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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common pri-
mary brain tumor in adults. It also has the highest malignancy 
grade (WHO grade IV) and median survival of 14.6 months 
with surgery, radiation, and chemotherapy [1]. The most sig-
nificant prognostic factors for patients with malignant glioma 
are performance status and age [2]. The paradigm of treatment 
for newly diagnosed patients includes aggressive surgery fol-
lowed by radiation therapy and concomitant temozolomide che-
motherapy. This treatment prolongs median survival to 14.6 
months versus 12.1 months with radiation alone, but essen-
tially all patients recur [1,3]. Despite major aggressive treatment, 
GBM inevitably recurs. GBM also persists due to the hetero-
geneity of the tumor itself [4-6]. The tumor is comprised of di-
fferent cell types including endothelial cells, fibroblasts, in-
flammatory cells, and neurons [7]. 

One of the challenges of implementing a robust anti-tumor 
immune response is the protective immune microenvironment of 
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Glioblastoma multiforme (GBM) is the most common primary brain cancer. Even with aggressive com-
bination therapy, the median life expectancy for patients with GBM remains approximately 14 months. 
In order to improve the outcomes of patients with GBM, the development of newer treatments is criti-
cal. The concept of using the immune system as a therapeutic option has been suggested for several 
decades; by harnessing the body’s adaptive immune mechanisms, immunotherapy could provide a 
durable and targeted treatment against cancer. However, many cancers, including GBM, have devel-
oped mechanisms that protect tumor cells from being recognized and eliminated by the immune sys-
tem. For new immunotherapeutic regimens to be successful, overcoming immunosuppression via im-
mune checkpoint signaling should be taken into consideration. 
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GBM. Specifically, GBM has established mechanisms of dam-
pening the immune response by down regulation of HLA mol-
ecules, expression of immunosuppressive cytokines, increasing 
the activation of T-regulatory (Treg) cells, and increasing the T 
helper cell phenotype [7-9]. A review of the immunosuppres-
sive milieu of GBM is presented elsewhere [90]. This suppres-
sive immune microenvironment created by the tumor is aided 
by the expression of immune checkpoint molecules, which trans-
mit a negative signal to immune cells and decrease their antitu-
mor response. Two checkpoint molecules that are currently 
under investigation in clinical and preclinical studies include 
Cytotoxic T lymphocyte Associated Antigen 4 (CTLA-4) and 
Programmed Death-1 (PD-1). Anti-CTLA-4 was recently FDA 
approved for treatment of metastatic melanoma, and there are 
clinical trials underway investigating other agents such as anti-
PD-1, which may hold promise as treatment for other can-
cers, including GBM [78,79].
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STANDARD OF CARE

Initial treatment
Standard treatment for newly diagnosed GBM includes 

surgical resection with adjuvant radiation and temozolomide. 
In both prospective and retrospective studies, complete surgi-
cal resection leads to increased survival compared to subtotal 
resection or biopsy [10,11]. Of 413 patients with newly diagno-
sed GBM, the median survival for patients who underwent bio-
psy compared to craniotomy was 21 weeks and 45.3 weeks 
respectively [10]. 

Older trials of patients with Grade III-IV gliomas showed 
an increase in survival when radiation was added postopera-
tively, establishing this as standard of care [12,13]. The Brain 
Tumor Study Group performed a prospective trial comparing 
best supportive care with carmustine (BCNU) and radiation 
treatment, alone or in combination [13]. In this study, radioth-
erapy alone or radiotherapy in combination with BCNU con-
ferred a significant survival1 [3]. Similarly, Kristiansen et al. [12] 
reported in a trial of 118 patients, treatment with postopera-
tive radiation with or without bleomycin had a median sur-
vival of 10.8 months versus 5.2 months in patients receiving 
supportive care only. Adjuvant fractionated external beam ra-
diation therapy (EBRT) is typically administered by IMRT in 
2 Gy fractions to a total dose of 60 Gy. Use of higher doses has 
not been found to increase survival [14]. 

1, 3-bis (chloro-ethyl)-1-nitrosourea (BCNU) remained 
the first line chemotherapy for malignant gliomas for several 
years [15]. A small prospective study found that implanting 
BCNU impregnated wafers (Gliadel) after surgery increased 
survival to 53.3 weeks from 39.9 weeks in the placebo arm [16]. 
A larger Phase III trial of 240 patients with malignant glioma 
confirmed this result with a median survival of 13.9 months 
in the Gliadel group vs. 11.6 months in the Gliadel group 
and placebo group respectively [17]. Stupp et al. [1] prospec-
tively investigated the outcome of adding temozolomide (TMZ) 
to adjuvant treatment of GBM. The study found an increase 
in median survival from 12.1 months in the radiation alone 
group to 14.6 months with concomitant and adjuvant TMZ. 
This regimen provided a significant survival advantage with-
out increased toxicity, and has become the new standard of 
care for treatment of newly diagnosed GBM for those pa-
tients not receiving a BCNU wafer.

Recurrence
Most recurrences occur within 1-1.5 years of initial therapy 

and occur within 2 cm of the surgical margins [1]. When patients 
develop disease recurrence, repeat surgery should be considered 
in all patients and is found to have limited complications [18]. 
The value of repeat surgery has been extensively studied in re-

trospective and prospective studies, with various factors found 
to be significantly associated with increased survival. These 
prognostic factors include an increased time interval between sur-
geries [19], age [20], and preoperative Karnofsky Performance 
Scale (KPS) [20,21]. Park et al. [22] created a preoperative scale 
using KPS, tumor volume and tumor location to predict patient 
outcome after repeat surgery for recurrence and can be helpful 
in evaluating a patient for surgery. In patients with diffuse dis-
ease or multiple foci, treatment should be palliative and sup-
portive. 

There is no consensus on the best adjuvant treatment in the 
setting of recurrent disease, although additional chemothera-
py and radiation can be considered as well as enrollment in a 
clinical trial. Data from the following clinical trials are used to 
inform clinicians regarding treatment. BCNU wafers were first 
investigated for management of patients with recurrent malig-
nant glioma and the results from phase III studies reported a 
50% increase in 6 months survival in patients treated with BC-
NU polymers vs. placebo [23]. Bevacizumab, an angiogenesis 
inhibitor, was approved in 2009 for use in recurrent GBM. Data 
from Phase II trials in which patients were treated with beva-
cizumab with or without irinotecan reported median surviv-
al between 7 and 9.2 months [24,25]. Repeat radiation can be 
performed if patients responded well to initial radiation. RTOG 
90-05 defined the maximum tolerated single dose that can be 
given for previously irradiated tumors as 24 Gy, 18 Gy, and 
15 Gy for tumors ≤20 mm, 21-30 mm, and 31-40 mm respe-
ctively [26].

RADIATION

The standard dose of radiation for GBM remains 60 Gy. At-
tempts to increase the dose beyond this limit have not dem-
onstrated a survival advantage and may increase the risk of ra-
dionecrosis [14]. The Radiation Therapy Oncology Group [27] 
studied the effect of adding a stereotactic radiosurgery (SRS) 
boost to conventional EBRT for patients with newly diagnosed 
GBM but found no survival difference between those patients 
receiving SRS compared to those that did not. 

Stereotactic boost
Tsao et al. [28] reviewed the literature and concluded that 

the use of SRS followed by EBRT and BCNU does not show 
any survival benefit. Einstein et al. [29] believed these prior 
studies were limited by the imaging techniques used, therefore 
they devised a Phase II trial utilizing magnetic resonance spec-
troscopy to locate residual tumor prior to administering the 
SRS boost. Median survival for RTOG recursive partitioning an-
alysis class IV patients was 18.7 months compared to 11.1 mon-
ths for patients in the RTOG 93-05 study, showing the poten-
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tial benefit of adding an SRS boost [29]. Additional data suggests 
that giving the SRS boost after EBRT leads to increase in sur-
vival with a median overall survival of 15.1 months for patients 
with newly diagnoses GBM [30]. Several studies have been con-
ducted looking at outcome following SRS for recurrent GBM 
and found median overall survival between 8-10 months fol-
lowing treatment without increased toxicities [30-33].

Brachytherapy
Brachytherapy allows for delivery of higher doses of radia-

tion for initial treatment of GBM. Data from a randomized cl-
inical trial comparing EBRT alone vs. EBRT plus a brachyther-
apy boost of I-125 implants to a dose of 60 Gy, found no di-
fference in survival [34]. A different brachytherapy delivery 
system called Gliasite, is a balloon catheter filled with an aque-
ous iodinated radiation source. The outcomes of patients with 
newly diagnosed GBM receiving Gliasite brachytherapy to a 
median dose of 50 Gy and EBRT to a median dose of 60 Gy 
was retrospectively reviewed and found a median overall sur-
vival of 11.4 months, which is similar to historical controls [35]. 

Brachytherapy has also been investigated in patients with 
recurrent GBM. A retrospective cohort study of 111 patients 
previously treated with surgery, radiation and chemotherapy 
for their primary tumors compared outcomes of patients treat-
ed with brachytherapy, surgery or temozolomide for recurren-
ce [36]. This study found a significant increase in median sur-
vival for patients receiving brachytherapy to 37 weeks, com-
pared to patients who underwent reoperation (30 weeks) or 
dose dense temozolomide (26 weeks) [36]. Additional pro-
spective data showed a median survival of 52 weeks and 64 
weeks respectively, following treatment with repeat resection 
and permanent low activity Iodine 125 brachytherapy [37,38]. 
This approach offers an alternative to temporary brachyther-
apy, which needs to be anchored to the tumor [37,38]. Multi-
ple studies reported a median survival between 35.9-36.4 weeks 
after use of GliaSite (to a median dose of 53-60 Gy) following 
re-resection [39,40]. 

New radiation techniques
New techniques such as thermotherapy, and pulsed reduced 

dose rate radiotherapy (PRDR) were recently studied in pati-
ents with recurrent glioma. Maier-Hauff et al. [41] published 
a study of 59 patients with recurrent GBM receiving iron-ox-
ide nanoparticles combined with fractionated stereotactic ra-
diosurgery and reported a median survival of 13.4 months. 
PRDR is a technique that reduces the dose rate of radiation 
allowing normal tissues to repair while cancer cells remain ra-
diosensitive. 86 patients with Grade 4 recurrent glioma were 
treated with PRDR to a total median dose of 50 Gy. The me-
dian overall survival of these patients from the start of PRDR 

treatment was 5.8 months [42]. 

IMMUNE CHECKPOINT INHIBITORS

Immune checkpoint proteins consist of a group of surface 
proteins and secreted molecules that inhibit over-activation of 
the immune system upon challenge. They are therefore used 
as an immune break to prevent a detrimental effect of the im-
mune response against healthy tissue. The list of immune ch-
eckpoints is long [43-53] with the most well known being 
CTLA-4 and PD-1 with its ligands (PDL1 and PDL2) [54,55]. 
CTLA-4 is expressed exclusively in T cells and antagonizes with 
CD28 for binding to their common ligands CD80 and CD86 
attenuating the immune response against antigens [55-63]. 
PD-1 has a broader distribution than CTLA-4, being expressed 
on the surface of T, B and natural killer cells and is upregulat-
ed upon their activation attenuating the immune response in si-
tu [55]. Cancer in general utilizes immune inhibitory molecules 
to escape elimination by the immune system to further pro-
mote an immunosuppressive microenvironment [55,64-76]. A 
comprehensive review of the available antibodies and the on-
going clinical trials is provided elsewhere [55]. 

The anti-CTLA-4 antibody, Ipilimumab, was approved in 
2011 for the treatment of metastatic melanoma and became 
the first checkpoint inhibitor available on the market [91]. In 
a phase III trial, 676 patients were randomized to receive ei-
ther glycoprotein 100 (gp100) vaccine with ipilimumab, gp100 
alone, or ipilimumab monotherapy [69]. Patients receiving ipi-
limumab monotherapy or in combination with gp100 experi-
enced a significantly longer median overall survival compared 
to those who received gp100 alone (10 months vs. 6.4 months 
respectively) [69].

Extrapolation of these results to patients with brain tumors 
is difficult as many of these trials excluded patients with brain 
metastases. However, blockade of CTLA-4 is currently being 
investigated in patients with central nervous system tumors 
(Table 1). The efficacy of Ipilimumab in patients with brain me-
tastases has been evaluated in prospective studies in patients 
with symptomatic and asymptomatic disease [77]. Median 
overall survival in the asymptomatic cohort was 7 months (95% 
CI 4.1-10.8), and 3.7 (95% CI 1.6-7.3) months in the symp-
tomatic brain metastases group. These patients did not have 
increased toxicity as compared to previous reported patients 
with melanoma without brain metastases [77]. The efficacy 
of anti-CTLA-4 therapy in patients with brain metastases lays 
the groundwork for exploring its efficacy in GBM. A phase I 
clinical trial is recruiting patients to assess the side effects and 
the maximum tolerated dose of the combination of ipilimum-
ab and imatinib mesylate in patients with advanced cancer, 
including patients with intracranial glioblastoma, gliosarco-
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ma and anaplastic astrocytoma [83]. 
Another checkpoint inhibitor being investigated clinically 

is anti-PD-1 and its ligand anti-PDL1. Anti-PD1 was first clin-
ically tested in 39 patients with recurrent solid tumors and de-
monstrated an appropriate safety profile with evidence of anti-
tumor effect [78]. Another recent study by Topalian et al. [79] 
investigated the use of anti-PD-1 in patients with a variety of 
cancer types, including melanoma, non-small cell lung cancer 
(NSCLC), prostate cancer, renal cell carcinoma (RCC) and co-
lorectal cancer. Durable responses of greater than 1 year were 
seen in a percentage of patients with NSCLC, melanoma, and 
RCC. Patients received either 1, 3, or 10 mg/kg of anti-PD-1 
therapy. No dose limiting toxicity was found. The drug was fo-
und to have an acceptable adverse event profile with 14% of pa-
tients experiencing Grade 3 or 4 adverse events, most com-
monly fatigue, GI disorders, decreased appetite, and skin di-
sorders [79]. 

A multicenter phase I clinical trial including patients with 
different types of advanced cancer (75 patients with non small 
cell lung cancer, 55 with melanoma, 18 with colorectal can-
cer, 17 with renal cell carcinoma, 17 with ovarian cancer, 14 
with pancreatic cancer, 7 with gastric cancer and 4 with breast 
cancer) assessed the efficacy and the toxicity of anti-PDL1 an-
tibody. Grade 3 or Grade 4 toxicities were observed in only 9% 
of the patients; partial or complete response was observed in 
6-17% of the patients; 8 out of 16 patients with more than a 
year of follow-up had durable response of at least a year [80].

COMBINATION THERAPY

Traditionally, radiotherapy has served as adjuvant therapy 
in cancer treatment to eliminate the residual disease or as an 
alternative of surgery in inoperable cases. High doses of radi-
ation are used to deplete any radioresistant subpopulations of 
cancer cells in the tumor mass. A recent review describes ra-
diation as an “in situ vaccine” based on the observed absco-
pal effect in various case reports, where systemic disease vir-

tually disappears after treatment with radiosurgery [84]. Al-
though not described in GBM, case reports in patients with 
metastatic melanoma, report the abscopal effect in patients re-
ceiving both radiation and anti-CTLA-4 therapy [85,86]. One 
of the patients had developed brain metastases, which had 
completely resolved at the last follow-up, and developed new 
antibodies to melanoma specific antigens demonstrating a 
systemic immune response [85].

For GBM specifically, this approach has not yet reached 
clinical practice, although the previous case reports show the 
potential of this combination for patients with central ner-
vous system disease. Recent preclinical data showed that com-
bination of radiosurgery with immunotherapy can produce 
long term survivors in GBM challenged mice [81]. Zeng et al. 
[81] characterized the immune profile of long term survivors af-
ter treatment with combined stereotactic radiosurgery with an-
ti-PD1 blockade, showing an increased Teffector/Treg infiltrating 
population in the tumor. Furthermore, surviving mice retained 
systemic immunity when re-challenged with flank tumors 90 
days later, suggesting that this approach generates strong im-
munologic memory [81]. 

Preliminary evidence suggests that this approach of com-
bining radiation with immune checkpoint inhibitors may be 
translated effectively and safely to the clinic. Retrospective data 
of patients with intracranial melanoma metastases who re-
ceived SRS with or without anti-CTLA-4, showed a significant 
improvement in overall survival (21.3 vs. 4.9 months) vs. SRS 
alone, with 47% of patients who received anti-CTLA-4 still 
living at 2 years [82]. 

CONCLUSION

Glioblastoma multiforme continues to be a difficult disease 
to treat despite multiple clinical trials testing the efficacy of 
various chemotherapeutic approaches, survival in patients with 
GBM remains dismal. Immunotherapy suggests that it may 
improve the outcomes of patients with various malignancies, 

Table 1. Ongoing clinical trials in patients with metastatic melanoma in the brain treated with ipilimumab alone or in combination with radio-
therapy 

Study Phase Primary outcome Secondary outcomes Reference
Stereotactic or whole brain radiotherapy  
  in combination with ipilimumab in metastatic  
  melanoma in the brain (NCT10703507)

I Provide the maximum  
  tolerate dose

1. Rate of developing new brain metastases 
2. Response of systemic disease 
3. Overall survival rate 
4. Progression free survival

87

Palliative radiation therapy in combination with  
  ipilimumab in patients with melanoma Grade  
  IV including brain metastases (NCT01449279)

I Safety of the combination  
  therapy

1. Response rate
2. Duration of response
3. Overall survival

88

Use of ipilimumab for the treatment of metastatic  
  melanoma in the brain (NCT00623766)

II Safety and use in combination  
  with corticosteroids

1. Response to treatment and
2. Progression free survival

89
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including GBM. Immune checkpoint inhibitors are currently 
being extensively tested in clinical trials against many cancer 
types in advanced stages. These inhibitors have the potential 
to be a very attractive therapeutic modality used in combina-
tion with other chemotherapy, radiation, or immunomodula-
tory treatments. A multi-modal approach involving these new 
drugs and procedures has the potential to effectively imple-
ment a new paradigm in cancer treatment. 

Conflicts of Interest
The authors have no financial conflicts of interest.

Acknowledgments
This work was supported by a grant from the Doris Duke Charitable 

Foundation to Johns Hopkins University School of Medicine to fund Clin-
ical Research Fellow Sarah Nicholas.

REFERENCES

1.	 Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus con-
comitant and adjuvant temozolomide for glioblastoma. N Engl J Med 
2005;352:987-96.

2.	 Curran WJ Jr, Scott CB, Horton J, et al. Recursive partitioning analysis 
of prognostic factors in three Radiation Therapy Oncology Group ma-
lignant glioma trials. J Natl Cancer Inst 1993;85:704-10.

3.	 Buckner JC. Factors influencing survival in high-grade gliomas. Semin 
Oncol 2003;30(6 Suppl 19):10-4.

4.	 Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing and 
benefit from temozolomide in glioblastoma. N Engl J Med 2005;352: 
997-1003.

5.	 Stupp R, Hegi ME, Mason WP, et al. Effects of radiotherapy with con-
comitant and adjuvant temozolomide versus radiotherapy alone on 
survival in glioblastoma in a randomised phase III study: 5-year analy-
sis of the EORTC-NCIC trial. Lancet Oncol 2009;10:459-66.

6.	 Pàez-Ribes M, Allen E, Hudock J, et al. Antiangiogenic therapy elicits 
malignant progression of tumors to increased local invasion and dis-
tant metastasis. Cancer Cell 2009;15:220-31.

7.	 Skog J. Glioma-specific antigens for immune tumor therapy. Expert 
Rev Vaccines 2006;5:793-802.

8.	 Facoetti A, Nano R, Zelini P, et al. Human leukocyte antigen and anti-
gen processing machinery component defects in astrocytic tumors. 
Clin Cancer Res 2005;11:8304-11.

9.	 Gomez GG, Kruse CA. Mechanisms of malignant glioma immune re-
sistance and sources of immunosuppression. Gene Ther Mol Biol 2006; 
10:133-46.

10.	 Laws ER, Parney IF, Huang W, et al. Survival following surgery and 
prognostic factors for recently diagnosed malignant glioma: data from 
the Glioma Outcomes Project. J Neurosurg 2003;99:467-73.

11.	 Yamaguchi S, Kobayashi H, Terasaka S, et al. The impact of extent of 
resection and histological subtype on the outcome of adult patients 
with high-grade gliomas. Jpn J Clin Oncol 2012;42:270-7. 

12.	 Kristiansen K, Hagen S, Kollevold T, et al. Combined modality therapy 
of operated astrocytomas grade III and IV. Confirmation of the value 
of postoperative irradiation and lack of potentiation of bleomycin on 
survival time: a prospective multicenter trial of the Scandinavian Glio-
blastoma Study Group. Cancer 1981;47:649-52.

13.	 Walker MD, Alexander E Jr, Hunt WE, et al. Evaluation of BCNU and/
or radiotherapy in the treatment of anaplastic gliomas. A cooperative 
clinical trial. J Neurosurg 1978;49:333-43.

14.	 Chang CH, Horton J, Schoenfeld D, et al. Comparison of postopera-
tive radiotherapy and combined postoperative radiotherapy and che-
motherapy in the multidisciplinary management of malignant glio-

mas. A joint Radiation Therapy Oncology Group and Eastern Coop-
erative Oncology Group study. Cancer 1983;52:997-1007.

15.	 Brem H, Ewend MG, Piantadosi S, Greenhoot J, Burger PC, Sisti M. 
The safety of interstitial chemotherapy with BCNU-loaded polymer 
followed by radiation therapy in the treatment of newly diagnosed 
malignant gliomas: phase I trial. J Neurooncol 1995;26:111-23.

16.	 Valtonen S, Timonen U, Toivanen P, et al. Interstitial chemotherapy 
with carmustine-loaded polymers for high-grade gliomas: a random-
ized double-blind study. Neurosurgery 1997;41:44-8; discussion 48-9.

17.	 Westphal M, Hilt DC, Bortey E, et al. A phase 3 trial of local chemo-
therapy with biodegradable carmustine (BCNU) wafers (Gliadel wafers) 
in patients with primary malignant glioma. Neuro Oncol 2003;5:79-88.

18.	 Sawaya R, Hammoud M, Schoppa D, et al. Neurosurgical outcomes in 
a modern series of 400 craniotomies for treatment of parenchymal tu-
mors. Neurosurgery 1998;42:1044-55; discussion 1055-6.

19.	 Dirks P, Bernstein M, Muller PJ, Tucker WS. The value of reoperation 
for recurrent glioblastoma. Can J Surg 1993;36:271-5.

20.	 Harsh GR 4th, Levin VA, Gutin PH, Seager M, Silver P, Wilson CB. 
Reoperation for recurrent glioblastoma and anaplastic astrocytoma. 
Neurosurgery 1987;21:615-21.

21.	 Barker FG 2nd, Chang SM, Gutin PH, et al. Survival and functional 
status after resection of recurrent glioblastoma multiforme. Neurosur-
gery 1998;42:709-20; discussion 720-3.

22.	 Park JK, Hodges T, Arko L, et al. Scale to predict survival after surgery 
for recurrent glioblastoma multiforme. J Clin Oncol 2010;28:3838-43. 

23.	 Brem H, Piantadosi S, Burger PC, et al. Placebo-controlled trial of 
safety and efficacy of intraoperative controlled delivery by biodegrad-
able polymers of chemotherapy for recurrent gliomas. The Polymer-
brain Tumor Treatment Group. Lancet 1995;345:1008-12.

24.	 Friedman HS, Prados MD, Wen PY, et al. Bevacizumab alone and in 
combination with irinotecan in recurrent glioblastoma. J Clin Oncol 
2009;27:4733-40. 

25.	 Kreisl TN, Kim L, Moore K, et al. Phase II trial of single-agent bevaci-
zumab followed by bevacizumab plus irinotecan at tumor progression 
in recurrent glioblastoma. J Clin Oncol 2009;27:740-5. 

26.	 Shaw E, Scott C, Souhami L, et al. Single dose radiosurgical treatment 
of recurrent previously irradiated primary brain tumors and brain me-
tastases: final report of RTOG protocol 90-05. Int J Radiat Oncol Biol 
Phys 2000;47:291-8.

27.	 Souhami L, Scott C, Brachman D, et al. Randomized prospective com-
parison of stereotactic radiosurgery (SRS) followed by conventional 
radiotherapy (RT) with BCNU to RT with BCNU alone for selected 
patients with supratentorial glioblastoma multiforme (GBM): report 
of RTOG 93-05 protocol. Int J Radiat Oncol Biol Phys 2002;54:94-5. 

28.	 Tsao MN, Mehta MP, Whelan TJ, et al. The American Society for 
Therapeutic Radiology and Oncology (ASTRO) evidence-based re-
view of the role of radiosurgery for malignant glioma. Int J Radiat On-
col Biol Phys 2005;63:47-55.

29.	 Einstein DB, Wessels B, Bangert B, et al. Phase II trial of radiosurgery 
to magnetic resonance spectroscopy-defined high-risk tumor volumes 
in patients with glioblastoma multiforme. Int J Radiat Oncol Biol Phys 
2012;84:668-74.

30.	 Pouratian N, Crowley RW, Sherman JH, Jagannathan J, Sheehan JP. 
Gamma Knife radiosurgery after radiation therapy as an adjunctive 
treatment for glioblastoma. J Neurooncol 2009;94:409-18. 

31.	 Combs SE, Gutwein S, Thilmann Ch, Huber P, Debus J, Schulz-Ertner 
D. Stereotactically guided fractionated re-irradiation in recurrent glio-
blastoma multiforme. J Neurooncol 2005;74:167-71.

32.	 Shrieve DC, Alexander E 3rd, Wen PY, et al. Comparison of stereotac-
tic radiosurgery and brachytherapy in the treatment of recurrent glio-
blastoma multiforme. Neurosurgery 1995;36:275-82; discussion 282-4.

33.	 Vordermark D, Kölbl O, Ruprecht K, Vince GH, Bratengeier K, Flentje 
M. Hypofractionated stereotactic re-irradiation: treatment option in 
recurrent malignant glioma. BMC Cancer 2005;5:55.

34.	 Laperriere NJ, Leung PM, McKenzie S, et al. Randomized study of 



S Nicholas et al.

7

brachytherapy in the initial management of patients with malignant 
astrocytoma. Int J Radiat Oncol Biol Phys 1998;41:1005-11.

35.	 Welsh J, Sanan A, Gabayan AJ, et al. GliaSite brachytherapy boost as 
part of initial treatment of glioblastoma multiforme: a retrospective 
multi-institutional pilot study. Int J Radiat Oncol Biol Phys 2007;68: 
159-65.

36.	 Archavlis E, Tselis N, Birn G, Ulrich P, Baltas D, Zamboglou N. Sur-
vival analysis of HDR brachytherapy versus reoperation versus temo-
zolomide alone: a retrospective cohort analysis of recurrent glioblasto-
ma multiforme. BMJ Open 2013;3. pii: e002262. 

37.	 Larson DA, Suplica JM, Chang SM, et al. Permanent iodine 125 brachy-
therapy in patients with progressive or recurrent glioblastoma multi-
forme. Neuro Oncol 2004;6:119-26.

38.	 Halligan JB, Stelzer KJ, Rostomily RC, Spence AM, Griffin TW, Berger 
MS. Operation and permanent low activity 125I brachytheraphy for 
recurrent high-grade astrocytomas. Int J Radiat Oncol Biol Phys 1996; 
35:541-7.

39.	 Gabayan AJ, Green SB, Sanan A, et al. GliaSite brachytherapy for treat-
ment of recurrent malignant gliomas: a retrospective multi-institu-
tional analysis. Neurosurgery 2006;58:701-9; discussion 701-9.

40.	 Chan TA, Weingart JD, Parisi M, et al. Treatment of recurrent glioblas-
toma multiforme with GliaSite brachytherapy. Int J Radiat Oncol Biol 
Phys 2005;62:1133-9.

41.	 Maier-Hauff K, Ulrich F, Nestler D, et al. Efficacy and safety of intratu-
moral thermotherapy using magnetic iron-oxide nanoparticles com-
bined with external beam radiotherapy on patients with recurrent glio-
blastoma multiforme. J Neurooncol 2011;103:317-24. 

42.	 Adkison JB, Tomé W, Seo S, et al. Reirradiation of large-volume recur-
rent glioma with pulsed reduced-dose-rate radiotherapy. Int J Radiat 
Oncol Biol Phys 2011;79:835-41.

43.	 Zou W, Chen L. Inhibitory B7-family molecules in the tumour micro-
environment. Nat Rev Immunol 2008;8:467-77. 

44.	 Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited. Annu 
Rev Immunol 2005;23:515-48.

45.	 Mellor AL, Keskin DB, Johnson T, Chandler P, Munn DH. Cells ex-
pressing indoleamine 2,3-dioxygenase inhibit T cell responses. J Im-
munol 2002;168:3771-6.

46.	 Friberg M, Jennings R, Alsarraj M, et al. Indoleamine 2,3-dioxygenase 
contributes to tumor cell evasion of T cell-mediated rejection. Int J 
Cancer 2002;101:151-5.

47.	 Hou DY, Muller AJ, Sharma MD, et al. Inhibition of indoleamine 
2,3-dioxygenase in dendritic cells by stereoisomers of 1-methyl-trypto-
phan correlates with antitumor responses. Cancer Res 2007;67:792-801.

48.	 Munn DH, Mellor AL. Indoleamine 2,3-dioxygenase and tumor-in-
duced tolerance. J Clin Invest 2007;117:1147-54.

49.	 Bak SP, Alonso A, Turk MJ, Berwin B. Murine ovarian cancer vascular 
leukocytes require arginase-1 activity for T cell suppression. Mol Im-
munol 2008;46:258-68. 

50.	 Ochoa AC, Zea AH, Hernandez C, Rodriguez PC. Arginase, prosta-
glandins, and myeloid-derived suppressor cells in renal cell carcinoma. 
Clin Cancer Res 2007;13(2 Pt 2):721s-6s.

51.	 Rodríguez PC, Ochoa AC. Arginine regulation by myeloid derived 
suppressor cells and tolerance in cancer: mechanisms and therapeutic 
perspectives. Immunol Rev 2008;222:180-91. 

52.	 Löb S, Königsrainer A, Zieker D, et al. IDO1 and IDO2 are expressed 
in human tumors: levo- but not dextro-1-methyl tryptophan inhibits 
tryptophan catabolism. Cancer Immunol Immunother 2009;58:153-7. 

53.	 Reisser D, Onier-Cherix N, Jeannin JF. Arginase activity is inhibited by 
L-NAME, both in vitro and in vivo. J Enzyme Inhib Med Chem 2002; 
17:267-70.

54.	 Fife BT, Pauken KE, Eagar TN, et al. Interactions between PD-1 and 
PD-L1 promote tolerance by blocking the TCR-induced stop signal. 
Nat Immunol 2009;10:1185-92. 

55.	 Pardoll DM. The blockade of immune checkpoints in cancer immuno-
therapy. Nat Rev Cancer 2012;12:252-64. 

56.	 Hathcock KS, Laszlo G, Dickler HB, Bradshaw J, Linsley P, Hodes RJ. 
Identification of an alternative CTLA-4 ligand costimulatory for T cell 
activation. Science 1993;262:905-7.

57.	 Rudd CE, Taylor A, Schneider H. CD28 and CTLA-4 coreceptor ex-
pression and signal transduction. Immunol Rev 2009;229:12-26. 

58.	 Lenschow DJ, Walunas TL, Bluestone JA. CD28/B7 system of T cell 
costimulation. Annu Rev Immunol 1996;14:233-58.

59.	 Freeman GJ, Gribben JG, Boussiotis VA, et al. Cloning of B7-2: a 
CTLA-4 counter-receptor that costimulates human T cell prolifera-
tion. Science 1993;262:909-11.

60.	 Azuma M, Ito D, Yagita H, et al. B70 antigen is a second ligand for 
CTLA-4 and CD28. Nature 1993;366:76-9.

61.	 Linsley PS, Clark EA, Ledbetter JA. T-cell antigen CD28 mediates ad-
hesion with B cells by interacting with activation antigen B7/BB-1. 
Proc Natl Acad Sci U S A 1990;87:5031-5.

62.	 Linsley PS, Brady W, Urnes M, Grosmaire LS, Damle NK, Ledbetter 
JA. CTLA-4 is a second receptor for the B cell activation antigen B7. J 
Exp Med 1991;174:561-9.

63.	 Linsley PS, Greene JL, Brady W, Bajorath J, Ledbetter JA, Peach R. Hu-
man B7-1 (CD80) and B7-2 (CD86) bind with similar avidities but dis-
tinct kinetics to CD28 and CTLA-4 receptors. Immunity 1994;1:793-801.

64.	 Leach DR, Krummel MF, Allison JP. Enhancement of antitumor im-
munity by CTLA-4 blockade. Science 1996;271:1734-6.

65.	 van Elsas A, Hurwitz AA, Allison JP. Combination immunotherapy of 
B16 melanoma using anti-cytotoxic T lymphocyte-associated antigen 
4 (CTLA-4) and granulocyte/macrophage colony-stimulating factor 
(GM-CSF)-producing vaccines induces rejection of subcutaneous and 
metastatic tumors accompanied by autoimmune depigmentation. J 
Exp Med 1999;190:355-66.

66.	 Hodi FS, Mihm MC, Soiffer RJ, et al. Biologic activity of cytotoxic T 
lymphocyte-associated antigen 4 antibody blockade in previously vac-
cinated metastatic melanoma and ovarian carcinoma patients. Proc Natl 
Acad Sci U S A 2003;100:4712-7.

67.	 Phan GQ, Yang JC, Sherry RM, et al. Cancer regression and autoim-
munity induced by cytotoxic T lymphocyte-associated antigen 4 
blockade in patients with metastatic melanoma. Proc Natl Acad Sci USA 
2003;100:8372-7.

68.	 Ribas A, Camacho LH, Lopez-Berestein G, et al. Antitumor activity in 
melanoma and anti-self responses in a phase I trial with the anti-cyto-
toxic T lymphocyte-associated antigen 4 monoclonal antibody CP-
675,206. J Clin Oncol 2005;23:8968-77. 

69.	 Hodi FS, O’Day SJ, McDermott DF, et al. Improved survival with ipili-
mumab in patients with metastatic melanoma. N Engl J Med 2010;363: 
711-23.

70.	 Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N. Involve-
ment of PD-L1 on tumor cells in the escape from host immune system 
and tumor immunotherapy by PD-L1 blockade. Proc Natl Acad Sci U S 
A 2002;99:12293-7. 

71.	 Konishi J, Yamazaki K, Azuma M, Kinoshita I, Dosaka-Akita H, 
Nishimura M. B7-H1 expression on non-small cell lung cancer cells 
and its relationship with tumor-infiltrating lymphocytes and their PD-1 
expression. Clin Cancer Res 2004;10:5094-100.

72.	 Kuang DM, Zhao Q, Peng C, et al. Activated monocytes in peritumor-
al stroma of hepatocellular carcinoma foster immune privilege and 
disease progression through PD-L1. J Exp Med 2009;206:1327-37.

73.	 Liu Y, Zeng B, Zhang Z, Zhang Y, Yang R. B7-H1 on myeloid-derived 
suppressor cells in immune suppression by a mouse model of ovarian 
cancer. Clin Immunol 2008;129:471-81.

74.	 Thompson RH, Gillett MD, Cheville JC, et al. Costimulatory B7-H1 in 
renal cell carcinoma patients: Indicator of tumor aggressiveness and 
potential therapeutic target. Proc Natl Acad Sci U S A 2004;101:17174-9.

75.	 Ohigashi Y, Sho M, Yamada Y, et al. Clinical significance of pro-
grammed death-1 ligand-1 and programmed death-1 ligand-2 expres-
sion in human esophageal cancer. Clin Cancer Res 2005;11:2947-53.

76.	 Ghebeh H, Mohammed S, Al-Omair A, et al. The B7-H1 (PD-L1) T 



8  Brain Tumor Res Treat  2013;1:2-8

Radiation and Immune Checkpoint Inhibitors for GBM

lymphocyte-inhibitory molecule is expressed in breast cancer patients 
with infiltrating ductal carcinoma: correlation with important high-
risk prognostic factors. Neoplasia 2006;8:190-8.

77.	 Margolin K, Ernstoff MS, Hamid O, et al. Ipilimumab in patients with 
melanoma and brain metastases: an open-label, phase 2 trial. Lancet 
Oncol 2012;13:459-65. 

78.	 Brahmer JR, Drake CG, Wollner I, et al. Phase I study of single-agent 
anti-programmed death-1 (MDX-1106) in refractory solid tumors: safe-
ty, clinical activity, pharmacodynamics, and immunologic correlates. J 
Clin Oncol 2010;28:3167-75.

79.	 Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity, and immune 
correlates of anti-PD-1 antibody in cancer. N Engl J Med 2012;366: 
2443-54.

80.	 Brahmer JR, Tykodi SS, Chow LQ, et al. Safety and activity of anti-PD-
L1 antibody in patients with advanced cancer. N Engl J Med 2012;366: 
2455-65. 

81.	 Zeng J, See AP, Phallen J, et al. Anti-PD-1 Blockade and Stereotactic 
Radiation Produce Long-Term Survival in Mice With Intracranial Gli-
omas. Int J Radiat Oncol Biol Phys 2013. [Epub ahead of print]

82.	 Knisely JP, Yu JB, Flanigan J, Sznol M, Kluger HM, Chiang VL. Radio-
surgery for melanoma brain metastases in the ipilimumab era and the 
possibility of longer survival. J Neurosurg 2012;117:227-33.

83.	 Ipilimumab and Imatinib Mesylate in Advanced Cancer (NCT01738139) 
US NIH clinical trials registry. (Accessed April 1, 2013, at http://www.
clinicaltrials.gov).

84.	 Formenti SC, Demaria S. Radiation therapy to convert the tumor into 
an in situ vaccine. Int J Radiat Oncol Biol Phys 2012;84:879-80. 

85.	 Stamell EF, Wolchok JD, Gnjatic S, Lee NY, Brownell I. The abscopal 
effect associated with a systemic anti-melanoma immune response. Int J 
Radiat Oncol Biol Phys 2013;85:293-5.

86.	 Postow MA, Callahan MK, Barker CA, et al. Immunologic correlates 
of the abscopal effect in a patient with melanoma. N Engl J Med 2012; 
366:925-31.

87.	 Ipilimumab and Whole-Brain Radiation Therapy or Stereotactic Ra-
diosurgery in Treating Patients With Melanoma With Brain Metasta-
ses (NCT01703507). US NIH clinical trials registry. (Accessed April 1, 
2013, at http://clinicaltrials.gov/ct2/show/NCT01703507).

88.	 Pilot Ipilimumab in Stage IV Melanoma Receiving Palliative Radiation 
Therapy (NCT01449279). US NIH Clinical trials registry, 2013. (Ac-
cessed April 1, 2013 at http://clinicaltrials.gov/show/NCT01449279). 

89.	 Study of Ipilimumab to Treat Melanoma in Patients With Brain Metas-
tases (NCT00623766). US NIH Clinical trials registry. (Accessed April 1, 
2013, at http://clinicaltrials.gov/ct2/show/NCT00623766?term=Study 
+of+Ipilimumab+to+Treat+Melanoma+in+Patients+With+Brain+Me
tastases&rank=1).

90.	 Jackson C, Ruzevick J, Phallen J, Belcaid Z, Lim M. Challenges in im-
munotherapy presented by the glioblastoma multiforme microenvi-
ronment. Clin Dev Immunol 2011;2011:732413.

91.	 Pazdur R. FDA Approval for Ipilimumab. (Accessed April 1, 2013, at 
http://www.cancer.gov/cancertopics/druginfo/fda-ipilimumab).


