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RESUME

La chirurgie est la pierre angulaire du traitement curatif des sarcomes, lorsqu'elle est possible.

En revanche, en cas de maladie avancée ou métastatique, les traitements systémiques ont une efficacité assez limitée avec un réel besoin de nouvelles options thérapeutiques. Le récent succès de l'immunothérapie dans les tumeurs épithéliales soulève donc la question de la possibilité d'une telle approche dans les sarcomes, et surtout pour quels sous-types histologiques.

L'objectif de ce travail de thèse était d'obtenir des données précliniques en caractérisant le microenvironnement immunitaire au sein de trois types de sarcomes potentiellement candidats à l'immunothérapie, prérequis indispensable avant d'envisager une application clinique :

1) Dans le chondrosarcome, l'expression de PD-L1 a été retrouvée exclusivement dans près de 50% des chondrosarcomes dédifférenciés, et s'associait à une infiltration lymphocytaire T et l'expression des molécules HLA de classe I. Ces données incitent donc à inclure les patients avec ce sous type de chondrosarcome dans des essais cliniques évaluant un traitement anti PD-1/PD-L1.

2) Dans l'ostéosarcome, un infiltrat lymphocytaire T était observé de façon bien plus importante dans les lésions métastatiques que dans lésions primitives ou rechutes locales.

De plus, l'expression de PD-L1 était retrouvée dans presque 50% des métastases mais pas ou peu dans la tumeur primitive correspondante, traduisant ici une dynamique d'échappement au système immunitaire lors de la progression de la maladie. Une stratégie ciblée sur les lymphocytes T visant à amplifier et potentialiser cette réponse immune préexistante dans les lésions métastatiques pourrait donc offrir un bénéfice clinique.

3) Dans le léiomyosarcome, les molécules HLA de classe I étaient fortement exprimées et l'expression de PD-L1 retrouvée dans 30% des tumeurs de haut grade, également très infiltrées par des macrophages immunosuppresseurs CD163+. Une importante infiltration de macrophages CD163+ était un marqueur indépendant de mauvais pronostic pour la survie, indiquant l'intérêt d'une approche ciblée visant les macrophages dans ce type de sarcome, éventuellement en association avec un traitement anti PD-1/PD-L1. 
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At first sight, it may be surprising that a rheumatologist worked on such topic. In fact, rheumatologists are closely and historically associated to immunology through the immune treatment of systemic inflammatory diseases. Our day-to-day health depends critically on a well-balanced immune system: while too much activation may lead to autoimmunity, too little yields the danger of cancer development. The rheumatology community has experience in the management of immune diseases involving multiple organ systems and is familiar with the use of several immunosuppressive and immunomodulatory agents. On the other hand, the oncology community has developped during the past decade immunotherapeutic strategies that promote immune-mediated tumor destruction and lead to long-lasting response in some patients. The unprecedented clinical success of cancer immunotherapy was selected as "Breakthrough of the Year 2013" by Science magazine and even grants the Nobel Prize this year to James Allison and Tasuku Honjo for their respective discovery of the immune checkpoints CTLA-4 and PD-1.

During my master degree, I was already interested in the tumor microenvironment, studying the role of osteoblastic cells on the phenotype of prostate cancer cells via the gap junction protein Cx43. The discussion regarding my PhD project occured in 2013-2014, at the time of this « immune checkpoint inhibitors » revolution, and it was therefore an unique opportunity to work on tumor microenvironment and immunology. Owing to the local collaboration between the department of rheumatology and the sarcoma group, as well as very few data on sarcoma and immunotherapy, it was decided to develop a research project on the immune microenvironment in sarcoma. And building on international collaboration between the departments of pathology with expertise in sarcoma, this research project was conducted in the pathology department of the Leiden University Medical Center (LUMC), in the Netherlands.

Of course, sarcoma is comprised of a heterogeneous group of tumors with mesenchymal origin and it was utopian to study all sarcoma subtypes. Furthermore, we know the importance of treating by histological subtype, due to difference in biologies, prognostic factors and sensitivities to anticancer agents. As rheumatologist, I had more interest in chondrosarcomas, osteosarcomas and leiomyosarcomas, which were potentially good candidates for immunotherapeutic approaches but also sarcomas of particular expertise in the lab. Therefore this thesis will focuse on these three sarcoma subtypes and for greater clarity, data and discussion will be presented according to each subtype after an general introduction on cancer immunotherapy. 

Cancer immunoediting

The concept of immunoediting was formulated based on the observation that tumors formed in immunodeficient mice were more immunogenic (classified as "unedited") than similar tumors derived from immunocompetent mice (termed "edited") 7 . It is divided into 3 phases, designed Elimination, Equilibrium and Escape (Figure 1). immunology, who shared the 1908 Nobel Prize for their notable discoveries . Paul Ehrlich was the first to conceive the idea that the immune system could repress carcinoma, but the formal hypothesis of cancer immunosurveillance proposed by Sir Macfarlane Burnet and Lewis Thomas emerged in the midpoint of the twentieth century . They both speculated that lymphocytes acted as sentinels in recognizing and eliminating continuously arising transformed cells. The introduction of such concept led to many experiments, first by exploring whether tumor development in mice could be influenced by experimental immunosuppression status of the host, followed by identifying athymic nude mouse, then NK and γδ T cells. For more than a century, the concept of cancer immunosurveillance has been wrought with controversy . Given the existence of such immunosurveillance, why do cancers occur in immunocompetent individuals? To describe more appropriatly the dual hostprotecting and tumor-sculpting role of the immune system, the broader term « cancer immunoediting » was therefore proposed by Schreiber et al . 

The Elimination phase

In this first phase of the immunoediting process, the immune cells locate, recognize and eliminate nascent transformed cells, therefore preventing the development of a potential tumor. Cells of both the innate and adaptive immune system have been shown to be critical for the elimination (different T cells subsets, NKT, NK cells, macrophages, dendritic cells), as well as a number of effector molecules (perforin, TRAIL) and cytokines (IFNs, IL-12, TNF, etc.).

While this phenomenon mainly occurs behind the scene, the observation of spontaneously regressing melanoma in humans represents a strongest evidence for the elimination phase 8 .

The Equilibrium phase

Here, the host immune system and tumor cells enter a dynamic balance, wherein powerful antitumor immunity contains, but does not fully eradicate, a heterogeneous population of tumor cells. This situation is a sort of tumor dormancy and represents the longest period of the immunoediting process.

Clinical illustration of this phase are paraneoplastic autoimmune syndromes, caused by activation of an immune response specific for self antigens expressed on tumor cells.

Interestingly, it can precede diagnosis of a previously undetected tumor by a number of years 9,10 .

The Escape phase

At one point, immunological pressure may selected immunoevasive tumor cells. The escape phase represents the failure of the immune system to either eliminate or control the growth of transformed cells, resulting in a clinically detectable tumor.

Mechanisms of tumor escape and data on sarcomas

Lost of antigenicity

The ability of the immune system to recognize malignant cells relies, in part, on their antigenicity, which means their expression of a variety of nonmutated and mutated antigens.

However, to avoid immune-mediated elimination, cancer cells may lose their antigenicity, either due to immune selection or through the acquisition of defects in antigen presentation.

Since MHC class I expression on cancer cells is required for detection and destruction by Tcells, a loss or downregulation of its expression is commonly found in malignant cells 11 . Total HLA class I antigen loss is generally caused by structural defects in one copy of the β2microglobulin gene associated with loss of the wild-type β2microglobulin allele. Since β2microglobulin is required for cell surface expression of HLA class I antigens, it results the inability of β2microglobulin free HLA class I heavy chains to travel and to be expressed on the cell membrane. Most of the mutations identified in β2microglobulin genes inhibit their translation without affecting their transcription. Therefore, screening of malignant lesions for the expression of functional β2microglobulin should rely on immunohistochemical staining with anti-β2microglobulin antibodies. Distinct mechanisms underlie total or selective downregulation of HLA class I molecules (which can be corrected by interferon in most cases), including mutations in the individual HLA class I genes HLA-A, -B and -C, as well as defects in components of the HLA class I-associated antigen processing machinery 12 .

So far, there are few data regarding HLA expression in sarcomas. HLA class I has been studied mainly in osteosarcoma, where its expression was lost or downregulated in around 50% in primary tumors, which correlated with poorer outcome 13,14 . On another hand, frequent expression of HLA class I (almost 100%) was observed for alveolar soft part sarcoma 15 .

Recently, the loss or downregulation of HLA class I has been reported in 11/36 synovial sarcoma 16 .

In addition, tumor cell expression of non-classical HLA-E or HLA-G can modify the actions of innate immune cells by inducing tolerance in antigen-presenting cells and inhibiting NK cell-mediated killing 17 . While it is now widely accepted that HLA-G is a critical marker of immunotolerance in cancer cell immune evasion and is strongly associated with tumor progression, the role of HLA-E is more controversial as it has been reported as both a positive and negative prognostic marker in cancer 18,19 . In sarcoma, only data regarding HLA-G expression in Ewing sarcomas have been published 20,21 . This immune-inhibitory HLA-G was locally upregulated on 16/47 (34%) tumor biopsies, in response to tumor-infiltrating lymphocytes.

Finally, another way for tumors to become unrecognizable to innate immune cells is the loss of ligands for the NK cell effectors and/or suppression of the production of proinflammatory danger signals to impair dendritic cell maturation [22][23][24] . Here, most evidences of the relevance of NK cells and the dialog NK-dendritic cells come from gastrointestinal stromal tumors [25][26][27] 1.3.2. Lost of immunogenicity Cytotoxic CD8+ T cells can directly recognize via the T cell receptor (TCR) then kill antigenexpressing cells and CD4+ helper T cells have the ability to orchestrate diverse immune responses. Under normal condition, there is a balance between co-stimulatory and inhibitory signals (called immune checkpoints) in order to regulate the amplitude of the T cell response. This is crucial for maintaining self-tolerance and preventing autoimmunity. Upregulation of immunoinhibitory molecules on the surface of malignant cells, such as PD-L1, is a major mechanism to decrease tumor immunogenicity 28 . Two general mechanisms for the regulation of PD-L1 by tumor cells have emerged, either a constitutive oncogenic signaling or an induced PD-L1 expression secondary to inflammatory signals such as IFNγ (Figure 2). Of note, PD-L1 expression is strongly associated to the presence of tumor-infiltrating lymphocytes, suggesting its expression in response to IFNγ. PD-L1 is also commonly expressed on myeloid cells in the tumor microenvironment, as well as the ligand PD-L2. Furthermore, increased PD-1 expression on CD8+ T cells reflect an anergic or exhausted state. Pardoll 28 ). PD-L1 expression has been actively studied in sarcoma, as reviewed in the Table 1, which includes studies from this thesis (highlighted in grey). It is noteworthy to mention the use of various methodologies, thresholds and antibodies, as well as the study of several different sarcoma subtypes within the same publication. Furthermore, a recent meta-analysis combined 14 publications (1,451 patients) reporting PD-L1 expression in sarcomas, with the conclusion that PD-L1 expression might be a useful predictive factor of poor prognosis for patients with bone and soft tissue sarcoma 29 . As very different histologic subtypes have been grouped in such analysis, it seems difficult to draw any firm conclusions. Multiple additional immune-checkpoint receptors and ligands, some of which are selectively upregulated in various types of tumor cells, are prime targets for blockade. Among them CTLA-4 of course, the godfather of immune checkpoints, but also LAG-3, TIM-3, TIGIT and OX40 28,30 . There are currently no information regarding expression of such immune checkpoints in sarcoma.

Another category of immunomodulatory molecules includes certain metabolic enzymes, such as indoleamine 2,3-dioxygenase (IDO) expressed by both tumor cells and infiltrating myeloid cells to drive T-cell suppression. Of note, the first evidence for IDO acting as immune privilege was provided by Munn et al who demonstrated that IDO preserves the fetoplacental unit from T-cell attack 31 . Recent prospective data from a phase 1b trial in GIST and phase 2 trial in STS suggested that ongoing IDO expression, evaluated either by western blot or IHC, may limit efficacy of immunotherapeutic approches 32,33 . Indeed, a strong infiltration by macrophages expressing the inhibitory enzyme IDO has been observed in 73% of UPS, 69%

of LMS, 63% of GIST and 29% of patients with other sarcoma subtypes included in the PEMBROSARC trial.

Alternatively, tumor cells may develop mechanisms to evade immune-mediated killing, by upregulating expression of antiapoptotic molecules (i.e. FLIP, BCL-XL) or through expression of mutated inactive forms of death receptors (i.e. TRAIL receptor, DR5, Fas) 34 .

Immunosuppressive microenvironment

In addition to previous escape mechanisms, tumor cells generate an immunosuppressive microenvironment through the specific recruitment of regulatory cell populations and liberation of immunosuppressive cytokines (Figure 3). implying a worse prognosis 37,38 . In a recent study on 163 soft-tissue sarcoma samples, a high infiltration of FoxP3+ cells was observed in 25% of cases by using immunohistochemistry, and was an independent negative prognostic factor for overall survival. Of note, a high proportion of Tregs correlated with PD-L1 expression, the age of patients, high tumor stage and depth 39 .

• Myeloid-derived suppressor cells (MDSCs), an heterogenous group of myeloid progenitor cells and immature myeloid cells that induce a tolerogenic, tumorpromoting environment 40 To date, only few publications reported on Tregs infiltrate in sarcoma microenvironment, and we do not have data for the other immunosuppressive components described above.

However, it is noteworthy that one main population of cells is missing in this description of the tumor immunosuppressive network, the so-called tumor-associated macrophages (TAMs) 45,46 . Indeed, macrophages are among the most abundant normal cells in the tumor microenvironment, and rather than being tumoricidal (M1 phenotype), they adopt a protumoral phenotype M2, as described in the The majority of data come from epithelial malignancies and meta-analysis have been performed in several cancer types:

• From 20 studies including a total of 2,572 non-small cell lung cancer patients, high density of M1 TAMs was associated to better overall survival while high density of M2 TAMs in the tumor stroma predicted poor overall survival. The total density of CD68 + TAMs was not associated with patient outcomes 50 .

• From 22 studies including a total of 2,959 patients with classical Hodgkin lymphoma, high density of either CD68 + or CD163 + TAMs was a robust predictor of adverse outcomes (overall survival, progression-free survival, more advanced clinical stage) 51 .

Interestingly, high density TAMs was also significantly associated with the presence of Epstein-Barr virus in neoplastic cells.

• From 19 studies involving 2,242 gastric cancer patients, high M1 TAMs density was correlated with better overall survival and, by contrast, high density of M2 TAMs was correlated with a poor prognosis 52 . Furthermore, high M2 TAMs density was correlated with poor clinicopathological characteristics: larger tumor size, diffuse Lauren type, poor histologic differentiation, deeper tumor invasion, lymph node metastasis and advanced TNM stage. Of note, CD68 + TAMs infiltration has no significant prognostic effect on patient survival.

• From 16 studies with a total of 4,541 breast cancer patients, high density of TAMs was associated with poor survival with CD68 as a better biomarker than CD163 or CD206 53 .

• From 9 studies including 794 patients with ovarian cancer, CD163 + TAMs infiltration was associated with poor prognosis while high M1/M2 macrophages ratio in tumor tissues predicted better prognosis 54 .

What do we know about TAMs in sarcoma ?

• In a spontaneous mouse model of gastrointestinal stromal tumor (GIST), it has been demonstrated via immunohistochemistry, flow cytometry and gene expression array that TAMs were mainly M1-like and inhibiting tumor growth 55 . Under imatinib, TAMs were depleted and shifted from M1-to M2 phenotype. These preclinical data were corroborated by the analysis of 57 freshly obtained human GIST specimens.

Similarly, untreated human GISTs contained M1-like TAMs (secreting high amounts of TNF, IL-1β, and IL-6), while multiple M2 genes were up-regulated in TAMs from sensitive GISTs, but not in resistant tumors.

Another study has characterized the macrophage population in GIST, reporting that TAMs were mainly CD163 + and found twofold higher in metastatic GIST compared to primary lesions 56 . In accordance to the previous study, they found that imatinib did induce secretion of anti-inflammatory IL-10 in macrophage cultures, therefore promoting a M2-like environment.

Overall, the plasticity of TAMs is well-illustrated in GISTs, where TAMs are found to be M1-like in untreated tumors, shifting to M2-like in tumors responding to imatinib, and ultimately reverting to M1-like in tumors acquiring resistance.

• In osteosarcoma, as in contrast to most other tumor types, TAMs were associated with reduced metastasis and improved survival 57 . First, almost half of upregulated genes in osteosarcoma patients without metastases related to macrophages, compared to patients who develop metastases. When characterized by immunofluorescence, both M1-(CD14/HLA-DRα positive) and M2-type TAMs (CD14/CD163 positive and association with angiogenesis) were observed. Later, another group confirmed that TAMs on tumor biopsies were associated with better overall survival and that a dysregulation of M1/M2 polarized-macrophages in favor of M1 subtype was observed in non-metastatic patients 58 . Immunohistochemistry analyses performed on a cohort of 124 patients from the French OS2006 phase 3 trial also corroborated that an increased infiltration was associated with a better prognosis, with CD163 identified as the best prognostic biomarker 59 . Results of these studies reinforce the idea of adjuvant treatment with macrophage activating agents, such as muramyl tripeptide, in osteosarcoma patients.

Interestingly, it has been demonstrated recently in an osteosarcoma mouse model that anti PD-1 treatment redirects TAMs from an M2 to an M1 phenotype in lung metastases, leading to tumor regression 60 .

• In leiomyosarcoma, the group of Matt van de Rijn has reported that an increased density of CD163-or CD68-positive tumor-infiltrating macrophages, as a resultant of CSF-1 expression, associated with was high microvessel density and poor outcome in nongynecologic leiomyosarcomas [61][62][63] .

• In myxoid liposarcoma, higher levels of CD68 + TAMs were associated with poorer overall survival 64 . In this study, authors demonstrated in vitro that macrophageconditioned medium (from RAW264.7 cell line) enhanced sarcoma cells motility and invasion by activating epidermal growth factor receptor.

• In Ewing sarcoma, higher levels of CD68 + TAMs were associated with poorer overall survival, by stimulating both angiogenesis and osteoclastogenesis 65 . Later, Handl et al found that CD163 + TAMs were more frequently present than CD68 + TAMs, and associated with both localized disease and trend toward longer survival 66 Altogether, given that TAMs had previously been thought to be generally M2-like, associated with poor overall survival and involved in the metastatic process of epithelial malignancies, 

TAMs

Key highlights include:

• Cancer vaccines, and more recently personalized cancer vaccines 68,69 Sarcomas express immunogenic proteins and antigens, including the cancer-testes antigen family (NY-ESO-1, MAGE-A3, PRAME, and LAGE-1), gangliosides (GM2, GD2, and GD3), sarcoma specific-fusion proteins (SSX, FOXO1, EWSR1, and TLS CHOP), and heat shock proteins, therefore suitable for vaccine strategies once the antigen(s) of interest are selected 70 . Of note, the CMB305 vaccine regimen to target NY-ESO-1, which is almost always express in synovial sarcoma and myxoid/round cell liposarcoma, is already tested in the clinical setting with promising data from phase I trial 71 .

• Immune checkpoint inhibitors. Mechanisms of immune checkpoint blockade and data on sarcomas are further discussed in a dedicated review at the end of the introduction section.

By releasing negative costimulatory molecules, such as the well-known cytotoxic Tlymphocyte antigen 4 (CTLA-4) and programmed cell death 1 (PD-1) or its ligand, programmed cell death ligand 1.

Additional costimulatory molecules are being investigated preclinically and clinically.

Among them, LAG3, TIM3, TIGIT, VISTA, and ICOS from the immunoglobulin superfamily (IgSF) and OX40, GITR, 4-1BB, CD40, and CD27 from the tumor necrosis factor receptor superfamily (TNFRSF).

Nevertheless, an important proportion of patients do not respond to checkpoint blockade, and development of predictive biomarkers represents a major focus of research in the field 73 . Broadening the scope of targetable tumors, notably the ones with low mutation burden or « cold » tumors, is also a future major challenge, as detailed by van den Bulk et al 74 . Combination therapies with radio-and chemotherapy, vaccine or oncolytic virus to switch cancer microenvironment to a « hot » state, therefore more sensitive to checkpoint blockade. • Adoptive T cell transfer (ACT). Three forms of ACT are being developed for cancer therapy; these include tumor-infiltrating lymphocytes (TILs), T cell receptor (TCR) T cells and chimeric antigen receptor (CAR) T cells 75,76 (Figure 6 & 7). On the basis of impressive clinical results, autologous CAR T cells specific for CD19

have recently been approved for treatment of leukemia and lymphoma 77 .

To date, the best example of such immunotherapeutic approach in sarcoma comes from autologous T cells expressing NY-ESO-1c259, an affinity-enhanced T-cell receptor (TCR) recognizing an HLA-A2-restricted NY-ESO-1/LAGE1a-derived peptide, successfully used in patients with metastatic synovial sarcoma 32 . Interestingly, confirmed and sustained tumor response was obtained in 50% of patients, with the persistance of circulating NY-ESO-1c259 T cells for at least 6 months post infusion.

In these patients, next-generation sequencing data support the hypothesis of a selfregenerating pool producing a continuing supply of effector cells. • Macrophages-targeted agents. As discussed above, prognostic significance of TAMs has been extensively studied, showing that an elevated number of TAMs and their M2 profile are correlated with therapy failure and poor prognosis in cancer patients 78,[START_REF] Komohara | Clinical significance of macrophage heterogeneity in human malignant tumors[END_REF] . Therefore, TAM-targeted strategies are seducing and have become a hot area of research. Overall, the approaches to target TAMs are by following two routes [START_REF] Tang | Anti-tumour strategies aiming to target tumour-associated macrophages[END_REF] :

o Depletion of the quantity of TAMs in tumor tissue, by inhibition of macrophage recruitment or survival. To date, some agents targeting TAMs have already been successfully tested in a clinical setting, notably a smallmolecule CCR2 inhibitor in pancreatic cancers and CSF-1R blockade in tenosynovial giant-cell tumors [START_REF] Nywening | Targeting tumour-associated macrophages with CCR2 inhibition in combination with FOLFIRINOX in patients with borderline resectable and locally advanced pancreatic cancer: a single-centre, open-label, dose-finding, nonrandomised, phase 1b trial[END_REF][START_REF] Cassier | CSF1R inhibition with emactuzumab in locally advanced diffusetype tenosynovial giant cell tumours of the soft tissue: a dose-escalation and doseexpansion phase 1 study[END_REF] ;

o Repolarization of TAMs from tumor promoting to tumoricidal status, by either enhancing M1 activity or blocking M2 activity of TAMs (Figure 8). TAM-focused therapeutic strategies have the potential to complement and synergize with both chemotherapy and immunotherapy 46,[START_REF] Brown | The Promise of Targeting Macrophages in Cancer Therapy[END_REF] . Of note, CD40 agonists, which induce maturation of dendritic cells capable to activate T cells and drive TAMs to a M1-phenotype, have demonstrated synergistic activity in combination with chemotherapy (gemcitabine in pancreatic cancer) and its association with anti PD-(L)1 is being investigated (i.e. NCT02304393). In sarcoma, L-MTP-PE or mifamurtide (more detailed in the osteosarcoma part) clearly exhibited monocytes-mediated tumoricidal activity, related to the secretion of proinflammatory cytokines.

1.5. Immunotherapies in sarcoma, which subtypes ?

At the time of « the immunotherapy revolution », the question was which sarcoma subtypes would be amenable to immune checkpoint inhibitors? Based on data from epithelial malignancies, sarcomas with high mutational load and spontaneous immune infiltrate would be the best candidates (Figure 9). According to genomic studies, osteosarcoma is notable for having a high mutational burden and similar genomic complexity is present in undifferentiated pleomorphic sarcoma and leiomyosarcoma. While translocation-associated sarcomas may benefit from inhibitors against specific fusion oncoproteins or epigenetic therapy, the lack of consistent targetable event in pleomorphic sarcomas suggests checkpoint inhibition as a more rational strategy.

In addition to molecular profiling, immune profiling of cancer represents an effective approach to better define the tumor microenvironment in order to guide treatment strategies.

Indeed, another debated predictive factor for response to immunotherapy is the expression of PD-L1 on tumor or immune cells, which has been evaluated in many cancers [START_REF] Meng | Predictive biomarkers in PD-1/PD-L1 checkpoint blockade immunotherapy[END_REF] . Therefore, a comprehensive assessment of the immune microenvironment for each sarcoma subtype is an important prerequisite for understanding the role of the immune system in these mesenchymal tumors and therefore developing tumor type specific immunotherapeutic strategies. This was the aim of this thesis, which will focuse on three sarcoma subtypes: chondrosarcoma, osteosarcoma and leiomyosarcoma, after a review on immune checkpoint inhibitors and potential predictive biomarkers in sarcoma. Sarcomas are a heterogeneous group of rare neoplasms, originating from somatic mesenchymal tissues, with more than 50 distinct histologic subtypes. Although accounting for o1% of all adult solid malignant cancers, sarcomas form more than 20% of all pediatric solid malignant cancers. 1 In spite of chemotherapy and radiotherapy, the median survival for metastatic sarcoma is ~12 months. 2 Novel treatment options for these patients are therefore of utmost importance.

One class of such potential new therapeutics is the immune checkpoint inhibitors. In 2010, the treatment of advanced melanoma patients with antibodies that block cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) marked the beginning of the successful employment of this new class of immunotherapeutics. 3 Added to dacarbazine, ipilimumab has doubled the 5-year survival rates in patients with advanced melanoma compared with patients treated with dacarbazine alone. 4 A few years later, antibodies directed against programmed death 1 (PD-1) or PD-ligand 1 (PD-L1) demonstrated clinical efficacy in melanoma patients and in other cancer types. [5][6][7][8][9][10] Moreover, therapies targeting the PD-1/PD-L1 axis produced less immune-related side effects compared to treatment with anti-CTLA-4 antibodies. 11 These promising immunotherapies may offer new treatment options for sarcoma patients and clinical trials are being performed to explore their potential. Because of the heterogeneity of sarcomas, researchers and clinicians tried to identify which subtypes would be suitable for immunotherapeutic strategies. Considering the genetic background of sarcomas, it was postulated that high-grade sarcomas with complex genomes would be the best candidates for treatment with immune checkpoint inhibitors. 12 Recently, biomarkers predictive of response to immune checkpoint inhibitors have been proposed and investigated and could therefore guide selection of sarcoma patients for clinical trials 13,14 . In this review, we describe the mechanisms of action of immune checkpoint inhibitors and discuss and summarize the literature on the presence of biomarkers in sarcomas that may predict treatment response. In light of these, we discuss the potential application of immune checkpoint inhibitors in the treatment of sarcomas.

MODE OF ACTION OF IMMUNE CHECKPOINT INHIBITORS Anti-CTLA-4 Antibodies

Our knowledge on how the immune system combats cancer cells has increased ever since Burnet 15 and Thomas proposed the concept of cancer immune surveillance in the 1950s. To induce an immune response, professional antigen-presenting cells (APCs), most importantly dendritic cells (DCs), take up tumor-associated antigens and migrate via lymphatic vessels to the regional lymph nodes. 16 In the lymph nodes, the DCs can activate naive T cells by presenting tumor antigens in complex with human leukocyte antigen (HLA) class I and II molecules to the T-cell receptor of naive CD8 + and CD4 + T cells, respectively. This priming of the T cells requires additional co-stimulatory signals by binding of CD28 on the naive T cell to CD80 and CD86 on the APC (Figure 1a). 17 The immune checkpoint molecule CTLA-4, however, can compete with CD28 for binding to CD80 and CD86, and produce inhibitory signals to the activated T cells, acting as a real break and leading to T-cell anergy and apoptosis. 18 Interestingly, regulatory T cells (T reg cells) also need CTLA-4 for their immunosuppressive function, suggesting that anti-CTLA-4 treatment might also interfere with the immunosuppressive function of T reg cells. 19 The importance of CTLA-4 in maintaining a balanced immune response has been demonstrated with CTLA-4 knockout mice that develop severe autoimmune lymphoproliferative disease. 20,21 By releasing such an immunosuppressive brake, treatment with anti-CTLA-4 antibodies result in an enhanced activation of naive T cells. Although APCs can activate both CD4 + and CD8 + T cells, treatment with anti-CTLA-4 antibodies is believed to mainly regulate the activity of CD4 + T cells, which can develop in Th1 CD4 + cells after activation and provide important cytokines, such as IL-2, for the activation of CD8 + T cells. These T cells can then migrate to the tumor tissues and recognize tumor antigens presented in complex with HLA class I at the surface of tumor cells, followed by elimination of the latter. 22 Anti-PD-1 and Anti-PD-L1 Antibodies While the anti-CTLA-4 blockade strategy leads to a general enhancement of T-cell priming, antibodies directed against PD-1 and PD-L1 act on T cells that have already been activated, but circulate in the lymph nodes or reside in the tumor microenvironment itself. PD-1 is a surface protein expressed on activated T and B cells while PD-L1 is mostly expressed on APCs, such as macrophages and DCs, and tumor-infiltrating lymphocytes (TILs), but can also be expressed on tumor cells. 23 In normal physiology, the PD-1/PD-L1 axis represents an important immune checkpoint to prevent immune-mediated tissue damage (Figure 2), and PD-1 knockout mice have shown increased susceptibility Predictive biomarkers for immune checkpoint inhibitors in sarcomas R Veenstra et al to the development of autoimmune disorders. 24 As PD-1 is expressed on exhausted T cells, anti-PD-1 therapy can reinforce the immune responses of this subset of T cells. 25 However, PD-1 is also expressed during earlier stages of T-cell activation, where it has an important role in the induction of tolerance against self-antigens and the generation of active cytotoxic T lymphocytes. 26 Of note, PD-1 knockout mice exhibit autoimmunity with a markedly augmented CD8 proliferation. 24 Administration of anti-PD-1 or anti-PD-L1 antibodies aims to release this immunological break and enhance the cytotoxic T-cell response, leading to tumor control or elimination.

Various cancer types like non-small-cell lung carcinoma and melanoma exploit this immunosuppressive interaction and show expression of PD-L1. 23,27,28 For example, the expression of PD-L1 on tumor cells can be the result of genetic alterations. 29 More often, PD-L1 expression on tumor cells, APCs, and other myeloid cells is induced by IFN-γ and other inflammatory cytokines present in the tumor microenvironment. 30 In addition to the PD-1-mediated immunosuppression, many of the tumor-infiltrating myeloid cells, such as myeloid-derived suppressor cells and tumorassociated macrophages (TAMs), show pro-tumorigenic activity. Some sarcomas secrete factors such as colonystimulating factor-1 (CSF-1) and others to attract and stimulate TAMs, creating an immunosuppressive microenvironment. 31,32 Recent data suggest that TAMs might facilitate tumor resistance against anti-PD-1 and anti-PD-L1 therapy. 33,34 To explore the combination of inhibition of TAMs and enhancement of T-cell-mediated immune responses, an ongoing clinical trial is exploring the combined inhibition of the CSF-1 receptor and PD-1 pathway in GIST and other solid tumors (ClinicalTrials.gov Identifier: NCT02452424).

BIOMARKERS FOR IMMUNOTHERAPY IN SARCOMAS

There is a clear rationale for the use of immune checkpoint inhibitors in sarcomas. Many sarcomas harbor chromosomal translocations resulting in expressed fusion proteins, which can provoke an immunological response. Of note, fusion proteins of synovial sarcoma, clear cell sarcoma, and desmoplasmic small round cell tumor have been demonstrated to bind HLA class I molecules. 35 In one study, an in vitro cytotoxic T-cell response against alveolar rhabdomyosarcoma cells was induced using DCs pulsed with a PAX-FKHR fusion protein breakpoint epitope. 36 Some sarcomas, such as synovial sarcomas and myxoid liposarcomas, also overexpress cancer/testis antigens like NY-ESO-1, which can also trigger CD8 + T-cell-mediated lysis of tumor cells. 37,38 Treatment with anti-CTLA-4, anti-PD-1, or anti-PD-L1 antibodies could enhance CD8 + T-cell-mediated tumor lysis by skipping the crucial immune checkpoints during T-cell priming, activation, and T-cell-mediated eradication of the tumor. Multiple clinical trials are now investigating the potential of immune checkpoint inhibitors as a treatment for sarcoma patients. The first clinical results from the SARC028 study, where patients with advanced sarcomas were treated with the anti-PD-1 antibody pembrolizumab, showed response in patients with undifferentiated pleomorphic sarcoma, dedifferentiated liposarcoma, synovial sarcoma, osteosarcoma, and dedifferentiated chondrosarcoma. 39 In a cohort of patients with metastatic sarcoma, Paoluzzi et al 40 observed partial responses in a dedifferentiated chondrosarcoma, epithelioid sarcoma, and osteosarcoma after treatment with nivolumab. However, in one pilot study including six synovial sarcoma patients, treatment with anti-CTLA-4 antibody did not result in an immunological antitumor response and the disease progressed rapidly in all patients. 41 Therefore, biomarker identification will be fundamental to improve the selection of sarcomas that will respond to therapy with immune checkpoint inhibitors.

Tumor-Infiltrating Lymphocytes

The number and type of TILs could serve as a predictive biomarker for treatment with immune checkpoint inhibitors. In a cohort of patients with metastatic melanomas, patients responding to anti-PD-1 treatment were shown to have a higher number of CD8 + TILs before treatment. 42 This finding clearly indicates that an ongoing antitumor immune response present before treatment is important for the clinical outcome of treatment with anti-PD-1 therapy. Furthermore, in many cancers the presence of TILs often serves as a prognostic factor for patient survival. In patients with colon cancer, higher T-cell infiltration in the tumor was shown to be a predictive biomarker for disease-free survival. 43 A high count of TILs also associated with better overall survival in melanoma patients. 44 Furthermore, presence of tumorinfiltrating T reg cells correlated with a worse prognosis in patients with ovarian cancer and renal cell carcinoma. 45,46 These findings confirm the active role for infiltrating immune cells in controlling cancer progression. Moreover, depletion of T cells in an osteosarcoma mouse model and in the Swarm rat chondrosarcoma model resulted in a markedly reduced survival rate and an accelerated growth rate, respectively, revealing a function for CD8 + T cells in this experimental setting in slowing sarcoma progression. 47,48 Although a high number of infiltrating CD8 + T cells does not seem to be a clear prognostic marker for survival in patients with softtissue sarcoma, high expression of PD-1 on TILs and expression of PD-L1 correlate with worse survival rates in these patients, suggesting that expression of PD-1 and PD-L1 in soft-tissue sarcomas could inhibit T-cell-mediated control of cancer progression. 49,50 Mapping of the T-cell infiltrate in the tumor microenvironment and its association with patient survival has been investigated in some specific sarcoma subtypes (Table 1). A high number of tumor-infiltrating CD8 + T cells correlated with improved overall survival in Ewing sarcoma. 51 In osteosarcoma, PD-L1 expression on tumor cells associated with higher numbers of TILs and poorer survival rate, indicating that the PD-1/PD-L1 axis is an important immune evasion strategy of sarcomas. 52 PD-L1 expression has also been observed in almost 50% of dedifferentiated chondrosarcomas and correlated with a higher number of TILs and positive HLA class I expression in tumor cells, providing a rationale for using anti-PD-1 and anti-PD-L1 treatment in this sarcoma subtype. 53 A high number of intratumoral lymphocytes was also observed in EBV-associated leiomyosarcomas and inflammatory myofibroblastic tumors. 54,55 Pollack et al 56 used gene expression profiling to measure the amount of T-cell infiltration and found a higher degree of T-cell infiltration in undifferentiated pleomorphic sarcomas and leiomyosarcomas, and a low degree in synovial sarcomas. Interestingly, they also showed that the degree of T-cell infiltration and clonality significantly correlated with PD-1 and PD-L1 expression in all investigated sarcoma subtypes, suggesting that sarcomas with a high number of TILs might be more suitable for anti-PD-1 and anti-PD-L1 therapy than sarcomas with a low degree of T-cell infiltration.

Expression of PD-1 and PD-L1

Expression of PD-1 and PD-L1 in the tumor microenvironment might be an important predictive biomarker for anti-PD-1 therapies. In one of the first clinical trials with anti-PD-1 antibodies, tumor samples were immunohistochemically stained for PD-L1 before treatment. Thirty-six percent of the patients with PD-L1-positive tumors had an objective response while none of the patients with PD-L1-negative tumors responded to therapy. 6 However, in a large cohort of patients with advanced melanoma, patients with a PD-L1positive tumor showed an objective response rate of 57.5% to treatment with an anti-PD-1 antibody, whereas patients with a PD-L1-negative tumor showed an objective response rate of 41.3%. 57 These findings suggest that PD-L1 expression might not always be a clear-cut biomarker for the response to anti-PD-1 therapy.

PD-L1 can be overexpressed in cancer cells as result of genetic alterations. In diffuse large B-cell lymphomas, the PD-L1 gene was shown to be translocated and placed under the regulation of a different promotor, notably the immunoglobulin heavy-chain locus, leading to upregulation of PD-L1 expression. 29 Loss of PTEN in colorectal cancer was also shown to result in increased expression of PD-L1. 58 Interestingly, some soft-tissue sarcomas, such as liposarcomas and leiomyosarcomas, harbor genetic mutations in PTEN and loss of PTEN has recently be shown to associate with resistance to anti-PD-1 therapy in metastatic uterine leiomyosarcoma. [59][60][61][62][63][64] As already discussed above, the expression of PD-L1 is a frequently observed immune evasion strategy of certain sarcomas. So far, several studies have assessed PD-L1 expression in different sarcoma subtypes using immunohistochemistry (Table 2). In a large analysis of over 2000 sarcomas, ~50% of all sarcomas displayed expression of PD-L1 with immunohistochemistry. Notably, PD-L1 expression was observed in leiomyosarcomas, chondrosarcomas, liposarcomas, and undifferentiated pleomorphic sarcoma using immunohistochemistry with an anti-PD-L1 antibody. 65 Frequent expression of PD-1 and PD-L1 was also observed in synovial sarcoma and angiosarcoma. 50 In a cohort of 38 osteosarcoma tumor specimens PD-L1 expression was detected with RT-PCR in 32 cases of which 9 had a relative high PD-L1 mRNA expression level. 66 In HHV8-associated Kaposi sarcoma, PD-L1 expression has also been demonstrated in a large subset of cases. 67,68 Another study could detect PD-L1 expression in the dedifferentiated chondrosarcoma subtype, but not in the conventional, clear cell or mesenchymal chondrosarcoma subtype. 53 Although these studies provide a rough estimate of the percentage of PD-L1-expressing sarcomas, they also highlight some discrepancies. 50,65,69 This lack of reproducibility can be partially explained by the small number of cases and variable cutoff points for PD-L1-positivity. Moreover, the difference could also be explained by different types of antibodies used for the immunohistochemistry of PD-L1. Therefore, assessment of PD-L1 expression in sarcomas with immunohistochemistry is not, so far, a reliable predictive biomarker to preselect patients for treatment with immune checkpoint inhibitors and efforts should be made to standardize this procedure.

Mutational Load

Next-generation sequencing technologies have made it possible to comprehensively detect somatic mutations in individual tumors and to reveal mutational signature profiles. These techniques therefore provide a novel powerful tool to unravel the underlying genetic pathogenesis of sarcomas. The mutational burden of a tumor can be predictive for the outcome of treatment with immune checkpoint inhibitors. Snyder et al. 70 showed that treatment with ipilimumab, an anti-CTLA-4 antibody, was significantly more effective in patients with melanomas carrying more than 100 mutations per coding genome when compared to patients with o100 mutations in their tumors. For non-small-cell lung cancer, patients with a high nonsynonymous mutation burden were also more likely to show improved clinical benefit when treated with an anti-PD-1 antibody than patients with a low nonsynonymous mutation burden. 71 These findings support that a higher mutational load probably translates into an increased probability that neoantigens are recognized by the immune system. In line with these findings, the association between response to ipilimumab treatment, overall mutational, and neoantigen load has been shown in melanoma patients. 72,73 Although the application of next-generation sequencing in sarcomas is a developing research field, recent studies suggest that some sarcomas are driven by an intermediate mutational load (Table 3). For example, a high median frequency of somatic mutations of ~14 mutations per megabase pair (Mbp) has been reported for melanoma and a low median frequency of 0.37 mutations per Mbp as reported for acute myeloid leukemia. Compared with these reported mutation rates, the mean mutation rate of 1.15 mutations per Mbp found in a cohort of 20 high-grade intramedullary osteosarcomas is an intermediate rate, which is-although difficult to compare, as often different pipelines for analysis have been utilized-roughly similar to the median mutational rate of breast cancer shown by Alexandrov and colleagues. [74][75][76][77] Furthermore, this cohort of osteosarcomas showed a range in the mutational rate between 0.49 and 3.99 mutations per Mbp, suggesting that some individual cases could benefit more from treatment with immune checkpoint inhibitors due to their higher-than-average mutational rate. 77 Ewing sarcoma has a reported mutation rate of 0.15 mutations per Mbp of coding sequence in one study and a mutation rate of 0.62 per Mbp in another study, both indicating that the mutational rate of this translocation-driven tumor can be categorized with other cancer types with a low mutational rate. 75,78,[START_REF] Komohara | Clinical significance of macrophage heterogeneity in human malignant tumors[END_REF] Exome sequencing of uterine leiomyosarcomas revealed a mean of 373 somatic mutations per sample, whereas the mutation burden in chondrosarcoma has been shown to range from 1 to 115 somatic mutations. [START_REF] Tang | Anti-tumour strategies aiming to target tumour-associated macrophages[END_REF][START_REF] Nywening | Targeting tumour-associated macrophages with CCR2 inhibition in combination with FOLFIRINOX in patients with borderline resectable and locally advanced pancreatic cancer: a single-centre, open-label, dose-finding, nonrandomised, phase 1b trial[END_REF] In another study, exome sequencing of rhabdomyosarcoma cases revealed a mean number of mutations of 24.0 mutations per sample in a primary tumor, while metastatic tumors showed 43.3 mutations per sample and relapsed tumors 42.0 mutations per sample, although these differences were not statistically significant. [START_REF] Cassier | CSF1R inhibition with emactuzumab in locally advanced diffusetype tenosynovial giant cell tumours of the soft tissue: a dose-escalation and doseexpansion phase 1 study[END_REF] Epithelioid sarcomas have a coding somatic point mutation rate similar to that of ovarian carcinoma, indicating a relevant mutation rate in this sarcoma type, which could be beneficial for treatment with immune checkpoint inhibitors. [START_REF] Brown | The Promise of Targeting Macrophages in Cancer Therapy[END_REF][START_REF] Lim | New Strategies in Sarcoma: Linking Genomic and Immunotherapy Approaches to Molecular Subtype[END_REF] In 12 liposarcoma specimens of different subtypes, a total of 377 potential somatic mutations were detected of which 91% was validated with Sanger sequencing. [START_REF] Meng | Predictive biomarkers in PD-1/PD-L1 checkpoint blockade immunotherapy[END_REF] Although some next-generation sequencing Figure 3 Mutational load and potential for immune checkpoint inhibitors in sarcomas. Some sarcomas such as Ewing sarcoma are mainly driven by specific translocations and do not display a high mutational profile, while other sarcomas such as osteosarcoma show a higher mutation burden and a more pleomorphic histology. A higher mutational load increases the change of neoantigen formation and enhances the immunogenicity of the tumor.

Predictive biomarkers for immune checkpoint inhibitors in sarcomas R Veenstra et al studies have reported the mutation burden of certain sarcomas, it is still very difficult to directly compare the mutational load of different sarcomas based on these studies. However, as the field of next-generation sequencing is rapidly developing, the mutational load of more sarcomas can soon be unraveled and compared with other cancers, which will be a crucial step in further exploring the potential of treatment with immune checkpoint inhibitors in sarcomas (Figure 3).

DNA Mismatch Repair System

The proteins of the DNA mismatch repair (MMR) system are crucial in restoring incorporated mismatched bases during replication. As such, MMR-deficient tumors have been shown to be genetically instable tumors with a relative higher mutational load. For example, MMR-deficient colorectal cancers often show a high mutational rate, microsatellite instability, and a higher degree of TILs, suggesting an ongoing immune response against the tumor. [START_REF] Gibney | Predictive biomarkers for checkpoint inhibitor-based immunotherapy[END_REF][START_REF] Bovée | Emerging pathways in the development of chondrosarcoma of bone and implications for targeted treatment[END_REF] The higher degree of tumor infiltration by lymphocytes and the higher mutational load suggest that MMR-deficient tumors could be more suitable for the treatment with immune checkpoint inhibitors than MMR-proficient tumors. In a phase 2 clinical trial published by Le et al, 8 41 patients with metastatic carcinoma were treated with an anti-PD-1 antibody, and in line with their hypothesis, they found a significantly increased progression-free survival rate and overall survival in patients with MMR-deficient colorectal cancer compared to patients with MMR-proficient colorectal cancer. The outcome of this clinical trial provides clear evidence for the use of immune checkpoint inhibitors in MMRdeficient cancers. Although evidence is often conflicting, in some cases, certain sarcomas can display defects in the MMR system. [START_REF] Kim | Chondrosarcoma: With Updates on Molecular Genetics[END_REF] Twenty-one percent of the cases in a cohort of uterine carcinosarcomas were shown to have a defective MMR system based on a microsatellite instability phenotype and a small percentage of leiomyosarcomas are also deficient in MMR. [START_REF] Geirnaerdt | Cartilaginous tumors: fast contrast-enhanced MR imaging[END_REF][START_REF] Fletcher | Chondrosarcoma (grade I-III), including primary and secondary variants and periosteal chondrosarcoma, dedifferentiated chondrosarcoma, mesenchymal chondrosarcoma and clear cell chondrosarcoma[END_REF] Ongoing research could shed more light on MMR deficiency in sarcomas, as its role still remains to be elucidated.

Biomarkers for Hyperprogression

Very recently, the phenomenon of hyperprogression was described in cohorts of patients that were treated with anti-PD-1/PD-L1 and anti-CTLA-4 antibodies. [START_REF] Pansuriya | Somatic mosaic IDH1 and IDH2 mutations are associated with enchondroma and spindle cell hemangioma in Ollier disease and Maffucci syndrome[END_REF][START_REF] Herget | Insights into Enchondroma, Enchondromatosis and the risk of secondary Chondrosarcoma. Review of the literature with an emphasis on the clinical behaviour, radiology, malignant transformation and the follow up[END_REF] In some of these patients, treatment with these immune checkpoint inhibitors accelerated the growth of their tumors. This hyperprogression was shown to correlate with amplification of the MDM2 and MDM4 genes and mutations in the EGFR gene. [START_REF] Herget | Insights into Enchondroma, Enchondromatosis and the risk of secondary Chondrosarcoma. Review of the literature with an emphasis on the clinical behaviour, radiology, malignant transformation and the follow up[END_REF] In a large survey for MDM2 amplification in a variety of tumor types, MDM2 amplification was found to be most prevalent in sarcomas. [START_REF] De Andrea | Secondary peripheral chondrosarcoma evolving from osteochondroma as a result of outgrowth of cells with functional EXT[END_REF] Amplification of the 12q13-15 region, including the MDM2 gene is the hallmark of welldifferentiated and dedifferentiated liposarcoma, as well as parosteal osteosarcoma and is used as diagnostic marker. [START_REF] Altay | Secondary chondrosarcoma in cartilage bone tumors: report of 32 patients[END_REF] In addition, other sarcomas also display MDM2 amplification in a low percentage of the tumors, including conventional osteosarcomas and malignant peripheral nerve sheath tumors. [START_REF] De | Molecular Drivers in Chondrosarcoma[END_REF] These studies suggest that for these sarcoma subtypes treatment with immune checkpoint inhibitors must be carefully considered.

CONCLUSIONS

Immune checkpoint inhibitors have accelerated the immunotherapy revolution in oncology. As metastatic sarcomas have limited options for treatment, these therapeutics could be an interesting novel treatment option. While some first promising results in sarcoma are now being published, several clinical trials are still ongoing. A selection of sarcomas that are most suitable for treatment with immune checkpoint inhibitors can be guided by recently proposed biomarkers in other cancers. As a correlation between TILs and PD-L1 has been found in certain sarcomas, such as osteosarcoma and dedifferentiated chondrosarcoma, PD-L1 expression in these sarcomas can be considered an immunosuppressive tool to prevent TILs from eliminating tumor cells. This provides a strong rationale for therapy with anti-PD-1 or anti-PD-L1 antibodies in sarcomas with a high degree of TILs or PD-L1 expression. Furthermore, some sarcomas, such as osteosarcoma and epithelioid sarcomas, show an intermediate mutation burden when compared with other cancer types. In addition, although some sarcomas display a higher mutational load than others, individual cases with a relatively higher mutational load can often be identified in a cohort of patients. As a high mutation burden has been associated with a higher neoantigen load and a better survival rate after administration of immune checkpoint inhibitors, patients with a hypermutated sarcoma could benefit from treatment with immune checkpoint inhibitors. Larger exome-wide and genome-wide sequencing studies could provide novel insights in the mutational landscape of sarcomas and can help guiding the selection of sarcoma types for treatment with immune checkpoint inhibitors.
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Clinical presentation and imaging

Chondrosarcoma can involve any bone, with ilium and long tubular bones frequently affected.

In the long bones, it develops mainly in the metaphysis (49%) or in the diaphysis (36%).

Clinical presentation includes pain and local swelling. Pain is often present for months to years before diagnosis, typically insidious, progressive and worse at night. However, a pathological fracture may revealed the diagnosis in some patients [START_REF] Kim | Chondrosarcoma: With Updates on Molecular Genetics[END_REF] .

Plain radiographs represent the standard imaging, revealing a mixed lytic and sclerotic lesion with the presence of "popcorn" or "ringlets" calcifications (chondroid matrix). When needed, notably in anatomically complex area, computed tomography (CT) will help to visualise more clearly calcification, periosteal bone formation or cortical destruction. Magnetic resonance imaging (MRI) is also a preferred modality to evaluate the extent of marrow and soft-tissue involvement. Furthermore, a contrast-enhanced MRI can reveal high-grade areas which may be useful to guide the biospy [START_REF] Geirnaerdt | Cartilaginous tumors: fast contrast-enhanced MR imaging[END_REF] .

Classification

Chondrosarcomas constitute a malignant group of cartilaginous matrix-producing neoplasms, with diverse morphological features and clinical behavior, detailed in the World Health Organization (WHO) classification [START_REF] Fletcher | Chondrosarcoma (grade I-III), including primary and secondary variants and periosteal chondrosarcoma, dedifferentiated chondrosarcoma, mesenchymal chondrosarcoma and clear cell chondrosarcoma[END_REF] . Chondrosarcoma that arise de novo is called primary chondrosarcoma, whereas chondrosarcoma developing on preexisting benign cartilage tumor is referred to as secondary chondrosarcoma.

Precursor lesions of secondary chondrosarcoma

Two benign cartilaginous lesions can precede chondrosarcoma (Figure 10):

-Enchondroma, a benign hyaline cartilage forming tumor in the medulla of metaphyseal bone, most commonly the hands and feet. Enchondroma is usually a solitary lesion when multiple enchondromas are called enchondromatosis (Ollier disease and Maffucci syndrome as most common subtypes). Somatic heterozygous mutations in isocitrate dehydrogenase 1 (IDH1) or in IDH2 have been reported in a large proportion of enchondromas and represent molecular drivers in tumor formation [START_REF] Pansuriya | Somatic mosaic IDH1 and IDH2 mutations are associated with enchondroma and spindle cell hemangioma in Ollier disease and Maffucci syndrome[END_REF] .

Malignant transformation in a solitary enchondroma can occur but is a rarely encountered situation (up to 4%), while the risk of developing secondary central chondrosarcoma in patients with Ollier disease or Maffucci syndrome is as high as 40% [START_REF] Herget | Insights into Enchondroma, Enchondromatosis and the risk of secondary Chondrosarcoma. Review of the literature with an emphasis on the clinical behaviour, radiology, malignant transformation and the follow up[END_REF] . Pain is usually the leading symptom of a malignant transformation and must conduct to rapid clinical and radiological investigations (X-rays, computed tomography, magnetic resonance).

-Osteochondroma (or exostose), a cartilage-capped bony projection arising on the extremities of the long bones (knee region most affected). It represents the most common benign bone tumor (30-40%) that develops during the childhood or adolescence. Osteochondroma occurs in the solitary form or in a multifocal syndrome called multiple hereditary exostosis (MHE) and are cause by genetic abnormalities in the exostosin (EXT1 or EXT2) genes [START_REF] De Andrea | Secondary peripheral chondrosarcoma evolving from osteochondroma as a result of outgrowth of cells with functional EXT[END_REF] . Malignant transformation into secondary peripheral chondrosarcoma is estimated to occur in 5% [START_REF] Altay | Secondary chondrosarcoma in cartilage bone tumors: report of 32 patients[END_REF] . As for enchondroma, new onset of pain or change in the size of the tumor warrants investigation. Anatomic location categorizes chondrosarcoma as central when developed within the medullary canal (75%) and as peripheral when arised within the cartilage cap of a preexisting osteochondroma (10%) or periosteal when developed de novo on the bone surface (< 1%).

Histologically, they appear similar. There is an abundant production of hyaline cartilage matrix with variable degrees of cellularity, myxoid change, and calcification.

The histological grading of the chondrosarcoma is based on nuclear size, hyperchromasia (refer to the nucleus staining pattern and reflect DNA content), degree of cellularity, and number of mitoses [START_REF] Fletcher | Chondrosarcoma (grade I-III), including primary and secondary variants and periosteal chondrosarcoma, dedifferentiated chondrosarcoma, mesenchymal chondrosarcoma and clear cell chondrosarcoma[END_REF] (Figure 11):

-Grade 1 (low grade), reclassified as atypical cartilaginous tumor (ACT/CS1) in 2013 by the WHO classification. It is a poorly cellular tumor made by chondrocytes with small round nuclei, no mitose, and abundant hyaline cartilage matrix.

-Grade 2 (intermediate grade) is a more cellular lesion with enlarged hyperchromatic nuclei and less chondroid matrix than grade 1. Mitoses are present but widely scattered.

-Grade 3 (high-grade) is highly cellular with pleomorphic nuclei, easily detected mitoses and almost no chondroid matrix. -Mesenchymal chondrosarcoma, characterized by highly cellular areas composed of undifferentiated small round or spindle cells admixed with lobules of mature hyaline cartilage. There is a high proportion of extraskeletal primary tumors, which is not seen with other chondrosarcoma subtypes. Ideally, all patients with a suspected primary malignant bone tumor should be referred to a bone sarcoma reference center or an institution belonging to a specialized bone sarcoma network before biopsy. This is mentioned in the ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up of bone sarcomas [START_REF] Hogendoorn | Bone sarcomas: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF] .

The diagnostic biopsy should be performed at the reference center either by the surgeon who is to carry out the definitive tumor resection or by an interventional radiologist used to this procedure. Biopsies must be interpreted by an experienced pathologist but it may not accurately reflect the highest grade of the tumor due to heterogeneity.

Then, thoracic CT should be performed in patients with intermediate and high-grade chondrosarcomas to assess the presence of pulmonary metastases, which is the main factor taken into consideration in the clinical staging of the disease.

Finally, treatment strategy should be decided during a sarcoma multidisciplinary meeting, either within the framework of prospective, often collaborative, clinical studies, or established treatment protocols.

Surgery

Wide en bloc surgical excision with microscopically negative margins remains the best available treatment for nonmetastatic chondrosarcoma patients. It may lead to considerable morbidity and functional disabilities but represents the only curative option.

To minimize the consequences of a large excision, extensive intralesional curettage is proposed as an alternative to resection for ACT/grade I chondrosarcoma of the long bones, without increasing the risk for local recurrence or metastasis [START_REF] Hickey | A systematic review and meta-analysis of intralesional versus wide resection for intramedullary grade I chondrosarcoma of the extremities[END_REF] . Excision of low-grade peripheral chondrosarcomas arising from osteochondromas should include a covering of normal tissue over it.

In case of nonresectable or metastatic disease, effective options are limited owing to the relative radiotherapy and chemotherapy resistance of these tumors.

Radiation therapy

The role of radiation therapy is limited in chondrosarcomas but may be considered after an incomplete resection of a high-grade tumor with no possibility of second surgery to maximize the likelihood of local control. However, we lack data from randomized trials to firmly support its routine use, explaining different strategies between sarcoma centers.

Alternative radiation modalities have been tested, such as carbon ion therapy in patients with skull base chondrosarcoma that demonstrated high control rate [START_REF] Uhl | High control rate in patients with chondrosarcoma of the skull base after carbon ion therapy: first report of long-term results[END_REF] 1.5.4. Chemotherapy

Conventional chemotherapy also has a limited efficacy in patients with advanced conventional chondrosarcoma, with no uniform treatment lines in such patients (Figure 13) 100 . It results in a very diverse group of treatment regimens being used. Chemoresistance may be explained, in part, by the cartilaginous matrix with poor vascularization, as well as the few number of dividing cells.

In a recent retrospective study conducted in four sarcoma centers 101 , the data on first-line systemic therapy of 112 patients were collected and demonstrated :

-a longer progression-free survival (PFS) for patients with conventional chondrosarcoma receiving antihormonal therapy, -a multidrug regimen preferred in case of mesenchymal chondrosarcoma, -a better PFS with doxorubicin monotherapy compared to doxorubicin-based combination therapy for patients with dedifferentiated chondrosarcoma.

The highest benefit of chemotherapy has been observed in mesenchymal and dedifferentiated chondrosarcoma 102 . only rare chondrosarcoma subtypes from five institutes (dedifferentiated, mesenchymal and clear cell chondrosarcomas). Surprisingly, membranous PD-L1 expression was specifically detected in 9/22 (41%) of dedifferentiated chondrosarcoma whereas its expression was absent in the remaining subtypes. Furthermore, only the dedifferentiated component exhibited PD-L1 positivity, which was always negative in the well-differentiated part of the tumor. Therefore, we retrieved 23 formalin-fixed, paraffin-embedded tissue blocks from 22 patients with dedifferentiated chondrosarcoma in order to constitute an independent validation cohort. Our finding was confirmed with PD-L1 positivity observed in 11 of the 21 patients (52%) for which the dedifferentiated component could be evaluated. This independent cohort allowed us to work on whole sections, which is more appropriate to assess such immune markers. Thus, we evaluated the T-cell infiltration by using CD3 immunohistochemistry and found that high tumor infiltration by T cells was significantly correlated with PD-L1 expression and that T cells commonly co-localized with PD-L1positive tumor cells. In all tumors except one, a positive membranous PD-1 expression was found on T cells. To further characterize the T-cell infiltrate in these dedifferentiated chondrosarcomas, we performed a triple immunofluorescent staining of CD3-CD8-FoxP3 revealing that CD3 + CD8 + cytotoxic T cells represented 58% of the TILs in both primary tumors and metastases and that Tregs were more frequent in metastases than in primary tumors (all CD3 + FoxP3 + double-positive cells). Similarly, we evaluated the macrophage infiltrate using CD14 immunohistochemistry and found that 85% of tumors were highly infiltrated by TAMs, only in the dedifferentiated areas, and all exhibiting a double immunofluorescent staining CD14-CD163, a marker of immunosuppressive M2 TAMs. As patients with chondrosarcoma usually do not receive neoadjuvant treatment, such findings reflect the natural host immune response and the natural tumor microenvironment, suggesting that patients with dedifferentiated chondrosarcoma may be excellent candidates for PD-1/PD-L1-targeted therapies. Their inclusion in clinical trials would help (1) to assess a potential benefit for patients with this specific subtype of chondrosarcoma and (2) to elucidate whether the PD-L1 expression observed in half of the tumors is predictive for objective response to agents targeting the PD-1/PD-L1 pathway.

ACCEPTED MANUSCRIPT

Therapies targeting the programmed cell death 1 (PD-1) or its ligand (PD-L1) promote antitumor T-cell activity, leading to unprecedented long-lasting tumor responses in some advanced cancers. Because of radiotherapy and chemotherapy resistance, no effective treatments have been defined for advanced chondrosarcomas. We here report an immunohistochemical analysis of PD-L1 expression in a large series of conventional, mesenchymal, clear cell and dedifferentiated chondrosarcomas using tissue microarrays. In the PD-L1-positive tumors, we analyzed the immune microenvironment (T-cell and macrophage infiltration as well as HLA class I expression) using whole sections. PD-L1 expression was absent in conventional (n = 119), mesenchymal (n = 19) and clear cell (n = 20) chondrosarcomas. Forty-one percent (9 of the 22) of dedifferentiated chondrosarcomas displayed PD-L1 positivity. These results were confirmed in an independent cohort using whole tissue sections of dedifferentiated chondrosarcomas in which PD-L1 expression was detected in 52% (11 of the 21) of cases. PD-L1 expression was exclusively found in the dedifferentiated component and expression positively correlated with other immune parameters such as high number of tumor-infiltrating lymphocytes (P = 0.014) and positive HLA class I expression (P = 0.024) but not with patient overall survival (P = 0.22). The presence of PD-L1 expression in association with immune-infiltrating cells and HLA class I expression in nearly 50% of the dedifferentiated chondrosarcomas provides rationale for including these patients in clinical trials with PD-1/PD-L1-targeted therapies. Modern Pathology advance online publication, 17 Chondrosarcomas constitute a malignant group of cartilaginous matrix-producing neoplasms, with diverse morphological features and clinical behavior. 1 Conventional chondrosarcoma is the second most common primary bone malignancy after osteosarcoma and can be categorized according to their location into central (85%) and peripheral chondrosarcomas (15%). Their histology is similar, with atypical chondrocytes and abundant extracellular matrix, but they differ at the genetic level. Notably, mutations in isocitrate dehydrogenase (IDH) 1 and 2 are found in approximately half of conventional central chondrosarcomas while mutations in genes encoding exostosin (EXT) 1 and 2 characterize peripheral chondrosarcomas. 2,3 Histological grade is strongly correlated with clinical prognosis with a 10-year survival rate of 83% for atypical cartilaginous tumor/grade I but only 29% for grade III. In addition to conventional chondrosarcoma, several rare subtypes of chondrosarcoma are discerned (dedifferentiated, mesenchymal and clear cell), together constituting 10-15% of all chondrosarcomas. Clear cell chondrosarcoma is a low-grade malignant tumor with a 10-year survival rate reported around 90% while dedifferentiated and mesenchymal chondrosarcoma are both highly malignant, with frequent occurrence of distant metastases and o30% survival at 5 and 10 years, respectively. 4 IDH mutations are also present in around half of the dedifferentiated chondrosarcomas. 5 Wide surgical excision remains the best available treatment for chondrosarcoma patients, and in case of nonresectable or metastatic disease, effective options are limited owing to the relative radiotherapy and chemotherapy resistance of these tumors.

The recent approval of ipilimumab, an anticytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) antibody, followed by nivolumab and pembrolizumab, two anti-programmed death 1 (anti-PD-1) antibodies, represented a considerable progress in the treatment of metastatic melanoma and non-small cell lung cancer. [6][7][8][9] By enhancing antitumor T-cell activity, some unprecedented long-lasting tumor responses were observed in patients with unresectable or metastatic disease. The clinical value of these immune checkpoint inhibitors is currently being investigated in various solid tumors and hematological malignancies. Their expression and role in sarcomas is not yet well characterized but is currently under investigation. 10 However, to date there is scarce data regarding the immune microenvironment and the presence of the immune checkpoint PD-1 with its ligand PD-L1 in chondrosarcoma. Recently, a preclinical study revealed the absence of PD-L1 expression in six mesenchymal chondrosarcomas. 11 This may suggest that this chondrosarcoma subtype is less suited for PD-1/ PD-L1 blockade but these observations cannot be generalized to all chondrosarcomas.

PD-L1 expression, either by the tumor cells themselves or by the tumor-associated immune cells, can be an effective mechanism for tumors to evade immune-mediated destruction. 12 A high mutational load in tumors and the presence of a spontaneous antitumor immune reaction prior to treatment have been associated with predicting better response to both CTLA-4 and PD-1 blockade. [13][14][15] Whole-exome sequencing of 49 chondrosarcomas identified a median of 22 non-synonymous mutations per tumor (range 1-93). 16 Grade II, grade III and dedifferentiated chondrosarcomas were significantly associated with a higher mutation burden, which can indicate a potential sensitivity to immune checkpoint blockade. Another reported predictive factor for response to anti PD-1 agents is PD-L1 expression before treatment, but this remains a matter of debate owing to the dynamic process of PD-L1 expression, the multiplicity of detection methods and the use of different cutoff values. 17 Moreover, the predictive value of PD-L1 expression also differs between tumor subtypes and the monoclonal antibody used. As an example, PD-L1 status alone does not seem to be useful in the selection of melanoma patients for nivolumab. On the other hand, when its expression was retrospectively determined in non-small cell lung cancers, it identified patients with an enhanced likelihood to benefit from pembrolizumab. [18][19][20] Cytotoxic T cells are the main executioners of antitumor immunity induced by these immune checkpoint blockers but require antigenic presentation in the context of human leukocyte antigen (HLA) molecules. Loss or inability to upregulate HLA class I expression is a common mechanism of tumor immune escape to avoid the T-cell recognition. Therefore, assessing HLA class I expression on tumor cells might be an important prerequisite for the success of T-cell-mediated immunotherapies. 21 In order to evaluate whether chondrosarcoma patients are eligible for PD-1-or PD-L1-targeted therapies, we determined the PD-L1 expression and its potential association with HLA class I expression and immune-infiltrating cells in a large series of chondrosarcomas by using immunohistochemistry.

Materials and methods

Patient Material

Two tissue microarrays were used for which clinicopathological data were reported in detail previously. 22,23 Briefly, primary tumors of 137 patients with conventional chondrosarcomas (central chondrosarcoma, n = 92; peripheral chondrosarcoma, n = 45) and 20 benign cartilage tumors (osteochondroma, n = 9; enchondroma, n = 11) were included in a conventional tissue microarray while dedifferentiated chondrosarcomas (n = 25), mesenchymal chondrosarcomas (n = 21) and clear cell chondrosarcomas (n = 20) from five institutes (Leiden, Oxford, Bologna, Budapest and Graz) were collected in a rare subtype tissue microarray.

For the validation cohort, we retrieved 23 formalinfixed, paraffin-embedded tissue blocks from 22 patients with dedifferentiated chondrosarcoma (2009-2015) from the archives of the Pathology Department of the Leiden University Medical Center. We used whole sections to assess PD-L1, immune infiltrate and HLA class I expression in these tumors. Nineteen tissue samples were primary tumors, three were metastases and one was a local relapse. For one patient, material from both primary tumor and metastasis was available. Diagnoses were confirmed by an experienced bone and soft-tissue tumor pathologist (JVMGB) according to the 2013 World Health Organization classification. For 10 dedifferentiated chondrosarcomas from the validation cohort, IDH1 and IDH2 mutation analysis was performed in diagnostic setting. All the specimens were anonymized and handled according to the ethical guidelines described in the Code for Proper Secondary Use of Human Tissue in the Netherlands of the Dutch Federation of Medical Scientific Societies.

Immunohistochemistry and Scoring

Four-μm sections were deparaffinized with xylene and rehydrated in graded concentrations of ethanol. Endogenous peroxidase was blocked in 0.3% H 2 O 2 solution and microwave antigen retrieval was performed in Tris-EDTA pH 9.0 or Citrate pH 6.0 as described in Table 1. For PD-L1 staining, the clone E1L3N (Cell Signaling, Danvers, MA, USA) was used. According to standard laboratory methods, 24 primary antibodies were diluted in PBS/bovine serum albumin 1% and incubated overnight at 4 °C, then detected using poly-HRP (ImmunoLogic) and visualized with a DAB+ substrate chromogen system (Dako). Finally, slides were counterstained with hematoxylin, dehydrated and mounted using CV Mount (Leica Microsystems). Tonsils were used as positive controls and primary antibodies were omitted for the negative controls.

Tissue microarrays and whole sections were evaluated and scored independently by two observers (MK and JVMGB or AHGC), blinded to clinicopathological data. For dedifferentiated chondrosarcoma, the well-differentiated and the dedifferentiated components were scored separately. In case of discrepancies, the slide was reviewed to reach a consensus. Extent of PD-L1 staining (1: o1%, 2: 1-49% and 3: ≥ 50%) was assessed and PD-L1 positivity was defined as ≥ 1% of tumor cells or immune cells showing a membranous PD-L1 staining of any intensity, according to published data. 19 The number of CD3-positive cells was quantified manually on a Zeiss microscope in five representative × 40 high-power fields (HPF). Adapted from the landmark paper on prognostic significance of tumor-infiltrating lymphocytes, the degree of T cells was graded as low if ≤ 5 T cells/HPF or high if 45 T cells/HPF. 25 Because of heterogeneity, both intratumoral and peritumoral area of the tumor were scored separately when possible. In tumors with high T-cell infiltrate, PD-1 expression was assessed on T cells and was considered positive if a membranous staining could be seen. HLA class I expression (HCA2, HC10 and β2-microglobulin staining) was categorized as negative/focal weak (tumor cells negative or focally and weakly positive with positive internal controls), heterogeneous (if negative as well as positive regions could be found on the same slide) or positive (moderate or strong staining in the whole tumor). Macrophage infiltrate was scored semiquantitatively on whole section as low or high using the cutoff of 20% CD14-positive cells. Specimens for which loss of tissue occurred during the staining procedure were not included in the analysis.

Immunofluorescent Staining and Scoring

Tumor-infiltrating lymphocytes were characterized with triple immunofluorescent staining of CD3-CD8-FoxP3 and tumor-associated macrophages with double immunofluorescence of CD14-CD163, both in nine patients (six primary tumors and three not matched metastasis). After antigen retrieval using Tris-EDTA buffer pH 9.0, the combination of primary antibodies were incubated overnight at 4 °C (see Table 1). The next day, isotype-specific secondary antibodies labeled with Alexa fluorochromes were added during 1 h at room temperature. Then the slides were mounted using Vectashield mounting medium containing DAPI (Vector Laboratories). Tonsils were used as positive controls and primary antibodies were omitted for the negative controls.

Five randomly selected representative images were acquired at × 250 magnification using a confocal scanning microscope (LMS700, Zeiss) in a multitrack setting with a × 25/0.80 Plan-Neofluoar objective. The numbers of T helper cells CD3 + CD8 - (red), T cytotoxic cells CD3 + CD8 + (purple) and T regulatory cells FoxP3 + (green nuclear staining) were counted using the cell counter plugin of the program ImageJ version 1.48 and represented as an average of these five images. Polarization of the CD14-positive tumor-associated macrophages was evaluated qualitatively by expression of the CD163 marker, which represents tumor-promoting type 2 macrophages (M2). We considered that CD14 + CD163 + double-positive cells indicated M2 macrophages while CD14 + CD163 -cells represented the classically activated M1 macrophages. 26 

Statistical Analysis

Statistical analyses were performed using the GraphPad Prism software (version 6, Jolla, CA, USA). Correlation of PD-L1 expression with the immune infiltrate and the HLA class I phenotype was analyzed by Spearman's rank correlation coefficient. A log-rank test was used for assessing PD-L1 in relation to overall patient survival. P-value o 0.05 was considered to be statistically significant.

Results

PD-L1 Expression is Found Exclusively in Dedifferentiated Chondrosarcoma

In the conventional and rare chondrosarcoma tissue microarrays, PD-L1 expression was specifically detected in 41% of dedifferentiated chondrosarcomas (9 of the 22), whereas its expression was absent in the remaining subtypes (Table 2). Interestingly, only the dedifferentiated component exhibited PD-L1 positivity as shown in Figures 1a andb.

This finding was confirmed on whole tumor sections in an independent cohort of patients with dedifferentiated chondrosarcoma. PD-L1 expression was positive in 11 of the 21 patients (52%) for which the dedifferentiated component could be evaluated. For one patient, material from both the primary tumor and a synchronous metastasis was available. PD-L1 expression was negative in the primary dedifferentiated tumor but positive in the subcutaneous metastasis. In 10 patients, PD-L1 positivity was observed mainly on the tumor cell membrane and on a few macrophages. Specifically, the extent of PD-L1 expression on tumor cells ranged from 5 to 100% (5% for two tumors, 30-40% for three tumors and ≥ 50% in the five remaining tumors (50, 60, 70, 70 and 95%)). Heterogeneous staining was observed in most of PD-L1-positive tumors except the three tumors with higher PD-L1 expression (≥70%). For tumors with lower PD-L1 expression (5%), PD-L1 staining was detected mainly at the periphery, at the interface with normal cartilage, the well-differentiated component or stroma. In one patient, PD-L1 expression was clearly restricted to tumor-associated macrophages (Supplementary Figure S1). To exclude false negative results owing to decalcification during standard tissue preparation, the effect of this procedure on PD-L1 immunostaining was assessed in tonsil tissue. No difference was observed after EDTA or formic acid treatment (Supplementary Figure S2).

We noticed a median overall survival of 10 months for patients with PD-L1-positive dedifferentiated chondrosarcoma and 19 months for patients with PD-L1-negative tumor, although PD-L1 expression did not significantly relate to overall patient survival (log rank; P = 0.22) (Supplementary Figure S3).

PD-L1 Expression in Dedifferentiated Chondrosarcoma Associates with T-Cell Infiltration

To explore a potential association between PD-L1 expression by tumor cells and the presence of infiltrating immune cells, we evaluated the amount of T cells based on CD3 immunohistochemistry. High tumor infiltration by T cells was significantly correlated with PD-L1 expression on tumor cells (Spearman's rho = 0.53, P = 0.014). Furthermore, T cells commonly co-localized with PD-L1-positive tumor cells (Figures 1c andd). Overall, 10 of the 22 In all tumors except one, a positive membranous PD-1 expression was found on T cells (Supplementary Figure S4).

To further characterize the T-cell infiltrate in these dedifferentiated chondrosarcomas, a triple immunofluorescent staining of CD3-CD8-FoxP3 was performed on six primary tumors and three metastases (Figures 2a andb). CD3 + CD8 -cells were identified as T helper cells (presumably composed of CD4 + and γδ T cells), CD3 + CD8 + cells characterized T cytotoxic cells and the specific transcription factor FoxP3 was used to detect T regulatory cells. Overall, CD3 + CD8 + cytotoxic T cells represented 58% of the tumor-infiltrating lymphocytes in both primary tumors and metastases. T regulatory cells were more frequent in metastases than in primary tumors (18 versus 4% of total tumor-infiltrating lymphocytes) and were all CD3 + FoxP3 + double-positive cells. No CD8 + FoxP3 + cells were found. Finally, the proportion of T helper cells CD3 + CD8 -was 38% in primary tumors versus 24% in metastases (Figure 2c).

IDH mutation status was available for 10 dedifferentiated chondrosarcomas. Five tumors harbored an IDH1 mutation, one had an IDH2 mutation and four tumors were of wild type. No differences regarding T-cell infiltrate or PD-L1 expression were observed between IDH mutant and IDH wild type. As HLA class I antigen expression is an important determinant for T-cell based immunotherapy, we assessed its expression in dedifferentiated chondrosarcomas by immunohistochemistry. Antibodies against β2-microglobulin and classical HLA class I molecules were used (HCA2 and HC10, which recognize heavy chains of HLA-A and HLA-B/C, respectively). In the dedifferentiated component, positive membranous and cytoplasmic expression of β2-microglobulin was found in all tumors. Expression of HCA2 and HC10 were mostly detected at the membrane of tumor cells. Positive and diffuse expression (n = 9), heterogeneous expression (n = 5) or weak/negative expression (n = 2) was present for both markers. In four patients, we observed a weak or negative HCA2 expression associated with positive HC10 expression, reflecting a selective loss of HLA-A expression. These different patterns for HLA class I expression are illustrated in Figure 3. Altogether, defects in HLA class I expression were present in 11 of the 20 evaluated tumors (55%). Expression of β2-microglobulin, HCA2 and HC10 in the evaluable well-differentiated cartilaginous areas of the tumors was mainly heterogeneous with coexistence of both positive and negative cells. 

The Dedifferentiated Component is Highly Infiltrated by Immunosuppressive Macrophages

Based on the presence of PD-L1-positive macrophages in some tumors, we evaluated the macrophage infiltrate in dedifferentiated chondrosarcomas using CD14 immunohistochemistry. On 20 evaluable tumors, 17 were highly infiltrated by tumor-associated macrophages (85%). Consistent with PD-L1 expression and the presence of tumor-infiltrating lymphocytes, macrophages were found only in the dedifferentiated areas and not in the well-differentiated component. Immunofluorescent staining with CD14 and CD163 performed on nine tumors (six primary tumors and three metastases) demonstrated that all the CD14-positive cells were also CD163 positive, a marker of alternatively activated and immunosuppressive macrophages (Figure 2d). We also observed some CD14 -CD163 + cells.

Statistical analysis showed no significant correlation between macrophage and T-cell infiltration (Spearman's rho = 0.38, P = 0.098). However, the three tumors with a low number of tumor-associated Representative images for tumor-infiltrating lymphocytes in primary tumors (a) and in metastases (b). Antibodies against CD3 (red), CD8 (blue) and FoxP3 (green) were used to identify T helper cells (CD3 + CD8 -), cytotoxic T cells (CD3 + CD8 + ) and T regulatory cells (FoxP3 + ). In both primary tumors and metastases, around 60% of tumor-infiltrating lymphocytes were cytotoxic CD3 + CD8 + T cells (c). Furthermore, a higher percentage of FoxP3 + T regulatory cells was found in metastases (mean 18%) compared with primary tumors (mean 5%). Representative images for tumor-associated macrophages (d). Antibodies against CD14 (green) and CD163 (blue) were used to detect macrophages and characterize their polarization as CD163 represents tumor-promoting type 2 macrophages (M2).

Modern Pathology (2016) 00, 1-10 PD-L1 expression in chondrosarcoma macrophages were also poorly infiltrated by T cells. The macrophage infiltrate was quite homogeneous within the dedifferentiated component and colocalization with PD-L1-positive tumor cells was not evident.

Discussion

The growing interest in cancer immunotherapy is reaching the sarcoma field, and we are currently at the point of identifying which sarcomas are amenable to immune checkpoint blockers. Those with high immune infiltrate and high mutational load or complex karyotype appear to be the best candidates. 10 To date, no studies have evaluated the PD-1/PD-L1 axis in chondrosarcoma. The first clinical data on the immune checkpoint blockade strategy in these patients will be shortly provided with the ongoing phase II trial evaluating the anti PD-1 antibody pembrolizumab in advanced bone and soft-tissue sarcomas. 27 Our screening of PD-L1 expression by immunohistochemistry in a large cohort of chondrosarcoma patients revealed positive staining exclusively in the dedifferentiated subtype. Overall, PD-L1 expression was detected in 41% of the dedifferentiated chondrosarcomas. To validate this finding, whole tumor sections of an independent cohort of 22 patients with dedifferentiated chondrosarcoma were assessed for PD-L1 expression, which showed positive staining in 52% of the tumors. Overall, PD-L1 expression on tumor cells ranged from o 1% (considered negative) to almost 100%. This PD-L1 positivity was associated with high T-cell infiltrate, reflecting an immune-active microenvironment.

Dedifferentiated chondrosarcoma is a highly malignant sarcoma and chemotherapy or radiation therapy do not improve prognosis for inoperable metastatic patients owing to resistance. So far, no potential targets for therapy could be identified. Interestingly, we found that PD-L1 positivity was limited to the dedifferentiated area of the tumors, which was also enriched for immune-infiltrating lymphocytes and immunosuppressive macrophages. The well-differentiated components evaluated in our cohort were all poorly infiltrated with immune cells, which may be explained by its abundant cartilaginous matrix and poor vascularization, thereby possibly limiting accessibility to tumor cells. Hence, our data suggest that immune checkpoint inhibitors may be effective to treat the dedifferentiated component of dedifferentiated chondrosarcoma, while the effect on the less aggressive cartilaginous welldifferentiated component is expected to be minimal or even absent. Our results are in line with the fact that additional genetic changes occur in the anaplastic component of dedifferentiated chondrosarcoma, which may lead to higher numbers of mutations in this part of the tumor and thus occurrence of neoantigens. 16,28 We have learned from epithelial malignancies that tumors with high mutational load show strong T-cell responses and appear to be particularly sensitive to immunotherapy, such as immune checkpoint blockade. 29 This was also shown in animal models of osteosarcoma, a sarcoma known for its high genomic instability. 30 In dedifferentiated chondrosarcoma, mutations in IDH1 or IDH2 are present in around half of the tumors, in both components. 5 In our series, information regarding IDH mutation status was available for 10 tumors. The presence of an IDH mutation was not associated with the expression of PD-L1 or a specific immune profile (HLA class I expression, amount of T-cell and macrophage infiltrate). A previous study reported a spontaneous peripheral T-cell response against IDH1-mutated gliomas but did not analyze the immune microenvironment of these tumors. 31 Larger series are needed before any conclusions on the role of IDH in antitumor immunity can be drawn in chondrosarcoma.

Characterization of the sarcoma microenvironment is an essential prerequisite to understand the role of the immune system in these mesenchymal tumors and to assess the feasibility of immunotherapy. As patients with chondrosarcoma usually do not receive neoadjuvant treatment, the primary tumors reflect the natural host immune response and the natural tumor microenvironment. PD-L1-positive dedifferentiated chondrosarcoma exhibited a significantly increased number of CD3 + and CD8 + T cells that colocalized with PD-L1-positive tumor cells, supporting an adaptive mechanism of immune escape, as described first in melanoma. 32,33 In addition, HLA class I loss of expression is another possible immune escape mechanism employed by tumor cells to avoid T-cell recognition. 34 Overall, we observed defects in HLA class I expression in 55% of the dedifferentiated chondrosarcomas, which is in accordance with the recently reported data. 35 Mutations in β2-microglobulin is one of the mechanisms related to HLA class I defects but do not seem to be involved in our series as the expression of β2-microglobulin was found in all tumors. However, we did not observe a complete loss of HLA class I but rather weak or heterogeneous expression. Little is known about HLA class I expression in normal cartilage and cartilaginous tumors, and future functional studies should determine mechanisms and potential reversibility of low HLA class I expression. HLA class I expression on tumor cells correlated with high T-cell infiltrate and the presence of PD-L1 expression, which emphasizes the close interrelationship among these immune parameters. Thus, detection of HLA class I expression might be due to the presence of an inflammatory environment while in the negative/focal weak cases we cannot determine whether HLA class I is lost or whether its expression is not stimulated by the immune system. These results also demonstrate that some dedifferentiated chondrosarcomas are clearly more immunogenic than others. Previous preclinical studies identified some immunogenic targets in chondrosarcoma, such as the cancer-testis antigens MAGE-A3, NY-ESO-1/ LAGE-1 and PRAME, which were able to induce a specific cytotoxic T-cell response in the context of HLA class I expression. 36,37 NY-ESO-1 expression was observed not only on dedifferentiated but also on conventional chondrosarcoma. 38 Importantly, the matched primary tumor and subcutaneous metastasis evaluated in one patient displayed discordant PD-L1 expression. Also, the higher proportion of FoxP3 + T regulatory cells in metastases compared with primary tumors may Modern Pathology (2016) 00, 1-10 PD-L1 expression in chondrosarcoma suggest a specific role of these immunosuppressive cells in later stages of the disease. These observations emphasize the dynamics of the immune response and the tumor heterogeneity. Whole section evaluation seems more appropriate to assess these immune markers, as illustrated by the heterogeneous pattern of T-cell infiltration and HLA class I expression. Only the macrophage infiltrate appeared homogeneous within the dedifferentiated component. Significance and functions of these immunosuppressive CD163-positive macrophages in the dedifferentiated area need to be further elucidated.

Development of appropriate biomarkers to select patients who are likely to benefit from anti-PD-1 or anti-PD-L1 therapies remains a challenge as an important proportion of patients fail to respond to these treatments. Depending on the tumor type, some data suggest that PD-L1 expression on pretreatment specimens is associated with higher response rates. 9,16 However, the use of various PD-L1 clones with different detection methods and interpretation makes literature confusing and challenging to draw conclusions. In sarcoma patients, for instance, different expression patterns of PD-L1 are observed in soft-tissue sarcomas when comparing two studies. 39,40 Kim et al 39 reported 58% of PD-L1positive tumors (clone H-130, Santa Cruz), which correlated with overall survival, while D'Angelo et al 40 found uncommon PD-L1 expression on tumor cells not related with patient survival (clone 5H-1, DAKO assay). In the future, efforts should be made to standardize PD-L1 evaluation. In osteosarcoma, PD-L1 staining was evaluated by immunofluorescence (monoclonal antibody from Abcam), indicating PD-L1 expression in 75% of metastatic lesions but not on primary tumors. 41 Heterogeneity not only between sarcoma subtypes but also within tumors is another issue to take into consideration. Thus evaluation of PD-L1 expression within each histological subtype seems more relevant to estimate the prevalence and predictive value of this immune marker.

In our study, the presence of immune-infiltrating cells, notably PD-1-positive T cells, together with HLA class I expression in the PD-L1-positive dedifferentiated chondrosarcomas suggests that these patients may be excellent candidates for PD-1/PD-L1-targeted therapies. Their inclusion in clinical trials would help (1) to assess a potential benefit for patients with dedifferentiated chondrosarcoma and (2) to elucidate whether the PD-L1 expression observed in half of the tumors is predictive for objective response to agents targeting the PD-1/PD-L1 pathway. 

FUTURE DIRECTIONS

Since our publication, additional data on the role of the immune system in chondrosarcoma and first clinical data have been published. Yet, our colleagues from Lyon identified lymphocytes and macrophages in the peritumoral area of conventional chondrosarcomas, with a correlation between T cell infiltrate and better overall survival 105 . Differences in immunohistochemistry techniques might explain our different results, and therefore further studies are needed to shed light on the best way to assess immune markers in chondrosarcoma.

In addition, they reported that selective depletion of T lymphocytes by using azathioprine in a syngeneic rat model resulted in an accelerated growth rates, whereas depletion of CD163+ macrophages by either liposome clodronate or mifamurtide slowed down tumor progression.

These data, added to the potential but debating therapeutic value of mifamurtide in osteosarcoma indicate that modulating macrophages could also be a therapeutic approach for chondrosarcoma.

In the SARC028 trial, a multi-institutional phase II study of pembrolizumab in patients with advanced sarcomas, one (20%) of five patients with chondrosarcoma experienced a confirmed partial response 106 . Yet, we do not have results of planned correlative analyses, such as PD-L1 expression, to improve our understanding of why it worked for one patient and not the others.

In 2016, Paoluzzi et al, retrospectively analyzed a cohort of patients with relapsed metastatic/unresectable sarcomas who were treated with nivolumab provided under a patient assistance program from the manufacturer 107 . Of four patients with bone sarcoma, one with dedifferentiated chondrosarcoma experienced a sustained partial response (still present after 26 cycles of anti PD-1 agent), as illustrated by the Figure 14. Interestingly, PD-L1 expression was higher in this tumor compared to all other tested patients (20% versus less than 5%), in accordance to our findings. Recently, a dramatic response of a metastatic conventional chondrosarcoma to anti PD-1 (nivolumab) has been reported after a first aspect of pseudo-progression 108 . Of note, sequencing of the tumor revealed a mutation in exon 4 of IDH2 and a variant of unknown significance in exon 11 of BRCA2. Tumor mutational load was low, PD-L1 expression was 1% and no mismatch repair proteins defects or microsatellite instability were detected. In my opinion, our preclinical data added to these few clinical data support additional study of immunomodulatory agents in chondrosarcoma, with a particular attention on the dedifferentiated subtype. To date, as there is no robust therapeutic option in this rare and challenging subtype, patients should be offered anti PD-(L)1 therapy in the context of clinical trial, whenever possible.

Chondrosarcomas and osteosarcomas share to some extent the same environment, as there are both bone sarcomas. Similarly, there was no major therapeutic improvement over the last decades and we aimed to better characterize osteosarcoma microenvironment to discuss the feasibility of immunotherapeutic approaches in such, and often young, patients. The overall incidence is 0.2-0.03/100 000/year and 0.8-1.1/100 000/year at age 15-19. For unclear reasons, there is a slightly male predominance with a male-female ratio of 1.4:1.

Of note, osteosarcoma was the first cancer identifiable in human, documented in a 1.6-1.8million-year-old hominin metatarsal from the cave site of Swartkrans in South Africa 110 .

Clinical presentation and imaging

There are differences in tumor site according to age at presentation. In children, the most common sites are the metaphyses of long bones, for 75% around the knee (distal femur, proximal tibia), whereas involvement of the axial skeleton is more frequently observed in adults.

The majority of patients present with localized inflammatory pain of several months duration and sometimes accompanied by soft tissue mass. Conventional radiographs in two planes should always be the first investigation. Main radiographic appearances include medullary and cortical bone destruction, indistinct margins and agressive periosteal reaction (sunburst type, Codman triangle, lamellated reaction). Tumor matrix is variable and reflects a combination of tumor bone production, calcification and osteoid tissue (Figure 14). Then, MRI is the best modality for local staging and must include the whole bone with adjacent joints, in order to assess the intraosseous and soft-tissue extension as well as the presence of skip lesions. Distant staging includes chest CT and there is also a clear role of Positron-Emission Tomography (PET) which improves sensitivity and specificity in the identification of skeletal metastases as compared to bone scintigraphy 111 . Of course, no radiographic finding is pathognomonic and a biopsy should be performed at the reference centre for definitive diagnosis, ideally by the surgeon who is to carry out the tumor resection.

Classification

Osteosarcoma is characterized by the presence of a malignant sarcomatous stroma and the production of osteoid tissue or immature bone. In the WHO's histologic classification, osteosarcomas are separated into central (intramedullary) and surface (peripheral) osteosarcomas, including a number of subtypes within each group, as described in the Table 3.

Central osteosarcoma

Conventional intramedullary high-grade osteosarcomas represent the largest group, accounting for approximately 90% of all osteosarcomas 112 . Depending upon the predominant cellular component, conventional osteosarcomas are subclassified as osteoblastic (50%, abundant osteoid matrix), chondroblastic (25%, cartilaginous matrix) or fibroblastic (25%, high-grade spindle cell stroma). Their clinical behavior and management are similar.

In addition, there are several histologic variants :

• Telangiectatic, a high-grade vascular tumor with little osteoid matrix and typically a purely lytic appearance on radiographs 113 ;

• Small cell, with small round blue cell visualized, such as in Ewing sarcoma 114 ;

• Multifocal, when there is multiple synchronous sites ressembling the primary tumor ;

• Undifferentiated high-grade pleomorphic sarcoma of bone, which appears similar tu osteosarcoma but without osteoid production 115 ,

• Low-grade central or intraosseous well-differentiated, with overlapping features with benign lesions such as fibrous dysplasia and desmoplastic fibroma. A permeative growth pattern help to distinguish this tumor from the benign lesions 116 .

Surface osteosarcoma

In contrast to central osteosarcomas, the surface (peripheral) variants differ regarding prognosis and management (detailed below). The parosteal osteosarcoma, composed of lowgrade fibroblastic cells producing woven or lamellar bone, is the most common. It may also contain high-grade area 117 . Periosteal osteosarcoma is a moderate-grade chondroblastic surface tumor, with a higher metastatic rate than the parosteal entity but lower than the classic central osteosarcoma 118 . Then, high-grade surface osteosarcoma is the equivalent of a conventional high-grade central osteosarcoma but developing on the surface of the bone.

Extraskeletal osteosarcoma

Extraskeletal osteosarcoma is a malignant mesenchymal tumor that arises in the soft-tissue and produces osteoid, bone or chondroid material 119 . The Figure 15 is an example of extraskeletal osteosarcoma developed at the site of prior radiation treatment for Hodgkin's lymphoma. Table 5. Osteosarcoma subtypes.

Predisposing factors

In children the majority of osteosarcomas arise primarily and are sporadic, but an underlying predisposition syndrome was identified in 18% of patients with osteosarcoma by using nextgeneration sequencing 120 . The majority of mutations were in the RB1 gene, associated with hereditary retinoblastoma, and the TP53 genes in the context of Li-Fraumeni syndrome. Other

CENTRAL (INTRAMEDULLARY)

Conventional In the elderly patients, approximately one-third of cases arise as a second cancer after prior radiation or chemotherapy, or as sarcomatous transformation of Paget disease of bone (and rarely other benign bone lesions). In a large canadian series including 1078 patients with Paget disease of bone, the incidence of malignant transformation was 0.7% with osteogenic osteosarcoma as the most frequent subtype 122 .

Prognostic factors

The analysis of 1702 consecutive newly diagnosed patients with high-grade osteosarcoma registered into Cooperative Osteosarcoma Study Group (COSS) trials until 1998 allowed the identification of several independent prognostic factors 123 :

• The quality of surgical remission. Indeed, an incomplete surgery was the most important negative prognostic indicator ;

• The tumor response to preoperative chemotherapy poor response. Patients who achieve a good histological response, defined as <10% viable tumour, experience considerably better survival than those who have a poor response. Five-year survival for those with good response is in the region of 75-80%, compared to 45-55% for those with poor response. While male sex, long history and axial location confer a higher risk of poor response, it is still not possible to predict at diagnosis how an osteosarcoma is going to respond.

• Clinically detectable primary metastases at diagnosis

Tumor size has also been reported as an important and easily obtainable prognostic factor, best represented by the absolute three-dimensional measure of the tumor volume on two-plane radiographs and with the cut-off of 150cm 3 regarding the likehood of metastases 124 .

1.5. Treatment strategies

Overarching principle

Similar to chondrosarcoma and as detailed in the ESMO guidelines for diagnosis and management of bone sarcomas, a patients with a suspected primary malignant bone tumor should be referred to a bone sarcoma reference center or an institution belonging to a specialized bone sarcoma network before biopsy [START_REF] Hogendoorn | Bone sarcomas: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF] . The principles of the biopsy are:

• Should be performed by the surgeon who is to carry out the definitive tumour resection, a radiologist, or a member of the team;

• There should be minimal contamination of normal tissues;

• In many situations core needle biopsy will be more than adequate, often controlled by ultrasound, X-ray or CT;

• Ideally, a part of the sample should be snap-frozen for future studies;

• Samples must be interpreted by an experienced pathologist;

• The request form should contain sufficient details for the pathologist including tumor, site, age and radiological differential diagnosis.

When confirmed histopathologically, treatment strategy should be decided during a sarcoma multidisciplinary meeting, according to clinical and imaging staging.

Localized osteosarcoma

Curative treatment of high-grade osteosarcoma consists of surgery and perioperative (pre and post) chemotherapy. For all operable osteosarcomas, surgery should strive to achieve wide margins.

The discovery of chemotherapeutic agents which were active in osteosarcoma occurred in the 1960s, leading to initial dramatic improvement in survival. Indeed, compared with surgery alone, multimodal treatment of high-grade osteosarcoma increases disease-free survival probabilities from only 10%-20% to >60% • The OS2006 trial investigated the use of a bisphosphonate, here the zoledronate, in combination with chemotherapy in children and adult patients with previously untreated osteosarcoma 137 . It was stopped after the second planned interim analysis when the 3-years event-free survival was 57% for the zoledronate group and 63% for controls.

Whenever possible, patients with osteosarcoma should receive chemotherapy in the context of prospective trials, which is regarded as standard of care [START_REF] Hogendoorn | Bone sarcomas: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF] .

For both low-grade central osteosarcoma and parosteal osteosarcoma, adequate surgery is the treatment of choice. A norwegian series reported around 90% 5-year sarcoma-specific survival when these tumors are resected with a free margin 138 . Therefore, it is imperative to avoid local failure. There is no proven role for chemotherapy.

Extraosseous osteosarcoma may be treated according to the regimens of high-grade soft tissue sarcomas or osteosarcoma schedules. There is no consensus on this point amongst experts [START_REF] Hogendoorn | Bone sarcomas: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF] .

Metastatic and recurrent disease

Same as patients with localized disease, primary metastatic osteosarcoma patients should always be evaluated for possibility of curative treatment, including removal of all know metastatic lesions by exploratory thoracotomy. Some of them may achieve a complete surgical remission become long-term survivors 139 .

Treatment for recurrent osteosarcoma is primarily surgical. Patient may be cured as long as recurrences are resectable, and repeated thoracotomies are often warranted.

When there is no surgical option, there is no single standard approach and patients should be encouraged to enroll in clinical trials testing new therapies.

AIM AND SUMMARY OF OUR STUDY

Survival for patients with relapsed or metastatic osteosarcoma remains dismal and unchanged over the last three decades, as efforts in developing novel active agents have been generally

disappointing. Osteosarcoma's genomic complexity is one of the major explanations for the lack of specific targetable mutations or molecular pathways 140 . On the other hand, this genomic characteristic and the associated high mutational burden may generate specific tumour neoantigens, therefore providing potential targets for T-cell-based immunotherapies 141 . At the time of our study, data regarding immune microenvironment in osteosarcoma were rather limited and we aimed to better characterize such microenvironment, as well as its changes during osteosarcoma progression.

We started by retrieving formalin-fixed, paraffin-embedded materials from osteosarcoma patients with a known stable or progressive disease. Overall, 85 tissue blocks from 25 patients were collected, including pretreatment biopsies (n = 16) and surgical resections of primary tumours (n = 18), local relapses (n = 25) and metastases (n = 26). Of note, material from multiple stages of the disease was available for 17 patients. Using immunohistochemistry on whole sections, we therefore assessed HLA class I expression, PD-L1 and T-cell infiltration on tumor samples from multiple stages of the disease. A major finding was the high density of tumor-infiltrating T cells in metastatic osteosarcoma lesions compared to primary tumors and local relapses, as well as PD-L1 positivity in almost half of the metastases while mainly negative in the corresponding primary tumor. We further characterized the T-cell population by using a triple immunofluorescent staining (CD3-CD8-FOXP3) and found that almost half of TILs were cytotoxic CD3 + CD8 + T cells in both primary tumors, local relapses and metastases. However, local relapses displayed a higher proportion (12%) of CD3 + CD8 -FOXP3 + Tregs, compared to primary tumours (4%) and metastases (6%). High density of TILs correlated with PD-L1 expression with a frequent spatial colocalisation between T cells and areas of the tumour with PD-L1 positivity.

In addition, we evaluated patterns of HLA class I expression, molecules required for T-cellbased immunotherapies, using the antibodies HCA2 (HLA-A), HC10 (HLA-B/C) and β2-microglobulin. Overall, HLA class I expression was strongly positive in 56%, heterogeneous in 38%, and negative or weakly positive in 6% of tumors, without difference between primary tumors, relapses and metastases. HLA-A was more frequently negative than HLA-B/C, mainly with a heterogeneous pattern instead of a complete lack of expression.

ACCEPTED MANUSCRIPT

Finally, we evaluated the prognostic significance of these immune markers. Although mostly patients with poor outcome were included in this study, the time to progression differed between these patients, and there were also patients with non-progressive disease. While HLA class I expression in the primary tumor associated with a better disease-free survival, other immune markers did not correlated with outcomes.

Building on previous studies discussed in the paper, these data emphasized the dynamics of an adaptive mechanism of immune escape in metastatic osteosarcoma. One may conclude that enhancing this preexisting antitumor immune response in metastastic lesions may offer clinical benefit in osteosarcoma patients.

This work on osteosarcoma was also my first experience of the daily supervision of a master student, from the conception of the study to the final results, then I wrote the following manuscript.

Introduction

Osteosarcoma is the most common primary high-grade bone malignancy, primarily affecting children and adolescents [1]. It commonly arises in the metaphyseal plates of the long bones of the extremities (i.e. distal femur, proximal tibia), while tumours developing in the axial skeleton, pelvis or craniofacial bones tend to occur in older individuals. Osteosarcoma patients are treated with curative intent, consisting of surgery of the primary tumour and any resectable metastatic lesions, in addition to pre-and post-operative chemotherapy [2]. This multimodal therapeutic approach greatly improves the disease-free survival probability, from 10 to 20% with the surgery alone, to more than 60%. However, survival for patients with relapsed or metastatic disease remains dismal and unchanged over the last three decades, as efforts in developing novel active agents have been generally disappointing [3, 4]. Osteosarcoma's genomic complexity is one of the major explanations for the lack of specific targetable mutations or molecular pathways. On the other hand, this genomic characteristic and the associated high mutational burden may generate specific tumour neoantigens, therefore providing potential targets for T-cell-based immunotherapies [5-7].

Historically, the first successful example of immunotherapy was in 1891 when William B. Coley injected a mixture of streptococcal bacteria into unresectable bone sarcomas, resulting in an immunological reaction and tumour regression [8, 9]. Recent advances in cancer immunology have now revealed the importance of a spontaneous antitumour immune reaction to predict response to immunotherapy, mostly carried out by cytotoxic CD8-positive T cells [10]. Antigen presentation by surface HLA expression on tumour cells is an important prerequisite for antitumour immunity since loss or down-regulation of HLA molecules is a common mechanism deployed by tumour cells to escape immune surveillance [11]. Another immune escape mechanism is the dysregulation of immune checkpoint pathways such as PD-1/PD-L1 axis, which has been actively studied in epithelial malignancies [12]. So far, data regarding the immune microenvironment in osteosarcoma are rather limited. In order to evaluate the feasibility of T-cell-mediated immunotherapies, we assessed HLA class I expression, PD-L1 and T-cell infiltration, as well as their changes during osteosarcoma progression using immunohistochemistry.

Materials and methods

Patient material

Formalin-fixed, paraffin-embedded materials from osteosarcoma patients with a known stable (n = 7) or progressive disease (n = 18) diagnosed between 1998 and 2011 were retrieved from the archives of the Pathology Department of the Leiden University Medical Center (LUMC). Patients characteristics are described in Table 1. Overall, 85 tissue blocks from 25 patients were collected for this study, including pretreatment biopsies (n = 16) and surgical resections of primary tumours (n = 18), local relapses (n = 25) and metastases (n = 26). Material from multiple stages of the disease was available for 17 patients, and five patients had metastatic disease at diagnosis (Supplementary Table 1). Whole sections were used to assess HLA class I expression, PD-L1 and T-cell infiltrate in these tumours. Diagnoses were confirmed by an experienced bone and soft-tissue tumour pathologist (J.V.M.G. Bovée) according to the 2013 World Health Organization classification. All the specimens were handled in a coded fashion according to the Code for Proper Secondary Use of Human Tissue in the Netherlands of the Dutch Federation of Medical Scientific Societies.

Immunohistochemistry and scoring

Immunohistochemistry stainings for HLA class I (HCA2, HC10 and β2-microglobulin) and PD-L1 were performed according to standard laboratory protocols, as described previously [13]. Briefly, 4-μm sections were deparaffinised with xylene and rehydrated in graded concentrations of ethanol. Endogenous peroxidase was blocked in 0.3% H 2 O 2 solution, and microwave antigen retrieval was performed in Citrate pH 6.0 (for HLA class I) or in Tris-EDTA pH 9.0 (for PD-L1). Subsequently, sections were incubated 1 3

overnight at 4 °C with the different primary antibodies, as detailed in Table 2. The next day, the staining was detected using poly-HRP and visualised with a DAB+ substrate chromogen system. Slides were counterstained with haematoxylin, dehydrated and mounted with CV mount (Leica Microsystems). Tonsil normal tissue sections were used as positive controls, and primary antibodies were omitted for the negative controls. When loss of tissue occurred during the staining procedure, specimens were not included in the analysis.

Whole sections were scored independently by two observers (Y.T. Sundara and J.V.M.G. Bovée or A.H.G. Cleven). As semiquantitative scores were used, there was a high concordance between observers and in case of discrepancies, the slide was reviewed to reach a consensus. The expression of HLA-A (HCA2 staining), HLA-B/C (HC10 staining) and β2-microglobulin was assessed semiquantitatively as negative/focal weak (tumour cells negative or focally and weakly positive with positive internal controls), heterogeneous (both negative and positive regions on the same slide) and positive (moderate or strong staining in the whole tumour), as used in a previous study [13]. Because the light chain β2-microglobulin is an essential constant component of HLA class I molecules, the final HLA class I expression status was determined according to the positivity of at least one of the heavy chains stainings (either HCA2, HC10 or both), combined with the β2-microglobulin positivity score. Moreover, as many tumours were found heterogeneous for the different HLA stainings, we also assessed the degree of colocalisation between β2-microglobulin and HCA2/HC10. This HLA scoring is detailed in Fig. 1e. Positive PD-L1 expression was defined as ≥1% of tumour cells or immune cells showing a membranous staining of any intensity, according to published data [14]. Additionally, sections with heterogeneous expression of HLA class I were scanned using Panoramic MIDI scanner (3DHISTECH Ltd.) to assess colocalisation with T-cell infiltration.

Immunofluorescent staining and scoring

For the detection and the characterisation of tumour-infiltrating T cells, we used a triple immunofluorescent staining, as previously described [15]. After antigen retrieval using Tris-EDTA buffer pH 9.0, whole sections were incubated overnight at 4 °C with the combination of primary antibodies, as detailed in Table 2. The following day, isotype-specific secondary antibodies labelled with Alexa fluorochromes (Life Technologies) were added during 1 h at room temperature and slides were mounted using Vectashield mounting medium containing DAPI (Vector Laboratories).

Stained sections were observed at 250× magnification using a confocal scanning microscope (Zeiss LSM 700), and four randomly selected images were processed with the ZEN software (version 2.1, Carl Zeiss). The numbers of CD3 + CD8 -(membranous red staining), CD3 + CD8 + (membranous purple staining) and CD3 + CD8 -FOXP3 + (green nuclear staining) T cells were counted using the cell counter plug-in of the program ImageJ version 1.48, and the results of the four images were averaged.

Statistical analysis

All statistical analyses were performed using SPSS software version 23.0 (IBM Corporation, New York, USA), and graphs were constructed using GraphPad Prism software version 6 (La Jolla, California, USA). Correlations between immunohistochemical data and clinicopathological variables were analysed using Spearman's rank correlation coefficient and Mann-Whitney U tests. For patients with material from different stages of the disease, paired t tests were used. A binary logistic regression model was used for predicting T-cell infiltration based on HLA class I expression. Correlations between immune markers and patient survival were tested using Kaplan-Meier survival analysis. Survival curves with immune data from primary tumours were generated based on biopsy specimens (16 patients), which reflect the natural host immune response and limit the impact of any neoadjuvant treatment on tumour microenvironment, or based on resection specimens when biopsy material was not available (six patients). Data from the first metastatic lesion were used for assessing overall survival from the time of diagnosis of metastatic disease (16 patients). P values below 0.05 were considered statistically significant.

Results

HLA-A is more frequently negative or heterogeneous than HLA-B/C in osteosarcoma

HLA class I expression was determined on whole tumour sections by immunohistochemistry using the antibodies HCA2 (HLA-A), HC10 (HLA-B/C) and β2-microglobulin.

Expression of HCA2 and HC10 was mostly membranous while expression of β2-microglobulin was both membranous and cytoplasmic. Representative images of the different patterns of HLA class I expression (negative/ weak, heterogeneous and positive) are shown in Fig. 1a-c and Supplementary Figure 1. A selective lower HLA-A expression was more frequently observed than HLA-B/C, with 11% (n = 9) of the tumours that did not or weakly expressed HLA-A and 70% (n = 57) displayed a heterogeneous expression versus 4% (n = 3) and 30% (n = 24), respectively, for HLA-B/C (Fig. 1d and Supplementary Table 1). Overall, HLA class I expression was strongly positive in 56% (n = 45), heterogeneous in 38% (n = 30), and negative or weakly positive in 6% (n = 5) of 80 evaluated tumours, using the scoring described in Fig. 1e. No significant difference in HLA class I expression was observed between primary tumours, relapses and metastases (p = 0.58), neither between pretreatment biopsies and surgical resections (p = 0.48). For the patients with metastases at diagnosis, the expression status of HLA class I in the primary tumour and associated synchronous metastasis was found similar while it mainly differed for the patients with metachronous metastases (Supplementary Table 2). HLA class I expression was also evaluated on normal bone cells, when present. Osteocytes were mainly negative for both HLA-A and HLA-B/C, with a more variable expression of β2-microglobulin. A positive but weak expression of all markers was often detected on osteoblasts (Supplementary Figure 2).

Density of tumour-infiltrating lymphocytes is higher in metastatic lesions

The presence and type of tumour-infiltrating T cells were determined by a triple immunofluorescent staining (CD3-CD8-FOXP3) on whole osteosarcoma sections. Representative images are presented in Fig. 2a-c and Supplementary Figure 3. Density of T cells, defined as CD3 expressing cells, was significantly higher in metastatic lesions (mean ± SE = 75 ± 13 CD3 + cells) than in primary tumours (19 ± 6 CD3 + cells) and local relapses (18 ± 4 CD3 + cells) (p = 0.0003), as shown in Fig. 2d. In primary osteosarcomas, 46% of these tumour-infiltrating T cells were CD3 + CD8 + T cells, 52% in local relapses and 47% in metastases. CD3 + CD8 -cells (presumably composed of CD4 + and γδ T cells) constituted 49 and 47% of the T-cell infiltrate in primary tumours and metastases, while this proportion was observed lower (36%) but without statistical significance (p = 0.73) in local relapses (Fig. 2e and Supplementary Table 1). The local relapses displayed a higher proportion (12%) of CD3 + CD8 -FOXP3 + T cells, compared to primary tumours (4%; p = 0.15) and metastases (6%; p = 0.024). We did not observe CD3 + CD8 + FOXP3 + cells.

Correlation between HLA class I expression and tumour-infiltrating T cells

We attempted to predict T-cell infiltration based on the expression of HLA-A, HLA-B/C and β2-microglobulin as a single independent variable or combined inter-dependent variables, using a binary logistic regression model. We found that the expression status of β2-microglobulin together with the expression of HLA-B/C was a significant predictor for the total T-cell count (p = 0.04), but not if Fig. 2 Characterisation of T-cell density and subtypes in osteosarcoma. Representative images for tumour-infiltrating lymphocytes in primary tumour (a) and the associated local relapse (b) and metastasis (c). Triple immunofluorescent staining using anti-CD3 (red), anti-CD8 (blue) and anti-FOXP3 (green) was used to identify CD3 + CD8 -, CD3 + CD8 + and CD3 + CD8 -FOXP3 + T cells. Density of T-cell infiltration was higher in metastatic lesions (d), but the proportion of CD3 + CD8 -and CD3 + CD8 + T cells was comparable with primary tumours (e). CD3 + CD8 -FOXP3 + T cells were found more frequently in local relapses 88 1 3 the HLA-A expression status was added to the prediction model. Indeed, when we considered tumours with positive HLA class I expression including both HLA-A and HLA-B/C, the mean number of T cells (39 ± 7 CD3 + cells) was not significantly higher compared to tumours with heterogeneous (33 ± 10 CD3 + cells; p = 0.52) or negative HLA class I expression (25 ± 18 CD3 + cells; p = 0.43). However, T-cell infiltrate was highly heterogeneous within the tumours and we noticed in tumours with heterogeneous HLA expression that tumour areas expressing more β2-microglobulin and one of the HLA class I molecules contained more T cells than tumour areas with low expression of HLA class I. Consecutive cut sections stained for HLA class I and the triple CD3-CD8-FOXP3 combination were scanned using a Panoramic MIDI scanner in order to illustrate this observation of spatial colocalisation on selected areas, as shown in Supplementary Figure 4.

High T-cell infiltrate associates with PD-L1 expression

As PD-L1 expression is a possible mechanism for tumours to evade immune-mediated destruction, its expression was determined by immunohistochemistry on whole tumour sections. Membranous PD-L1 expression on ≥1% of osteosarcoma cells and/or immune cells (mainly macrophages) was found in 22 of 79 evaluated tumours (27.8%). Representative images for PD-L1 staining on a progressive disease are shown in Fig. 3a-c. PD-L1 positivity was significantly higher in metastatic lesions (48%) compared to local relapses and primary tumours (25 and 13%, respectively; p = 0.004) (Fig. 3d). High density of total CD3 + tumourinfiltrating T cells and CD3 + CD8 + T cells correlated with PD-L1 expression (p = 0.002 and p = 0.001, respectively) (Fig. 3e,f). We also noticed a frequent spatial colocalisation between T cells and areas of the tumour with PD-L1 positivity. Six of the 17 patients with a known progressive disease stained positive for PD-L1 in metastases but not in primary tumours, and two patients had PD-L1 expression on both primary tumour and metastasis. PD-L1-positive metastastic lesions were significantly more infiltrated by T cells than PD-L1 negative lesions (mean ± SE = 123 ± 20 vs. 40 ± 19 CD3 + cells; p = 0.012).

Prognostic significance of immune markers in primary tumours and metastases

Although mostly patients with poor outcome were included in this study, the time to progression differed between these Fig. 3 High PD-L1 expression in metastatic osteosarcoma lesions. Representative images for PD-L1 immunostaining in an osteosarcoma patient. PD-L1 was negative in the primary tumour (a) while a membranous expression was detected on isolated cells (mainly macrophages) in the local relapse (b) and was more diffuse and observed on both osteosarcoma cells and immune cells in the lung metastasis (c). Scale bars 50 μm. PD-L1 expression was observed more frequently in metastatic osteosarcoma lesions, compared to primary tumours and local relapses (d). T-cell infiltration was higher in PD-L1 positive tumours (e, f) 1 3 patients, and there were also patients with non-progressive disease. Therefore, the prognostic significance of HLA class I expression, PD-L1 and T-cell infiltrate was assessed in the evaluable primary tumours (n = 22), as well as in the first metastatic lesion (n = 16), using Kaplan-Meier survival analysis. Heterogeneous and positive HLA class I expression in the primary tumour associated with a better disease-free survival compared to a negative/weak expression (p = 0.001 and p = 0.025, respectively; overall comparison between the three groups p = 0.002). However, a trend but no significant correlation was found for the overall survival (p = 0.13) (Fig. 4a,b). To evaluate the significance of infiltrating T cells, patients were divided in two groups based on the median numbers of total CD3 + cells (high and low). Patients with high T-cell infiltrate in the primary tumour tended to have a better clinical outcome although this was not significant. For this group of patients, the median disease-free survival was 39 versus 19 months for patients with low T-cell infiltrate (p = 0.26) and the difference in the median overall survival was more pronounced (112 vs. 40 months; p = 0.15) (Fig. 4d,e). Neither HLA class I expression nor density of T-cell infiltrate in the first metastatic lesion was related to overall survival from the time of diagnosis of the metastatic disease (Fig. 4c,f). PD-L1 status in either primary tumours or metastases did not correlate with patient survival (Supplementary Figure 5).

Discussion

In this study, we investigated HLA class I and PD-L1 expression, as well as T-cell infiltration in osteosarcoma, to assess the potential application of T-cell-based immunotherapies. To characterise the HLA class I expression, we used the monoclonal antibodies HCA2 and HC10, which recognise HLA-A and HLA-B/C heavy chains, respectively, and an antibody specific for the light chain β2-microglobulin. Overall, we observed defects in HLA class I expression in 44% of the osteosarcomas, mainly with a heterogeneous pattern instead of a complete lack of HLA class I. Previous studies have reported a loss or a down-regulation of HLA class I expression in approximately 50-62% of osteosarcomas, using a pan-HLA class I antibody (EMR8-5) and a cut-off of 50% positive tumour cells [16, 17]. In our series, negative or heterogeneous expression of HLA-A molecules was found more frequently compared to the other heavy chains HLA-B/C and β2-microglobulin. The clinical and therapeutic relevance of this finding, if any, has to be further investigated, since HLA-A and HLA-B both are antigen presenting molecules, and required for T-cell-based immunotherapies.

Another major clinical finding in our series is the high density of tumour-infiltrating T cells in metastatic osteosarcoma lesions compared to primary tumours and local relapses. CD3 + CD8 -and CD3 + CD8 + T cells were found in the same proportion within the tumour microenvironment while the density of CD3 + CD8 -FOXP3 + T cells was higher in local relapses, probably reflecting local immune escape mechanisms. Expression of the light chain β2-microglobulin together with the HLA-B/C was an important predictor of T-cell infiltration. In other cancers, particularly with high mutational burden such as melanoma, lung and colorectal cancers, a high T-cell infiltrate commonly associates with better clinical outcome and may predict response to immunotherapy [10, 18, 19]. Although not statistically significant, high T-cell infiltrate in primary osteosarcomas also tended to have survival benefit for the patients included in our study. It has been demonstrated that tumour-infiltrating lymphocytes could be easily isolated from adult osteosarcomas and exhibited in vitro a high cytotoxic activity, suggesting that therapies based on these tumour-infiltrating T cells could be an efficient strategy in osteosarcoma [20]. However, some tumours are poorly infiltrated by T cells and the mechanisms associated with reduced T-cell trafficking and infiltration are poorly understood. A potential mechanism might be the loss of the tumour suppressor gene PTEN, frequently reported in osteosarcomas [21, 22].

PD-L1 positivity in metastases, while mainly negative in the associated primary tumours, emphasises the dynamics of an adaptive mechanism of immune escape. Overall, PD-L1 expression was found in almost half of the metastatic osteosarcoma lesions (48%), on both osteosarcoma cells and immune cells, mainly macrophages. Our results are in accordance with other groups who reported PD-L1 positivity using another monoclonal antibody only in metastatic osteosarcomas, as well as a higher PD-L1 mRNA expression in metastases, which correlated with the T-cell infiltrate [23, 24]. An increased PD-1 expression on peripheral CD4 + T cells was also observed in patients with metastases, strengthening the idea that PD-L1/PD-1 axis may play a role during osteosarcoma progression [25]. Recently, Koirala et al. reported the discrepancy between whole tumour sections and tissue micro-arrays as a result of the heterogeneity of PD-L1 expression in osteosarcoma, confirming our idea that this immune marker should be evaluated on whole sections [26]. Moreover, they identified PD-L1 positivity as a potential prognostic marker for poorer survival, which was not the case in our cohort. However, it should be noted that we mostly included patients with poor outcome, in order to assess the immune changes during disease progression. Therefore, our conclusions regarding the prognostic value of these different immune markers in primary tumours cannot be generalised in all osteosarcoma patients.

What is the explanation for the observed low and/or heterogeneous expression of HLA class I? In other cancers, defects in the antigen presentation pathway were reported at different levels (mutations in HLA-A, HLA-B and HLA-C genes, β2-microglobulin or defects in components of antigen-processing machinery) and have been regarded as mechanisms to escape from T-cell immune recognition [27-29]. Tumour cells that have a loss/down-regulation of HLA class I may gain a selective clonal advantage in a process called immunoediting, enabling them to escape from the CD8+ T-cell-mediated destruction [30].

However, in osteosarcoma, the question can be raised regarding the mechanisms involved in the frequent heterogeneous expression of HLA class I. First of all, there is scarce data on baseline HLA class I expression in normal bone cells. Therefore, it is not clear whether low HLA class I expression reflects the normal situation or, in contrast, 'down regulation' as a consequence of escape from T-cell immune recognition. An alternative explanation for heterogeneity of HLA class I expression could be the consequence of the extreme genomic instability of osteosarcoma. But another interesting interpretation would be the induction of HLA class I expression by interferon-γ secreted by T cells. In this study, we observed that in tumours with HLA class I negative and positive regions, the T cells spatially colocalised with the HLA class I positive tumour areas. Additionally, we observed a strong correlation between high numbers of tumour-infiltrating T cells and PD-L1 expression. Together, this could imply that, in areas of T-cell infiltration, immune activation leads to induction of HLA class I and PD-L1 expression. Although it would have been interesting to look at the difference in immune profile of primary tumour between patients with and 91 1 3

without metastasis at diagnosis, we could not answer the question due to the low number of samples.

Importantly, and despite the limited number of patients, HLA class I expression in primary osteosarcomas correlated with a better disease-free survival, which is consistent with previous results [16, 17]. In addition, we observed that HLA class I expression in metastases was frequently positive, and this was in contrast to Tsukahara et al. [17] who reported that HLA class I loss or downregulation occurred more commonly in metastatic osteosarcoma lesions (7 out of 8 cases; 88%). Consequently, the HLA data from our series can have two therapeutic implications. First, the frequent HLA class I expression in both primary tumours and metastases highlights the potential of (neo)antigen presentation by osteosarcoma cells, which can be exploitable in developing personalised immunotherapies. Second, identifying the rare patients with a negative or weak expression of HLA class I molecules on primary tumour is of clinical interest, to consider a different therapeutic approach (i.e. strategy based on NK cells) [31].

Altogether, the increased number of tumour-infiltrating T cells and PD-L1 expression during disease progression, associated with a frequent classical HLA class I expression, suggest that T-cell-based immunotherapy with adoptive cell transfer, peptide vaccines or immune checkpoint blockade could be a suitable treatment for metastatic osteosarcoma patients. Preclinical data demonstrated the benefit of PD-L1/PD-1 blockade antibodies, alone or in combination with anti-CTLA-4 in a mouse model of metastatic osteosarcoma and the efficacy of pembrolizumab, a monoclonal anti-PD-1 antibody, is currently being investigated for bone sarcomas in the phase II SARC028 study (NCT02301039) [23, 32]. Considering the limited therapeutic options currently available in advanced diseases, enhancing this preexisting antitumour immune response in metastastic lesions may offer clinical benefit in osteosarcoma patients. 

Supplementary Table 1. Overview of patient materials and staining results

Patient

FUTURE DIRECTIONS

While our data regarding the active immune microenvironment in metastastic osteosarcoma show promise in the lab, they will definitively require early phase trials and ideally prospective randomized trial to adequaly assess whether T cell-based approches, and which ones, may improve survival of metastatic osteosarcoma patients.

Of note, two examples illustrated a discordance between encouraging preclinical data and disappointing results of prospective randomized trials in osteosarcoma patients:

• Interferons, that have shown significant activity against osteosarcoma in vitro and in xenograft models, as well as efficacy when used as single adjuvant to surgery, but failed to demonstrate efficacy in the EURAMOS-1 trial 132,142,143 . However, one should keep in mind that a considerable proportion of patients allocated to IFN-α-2b never started or did not complete treatment with the drug.

• Zoledronate, which was a promising candidate due to pleiotropic antitumor effects such as antiproliferative, anti-angiogenic and immunomodulatory effects against osteosarcoma cells in vitro and in animal models 144 . Furthermore, two clinical trials previously reported the feasibility and safety of bisphosphonate when combined with chemotherapy 145,146 . However, the prospective randomized OS2006 trial did not met its primary endpoint and the use of zoledronate is not recommended in osteosarcoma patient 51 . Nevertheless, we have learnt from immunohistochemical analysis of the pre-therapeutic biopsies that CD163 + TAMs and CD8 + cells were crucial prognostic biomarkers, whereas PD1/PDL-1 checkpoint had a minor role 59 .

However, the positive point to be highlighted is that collaboration among several international groups has demonstrated the feasibility of such prospective randomized trials, even in very rare cancers such as osteosarcoma.

Ongoing clinical trials based on immunotherapeutic strategies in osteosarcoma patients are summarized in the Table 6. As in soft tissue sarcomas in general, the overall incidence of leiomyosarcomas increases with age, and peaks at the seventh decade, exception for uterine leiomyosarcoma occuring from the third decade and commonly in the perimenopausal age 156,157 . The sex incidence varies according to the primary tumor site. • The histological grade (Figure 16) ; Molecular grading such as the CINSARC (complexity index in sarcomas) signature outperformed this conventional histological grading in the prediction of metastatic outcome and has been recently validated on formalin-fixed, paraffin-embedded (FFPE) blocks in softtissue sarcomas 167,168 . Its use in clinical routine will probably be implemented in a near future.

• The tumor size, with a 5-years metastasis-free survival rate of 88% with a LMS <5cm, 53% with a size comprised between 5 and 9cm, and only 41% when ≥10cm 166 ;

• The tumor depth, with a 5-years metastasis-free survival rate of 86% in case of superficial tumor while only 51% if depth 166 .

1.5. Treatment strategies

Overarching principle

As previously mentioned and according to the ESMO clinical guidelines (recently updated), management of leiomyosarcoma, as for all sarcomas, should be carried out in reference center sharing multidisciplinary expertise and treating a high number of patients annually 169,170 . Patient outcomes are significantly better when the initial treatment is guided by a pre-therapeutic specialized multidisciplinary sarcoma board 171 .

Surgery

Surgery is the cornerstone treatment for all patients with localized and operable leiomyosarcoma. The standard surgical procedure is a wide en bloc excision with negative margins (R0), which implies removing the tumor with a rim of normal tissue around it.

Ideally, the tumor should not be seen. It must be carried out by a surgeon specifically trained in the treatment of this disease. Reoperation in reference centres is required in case of microscopic (R1) or macroscopic (R2) tumor at the margin. General guidelines concerning the management of resectable soft-tissue sarcomas, and therefore leiomyosarcomas, is provided by the Figure 17.

Radiation therapy

The typical wide excision is followed by radiotherapy as the standard treatment of high-grade (grade 2-3), deep, >5 cm lesions, which is effective in preventing local recurrence 172 .

Preoperative radiation therapy may be discussed as an option for limb-preserving surgery, such as chemotherapy or isolated hyperthermic limb perfusion with tumour necrosis factor alpha (TNF-a) plus melphalan. These options are also proposed to locally advanced nonresectable leiomyosarcomas, followed by a new evaluation of tumor resectability. A phase 1b study evaluating radiotherapy and concomitant administration of olaparib is ongoing (RADIOSARP, NCT02787642).

Preoperative radiotherapy in resectable retroperitoneal sarcomas is currently being investigated in a phase III trial (STRASS, NCT01344018). The standard adequate treatment is en bloc total hysterectomy. As for the soft-tissue type, doxorubicin, dacarbazine, trabectedin and pazopanib are active agents and may be used in a stepwise fashion in advanced uterine leiomyosarcoma. Targets of the hormone (oestrogen and progesterone) receptors have been successful for treating patients with uterine leiomyosarcomas with indolent growth, and may therefore be an option in some cases 157 . There is no benefit of adjuvant radiotherapy 177 .

AIM AND SUMMARY OF OUR STUDY

The overall survival for leiomyosarcoma patients treated with any first-line chemotherapy is of 12-15 months, with therefore an unmet medical need for new therapeutic target. Owing to the genomic complexity of LMS, this sarcoma subtype would be, in theory, a good candidate for immunotherapy, notably immune checkpoint inhibitors. In order to well-characterize LMS microenvironment, we collected 75 primary tumors, 16 local relapses and 19 metastases of 87 leiomyosarcoma patients, as well as 7 benign uterine leiomyomas.

On the basis of previous data from the group of Matt van de Rijn, we first characterized the tumor-associated macrophages in a selected subset of 21 LMS, including different tumor grade and location 61,178 . By using a combination of immunofluorescent stainings (CD14-HLA-DRα and CD14-CD163-CD40), CD163 + macrophages were shown to be the major population in LMS, as almost all of the CD14 + cells also exhibited CD163 positivity, a marker for alternatively activated and immunosuppressive M2 TAMs, previously discussed. Based on this finding, CD163 immunohistochemistry was performed in our large cohort of 100 LMS tumors and we observed that around 60% of LMS were highly infiltrated with CD163 + TAMs, which was highly associated with tumor grade. In a multivariate Cox regression model including age, gender and histological grade, CD163 infiltrate was found to be an independent prognostic factor for overall survival. Therefore, we aimed to explore whether LMS cells played a role on monocyte-to-macrophage differentiation, by using coculture of freshly isolated monocytes from healthy donors with two LMS cell lines LMS04 and LMS05 or their conditioned media. In line with our immunohistochemical findings, the phenotype of macrophages (assessed by flow cytometry) after coculture with LMS cells appeared more similar to that of M-CSF-generated macrophages (M2) with upregulation of CD163. We then searched for soluble factors potentially involved in this immunosuppressive process, and M-CSF but not IL-34 was detected on LMS conditioned media using Luminex assay.

In addition, we evaluated the HLA class I status, the PD-L1/PD-L2 expression and the degree of TILs, all important immune parameters potentially predictive of checkpoint blockade efficacy. We demonstrated for the first time that HLA class I molecules are heterogeneously or strongly upregulated in LMS compared to normal smooth muscle cells and leiomyomas.

While loss or down-regulation of HLA molecules is a common mechanism deployed by tumour cells to escape immune surveillance, our data indicate that this mechanism is not present in LMS and that T cells can globally recognize LMS cells. Furthermore, half of the tumors, especially those of high histological grade, were highly infiltrated with T cells, reflecting an active host immune response. However, PD-L1 expression, reflecting an immune escape mechanism, was observed in 30% of tumors, also mainly in high-grade tumors. As PD-L2 expression was reported on some tumor cells and immune cells, notably macrophages, we assessed its expression in 35 tumors from this series, selected according to their PD-L1 status and macrophage infiltrate. PD-L2 positivity was found on 10 of these 35 tumors, on both tumor cells and immune cells, and frequently colocalized with PD-L1 expression.

Prevalence of TILs or PD-L1 expression was not associated with survival outcome. Finally, we noticed a more frequent PD-L1 expression in our cohort after neoadjuvant treatment, mainly radiation therapy. In order to better characterize the changes in the immune microenvironment after neoadjuvant radiotherapy, PD-L1 as well as CD3 and CD163 expression, were assessed by IHC on an independent cohort of seven leiomyosarcoma patients with pre-(biopsies) and post-radiation (resection) material collected. The increased PD-L1 expression was not confirmed but we observed an increased T-cell infiltration after radiation.

Altogether, our data support:

1) the characterization of PD-L1 expression and TILs to better select LMS who are likely to benefit from checkpoint blockade strategies and,

2) the combined or sequential use of macrophage-targeting agents as an effective therapeutic approach to reduce the immunosuppressive microenvironment, particularly in high-grade LMS.

ACCEPTED MANUSCRIPT

Introduction

Leiomyosarcomas constitute a group of malignant mesenchymal neoplasms that originate from smooth-muscle lineage. 1 These tumors usually occur in middle-aged or older adults in any softtissue or visceral site of the body. Histological grade according to the F ed eration Nationale des Centres de Lutte Contre le Cancer (FNCLCC), tumor size and tumor depth are the three major clinicopathological factors related to survival. Wide surgical excision is the cornerstone of leiomyosarcoma treatment. The additional value of radiotherapy largely depends on location and grade of the tumor. 2 In case of advanced disease, some systemic agents have been considered active, historically doxorubicin and ifosfamide, and more recently gemcitabine-based combination, trabectedin, pazopanib and eribulin. 3 Nevertheless, overall survival for patients treated with any first-line chemotherapy is around 12-15 months, emphasizing an unmet medical need for new therapeutic targets. 4 In this regard, the recent success of immunotherapy in many other tumor types raises the question whether such therapies, and which ones, would be applicable in sarcomas. The prognostic significance of tumor-associated macrophages (TAMs) has been extensively investigated in epithelial malignancies, but only few studies focused on sarcomas. [5][6][7][8] TAMs constitute a heterogeneous population of myeloid cells in tumor microenvironment and the concept of classical M1-and alternative M2-polarization represents two extremes of a spectrum of functional states. 9 To date, some agents targeting TAMs have already been successfully tested in a clinical setting, notably a small-molecule CCR2 inhibitor in pancreatic cancers and CSF-1R blockade in tenosynovial giant-cell tumors. [10][11][12][13] Another recent concept is to link genomics to immunotherapeutic approaches. 14 Leiomyosarcoma is known for its genomic complexity, therefore with a supposed high mutational burden. In epithelial malignancies, this high mutational load, as well as the presence of a spontaneous anti-tumor immune reaction prior to treatment, have been associated with predicting better response to immune checkpoint inhibitors. 15,16 So far, pre-clinical studies investigating the prevalence and the predictive value of immune markers such as T-cell infiltrate or PD-1/PD-L1 expression in soft tissue sarcoma were performed including several histological subtypes, which makes it difficult to draw firm conclusions about one specific histological subtype. [17][18][19][20] In this study, we evaluated the macrophage population, the HLA class I status, the PD-L1/PD-L2 expression and the degree of tumor-infiltrating lymphocytes (TILs) on a large series of leiomyosarcomas by using immunohistochemistry. Association of these immune markers with clinicopathological factors was assessed, as well as the effect of leiomyosarcoma cells on monocyte-to-macrophage differentiation in vitro.

Results

Leiomyosarcoma-infiltrating macrophages exhibit M2phenotype and correlate with decreased patient survival

First we used a selected subset of 21 leiomyosarcomas, including different tumor grade and location, to characterize the macrophage population. By using a combination of immunofluorescent stainings (CD14-HLA-DRa and CD14-CD163-CD40), CD163-positive macrophages were shown to be the major population in leiomyosarcoma as almost all of the CD14-positive cells also exhibited CD163 positivity, a marker for alternatively activated and immunosuppressive M2 macrophages (Supplementary Figure 1). Based on this finding, CD163 immunohistochemistry was performed in a cohort of 100 LMS tumors from 87 patients and 7 benign uterine leiomyomas. Patient demographics and relevant clinicopathological characteristics are described in Table 1. Overall, 61 of 100 leiomyosarcomas were highly infiltrated (>20%) with CD163positive cells (Fig. 1A,B), and this proportion was found quite similar between primary tumors (48 of 75) and relapses or metastases (13 of 25) (p D 0.29). For nine patients, material from primary tumor and the corresponding relapse/metastasis was available. Globally, the same pattern of CD163 infiltrate was observed between the associated lesions (Fig. 1C). Spatial distribution of the macrophages was found homogeneous within the tumors. Infiltration of CD163-positive macrophages was significantly higher in tumors with higher FNCLCC histological grade (Fig. 1D and Table 2; p < 0.0001). Notably, the seven leiomyomas included in our series were all poorly infiltrated with CD163-positive cells.

To evaluate the clinical relevance of these M2 tumor-associated macrophages in leiomyosarcoma, we performed Kaplan-Meier survival analyses of patients with primary tumors (n D 75). CD163-infiltrate significantly correlated with overall patient survival and disease-specific survival (log rank; p D 0.003 and 0.041 respectively) but not to disease-free survival (log rank; p D 0.46) (Fig. 2A-C). In a multivariate Cox regression model including age, gender and histological grade, CD163-infiltrate was confirmed to be an independent prognostic factor for overall survival (HR D 2,85 (1.03-7.93) p D 0,045).

Factors secreted by leiomyosarcoma cells drive macrophages toward the M2-polarization status

To explore the effect of leiomyosarcoma cells on monocyteto-macrophage differentiation, we cultured freshly isolated monocytes from healthy donors (n D 3) with two leiomyosarcoma cell lines LMS04 and LMS05 (0.4 mm transwell coculture) or with their conditioned media. Macrophage markers were analyzed by flow cytometry after six days and compared to GM-CSF and M-CSF-differentiated macrophages used as control for M1 and M2 phenotype, respectively. In the presence of either leiomyosarcoma cell lines or their conditioned media, the M2 macrophage marker CD163 was upregulated and comparable to the phenotype seen on M-CSF-differentiated macrophages (Fig. 1E). In addition, CD86 was upregulated by M-CSF in comparison with GM-CSF and was also upregulated by the LMS cells lines (Supplementary Figure 2). We also observed a strong expression of the activation marker CD40 on GM-CSF-differentiated macrophages but not with supernatant of the LMS cell lines. Expression of CD14 and HLA-DR were strongly induced by the LMS cells (Supplementary Figure 2). Together, this indicates that LMS cells induce a M2 phenotype, as rather than M1. To assess potential soluble factors capable of inducing M2 differentiation, Luminex assay was used to evaluate the possible secretion of h-M-CSF and h-IL-34 by LMS cells. M-CSF was detected between 22 and 47 pg/ml on LMS conditioned media (Fig. 1F) while IL-34 was not detected.

HLA class I is upregulated in leiomyosarcoma

As surface HLA class I expression is an important determinant for CD8 T-cell recognition, we assessed its expression by immunohistochemistry on the total cohort of 100 leiomyosarcomas and seven leiomyomas, using the antibodies HCA2 (HLA-A), HC10 (HLA-B/C) and b2-microglobulin. Staining patterns on smooth muscle cells from blood vessels within the tumor tissue blocks and on uterus were also assessed and representative images of these stainings are shown in Fig. 3. We observed a completely negative or very weak expression of HLA class I on normal smooth muscle cells from blood vessels and only HLA-B/C expression was detected on uterine smooth muscle cells (not shown). In the seven benign leiomyomas, the staining pattern was quite similar with heterogeneous expression of b2-microglobulin and HLA-B/C, associated with absent HLA-A. Interestingly, on 98 tumours with heterogeneous HLA expression, we observed a frequent spatial colocalization between HLA expression on tumor cells and presence of T cells. Low expression of both HLA-A and HLA-B/C markers was found in only three leiomyosarcomas, of which two primary tumors and one relapse, and associated with low or heterogeneous expression of b2microglobulin.

Altogether, considering the basal low HLA class I expression on normal smooth muscle cells and the frequently heterogeneous or strongly positive expression on leiomyosarcomas, this suggests that HLA class I is upregulated in the majority of these tumors.

Increased PD-L1 expression and T-cell infiltration in highgrade leiomyosarcoma

PD-L1 expression and the presence of tumor-infiltrating T cells were evaluated using immunohistochemistry on the entire tumor series using whole sections. Representative images of these stainings are shown in Fig. 4. Overall, 32/106 evaluable tumors (30%) had positive membranous PD-L1 expression, observed on 1% of tumor cells and/or immune cells. Interestingly, PD-L1 expression was specifically detected in grade 2 (n D 10, 34%) and grade 3 (n D 19, 42%) leiomyosarcomas, as only one grade 1 tumor (8%) was found positive and all leiomyomas were PD-L1 negative (p D 0.005) (Table 2). High Tcell infiltration (>5 CD3 C cells/HPF) was observed in 55/105 tumors (52%), mainly grade 2 (72%) and grade 3 (56%) leiomyosarcomas (p D 0.036). Only one grade 1 leiomyosarcoma (8%) and one leiomyoma (14%) were infiltrated by T cells. PD-L1 positivity and high T-cell infiltration were strongly correlated (p < 0.0001). Neither PD-L1 expression nor T-cell infiltrate correlated with age, gender, tumor size, tumor type (primary, relapse, metastasis) or patient survival, as detailed in Table 2 andFigure 2. Tumors were categorized according to the Tumor Immunity in MicroEnvironment (TIME) classification, as it helps to characterize the tumor immune response and to predict response to anti PD-1 therapy. 21 When combining both immune markers in the TIME classification, we identified 39 tumors with the T1 subtype (PD-L1 ¡ , TIL ¡ ), 23 with the T2 subtype (PD-L1 C , TIL C ), 25 with the T3 subtype (PD-L1 ¡ , TIL C ) and six tumors with the T4 subtype (PD-L1 C , TIL ¡ ). This classification also correlated with tumor grade (p D 0.004), as shown in Fig. 4.

Frequent PD-L1 expression was noticed after neoadjuvant treatment, mainly radiotherapy, (6/10 evaluable tumors; 60%) compared to patients who had surgery first (26/96 tumors; 27%, p D 0,031). In order to better characterize the changes in the immune microenvironment after neoadjuvant radiotherapy, PD-L1 as well as CD3 and CD163 expression, were assessed by IHC on an independent cohort of seven leiomyosarcoma patients with pre-(biopsies) and post-radiation (resection) material collected. Eleven of the 13 tumors available were highly infiltrated by CD163-positive cells (five biopsies and six resections). CD3 C TILs were observed in four resection samples but in only 1 biopsy. There was no significant change regarding PD-L1 expression between biopsies (one PD-L1 positive) and post-radiation resections (two PD-L1 positive) (Supplementary Table 2).

PD-L2 is co-expressed in some PD-L1 positive leiomyosarcomas

As PD-L2 expression was reported on some tumor cells and immune cells, notably macrophages, we assessed its expression in 35 tumors from this series, selected according to their PD-L1 status and macrophage infiltrate. PD-L2 positivity was found on 10 of these 35 tumors, on both tumor cells and immune cells (8/9 tumors PD-L1 C CD163 C , 1/5 tumor PD-L1 C CD163 ¡ , 1/8 tumor PD-L1 ¡ CD163 C and none of the 13 tumors PD-L1 ¡ CD163 ¡ ). Surprisingly, nine tumors with PD-L2 expression were also PD-L1 positive, with a frequent colocalization (Supplementary Figure 3A,B). This co-expression PD-L1/PD-L2 was also observed on alveolar macrophages surrounding lung metastatic lesions (Supplementary Figure 3C ,D). leiomyosarcomas. As CD163 is a well-recognized marker for M2-type macrophages, it reflects the predominance of tumorpromoting macrophages in these tumors, indicative of an immunosuppressive microenvironment. 23 Overall, around 60% of leiomyosarcomas were highly infiltrated with CD163 positive TAMs, which was strongly correlated with increased histological grade and was found to be an independent poor prognostic factor for overall survival. Using gene expression profiling follow by immunohistochemistry on tissue microarrays, the prognostic significance of CD68-and CD163-positive TAMs has been previously reported in nongynecologic leiomyosarcoma patients, which was independent of the histological grade. 8 Therefore, the current series, for which we used immunofluorescent staining for combined macrophage markers in a pilot series followed by CD163 immunohistochemistry on whole tumor sections, can be seen as an independent validation of the previous published results. While TAMs have been associated with increased metastatic potential, there was no correlation between TAMs and disease-free survival in both cohorts. 24 As opposed to carcinomas, we have previously shown a favorable prognostic effect of TAMs in osteosarcoma, suggesting that tumor immunology may be different amongst the different sarcoma types. 6,25 The phenotype of macrophages observed in vitro after coculture with leiomyosarcoma cells appeared more similar to that of M-CSF-generated macrophages (M2) than GM-CSFgenerated macrophages (M1), which is in line with the immunohistochemical findings in leiomyosarcoma patients. The same M-CSF-like phenotype was observed with conditioned media from tumor cells, and is therefore most likely related to leiomyosarcoma cell-secreted factors. M-CSF receptor (also known as CSF1-R) is expressed on macrophages and has been shown to polarize macrophages toward the alternative and immunosuppressive M2 phenotype. 26 Notably, a paracrine loop involving M-CSF secreted by tumor cells and TAMs has been described in mammary tumors. 27 Recently, IL-34 has been shown to induce the differentiation of human monocytes into immunosuppressive macrophages, also via M-CSF receptor. 28,29 In this study, M-CSF was detected in LMS conditioned media and might be partly responsible for the macrophage polarisation in leiomyosarcoma. IL-34 was not detected but its expression is usually very low and therefore our assay might be not sensitive enough. Preclinical data already identified an M-CSF signature in a subset of leiomyosarcomas, both gynecologic and nongynecologic, associated with poor prognosis. 30 Moreover, M-CSF blockade strategy successfully translated into clinical objective responses in tenosynovial giant-cell tumors and is currently being tested in various solid malignancies. 12,13 Based on our study, 57% of the grade 2 and 76% of the grade 3 LMS might benefit from such macrophage-targeted agents.

Another successful antitumor approach in epithelial malignancies is the T cell-based immunotherapy, notably with immune checkpoint inhibitors, which has transformed the prognosis of patients with selected advanced cancers. 31 The search for potential application in sarcoma patients with advanced disease is currently very active considering the often poor responsiveness to radio-and chemotherapy. HLA-A and HLA-B both are antigen-presenting molecules and required for T-cell based immunotherapies. It is known that HLA class I expression is low or negative on normal smooth muscle cells and upregulated in inflammatory conditions such as myositis but so far, there was no data regarding HLA expression in LMS. 32 Our study demonstrates for the first time that HLA class I molecules are heterogeneously or strongly upregulated in LMS compared to normal smooth muscle cells and leiomyomas. While loss or down-regulation of HLA molecules is a common mechanism deployed by tumour cells to escape immune surveillance, our data indicate that this mechanism is not present in LMS and that T cells can globally recognize LMS cells. Furthermore, half of the tumors, especially those of high histological grade, were highly infiltrated with T cells, reflecting an active host immune response. However, PD-L1 expression, reflecting an immune escape mechanism, was observed in 30% of tumors, which also significantly correlated with higher histological grade and high T-cell infiltration. Previous studies have reported PD-L1 expression in soft-tissue sarcoma series, including few LMS with a variable PD-L1 expression (between 11 and 70% of positive cases). [17][18][19][20] Such discrepancies are explained by the small numbers of cases, the use of different PD-L1 antibodies and different scoring systems. In addition, some groups worked on tissue-microarrays and others on whole sections. Efforts to standardize the PD-L1 immunostaining have been done in epithelial malignancies and are also essential for sarcoma. While PD-L1 was more frequently expressed in our cohort after neoadjuvant treatment, this observation was not confirmed in an independent cohort, which highlighted an increased number of TILs after radiation. Larger patient series are needed before any conclusions on the effect of neoadjuvant therapy in immune microenvironment can be drawn in leiomyosarcoma. Prevalence of TILs or PD-L1 expression have been associated with survival outcome in several malignancies but were not significant in our LMS series, in accordance with a previous study in soft-tissue sarcomas. 18,33,34 In the literature, this anti-tumor immune reaction prior to treatment has been associated with better response to immune checkpoint inhibitors and clearly warrants further investigation as predictive biomarker in sarcoma, as recently highlighted by Budczies et al in high-grade soft-tissue sarcomas. 16,35 Recent data from the multicenter phase II study of pembrolizumab in patients with advanced soft-tissue and bone sarcomas (SARC028, NCT02301039), were disappointing. 36 However, data from translational research conducted in this clinical trial suggested the predictive value of PD-L1 expression, which correlated with T-cell infiltrate. While nivolumab also failed to demonstrated antitumor activity in metastatic uterine LMS (NCT02428192), a mixed partial response/stable disease was obtained in three metastatic LMS with the same anti PD-1 agent. 37,38 Furthermore, a successful treatment of refractory and metastatic PD-L1 positive LMS has been recently reported. 39 It highlights the potential efficacy of such agents in selected advanced LMS and the challenge of identifying predictive biomarkers. Among possible biomarkers, the immune profile of the tumor or immunoscore, i.e. the recent TIME classification, seems to be a good candidate as tumors with a T2 subtype (PD-L1 C , TILs C ) are likely to be sensitive to immunotherapeutic strategies. In this series, around 25% of tumors exhibited the T2 subtype, which represents an important proportion of patients predicted to respond to immune checkpoint inhibitors. We have learnt from melanoma studies that combination of CTLA-4 and PD-1 inhibitors was more efficacious than the respective monotherapies. 40 Actually, two clinical trials assessing efficacy and safety of combined immune checkpoint inhibitors in sarcoma are ongoing (NCT03138161 and NCT02428192). Of note, the T2 phenotype was observed in high grade LMS (>95%) but most of these tumors (88%) were also highly infiltrated with immunosuppressive TAMs, which may limit the anti PD-1 efficacy. 41 Therefore, based on our findings and the current literature, we can speculate that the combined or sequential use of macrophage-targeting agents may be an effective therapeutic approach to reduce the immunosuppressive microenvironment and to enhance the efficacy of PD-1 inhibition in patients with high-grade LMS with a T2 subtype. For the other TIME subtypes, other combination strategies have to be developed in order to generate an inflammatory microenvironment (T1 and T4 subtypes) or to break an existing T-cell tolerance (T3 subtype). 21 

Conclusion

The presence and clinical significance of M2 macrophages, possibly induced by LMS cell-secreted factors, suggest that twothirds of high-grade LMS patients might benefit from macrophage-targeting agents. Furthermore, PD-L1 expression together with high T-cell infiltrate and HLA class I expression in around 30% of high grade LMS reflects an active immune microenvironment potentially responsive to immune checkpoint inhibitors. Selection of sarcoma patients according to their tumor immune microenvironment seems of major interest to develop immunotherapeutic strategies, as single agents or in combination.

Materials and methods

Patient material

Formalin-fixed, paraffin-embedded material from the archives of the Pathology department of the Leiden University Medical Center (LUMC) was collected for this study. Primary tumors (n D 75), local relapses (n D 6) and metastases (n D 19) of 87 leiomyosarcoma patients were included, as well as benign uterine leiomyomas (n D 7). For nine leiomyosarcoma patients, material from both primary tumor and matched local relapse or metastasis was available. We used whole sections to assess density, location and type of immune infiltrate. Diagnoses and histological grade according to FNCLCC were confirmed by an experienced bone and soft-tissue tumor pathologist (J.V.M.G.B.) according to the 2013 World Health Organization classification. 42 All the specimens were coded and handled according to the ethical guidelines described in the Code for Proper Secondary Use of Human Tissue in the Netherlands of the Dutch Federation of Medical Scientific Societies as reviewed and approved by the LUMC ethical board (B17.018). A separate small independent sample set consisting of material from pre-and post-radiation treatment of seven leiomyosarcoma patients treated at the Netherlands Cancer Institute was also collected in order to assess the effect of radiation on immune microenvironment (reviewed and approved by the NKI Institutional Review Board (CFMPB470)).

Immunohistochemical analyses

Four mm sections were deparaffinized with xylene and rehydrated in graded concentrations of ethanol. Endogenous peroxidase was blocked in 0.3% H 2 O 2 solution (except for immunofluorescent procedure) and microwave antigen retrieval was performed in Tris-EDTA pH 9.0 or Citrate pH 6.0 according to the antibody, as described in Supplementary Table 1. To define macrophage polarization, we used a CD163 staining, a well-known marker of alternatively activated and immunosuppressive M2 macrophages. 43 According to standard laboratory methods, primary antibodies were diluted in PBS/bovine serum albumin 1% and incubated overnight at 4 C. Anonymized tonsils were used as positive controls and primary antibodies were omitted for the negative controls. Stainings of normal smooth muscle cells were assessed on blood vessels from the same tumor tissue blocks and on anonymized uterus material.

For immunohistochemistry, antibodies were detected using poly-HRP (ImmunoLogic), visualized with a DABC substrate chromogen system (Dako) and slides were counterstained with hematoxylin, dehydrated and mounted using CV Mount (Leica Microsystems). Whole sections were evaluated independently by two observers (M.K. and A.C. or J.V.M.G.B.) blinded to clinicopathological data, and tumors were categorized with low or high macrophage-infiltrate using the cut-off of >20% CD163positive cells, and low or high T-cell infiltrate using the cut-off of >5 CD3 C cells/HPF with the average of five randomly chosen HPFs. 44,45 HLA class I expression (HCA2, HC10 and b2microglobulin staining) was categorized as negative/focal weak, heterogeneous or positive, as previously detailed. 46 PD-L1 and PD-L2 positivity was defined as 1% of tumor cells or immune cells showing a membranous PD-L1 staining of any intensity. 47 For immunofluorescence, isotype-specific secondary antibodies labelled with Alexa fluorochromes (Life Technologies) were added during 1 h at room temperature and the slides were mounted using Vectashield mounting medium containing DAPI (Vector Laboratories). Five randomly selected representative images were then acquired at 250x magnification using a confocal scanning microscope (LMS700, Zeiss) in a multitrack setting with a 25x/0.80 Plan-Neofluoar objective.

In vitro cell culture

The leiomyosarcoma cell lines LMS04 and LMS05 (kindly provided by J.A. Fletcher, Brigham and Women's Hospital, Harvard Medical School, Boston, USA) were cultured in RPMI-1640 (Gibco, Invitrogen Life Technologies) supplemented with 10% heat-inactived Fetal Calf Serum (Gibco, Invitrogen Life Technologies) at 37 C in a humidified incubator (5% CO2). Mycoplasma test were performed on a regular basis and authentication of cell lines was confirmed using short tandem repeat (STR) typing (GenePrint 10 system, Promega). For experiments with conditioned media, cell culture medium was changed to serum-free medium at 90% confluence and tumor cells were kept in culture for 24 h. Conditioned medium was collected, filtered through a 0.2 mm syringe (GE Healthcare Life Sciences) and used directly at a 20% concentration in cell culture medium or frozen for cytokine analysis.

Peripheral blood mononuclear cells (PBMCs) from three different blood donor buffy coats (Sanquin Blood bank, Region Southwest, Rotterdam, the Netherlands) were obtained by centrifugation over Ficoll gradient. CD14-positive monocytes were isolated from PBMCs by positive selection using anti-CD14 MicroBeads on a LS MACS column (Miltenyi Biotech). Monocyte-to-macrophage differentiation was induced by culturing monocytes (1 £ 10 6 cells/mL) for 6 days in RPMI-1640 supplemented with 10% FCS and 80 ng/mL GM-CSF (Peprotech) to polarize macrophages towards the M1 phenotype, or 20 ng/mL M-CSF (R&D Systems) to polarize macrophages towards the M2 phenotype, as previously reported. 48 To assess the effect of leiomyosarcoma cells on monocyte-to-macrophage differentiation, 1 £ 10 6 freshly isolated monocytes were cocultured for 6 days in 24-well plates with either 1 £ 10 4 LMS04 or 2,5 £ 10 4 LMS05 cells in 0.4 mm Falcon Ò cell culture inserts (Corning Life Sciences) or with their conditioned media.

Flow cytometry

After 6 days, macrophages were detached by incubation in Accutase (Sigma-Aldrich) at 37 C during 30 minutes and stained for cell surface markers. Antibodies used were anti-CD1 a-APC, CD45-PE-Cy5.5, CD14-PE-Cy7, CD163-PE, HLA-DR-V500, CD86-FITC and CD40-APC-H7 (Supplementary Table 1). Data were acquired on a LSR II flow cytometer and analyzed using Kaluza FACS software (Beckman Coulter Life Sciences).

Cytokine analysis

Conditioned media from LMS cell lines LMS04 and LMS05 were used for quantification of h-M-CSF and h-IL-34 by Luminex according to the manufacturer's instructions (Bio-Rad Laboratories).

Statistics

Statistical analyses were performed using SPSS software version 23.0 (IBM Corporation) and graphs were constructed using GraphPad Prism software version 6. Correlation between immunohistochemical data and clinicopathological variables was analyzed using Spearman's rank correlation coefficient. A log-rank test was used for assessing CD163, CD3 and PD-L1 from primary tumors in relation to patient survival, then a multivariate Cox regression model including age, gender, grade and CD163infiltrate. Nonparametric Mann-Whitney test or the Kruskal-Wallis test followed by Dunn's post-test were used to compare differences between in vitro conditions. P-value < 0.05 was considered to be statistically significant. 

FUTURE DIRECTIONS

The potential role of immuno-oncology in the management of soft-tissue sarcomas, and therefore in LMS, is under active investigation. While use of anti-PD-1 alone in sarcoma has produced disappointing efficacy in the SARC028 trial (LMS, n=10), remarkable responses have been observed in some patients and we are still waiting for detailed analyses of the correlative aspects 106 . The Alliance A091401 trial corroborates the idea that the use of anti PD-1 alone in an unselected sarcoma population has limited efficacy while the combination therapy with anti CTLA-4 desserves further evaluation 179 .

Our data, as well as the strong infiltration by macrophage expressing the inhibitory enzyme patients predicted to respond to immune checkpoint inhibition. Of note, such tumor immune phenotype was observed in high grade LMS (>95%) but most of these tumors (88%) were also highly infiltrated with immunosuppressive TAMs, which may limit the anti PD-1 efficacy, as suggested by the PEMBROSARC correlative data 33 . Adding to previous data on macrophage infiltrate and CSF-1 signature in LMS, as well as the efficacy of trabectedin, it seems that we have now quite some arguments for developing/optimizing macrophagetargeted therapies in this sarcoma subtype. However, by blocking these immunosuppressive TAMs, one can hope stopping tumor progression or at best obtaining a partial tumor regression, but it seems utopian to have a complete and long-lasting tumor response only by blocking TAMs. Thereby, combining macrophages-targeted agents with checkpoint inhibitors to unleash an additive T-cell response might be a promising approach and would desserve dedicated trials with a patient selection according to the analysis of the tumor immune microenvironment. Indeed, whether such immune score should be implemented in sarcoma remains to be determined.

As recently reviewed by Sebio et al, the majority of ongoing clinical trials evaluating immunotherapy in sarcomas include checkpoint inhibition in combination, either with another checkpoint inhibitor (i.e. anti PD-(L)1 plus anti CTLA-4), trabectedin, chemotherapy, tyrosine kinase inhibitors, radiation therapy or oncolytic virus (Table 7). Such studies will In contrast to leiomyosarcoma and to most other tumor types, TAMs have been associated

with reduced metastasis and improved survival in high-grade osteosarcoma 189 . One speculated that while origin non-motile epithelial cells would required macrophages for tumor invasion and migration, mesenchymal cells would not need the guidance of immune cells and instead, might be inhibited in their motility by macrophages 190 . These data support the use of macrophage activation agent in osteosarcoma, such as mifamurtide, and not macrophage depleting agents which might be deleterious. Indeed, efficacy of PD-1 inhibitor was compromised by macrophage depletion in a mouse model 60 Our results in chondrosarcoma were by far the most surprising, as there was no « immunological interest » in this tumor at the time of this work. Just as a small anecdote, it took me few months to convince the group to assess immune markers in chondrosarcoma, as in routine pathology, they were not used to see many immune cells in such tumors. Once again, it highlights the interest of screening separately large series of a certain type of Such project will require close collaboration between pathology, molecular biology, oncology, microbiology and immunology. In the case of sarcomas, an important consideration is to investigate specific subtypes separately, as highlighted by this thesis, which allow more solid conclusions in order to select potential responders to immunotherapy. Before achieving this ideal personalized management, I would propose a systematic analysis of PD-L1, PD-1, CD3/CD8 and CD163 to be performed in sarcoma biopsies at diagnosis or relapse to better stratify patients regarding their tumor microenvironment and to be included in the reflection for testing further therapeutic strategies based on immunological features.

What would be the role of a rheumatologist in this innovative approach ?

By increasing the activity of the immune system, cancer immunotherapy is responsible for autoimmune/inflammatory manifestations in a significant proportion of patients (up to 70% of patients), potentially severe (≤10% for anti PD-(L)1 and up to 20% for anti CTLA-4) [193][194][195] .

Diagnosis and management of these immune-related adverse events require a close collaboration between oncologists and organ specialists, including rheumatologists. In addition to our expertise for diagnosis of rheumatic but also systemic diseases, rheumatologists have experience using glucocorticoids, immunosuppressors and biologics such as anti-TNF to manage induced/paradoxical autoimmunity, or anti IL-6 for cytokine release syndrome associated with novel T cell-engaging therapies.

Since my return in France, I aimed to develop collaboration with oncologists for improving diagnosis and management of musculoskeletal immune-related adverse events of cancer immunotherapy. We implemented a systematic referral of patients with any musculoskeletal symptom occurring during or after ICI treatment to the department of rheumatology, which allowed us to estimate the prevalence such rheumatic manifestations at 6.6% among all patients receiving ICI, including a wide range of clinical presentations 196 . My ongoing and future research will focuse on the management of these immune-related adverse events, with ongoing national and european recommendations, but also the relationship between autoimmunity and tumor immunity, and how to optimize immunotherapy efficacy.
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1. 1 .

 1 The fathers of immunotherapy : an historical perspective What a better way to start this thesis than by mentioning the so-called father of immunotherapy, Sir William Coley? This bone sarcoma surgeon reported in 1981 the first successful example of cancer immunotherapy by injecting a mixture of toxins of streptococcal bacteria (the Coley's toxins) into unresectable sarcomas . The resulting inflammatory reaction led to tumor regression, similar to what has been observed with postoperative infection for osteosarcoma surgery . Then, the roots of cancer immunology lie in the work of Elie Metchnikoff and Paul Ehrlich, respective fathers of cellular (innate) and humoral (adaptative)

Figure 1 .

 1 Figure 1. The cancer immunoediting concept, as proposed by Schreiber et al 6 .

Figure 2 .

 2 Figure 2. Mechanisms of expression of PD-L1 on tumor cells (from DM.

Figure 3 .

 3 Figure 3. The immunosuppressive network of tumor cells (from Rabinovich et al 35 ).

•

  . The myriad of pro-inflammatory mediators present in the tumor microenvironment will drive accumulation and activation of MDSCs, as well as their suppressive activity. MDSCs directly suppress T cells by amino acids depletion, induce T cells apoptosis, reduce homing to lymph nodes, or inhibiting their intracellular signaling pathways required for activation. MDSCs also alter the ability of antigen-presenting cells to activate T cells and induce immunosuppressive Tregs. In addition, MDSCs cross talk with macrophages, tumor cells, and myeloid cells to generate a favorable tumor microenvironment. Common phenotype includes CD14 -CD11b + CD15 + for polymorphonuclear MDSCs and CD11b + CD14 + HLA-DR low/-CD15 -for monocytic MDSCs 41 . Interestingly, several agents under clinical investigation have a role in MDSCs inhibition 42 , such as : o Anti CSF1-R, by inhibition of MDSCs migration. Indeed, treatment of mice bearing Lewis Lung Carcinoma tumors with CSF-1R inhibited the recruitment of CD11b + Gr1 lo Ly6C hi monocytic MDSCs and reduced the expression of proangiogenic and immunosuppressive genes within the tumor microenvironment o Zoledronic acid, as well as JAK2/STAT3 inhibitors, multi-kinase inhibitors and VEGF inhibitors, by blocking the development of MDSCs. Tyrosine kinase signaling is implicated in the stimulation of early myeloid cells differentiation into MDSCs. Plasmacytoid dendritic cells (pDCs), which represent a rare population of circulating cells characterized by a rapid and massive TLR-dependent secretion of type I IFN in response to pathogenic agents or danger signals, and known to drive tumor rejection. Through their capacity to bring together innate and adaptive immunity and to secrete soluble factors controlling cancer development, these cells could represent important actors in antitumor immunity. However, accumulating evidence suggests that tumor cells. Therefore, they loose their ability to produce the required amount of endogenous I-IFN and instead, will induce the expansion of IL-10 producing CD8 + Tregs. • Type II natural killer T (NKT) cells, mostly CD4 + , suppress tumor immunity by producing IL-13 activated through CD1d, which recognizes tumor-derived glycolipids 43 ; • Two major immunosuppressive cytokines: o TGF-β, which inhibit dendritic cells activation, as well as T cells and NK cells function; o IL-10, which also inhibit dendritic cells function and drive the T cell response toward Th2-mediated immunity, traditionally viewed as favoring tumour growth 44 .

Figure 4 .

 4 Their immunosuppressive functions occur at each stage of cancer development47 . During tumor initiation, they create an inflammatory environment that is mutagenic and promotes tumor growth. Then, they stimulate angiogenesis, enhance tumor cell migration and invasion, and suppress antitumor immunity, notably through the suppression of T cell responses. Finally, they promote metastasis by facilitating angiogenesis, matrix breakdown and tumor-cell motility, all major elements of the metastatic process.

Figure 4 .

 4 Figure 4. Macrophage polarization and activation states (from Biswas et al 48 ).

Figure 5 .

 5 Figure 5. Therapies targeting the cancer-immunity cycle (from Chen & Mellman 67 )

Figure 6 .

 6 Figure 6. Adoptive cell transfer of naturally occurring autologous TILs (from Rosenberg & Restifo 75 ). Tumor is digested into multiple tumor fragments that are individually cultured with IL-2. The resulting pure cultures of lymphocytes (2-3 weeks) are tested for reactivity in coculture assays then selected and rapidly expanded before reinfusion into patient.

Figure 7 .

 7 Figure 7. Gene-modification of peripheral blood lymphocytes (from Rosenberg & Restifo 75 ). Techniques are being developed to introduce antitumor receptors into normal patient's T lymphocytes, either conventional TCR (upper line) or a CAR (lower line), followed by the expansion and infusion back into the patient. TCR and CAR are fundamentally different in their structures and in the structures that they recognize: antigen processed and presented via MHC molecules for TCR ; antigen presented on the tumor cell surface for CAR.

Figure 8 .

 8 Figure 8. The different TAM-targeted antitumor strategies (from Tang et al 80 ).

Figure 9 .

 9 Figure 9. Linking genomic and immunotherapy approaches to sarcoma molecular subtype (from Lim et al 84 )

Figure 1

 1 Figure 1 Schematic overview of the mechanism of action of anti-CTLA-4 antibodies. APCs take up tumor antigens in the periphery and migrate to the lymph nodes. In the lymph nodes, the APCs present tumor antigens in complex with HLA class I molecules to naive T cells, which then become primed. Complete activation of the naive T cell occurs when a co-stimulatory signal is provided by binding of CD80 or CD86 on the APC to CD28 on the naive T cell (a). However, naive T cells can also express CTLA-4 that, by interacting with CD80 and CD86, transduces an inhibitory signal that leads to T-cell anergy (b). Treatment with CTLA-4-blocking antibodies promotes activation of naive T cells, which can then migrate to tumor tissues and directly kill tumor cells (CD8 + T cells) or provide an inflammatory environment (T H 1 CD4 + cells) (c).

Figure 2

 2 Figure 2 Schematic overview of the mechanism of action of anti-PD-1 and anti-PD-L1 antibodies. Tumor cells can upregulate PD-L1 expression by genetic alterations or chromosomal translocation. INF-γ and other cytokines in the tumor microenvironment can also upregulate the expression of PD-L1 on tumor cells and myeloid cells, such as APCs. PD-L1 on these cells binds to PD-1 on active T cells, inhibiting the T-cell receptor-mediated proliferation of the T cells, leading to reduced killing of the tumor cells. CD8 + T cells can interact with tumor cells and APCs through MHC class I molecules, whereas CD4 + T cells interact with APCs through MHC class II molecules. (a) Administration of anti-PD-L1 and anti-PD-1 antibodies prevents immune inhibition by the PD-L1 on the tumor cells or myeloid cells and subsequently enhances tumor killing (b).

  Figure

Figure 11 .

 11 Figure 11. Histological grading of chondrosarcoma according to the 2013 WHO classification.

-

  Clear cell chondrosarcoma, a low-grade variant characterized by clear cytoplasm of the tumor cells, arranged in lobular patterns, in addition to hyaline cartilage.

Figure 12 :

 12 Figure 12 : Histological aspects of rare chondrosarcoma subtypes according to the 2013 WHO classification (adapted from Gelderblom H et al 96 )

Figure 13 .

 13 Figure 13. Overall survival (OS) for patients with unresectable conventional chondrosarcoma 100 . Median OS was of 20 months for patients who received systemic treatment (n=37), mainly doxorubicin-based regimen but including also imatinib and sirolimus, versus 15 months for those who received no treatment (n=134).

Finally

  , as HLA class I antigen expression is an important determinant for T-cell based immunotherapy, we assessed its expression by immunohistochemistry and observed different patterns, either strongly positive/diffuse, heterogeneous or negative. Positive HLA class I expression was significantly associated with high T-cell infiltrate and PD-L1 expression on tumor cells.

PD-L1 expression in chondrosarcoma 2 M

 2 Kostine et al Modern Pathology (2016) 00, 1-10

  Abbreviations: α: anti; A: Alexa Fluor labeled; G: goat; M: mouse.

(

  45%) tumors were highly infiltrated with T cells. For three patients, we observed a low density of intratumoral T-cell infiltration, whereas higher in the peritumoral area, highlighting the importance of evaluating and scoring a whole tumor section. Nevertheless, these tumors were considered as having low T-cell infiltrate as the absence of intratumoral T cells would possibly result in lower efficacy of checkpoint blockade therapy. Similar to the distribution of PD-L1 expression, tumorinfiltrating lymphocytes were only present in the dedifferentiated component and absent in the welldifferentiated parts. As PD-L1 is a ligand for the PD-1 receptor expressed in T cells, we assessed PD-1 expression in tumors with high T-cell infiltration (n = 8).

Figure 1

 1 Figure 1 PD-L1 expression is limited to the dedifferentiated component and colocalizes with tumor-infiltrating lymphocytes. Representative images for PD-L1 immunostaining in a dedifferentiated chondrosarcoma with both dedifferentiated (a) and welldifferentiated (b) component. Commonly, a regional colocalization was observed of tumor cells expressing PD-L1 (c) and tumor-infiltrating lymphocytes, characterized by CD3 immunohistochemistry (d) in the dedifferentiated component. Scale bars, 50 μm.

  Positive HLA class I expression was significantly associated with high T-cell infiltrate and PD-L1 expression on tumor cells (Spearman's rho = 0.503, P = 0.024).

Figure 2

 2 Figure 2 Characterization of tumor-infiltrating lymphocytes and tumor-associated macrophages in dedifferentiated chondrosarcoma.Representative images for tumor-infiltrating lymphocytes in primary tumors (a) and in metastases (b). Antibodies against CD3 (red), CD8 (blue) and FoxP3 (green) were used to identify T helper cells (CD3 + CD8 -), cytotoxic T cells (CD3 + CD8 + ) and T regulatory cells (FoxP3 + ). In both primary tumors and metastases, around 60% of tumor-infiltrating lymphocytes were cytotoxic CD3 + CD8 + T cells (c). Furthermore, a higher percentage of FoxP3 + T regulatory cells was found in metastases (mean 18%) compared with primary tumors (mean 5%). Representative images for tumor-associated macrophages (d). Antibodies against CD14 (green) and CD163 (blue) were used to detect macrophages and characterize their polarization as CD163 represents tumor-promoting type 2 macrophages (M2).

Figure 3

 3 Figure 3 Different HLA class I phenotypes in dedifferentiated chondrosarcomas. Representative images for the HLA class I evaluated by immunohistochemistry with HCA2 (for HLA-A), HC10 (for HLA-B/C) and β2-microglobulin antibodies. Similar expression of HLA-A and B/C on tumor cells was often observed and categorized as positive (n = 9), heterogeneous (n = 5) or negative/weak (n = 2) with appropriate positive internal controls (endothelial cells or T cells). Four tumors showed selective loss of HLA-A with positive expression of HLA-B/C. Β2-microglobulin was positive in all tumors. Scale bars, 50 μm.

Figure S2 .

 S2 Figure S2. Decalcification process does not affect PD-L1 staining. Representative images for not decalcified tonsil (A), EDTA-decalcified tonsil (B) and tonsil decalcified using formic acid (C). Low and high magnification. Scale bars, 200μm.

Figure S3 .

 S3 Figure S3. PD-L1 expression does not correlate with overall patient survival. Overall survival was defined as time to death from surgery. Survivors were censored at the date of the last follow-up. Kaplan-Meier curve, p value obtained by log-rank test.

Figure 14 .

 14 Figure 14. PET/CT of a 74 year-old male with metastatic dedifferentiated chondrosarcoma before (left side) and after (right side) six cycles of an anti PD-1 (from the publication of Paoluzzi et al 107 )

PART

  most common primary high-grade bone malignancy, primarily affecting children and adolescents. There is a second incidence peak among individuals aged > 60 years, often considered as secondary neoplasms after radiation therapy or sarcomatous transformation of Paget's disease of the bone. It comprises more than half of all bone cancers in individuals under 20 years with 400 new cases diagnosed each year in the United States 109 .

Figure 15 .

 15 Figure 15. Radiograph and the corresponding MRI of a 14-years old patient with osteosarcoma of the left knee.

Figure 16 .

 16 Figure 16. Extraskeletal osteosarcoma on plain radiograph (left side), and on CT (right side).

  high-grade central osteosarcoma Osteoblastic osteosarcoma Chondroblastic osteosarcoma Fibroblastic osteosarcoma Telangiectatic osteosarcoma Small cell osteosarcoma Multifocal osteosarcoma Undifferentiated high-grade pleomorphic sarcoma of bone Low grade central osteosarcoma SURFACE (PERIPHERAL) Parosteal (juxtacortical) osteosarcoma Perisoteal osteosarcoma High-grade surface osteosarcoma EXTRASKELETAL OSTEOSARCOMA genetic conditions involving mutation in the RECQ gene family predispose to osteosarcoma, including Rothmund-Thompson syndrome (also called poikiloderma congenitale) and the related Werner and Bloom syndrome 121 .

Fig. 1

 1 Fig. 1 Different HLA class I phenotypes in osteosarcoma. Representative staining patterns of HLA-A expression using immunohistochemistry (HCA2 antibody): negative/weak expression with endothelial cells as positive internal controls (a), heterogeneous expression with both negative and positive regions (b) and diffuse positive expression (c). Scale bars 50 μm. Negative and heteroge-

Fig. 4

 4 Fig. 4 Correlation between HLA class I status, total T cells and patient survival. Kaplan-Meier survival curves for disease-free survival and overall survival according to HLA class I status (a, b) and density of T-cell infiltration (c, d) of the primary tumour. Overall sur-

  from initial diagnosis (months); * indicates metastasis present at the time of initial diagnosis

Table 6 .

 6 Ongoing clinical trials based on immunotherapeutic approaches in osteosarcoma (from Heymann et al 147 ).Future immunotherapeutic directions in osteosarcoma would imply 148 :• Optimizing strategy using antibody targeting of cell surface proteins: variety of antibody-based studies are ongoing that incorporate anti-disialoganglioside (GD2) monoclonal antibodies with other immunoadjuvants such as sargramostim (NCT02502786 and NCT02484443) or interleukin-2 (NCT01662804), or utilize bispecific T-cell engagers (BiTE) antibodies against GD2 (NCT02173093);• Increasing efficacy of dendritic cells vaccination, which is safe and feasible149,150 , by adding either decitabine to upregulate cancer antigen expression (NCT01241162), or gemcitabine to increase the tumor cell cytotoxicity and decrease myeloid-derived suppressor cells (NCT01803152);• Developing oncolytic viruses specifically for osteosarcoma, that only replicate in malignant cells and create a proinflammatory tumor microenvironment 151 ;• Evaluating adoptive cell therapies. There are currently two ongoing trials with GD2-targeted CAR-T cells (NCT 01953900 and NCT02107963), as well as a phase I trial using haploidentical NK cell infusions (NCT02409576);• Optimizing the use of checkpoint inhibitors by testing various combinations. So far, it represents the most active field owing to the number of ongoing trials.Currently, the Children's Oncology Group is conducting a phase I/II study of the double combination anti CTLA-4 and PD-L1 for relapsed or refractory solid tumors (NCT02304458). Other strategies include combination of gene modified T-cell therapy and cancer vaccines with ipilimumab (NCT02070406) or nivolumab (NCT02775292), as well as the use of immunomodulating drugs such as low-dose cyclophosphamide in combination with nivolumab (NCT02813135). Finally, given the ubiquitous expression of IDO reported in primary osteosarcoma tumors, known for its 1. INTRODUCTION 1.1. Epidemiology Leiomyosarcoma is one the most common soft-tissue sarcoma subtypes, together with undifferentiated pleomorphic sarcoma, liposarcoma and gastrointestinal stromal tumors (GIST). In the european RARECARE project, 45 568 new sarcoma cases were diagnosed and registered during 1995-2002, of which 84% were soft tissue sarcomas (estimated incidence of 4-5/100 000/year) with leiomyosarcomas accounting for 20% 154 . In the french retrospective series of 10.262 patients with soft-tissue sarcomas treated between 1980 and 2013, leiomyosarcomas represent 14.9% 155 .

1. 2 .

 2 Clinical presentation and imaging Leiomyosarcomas are tumors that originate from the smooth muscle cells. As these cells are present almost in all organs, it can arise at any soft-tissue or visceral site of the body. Leiomyosarcoma of the soft tissue generally presents as a mass lesion, either deep or superficial and usually > 5cm. Skin alteration is sometimes present at diagnosis. Retroperitoneal tumors may be painful or discovered following the exploration of abdominal non-specific symptoms. In soft tissue tumors, MRI is the main imaging modality in the extremities, pelvis and trunk 158 . It serves to characterize the nature of the tumor (matrix signal intensity, necrosis, vascularity) and provide precise and reproducible local staging for therapy planning, notably: • size of the tumor • relation to the fascia (superficial, deep) Table 6. FNCLCC histological grading system for leiomyosarcoma, adapted from Trojani et al 161 and Coindre 162 Histological diagnosis has to be reviewed and validated by a pathologist with expertise in sarcoma within a reference center/network. In France, sarcoma is an example of a pathologist network organization with the development of the national Réseau de Référence en Pathologie des Sarcomes (RRePS) for soft-tissue and visceral sarcomas in 2009 163 . The importance of this centralized expert review in improving the diagnostic accuracy of such rare tumors has been highlighted with more than 40% of first histological diagnoses modified at the second reading, possibly resulting in different treatment decisions 164 . 1.4. Prognostic factors Three major clinicopathological factors are related to the likehood of metastases and survival, all included in the American Joint Committee on Cancer (AJCC) staging system for soft tissue sarcomas 165 :

Figure 17 .

 17 Figure 17. Metastasis-free survival in leiomyosarcoma (n=148) according to the FNCLCC histological grade 166 . Grade 1 (16 patients); Grade 2 (65 patients); Grade 3 (67 patients).

Figure 18 .

 18 Figure 18. ESMO-EURACAN guidelines for management of resectable STS 170 .

Figure 1 .

 1 Figure1. CD163 infiltrate in leiomyosarcoma. Representative images of primary leiomyosarcoma with low CD163 infiltrate ( 20%) (A) and high CD163 infiltrate (>20%) (B) using immunohistochemistry (scale bars 50 mm). The same pattern of CD163 infiltration was observed in the primary tumor and in the associated relapse/metastasis (C). Overall, 60% of leiomyosarcomas were highly infiltrated with CD163-positive cells, which strongly correlated with tumor grade (D). CD14-positive cells were differentiated for 6 days with GM-CSF or M-CSF as controls for M1 and M2 phenotype, respectively, and with leiomyosarcoma cells (LMS04, LMS05) using transwell or their conditioned media (CM). Expression of the surface marker CD163 (M2) on differentiated CD14-positive cells was analyzed by flow cytometry (E). Bars indicate relative geometric mean fluorescence intensity (MFI) § standard error of mean (SEM) of three independent healthy donors, normalized to the M-CSF condition. Nonparametric Mann-Whitney test or the Kruskal-Wallis test followed by Dunn's post-test were used to compare differences between conditions. Ã p < 0.05. M-CSF measurement using a Luminex assay on LMS04 and LMS05 conditioned media (F). Results are expressed in pg/ml (n D 2).

Figure 2 .

 2 Figure 2. Prognostic significance of CD163, CD3 and PD-L1 in leiomyosarcoma. Kaplan-Meier survival curves for overall survival (A, D, G), disease-specific survival (B, E, H) and disease-free survival (C, F, I) according to CD163 infiltration (low n D 27; high n D 48), CD3 infiltration (low n D 30; high n D 43) and PD-L1 expression (negative n D 46; positive n D 28) in primary leiomyosarcomas. A high CD163 infiltrate (> 20%) is associated with poor overall and disease specific survival. P-value obtained by log-rank test.
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Figure 3 .

 3 Figure 3. HLA class I expression in leiomyosarcoma. Representative staining patterns of b2-microglobulin, HLA-A (HCA2 antibody) and HLA-B/C (HC10 antibody) expression in smooth muscle cells from blood vessel, leiomyoma and leiomyosarcoma using immunohistochemistry. In general, basal low HLA class I expression was found on normal smooth muscle cells while frequently heterogeneous or strongly positive expression was seen in leiomyosarcomas, suggesting that HLA class I is upregulated in the majority of these tumors. Scale bars, 50 mm.

Figure 4 .

 4 Figure 4. Tumor-infiltrating lymphocytes and PD-L1 expression in leiomyosarcoma categorized with the TIME classification. Representative images for PD-L1 and CD3 immunostaining in leiomyosarcoma patients. Scale bars, 50 mm. According to the TIME classification, 39 tumors exhibited the T1 subtype (TILs ¡ , PD-L1 ¡ ), 23 the T2 subtype (PD-L1 C , TIL C ), 25 the T3 subtype (PD-L1 ¡ , TIL C ) and 6 the T4 subtype (PD-L1 C , TIL ¡ ). Distribution of tumor grades within each subtype is represented by a bar chart.

ONCOIMMUNOLOGY e1386828- 7

 7 

  anti; A: Alexa Fluor labelled; G: goat; M: mouse TableS1. Characteristics of the antibodies and reagents used for immunohistochemistry, immunofluorescence and flow cytometry Immune checkpointHLA class I MacrophagesFlow cytometry

indoleamine 2 , 3 -

 23 dioxygenase 1 (IDO1) described by Toulmonde et al in the majority of softtissue sarcomas included in the PEMBROSARC study, may explain the limited activity of PD-1 inhibition 180 . Therefore new combination regimens will be tested within PEMBROSARC cohorts focusing on undifferentiated pleomorphic sarcomas: pembrolizumab plus either epacadostat (IDO inhibitor), or TLR4 agonist (promoting IFN response) or tazemetostat (EZH2 inhibitor). Targeted-macrophage approaches seem promising in LMS and supported by the efficacy of trabectedin which is related, in part, to depletion of TAMs181,182 . The LMS04 phase 3 study is currently assessing the interest of the association of trabectedin to doxorubicin in first line therapy for metastatic LMS, followed by trabectedin alone for nonprogressive patients after 6 cycles of the association of trabectedin and doxorubicin (NCT02997358).Another option is the use of anti-CSF1R, that would deplete the tumor microenvironment of M2 macrophages, thus favoring the induction of a cytotoxic antitumor T-cell response following PD-1/PD-L1 blockade in high-grade leiomyosarcoma patients. Such hypothesis is currently being tested in advanced pancreas and colon adenocarcinoma, with the combination of pexidartinib and durvalumab (NCT02777710).By the end of 2018, a phase 2 trial evaluating the safety and efficacy of adding APX005M (a CD40 agonistic monoclonal antibody) to doxorubicin and olaratumab should start its recruitment, including LMS patients. Targeting the CD40 receptor may have favorable effects on certain types of immune cells in sarcoma, particularly macrophages 183 .

  likely include translational research and I hope baseline assessment of the tumor microenvironment in order to increase our knowledge in the underlying mechanisms of antitumor immunity in sarcoma. Importantly, an ongoing study aims to analyze immune changes following trabectedin in patients with metastatic or unresectable sarcoma by assessing several biomarkers on baseline biopsy and a second biopsy after 2 courses of trabectin (NCT03397186). Of note, they plan to characterize TAMs and TILs phenotype, expression of T cell inhibitory markers PD-1, CTLA-4 and TIM3. To date, there are no preclinical or clinical data regarding other checkpoint inhibitors in sarcoma and such data would be worthwhile to explore new therapeutic options. Only one trial evaluating the combination of anti PD-1 and anti LAG-3 offers the possibility to include advanced softtissue sarcoma (NCT03365791).

  . Importantly, it highlights that tumor immunology is different for sarcomas. In the original project of this PhD, translational research from MEMOS, a mechanistic study of mifamurtide in patients with metastatic and/or recurrent osteosarcoma, was planned, aiming to evaluate macrophage and T-cell infiltrate before and 6 weeks after treatment. It would have shed some light on macrophage activation under treatment, and a potential role of T cells in this activation. Unfortunately, the trial closed in June 2016 owing to a poor recruitment rate (8 out of 40 patients). Thereby, we focused on assessing immune changes during the course of osteosarcoma, and identified that both T cells and PD-L1 expression were increased in metastatic lesions compared to matched primary tumor. A recent meta-analysis of 8 studies involving 413 patients indicates that PD-L1/PD-1 may serve as an important biomarker for adverse clinicopathologic features and poor prognosis in patients with osteosarcoma191 . In my opinion, the way is still long in osteosarcoma patient. Encouraging results came from animal models but first clinical data with checkpoint inhibitors are disappointing 106 . As discussed in the perspectives of the osteosarcoma paper, efforts in optimizing the use of checkpoint inhibitors is urgently need, probably through combination.

  

  

  

  

  

  

  

  

  

Table 1 . PD-L1 expression in sarcoma

 1 

				Number of		Positivity	
	First author	Year	Histology	patients	PD-L1 assessment	cut-off	PD-L1 (+)
							DDLPS TMA 0/28 (0%)
	Park HK		TMA (100 UPS, 33 DDLPS, 10 myxoid LPS) WS (32 DDLPS, 24 myxoid LPS, 31 OS)	TMA n=230 WS n=87	IHC 22C3, SP142, SP263 >1%	DDLPS WS 7/32 (22%) UPS TMA 12/60 (20%)
							OS WS 1/31 (3.2%)
	Oike N		SS	36	IHC 28-8	>1%	0%
	Cohen JE		LMS	11	IHC ab205921 then 22C3 >1%	0/11(0%) with 22C3 4/11(36%) with ab205921
	Sakakibara A		Interdigitating dendritic cell sarcoma	1	IHC SP142, E1J2J, 28-8	n/a	>80% of tumor cells +
	Takeda K		Radiation-Associated AS	1	n/a	n/a	positive
	Patel KR		Stage II-III STS post RT (>70% UPS)	46	IHC E1L3N	>1%	0/46 pre RT, 5/46 (11%) post RT
	Bertolini G		Pediatric RMS	25	IHC SP142, 22C3	>1%	15/25 (60%) on immune cells and/or surrounding the tumor
	Du X		Epithelioid inflammatory myofibroblastic sarcoma 1	IHC OTI2C7	n/a	diffusely positive
	Kawamoto W		Myeloid sarcoma	98	n/a	>1%	10.2% + tumor cells and 37.8% + stroma cells
	Machado I		TMA Ewing's sarcoma family of tumors	370	n/a	>5%	19%
							0/60 (0%) on tumor cells
	Spurny C		Ewing sarcomas	60	IHC E1L3N	n/a	1/60 (1.6%) on immune cells
							CD274/PD-L1 gene amplified in 14% of UPS
							UPS 23/57 (40.4%)
							ASPS 1/5 (20%)
	Boxberg M		TMA high-grade sarcomas of soft tissue	128	IHC SP263 and FISH	Any %	ES 1/5 (20%)
							AS 8/23 (34.8%)
							LMS 1/8 (11.1%)
							SS 2/30 (6.7%)
	Keung EZ		UPS of the extremity and trunk pre et post RT	17	IHC 22C3	Any %	0/17 pre RT, 3/14 (21%) post RT
							OS 4/46 (9%)
			TMA OS (n = 46), Ewing sarcoma (n = 32), alveolar				Ewing sarcoma 0/32 (0%)
	van Erp AEM		RMS (n = 20), embryonal RMS (n = 77), SS (n = 22) and desmoplastic small round cell tumors (DSRCT)	208	IHC E1L3N	≥10%	Alveolar RMS 4/20 (15%) Embryonal RMS 13/77 (16%)
			(n = 11)				SS 0/22 (0%)
							DSRCT 2/11 (18%)
	Mletzko S		antiretroviral therapy-refractory Kaposi's sarcoma 10	IHC 5H1	n/a	5/10 (50%)
							All 32/222 (15%)
							UPS 5/13 (39%)
							MPNST 6/18 (33%)
							DDLPS 5/16 (31%)
							RMS 4/19 (21%)
							ES 2/16 (13%),
							LMS 2/15 (13%)
	Kösemehmetoğlu K		TMA with multiple subtypes	222	IHC E1L3N and qPCR	>5%	SS 3/26 (12%)
							Myxoid LPS 1/18 (6%)
							Extraskeletal myxoid LPS 1/2 (50%)
							ASPS 1/3 (33%)
							Parachordoma/myoepithelioma 1/3 (33%)
							Pleomorphic LPS 1/5 (20%)
							AS 1/7 (14%)
							Ewing sarcoma 1/8 (13%)

Table 1 . PD-L1 expression in sarcoma

 1 

				Number of		Positivity	
	First author	Year	Histology	patients	PD-L1 assessment	cut-off	PD-L1 (+)
	Que Y	2017	STS	163	IHC E1L3N	>1%	All 19/163 (11.7%)
			TMAs LPS (well differentiated, myxoid/round cell,				
	Torabi A	2017	and pleomorphic), RMS (alveolar, embryonal, pleomorphic, and spindle cell), conventional OS	196	IHC ab58810 and ab205921, then E1L3N	>1%	1 pleomorphic LPS 1 pleomorphic and 2 alveolar RMS
			and CS				
	Kostine M	2017	LMS	107	IHC E1L3N	>1%	32/106 (30%)
							Ewing sarcoma 0/73 (0%)
	Majzner RG	2017	TMA pediatric cancers and WS Ewing and OS	451	IHC 28-8	>1%	OS 1/20 samples (5%) RMS 1/ 53 (2%)
							SS 1/ 1 (100%)
	Pollack SM	2017	Common STS subtypes: LMS,UPS, SS, WDLPS, DDLPS, and myxoid/round cell LPS	81	IHC 22C3 and gene expression	n/a	48/81 (59%) UPS with the higher levels of PD-L1
	Budczies J	2017	STS TCGA (n=256) and independent cohort (n=79) 335	DNA copy number status (CGN) and mRNA expression, then FISH and IHC	n/a	TCGA PD-L1 CNGs in 54 /256 (21.1%) Independent cohort PD-L1 CNG in 6/79 (7.6%)
	Costa Arantes DA	2017	Oral OS	13	IHC E1L3N	n/a	12/13 (92%)
	Nowicki TS	2017	SS	29	IHC SP142	n/a	predominantly in lung metastases
							Primary tumors 13%
	Sundara Y/ Kostine M 2017	OS	85	IHC E1L3N	>1%	Relapses 25%
							Metastases 48%
	Honda Y	2016	Cutaneous AS	106	IHC SP142	>5%	32/106 (30%)
	Shurell E	2016	MPNST	53	IHC SP142	>1%	9/53 (17%)
	Koirala P	2016	OS	48 + 59	IHC SP142, qPCR and WB	>1%	WB 3/10 (30%) IHC 12/48 (25%) on WS (7% on TMA)
			L-type sarcoma (n=15), OS (n=10), Ewing sarcoma				
	Paydas S	2016	(n=6), primitive neuroectodermal tumor (n=2), pleomorphic sarcoma (n=6), Kaposi sarcoma (n=5), MPNST (n=4), SS (n=4), fibrosarcoma (n=3), others	65	IHC AM26531AF-N. Acris >5%	19/65 (29 %) on tumor cells 20/65 (30 %) on microenvironment
			(n=10)				
	Agaimy A	2016	Follicular dendritic cell sarcoma	15	IHC 28-8	>5%	7/13 (54%)
							ES 7/7 (100%)
	Kim C	2016	TMA STS (RMS, SS, Ewing sarcoma, ES, and mesenchymal CS)	82	IHC 130021	semi-quantitati ve	SS 10/19 (53%) RMS 12/32 (38%) Ewing sarcoma 6/18 (33%)
							mesenchymal CS 0/6 (0%)
			TMA chondrosarcoma (n=223) then WS				TMA dedifferentiated CS 9/22(41%)
	Kostine M	2016	independent cohort dedifferentiated	245	IHC E1L3N	>1%	WS dedifferentiated CS 11/21 (52%)
			chondrosarcoma (n=22)				TMA other CS 0%
	Movva S	2015	Multi-platform profiling of over 2000 sarcomas (LMS n=751; LPS n=220; UPS n=166; AS n=77)	2539	IHC, FISH and either NGS or Sanger sequencing	≥ 5%	approximately 50% by IHC
						semi-	
	Feng Y	2015	TMA chordoma	78		quantitati	94.9% (cytoplasmic immunoreactivity)
					IHC E1L3N	ve	
							6/50 (12%) on tumor cells
	D'Angelo SP	2015	Sarcoma (GIST, LMS, LPS, SS, CS, others)	50	IHC 22C3	>1%	15/50 (30%) on lymphocytes
							29/50 (58%) on macrophages
						semi-	
	Vanderstraeten A	2015	Uterine sarcoma	42	IHC	quantitati	100%
						ve	
	Kim JR	2013	TMA STS	105	IHC H-130	semi-quantitati ve	LMS 14/20 (70%) SS 12/16 (75%) UPS 9/11 (82%) Myxoid LPS 3/10 (30%)

AS: Angiosarcoma; ASPS: Alveolar soft part sarcoma; CS: Chondrosarcoma; DDLPS: Dedifferentiated Liposarcoma; ES: Epithelioid sarcoma; FISH: Fluorescence In Situ Hybridization; GIST: Gastrointestinal Stromal Tumor; IHC: Immunohistochemistry; LMS: Leiomyosarcoma; LPS: Liposarcoma; MPNST: Malignant Peripheral Nerve Sheath Tumor; NGS: Next-Generation Sequencing; OS: Osteosarcoma; RMS: Rhabdomyosarcoma; RT: Radiation Therapy; SS: Synovial Sarcoma; STS: Soft-Tissue Sarcoma; TCGA: The Cancer Genome Atlas; TMA: Tissue Microarray; UPS: Undifferentiated pleomorphic sarcoma; WB: Western Blot; WDLPS: Well-differentiated Liposarcoma; WS: Whole Section (Continued)
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Markers of human TAMs (from Heusinkveld & van der Burg

  49 

  . The idea is based on the principle that every tumor has its own unique composition of mutations, which can generate cancer-specific neoepitopes that are recognized by autologous T cells as non-self and constitute ideal cancer vaccine targets. How to customize a

patient-specific cancer vaccine

69 

? Patient tumor biopsies and healthy tissue are subjected to next-generation sequencing to identify tumor-specific nonsynonymous single-nucleotide variations or short indels in protein-coding genes by comparing both tumor and normal DNA sequences. Then computional pipeline predicts affinity for binding of mutant peptide regions with patient's HLA alleles to design unique neoepitope vaccines.

Table 3 .

 3 Current FDA-approved immune checkpoint inhibitors (from Wei et al72 

Table 1

 1 Examples of association between TILs and survival in some sarcoma types

	Sarcoma type	Type of immune infiltrate	Effect on survival	Reference
	Angiosarcoma	CD8 + T cells	Improved	96
	Gastrointestinal stromal tumors	CD3 + T cells, NK cells	Improved	97
	Ewing sarcoma	CD8 + T cells	Improved	51
	Dedifferentiated liposarcoma	Tertiary lymphoid structures	Poor	98
	Malignant peripheral nerve sheath tumor	CD8 + T cells	No effect	99
	Dedifferentiated chondrosarcoma	CD3 + T cells	No effect	53
	Osteosarcoma	CD8 + /FOXP3 + T cells	Improved	100
		CD3 + T cells	No effect	
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Table 2

 2 Reported PD-L1 expression in some sarcoma subtypes

	Sarcoma subtype	Positive cases (%) Reference
	Angiosarcoma	50-80	50,65
	Chondrosarcoma	41-75	53,65
	Ewing sarcoma	29-67	50,65,69
	Leiomyosarcoma	32-70	50,65
	Malignant peripheral nerve sheath tumor	17-67	50,65,99
	Osteosarcoma	28-57	65,101
	Rhabdomyosarcoma	38-63	65,69
	Synovial sarcoma	25-75	50,65,69
	Dedifferentiated liposarcoma	67-82	50,65
	Gastrointestinal stromal tumor	29	
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Table 3

 3 Examples of mutational load in different sarcoma types reported by sequencing studies

	Sarcoma type	Reported mutations	Mutations/Mbp	Determined mutation rate	Reference
	Ewing sarcoma	6	0.15	Average in protein-coding sequences	78
	Osteosarcoma	5-103	1.15	Mean mutation rate, whole genome	77
	Solitary fibrous tumors	12-41	0.66	Median mutation rate, whole exome	103
	Angiosarcoma	-	0.7-2.2	Whole genome	104
	Uterine leiomyosarcoma	240-779	-	Exome	80
	Malignant peripheral nerve sheath tumor	14-208	-	Whole genome	105
	Chondrosarcoma	1-115	-	Exome	81
	Rhabdomyosarcoma	24	-	Whole exome	82
	Well-differentiated liposarcoma	16-71	-	Whole exome	85
	Dedifferentiated liposarcoma	24-56	-	Whole exome	85
	Myxoid liposarcoma	15-33	-	Whole exome	85

  -Weiner A, et al. The genomic landscape of pediatric Ewing sarcoma. Cancer Discov 2014;4: 1326-1341. 80. Makinen N, Aavikko M, Heikkinen T, et al. Exome sequencing of uterine leiomyosarcomas identifies frequent mutations in TP53, ATRX, and MED12. PLoS Genet 2016;12:e1005850. 81. Tarpey PS, Behjati S, Cooke SL, et al. Frequent mutation of the major cartilage collagen gene COL2A1 in chondrosarcoma. Nat Genet 2013;45:923-926. 82. Seki M, Nishimura R, Yoshida K, et al. Integrated genetic and epigenetic analysis defines novel molecular subgroups in rhabdomyosarcoma. Nat Commun 2015;6:7557. 83. Jamshidi F, Bashashati A, Shumansky K, et al. The genomic landscape of epithelioid sarcoma cell lines and tumours. J Pathol 2016;238: 63-73. 84. Greenman C, Stephens P, Smith R, et al. Patterns of somatic mutation in human cancer genomes. Nature 2007;446:153-158. 85. Kanojia D, Nagata Y, Garg M, et al. Genomic landscape of liposarcoma. Oncotarget 2015;6:42429-42444. 86. Gologan A, Sepulveda AR. Microsatellite instability and DNA mismatch repair deficiency testing in hereditary and sporadic gastrointestinal cancers. Clin Lab Med 2005;25:179-196. 87. Tougeron D, Fauquembergue E, Rouquette A, et al. Tumor-infiltrating lymphocytes in colorectal cancers with microsatellite instability are correlated with the number and spectrum of frameshift mutations. Fujii H, Arakawa A, Utsumi D, et al. CD8(+) tumor-infiltrating lymphocytes at primary sites as a possible prognostic factor of cutaneous angiosarcoma. Int J Cancer 2014;134:2393-2402. 97. Rusakiewicz S, Semeraro M, Sarabi M, et al. Immune infiltrates are prognostic factors in localized gastrointestinal stromal tumors. Cancer Res 2013;73:3499-3510. 98. Tseng WW, Malu S, Zhang M, et al.

			Analysis of the intratumoral
	adaptive immune response in well differentiated and
	dedifferentiated retroperitoneal liposarcoma. Sarcoma 2015;2015:
	547460.				
	99. Shurell E, Singh AS, Crompton JG, et al. Characterizing the immune
	microenvironment of malignant peripheral nerve sheath tumor by
	PD-L1 expression and presence of CD8+ tumor infiltrating lympho-
	cytes. Oncotarget 2016;7:64300-64308.		
	100. Fritzsching B, Fellenberg J, Moskovszky L, et al. CD8+/FOXP3+-ratio in
	osteosarcoma microenvironment separates survivors from non-
	survivors:	a multicenter	validated	retrospective	study.
	Oncoimmunology 2015;4:e990800.		

Mod Pathol 2009;22:1186-1195. 88. Monument MJ, Lessnick SL, Schiffman JD, et al. Microsatellite instability in sarcoma: fact or fiction? ISRN Oncol 2012;2012: 473146. 89. Taylor NP, Zighelboim I, Huettner PC, et al. DNA mismatch repair and TP53 defects are early events in uterine carcinosarcoma tumorigenesis. Mod Pathol 2006;19:1333-1338. 90. Hoang LN, Ali RH, Lau S, et al. Immunohistochemical survey of mismatch repair protein expression in uterine sarcomas and carcinosarcomas. Int J Gynecol Pathol 2014;33:483-491. 91. Champiat S, Dercle L, Ammari S, et al. Hyperprogressive disease is a new pattern of progression in cancer patients treated by anti-PD-1/ PD-L1. Clin Cancer Res 2017;23:1920-1928. 92. Kato S, Goodman AM, Walavalkar V, et al. Hyper-progressors after immunotherapy: analysis of genomic alterations associated with accelerated growth rate. Clin Cancer Res 2017;23:4242-4250. 93. Momand J, Jung D, Wilczynski S, et al. The MDM2 gene amplification database. Nucleic Acids Res 1998;26:3453-3459. 94. Aleixo PB, Hartmann AA, Menezes IC, et al. Can MDM2 and CDK4 make the diagnosis of well differentiated/dedifferentiated liposarcoma? An immunohistochemical study on 129 soft tissue tumours. J Clin Pathol 2009;62:1127-1135. 95. Nakayama T, Toguchida J, Wadayama B, et al. MDM2 gene amplification in bone and soft-tissue tumors: association with tumor progression in differentiated adipose-tissue tumors. Int J Cancer 1995;64:342-346. 96. 101. Sundara YT, Kostine M, Cleven AH, et al. Increased PD-L1 and T-cell infiltration in the presence of HLA class I expression in metastatic high-grade osteosarcoma: a rationale for T-cell-based immunotherapy. Cancer Immunol Immunother 2017;66:119-128. Predictive biomarkers for immune checkpoint inhibitors in sarcomas R Veenstra et al www.laboratoryinvestigation.org | Laboratory Investigation | Volume 00 2017 9 PART I -CHONDROSARCOMA 1. INTRODUCTION 1.1. Epidemiology
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	First, we optimized the PD-L1 immunostaining protocol, then we assessed the potential
	impact of decalcification on our procedure using tonsil tissue, as decalcification is part of the
	standard chondrosarcoma tissue preparation. No difference in PD-L1 immunostaining was
	observed after EDTA or formic acid treatment compared to normal tonsil tissue. Thus, we

,104 . Current recommendations suggest to consider a clinical trial as first option for a patient with advanced chondrosarcoma, if eligible.

Table 4. Overview of molecularly-targeted therapeutic approaches in chondrosarcoma 2.

AIM AND SUMMARY OF OUR STUDY

As described in the treatment strategies for chondrosarcoma patients, management of locally advanced or metastatic situations is particularly challenging and new therapeutic options are desperately needed. The aim of our study was therefore to investigate the chondrosarcoma microenvironment in order to discuss whether some patients may benefit from immune checkpoint blockade strategy. At this time there was no data regarding the immune microenvironment in chondrosarcoma.

started by screening two tissue microarrays, one including 137 conventional chondrosarcoma (both central and peripheral) and 20 benign cartilage tumors, and the second one including

  June 2016; doi:10.1038/modpathol.2016.108

Table 1

 1 

Table 2

 2 PD-L1 staining in cartilage tumors

	Histology	n	PDL1+
	Conventional TMA	157	
	Osteochondroma	11	0/8 (0%)
	Peripheral chondrosarcoma		
	Grade I	31	0/25 (0%)
	Grade II	11	0/10 (0%)
	Grade III	3	0/3 (0%)
	Enchondroma	9	0/8 (0%)
	Central chondrosarcoma		
	Grade I	42	0/40 (0%)
	Grade II	36	0/28 (0%)
	Grade III	14	0/13 (0%)
	Rare subtypes TMA	66	
	Clear cell	20	0/20 (0%)
	Mesenchymal	21	0/19 (0%)
	Dedifferentiated	25	
	WD component	17	0/17 (0%)
	DD component	23	9/22 (41%)
	Validation cohort	22	
	Dedifferentiated	22	
	WD component	15	0/15 (0%)
	DD component	22	11/21 (52%)

  125,126 . The history and contribution of the different chemotherapeutic agents in osteosarcoma is well reviewed by Jaffe et al 127 . However, despite wide-margin surgery and intensification of chemotherapeutic agents, overall survival rate have reached a plateau at about 60% over the last decades128 . A meta-analysis conducted in patients with localized high-grade osteosarcoma showed that 3-drug regimens, for example MAP (methotrexate, adriamycin, cisplatin), led to better outcome than 2-drug regimens but that administering all four drugs did not lead to further improvements 129 .

	Several prospective trials have attempted to introduce additional agents to improve outcomes
	of osteosarcoma patients 130 :				
	• The EURAMOS-1 trial, designed to investigate whether it would be feasible to
	improve outcome for both good (<10% viable tumor after preoperative
	chemotherapy) and poor responders (>10% viable tumor) through the addition of
	• The INT0133 trial addressed the potential addition of the cytotoxic agent ifosfamide
	and	the	macrophage	activator	liposomal	muramyl	tripeptide
	phosphatidylethanolamine (L-MTP-PE, mifamurtide) to the MAP regimen. While
	there was no benefit of adding ifosfamide, conclusion regarding mifamurtide is still
	matter of debate with uncertainties regarding its potential role 133-135 . Since 2009,
	mifamurtide is approved in Europe for patients < 30 years of age with completely
	resected localized osteosarcoma, but a randomized clinical trial is definitively
	required to draw firm conclusions about mifamurtide 136 . Of note, the MEMOS trial
	started in October 2014 to assess the efficacy of mifamurtide in patients with
	metastatic and/or recurrent osteosarcoma, and to identify biological markers of
	immune response activation in tumor biopsies before and under treatment.

extra agents into the postoperative treatment schedule. Results do not support the addition of ifosfamide and etoposide (MAPIE regimen) to postoperative chemotherapy in patients with poorly responding osteosarcoma due to increased toxicities and no benefit in survival

131 

. Furthermore, preplanned analysis revealed that MAP plus IFN-α-2b was not statistically different from MAP alone in patients with good histologic response to induction chemotherapy 132 .

Unfortunately, the trial closed in June 2016 owing to a poor recruitment rate (8 out of 40 patients).

Table 1

 1 Patient characteristics

	n	25
	Median age (years)	18 (7-70)
	Gender	
	Female	8 (32%)
	Male	17 (68%)
	Pre-operative chemotherapy	
	Yes	20 (80%)
	No	5 (20%)
	Histological response	
	Good	14 (56%)
	Poor	6 (24%)
	Unknown	5 (20%)
	Median follow-up (months)	56 (14-117)
	Progressive disease	
	No	7 (28%)
	Yes	18 (72%)
	Metastases at time of initial diagnosis	
	No	20 (80%)
	Yes	5 (20%)
		85

Table 2

 2 Characteristics of the antibodies and reagents used for immunohistochemistry (IHC) and immunofluorescence (IF) α anti, A Alexa Fluor labelled, G goat, M mouse

	Antigen Antibody supplier Clone/reference Isotype	Antibody dilution Secondary reagent Reagent supplier Reagent reference
	IHC							
	HCA2 Nordic-Mubio	MUB2036P	Mouse IgG1 1/3200	BrightVision	Immunologic	DPVO-HRP
	HC10 Nordic-Mubio	MUB2037P	Mouse IgG2a 1/3200	BrightVision	Immunologic	DPVO-HRP
	β2 m	Dako	A0072	Rabbit IgG	1/1600	BrightVision	Immunologic	DPVO-HRP
	PD-L1 Cell signaling	E1L3 N	Rabbit IgG	1/400	BrightVision	Immunologic	DPVO-HRP
	IF							
	CD3	Dako	A0452	Rabbit IgG	1/400	GαR IgG-A546	Invitrogen	A11010
	CD8	Novocastra	4B11	Mouse IgG2b 1/200	GαM IgG2b-A647 Invitrogen	A21242
	FoxP3 Abcam	236A/E7	Mouse IgG1 1/100	GαM IgG1-A488 Invitrogen	A21121
								86

FNCLCC Grading System for Leiomyosarcoma

  

	Tumor differentiation
	Score 1: Well-differentiated leiomyosarcoma
	Score 2: Conventional leiomyosarcoma
	Score 3: Poorly-differentiated/pleomorphic/epithelioid leiomyosarcoma
	Mitotic count
	Score 1: 0-9 mitoses per 10 HPF
	Score 2: 10-19 mitoses per 10 HPF
	Score 3: ≥20 mitoses per 10 HPF
	Tumor necrosis
	Score 0: No necrosis
	Score 1: <50% tumor necrosis
	Score 2: ≥50% tumor necrosis
	Histologic grade
	Grade 1: Total score 2, 3
	Grade 2: Total score 4, 5
	Grade 3: Total score 6, 7, 8
	FNCLCC: Fédération Nationale des Centres de Lutte Contre le Cancer;
	HPF: high-power field, measures 0.1734mm2

  evaluable leiomyosarcomas, positive (n D 35) or heterogeneous (n D 57) expression of b2-microglobulin was found in almost all tumors, with absent or weak expression in only six patients, including two primary tumors, two local relapses and two metastases of different patients. Positive and diffuse expression (n D 40) or heterogeneous expression (n D 47) of HLA-A was detected in 97 evaluable leiomyosarcomas. The same pattern was observed with HLA-B/C expression, which was strongly positive (n D 50) or heterogeneous (n D 41) in 95 evaluable tumors. Notably, in
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Table 2 .

 2 Clinicopathological characteristics based on CD163, CD3 and PD-L1 expression.

		CD163 infiltrate n (%)		CD3 infiltrate n (%)			PD-L1 expression n (%)	
		low 20%	high >20%		low 5 cells/HPF	high >5 cells/HPF		<1%	1-50%	50%	
		(n D 56)	(n D 61)	p	(n D 50)	(n D 55)	p	(n D 74)	(n D 20)	(n D 12)	p
	Age										
	<60 years	26 (47)	29 (53)	0.36	29 (55)	24 (45)	0.14	41 (76)	8 (15)	5 (9)	0.17
	60 years	20 (38.5)	32 (61.5)		21 (40)	31 (60)		33 (63.5)	12 (23)	7 (13.5)	
	Gender										
	Male	16 (38)	26 (62)	0.42	15 (37.5)	25 (62.5)	0,1	26 (63.5)	10 (24.5)	5 (12)	0.30
	Female	30 (46)	35 (54)		35 (54)	30 (46)		48 (74)	10 (15)	7 (11)	
	Tumor type										
	Primary	34 (41.5)	48 (58.5)	0.65	36 (45)	44 (55)	0.44	53 (65.5)	17 (21)	11 (13.5)	0.09
	Relapse	4 (67)	2 (33)		5 (83)	1 (17)		6 (100)	0 (0)	0 (0)	
	Metastasis	8 (42)	11 (58)		9 (47)	10 (53)		15 (79)	3 (16)	1 (5)	
	Tumor grade										
	Leiomyoma	7 (100)	0 (0)	<0.0001	6 (86)	1 (14)	0.036	7 (100)	0 (0)	0 (0)	0.005
	1	9 (69)	4 (31)		11 (92)	1 (8)		12 (92)	1 (8)	0 (0)	
	2	13 (43)	17 (57)		8 (28)	21 (72)		19 (66)	7 (24)	3 (10)	
	3	11 (24)	34 (76)		20 (44)	25 (56)		26 (58)	11 (24)	8 (18)	
	Tumor size										
	<10 cm	35 (47)	39 (53)	0.39	34 (47)	38 (53)	0.48	52 (71)	13 (18)	8 (11)	0.78
	10 cm	11 (38)	18 (62)		16 (55)	13 (45)		20 (69)	5 (17)		

Table S2 . Immune environment before and a5er radia6on therapy

 S2 

	Pa6ent		CD163		CD3	PD-L1
		Biopsy	Resec+on	Biopsy	Resec+on	Biopsy	Resec+on
	1	n.a	high	n.a	high	n.a	posi+ve
	2	high	low	low	low	nega+ve	nega+ve
	3	high	high	low	low	nega+ve	nega+ve
	4	low	high	low	high	nega+ve	nega+ve
	5	high	high	low	low	posi+ve	nega+ve
	6	high	high	low	high	nega+ve	nega+ve
	7	high	high	high	high	nega+ve	posi+ve
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Supplementary Table 2. HLA class I status during osteosarcoma progression

Supplementary Fig. 5 No correlation between PD-L1 expression and patient survival

Kaplan-Meier survival curves for disease-free survival (a) and overall survival (b) according to PD-L1 expression in the primary tumour, and overall survival from time of first metastasis (c) according to PD-L1 status in the first metastatic lesion. P value obtained by log-rank test.

immunosuppressive properties, combining IDO inhibitors with anti PD-1 may be an attractive approach for osteosarcoma 152 ;

• Better defining the indication of mifamurtide, the most extensively studied immune stimulatory agent in the treatment of osteosarcoma 153 . A french phase 2 trial evaluating mifamurtide as add-on treatment to postoperative chemotherapy compared to post-operative chemotherapy alone in high-risk osteosarcoma is ongoing

Similar to osteosarcoma, leiomyosarcomas have a high genomic complexity, which presumably results in higher tumor mutational burden and therefore potential neoantigens presented on the surface of tumor cells, constituting the trigger of T-cell recruitment into the tumor site. We thought this frequent subtype of soft-tissue sarcoma might therefore be immunogenic and potential candidate to immunotherapy, notably T-cell based immunotherapies such as checkpoint inhibitors. Furthermore, previous data on macrophage infiltration in leiomyosarcoma encouraged us to investigate in more detail its microenvironment.

• relation to or infiltration of vessels, nerves, joints, bone, muscles compartments Moreover, it helps for selecting appropriate biopsy regions.

CT scan is preferred for retroperitoneal lesions, particularly for delineating the relationship to adjacent structures to discuss tumor resectability.

In addition, chest CT is required for clinical staging. PET scan are optional and under evaluation.

Following appropriate imaging assessment, the standard approach to diagnosis consists of multiple core needle biopsies after multidisciplinary discussion in reference center/network.

Classification

Leiomyosarcomas constitute a group of malignant mesenchymal neoplasms that originate from smooth-muscle lineage and therefore are characterized by smooth muscle differentiation, according the 2013 WHO classification 159 . The typical histological pattern is intersecting, sharply marginated fascicles of spindle cells with elongated and blunt-ended nuclei, but it may be less well-differentiated in some tumors. Routine immunohistochemistry comprises the following markers: smooth muscle actin, desmin and h-caldesmon, which are positive in a great majority (>70%) of leiomyosarcomas. Hormone receptors are often expressed in uterine leiomyosarcomas.

Then, as it represents the main prognostic factor, histological grading of the tumor should be assessed (except for uterine leiomyosarcoma 160 ) and mentioned in the pathologic report according to either the National Cancer Institute (NCI) or the French Federation of Cancer Centers Sarcoma Group (FNCLCC) system 161,162 . The FNCLCC grading system, logically most commonly used in France, is based on 3 parameters, the tumor differentiation, the mitotic index, and the percentage of tumor necrosis, as detailed in the Table 4. 

Discussion

Comprehensive assessment of the immune microenvironment for each sarcoma subtype is an important prerequisite for developing tumor type specific immunotherapeutic strategies. Macrophages are among the most abundant immune cells recruited in the tumor microenvironment and are present at all stages of tumor progression. 22 Using a combination of different macrophage markers by immunofluorescence, CD163-positive cells were identified as the major population in 
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Supplementary Figure 1 

A B C D

Another different dual immunomodulatory approach using anti PD-1 (pembrolizumab) and the cytotoxic agent gemcitabine is being investigated on PD-L1 expressing LMS (NCT03123276).

A recent study from the Cancer Genome Atlas Research Network provided a detailed genomic landscape of multiple sarcoma types, including LMS 184 . Of note, immune cell infiltration in the tumor microenvironment was commonly detected in genomically complex LMS and was highly associated with clinical outcome, reinforcing the idea of developing and optimizing immunotherapeutic strategies in such tumors.

CONCLUSION AND PERSPECTIVES

In the past years, immunotherapy has completely modified the management of cancer patients.

While the concept of immunotherapy in cancer is far from new, the monoclonal antibodies "checkpoint inhibitors" clearly marked a turning point in the success of this approach. Of note, sustained remissions have been obtained in patients with cancers refractory to conventional approaches, such as metastatic melanoma. After an initial use restricted to melanoma then lung adenocarcinoma and renal carcinoma, it is now being tested in patients with many other types of cancers, and sarcomas are not an exception.

Recently, trials of checkpoint inhibition in sarcomas have been far from outstanding, although specific sarcoma subtypes appear to benefit from these novel therapies 33,106 . The fact that sarcomas comprise more than 100 different histologies, with different clinical and therapeutic implications, increases the complexity for developing new therapeutic options and limits the data obtained from studies in which multiple histologies are included. This was one major reason to study separately three specific types of sarcomas, chondrosarcoma, osteosarcoma and leiomyosarcoma, selected for being potentially good candidates for immunotherapeutic approaches but also sarcomas of particular expertise in the lab.

Overall, current data in epithelial malignancies support the application of immune profiling as a prognostic factor but further research is needed in order to understand the role of such immune profiling for selecting patients who are likely to respond to immunotherapy. The Immunoscore, evaluating CD3 + and CD8 + T cells at both center and periphery of the tumor, Finally, in the era of personalized medicine, I imagine the future of immunotherapy in sarcoma such as described by the Figure 18, where baseline assessment of the tumor microenvironment will typically involve molecular analysis for mutational load, driver mutations and gene expression, with immune profiling including analysis of CD8+ T cells, PD-L1 expression, and T cell clonality, with repeated assessment early on treatment and at progression 192 . Abstract: Local control with adequate surgery is the cornerstone of sarcoma treatment. However, most sarcoma lack effective systemic therapies in case of advanced disease, emphasizing an unmet medical need for new therapeutic targets. The recent success of immunotherapy in epithelial malignancies raises the question whether such therapies, and which ones, would be applicable in sarcomas. As a prerequisite for therapeutic applications, we characterized the immune microenvironment in three sarcoma subtypes potentially candidate to immunotherapy: 1) In chondrosarcoma, PD-L1 expression was exclusively found in nearly 50% of the dedifferentiated subtype, in association with immune-infiltrating cells and HLA class I expression. These data provide rationale for including such patients in clinical trials with PD-1/PD-L1-targeted therapies.

2) In osteosarcoma, we observed a high density of tumor-infiltrating T cells in metastatic lesions compared to primary tumors and local relapses. Furthermore, PD-L1 positivity in almost half of metastases while mainly negative in the associated primary tumors, emphasises the dynamics of an adaptive mechanism of immune escape. Enhancing the preexisting immune response in metastatic lesions using T-cell-based immunotherapy may offer clinical benefit. 3) In leiomyosarcoma, HLA class I molecules were strongly upregulated and PD-L1 expression found in 30% of high-grade tumors, which were also highly infiltrated with CD163+ immunosuppressive macrophages. CD163+ was found to be an independent poor prognostic factor for overall survival, indicating the need for assessing a macrophage-targeted approach in this tumor type, as single agent or in combination with anti PD-1/PD-L1agents. 3) Dans le léiomyosarcome, les molécules HLA de classe I étaient fortement exprimées et l'expression de PD-L1 retrouvée dans 30% des tumeurs de haut grade, également très infiltrées par des macrophages immunosuppresseurs CD163+. Une importante infiltration de macrophages CD163+ était un marqueur indépendant de mauvais pronostic pour la survie, indiquant l'intérêt d'une approche ciblée visant les macrophages dans ce type de sarcome, éventuellement en association avec un traitement anti PD-1/PD-L1.
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