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Abstract:

 Much of our knowledge regarding cancer immunotherapy has been derived from sarcoma models. However, translation of preclinical findings to bedside success has been limited in this disease, though several intriguing clinical studies hint at the potential efficacy of this treatment modality. The rarity and heterogeneity of tumors of mesenchymal origin continues to be a challenge from a therapeutic standpoint. Nonetheless, sarcomas remain attractive targets for immunotherapy, as they can be characterized by specific epitopes, either from their mesenchymal origins or specific alterations in gene products. To date, standard vaccine trials have proven disappointing, likely due to mechanisms by which tumors equilibrate with and ultimately escape immune surveillance. More sophisticated approaches will likely require multimodal techniques, both by enhancing immunity, but also geared towards overcoming innate mechanisms of immunosuppression that favor tumorigenesis.
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1. Introduction

Bone and soft tissue sarcomas compromise a rare and heterogeneous array of tumors derived from mesenchymal origins. Clinical behavior varies between subtypes, with a wide range of natural history, progression and susceptibility to therapy. The aggressive use of multimodal therapy has improved outcomes in a subset of sarcoma, but disease presenting with metastatic spread usually portends an extremely poor outcome. Immunotherapy targeted against sarcoma may open a new front in the battle against these malignancies, with utility in the neoadjuvant, adjuvant and metastatic settings.



2. Historical Precedents

Immune protection against tumors is a concept over a century old, waxing and waning in popularity over the decades. Importantly, one of the first germane observations relevant to this theory was predicated on an observation of a sarcoma patient. In 1891, Coley [1] noted a patient with small cell sarcoma cleared of disease following an erysipelas infection, proposing an anti-infectious mechanism with antitumor effects. He tested his hypothesis by inducing infections and later injecting heat-inactivated bacteria to stimulate an immune response with dramatic effects in some sarcoma patients [2]. In 1909, Paul Erlich [3] had expanded on earlier discussions regarding immunity [4] to encompass cancer as a target. Coley's results were difficult to replicate, and while the idea lost credence for a time, it was revived with mid-20th century theories of “tumor surveillance” by Thomas [5] and Burnet [6,7]. Again initially discounted, this paradigm was eventually validated by a growing body of data, once again with sarcoma studies leading the way.



3. Pre- and Early Clinical Sarcoma Studies Contribute to a General Immunosurveillance Model

Following the observation that it was possible to induce immunity versus tumors previously felt to be non-immunogenic, provided the tumor cells were mutagenized with carcinogens [8], numerous subsequent studies using sarcoma mouse models extended our understanding of the immune system's ability to reject tumor cells. Preclinical studies with syngeneic mice injected with fibrosarcoma cells engineered to be insensitive to IFNγ demonstrated increased tumorigenicity versus their IFNγ-sensitive counterparts, inferring a role for this molecule in tumor cell immunogenicity, recognition and elimination [9]. These observations were fleshed out by the same investigators using IFNγ receptor knockout mice, [10] which were found to be more susceptible to sarcoma formation. Concurrent experiments noted perforin-deficient mice also demonstrated susceptibility to induced sarcomas [11]. With perforin's role as a key component of cytotoxic T and NK cell lymphocyte-dependent killing, this line of evidence underscored the key role of these cells in rejecting induced malignancies. Similarly, mice deficient in genes necessary for NK, T and B cell antigen receptor rearrangement were also found to develop sarcomas at a significantly greater rate than control animals [12]. Together, these findings revived the notion of immune system management of primary tumor development, with a central role for cytotoxic T-lymphocytes (CTLs) and their cytokines.

While these preclinical studies revitalized the idea of tumor immunosurveillance, evidence in the clinical realm kept in step with preclinical findings. A growing awareness of increased cancer susceptibility in immunocompromised patients was recognized, in both immunosuppressed transplant patients [13] as well as those harboring congenital or acquired immunodeficiencies [14,15]. A wide variety of tumor types have been recognized in several epidemiological studies of such patients, including sarcoma [16,17]. HHV 8-related Kaposi sarcoma is a model for viremia-associated tumors in immunocompromised hosts, but those without a known viral etiology have also been noted. In addition, the finding of individuals with CTL infiltration of tumors harboring a more favorable prognosis has been similarly suggestive of the crucial role the immune system plays in combating tumorogenesis [18].

The combined preclinical and clinical studies provide the basis of the “cancer immunoediting” paradigm. Three key phases of the current model are described: elimination, equilibrium and escape [19]. In the elimination phase, the innate and adaptive elements of immune system recognize and destroy nascent tumor cells. Some tumor cells survive and are “sculpted” by the immune system in a selection process to reach a degree of equilibrium [12,20] whereby they may persist, but not progress. Finally, a subset of these equilibrated tumor cells escape immune management by disabling immune recognition, often co-opting the system for growth, invasion and angiogenesis [21-26]. Further investigation of these phases are instrumental in understanding how the immune system works against cancer, how it can be subverted by tumor cells, and ultimately in harvesting the power of immunity in the search for therapeutic alternatives.



4. Vaccine Studies

Despite preclinical precedents, sarcoma immunotherapy remains poorly characterized in humans. Many sarcoma subtypes harbor attractive targets for immune-mediated strategies due to the presence of specific epitopes, either based on cell of origin or alterations of gene products, leading to ongoing enthusiasm for this technique. Specifically, up to a fourth of sarcomas are characterized by reproducible genetic changes, potentially providing tumor-specific immune recognition sites. Unfortunately, meaningful responses to vaccination in solid tumors has been disappointing, with “modern” efforts in sarcoma dating back some 40 years [27]. Vaccines targeting whole cells, lysates, proteins, and peptides specific to sarcoma subtypes (especially translocation-specific epitopes) have been tested to little avail, although several clinical studies are ongoing in the hopes of a breakthrough (Table 1).


Table 1. Antigen epitopes with potential utility in sarcoma immunotherapy. Unless otherwise specified, references are described in [29]. It should be noted that some of the proposed epitopes are based on wide ranging of preclinical evidence.



	
Antigens

	
Sarcoma type

	
Selected references




	






	
Partial specificity:

	

	






	
XAGE-1

	
Ewing

	




	
LIP1

	
all sarcoma

	
[30]




	
GM2

	
all sarcoma

	
[31,32]




	
GD2, GD3

	
all sarcoma

	




	
PRAME

	
synovial, myxoid liposarcoma

	




	
MAGE

	
synovial,leiomyosarcoma, osteosarcoma

	
[33]




	
GAGE

	
malignant fibrous histiocytoma

	




	
WT-1

	
rhabdomyosarcoma

	




	
FGR4

	
rhabdomyosarcoma

	




	
ALK

	
rhabdomyosarcoma

	
[34,35]




	
NY-ESO-1

	
synovial

	
[36,37]




	
4Ig-B7-H3 (8H9 target)

	
all sarcoma

	
[38]




	
SSX2, SSX3

	
synovial

	




	
Her2Neu

	
osteosarcoma

	




	






	
Sarcoma-specific fusion proteins:

	

	




	






	
SSX fusions

	
synovial

	
[39]




	
EWSR1 fusions

	
Ewing family

	
[40]




	
FOXO1 fusions

	
alveolar rhabdomyosarcoma

	
[40]




	
TLS-CHOP (FUS-DDIT3)

	
myxoid liposarcoma

	









The lack of efficacy seen by these sarcoma studies may partially be due to the lackluster response by T-cells responding to the vaccine. Often less than 1% of the CTLs with the desired T-cell receptor are detected in the peripheral circulation following vaccination trials, in contrast to the avid response of CTLs to viral epitopes (in the range of 20-50% or more). Attempts with costimulators such as saponin, KLH, or Freund's adjuvant have not improved response markedly, nor has addition of other immune stimulants such as GMCSF or IL-2. However, improving the yield of active CTLs in vivo is unlikely to be enough. Even in situations where as many as 30% of circulating CD8+ T-cells demonstrate anti-tumor reactivity, tumors can still thrive [28] The poor results of vaccine-only trials to date are likely due largely to the equilibrium and escape mechanisms sarcomas undergo in their evolution.

Key to the equilibrium and escape mechanisms are other players in the panoply of immune mediators. Regulatory CD4+ CD25+ T cells (Tregs), first recognized in the early 1990s, are becoming better characterized, acting to suppress autoimmunity and playing a protective role for tumors [41]. Inhibitory cell surface components on infiltrating lymphocytes, such as PD-1 [42] and CTLA-4 [43] have been determined, with their presence resulting in CTL suppression. Also, CD11b+ and Gr-1+ myeloid-derived suppressor cells (MDSCs) [44] and tumor associated macrophages (TAMs) [44,45] play additional functions in immune suppression and tumor promotion, acting within the tumor microenvironment. As it has become increasingly clear that standard approaches of generating a response to a sarcoma-specific epitope are insufficient to mount a significant clinical tumor response, it appears likely further manipulations are necessary.

Standard chemotherapeutics may be useful, as alkylating agents like cyclophosphamide or ifosfamide decrease Treg cells as part of their cytotoxic profile [46]. One may speculate that the efficacy of these agents in many sarcomas may be due, in part, to this action. Alkylators and other standard cytotoxics also destroy other suppressor cells such as MDSCs and TAMs, but have the undesired effect of indiscriminate destruction of desired CTLs. In order to circumvent the mediating influences of immune suppressors, newer agents targeting inhibitory cell surface components are being added to the arsenal of immunotherapeutics. The anti-CTLA4 agent ipilimumab is approved for melanoma immunotherapy and currently in clinical trials for patients with a variety of other solid tumors including various sarcoma subtypes (NCT00556881), although a trial with another anti-CTLA4 monoclonal antibody, MDX-010, in synovial sarcoma patients (NCT00140855) was closed due to poor accrual. Means to inhibit Tregs, MDSCs and TAMs are also being developed, acting by direct neutralization [47-50], or differentiation [51]. Human recombinant IL7 is a promising agent in this regard, as this cytokine appears to not only increase T-cell cycling and mass and subsequent T-cell receptor diversity, but concomitantly downregulates Treg activity [52,53].



5. T-Cell Approaches: Passive and Active

In addition to the above approaches, complementary strategies for vaccine-based immunotherapy that have demonstrated encouraging results in melanoma (and, more recently, prostate cancer [54]) continue to hold promise in sarcoma. They include adoptive or “passive” immunotherapy, with administration of CTLs selected in vitro for high affinity to tumor antigens that have undergone ex vivo expansion, free from negative selection pressure present during thymic development [55]. An advantage of this method when combined with standard chemotherapy is that it addresses the indiscriminate cytotoxicity of chemo as is seen with alkylators described above. Prior studies have laid the foundation for this approach in sarcoma with interesting results, [56] and a recent adoptive immunotherapy study by Robbins et al [36] has demonstrated promise in synovial sarcoma. In this small study, patients with tumors expressing the NY-ESO-1 antigen (expressed in 80% of synovial sarcomas) were recruited, along with NY-ESO-1 positive melanoma patients. Subjects were treated with a lymphodepleting chemotherapy regimen of cyclophosphamide and fludarabine followed by infusion of genetically modified autologous T lymphocytes designed to recognize a specific NY-ESO-1 epitope. Four of the six sarcoma patients (all of whom had progressed through multiple chemotherapeutic regimens), achieved a PR lasting from 5 to 18 months; 5/11 melanoma patients demonstrated clinical benefit, including two CRs. It should be noted that such treatments are not entirely “passive”, as the endogenous immune system is significantly modified by not only the adoptive transfer of T cells, but by lymphodepleting conditioning and post infusion immunomodulators given as part of most protocols.

Distinct from adoptive or “passive” techniques, “active” immunotherapy methodologies continue to garner attention. Clinical sarcoma investigators have long tried various schemes with immune activators and cytokine stimulators, some with intriguing results. The CCG/POG phase III intergroup trial 0133 enrolled 677 osteosarcoma patients from 1993-7, randomizing half the patients to arms where they received adjuvant chemotherapy with liposomal muramyl tripeptide phosphatidylethanolamine (L-MTP-PE) as a biological response modifier [57, 58]. L-MTP-PE was chosen for its utility as a monocyte/macrophage activator, with downstream activation of other components of the immune response. In the presence of this agent, risk of recurrence and death were decreased 25% and 30% respectively. Due to the 2 × 2 factorial design of the study, a potential interaction between L-MTP-PE and ifosfamide initially confounded the results. However, in followup analysis, a difference in disease-free survival (DFS) was noted, and although this result did not achieve significance, overall survival demonstrated a slight but significant improvement [59]. Unfortunately, for patients with metastatic disease, L-MTP-PE did not achieve a statistically significant improvement in outcome [60].

Dendritic cells (DCs) are distinct from other antigen-presenting cells in their ability to induce primary T-cell responses, and defined subsets of mature DCs may have direct antitumor activity as well [61]. Conversely, immature DCs can induce either suppressive TReg cells or unresponsive T-cells tilting the balance towards equilibrium or escape. A more technically complex “active” immunotherapeutic process is ex vivo expansion and maturation of antigen-presenting DCs pulsed with antigen, reintroducing these cells to the host as a form of a DC vaccine. DC vaccines have achieved a measure of success in other solid tumors and remain an active area of research in sarcoma. Although several DC-based vaccines continue to elicit interest in early phase sarcoma trials, they have thus far not panned out [40,62], though a current trial NCT00923351 is in process, utilizing a more thoroughly developed protocol with a more sophisticated DC scheme.



6. Immune Modulators and Targeting

Interferon is another “active” immunotherapeutic, an adjuvant effector presumed to act by myriad pathways, including directing macrophages towards cytotoxic antigen presenting phenotypes [63], connecting the innate and adaptive cellular immunity by enhancing the expression of tumor-associated antigens, promoting dendritic cell maturation and antigen presentation and promoting clonal expansion, survival and memory differentiation of T lymphocytes, especially the Th1 subset participating in cell-mediated immunity. Interferon has been investigated in osteosarcoma, both preclinically and clinically,with intriguing results [64-67]. Interferon therapy may also demonstrate limited utility in other subsets of sarcoma, such as desmoid tumors, epithelioid hemangioendothelioma, giant cell tumor of the bone and gastrointestinal stromal tumor (GIST), although this effect is primarily based on descriptive reports or case series, and would still be considered highly investigational in these settings. However, A recent phase II trial combining targeted therapy with interferon cytokine stimulation in patients with GIST has demonstrated interesting results [68]. The design utilized the action of the tyrosine kinase inhibitor imatinib to cause apoptosis and necrosis in sensitive GIST cells, followed by immunomodulation by peginterferon α-2b to stimulate the adaptive cellular immunity program. The advantage of imatinib over standard cytotoxics in this situation is not only its far superior efficacy against GIST, but its presumed ability to act without major destruction of the machinery necessary for an active immune response; indeed, imatinib appears to have inherent immune-modulatory properties, particularly in GIST [69,70]. Although the study was small and primarily hypothesis-generating, a more durable treatment response was noted in all patients compared to genotype-specific historical controls.

In yet another line of attack, immunotherapeutics may involve direct antibody recognition of sarcoma-specific epitopes, targeting the associated cells for destruction. Antibody-dependent cell-mediated toxicity approaches in sarcoma have yet to reach the success of the anti-CD20 antibody rituximab against CD-20 positive hematological malignancies. However, lymphoma immunoradiotherapeutics such as Y-90 labelled ibritumomab tiuxetan and I-131 labelled tositumomab may someday have analogues that are applicable to sarcoma. This is being investigated with the monoclonal antibody 8H9, which targets the 4Ig-B7-H3 epitope expressed in a variety of neuroectodermal, epithelial, and mesenchymal tissue, with high specificity to sarcoma, glioma and neuroblastoma [38]. This antibody has been radiolabelled with I-131 with success in a mouse model of rhabdomyosarcoma [71] and is moving forward with Phase I trials in humans (MSKCC protocol 09-090).



7. Conclusions

In the future, further immunomodulatory steps may be required for immunotherapy to achieve meaningful success against myriad sarcoma subtypes. T-lymphocytes, activated macrophages and monocytes, NK and mature dendritic cells and effector cytokines can be manipulated as described previously. Not only should attention be paid to enhancing immune elements, but also to defeating immunosuppressive elements to combat immune tolerization. Combined strategies could therefore also address such players as immature dendritic cells, MDSCs, co-opted TAMs and Treg cells and associated suppressor cytokines within the tumor microenvironment.

Much as the current state of the art in sarcoma treatment relies on integrated multidisciplinary efforts, it is very likely that such a combinatorial process will be necessary to maximize the promise of immunotherapy in this realm. In the future, as in the present, ultimate success will likely require input from multiple specialties dedicated to sarcoma. Primary tumor surgical resection/debulking and/or metastectomy combined with preparative chemotherapy and/or radiotherapy may well complement the efficacy of immunotherapeutics. Sarcoma remains an attractive immune target despite previous disappointments and as the process is more clearly elucidated, this procedure, once honed, will likely become an invaluable weapon in our therapeutic arsenal against a challenging and many-faced malignancy.










Conflict of Interest

The authors declare no conflict of interest.



Acknowledgements

The authors would like to thank Diane Miller for invaluable administrative help in preparation and submission of this manuscript.



References


	1. 
Coley, W.B., II. Contribution to the Knowledge of Sarcoma. Ann. Surg. 1891, 14, 199–220. [Google Scholar]

	2. 
Jeys, L.M.; Grimer, R.J.; Carter, S.R.; Tillman, R.M.; Abudu, A. Post operative infection and increased survival in osteosarcoma patients: Are they associated? Ann. Surg. Oncol. 2007, 14, 2887–2895. [Google Scholar]

	3. 
Ehrlich, P. Über den jetzigen Stand der Karzinomforschung. Ned. Tijdschr. Geneeskd 1909, 5, 273–290. [Google Scholar]

	4. 
Ehrlich, P. Croonian lecutre: On immunity with special reference to cell life. Proc. R. Soc. Lond. 1900, 66, 424–448. [Google Scholar]

	5. 
Thomas, L. Reactions to homologous tissue antigens in relation to hypersensitivity [discussion]. In Cellular and Humoral Aspects of the Hypersensitive States; Lawrence, H.S., Ed.; Hoeber-Harper: New York City, NY, USA, 1959; pp. 529–532. [Google Scholar]

	6. 
Burnet, M. Cancer: A biological approach. III. Viruses associated with neoplastic conditions. IV. Practical applications. Br. Med. J. 1957, 1, 841–847. [Google Scholar]

	7. 
Burnet, M. Immunological Factors in the Process of Carcinogenesis. Br. Med. Bull. 1964, 20, 154–158. [Google Scholar]

	8. 
Van Pel, A.; Boon, T. Protection against a nonimmunogenic mouse leukemia by an immunogenic variant obtained by mutagenesis. Proc. Natl. Acad. Sci. USA 1982, 79, 4718–4722. [Google Scholar]

	9. 
Dighe, A.S.; Richards, E.; Old, L.J.; Schreiber, R.D. Enhanced in vivo growth and resistance to rejection of tumor cells expressing dominant negative IFN gamma receptors. Immunity 1994, 1, 447–456. [Google Scholar]

	10. 
Kaplan, D.H.; Shankaran, V.; Dighe, A.S.; Stockert, E.; Aguet, M.; Old, L.J.; Schreiber, R.D. Demonstration of an interferon gamma-dependent tumor surveillance system in immunocompetent mice. Proc. Natl. Acad. Sci. USA 1998, 95, 7556–7561. [Google Scholar]

	11. 
Street, S.E.; Cretney, E.; Smyth, M.J. Perforin and interferon-gamma activities independently control tumor initiation, growth, and metastasis. Blood 2001, 97, 192–197. [Google Scholar]

	12. 
Shankaran, V.; Ikeda, H.; Bruce, A.T.; White, J.M.; Swanson, P.E.; Old, L.J.; Schreiber, R.D. IFNgamma and lymphocytes prevent primary tumour development and shape tumour immunogenicity. Nature 2001, 410, 1107–1111. [Google Scholar]

	13. 
Penn, I. Malignant Tumors in Organ Transplant Recipients; Springer-Verlag: New York, NY, USA, 1970. [Google Scholar]

	14. 
Boshoff, C.; Weiss, R. AIDS-related malignancies. Nat. Rev. Cancer 2002, 2, 373–382. [Google Scholar]

	15. 
Gatti, R.A.; Good, R.A. Occurrence of malignancy in immunodeficiency diseases. A literature review. Cancer 1971, 28, 89–98. [Google Scholar]

	16. 
Penn, I. Sarcomas in organ allograft recipients. Transplantation 1995, 60, 1485–1491. [Google Scholar]

	17. 
Sheil, A.G. Cancer after transplantation. World J. Surg. 1986, 10, 389–396. [Google Scholar]

	18. 
Galon, J.; Costes, A.; Sanchez-Cabo, F.; Kirilovsky, A.; Mlecnik, B.; Lagorce-Pages, C.; Tosolini, M.; Camus, M.; Berger, A.; Wind, P.; Zinzindohoue, F.; Bruneval, P.; Cugnenc, P.H.; Trajanoski, Z.; Fridman, W.H.; Pages, F. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science 2006, 313, 1960–1964. [Google Scholar]

	19. 
Bhardwaj, N. Harnessing the immune system to treat cancer. J. Clin. Invest. 2007, 117, 1130–1136. [Google Scholar]

	20. 
Crowe, N.Y.; Smyth, M.J.; Godfrey, D.I. A critical role for natural killer T cells in immunosurveillance of methylcholanthrene-induced sarcomas. J. Exp. Med. 2002, 196, 119–127. [Google Scholar]

	21. 
Blank, C.; Brown, I.; Peterson, A.C.; Spiotto, M.; Iwai, Y.; Honjo, T.; Gajewski, T.F. PD-L1/B7H-1 inhibits the effector phase of tumor rejection by T cell receptor (TCR) transgenic CD8+ T cells. Cancer Res. 2004, 64, 1140–1145. [Google Scholar]

	22. 
Brown, J.A.; Dorfman, D.M.; Ma, F.R.; Sullivan, E.L.; Munoz, O.; Wood, C.R.; Greenfield, E.A.; Freeman, G.J. Blockade of programmed death-1 ligands on dendritic cells enhances T cell activation and cytokine production. J. Immunol. 2003, 170, 1257–1266. [Google Scholar]

	23. 
Dong, H.; Strome, S.E.; Salomao, D.R.; Tamura, H.; Hirano, F.; Flies, D.B.; Roche, P.C.; Lu, J.; Zhu, G.; Tamada, K.; Lennon, V.A.; Celis, E.; Chen, L. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune evasion. Nat. Med. 2002, 8, 793–800. [Google Scholar]

	24. 
Dunn, G.P.; Bruce, A.T.; Ikeda, H.; Old, L.J.; Schreiber, R.D. Cancer immunoediting: From immunosurveillance to tumor escape. Nat. Immunol. 2002, 3, 991–998. [Google Scholar]

	25. 
Swann, J.B.; Smyth, M.J. Immune surveillance of tumors. J. Clin. Investig. 2007, 117, 1137–1146. [Google Scholar]

	26. 
Thompson, R.H.; Gillett, M.D.; Cheville, J.C.; Lohse, C.M.; Dong, H.; Webster, W.S.; Krejci, K.G.; Lobo, J.R.; Sengupta, S.; Chen, L.; Zincke, H.; Blute, M.L.; Strome, S.E.; Leibovich, B.C.; Kwon, E.D. Costimulatory B7-H1 in renal cell carcinoma patients: Indicator of tumor aggressiveness and potential therapeutic target. Proc. Natl. Acad. Sci. USA 2004, 101, 17174–17179. [Google Scholar]

	27. 
Marcove, R.C.; Southam, C.M.; Levin, A.; Mike, V.; Huvos, A. A clinical trial of autogenous vaccine in osteogenic sarcoma in patients under the age of twenty-five. Surg. Forum 1971, 22, 434–435. [Google Scholar]

	28. 
Rosenberg, S.A.; Sherry, R.M.; Morton, K.E.; Scharfman, W.J.; Yang, J.C.; Topalian, S.L.; Royal, R.E.; Kammula, U.; Restifo, N.P.; Hughes, M.S.; Schwartzentruber, D.; Berman, D.M.; Schwarz, S.L.; Ngo, L.T.; Mavroukakis, S.A.; White, D.E.; Steinberg, S.M. Tumor progression can occur despite the induction of very high levels of self/tumor antigen-specific CD8+ T cells in patients with melanoma. J. Immunol. 2005, 175, 6169–6176. [Google Scholar]

	29. 
van der Bruggen, P.; Stroobant, V.; Vigneron, N.; Van den Eynde, B. T-cell defined tumor antigens. Available online: http://www.cancerimmunity.org/peptidedatabase/Tcellepitopes.htm#text (accessed on 9 November 2011).

	30. 
Foell, J.L.; Hesse, M.; Volkmer, I.; Schmiedel, B.J.; Neumann, I.; Staege, M.S. Membrane-associated phospholipase A1 beta (LIPI) Is an Ewing tumour-associated cancer/testis antigen. Pediatric Blood & Cancer 2008, 51, 228–234. [Google Scholar]

	31. 
Hamilton, W.B.; Helling, F.; Lloyd, K.O.; Livingston, P.O. Ganglioside expression on human malignant melanoma assessed by quantitative immune thin-layer chromatography. Int. J. Cancer 1993, 53, 566–573. [Google Scholar]

	32. 
Zhang, S.; Zhang, H.S.; Cordon-Cardo, C.; Ragupathi, G.; Livingston, P.O. Selection of tumor antigens as targets for immune attack using immunohistochemistry: protein antigens. Clin. Cancer Res. 1998, 4, 2669–2676. [Google Scholar]

	33. 
Sudo, T.; Kuramoto, T.; Komiya, S.; Inoue, A.; Itoh, K. Expression of MAGE genes in osteosarcoma. J. Orthop. Res. 1997, 15, 128–132. [Google Scholar]

	34. 
Corao, D.A.; Biegel, J.A.; Coffin, C.M.; Barr, F.G.; Wainwright, L.M.; Ernst, L.M.; Choi, J.K.; Zhang, P.J.; Pawel, B.R. ALK expression in rhabdomyosarcomas: correlation with histologic subtype and fusion status. Pediatr. Dev. Pathol. 2009, 12, 275–283. [Google Scholar]

	35. 
Pillay, K.; Govender, D.; Chetty, R. ALK protein expression in rhabdomyosarcomas. Histopathology 2002, 41, 461–467. [Google Scholar]

	36. 
Robbins, P.F.; Morgan, R.A.; Feldman, S.A.; Yang, J.C.; Sherry, R.M.; Dudley, M.E.; Wunderlich, J.R.; Nahvi, A.V.; Helman, L.J.; Mackall, C.L.; Kammula, U.S.; Hughes, M.S.; Restifo, N.P.; Raffeld, M.; Lee, C.C.; Levy, C.L.; Li, Y.F.; El-Gamil, M.; Schwarz, S.L.; Laurencot, C.; Rosenberg, S.A. Tumor regression in patients with metastatic synovial cell sarcoma and melanoma using genetically engineered lymphocytes reactive with NY-ESO-1. J. Clin. Oncol. 2011, 29, 917–924. [Google Scholar]

	37. 
Jungbluth, A.A.; Chen, Y.T.; Stockert, E.; Busam, K.J.; Kolb, D.; Iversen, K.; Coplan, K.; Williamson, B.; Altorki, N.; Old, L.J. Immunohistochemical analysis of NY-ESO-1 antigen expression in normal and malignant human tissues. Int. J. Cancer 2001, 92, 856–860. [Google Scholar]

	38. 
Modak, S.; Kramer, K.; Gultekin, S.H.; Guo, H.F.; Cheung, N.K. Monoclonal antibody 8H9 targets a novel cell surface antigen expressed by a wide spectrum of human solid tumors. Cancer Res. 2001, 61, 4048–4054. [Google Scholar]

	39. 
Sato, Y.; Nabeta, Y.; Tsukahara, T.; Hirohashi, Y.; Syunsui, R.; Maeda, A.; Sahara, H.; Ikeda, H.; Torigoe, T.; Ichimiya, S.; Wada, T.; Yamashita, T.; Hiraga, H.; Kawai, A.; Ishii, T.; Araki, N.; Myoui, A.; Matsumoto, S.; Umeda, T.; Ishii, S.; Kawaguchi, S.; Sato, N. Detection and induction of CTLs specific for SYT-SSX-derived peptides in HLA-A24(+) patients with synovial sarcoma. J. Immunol. 2002, 169, 1611–1618. [Google Scholar]

	40. 
Dagher, R.; Long, L.M.; Read, E.J.; Leitman, S.F.; Carter, C.S.; Tsokos, M.; Goletz, T.J.; Avila, N.; Berzofsky, J.A.; Helman, L.J.; Mackall, C.L. Pilot trial of tumor-specific peptide vaccination and continuous infusion interleukin-2 in patients with recurrent Ewing sarcoma and alveolar rhabdomyosarcoma: an inter-institute NIH study. Med. Pediatr. Oncol. 2002, 38, 158–164. [Google Scholar]

	41. 
Kronenberg, M.; Rudensky, A. Regulation of immunity by self-reactive T cells. Nature 2005, 435, 598–604. [Google Scholar]

	42. 
Barber, D.L.; Wherry, E.J.; Masopust, D.; Zhu, B.; Allison, J.P.; Sharpe, A.H.; Freeman, G.J.; Ahmed, R. Restoring function in exhausted CD8 T cells during chronic viral infection. Nature 2006, 439, 682–687. [Google Scholar]

	43. 
Korman, A.J.; Peggs, K.S.; Allison, J.P. Checkpoint blockade in cancer immunotherapy. Adv. Immunol. 2006, 90, 297–339. [Google Scholar]

	44. 
Serafini, P.; Borrello, I.; Bronte, V. Myeloid suppressor cells in cancer: Recruitment, phenotype, properties, and mechanisms of immune suppression. Semin. Cancer Biol. 2006, 16, 53–65. [Google Scholar]

	45. 
Colombo, M.P.; Mantovani, A. Targeting myelomonocytic cells to revert inflammation-dependent cancer promotion. Cancer Res. 2005, 65, 9113–9116. [Google Scholar]

	46. 
Ghiringhelli, F.; Menard, C.; Puig, P.E.; Ladoire, S.; Roux, S.; Martin, F.; Solary, E.; Le Cesne, A.; Zitvogel, L.; Chauffert, B. Metronomic cyclophosphamide regimen selectively depletes CD4+CD25+ regulatory T cells and restores T and NK effector functions in end stage cancer patients. Cancer Immunol. Immunother. 2007, 56, 641–648. [Google Scholar]

	47. 
Kortylewski, M.; Jove, R.; Yu, H. Targeting STAT3 affects melanoma on multiple fronts. Cancer Metastasis Rev. 2005, 24, 315–327. [Google Scholar]

	48. 
Muller, A.J.; Scherle, P.A. Targeting the mechanisms of tumoral immune tolerance with small-molecule inhibitors. Nat. Rev. Cancer 2006, 6, 613–625. [Google Scholar]

	49. 
O'Shea, J.J.; Pesu, M.; Borie, D.C.; Changelian, P.S. A new modality for immunosuppression: targeting the JAK/STAT pathway. Nat. Rev. Drug Discov. 2004, 3, 555–564. [Google Scholar]

	50. 
Saccani, A.; Schioppa, T.; Porta, C.; Biswas, S.K.; Nebuloni, M.; Vago, L.; Bottazzi, B.; Colombo, M.P.; Mantovani, A.; Sica, A. p50 nuclear factor-kappaB overexpression in tumor-associated macrophages inhibits M1 inflammatory responses and antitumor resistance. Cancer Res. 2006, 66, 11432–11440. [Google Scholar]

	51. 
Mirza, N.; Fishman, M.; Fricke, I.; Dunn, M.; Neuger, A.M.; Frost, T.J.; Lush, R.M.; Antonia, S.; Gabrilovich, D.I. All-trans-retinoic acid improves differentiation of myeloid cells and immune response in cancer patients. Cancer Res. 2006, 66, 9299–9307. [Google Scholar]

	52. 
Rosenberg, S.A.; Sportes, C.; Ahmadzadeh, M.; Fry, T.J.; Ngo, L.T.; Schwarz, S.L.; Stetler-Stevenson, M.; Morton, K.E.; Mavroukakis, S.A.; Morre, M.; Buffet, R.; Mackall, C.L.; Gress, R.E. IL-7 administration to humans leads to expansion of CD8+ and CD4+ cells but a relative decrease of CD4+ T-regulatory cells. J. Immunother. 2006, 29, 313–319. [Google Scholar]

	53. 
Sportes, C.; Hakim, F.T.; Memon, S.A.; Zhang, H.; Chua, K.S.; Brown, M.R.; Fleisher, T.A.; Krumlauf, M.C.; Babb, R.R.; Chow, C.K.; Fry, T.J.; Engels, J.; Buffet, R.; Morre, M.; Amato, R.J.; Venzon, D.J.; Korngold, R.; Pecora, A.; Gress, R.E.; Mackall, C.L. Administration of rhIL-7 in humans increases in vivo TCR repertoire diversity by preferential expansion of naive T cell subsets. J. Exp. Med. 2008, 205, 1701–1714. [Google Scholar]

	54. 
Kantoff, P.W.; Higano, C.S.; Shore, N.D.; Berger, E.R.; Small, E.J.; Penson, D.F.; Redfern, C.H.; Ferrari, A.C.; Dreicer, R.; Sims, R.B.; Xu, Y.; Frohlich, M.W.; Schellhammer, P.F. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N. Engl. J. Med. 2010, 363, 411–422. [Google Scholar]

	55. 
Rosenberg, S.A.; Restifo, N.P.; Yang, J.C.; Morgan, R.A.; Dudley, M.E. Adoptive cell transfer: a clinical path to effective cancer immunotherapy. Nat. Rev. Cancer 2008, 8, 299–308. [Google Scholar]

	56. 
Mackall, C.L.; Rhee, E.H.; Read, E.J.; Khuu, H.M.; Leitman, S.F.; Bernstein, D.; Tesso, M.; Long, L.M.; Grindler, D.; Merino, M.; Kopp, W.; Tsokos, M.; Berzofsky, J.A.; Helman, L.J. A pilot study of consolidative immunotherapy in patients with high-risk pediatric sarcomas. Clin. Cancer Res. 2008, 14, 4850–4858. [Google Scholar]

	57. 
Meyers, P.A.; Schwartz, C.L.; Krailo, M.; Kleinerman, E.S.; Betcher, D.; Bernstein, M.L.; Conrad, E.; Ferguson, W.; Gebhardt, M.; Goorin, A.M.; Harris, M.B.; Healey, J.; Huvos, A.; Link, M.; Montebello, J.; Nadel, H.; Nieder, M.; Sato, J.; Siegal, G.; Weiner, M.; Wells, R.; Wold, L.; Womer, R.; Grier, H. Osteosarcoma: a randomized, prospective trial of the addition of ifosfamide and/or muramyl tripeptide to cisplatin, doxorubicin, and high-dose methotrexate. Clin. Cancer Res. 2005, 23, 2004–2011. [Google Scholar]

	58. 
Nardin, A.; Lefebvre, M.L.; Labroquere, K.; Faure, O.; Abastado, J.P. Liposomal muramyl tripeptide phosphatidylethanolamine: Targeting and activating macrophages for adjuvant treatment of osteosarcoma. Curr. Cancer Drug Targets 2006, 6, 123–133. [Google Scholar]

	59. 
Meyers, P.A.; Schwartz, C.L.; Krailo, M.D.; Healey, J.H.; Bernstein, M.L.; Betcher, D.; Ferguson, W.S.; Gebhardt, M.C.; Goorin, A.M.; Harris, M.; Kleinerman, E.; Link, M.P.; Nadel, H.; Nieder, M.; Siegal, G.P.; Weiner, M.A.; Wells, R.J.; Womer, R.B.; Grier, H.E. Osteosarcoma: The addition of muramyl tripeptide to chemotherapy improves overall survival--a report from the Children's Oncology Group. J. Clin. Oncol. 2008, 26, 633–638. [Google Scholar]

	60. 
Chou, A.J.; Kleinerman, E.S.; Krailo, M.D.; Chen, Z.; Betcher, D.L.; Healey, J.H.; Conrad, E.U., 3rd; Nieder, M.L.; Weiner, M.A.; Wells, R.J.; Womer, R.B.; Meyers, P.A. Addition of muramyl tripeptide to chemotherapy for patients with newly diagnosed metastatic osteosarcoma: A report from the Children's Oncology Group. Cancer 2009, 115, 5339–5348. [Google Scholar]

	61. 
Chauvin, C.; Josien, R. Dendritic cells as killers: mechanistic aspects and potential roles. J. Immunol. 2008, 181, 11–16. [Google Scholar]

	62. 
Cho, D.; Shook, D.R.; Shimasaki, N.; Chang, Y.H.; Fujisaki, H.; Campana, D. Cytotoxicity of activated natural killer cells against pediatric solid tumors. Clin. Cancer Res. 2010, 16, 3901–3909. [Google Scholar]

	63. 
Dranoff, G. Cytokines in cancer pathogenesis and cancer therapy. Nat. Rev. Cancer 2004, 4, 11–22. [Google Scholar]

	64. 
Brosjo, O. Osteosarcoma and interferon. Studies of human xenografts in the nude mouse. Acta Orthop. Scand. Suppl. 1989, 229, 1–36. [Google Scholar]

	65. 
Muller, C.R.; Smeland, S.; Bauer, H.C.; Saeter, G.; Strander, H. Interferon-alpha as the only adjuvant treatment in high-grade osteosarcoma: long term results of the Karolinska Hospital series. Acta Oncol. 2005, 44, 475–480. [Google Scholar]

	66. 
Strander, H.; Bauer, H.C.; Brosjo, O.; Fernberg, J.O.; Kreicbergs, A.; Nilsonne, U.; Silfversward, C.; Signomklao, T.; Soderlund, V. Long-term adjuvant interferon treatment of human osteosarcoma. A pilot study. Acta Oncol. 1995, 34, 877–880. [Google Scholar]

	67. 
Jia, S.F.; An, T.; Worth, L.; Kleinerman, E.S. Interferon-alpha enhances the sensitivity of human osteosarcoma cells to etoposide. J. Interferon Cytokine Res. 1999, 19, 617–624. [Google Scholar]

	68. 
Chen, L.L.; Chen, X.; Gouw, L.G.; A., R.I.; Jones, K.A.; Ward, J.H.; Randall, J.C.; Trent, J.C.; Patel, S.; Benjamin, R.S. Combination of targeted therapy (imatinib) with immunotherapy (peginterferon α-2b) to overcome drug resistance and tumor stem cells in gastrointestinal stromal tumors (GIST). In J. Clin. Oncol.; 2010; Volume 28, suppl. Abstr. 10035. [Google Scholar]

	69. 
Borg, C.; Terme, M.; Taieb, J.; Menard, C.; Flament, C.; Robert, C.; Maruyama, K.; Wakasugi, H.; Angevin, E.; Thielemans, K.; Le Cesne, A.; Chung-Scott, V.; Lazar, V.; Tchou, I.; Crepineau, F.; Lemoine, F.; Bernard, J.; Fletcher, J.A.; Turhan, A.; Blay, J.Y.; Spatz, A.; Emile, J.F.; Heinrich, M.C.; Mecheri, S.; Tursz, T.; Zitvogel, L. Novel mode of action of c-kit tyrosine kinase inhibitors leading to NK cell-dependent antitumor effects. J. Clin. Investig. 2004, 114, 379–388. [Google Scholar]

	70. 
Balachandran, V.P.; Cavnar, M.J.; Zeng, S.; Bamboat, Z.M.; Ocuin, L.M.; Obaid, H.; Sorenson, E.C.; Popow, R.; Ariyan, C.; Rossi, F.; Besmer, P.; Guo, T.; Antonescu, C.R.; Taguchi, T.; Yuan, J.; Wolchok, J.D.; Allison, J.P.; Dematteo, R.P. Imatinib potentiates antitumor T cell responses in gastrointestinal stromal tumor through the inhibition of Ido. Nat. Med. 2011, 17, 1094–1100. [Google Scholar]

	71. 
Modak, S.; Guo, H.F.; Humm, J.L.; Smith-Jones, P.M.; Larson, S.M.; Cheung, N.K. Radioimmunotargeting of human rhabdomyosarcoma using monoclonal antibody 8H9. Cancer Biother. Radiopharm. 2005, 20, 534–546. [Google Scholar]





© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  cancers-03-04139


  
    		
      cancers-03-04139
    


  




  





media/file0.png





