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Abstract

Osteosarcoma remains the most common form of bone cancer in adolescents. Standard
of care treatment for osteosarcoma includes chemotherapy combined with limb-salvage
surgery or amputation. Survival rates for compliant patients are 60-80% for those with
localized tumors and 15-30% if the tumor metastasizes or reoccurs. Given the successes of
monoclonal antibody blockades in other cancers, clinical trials for applying immunother-
apies to osteosarcoma are underway. Antibody blockades reinvigorate T cells to eliminate
cancer cells thereby leading to decreased tumor burden and long-term regression. Single
monoclonal antibody therapy has shown modest efficacy compared to standard of care.
However, treating with only a single antibody can ultimately result in immune evasion
by heterogeneous tumors via selection of cells expressing other inhibitory ligands. Hence,
combination immunotherapies have yielded the most promising results for eliminating
tumors or preventing reoccurrence in other cancer types and will likely be the most effica-
cious strategy for treating osteosarcoma. Here, we review current immunotherapies for
other cancers and their potential application to osteosarcoma.

Keywords: osteosarcoma, monoclonal antibody blockade, PD-1, PD-L1, CTLA-4, LAG-3,
TIM-3, combination antibody blockade, tumor escape

1. Introduction

Multiple tumor types have been shown to co-opt the use of immune inhibitory receptors
to evade immune detection and killing [1-5], including metastatic osteosarcoma. Several
immune inhibitory receptors have been identified and shown to decrease tumor-specific T-cell
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killing and induce an exhausted T-cell state [6]. The use of blocking monoclonal antibodies
in experimental settings can prevent tolerance, reinvigorate T-cell function at the tumor site
increasing T-cell killing, cytokine production, and proliferation, or induce new systemic T-cell
responses [7]. The prevention of T-cell exhaustion or reinvigoration at the tumor site has led
to improved clinical results in using these monoclonal antibodies to reduce tumor burden in
human patients [8, 9]. However, outcomes after blocking monoclonal antibody therapy vary
by tumor type/stage (i.e., primary versus metastatic), amount of tumor infiltrating lympho-
cyte (TIL) infiltration, and amount and combinational inhibitory receptor expression. Early
studies investigating the role of the immune system in preventing metastatic tumor develop-
ment, while allowing primary tumor growth, shed light on the importance of T-cell-tumor
mingling in order to effectively suppress tumor growth through immune-mediated killing
[10]. Suppressive tumor microenvironments that inhibit TIL infiltration leading to immune-
privileged sites would not benefit from increased tumor-reactive T-cell responses via blocking
monoclonal antibodies. Additionally, tumor-reactive T cells require inhibition via inhibitory
receptors to benefit from blocking monoclonal antibody treatments [11]. Ultimately, with new
advances in immunotherapies to alleviate microenvironment suppression, combinational
treatments to increase T-cell function, increased immune effector access to tumors, and pre-
vention of T-cell exhaustion may have increased curative potential.

2. Successes of single checkpoint mAb blockade strategies in the
treatment of progressive tumors

2.1. PD-1 blockade

The efficacy of programmed death receptor-1 (PD-1) blockade in initial clinical trials of several
tumor types has been reviewed extensively by Pardoll, Momtaz and Postow, and Sharma and
Allison [9, 12, 13]. Nivolumab, pembrolizumab, and pidilizumab are a-PD-1 blocking antibodies
developed by various pharmaceutical companies. Investigators are trying to identify biomark-
ers to classify cancer patients that will benefit most from PD-1 blockade. Programmed death
ligand 1 (PD-L1) expression on tumors correlates with poor prognosis; however, high expres-
sion of PD-L1/PD-1 in tumors correlates with responses to blockade therapy [14]. However,
patients with PD-L1 negative tumor expression still benefit from PD-1 blockade in some cases
[15]. Briefly, overall response rate from patients with different progressive solid tumors treated
with nivolumab was 31%, and duration of response was approximately 2 years, with median
overall survival of 16.8 months [14, 16]. This is in comparison to malignant melanoma patients
treated with pembrolizumab with an overall response rate of 38%, although treatment dose
varied [17]. Additionally, chemotherapy-resistant hematologic malignancies treated with
pidilizumab saw clinical benefit in 33% of patients [18]. Clinical success of the PD-1 monoclo-
nal antibody blockade in treating multiple progressive tumors has inspired the field of tumor
immunology, by leading to some of the best clinical efficacies and long-term durable regression.
Currently, clinical trials for treating recurrent or refractory osteosarcoma with nivolumab, with
and without ipilimumab, are in phase I/II [19].
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2.2. CTLA-4 blockade

Successes of cytotoxic lymphocyte associated antigen-4 (CTLA-4) monoclonal antibody
blockade have been reviewed extensively in Ref. [13]. Briefly, patients with advanced stage
melanoma when treated with ipilimumab had long-term durable responses with over 20% sur-
viving longer than 4 years [20, 21]. However, other tumor types, such as prostate cancer, saw
no improvement in survival in patients treated with ipilimumab at multiple stages of disease
progression [22].

2.3. LAG-3 blockade

Lymphocyte activating gene protein 3 (LAG-3) inhibitors have begun phase I/II trials in human
patients. Both renal cell carcinoma and metastatic breast cancer patients saw objective responses
when treated with LAG-3 inhibitors and durable disease stabilization [23, 24]. Ongoing trials
are beginning with a monoclonal antibody to LAG-3; however, no results have been reported.

2.4. TIM-3 blockade

Preclinical tumor models suggest that blocking T-cell immunoglobulin mucin domain mol-
ecule 3 (TIM-3) activation in combination with PD-1 may improve survival, as the majority of
TILs are both TIM-3 and PD-1 positive, and these TILs have the most profound exhaustion at
the tumor site [25]. In a mouse model of solid-tumor CT26 colon carcinoma, mice treated with
dual TIM-3 and PD-1 blocking mAb had significantly decreased tumor growth; however,
TIM-3 mAD treatment alone provided no benefits. The combinational approach appeared to
have some synergistic effects [25].

3. Resistance to blockade treatment

3.1. Resistance to blockade treatment in tumor settings

Tumor heterogeneity provides the fuel for the evolution of therapeutic resistance [26]. A more
diverse tumor has a greater likelihood of possessing a pre-existing resistance mutation than
a less heterogeneous one, and a more mutable tumor has a greater likelihood of generating a
de novo mutation during therapy. Even before immunotherapy, cells in the tumor will have
undergone extensive selection for the capacity to evade the immune system during the course
of progression. This means that cell-level capacities that enable resistance to immunotherapy
pre-exist in some tumors. In immunotherapy, cells that preferentially survive treatment are
likely to be those with the ability to create an immunosuppressive environment around the
tumor and/or reduce immunogenicity through loss of antigens or downregulation of MHC I.

Taube et al. introduced the adaptive immune resistance hypothesis to explain selection of
PD-L1 positive tumor cells by endogenous immune response pressure [27]. Initially proposed
by Robert Schreiber, the now widely accepted hypothesis of tumor immune editing describes
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how immune responses can both eliminate and promote tumor formation. This fine line
between elimination and immune driven escape explains the ability of the adaptive immune
resistance hypothesis to select for PD-L1 positive tumor cells, suppressing immune-mediated
killing. Overwhelming evidence exists for the use of PD-1/PD-L1 blockade in reinvigorat-
ing immune-mediated tumor killing. However, little is known regarding immune-mediated
tumor escape after monoclonal antibody blockade TIL reinvigoration. Responses in only a
fraction of patients and incomplete tumor control from PD-1 blockade may be due to the
upregulation of compensatory regulatory pathways or the selection of nonimmunogenic
tumors. As stated earlier, clinical trials are in the early stages for recurring and refractory
osteosarcoma treatments with monoclonal antibody blockade both as a singular drug and
in combination with another monoclonal antibody blockade therapy. Therefore, little data
are currently available regarding how combination immunotherapies affect human patients.
Nonetheless, scientific research highly suggests increased expression of other regulatory
pathways when only one immunotherapy is administered [28].

Knowing the mechanism of immune escape from blockade therapy will guide the clinician in
choosing more effective treatments to combat escape and lead to durable responses or com-
plete remission. It may also be possible to measure existing immune evasion strategies in a
tumor before therapy begins in order to limit the use of immunotherapies for which the tumor
may already be preadapted (e.g., where there are pre-existing resistance mutations). However,
to prevent escape from occurring, it may be necessary to administer combinational treatments
concurrently and early in treatment history, similar to treatment to persistent viral infections.

3.2. Viral resistance to therapy, what can we learn

T-cell exhaustion was first observed in a mouse model of chronic lymphocytic choriomenin-
gitis virus (LCMYV), in which exhausted T cells were unable to proliferate rapidly, produce
antitumor cytokines, or perform cytotoxic functions [29]. PD-1 blockade in mice infected with
chronic LCMYV could reinvigorate T cells and rescue function. However, due to only a subset
of exhausted CD8 T cells regaining function after blockade, PD-1/PD-L1 blockade is not fully
effective at restoring function to all exhausted T cells [30], leaving open the potential for addi-
tional T-cell exhaustion, and ultimately viral escape. T-cell exhaustion has been observed in
many chronic virally infected humans with HIV, hepatitis B virus, or hepatitis C virus, and
immune checkpoint blockade can restore T-cell function in vitro. However, HIV escape from
adaptive immune responses has led to persistent viremia with no immune control. Even in
the presence of combinational antiretroviral therapy, HIV still increases inflammation, leads
to increased apoptosis, and induces oxidative stress in the host. However, physicians treat
with combination antiretroviral therapy at the beginning of a treatment regimen to reduce
chance of viral resistance and escape.

There may be limitations to the application of viral antiresistance strategies to cancer immu-
notherapy including the differences in population sizes, with tumors having several orders
of magnitude more cells than are typically virally infected in HIV [31, 32]. This larger popula-
tion size means that there is a greater likelihood of pre-existing resistance in cancer relative
to viral infections and that it may be easier for tumor cell populations to evolve resistance.
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Nonetheless, just as cancer immunologists learned from virologists about T-cell exhaustion
in chronic viral settings, we may be able to apply the same strategies of early combinational
treatments to try to prevent overall escape.

4. Potential escape through upregulation of other inhibitory receptors

Blockade of other inhibitory receptors in combination with PD-1 blockade is of clinical interest
as responding TILs often co-express multiple inhibitory receptors, which may be an appropri-
ate marker for potential escape through additional T-cell suppression [33].

Multiple studies have now shown increased expression of co-inhibitory receptors on infiltrat-
ing CD4 and CD8 T cells after blockade therapy including a-CTLA-4 alone, a-PD-1 alone,
a-PD-L1 alone, or combinational therapies. Curran et al. observed a twofold increase in the
percentage of CTLA-4+ expressing cells after treatment with anti-PD-1 mAb in their B16-BL6
melanoma mouse model [34]. Additionally, treatment with CTLA-4 mAb led to an approximate
10% increase in PD-1+ CD8+ TILs [34]. In a metastatic mouse model of osteosarcoma, treatment
with anti-PD-L1 led to a twofold increase in CTLA-4 expression and selection of a PD-L1 nega-
tive tumor [28]. Sznol and Chen, in personal communications with J. Weber, confirmed this
effect in human patients treated with a-PD-1 blockade noting an increase in CTLA-4 expres-
sion on TILs [35]. In an implantable mouse model of metastatic osteosarcoma, the authors of
this review discovered resistance to a-PD-L1 blockade following treatment due to increases in
co-inhibitory receptor expression on TILs, which dual CTLA-4/PD-1 blockade treatment could
prevent [28]. These studies confirm changes in co-inhibitory receptor expression on TILs fol-
lowing blockade therapy and confer additional mechanisms for tumor cells to evade immune
killing in response to blockade treatment. Conversely, the other co-inhibitory receptors LAG-3
and TIM-3 appear to decrease in an methylcholanthrene (MCA) induced sarcoma model fol-
lowing anti-PD-1 alone, anti-CTLA-4 alone, or anti-PD-1 and anti-CTLA-4 in combination [36].
The most likely explanation for increased co-inhibitory receptors following blockade is due to
compensatory mechanisms preventing pathology against persistent antigen exposure.

Tumor resistance to blockade treatment generated through additional upregulation and ligation
of co-inhibitory receptors may direct physicians to treat with combinational immunotherapies
to target multiple inhibitory receptors. Whereas tumor resistance to blockade treatment gener-
ated through decreased immunogenicity may warrant chemotherapy or radiation in combina-
tion with blockade to increase the expression of immunogenic antigens.

5. Successes of combinational blockade strategies

5.1. Immunotherapy combinational blockades

CTLA-4 and PD-1 combinational blockade has shown promise in clinical trials against advanced
melanoma with 50% of patients in the highest dose cohort achieving objective responses and a
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large reduction in tumor burden [37]. The inhibitory pathways of PD-1 and CTLA-4 appear to
be nonredundant with distinct mechanisms in the maintenance of peripheral tolerance, as well
as biased effects on distinct subsets of T cells, making the combination of the two of particular
interest.

The combination of anti-PD-L1 or anti-PD-1 and anti-CTLA-4 mAb improved tumor control,
increased IL-2 production and proliferation of CD8+ TILs, and increased the ratio of intratu-
moral CD8+ T cells to Tregs in the B16 melanoma mouse model [34, 38]. In the GL261 glioma
model, the combination of CTLA-4 and PD-L1 mAb blockade provided long-term survival
and significantly reduced the proportion of Tregs in the brain [39]. Moreover, the combina-
tion potentiated the eradication of tumors in the CT26 colon carcinoma and 4T1 breast cancer
model compared to the modest effects of single-agent treatment.

In a metastatic osteosarcoma model, combining PD-L1 and CTLA-4 blockade allowed for over
50% rate in mice, while neither PD-L1 nor CTLA-4 blockade alone eliminated tumor burden.
Furthermore, tumor did not come back even when mice were challenged [28].

Clinical success of a-CTLA-4 and a-PD-1 monoclonal antibodies has inspired investigators to
identify other potential inhibitory receptors that modulate T-cell responses in nonredundant
mechanisms. Other co-inhibitory receptors of clinical interest include LAG-3 and TIM-3 [40, 41].
Blockade of both LAG-3 and PD-1 in the SalN fibrosarcoma model and MC38 colon adeno-
carcinoma model exhibited complete tumor control with effects that appear to be synergistic
compared to single-agent therapy. No effect was seen against established B16 melanoma tumors
again suggesting the presence of other regulatory or resistance mechanisms [40]. The blockade of
both TIM3 and PD-1 in methylcholanthrene-induced fibrosarcomas suppressed growth of estab-
lished tumors and even completely cleared tumors in a small fraction of mice [41]. However, the
mechanism of action of anti-TIM3 blockade alone or in combination with other immunomodula-
tory mAbs has not been well characterized [42]. Additionally, upregulation of PD-L1 homologs
B7-H3 and B7-H4 or the induction of expression of these homologs on macrophages within the
tumor microenvironment presents additional opportunities for tumors to mediate effector T-cell
inhibition through PD-1, when PD-L1 mAb blockade is used [43—45].

Although the mechanisms underlying resistance to PD-1/PD-L1 blockade have not yet been
clearly elucidated, the success of combinational immunotherapies suggests that tumors use
multiple and nonoverlapping mechanisms of resistance in order to maintain an immuno-
suppressive environment or to escape T-cell recognition altogether. Combinational treatment
with monoclonal inhibitory blockade antibodies may be necessary for optimal anti-tumor
responses and prevention of additional escape mechanisms through other T-cell inhibitory
receptor suppression. Therefore, the type of blockade-driven tumor resistance may alter the
choice of combinational therapies.

6. Decreased immunogenicity leading to escape

Another possible mechanism of acquired resistance to PD-1/PD-L1 blockade includes the selec-
tion of nonimmunogenic tumors [46]. Loss of antigens or downregulation of MHC I allow the
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tumor to escape from T-cell recognition, possibly following blockade reinvigoration. There is
currently no evidence that we are aware of for selection of tumors with decreased immunoge-
nicity after monoclonal antibody blockade therapy, although selection of PD-L1+ tumors dur-
ing initial tumor immune responses suggests that similar mechanisms may exist following TIL
reinvigoration with checkpoint inhibitor blockade. The use of radiation to overcome this type
of resistance has shown promise by causing immunogenic cell death. After radiation, tumors
upregulate MHC I, Fas (CD95), ICAM-1, and NKG2D ligands to become optimized targets
for CTLs and lead to the release of more tumor antigens and activation of a broader T-cell
repertoire [47]. Significant tumor regression in metastatic melanoma patients was seen with
combinational anti-CTLA-4 blockade and radiation [48]. Another study showed the combina-
tion of radiation and PD-L1 blockade was more effective than either single agent treatment in
TUBO breast cancer and MC38 colon adenocarcinoma tumor models, reduced myeloid derived
suppressor cells (MDSCs), and led to eradication of tumor and protection against further
rechallenge [49]. Hypofractionated radiotherapy appears to be more effective than single high-
dose radiotherapy, and the combination of hypofractionated radiation with anti-PD-1 mAb
increased tumor antigen—specific CD8 T cells, improved survival, increased tumor control, and
elicited the abscopal effect in 4T1 and B16 tumor models [50]. Additionally, fractioned radia-
tion required concurrent administration of PD-1 or PD-L1 to elicit a synergistic effect in CD26
colon carcinoma, 4434 melanoma, and 4T1 breast cancer models, and no synergistic effect was
seen if blockade was administered sequentially after completion of radiation [51]. Combination
of PD-1 blockade with targeted therapies such as BRAF inhibitors in melanoma—which has
been shown to decrease IL-10 production and enhance expression of tumor-specific anti-
gens—may also prove promising, and clinical trials of the combination are underway [52-54].
Chemotherapy can also cause immunogenic cell death and lead to maturation and recruitment
of antigen presenting cells (APCs), upregulation of antigens, increased MHC I expression, and
increased CD8+ TIL infiltration [55]. a-PD-1/PD-L1 mAb treatment can select for nonimmuno-
genic tumors via antigen loss, MHC downregulation, selection of less immunogenic antigens,
etc. Combinational therapies that increase TIL repertoire, antigen diversity, and tumor-specific
antigens can combat this type of resistance after PD-1/PD-L1 blockade.

Another opportunity in designing combinatorial treatments from an evolutionarily informed
perspective is that of shaping selection pressures so as to make resistant cells least fit by using
antagonistic drug interactions [56]. This approach uses two therapeutic agents with antago-
nistic effects, making the fitness of cells with resistance to one therapy or the other less fit
than cells that lack resistance entirely. This strategy could potentially be leveraged in immu-
notherapy by employing immunotherapeutic approaches that have some antagonistic effects.

7. Conclusion

Therapeutic resistance is one of the most difficult challenges in cancer treatment. At its root,
this therapeutic resistance is driven by heterogeneity of cancer cells and their capacity to evolve
quickly in response to treatments. From an evolutionary perspective, immunotherapy offers a
unique approach that can harness the power of the adaptive immune systems to generate and
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respond to novelty rapidly and with a precision that may not be possible with other treatment
approaches.

There are several potential mechanisms of resistance to PD-1/PD-L1 blockade that lead to upreg-
ulation of co-expression of inhibitory receptors and/or selection of less immunogenic tumors.
Understanding these mechanisms will provide the opportunity to develop the right combination
of therapies or to develop new therapies in order to elicit a potent anti-tumor T-cell response.

Author details

Danielle M. Lussier, Nicole T. Appel, John L. Johnson and Joseph N. Blattman*
*Address all correspondence to: joseph.blattman@asu.edu

Center for Immunotherapy, Vaccines, and Virotherapy, Biodesign Institute, Arizona State
University, Tempe, AZ, USA

References

[1] Boorjian SA, Sheinin Y, Crispen PL, Farmer SA, Lohse CM, Kuntz SM, Leibovich BC,
Kwon ED, Frank I. T-cell coregulatory molecule expression in urothelial cell carcinoma:
clinicopathologic correlations and association with survival. Clinical Cancer Research:
An Official Journal of the American Association for Cancer Research 2008; 14:4800-8.

[2] Lyford-Pike S, Peng S, Young GD, Taube JM, Westra WH, Akpeng B, Bruno TC, Richmon
JD, Wang H, Bishop JA, et al. Evidence for a role of the PD-1: PD-L1 pathway in immune
resistance of HPV-associated head and neck squamous cell carcinoma. Cancer Research
2013; 73:1733-41.

[3] Muenst S, Hoeller S, Dirnhofer S, Tzankov A. Increased programmed death-1+ tumor-
infiltrating lymphocytes in classical Hodgkin lymphoma substantiate reduced overall
survival. Human Pathology 2009; 40:1715-22.

[4] Nomi T, Sho M, Akahori T, Hamada K, Kubo A, Kanehiro H, Nakamura S, Enomoto
K, Yagita H, Azuma M, et al. Clinical significance and therapeutic potential of the pro-
grammed death-1 ligand/programmed death-1 pathway in human pancreatic cancer.

Clinical Cancer Research: An Official Journal of the American Association for Cancer
Research 2007; 13:2151-7.

[5] Thompson RH, Dong H, Lohse CM, Leibovich BC, Blute ML, Cheville JC, Kwon ED.
PD-1 is expressed by tumor-infiltrating immune cells and is associated with poor out-
come for patients with renal cell carcinoma. Clinical Cancer Research: An Official Journal
of the American Association for Cancer Research 2007; 13:1757-61.

[6] Seliger B, Quandt D. The expression, function, and clinical relevance of B7 family mem-
bers in cancer. Cancer Immunology, Immunotherapy: CII 2012; 61:1327-41.



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Immune Checkpoint Blockade: Subjugation of the Masses
http://dx.doi.org/10.5772/67687

Lussier DM, O'Neill L, Nieves LM, McAfee MS, Holechek SA, Collins AW, Dickman
P, Jacobsen ], Hingorani P, Blattman JN. Enhanced T-cell immunity to osteosarcoma
through antibody blockade of PD-1/PD-L1 interactions. Journal of Immunotherapy
(Hagerstown, Md: 1997) 2015; 38:96-106.

Brahmer JR, Tykodi SS, Chow LQ, Hwu W], Topalian SL, Hwu P, Drake CG, Camacho
LH, Kauh J, Odunsi K, et al. Safety and activity of anti-PD-L1 antibody in patients with
advanced cancer. The New England Journal of Medicine 2012; 366:2455-65.

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nature
Reviews Cancer 2012; 12:252-64.

Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor microenviron-
ment. Science (New York, NY) 2015; 348:74-80.

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, Chmielowski B,
Spasic M, Henry G, Ciobanu V, et al. PD-1 blockade induces responses by inhibiting
adaptive immune resistance. Nature 2014; 515:568-71.

Momtaz P, Postow MA. Immunologic checkpoints in cancer therapy: focus on the
programmed death-1 (PD-1) receptor pathway. Pharmacogenomics and Personalized
Medicine 2014; 7:357-65.

Sharma P, Allison JP. The future of immune checkpoint therapy. Science (New York,
NY) 2015; 348:56-61.

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, Powderly
JD, Carvajal RD, Sosman JA, Atkins MB, et al. Safety, activity, and immune correlates of
anti-PD-1 antibody in cancer. The New England Journal of Medicine 2012; 366:2443-54.

Weber JS, Kudchadkar RR, Yu B, Gallenstein D, Horak CE, Inzunza HD, Zhao X, Martinez
AJ, Wang W, Gibney G, et al. Safety, efficacy, and biomarkers of nivolumab with vac-
cine in ipilimumab-refractory or -naive melanoma. Journal of Clinical Oncology: Official
Journal of the American Society of Clinical Oncology 2013; 31:4311-8.

Topalian SL, Sznol M, McDermott DF, Kluger HM, Carvajal RD, Sharfman WH, Brahmer JR,
Lawrence DP, Atkins MB, Powderly JD, et al. Survival, durable tumor remission, and long-
term safety in patients with advanced melanoma receiving nivolumab. Journal of Clinical
Oncology: Official Journal of the American Society of Clinical Oncology 2014; 32:1020-30.

Hamid O, Robert C, Daud A, Hodi FS, Hwu W], Kefford R, Wolchok JD, Hersey P,
Joseph RW, Weber JS, et al. Safety and tumor responses with lambrolizumab (anti-PD-1)
in melanoma. The New England Journal of Medicine 2013; 369:134-44.

Armand P, Nagler A, Weller EA, Devine SM, Avigan DE, Chen YB, Kaminski MS,
Holland HK, Winter JN, Mason JR, et al. Disabling immune tolerance by programmed
death-1 blockade with pidilizumab after autologous hematopoietic stem-cell transplan-
tation for diffuse large B-cell lymphoma: results of an international phase Il trial. Journal
of Clinical Oncology: Official Journal of the American Society of Clinical Oncology 2013;
31:4199-206.

129



130 Osteosarcoma - Biology, Behavior and Mechanisms

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

COG Phase I Consortium; National Cancer Institute. Nivolumab with or without ipilim-
umab in treating younger patients with recurrent or refractory solid tumors or sarcomas. In:
ClinicalTrails.gov [Internet]. Bethesda (MD): National Library of Medicine (US). Available
from: http://clinicaltrials.gov/show/NCT02304458. NLM Identifier: NCT02304458.
[Accessed 2016-12-02].

Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen ]JB, Gonzalez R,
Robert C, Schadendorf D, Hassel JC, et al. Improved survival with ipilimumab in patients
with metastatic melanoma. The New England Journal of Medicine 2010; 363:711-23.

Robert C, Thomas L, Bondarenko I, O'Day S, Weber ], Garbe C, Lebbe C, Baurain JF,
Testori A, Grob JJ, et al. Ipilimumab plus dacarbazine for previously untreated meta-
static melanoma. The New England Journal of Medicine 2011; 364:2517-26.

van den Eertwegh AJ, Versluis J, van den Berg HP, Santegoets SJ], van Moorselaar R], van
der Sluis TM, Gall HE, Harding TC, Jooss K, Lowy I, et al. Combined immunotherapy
with granulocyte-macrophage colony-stimulating factor-transduced allogeneic prostate
cancer cells and ipilimumab in patients with metastatic castration-resistant prostate can-
cer: a phase 1 dose-escalation trial. The Lancet Oncology 2012; 13:509-17.

Brignone C, Escudier B, Grygar C, Marcu M, Triebel F. A phase I pharmacokinetic and
biological correlative study of IMP321, a novel MHC class II agonist, in patients with
advanced renal cell carcinoma. Clinical Cancer Research: An Official Journal of the
American Association for Cancer Research 2009; 15:6225-31.

Brignone C, Gutierrez M, Mefti F, Brain E, Jarcau R, Cvitkovic F, Bousetta N, Medioni
J, Gligorov ], Grygar C, et al. First-line chemoimmunotherapy in metastatic breast car-
cinoma: combination of paclitaxel and IMP321 (LAG-3Ig) enhances immune responses
and antitumor activity. Journal of Translational Medicine 2010; 8:71.

Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC. Targeting
Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-tumor immunity.
The Journal of Experimental Medicine 2010; 207:2187-94.

Greaves M and Maley CC. Clonal evolution in cancer. Nature 2012; 481(7381):306-13

Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, Chen S, Klein AP,
Pardoll DM, Topalian SL, et al. Colocalization of inflammatory response with B7-hl
expression in human melanocytic lesions supports an adaptive resistance mechanism of
immune escape. Science Translational Medicine 2012; 4:127ra37.

Lussier, et al. Combination immunotherapy with a-CLTA-4 and a-PD-L1 antibody
blockade prevents immune escape and leads to complete control of metastatic osteosar-
coma. Journal for InmunoTherapy of Cancer 2015; 3:1.

Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD, Ahmed R.
Viral immune evasion due to persistence of activated T cells without effector function.
The Journal of Experimental Medicine 1998; 188:2205-13.



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Immune Checkpoint Blockade: Subjugation of the Masses
http://dx.doi.org/10.5772/67687

Blackburn SD, Shin H, Freeman GJ, Wherry E]. Selective expansion of a subset of
exhausted CD8 T cells by alphaPD-L1 blockade. Proceedings of the National Academy
of Sciences of the United States of America 2008; 105:15016-21.

Del Monte U. Does the cell number 109 still really fit one gram of tumor tissue?. Cell
Cycle 2009; 8(3):505-6.

Coffin ] and Swanstrom R. HIV pathogenesis: dynamics and genetics of viral popula-
tions and infected cells. Cold Springs Harbor Perspectives in Medicine 2013; 3:1.

Nirschl CJ, Drake CG. Molecular pathways: coexpression of immune checkpoint mol-
ecules: signaling pathways and implications for cancer immunotherapy. Clinical Cancer
Research: An Official Journal of the American Association for Cancer Research 2013;
19:4917-24.

Curran MA, Montalvo W, Yagita H, Allison JP. PD-1 and CTLA-4 combination blockade
expands infiltrating T cells and reduces regulatory T and myeloid cells within B16 mela-
noma tumors. Proceedings of the National Academy of Sciences of the United States of
America 2010; 107:4275-80.

Sznol M, Chen L. Antagonist antibodies to PD-1 and B7-H1 (PD-L1) in the treatment of
advanced human cancer. Clinical Cancer Research: An Official Journal of the American
Association for Cancer Research 2013; 19:1021-34.

Gubin MM, Zhang X, Schuster H, Caron E, Ward JP, Noguchi T, Ivanova Y, Hundal
J, Arthur CD, Krebber W], et al. Checkpoint blockade cancer immunotherapy targets
tumour-specific mutant antigens. Nature 2014; 515:577-81.

Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, Segal NH,
Ariyan CE, Gordon RA, Reed K, et al. Nivolumab plus ipilimumab in advanced mela-
noma. The New England Journal of Medicine 2013; 369:122-33.

Spranger S, Koblish HK, Horton B, Scherle PA, Newton R, Gajewski TF. Mechanism
of tumor rejection with doublets of CTLA-4, PD-1/PD-L1, or IDO blockade involves
restored IL-2 production and proliferation of CD8(+) T cells directly within the tumor
microenvironment. Journal for Immunotherapy of Cancer 2014; 2:3.

Wainwright DA, Chang AL, Dey M, Balyasnikova IV, Kim CK, Tobias A, Cheng Y, Kim
JW, Qiao ], Zhang L, et al. Durable therapeutic efficacy utilizing combinatorial blockade
against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clinical Cancer Research:
An Official Journal of the American Association for Cancer Research 2014; 20:5290-301.

Woo SR, Turnis ME, Goldberg MV, Bankoti ], Selby M, Nirschl CJ, Bettini ML, Gravano DM,
Vogel P, Liu CL, et al. Immune inhibitory molecules LAG-3 and PD-1 synergistically regu-
late T-cell function to promote tumoral immune escape. Cancer Research 2012; 72:917-27.

Ngiow SF, von Scheidt B, Akiba H, Yagita H, Teng MW, Smyth MJ. Anti-TIM3 antibody
promotes T cell IFN-gamma-mediated antitumor immunity and suppresses established
tumors. Cancer Research 2011; 71:3540-51.

131



132 Osteosarcoma - Biology, Behavior and Mechanisms

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Ngiow SF, Teng MW, Smyth M]J. Prospects for TIM3-targeted antitumor immunother-
apy. Cancer Research 2011; 71:6567-71.

Miyatake T, Tringler B, Liu W, Liu SH, Papkoff J, Enomoto T, Torkko KC, Dehn DL,
Swisher A, Shroyer KR. B7-H4 (DD-0110) is overexpressed in high risk uterine endo-
metrioid adenocarcinomas and inversely correlated with tumor T-cell infiltration.
Gynecologic Oncology 2007; 106:119-27.

Chen C, Shen Y, Qu QX, Chen XQ, Zhang XG, Huang JA. Induced expression of B7-H3
on the lung cancer cells and macrophages suppresses T-cell mediating anti-tumor
immune response. Experimental Cell Research 2013; 319:96-102.

Sun Y, Wang Y, Zhao ], Gu M, Giscombe R, Lefvert AK, Wang X. B7-H3 and B7-H4
expression in non-small-cell lung cancer. Lung Cancer (Amsterdam, Netherlands) 2006;
53:143-51.

Matsushita H, Vesely MD, Koboldt DC, Rickert CG, Uppaluri R, Magrini V], Arthur CD,
White JM, Chen YS, Shea LK, et al. Cancer exome analysis reveals a T-cell-dependent
mechanism of cancer immunoediting. Nature 2012; 482:400-4.

Pilones KA, Vanpouille-Box C, Demaria S. Combination of radiotherapy and immune
checkpoint inhibitors. Seminars in Radiation Oncology 2015; 25:28-33.

Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken KE, Stelekati E, Benci JL,
Xu B, Dada H, Odorizzi PM, et al. Radiation and dual checkpoint blockade activate non-
redundant immune mechanisms in cancer. Nature 2015; 520:373-7.

Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, Fu YX. Irradiation
and anti-PD-L1 treatment synergistically promote antitumor immunity in mice. The
Journal of Clinical Investigation 2014; 124:687-95.

Sharabi A, Nirschl C, Ceccato T, Nirschl T, Francica B, Alme A, Velarde E, DeWeese
T, Drake C. Role of radiation therapy in inducing antigen specific antitumor immune
responses when combined with anti-PD1 checkpoint blockade: mechanism and clinical
implications. International Journal of Radiation Oncology 2014; 90.

Dovedi SJ, Adlard AL, Lipowska-Bhalla G, McKenna C, Jones S, Cheadle EJ, Stratford
IJ, Poon E, Morrow M, Stewart R, et al. Acquired resistance to fractionated radiotherapy
can be overcome by concurrent PD-L1 blockade. Cancer Research 2014; 74:5458-68.

Azijli K, Stelloo E, Peters GJ, VDE A]. New developments in the treatment of metastatic
melanoma: immune checkpoint inhibitors and targeted therapies. Anticancer Research
2014; 34:1493-505.

Cooper ZA, Juneja VR, Sage PT, Frederick DT, Piris A, Mitra D, Lo JA, Hodi FS, Freeman GJ,
Bosenberg MW, et al. Response to BRAF inhibition in melanoma is enhanced when com-
bined with immune checkpoint blockade. Cancer Immunology Research 2014; 2:643-54.

Frederick DT, Piris A, Cogdill AP, Cooper ZA, Lezcano C, Ferrone CR, Mitra D, Boni A,
Newton LP, Liu C, et al. BRAF inhibition is associated with enhanced melanoma antigen



[55]

[56]

Immune Checkpoint Blockade: Subjugation of the Masses
http://dx.doi.org/10.5772/67687

expression and a more favorable tumor microenvironment in patients with metastatic
melanoma. Clinical Cancer Research: An Official Journal of the American Association
for Cancer Research 2013; 19:1225-31.

Frey B, Rubner Y, Kulzer L, Werthmoller N, Weiss EM, Fietkau R, Gaipl US. Antitumor
immune responses induced by ionizing irradiation and further immune stimulation.
Cancer Immunology, Immunotherapy: CII 2014; 63:29-36.

Yeh PJ et al. Drug interactions and the evolution of antibiotic resistance. Nature Reviews
Microbiology 2009; 7(6):460-6.

133



ntechOpen

ntechOpen



