP, Ngo, MC, Geller, JI, Louis, CU, Currier, MA, Racadio, JM, et al. Phase 1 study of intratumoral pexa-vec (Jx-594), an oncolytic and immunotherapeutic vaccinia virus, in pediatric cancer patients. Mol Ther (2015) 23(3):602–8. doi: 10.1038/mt.2014.243


114. Constantinidou, A, Alifieris, C, and Trafalis, DT. Targeting programmed cell death -1 (Pd-1) and ligand (Pd-L1): A new era in cancer active immunotherapy. Pharmacol Ther (2019) 194:84–106. doi: 10.1016/j.pharmthera.2018.09.008


115. Naing, A, Thistlethwaite, F, De Vries, EGE, Eskens, F, Uboha, N, Ott, PA, et al. Cx-072 (Pacmilimab), a probody (®) pd-L1 inhibitor, in advanced or recurrent solid tumors (Proclaim-Cx-072): An open-label dose-finding and first-in-Human study. J Immunother Cancer (2021) 9(7). doi: 10.1136/jitc-2021-002447


116. Quiroga, D, Liebner, DA, Philippon, JS, Hoffman, S, Tan, Y, Chen, JL, et al. Activity of Pd1 inhibitor therapy in advanced sarcoma: A single-center retrospective analysis. BMC Cancer (2020) 20(1):527. doi: 10.1186/s12885-020-07021-x


117. Chen, JL, Mahoney, MR, George, S, Antonescu, CR, Liebner, DA, Tine, BAV, et al. A multicenter phase II study of nivolumab +/- ipilimumab for patients with metastatic sarcoma (Alliance A091401): Results of expansion cohorts. J Clin Oncol (2020) 38(15_suppl):11511–. doi: 10.1200/JCO.2020.38.15_suppl.11511


118. Mowery, YM, Ballman, KV, Riedel, RF, Brigman, BE, Attia, S, Meyer, CF, et al. Su2c-Sarc032: A phase II randomized controlled trial of neoadjuvant pembrolizumab with radiotherapy and adjuvant pembrolizumab for high-risk soft tissue sarcoma. J Clin Oncol (2018) 36(15_suppl):TPS11588–TPS. doi: 10.1200/JCO.2018.36.15_suppl.TPS11588


119. Roulleaux Dugage, M, Nassif, EF, Italiano, A, and Bahleda, R. Improving immunotherapy efficacy in soft-tissue sarcomas: A biomarker driven and histotype tailored review. Front Immunol (2021) 12:775761. doi: 10.3389/fimmu.2021.775761


120. Wu, J, and Waxman, DJ. Immunogenic chemotherapy: Dose and schedule dependence and combination with immunotherapy. Cancer Lett (2018) 419:210–21. doi: 10.1016/j.canlet.2018.01.050


121. Gandhi, L, Rodríguez-Abreu, D, Gadgeel, S, Esteban, E, Felip, E, De Angelis, F, et al. Pembrolizumab plus chemotherapy in metastatic non-Small-Cell lung cancer. N Engl J Med (2018) 378(22):2078–92. doi: 10.1056/NEJMoa1801005


122. Gordon, EM, Chua-Alcala, VS, Kim, K, Liu, S, Angel, N, Baby, R, et al. Saint: Results of a phase 1/2 study of Safety/Efficacy using safe amounts of ipilimumab, nivolumab, and trabectedin as first-line treatment of advanced soft tissue sarcoma. J Clin Oncol (2019) 37(15_suppl):11016–. doi: 10.1200/JCO.2019.37.15_suppl.11016


123. Gordon, EM, Chua-Alcala, VS, Kim, K, Dy, PS, Paz, MK, Angel, N, et al. Saint: Results of an expanded phase ii study using safe amounts of ipilimumab (I), nivolumab (N), and trabectedin (T) as first-line treatment of advanced soft tissue sarcoma [Nct03138161]. J Clin Oncol (2020) 38(15_suppl):11520–. doi: 10.1200/JCO.2020.38.15_suppl.11520


124. Gordon, EM, Chawla, SP, Chua-Alcala, VS, Kim, TT, Adnan, N, Sekhon, S, et al. Five-year results of a phase 2 trial using ipilimumab (I), nivolumab (N), and trabectedin (T) for previously untreated advanced soft tissue sarcoma (Nct03138161). J Clin Oncol (2022) 40(16_suppl):11573–. doi: 10.1200/JCO.2022.40.16_suppl.11573


125. Toulmonde, M, Brahmi, M, Giraud, A, Bessede, A, Kind, M, Toulza, E, et al. Lba67 tramune, a phase ib study combining trabectedin and durvalumab, results of the expansion cohort in patients with advanced pretreated soft tissue sarcomas. Ann Oncol (2020) 31(S1199). doi: 10.1016/j.annonc.2020.08.2308


126. Toulmonde, M, Brahmi, M, Giraud, A, Chakiba, C, Bessede, A, Kind, M, et al. Trabectedin plus durvalumab in patients with advanced pretreated soft tissue sarcoma and ovarian carcinoma (Tramune): An open-label, multicenter phase ib study. Clin Cancer Res (2022) 28(9):1765–72. doi: 10.1158/1078-0432.Ccr-21-2258


127. Nathenson, M, Choy, E, Carr, ND, Hibbard, HD, Mazzola, E, Catalano, PJ, et al. Phase II study of eribulin and pembrolizumab in patients (Pts) with metastatic soft tissue sarcomas (Sts): Report of lms cohort. J Clin Oncol (2020) 38(15_suppl). doi: 10.1200/JCO.2020.38.15_suppl.11559


128. Kirtane, K, Elmariah, H, Chung, CH, and Abate-Daga, D. Adoptive cellular therapy in solid tumor malignancies: Review of the literature and challenges ahead. J Immunother Cancer (2021) 9(7). doi: 10.1136/jitc-2021-002723


129. Hashimoto, K, Nishimura, S, Ito, T, and Akagi, M. Clinicopathological assessment of Cancer/Testis antigens ny-Eso-1 and mage-A4 in highly aggressive soft tissue sarcomas. Diagnostics (Basel) (2022) 12(3):733. doi: 10.3390/diagnostics12030733


130. Wei, R, Dean, DC, Thanindratarn, P, Hornicek, FJ, Guo, W, and Duan, Z. Cancer testis antigens in sarcoma: Expression, function and immunotherapeutic application. Cancer Lett (2020) 479:54–60. doi: 10.1016/j.canlet.2019.10.024


131. DeMaria, PJ, Bilusic, M, Park, DM, Heery, CR, Donahue, RN, Madan, RA, et al. Randomized, double-blind, placebo-controlled phase ii study of yeast-brachyury vaccine (Gi-6301) in combination with standard-of-Care radiotherapy in locally advanced, unresectable chordoma. Oncologist (2021) 26(5):e847–e58. doi: 10.1002/onco.13720


132. Carli, M, Colombatti, R, Oberlin, O, Bisogno, G, Treuner, J, Koscielniak, E, et al. European Intergroup studies (Mmt4-89 and Mmt4-91) on childhood metastatic rhabdomyosarcoma: Final results and analysis of prognostic factors. J Clin Oncol (2004) 22(23):4787–94. doi: 10.1200/jco.2004.04.083


133. Ladenstein, R, Pötschger, U, Le Deley, MC, Whelan, J, Paulussen, M, Oberlin, O, et al. Primary disseminated multifocal Ewing sarcoma: Results of the Euro-Ewing 99 trial. J Clin Oncol (2010) 28(20):3284–91. doi: 10.1200/jco.2009.22.9864


134. Bai, Y, Hui, P, Du, X, and Su, X. Updates to the antitumor mechanism of oncolytic virus. Thorac Cancer (2019) 10(5):1031–5. doi: 10.1111/1759-7714.13043


135. Rahman, MM, and McFadden, G. Oncolytic viruses: Newest frontier for cancer immunotherapy. Cancers (Basel) (2021) 13(21):5452. doi: 10.3390/cancers13215452


136. Andtbacka, RHI, Kaufman, HL, Collichio, F, Amatruda, T, Senzer, N, Chesney, J, et al. Talimogene laherparepvec improves durable response rate in patients with advanced melanoma. J Clin Oncol (2015) 33(25):2780–8. doi: 10.1200/jco.2014.58.3377


137. Liang, J, Chen, D, Chen, L, She, X, Zhang, H, and Xiao, Y. The potentiality of immunotherapy for sarcomas: A summary of potential predictive biomarkers. Future Oncol (2020) 16(17):1211–23. doi: 10.2217/fon-2020-0118


138. Petitprez, F, de Reyniès, A, Keung, EZ, Chen, TW, Sun, CM, Calderaro, J, et al. B cells are associated with survival and immunotherapy response in sarcoma. Nature (2020) 577(7791):556–60. doi: 10.1038/s41586-019-1906-8


139. Lemery, S, Keegan, P, and Pazdur, R. First fda approval agnostic of cancer site - when a biomarker defines the indication. N Engl J Med (2017) 377(15):1409–12. doi: 10.1056/NEJMp1709968


140. Overman, MJ, McDermott, R, Leach, JL, Lonardi, S, Lenz, HJ, Morse, MA, et al. Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatellite instability-high colorectal cancer (Checkmate 142): An open-label, multicentre, phase 2 study. Lancet Oncol (2017) 18(9):1182–91. doi: 10.1016/S1470-2045(17)30422-9


141. Campanella, NC, Penna, V, Ribeiro, G, Abrahao-Machado, LF, Scapulatempo-Neto, C, and Reis, RM. Absence of microsatellite instability in soft tissue sarcomas. Pathobiology (2015) 82(1):36–42. doi: 10.1159/000369906


142. Ericson, K, Engellau, J, Persson, A, Lindblom, A, Domanski, H, Akerman, M, et al. Immunohistochemical loss of the DNA mismatch repair proteins Msh2 and Msh6 in malignant fibrous histiocytomas. Sarcoma (2004) 8(4):123–7. doi: 10.1080/13577140400010856


143. Tarkkanen, M, Aaltonen, LA, Böhling, T, Kivioja, A, Karaharju, E, Elomaa, I, et al. No evidence of microsatellite instability in bone tumours. Br J Cancer (1996) 74(3):453–5. doi: 10.1038/bjc.1996.380


144. Entz-Werle, N, Schneider, A, Kalifa, C, Voegeli, AC, Tabone, MD, Marec-Berard, P, et al. Genetic alterations in primary osteosarcoma from 54 children and adolescents by targeted allelotyping. Br J Cancer (2003) 88(12):1925–31. doi: 10.1038/sj.bjc.6600968


145. Belchis, DA, Meece, CA, Benko, FA, Rogan, PK, Williams, RA, and Gocke, CD. Loss of heterozygosity and microsatellite instability at the retinoblastoma locus in osteosarcomas. Diagn Mol Pathol (1996) 5(3):214–9. doi: 10.1097/00019606-199609000-00011


146. Martin, SS, Hurt, WG, Hedges, LK, Butler, MG, and Schwartz, HS. Microsatellite instability in sarcomas. Ann Surg Oncol (1998) 5(4):356–60. doi: 10.1007/BF02303500


147. Ohali, A, Avigad, S, Cohen, IJ, Meller, I, Kollender, Y, Issakov, J, et al. High frequency of genomic instability in Ewing family of tumors. Cancer Genet Cytogenet (2004) 150(1):50–6. doi: 10.1016/j.cancergencyto.2003.08.014


148. Carbone, DP, Reck, M, Paz-Ares, L, Creelan, B, Horn, L, Steins, M, et al. First-line nivolumab in stage IV or recurrent non-Small-Cell lung cancer. N Engl J Med (2017) 376(25):2415–26. doi: 10.1056/NEJMoa1613493


149. Snyder, A, Makarov, V, Merghoub, T, Yuan, J, Zaretsky, JM, Desrichard, A, et al. Genetic basis for clinical response to ctla-4 blockade in melanoma. N Engl J Med (2014) 371(23):2189–99. doi: 10.1056/NEJMoa1406498


150. Cote, GM, He, J, and Choy, E. Next-generation sequencing for patients with sarcoma: A single center experience. Oncologist (2018) 23(2):234–42. doi: 10.1634/theoncologist.2017-0290


151. Painter, CA, Jain, E, Tomson, BN, Dunphy, M, Stoddard, RE, Thomas, BS, et al. The angiosarcoma project: Enabling genomic and clinical discoveries in a rare cancer through patient-partnered research. Nat Med (2020) 26(2):181–7. doi: 10.1038/s41591-019-0749-z


152. Constantinidou, A, Sauve, N, Stacchiotti, S, Blay, JY, Vincenzi, B, Grignani, G, et al. Evaluation of the use and efficacy of (Neo)Adjuvant chemotherapy in angiosarcoma: A multicentre study. ESMO Open (2020) 5(4). doi: 10.1136/esmoopen-2020-000787


153. Daud, AI, Wolchok, JD, Robert, C, Hwu, WJ, Weber, JS, Ribas, A, et al. Programmed death-ligand 1 expression and response to the anti-programmed death 1 antibody pembrolizumab in melanoma. J Clin Oncol (2016) 34(34):4102–9. doi: 10.1200/JCO.2016.67.2477


154. Aguiar, PN Jr., De Mello, RA, Hall, P, Tadokoro, H, and Lima Lopes, G. Pd-L1 expression as a predictive biomarker in advanced non-Small-Cell lung cancer: Updated survival data. Immunotherapy (2017) 9(6):499–506. doi: 10.2217/imt-2016-0150


155. Gasser, S, Lim, LHK, and Cheung, FSG. The role of the tumour microenvironment in immunotherapy. Endocr Relat Cancer (2017) 24(12):T283–T95. doi: 10.1530/ERC-17-0146


156. Saerens, M, Brusselaers, N, Rottey, S, Decruyenaere, A, Creytens, D, and Lapeire, L. Immune checkpoint inhibitors in treatment of soft-tissue sarcoma: A systematic review and meta-analysis. Eur J Cancer (2021) 152:165–82. doi: 10.1016/j.ejca.2021.04.034


157. Hindi, N, Rosenbaum, E, Jonczak, E, Hamacher, R, Rutkowski, P, Skryd, A, et al. Retrospective world-wide registry on the efficacy of immune checkpoint inhibitors in alveolar soft part sarcoma: Updated results from sixty patients. J Clin Oncol (2021) 39(15_suppl):11564–. doi: 10.1200/JCO.2021.39.15_suppl.11564


158. Meyers, PA, Schwartz, CL, Krailo, MD, Healey, JH, Bernstein, ML, Betcher, D, et al. Osteosarcoma: The addition of muramyl tripeptide to chemotherapy improves overall survival–a report from the children's oncology group. J Clin Oncol (2008) 26(4):633–8. doi: 10.1200/jco.2008.14.0095


159. Pollack, SM, He, Q, Yearley, JH, Emerson, R, Vignali, M, Zhang, Y, et al. T-Cell infiltration and clonality correlate with programmed cell death protein 1 and programmed death-ligand 1 expression in patients with soft tissue sarcomas. Cancer (2017) 123(17):3291–304. doi: 10.1002/cncr.30726


160. Kim, JR, Moon, YJ, Kwon, KS, Bae, JS, Wagle, S, Kim, KM, et al. Tumor infiltrating Pd1-positive lymphocytes and the expression of pd-L1 predict poor prognosis of soft tissue sarcomas. PLos One (2013) 8(12):e82870. doi: 10.1371/journal.pone.0082870


161. Inaguma, S, Wang, Z, Lasota, J, Sarlomo-Rikala, M, McCue, PA, Ikeda, H, et al. Comprehensive immunohistochemical study of programmed cell death ligand 1 (Pd-L1): Analysis in 5536 cases revealed consistent expression in trophoblastic tumors. Am J Surg Pathol (2016) 40(8):1133–42. doi: 10.1097/PAS.0000000000000653


162. D'Angelo, SP, Shoushtari, AN, Agaram, NP, Kuk, D, Qin, LX, Carvajal, RD, et al. Prevalence of tumor-infiltrating lymphocytes and pd-L1 expression in the soft tissue sarcoma microenvironment. Hum Pathol (2015) 46(3):357–65. doi: 10.1016/j.humpath.2014.11.001


163. Alberts, DS, Marth, C, Alvarez, RD, Johnson, G, Bidzinski, M, Kardatzke, DR, et al. Randomized phase 3 trial of interferon gamma-1b plus standard Carboplatin/Paclitaxel versus Carboplatin/Paclitaxel alone for first-line treatment of advanced ovarian and primary peritoneal carcinomas: Results from a prospectively designed analysis of progression-free survival. Gynecol Oncol (2008) 109(2):174–81. doi: 10.1016/j.ygyno.2008.01.005



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Pilavaki, Panagi, Arifi, Jones, Stylianopoulos and Constantinidou. 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.



OEBPS/Images/fonc.2022.1069963_cover.jpg
, frontiers | Frontiers in Oncology

Exploring the landscape
of immunotherapy
approaches in sarcomas





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1069963-g001.jpg
Nivolumab

Nivolumab + RT

Nivolumab + Trabectedin
Nivolumab + Targeted Therapy
(sunitinib/ pazopanib)
Pembrolizumab
Pembrolizumab + RT
Pembrolizumab + ChT*
Pembrolizumab + Targeted
Therapy (anlotinib/ pazopanib/
lenvatinib/ axitinib)

Sintilimab +Nab-paclitaxel
Camrelizumab + Apatinib
Geptanolimab

Spartalizumab

Toripalimab

Durvalumab +Trabectedin
Avelumab + Trabectedin
Avelumab + Regorafenib
Pacmilimab
Atezolizumab

Nivolumab + Ipilimumab
Nivolumab + Ipilimumab +RT

Nivolumab + Ipilimumab
+Trabectedin
Durvalumab + Tremelimumab

e Ipilimumab
e Ipilimumab + Targeted Therapy (Dasatinib)

T-VEC + Pembrolizumab

TILs + Nivolumab
Bempegaldesleukin+ Nivolumab
Transgenic ACT with DC vaccination * Ipilimumab

NY-ESO-1-specific ETC
NY-ESO-1 SPEAR T-cells
Autologous CD4+ T-cells -
transduced with MAGE-A3 TCR
ADP-A2M4

Letetresgene autoleucel
HLA-A*02:01/peptide-specific
allorepertoire-derived CD8" T
cells

HER2-specific CAR T cell
Autologous TCR-transduced T
cells (against NY-ESO-1)

NK-92 cells

Autologous ex vivo-generated
anti-tumour-specific CTL

PHA activated autologous PBL
TILs therapy + ChT

DC-based vaccines
Peptide-based vaccines
Yeast-Brachyury Vaccine (GI-
6301)+ RT

CMB305 (Lentiviral-Based) prime
-boost vaccine

Vigil vaccine

Intratumoral Pexa-Vec (JX-594)
Autologous tumour cells vaccine






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Exploring the landscape of immunotherapy approaches in sarcomas

      

        		

          1 Introduction

        



        		

          2 Overview of cancer immunotherapy

        



        		

          3 Materials and methods

        



        		

          4 Clinical experience with passive immunotherapy in sarcomas

        

          		

            4.1 Immunomodulating antibodies and combination therapies

          

            		

              4.1.1 Immune checkpoint inhibitor monotherapy

            



            		

              4.1.2 Dual checkpoint inhibitors

            



            		

              4.1.3 Combinations of immune checkpoint inhibitors with chemotherapy

            



            		

              4.1.4.  Combinations of immune checkpoint inhibitors with targeted therapies.

            



          



          



          		

            4.2 Adoptive cellular therapy

          

            		

              4.2.1 TILs therapy combined with chemotherapy or immune checkpoint inhibitors

            



            		

              4.2.2 Genetically modified T-cells

            



          



          



        



        



        		

          5 Clinical experience with active immunotherapy in sarcomas

        

          		

            5.1 Cancer vaccines

          

            		

              5.1.1 Combinations of oncolytic virus with immune checkpoint inhibitors

            



          



          



          		

            5.2 Cytokines

          



        



        



        		

          6 Potential predictive biomarkers of response to immunotherapy

        



        		

          7 Discussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Type of sarcoma

Immunomodulating
antibodies

Vaccines Cytokines

Leiomyosarcoma

Liposarcoma

Undifferentiated pleomorphic
sarcoma/Malignant fibrous
histiocytoma

Synovial sarcoma

Spindle cell sarcoma

Alveolar soft part sarcoma

~Nivolumab (37-42)
-Nivolumab & Ipilimumab
(38-40, 43, 44)
-Nivolumab &
Bempegaldesleukin (45)
“Ipilimumab (46)
-Pembrolizumab (40, 47—
56)

-Sintilimab (57)
-Durvalumab &
Tremelimumab (58)
-Avelumab & Trabectedin
(59)

-Nivolumab (38, 39, 41)
-Nivolumab & Ipilimumab
(38, 39, 43, 44)
-Nivolumab &
Bempegaldesleukin (45)
-Pembrolizumab (37, 47—
51, 53-56, 64)
-Spartalizumab (65)
-Sintilimab (57)
-Durvalumab &
Tremelimumab (58)
-Avelumab & Trabectedin
(59)

-Nivolumab (38, 41, 73)
-Nivolumab & Ipilimumab
(38, 40)

-Nivolumab &
Bempegaldesleukin (45)
-Pembrolizumab (40, 47—
56, 64)

-Pacmilimab

-Sintilimab (57)
-Durvalumab &
Tremelimumab (58)

-Nivolumab (38, 41, 73)
-Nivolumab & Ipilimumab
(38, 43, 44)

-Nivolumab &
Bempegaldesleukin (45)
-Ipilimumab (74)
-Pembrolizumab (51)
-Sintilimab (57)
-Durvalumab &
Tremelimumab (58)

-Nivolumab (38)
-Nivolumab & Ipilimumab
(38)

-Pembrolizumab (37, 48)

-Nivolumab (38, 41, 73,
83)

-Nivolumab & Ipilimumab
(38)

-Nivolumab &
Bempegaldesleukin (45)
-Pembrolizumab (37, 48,
53, 54, 84)

-NY-ESO-1-specific ETC (66)
-ADP-A2M4 (67)

-Transgenic ACT with DC vaccination +
ipilimumab (68)

-Letetresgene autoleucel (autologous T-cell
therapy targeting NY-ESO-1 tumours) (69)

-NY-ESO-1-specific ETC (66)

- NY-ESO-1 SPEAR T-cells (75)
-Autologous TCR-transduced T cells (against
NY-ESO-1) (76)

-Autologous CD4+ T-cells transduced with
MAGE-A3 TCR (77)

-PHA activated autologous PBL (78)
-ADP-A2M4 (67, 79)

-Transgenic ACT with DC vaccination +
ipilimumab (68)

-DC-based vaccines (60, 61)
-Peptide-based vaccines (62)
-T-VEC + pembrolizumab
(63)

-CMB305 (Lentiviral-Based)
prime -boost vaccine (70)
-DC-based vaccines (60)
-Peptide-based vaccines (62,
71)

-IFNy (72)

-DC-based vaccines
-Peptide-based vaccines (62)
-T-VEC + pembrolizumab
(63)

-CMB305 (Lentiviral-Based)
prime -boost vaccine (70)
-DC-based vaccines (60, 80~
82)

-Peptide-based vaccines (62)
-T-VEC + pembrolizumab
(63)

-IFNY (72)

-DC-based vaccines (60)
-Peptide-based vaccines (62)
-T-VEC + pembrolizumab
(63)

Epithelioid sarcoma

Malignant solitary fibrous tumour

Malignant peripheral nerve sheath
tumour

Angiosarcoma

Myxofibrosarcoma

Rhabdomyosarcoma

-Geptanolimab (85)
-Toripalimab
-Atezolizumab (86)
-Durvalumab &
Tremelimumab (58)

-Nivolumab (38, 41, 53,
73)

-Pembrolizumab (37, 48,
50)

-Ipilimumab (38)

-Sintilimab (57)

-Nivolumab (38, 73)
-Pembrolizumab (48)
-Nivolumab & Ipilimumab
(43)

-Pembrolizumab (49)

-Nivolumab (38, 41)
-Nivolumab & Ipilimumab
(38, 43, 44)
-Pembrolizumab (53)
“Ipilimumab (46)

-Nivolumab (73)
-Nivolumab & Ipilimumab
(38, 43, 87, 88)
-Nivolumab &
Bempegaldesleukin (45)
-Pembrolizumab (37, 48,
49, 51, 53, 55, 88)
-Carotuximab (89)
-Sintilimab (57)
-Durvalumab &
Tremelimumab (58)

-Nivolumab & Ipilimumab
(38, 43, 44)
-Pembrolizumab (37, 48—
50, 55)

-Pembrolizumab (37, 48,
50, 51, 53, 94)
-Nivolumab (41)
-Nivolumab & Ipilimumab
(43)

-Sintilimab (57)

-PHA activated autologous PBL (78)

-Transgenic ACT with DC vaccination +
ipilimumab (68)

-NK-92 cells (95)

-Peptide-based vaccines (62)
-T-VEC + pembrolizumab
(63)

-DC-based vaccines (60)
-T-VEC + pembrolizumab
(63)

-DC-based vaccines (60) -rIL-2 (90—
“T-VEC + pembrolizumab | 93)
(63)

-T-VEC + pembrolizumab
(63)

-DC-based vaccines (80, 81,
96)

Clear cell sarcoma

Fibrosarcoma

Dermatofibrosarcoma protuberans

-Nivolumab (73, 83)
-Pembrolizumab (53, 56,
94)

-Ipilimumab (46)
-Camrelizumab (97)

- Nivolumab & Ipilimumab
(99)
~Sintilimab (57)

-Nivolumab (41)
-Nivolumab & Ipilimumab
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