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Introduction
Glioblastoma (GBM) is the most common malig-
nant primary brain tumor and despite surgical 
resection, radiation and chemotherapy, overall 
survival is 14–15 months from the time of diagno-
sis.1,2 While systemic treatments have improved 
long-term survival for other solid tumors like mel-
anoma, breast, renal cell and lung, the predilec-
tion for brain metastasis in these cancers remains 
a major limitation for life expectancy. The signifi-
cant clinical need for effective treatments of brain 
tumors has pushed the exploration of immuno-
therapy to treat malignancies into the brain, an 
area with unique limitations on immune function. 
While immunotherapy for the treatment of malig-
nancy has expanded in clinical practice over the 
past two decades, manipulating the immune sys-
tem to treat cancer, including brain cancer, has a 
long history that should be considered while 
developing future therapeutics. In this review, we 

will highlight the history of treatments designed 
to augment the effectiveness and efficiency of the 
immune response against malignant brain tumors, 
as well as the limitations of autoimmune toxicity. 
In examining the treatment of primary brain 
tumors and brain metastasis, we will focus on 
vaccinations strategies, checkpoint inhibitors and 
the use of immunostimulants.

Introduction to immunology principles
The role of the immune system is to recognize 
deviations from normal homeostasis as danger. 
Most often, this is thought of as protection from 
infection, however, protection from malignancy 
may be an even greater focus of human immu-
nity. The development and continued progres-
sion of cancer without treatment demonstrates 
the failures of cancer immune surveillance. 
Growing understanding of the complexity and 
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highly integrated nature of the immune system is 
beyond the scope of this review, however, review 
of basic immune principles and their application 
to brain tumors is necessary.

Innate immune system
The innate immune system encompasses both 
the anatomical barriers of our epithelial and 
mucosal surfaces as well as a surveillance system 
of cellular components. Natural killer cells 
(NKs), macrophages, neutrophils, dendritic cells 
(DCs) and monocytes are capable of phagocyto-
sis, as well as releasing cytokines and chemokines.3 
The innate immune system relies on pattern rec-
ognition for specificity. In the case of microbes, 
receptors are specific for ligands that are uniquely 
expressed by microbes like lipopolysaccharide or 
single-stranded DNA, referred to as pathogen-
associated molecular patterns (PAMPs). 
Macrophages and DCs also have receptors for 
danger-associated molecular patterns (DAMPs) 
that include heat shock proteins (HSPs) and 
other signals available during tissue damage and 
cell death.4 DAMPs are also released during the 
development and growth of malignancies. 
Manipulating PAMPs and DAMPs is one of the 
broad strategies used in targeting cancer with 
immunotherapy (Table 1).

Adaptive immune system
There are bridges between the innate and adap-
tive immune system, such as the DC and NK 
cells, which can serve as antigen-presenting cells 
(APCs) to T cells.5 Adaptive immunity is more 
specific and diverse than the innate immune sys-
tem. However, it requires days of selection and 
proliferation after initial exposure to an antigen to 
mount B- and T-cell-based immune response. 
After initial delayed response, memory T- and 
B-cell lymphocytes can then quickly respond to 
previously encountered antigens.

T cells become activated when two criteria are met: 
(1) the T cell receptor binds an antigen presented 
by major histocompatibility complex (MHC), (2) 
the T cell is costimulated by CD28 receptor, 
binding the ligands of CD80 and CD86 (also 
known as B7.1 or B7.2, respectively). If a T cell 
binds an antigen presented by MHC, but  
also binds a co-inhibitory ligand, or negative 
checkpoint, this impairs the T-cell response. 
During normal T-cell activation, there is a bal-
ance of costimulatory and checkpoint activation 

generating a negative feedback loop to dampen 
immune activation. Regulatory T cells (Tregs) 
have a central role in maintaining this balance 
with immunologic tolerance to normal tissues. 
One-way Tregs downregulate inflammation 
through expression of cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4, also known as 
CD152), which binds CD28 with higher affinity 
than CD80 or CD86 blocking the costimulation 
necessary to activate T cells.6 Additionally, vari-
ous cytokines direct T-cell differentiation. For 
example, interleukin (IL)-2 polarizes to Th1 
phenotype, which is more cytotoxic, while IL-4 
promotes Th2 phenotype to amplify B-cell  
production. Alternatively, Tregs secrete Th3 
cytokines like IL-10 and transforming growth fac-
tor (TGF)-β, which are immunosuppressive. Over 
the past 20 years, Tregs have emerged as essential 
components to preventing autoimmunity, but 
may also lead to malignancy immune tolerance.

Immunology principles related to malignant 
brain tumors
The brain is an immunologically specialized area, 
but it is not as immune privileged as once thought. 
The concept of immune privilege largely origi-
nated from an early study in which rabbits did not 
reject foreign skin grafts to the brain, while skin 
grafts to other areas were rapidly rejected.7 It was 
later shown that these grafts were rejected when 
grafted to brain and the rejection just took longer 
than other areas;8 demonstrating that the brain 
has active immune surveillance, just in a different 
form than in other tissues. This immune surveil-
lance can also inappropriately target normal brain 
as it does in multiple sclerosis, the most prevalent 
neuro-inflammatory disease of the central nerv-
ous system (CNS).9 Additionally, in systemic 
tumors the immune system does, rarely, develop 
an immune response to normal brain antigens in 
what are known as paraneoplastic syndromes.10

Many of the immune privilege qualities of the 
CNS have been attributed to the blood–brain 
barrier (BBB) which is not an absolute border of 
protection, but rather limits transit of molecules 
and helps regulate lymphocyte tracking under 
normal circumstances. While the brain lacks typi-
cal lymphoid tissue, there are lymphatic vessels 
that drain antigens from the dural sinuses to the 
cervical lymph node chains.11 Additionally, anti-
gen presentation functions differently in the CNS 
with epithelial cells, astrocytes, microglia, mac-
rophages and DCs all acting as potential APCs. 
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The nuances of immunity in the CNS continue to 
drive stimulating research which will likely intro-
duce additional immunotherapeutic targets.12

Although the CNS is not as immunologically privi-
leged as once thought, the brain can serve as a 
sanctuary for tumors that have otherwise responded 
to systemic immunotherapy chemotherapy.13 
There are several strategies that lead to immune 
escape in the CNS. GBM provides the best stud-
ied example of tumor-associated immune suppres-
sion and evasion in the brain. GBM creates 
immunosuppression both within its microenviron-
ment and also systemically (Table 2). Usually 
phagocytic, microglia or macrophages compose 
one third or more of GBM volume.14 Prolonged 
exposure to glioma cells alters the normal antitu-
mor response of these immune cells to facilitate 
immunosuppression.15–17 Within GBM, microglia, 
as well as glioma cells themselves, secrete potent 
immunosuppressive factors that inhibit T-cell 
growth, downregulate major histocompatibility 
complex class II (MHC II) on APCs and induce 

Table 1.  Immunostimulants used in cancer theraputics.

Immunostimulant Antitumor effects Clinical uses Selected 
references

Cytokines IL-2 T cell activation
Promote Th1
Inhibit effects of TGF-β

IV, IT and intratumoral alone or 
adjuvant in cell transfer

156, 161, 
167, 143

IL-12 Promote Th1
Enhance cytotoxicity of NK and T cells
Antiangiogenic

Vaccine adjuvant 168

GM-CSF Recruits and stimulates APCs Vaccine adjuvant 60, 96, 112

TNF-α (cachexin, 
cachectin)

Induce inflammation and apoptosis
Stimulates phagocytosis

Preclinical use only 169, 170

IL-21 Enhance cytotoxicity of NK and  
T cells

Preclinical use only; identified to be 
expressed by Hodgkin’s lymphoma

171, 172

Interferons IFN-α Antiproliferative effect on tumor 
Activate NK and T cells
Increase MHCI on tumor

SQ in combination with BCNU IT for 
LM (melanoma, breast, lymphoma, 
lung)

173, 174, 175

IFN-β Enhance cytotoxicity of NK and  
T cells

IV and IT therapy alone or with TMZ 
or radiation

176, 177, 178

IFN-γ Increases MHC I and MHC II SQ with cyclophosphamide in 
pediatric high grade glioma

179

PAMPs Oligodeoxynucleotides Promote Th1 Intratumoral in rGBM 180

Poly-ICLC (Hiltinol) Activates T cells, NK cells and  
DC cells

Vaccine adjuvant 91, 181

BCNU, carmustine; GM-CSF, granulocyte-macrophage colony-stimulating factor; Th1, type 1 T helper cells; IL, interleukin; IFN, interferon;  
IV, intravenous; IT, intrathecal; LM, leptomeningeal metastasis; rGBM, recurrent glioblastoma; SQ, subcutaneous; TMZ, temozolomide; TNF, tumor 
necrosis factor; TGF- β, transforming growth factor beta; PAMPs, pathogen-associated molecular patterns; MHC, major histocompatibility complex.

Table 2.  Tumor-mediated Immunosuppression.

Tumor mutation Impact on immune function

MHC I 
downregulation

Decreases recognition by T cells

TGF-β secretion Prevents immune mediated 
apoptosis by infiltrating 
lymphocytes

IL-10 Impairs DC function and T-cell 
cytotoxicity

PGE 2 Downregulate MHC II on APC; 
suppress T-cell activation; 
induce Treg

PD-L1 Inhibit T-cell activation

STAT3 Impair DC differentiation 
upregulate FOXP3+ T cells

DC, dendritic cell; APC, antigen-presenting cells;  
MHC, major histocompatibility complex; IL-10, interleukin 
10; PGE 2, Prostaglandin E2; PD-L1, programmed death 
ligand 1; STAT3, Signal transducer and activator of 
transcription 3; TGF-β, transforming growth factor beta; 
FOXP3+, Forkhead Box P3; Treg, regulatory T cells.
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Tregs.18,19 In addition to altering the microenvi-
ronment, GBM also induces systemic immuno-
suppression appreciated as lymphopenia and 
decreased ability to mount T-cell responses with 
preserved B-cell activity.20–22 Peripheral blood 
lymphocytes also have deficits in IL-2 signaling 
and many other glioma-derived immunosuppres-
sive factors are still being investigated.23

With expanding understanding of immune sys-
tem activation and regulation, as well as the CNS 
specific nuances to immune therapy, there con-
tinue to be expanding therapeutic targets for 
immunotherapy of brain cancer (Figure 1). It is 
important to consider the history of therapies that 
have been implemented, as our understanding of 
the immune system continues to develop.

Historical perspective
The history of immunotherapeutics for malignancy 
dates back to the early 1900s, when using antibod-
ies to target cancer was proposed to provide speci-
ficity and minimize toxicity.24 This hypothesis was 

followed by a number of case reports of spontane-
ous remission, or remission at distant sites from 
radiation, providing evidence that the immune sys-
tem was capable of combating malignancies.25–27 In 
the 1950s, autoantibodies to tumors were identi-
fied and there was growing evidence of immune cell 
infiltration into various malignancies.28–30 During 
the 1960s, after decades of disappointment, pre-
clinical studies demonstrated that rodents immu-
nized with irradiated cancer cells were resistant to 
subsequent challenges with tumor31,32 (reviewed by 
Srivastava and Old33).

Vaccines
A vaccine is a therapy targeted at acquiring long-
term immunity, or an adaptive immune response 
against antigen(s) of interest. Classically, the ben-
efit of vaccination is in a prophylactic capacity; 
however, when applied to malignancy, the target 
is to help initiate antitumor immunity. Attempts 
at cancer vaccination have taken many forms, 
from passive immunization with antitumor anti-
bodies to actively generating an immune response 

Figure 1.  Schematic of immune response to growing tumor and targets of immunotherapy.
(1) Vaccines increase exposure of antigens to the antigen-presenting cells of the innate immune system like dendritic cells 
(DCs) and macrophages. (2) DC vaccines are antigen-presenting cells isolated from the patient’s whole blood and stimulated 
in vitro to recognize tumor antigens before being transfused back to the patient. DCs then migrate to lymphoid tissues 
where they present the antigens to T cells. (3) Activation of cytotoxic T cells requires costimulation by CD28 and CD80 (B7.1). 
CTLA-4 binds CD28 with higher affinity, acting as a negative regulator of this step and guiding immune tolerance. CTLA-
4 antibodies inhibit CLTA-4 binding, favoring activation of cytotoxic T cells. (4) T-cell transfer involves infusing activated 
tumor-specific T cells that can recognize tumor antigens on MHC I and II molecules. (5) PD-L1 is expressed by tumor cells 
and binds PD-1 on T cells. This binding inhibits cell lysis, however, antibodies to PD-1 or PD-L1 prevents this binding and 
augments tumor eradication.
APC, antigen-presenting cells; CTLA-4, Cytotoxic T-lymphocyte-associated antigen 4; DCs, dendritic cells; PD-1, 
programmed death -1; PD-L1, programmed death ligand-1; TCR, T-cell receptor.
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with autologous/allogeneic tumor lysate, synthetic 
peptides, naked DNA or recombinant viral vec-
tors, as well as administering immune cells 
directly to patients. These various techniques are 
attempting to identify tumor-rejection antigen(s) 
and stimulate an effective immune response while 
avoiding autoimmune pathology and preventing 
immune evasion. Both peptide and cell-based 
vaccines have used various strategies: (1) epitopes 
in conjunction with carrier proteins to enhance 
immunogenicity, (2) adoptive T-cell transfer and 
(3) DCs pulsed with peptides.

Tumor lysate
In response to the sentiment that the prognosis 
for high-grade glioma was ‘hopeless’, investiga-
tors rapidly translated a rodent study in a fibro-
sarcoma model to GBM in humans.34 Bloom and 
his team of investigators examined subcutaneous 
injections of irradiated, non-necrotic tumor to the 
standard of care of radical surgery and postopera-
tive radiation. There was no survival benefit; no 
vaccinated patients survived past 30 months when 
the control group had 7 of 35 patients surviving 
beyond this point. A companion study in anaplas-
tic gliomas, studied monthly vaccination with 
glioma cell lines augmented with the adjuvant 
Bacillus Calmette–Guérin (BCG), but also failed 
to show a survival benefit.35 Interestingly, this 
study had a 20% rate of dementia that was postu-
lated could be autoimmune in etiology, although 
further investigation was limited.

Given limited success with tumor lysate alone, 
investigators worked to increase the T-cell 
response to antigens. One strategy, T-cell trans-
fer, involves first vaccinating patients with irradi-
ated autologous tumor cell, followed by inguinal 
lymph-node biopsy to harvest the T cells that 
respond to the vaccine. These cells were then 
expanded in vitro and transfused back into the 
patient as an adoptive transfer of activated T cells. 
GBM systemic immunosuppression did limit the 
T-cell harvest, however this small study had 
promising survival for recurrent glioma of 12 
months compared with historical controls of 6 
months.36 This outcome was despite 5 of 10 
patients with marked increase in tumor size after 
treatment. Adoptive T-cell transfer has continued 
to be refined and demonstrated tumor regression 
in melanoma brain metastasis.37 Autologous 
T-cell vaccination is limited by T-cell dysfunction 
in GBM patients and is also inherently complex 
and expensive, which led to using an alternative 

vaccination strategy targeted at stimulating T 
cells.

DCs can furnish all the signals needed to stimu-
late native T cells and initiate an adaptive immune 
response. A professional APC, DCs can be iso-
lated directly from blood by negative selection or 
cultured from progenitor cells. Beginning in the 
1990s, there was a surge of great work published 
using this technique in rodent intracranial tumor 
models. These studies cultured resected tumor 
cells in vitro and used various preparations to 
optimally stimulate DCs. The outcomes were 
promising with prolonged survival and evidence 
of T-cell-mediated antitumor response in rodent 
cancer models.38–41 Dr. Liau’s group expanded 
this work to a dose-escalation clinical trial of DCs 
stimulated with autologous tumor-associated 
proteins in patients with GBM.42 Surprisingly, 
there was no correlation between systemic antitu-
mor response and clinical response, even though 
50% of patients (four of eight) who underwent 
reoperation for recurrence demonstrated T-cell 
infiltration into the tumor after vaccination. 
Similar safety, systemic antitumor response and 
T-cell infiltrate into tumor recurrence were 
reported by another group.43 This work has led to 
multiple clinical trials, including the soon-to-be-
completed phase III DCVax-L (also known as 
DCVax-Brain) which included expanded access 
for patients who do not meet the phase III enroll-
ment criteria [ClinicalTrials.gov identifier: 
NCT02146066]. This technology has the advan-
tage of targeting multiple antigens and facilitating 
T-cell activation in a cancer with impaired T-cell 
function, however, success of this strategy will 
likely require further patient selection to result in 
clinical benefit.

Heat shock protein-96.  HSPs are an abundantly 
expressed group of molecules with highly vari-
able expression that is increased under heat 
shock as well as other stresses that include the 
high metabolic demand of tumor cells. These 
intercellular chaperones were identified in the 
1980s to be DAMPs and have a unique role in 
generating specific immune responses. HSPs 
function as a selective tumor-lysate antigen-
delivery molecule. Normal tissue HSPs cannot 
elicit immunity, however, the complex of HSP 
and associated tumor antigens can elicit protec-
tive immunity.44 The endoplasmic reticular HSP, 
HSP-96, was found to be particularly effective at 
activation and maturation of DCs and many of 
the identified peptide vaccine targets mentioned 
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below are known substrates of HSP-96.45 Intra-
dermal injection of autologous tumor HSP-96 
vaccine was used in a phase I and a multicenter 
phase II trial in recurrent GBM with 90.2% of 
patients surviving longer than 6 months.46,47 
While this technique had limited success in renal 
cell carcinoma and melanoma, there remains 
hope for benefit in selected patient populations 
with GBM.48,49 There is an ongoing randomized 
phase II trial of HSP-96 vaccine in combination 
with bevacizumab either initially, or at progres-
sion, compared with bevacizumab alone in 
recurrent GBM [ClinicalTrial.gov identifier: 
NCT01814813]. While not yet reported, this 
vaccine was also studied in 46 patients with 
newly diagnosed GBM [ClinicalTrial.gov identi-
fier: NCT00905060]. Other autologous HSP-96 
vaccines are currently in phase I studies for new 
diagnosis GBM [ClinicalTrial.gov identifier: 
NCT02122822] and pediatric glioma [Clinical-
Trial.gov identifier: NCT02722512]. HSP-96 
vaccines provide the benefit of multiple antigens 
of tumor lysate, but with a more refined selec-
tion of immunogenic antigens capable of activat-
ing the innate immune system.

Peptide vaccines
Recognizing that tumors have profound genomic, 
transcriptomic and proteomic alterations, many 
studies have worked to identify tumor-associated 
and tumor-specific antigens. While nearly 10,000 
potential targets have been identified, fewer have 
the ability to activate the immune system or serve 
as immunogenic antigens. Antigens that meet 
both of these criteria are divided functionally into 
tumor-specific antigens and tumor-associated 
antigens. Tumor-specific antigens are not 
expressed in normal tissues and are often the 
product of mutations or splice variants (examples 
for GBM include EGFRVIII and IDH-1). More 
common are tumor-associated antigens, which 
can be viral antigens, over expressed or amplified 
gene products (EGFR, survivin, EphA2, 
IL-13Rα2), differentiation antigens (gp 100, 
WT1) or antigens usually restricted to germ cells 
that are expressed in tumor cells (MAGE-1, 
MAGE-3). EGFRvIII is the prototypical tumor-
specific antigen studied in GBM while viral and 
other tumor-associated antigens are often studied 
in therapies targeting multiple antigens.

Epidermal growth factor receptor vIII.  Epidermal 
growth factor receptor variant type III (EGFR-
vIII) is a mutation found in 15–60% of primary 
GBM and lower percentages in breast, lung, 

prostate and colorectal cancer.50–52 This mutation 
is not found in normal tissues and serves as the 
best-studied example of a tumor-specific antigen 
in GBM. This mutation creates a ligand indepen-
dent, constitutively active tyrosine kinase that has 
been shown to augment proliferation, inhibit 
apoptosis, promote tumor-cell motility and con-
fer resistance to radiation, which has suggested a 
direct oncogenic effect.53–56 In the selection of 
GBM patients who had gross total resection and 
survived past 12 months, EGFRvIII expression 
has been suggested as an independent negative 
prognostic factor.57,58

A 14 amino-acid portion of the EGFRvIII pep-
tide containing the novel glycine and terminal 
cysteine was conjugated to the carrier protein 
keyhole limpet hemocyanin (KLH), creating 
PEPvIII-KLH. This peptide has been used as the 
peptide for several clinical trials after DCs pulsed 
with it demonstrated efficacy against U87 glioma 
cells.59 The VICTORI trial used EGFRvIII-
peptide-pulsed DCs in a dose-escalation trial in 
12 patients with new diagnosis GBM.60 Authors 
expressed an appropriate concern about the pos-
sibility of devastating toxicity if there was cross-
reactivity with normal brain antigens, however, 
they reached the technically limiting concentra-
tion of DCs without significant toxicity. Notably, 
patients were not screened for EGFRvIII expres-
sion in this trial. The study also examined sys-
temic immune responses and while in breast 
cancer studies, some patients demonstrated 
immune response to EGFRvIII prior to vaccina-
tion, none of the GBM patients did in this, or 
subsequent GBM trials.61

Investigators then pivoted away from the use of 
DCs, favoring intradermal peptide injections  
with Granulocyte-macrophage colony-stimulating 
factor (GM-CSF) as adjuvant. Peptide prepara-
tions have the benefit of a more standardized ther-
apy, reduced cost and ease of production when 
compared with cell preparation techniques. The 
ACTIVATE trial studied patients with new diag-
nosis GBM who were screened for EGFRvIII 
expression. The 18 vaccinated patients had an 
overall survival of 26 months, which compared 
favorably with matched historic controls.62 
Perhaps the most significant finding from this 
study was that 9 of the 11 recurrent tumors that 
were pathologically evaluated had lost EGFRvIII 
expression at recurrence. This supports that vac-
cination resulted in immune system recognition 
and clearance of this antigen. Notably, this 
immune response did not result in significant 
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treatment-related toxicity or excessive inflamma-
tion. In light of temozolomide (TMZ) becoming 
the new standard of care in 2005,2 there was con-
cern that the lymphopenic state induced by TMZ 
would impair vaccine efficacy. To the contrary, 
there was building preclinical data that lympho-
penic states could induce autoimmunity or aug-
ment antitumor immune response driving away 
from Treg and more towards a cytotoxic T cell 
response.63,64 ACTII sought to evaluate EGFRvIII 
vaccination in combination with TMZ therapy. 
Consistent with preclinical data, there was a more 
enhanced cellular and humoral immune response 
in the TMZ dose-intensified group, which had 
more sustained lymphopenia. This, however, did 
not alter progression-free survival or overall sur-
vival compared with the standard dose group 
(although the study was not powered to detect a 
difference). This study did begin to test the bal-
ance of immune activation with autoimmune-
based toxicity, as there were allergic drug reactions 
in 4 out of 10 patients, including one who was 
removed from the study with cardiovascular 
adverse events.65 Again, 11 out of 12 pathologi-
cally evaluated recurrent tumors had lost expres-
sion of EGFRvIII. A finding that was confirmed in 
the limited number of recurrent tumors obtained 
from the multicenter phase II, ACT III that also 
validated prior overall survival and progression-
free survival benefit compared with historic con-
trols.66 Given continued promising results of these 
open label studies, ACT IV, a double-blind phase 
III trial, began enrollment. In a press release in 
early 2016, Celledex, the company sponsoring 
the study, announced they were discontinuing 
this study, based on interim analysis where the 
control arm significantly outperformed expecta-
tions with a 21.1 month overall survival compared 
with 20.4 months in the vaccine group.67 Despite 
this surprising result, there continues to be inter-
est in EGFRvIII. ReACT, a randomized phase II 
study of EGFRvIII peptide vaccine in combina-
tion with bevacizumab in patients with recurrent 
GBM, is the only study to date to show a statisti-
cally significant increase in overall survival  
from 9.3 months in control to 11.3 months. This 
was accompanied by a robust immune response 
to EGFRvIII that did correlate with improved 
outcomes. There was also a subset of patients 
with radiographic response greater than 18 
months and survival for some patients exceeding 
30 months.68

EGFRvIII is also being examined in chimeric 
antigen receptors (CARs). CARs are synthetic 

molecules that consist of a fusion of the extracel-
lular variable domain of monoclonal antibodies 
fused to intracellular T-cell signaling domain. 
CARs are genetically expressed in T cells and 
mediate potent antigen-specific, MHC-
independent activation of T cells to recognize 
tumor.69 This technology is particularly promis-
ing for cancers with MHC downregulation, like 
GBM. While this technology has shown promise 
in other solid tumor malignancies like neuroblas-
toma and renal cell carcinoma, there have also 
been significant adverse events from cytokine 
release syndrome, unexpected organ damage and 
significant neurotoxicity, as well as patient 
deaths.70–73 In a preclinical GBM mouse model, 
EGFRvIII CAR-T cells effectively migrated to 
intracranial tumor and demonstrated improved 
overall survival compared with untreated and 
control CAR-T animals.74 EGFRvIII CAR-T 
cells were humanized and specificity was verified 
in human xenograft models prior to development 
of clinical trials for GBM [ClinicalTrial.gov iden-
tifiers: NCT02209376 and NCT02664363].75 
Additional work has also been directed at adjust-
ing the duration of expression to decrease of tis-
sue toxicity.76 There are several other antigens 
that have been targeted using CAR-T in mouse 
models of GBM, including IL-13Rα2, HER2 and 
EphA2.77–79 While CAR-T cells are limited in the 
scope of antigens they can target, the ability to 
recognize tumors in an MHC-independent man-
ner may prove to be a more effective therapy for 
immunosuppressive tumors.

Of thousands of tumor antigens identified in 
GBM, EGFRvIII remains the prototypical tumor-
associated antigen for GBM vaccine studies. The 
work to date has not only validated the mecha-
nism of vaccination with the eradication of 
EGFRvIII expression during recurrence, but also 
demonstrated the limitations of targeting a single 
antigen in a heterogeneous disease. EGFRvIII 
work demonstrated the careful balance of safety 
when activating the immune system in brain can-
cers, with rare autoimmune toxicity, perhaps a 
benefit of targeting a tumor-specific antigen.

Viral antigens.  Cytomegalovirus (CMV) is a  
beta-herpes virus that infects 50–90% of the adult 
population but only causes encephalitis in fetuses 
and immune-compromised patients. It has been 
detected in several human malignancies and it 
remains unclear if this is local reactivation or if 
CMV plays a role in pathogenesis of GBM.80–82 
Preclinical evidence demonstrated CMV proteins 

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 9(5)

354	 journals.sagepub.com/home/tam

deregulate multiple cellular pathways increasing 
cellular proliferation, angiogenesis and immune 
evasion.83 While a role in oncogenesis is unclear, a 
randomized control trial of valganciclovir in addi-
tion to standard of care therapy for 6 months did 
not increase survival in GBM, although a retro-
spective analysis of longer treatments suggested a 
prolongation.84,85 While a primary pathogenic 
role is unclear, the high percentage of CMV gene 
products expressed in malignant gilomas, but not 
in surrounding brain tissue, make CMV antigens 
good targets for antitumor vaccines.

Phosphoprotein 65 (pp65) is a dominant CMV 
epitope with reported expression in new diagnosis 
GBM varying from 50% to 70%. Interestingly, in 
one of the above-described autologous tumor-
lysate DC vaccine studies, a patient developed a 
robust T-cell response to pp65.86 CMV antigens 
have also been targeted using CMV-reactive 
autologous T cells that were expanded in vitro 
and infused into patients with recurrent GBM in 
a phase I/II trial with a median overall survival of 
13.4 months.87 One patient who was pathologi-
cally evaluated at disease progression, demon-
strated tumor-infiltrating CMV-specific T cells 
that had higher expression of checkpoint inhibi-
tory receptors, programmed death (PD)-1 and 
CTLA-4 than T cells from the peripheral blood, 
supporting a tumor microenvironment shift to 
Tregs. Although a single case, this also suggests 
that while these antigens are sufficient to mount a 
T-cell response, the activity of those T cells in the 
tumor microenvironment may not be antitumor. 
A small placebo-controlled study of newly diag-
nosed GBM patients used preconditioning with 
tetanus/diphtheria toxoid followed by DCs pulsed 
with pp65 in six patients compared with tetanus/
diphtheria toxoid alone.88 This small study dem-
onstrated marked increase in survival with 50% 
survival at 40 months and zero in the toxoid only 
group. This has generated enthusiasm for ongo-
ing trials to target pp65, as well as other CMV-
associated antigens including immediate early 1 
(IE1) and glycoprotein B (gB).

Tumor-associated antigens. There are many over-
lapping tumor-associated antigens across multi-
ple malignancies, however, there remains 
significant heterogeneity in expression, not only 
within same category of malignancy, but also 
within individual tumors. Recognizing this het-
erogeneity and the proven limitations of a single 
antigen target, there have been various strategies 
for multiple antigen vaccines, ranging from off the 

shelf, to customized or utilizing peptide vaccines 
to augment autologous tumor-lysate strategies. 
For the strategies that have translated to clinical 
studies, there are variable successes. The majority 
of this work has been targeting malignant gliomas, 
as vaccination strategies for other malignancies 
have excluded patients with CNS involvement. 
There was one patient in a small trial of autolo-
gous T cells stimulated by MART1 in malignant 
melanoma that had brachial plexus metastasis 
that improved with vaccine treatment.89

One of the first clinical attempts to vaccinate 
GBM patients used in vitro prescreening of their 
immune response to 20 antigens to develop cus-
tomized vaccines for each patient. In the patients 
with partial response or stable disease after vacci-
nation, there was in vivo evidence of immune 
response (measured as T-cell response, IgG pro-
duction or delayed-hypersensitivity skin test-
ing).90 However, some patients with progressive 
disease had similar immune responses after vac-
cination. Differing from the EGFRvIII work that 
histologically demonstrated loss of EGFRvIII 
staining in recurrence, in the limited samples 
from a study of low-grade glioma immunized to 
IL13Rα2, EphA2, WT1, and survivin, recurrence 
demonstrated robust immunostaining for these 
antigens.91 This suggested that these vaccinations 
may be shifting the GBM microenvironment 
towards Treg phenotype, despite the use of adju-
vants such as polyinosinic–polycytidylic acid sta-
bilized by lysine and carboxymethylcellulose 
(poly-ICLC) to augment a cytotoxic T cell 
response.91,92

The first immunotherapy to demonstrate a statis-
tically significant improvement in progression-free 
survival in a phase II study of newly diagnosed 
GBM was ICT-107, a multiple-antigen-pulsed 
DC vaccine containing multiple tumor-associated 
antigens (HER2, TRP-2, gp100, MAGE-1, 
IL13Rα2, and AIM-2). In the initial phase I trial, 
there was a trend for vaccine response that did 
correlate with better survival in patients whose 
tumors were known to express at least three of the 
antigens.93 The phase II study in newly diagnosed 
GBM did not show an overall survival benefit, but 
did show 2–3 months progression-free survival 
that was statistically significant compared with 
patients treated with DCs that were not pulsed 
with antigens.94 There is an ongoing phase III trial 
[ClinicalTrial.gov identifier: NCT02546102] 
studying this vaccine in newly diagnosed GBM 
with the primary outcome of overall survival. 

https://journals.sagepub.com/home/tam


T McGranahan, G Li et al.

journals.sagepub.com/home/tam	 355

Screening for expression of these antigens was not 
a requirement for enrollment in the phase II or III 
trials, however, in preliminary analysis, expression 
of four targeted antigens was associated with pro-
longed survival.95

An alternative strategy, Gliovac, has created a 
protocol addressing many of the limitations from 
prior studies. Gliovac uses a combination of 
autologous tumor lysate and allogeneic antigens, 
as well as the adjuvant GM-CSF, but also pre-
treats with low-dose cyclophosphamide to deplete 
Tregs to favor the development of cytotoxic T 
cells.96 This small study of nine patients with 
recurrent GBM had a 100% survival at 6 months, 
where historical control survival is 33%. This vac-
cine is currently undergoing phase II trial in new 
diagnosis GBM [ClinicalTrial.gov identifier: 
NCT01903330].

This collection of studies supports the need for 
multiple antigens to optimally target aggressive, 
immunosuppressive brain tumors like GBM. 
While there is logistical benefit from the use of 
peptide vaccines, it remains unclear if this is 
equivalent to the more challenging and variable 
cell-based approaches of autologous T-cell trans-
fer and DC vaccines. Increasing clinical experi-
ence with DC vaccines now that sipuleucel-T, a 
peptide-stimulated DC vaccine for prostate can-
cer, is FDA approved, may further support the 
clinical use of cell-based therapies over peptide 
vaccines. Although trials with EGFRvIII support 
the ability of peptide vaccination to target and 
eliminate selected cells, or at least antigens from 
GBM, recurrence indicates the need for multiple 
antigens. Additionally, continued work to identify 
biomarkers to guide patient selection for success-
ful use of vaccine strategies will be essential. 
Overall, vaccine therapies have been well toler-
ated with most common response of transient flu-
like symptoms. This is in contrast to the use of 
immune-checkpoint inhibitors that were initially 
developed to augment vaccination strategies, but 
demonstrate a broad and relatively toxic side-
effect profile for patients.

Immune checkpoints
The emerging manipulation of immune-cell 
checkpoints to treat malignancy has rapidly 
advanced the treatment of multiple malignan-
cies, however, further pushed the boundary of 
autoimmune toxicity. These agents act by block-
ing the immunosuppressive receptors that inhibit 

cytotoxic T cells and increase the antitumor 
response. Many of the initial studies of these 
therapies excluded patients with CNS pathology, 
however, there is increasing evidence brain 
tumors, both primary and metastatic, respond to 
these treatments. These agents have also intro-
duced a new challenge with considerable toxicity 
related to the immune-system response to non-
neoplastic cells in an unpredictable manner. 
CTLA-4 and PD1/PD-L1 are two negative regu-
latory pathways of T cells that have FDA-
approved therapies, with several others in the 
preclinical and early clinical pipeline.

Cytotoxic T-lymphocyte-associated antigen 4
Cytotoxic T-lymphocyte-associated antigen 4 
(CTLA-4, also known as CD152) is an inhibitory 
molecule that blocks T-cell activation by binding 
CD80 and CD86 (also known as B7.1 and B7.2) 
with higher affinity than the T cell costimulatory 
receptor CD28. It is highly expressed by Treg 
and is vital to their inhibitory function. The 
importance of CTLA-4 in balancing T-cell acti-
vation and inhibition is demonstrated by the 
CTLA-4 knockout mouse that develops fatal sys-
temic autoimmunity from unopposed T-cell acti-
vation to self-antigens. Blocking CTLA-4 drives 
cytotoxic T-cell activity, resulting in breaking this 
natural protection from autoimmunity.

In 2011, the FDA approved a fully human IgG 
antibody directed against CTLA-4, ipilimumab, 
for the treatment of unresectable or metastatic 
melanoma. Pooled analysis of long-term survival 
data in metastatic melanoma support a durable 
effect in some patients that has been sustained up 
to 10 years, a remarkable outcome for a diagnosis 
with a historical survival of 8–10 months.97 Prior 
to the FDA approval of ipilimumab, reports were 
suggesting benefit for this therapy in CNS metas-
tasis of melanoma. A dose-escalation study of 
ipilimumab was undertaken in combination with 
peptide vaccines to gp100. The expectation of 
this study was that checkpoint blockade would 
augment the immune response as it had in pre-
clinical studies; however, this study demonstrated 
that ipilimumab alone was sufficient to elicit an 
antitumor effect that was greater than the peptide 
vaccine alone or the combination therapy.98 
Encouragingly, this early study included one 
patient with brain metastasis who demonstrated a 
complete CNS response at 31 months.99 This 
study was also the first to report a correlation 
between immune-related adverse events and 
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clinical response, supporting the idea that the 
mechanism of action is blocking of immune toler-
ance to self, as well as cancer. Subsequently, the 
case of a 63-year-old woman with refractory pro-
gressive CNS melanoma involving the spinal cord 
and brain, who was treated with ipilimumab on a 
compassionate-use basis was reported.100 She had 
treatment complications of fluctuating edema, 
ultimately requiring treatment with dexametha-
sone, however, had continued improvement in 
her performance status until 7 months after treat-
ment. With the recurrence of focal seizures, she 
underwent surgical resection that demonstrated 
activated T-cell infiltrate into the left frontal 
mass. This detailed case describes the most com-
mon CNS-related adverse events of cerebral 
edema and seizures and supported CNS immune 
response with this therapy.101,102

While immune-related adverse events developed 
in the majority of patients in these early trials 
(62% or 86 of 139 patients), there were minimal 
reports of CNS-related immune toxicity, even 
though the trial included 10 patients with CNS 
metastasis.103 In the first phase III trial, 10–15% 
of patients experienced grade 3 or 4 immune-
related adverse events (most commonly skin and 
gastrointestinal) and there were seven deaths 
associated with immune-related adverse events.98 
Headache was the only CNS symptoms. When 
ipilimumab was used in combination therapy 
with dacarbazine, the immune toxicity signifi-
cantly increased to 56.3% of patients experienc-
ing grade 3 or 4 adverse events (of note, this trial 
excluded patients with evidence of brain 
metastasis).104

Given toxicity and concern for significant compli-
cations, if an uncontrolled immune reaction was 
initiated in the brain, an open-label trial specifi-
cally studied the safety and activity of ipilimumab 
in a population with active CNS metastasis. They 
divided the study into two groups: (1) patients 
taking corticosteroids (n = 21) and (2) patients 
asymptomatic from brain metastasis and not tak-
ing corticosteroids (n = 51).105 Similar to other 
immunotherapy studies, enrollment was limited 
to patients naïve to immunomodulatory therapy 
and without active autoimmune disease. There 
were less grade 3 and 4 adverse events in the 
group on steroid treatment, while overall adverse 
events were comparable with earlier studies. It 
remains unclear if steroids impair the efficacy of 
ipilimumab, as reports of long-term benefit have 
been in asymptomatic brain metastasis.106

Additional work has aimed at identifying optimal 
combination therapy of radiation and ipilimumab, 
as well as recognition of adverse events in active 
brain metastasis. A retrospective analysis of 77 
patients from one center, reported ipilimumab in 
combination with stereotactic radiosurgery (SRS) 
was associated with increased median survival 
from 4.9 to 21.3 months and an increase in 2-year 
survival from 19.7% to 47.2%, even when adjust-
ing for performance status.107 This retrospective 
analysis also described significant complications 
with SRS following ipilimumab administration 
that included necrosis and symptomatic cerebral 
edema. Conversely, a retrospective study of 58 
consecutive patients from a different center exam-
ined SRS with or without ipilimumab treatment 
and found no difference in local control or devel-
opment of new brain metastasis with ipilimumab 
compared with SRS alone.108 Interestingly, this 
study also reported no radiation necrosis or ster-
oid dependence in patients. Retrospective analy-
sis is working to identify the selected populations 
that would benefit from ipilimumab.109,110 
Additionally, determining the optimal timing for 
radiation therapy is necessary, as a recent work 
suggests that timing of SRS within 4 weeks of 
administration of ipilimumab results in greater 
radiographic lesion response.111

Expansion of the use of this therapy to primary 
brain tumors, specifically GBM, may require 
combination with other therapies. CTLA-4 
blockade has been used in mice to augment vac-
cination strategies for glioma, similar to its initial 
use in melanoma studies. Early CTLA-4 block-
ade alone was associated with increased survival; 
however, the response was more durable when 
CTLA-4 blockade was used to augment tumor-
lysate vaccines in a mouse model of GBM.112 A 
preliminary single group study of ipilimumab in 
combination with bevacizumab in a mixture of 
GBM patients has been reported with no grade 4 
adverse events but 2 out of 20 patients stopping 
treatment due to adverse events.113 While a small 
study, only 6 of 20 had disease progression at 3 
months which is encouraging for the use of this 
therapy for GBM and current studies are ongoing 
[ClinicalTrials.gov identifier: NCT02311920].

Programmed death axis, programmed death-1/
programmed death-ligand 1
An additional promising target for immune-check-
point blockade is targeting the association of PD-1 
with one of its ligands, PD-L1. PD-1 is a cell 
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surface trans-membrane co-inhibitory receptor on 
cytotoxic T cells and plays a crucial role in immune 
escape mechanisms. It reduces T-cell activity, 
inducing tolerance and decreasing autoimmunity. 
PD-1 ligands are PD-L2, which is present in anti-
gen-presenting cells, and PD-L1, which is induced 
in normal cells by inflammatory signals of IFN-γ 
and TNF-α. PD-L1 expression is generally low in 
the brain, however, highly expressed in GBM.114 
Recent work identified variable expression in brain 
metastasis with highest expression in renal cell car-
cinoma and melanoma, however, expression in 
these brain tumors was far less than in GBM. They 
also determined higher expression in smaller brain 
metastasis than larger tumors.115 There are cur-
rently two PD-1 inhibitors, pembrolizumab and 
nivolumab, approved for the treatment of mela-
noma and non-small cell lung cancer (NSCLC). 
There is one PD-L1 inhibitor, atezolizumab, 
approved for NSCLC and urothelial carcinoma. 
Pembrolizumab has been compared directly with 
ipilimumab in a phase III trial and confirmed supe-
rior response and survival in melanoma with PD-1 
blockade to CTLA-4 blockade.116 In this study, 
there was a strong association between PD-L1 
expression in tumors and clinical response, sug-
gesting that PD-L1 may be used as a biomarker for 
patient selection. With success in systemic disease, 
there is growing evidence supporting the use of 
PD-1 inhibitors in brain metastasis and possibly 
primary brain tumors.

Similar to other agents, early trials using PD-1 
inhibitors did not include patients with active 
brain metastasis, however, there were encourag-
ing case reports of response of brain metastasis 
from renal cell cancer and melanoma.117,118 There 
were also warning signs that PD-1/PDL-1 inhibi-
tors should be used with caution. In a case study 
of 32 patients with NSCLC treated with 
nivolumab, 12 (37%) had severe events, leading 
to treatment discontinuation (eight of whom had 
CNS metastasis).119 The most common events 
were severe neurologic symptoms, including 
altered consciousness, gait disorder, nausea and 
headache. On average, these symptoms were seen 
2–42 days from initiation of nivolumab. This 
experience was very different from a retrospective 
study of 26 patients with metastatic melanoma 
treated with nivolumab, as well as stereotactic 
SRS where only one patient reported neurologic 
toxicity, a headache.120

An open-label phase II trial examined pembroli-
zumab in asymptomatic, untreated brain 

metastasis of melanoma and NSCLC. This study 
reported activity concordant with systemic 
response, as radiographic response was seen in 4 
of 18 patients with melanoma and 6 of 18 with 
NSCLC.121 A complete response was reported in 
four patients with NSCLC, which appears to be a 
durable response for most, and even a patient 
with radiographic progression was continued on 
trial, due to clinical benefit at 20 months. Of note, 
most patients were treated with prophylactic 
antiepileptic medications because there was a sei-
zure in one of the early patients. Interestingly, 
biopsy of presumed tumor progression in one 
melanoma patient demonstrated inflammation, 
and not tumor progression, after just the first 
dose with pembrolizumab, complicating the  
identification of progression. There are ongoing 
trials to specifically examine anti-PD-1 therapy in 
brain metastasis from melanoma and NSCLC 
[ClinicalTrials.gov identifier: NCT02085070].

Given high expression of PD-L1 in GBM, there 
has been obvious excitement around the use of 
PD-1 inhibitors in these patients. In a mouse 
model of GBM, there was only a survival benefit 
in animals receiving the combination of PD-1 
antibodies with radiation (from 25 to 53 days), 
but not to PD-1 inhibition alone.122 Because of 
broad clinical availability, however, many GBM 
patients have been treated with these antibodies. 
Clinical and radiographic response to nivolumab 
has been reported in two cases of children with 
recurrent multifocal GBM (associated with muta-
tion biallelic mismatch repair deficiency syn-
drome).123 Both children were stable at age 9 
years and the other at 5 months, as of publication. 
At the Society for Neuro-Oncology meeting 2016, 
early results of 26 patients with recurrent GBM 
with PD-L1 expression treated with pembroli-
zumab reported 45% 6-month survival, however, 
had a subset that maintained durability for up to 
80 weeks.124 Early results of 32 patients with 
recurrent GBM treated with a PD-L1 inhibitor, 
durvalumab, found the 6 patients who were pro-
gression free at 6 months, remained so for at least 
1 year (MEDI14736). The final results of these 
and other ongoing phase I and II trials studying 
PD-1 or PDL-1 blockade in relapsed and newly 
diagnosed GBM, as well as intrinsic pontine gli-
oma are awaiting publication.

Combination therapy
Given the complementary mechanisms of action 
and promise from clinical practice with sequential 
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therapy of CTLA-4 and PD-1 blockade, active 
work is underway to examine if combination ther-
apy may be more efficacious. Preclinical studies 
in mice suggest that PD-1 inhibition is more 
effective than PD-L1 which is more effective than 
CTLA-4, however, the combination of CTLA-4 
with PD-1 resulted in cure of 75% of animals.125 
Combination therapy was effective with advanced, 
later-stage tumors and resulted in immune mem-
ory preventing tumor rechallenge in rodent mod-
els. Unfortunately, when translating to clinical 
studies, the autoimmune toxicity increased in 
combination therapy. Checkmate 143 is a phase 
III study of nivolumab alone or in combination 
with ipilimumab (Table 3). The most recent pre-
liminary data on this study demonstrated 9 of 10 
patients treated with standard-dose ipilimumab 
in combination with nivolumab experienced 
grade 3 or 4 adverse events with 4 of 10 patients 
discontinuing treatment due to side effects.126,127 
A nonrandomized group of 20 patients with 
decreased dose of ipilimumab (1 mg/kg) in com-
bination with nivolumab demonstrated better tol-
erance with 25% grade 3 or 4 adverse event, 
however, still increased compared with nivolumab 
alone. While treatment numbers are small, there 
were no patients with partial or complete response 
in either combination treatment group. There is 
also an ongoing trial for new diagnosis GBM (and 
gliosarcoma) comparing TMZ in combination 
with (1) nivolumab or (2) ipilimumab or (3) 
nivolumab and ipilimumab [ClinicalTrials.gov 
identifier: NCT02311920]. There is also a phase 
I study combining nivolumab with a DC vaccine 
for malignant glioma [ClinicalTrials.gov identi-
fier: NCT02529072].

Immune-related adverse events
A key challenge to the clinical use of these check-
point inhibitors is the balance of immune response 
and inflammatory or autoimmune response both 
locally and off target. There has always been a 
high level of caution for inflammatory reactions in 
brain tumors because of the risks of cerebral 
edema and increased intracranial pressure associ-
ated with tumor or inflammation. There are mul-
tiple reports of autoimmune neurologic side 
effects of checkpoint inhibitors including hypo-
physitis, encephalitis, demyelinating polyneurop-
athy and encephalomyelitis.128–135 These can 
often be completely reversible, particularly if rec-
ognized and treated early, however several deaths 
secondary to autoimmune toxicity have been 
reported. There have also been two case reports, 
one with melanoma and the other with NSCLC, 
who 1–2 months after treatment with PD-1 inhib-
itors had biopsy-confirmed delayed radiation-
induced vasculitic leukoencephalopathy.136 
Authors postulate that checkpoint blockade 
accelerated the immunologically mediated radia-
tion changes in surrounding normal brain tissue. 
Data so far support that PD-1 blockade is associ-
ated with less autoimmune toxicity than CTLA-4 
targeted therapy; however, use of PD-1 prior to 
CTLA-4 blockade or in combination is associ-
ated with more toxicity.137 While the morbidity 
and mortality from these off-target effects is sig-
nificant, at least in the metastatic melanoma pop-
ulation, autoimmune toxicity does correlate with 
clinical response.99 This supports the idea that 
the mechanism of action is breaking self-tolerance 
and stresses the importance of management of 
these toxicities. Based on the experience from 

Table 3.  Ongoing Phase III immunotherapy trials for brain tumors.

Study agent Mechanism Malignancy Trial number

DCVax-L Autologous tumor 
pulsed DC vaccine

New diagnosis GBM NCT00045968

ICT-107 Multiple antigen DC 
pulsed vaccine

New diagnosis GBM NCT02546102

IFNα Immunostimulant 
combined with TMZ

New diagnosis high 
grade glioma

NCT01765088

EGFRvIII Peptide vaccine New diagnosis GBM NCT01480479: 
closed

Nivolumab Checkpoint inhibitor New diagnosis GBM NCT02617589
Ipilimumab & 
nivolumab

Checkpoint inhibitor Melanoma brain 
metastasis

NCT02460068

DC, dendritic cell; EGFRvIII, epidermal growth factor receptor variant type III; GBM, glioblastoma; IFN, interferon; TMZ, 
temozolomide.
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melanoma studies, there are guidelines to suggest 
median time for appearance of specific toxicities 
and work up of common autoimmune toxici-
ties.138 Given the relatively low number of patients 
with CNS tumors that have been treated, there 
are not standing recommendations for managing 
CNS toxicity, however, many recommend obtain-
ing an MRI brain at 1 month after treatment to 
monitor for progression and edema.

Immunostimulants
Prior to the identification of checkpoint inhibi-
tors, there was a long history of using different 
agents alone, or in combination with other immu-
notherapies, to stimulate the immune system to 
fight malignancy. The use of these agents has also 
been limited by significant toxicity, including 
deaths.139 These agents are generally cytokines, 
but also include PAMPs used as adjuvants such 
as BCG or poly-ICLC to augment vaccines. 
Cytokines are often divided into categories by 
their association with T-helper phenotypes. The 
Th1 class stimulates cell-mediated immune 
response and includes IL-2, IL-12 and interferon 
(IFN)-ϒ. Th2 class includes IL-4 and IL-10, 
which have roles in humoral immunity. Th3 class 
are immunosuppressive cytokines including 
TGF-β that tumors, like GBM, use to facilitate 
immune suppression. Cytokines have been 
administered systemically or locally to direct anti-
tumor activity, as well as to augment other 
immune therapies. Several cytokines have shown 
promise in preclinical studies, however there was 
little benefit and significant neurotoxicity in clini-
cal trials (immunostimulants and sample studies 
are included in Table 1). We will briefly discuss 
IL-2, the first and perhaps best studied Th1 
cytokine for multiple brain tumors including 
GBM and melanoma.

IL-2, previously known as T-cell growth factor, 
is a 15kD glycoprotein that activates cytotoxic 
T cells, macrophages and B cells, as well as 
enhances NK cell activity, and stimulates 
TNFα and IFN-ϒ. IL-2 has been frequently 
used in vitro to activate immune cells, particu-
larly lymphokine-activated killer cells (LAK), 
which are autologous lymphocytes stimulated 
in vitro with IL-2 to generate large granular 
lymphocytes that have non-MHC restricted 
cytotoxicity. Alternatively, IL-2, when injected 
directly into tumors, has been shown to attract 
lymphocytes into the typically immunosuppres-
sive microenvironment.

Intravenous IL-2 was approved for the treatment 
of metastatic melanoma and metastatic renal cell 
carcinoma in the late 1990s. Systemic use is com-
plicated by toxicity related to increased vascular 
permeability leading to extravasation of fluid 
resulting in vascular leak syndrome (VLS) and 
resulting multiorgan impairment.140 Neurologic 
symptoms and neuropsychiatric effects have been 
reported, but it is unclear if this is secondary to 
VLS or a direct effect of IL-2 on the brain.141,142 
Due to these toxicities, this therapy is usually 
reserved for patients with excellent performance 
status, and with rare exceptions, excludes patients 
with brain metastasis.143

To penetrate the BBB, high doses of IL-2 are 
required because cerebrospinal fluid (CSF) con-
centrations are 50% that of serum.144 The ability 
to achieve adequate CNS concentrations is lim-
ited by the significant systemic toxicity. This lead 
to the use of intrathecal or intraventricular IL-2 for 
treatment of CNS disease, primarily for leptome-
ningeal disease. Based on a single case of a patient 
who died 50 hours after treatment with intrathecal 
IL-2, the cellular response was only evident a few 
millimeters into the parenchyma adjacent to the 
ventricles.145 There have been multiple reports of 
CSF clearance in leptomeningeal disease of mel-
anoma, however, there remained high toxicity and 
less response in other malignancies including gli-
oma and meduloblastoma.146–149 Acute toxicity, 
including seizures, headache and fatigue were, in 
part, related to the rapid increase in intracranial 
pressure that developed 30–180 minutes after 
use.150 There have also been reports of delayed 
CNS toxicity of dementia, ataxia and white matter 
changes that are concerning for autoimmune 
pathology.151,152 Given the significant toxicity, 
intratumoral or intracavitary use was explored for 
GBM. In a small study of recurrent GBM, injec-
tion of IL-2 alone resulted in an increase in tumor 
burden, as well as edema.153 Studies using IL-2 
alone, or in combination with autologous cell 
transfer, reported widely variable toxicity ranging 
from 100% of patients to no toxicity.154,155 Given 
CNS toxicity of IL-2, even with direct tumor or 
tumor-cavity applications, studies used lower doses 
of IL-2 in combination with autologous lympho-
cytes that were stimulated in vitro with IL-2  
to generate LAK cells. These studies continued  
to report morbidity and mortality with modest 
clinical response.154,156,157 The most encouraging 
report of improved long-term survival was in small 
group of patients with recurrent GBM or ana-
plastic astrocytomas with median survival of  
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12.2 months.158 This study involved cycles of 
injections of LAK and IL-2 through Ommaya 
reservoir followed by five additional injections of 
IL-2 alone before the next cycle beginning with 
injection of LAK and IL-2. Overall, the use of 
LAK with only in vitro IL-2 stimulation has been 
better tolerated and shown possible clinical  
benefit when used in larger studies of GBM  
(33 patients studied with 75% 1-year survival) 
and recurrent GBM (40 patients with 34% 1-year 
survival).159,160 Various other strategies to deliver 
IL-2 have been investigated, primarily in preclin-
ical work, including gene therapy, cytokine 
secreting cells, biodegradable polymers and  
retroviral-producing cells.161,162 Results of recently 
completed intratumoral cell-transfer therapy 
using low doses of IL-2 to assist with transferred 
cell viability have not yet been reported 
[ClinicalTrials.gov identifier: NCT01144247].

The use of IL-2 in treating brain tumors provides 
a valuable lesson regarding the challenge of bal-
ancing activating the immune system and con-
trolling the toxicity associated with these 
therapies. It also exemplifies the challenges with 
translation of preclinical animal models to human 
therapies. There remains hope that future 
cytokine therapies, particularly cytokine-secreting 
cells, could travel beyond the resection cavity, 
targeting the immunosuppressive microenviron-
ment of invasive and disseminated tumors. 
Preclinical work also suggests benefit for combi-
natorial therapy for intratumoral cytokines with 
systemic checkpoint-inhibitor therapy, however, 
there is appropriate concern for combinatorial 
toxicity in humans.163 The history of limited clini-
cal benefit and significant morbidity and mortal-
ity associated with these therapies should require 
extreme caution with further exploration of 
immune stimulants in brain tumors.

Future directions
Immunotherapy holds promise despite continued 
concerns for toxicity. Using the immune system to 
target and treat cancer may be best chance of 
increasing survival, while protecting the remaining 
healthy brain. Further work in multiple domains is 
needed to optimize therapy, including specifically 
directing appropriate treatment to appropriate 
patients, identifying optimal immunologic targets 
and minimizing off-target immune toxicity.

In the work detailed in this review, there are sub-
sets of patients who respond to immune-based 
treatments, even if the group as a whole has not yet 

demonstrated efficacy. This supports the need for 
a better understanding of host biology to guide 
appropriate therapies to the patients that may 
respond. One strategy to address host factors is the 
ongoing work to describe molecular subtypes of 
GBM, based on gene expression.164 Retrospective 
analysis suggested that the mesenchymal subtype 
of GBM responded better to an autologous tumor 
lysate DC vaccination with both greater tumor-
infiltrating lymphocytes and increased survival 
compared with nonvaccinated mesenchymal sub-
type patients.165,166 Patients with high levels of 
TGF-β2 also respond more to this therapy.42 
Identifying the molecular factors that affect the 
interplay of the immune system and the tumor 
may be the key to matching the therapy to the 
patient. It is also possible that biomarkers such as 
PD-L1 expression will guide therapy choices like it 
currently does in NSCLC, or serum immune 
response to vaccination will guide continuing ther-
apy.68 Just as response to EGFRvIII vaccination 
improved with selection of patients with EGFRvIII 
tumors, further patient selection will be necessary 
to target therapy for optimal patient benefit.

Additionally, a number of new approaches are in 
development, including new checkpoint inhibitors, 
like signal transducer and activator of transcription 
3 (STAT-3), PD-L1 and lymphocyte-activation 
gene 3 (LAG-3). Newer technologies, such as 
bispecific T-cell engaging antibodies (BiTES) or 
CAR-Ts may demonstrate an increased efficacy 
over the prior generation of treatments if they are 
better able to elicit a cytotoxic T-cell response.

Given the anatomical and immunologic restrictions 
of the brain, there have long been concerns that an 
unchecked immune response in the brain would 
cause toxicity. Though this concern has lead to a 
more cautious approach when targeting brain 
tumors than systemic malignancies, some patients 
have indeed had tremendous, detrimental CNS 
inflammation. It may be that off-target autoim-
mune toxicity is a necessary, but transient conse-
quence of using the immune system to treat 
malignancy. If that is the case, diligent work is 
needed to anticipate, monitor and optimize treat-
ment for these toxicities, as preclinical work has not 
accurately predicted the incidence of these events.

Conclusion
Patients with both primary and metastatic  
brain tumors have poor overall prognoses. 
Immunotherapy has revolutionized the treatment 
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of melanoma and other solid tumors and remains 
a promising strategy for killing infiltrative brain 
tumors, while protecting the normal brain. The 
history of immunotherapy in brain cancers serves 
as a reminder of the risks of treatment in an ana-
tomically and immunologically restricted region. 
The limited successes and knowledge that have 
been gained from these studies hold great hope 
for advancement in the near future.

Funding
This research received no specific grant from any 
funding agency in the public, commercial, or not-
for-profit sectors.

Conflict of interest statement
The authors declare that there is no conflict of 
interest.

References
	 1.	 Teo M, Martin S, Owusu-Agyemang K, et al. 

A survival analysis of GBM patients in the 
West of Scotland pre- and post-introduction 
of the Stupp regime. Br J Neurosurg 2014; 28: 
351–355.

	 2.	 Stupp R, Mason WP, van den Bent MJ, et al. 
Radiotherapy plus concomitant and adjuvant 
temozolomide for glioblastoma. N Engl J Med 
2005; 352: 987–996.

	 3.	 Yokoyama WM, Altfeld M and Hsu KC. 
Natural killer cells: tolerance to self and innate 
immunity to viral infection and malignancy. 
Biol Blood Marrow Transplant 2010; 16: 
S97–S105.

	 4.	 Kono H and Rock KL. How dying cells alert 
the immune system to danger. Nat Rev Immunol 
2008; 8: 279–289.

	 5.	 Deauvieau F, Ollion V, Doffin AC, et al. 
Human natural killer cells promote cross-
presentation of tumor cell-derived antigens by 
dendritic cells. Int J Cancer 2015; 136: 1085–
1094.

	 6.	 Jiang S. Regulatory T cells and clinical application. 
New York: Springer Science+Business Media, 
2008, p.569.

	 7.	 Medawar PB. Immunity to homologous grafted 
skin; the fate of skin homografts transplanted 
to the brain, to subcutaneous tissue, and to the 
anterior chamber of the eye. Br J Exp Pathol 
1948; 29: 58–69.

	 8.	 Ridley A and Cavanagh JB. The cellular 
reactions to heterologous, homologous and 

autologous skin implanted into brain. J Pathol 
1969; 99: 193–203.

	 9.	 Hemmer B, Kerschensteiner M and Korn 
T. Role of the innate and adaptive immune 
responses in the course of multiple sclerosis. 
Lancet Neurol 2015; 14: 406–419.

	 10.	 Darnell RB and Posner JB. Paraneoplastic 
syndromes affecting the nervous system. Semin 
Oncol 2006; 33: 270–298.

	 11.	 Louveau A, Smirnov I, Keyes TJ, et al. 
Structural and functional features of central 
nervous system lymphatic vessels. Nature 2015; 
523: 337–341.

	 12.	 Dunn GP and Okada H. Principles of 
immunology and its nuances in the central 
nervous system. Neuro Oncol 2015; 17(Suppl. 
7): vii3–vii8.

	 13.	 Mitchell MS. Relapse in the central nervous 
system in melanoma patients successfully 
treated with biomodulators. J Clin Oncol 1989; 
7: 1701–1709.

	 14.	 Li W and Graeber MB. The molecular profile 
of microglia under the influence of glioma. 
Neuro Oncol 2012; 14: 958–978.

	 15.	 Voisin P, Bouchaud V, Merle M, et al. 
Microglia in close vicinity of glioma cells: 
correlation between phenotype and metabolic 
alterations. Front Neuroenergetics 2010; 2: 131.

	 16.	 Wu A, Wei J, Kong LY, et al. Glioma cancer 
stem cells induce immunosuppressive 
macrophages/microglia. Neuro Oncol 2010; 12: 
1113–1125.

	 17.	 Nakano Y, Kuroda E, Kito T, et al. Induction 
of prostaglandin E2 synthesis and microsomal 
prostaglandin E synthase-1 expression in 
murine microglia by glioma-derived soluble 
factors. Laboratory investigation. J Neurosurg 
2008; 108: 311–319.

	 18.	 Akasaki Y, Liu G, Chung NH, et al. Induction 
of a CD4+ T regulatory type 1 response by 
cyclooxygenase-2-overexpressing glioma. J 
Immunol 2004; 173: 4352–4359.

	 19.	 Zou JP, Morford LA, Chougnet C, et al. 
Human glioma-induced immunosuppression 
involves soluble factor(s) that alters monocyte 
cytokine profile and surface markers. J Immunol 
1999; 162: 4882–4892.

	 20.	 Brooks WH, Netsky MG, Normansell DE, 
et al. Depressed cell-mediated immunity 
in patients with primary intracranial 
tumors. Characterization of a humoral 
immunosuppressive factor. J Exp Med 1972; 
136: 1631–1647.

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 9(5)

362	 journals.sagepub.com/home/tam

	 21.	 Brooks WH, Roszman TL, Mahaley MS, 
et al. Immunobiology of primary intracranial 
tumours. II. Analysis of lymphocyte 
subpopulations in patients with primary brain 
tumours. Clin Exp Immunol 1977; 29:  
61–66.

	 22.	 Dix AR, Brooks WH, Roszman TL, et al. 
Immune defects observed in patients 
with primary malignant brain tumors. J 
Neuroimmunol 1999; 100: 216–232.

	 23.	 Huettner C, Czub S, Kerkau S, et al. 
Interleukin 10 is expressed in human gliomas 
in vivo and increases glioma cell proliferation 
and motility in vitro. Anticancer Res 1997; 17: 
3217–3224.

	 24.	 Ehrlich P. Collected studies on immunity. 1st ed. 
New York: Wiley, 1906, p.1–586.

	 25.	 Manelis G and Shasha S. Spontaneous 
regression of maligant melanoma. Oncology 
1978; 35: 83–86.

	 26.	 Everson TC. Spontaneous regression of cancer. 
Ann N Y Acad Sci 1964; 114: 721–735.

	 27.	 Jessy T. Immunity over inability: the 
spontaneous regression of cancer. J Nat Sci Biol 
Med 2011; 2: 43–49.

	 28.	 Marshall AH and Dayan AD. An immune 
reaction in man against seminomas, 
dysgerminomas, pinealomas, and the 
mediastinal tumours of similar histological 
appearance? Lancet 1964; 2: 1102–1104.

	 29.	 Graham JB and Graham RM. Antibodies 
elicited by cancer in patients. Cancer 1955; 8: 
409–416.

	 30.	 Burnet FM. The concept of immunological 
surveillance. Prog Exp Tumor Res 1970; 13: 
1–27.

	 31.	 Suit HD and Silobrcic V. Tumor-specific 
antigen(s) in a spontaneous mammary 
carcinoma of C3H mice. II. Active 
immunization of mammary-tumor-agent-free 
mice. J Natl Cancer Inst 1967; 39: 1121–1128.

	 32.	 Prehn RT and Main JM. Immunity to 
methylcholanthrene-induced sarcomas. J Natl 
Cancer Inst 1957; 18: 769–778.

	 33.	 Srivastava PK and Old LJ. Individually distinct 
transplantation antigens of chemically induced 
mouse tumors. Immunol Today 1988; 9: 78–83.

	 34.	 Bloom HJ, Peckham MJ, Richardson AE, 
et al. Glioblastoma multiforme: a controlled 
trial to assess the value of specific active 
immunotherapy in patients treated by radical 
surgery and radiotherapy. Br J Cancer 1973; 27: 
253–267.

	 35.	 Mahaley MS Jr, Bigner DD, Dudka LF, et al. 
Immunobiology of primary intracranial tumors. 
Part 7: active immunization of patients with 
anaplastic human glioma cells: a pilot study. J 
Neurosurg 1983; 59: 201–207.

	 36.	 Plautz GE, Barnett GH, Miller DW, et al. 
Systemic T cell adoptive immunotherapy of 
malignant gliomas. J Neurosurg 1998; 89: 
42–51.

	 37.	 Dudley ME, Wunderlich JR, Yang JC, et al. 
Adoptive cell transfer therapy following 
non-myeloablative but lymphodepleting 
chemotherapy for the treatment of patients with 
refractory metastatic melanoma. J Clin Oncol 
2005; 23: 2346–2357.

	 38.	 Siesjo P, Visse E and Sjogren HO. Cure of 
established, intracerebral rat gliomas induced 
by therapeutic immunizations with tumor cells 
and purified APC or adjuvant IFN-gamma 
treatment. J Immunother Emphasis Tumor 
Immunol 1996; 19: 334–345.

	 39.	 Heimberger AB, Crotty LE, Archer GE, et al. 
Bone marrow-derived dendritic cells pulsed with 
tumor homogenate induce immunity against 
syngeneic intracerebral glioma. J Neuroimmunol 
2000; 103: 16–25.

	 40.	 Liau LM, Black KL, Prins RM, et al. Treatment 
of intracranial gliomas with bone marrow-
derived dendritic cells pulsed with tumor 
antigens. J Neurosurg 1999; 90: 1115–1124.

	 41.	 Finocchiaro G and Pellegatta S. Perspectives for 
immunotherapy in glioblastoma treatment. Curr 
Opin Oncol 2014; 26: 608–614.

	 42.	 Liau LM, Prins RM, Kiertscher SM, et al. 
Dendritic cell vaccination in glioblastoma 
patients induces systemic and intracranial 
T-cell responses modulated by the local central 
nervous system tumor microenvironment. Clin 
Cancer Res 2005; 11: 5515–5525.

	 43.	 Yu JS, Liu G, Ying H, et al. Vaccination with 
tumor lysate-pulsed dendritic cells elicits 
antigen-specific, cytotoxic T-cells in patients 
with malignant glioma. Cancer Res 2004; 64: 
4973–4979.

	 44.	 Liu B, DeFilippo AM and Li Z. Overcoming 
immune tolerance to cancer by heat shock 
protein vaccines. Mol Cancer Ther 2002; 1: 
1147–1151.

	 45.	 Ampie L, Choy W, Lamano JB, et al. Heat 
shock protein vaccines against glioblastoma: 
from bench to bedside. J Neurooncol 2015; 123: 
441–448.

	 46.	 Bloch O, Crane CA, Fuks Y, et al. Heat-shock 
protein peptide complex-96 vaccination for 

https://journals.sagepub.com/home/tam


T McGranahan, G Li et al.

journals.sagepub.com/home/tam	 363

recurrent glioblastoma: a phase II, single-arm 
trial. Neuro Oncol 2014; 16: 274–279.

	 47.	 Crane CA, Han SJ, Ahn B, et al. Individual 
patient-specific immunity against high-grade 
glioma after vaccination with autologous tumor 
derived peptides bound to the 96 KD chaperone 
protein. Clin Cancer Res 2013; 19: 205–214.

	 48.	 Wood C, Srivastava P, Bukowski R, et al. 
An adjuvant autologous therapeutic vaccine 
(HSPPC-96; vitespen) versus observation 
alone for patients at high risk of recurrence 
after nephrectomy for renal cell carcinoma: a 
multicentre, open-label, randomised phase III 
trial. Lancet 2008; 372: 145–154.

	 49.	 di Pietro A, Tosti G, Ferrucci PF, et al. 
Oncophage: step to the future for vaccine 
therapy in melanoma. Expert Opin Biol Ther 
2008; 8: 1973–1984.

	 50.	 Moscatello DK, Holgado-Madruga M, Godwin 
AK, et al. Frequent expression of a mutant 
epidermal growth factor receptor in multiple 
human tumors. Cancer Res 1995; 55: 5536–
5539.

	 51.	 Cunningham MP, Essapen S, Thomas H, 
et al. Coexpression, prognostic significance 
and predictive value of EGFR, EGFRvIII and 
phosphorylated EGFR in colorectal cancer. Int 
J Oncol 2005; 27: 317–325.

	 52.	 Olapade-Olaopa EO, Moscatello DK, MacKay 
EH, et al. Evidence for the differential 
expression of a variant EGF receptor protein in 
human prostate cancer. Br J Cancer 2000; 82: 
186–194.

	 53.	 Batra SK, Castelino-Prabhu S, Wikstrand 
CJ, et al. Epidermal growth factor ligand-
independent, unregulated, cell-transforming 
potential of a naturally occurring human mutant 
EGFRvIII gene. Cell Growth Differ 1995; 6: 
1251–1259.

	 54.	 Lammering G, Valerie K, Lin PS, et al. 
Radiation-induced activation of a common 
variant of EGFR confers enhanced 
radioresistance. Radiother Oncol 2004; 72: 
267–273.

	 55.	 Lammering G, Hewit TH, Holmes M, et al. 
Inhibition of the type III epidermal growth 
factor receptor variant mutant receptor by 
dominant-negative EGFR-CD533 enhances 
malignant glioma cell radiosensitivity. Clin 
Cancer Res 2004; 10: 6732–6743.

	 56.	 Nagane M, Coufal F, Lin H, et al. A common 
mutant epidermal growth factor receptor 
confers enhanced tumorigenicity on human 
glioblastoma cells by increasing proliferation 

and reducing apoptosis. Cancer Res 1996; 56: 
5079–5086.

	 57.	 Pelloski CE, Ballman KV, Furth AF, et al. 
Epidermal growth factor receptor variant III 
status defines clinically distinct subtypes of 
glioblastoma. J Clin Oncol 2007; 25: 2288–
2294.

	 58.	 Heimberger AB, Hlatky R, Suki D, et al. 
Prognostic effect of epidermal growth factor 
receptor and EGFRvIII in glioblastoma 
multiforme patients. Clin Cancer Res 2005; 11: 
1462–1466.

	 59.	 Wu AH, Xiao J, Anker L, et al. Identification 
of EGFRvIII-derived CTL epitopes restricted 
by HLA A0201 for dendritic cell based 
immunotherapy of gliomas. J Neurooncol 2006; 
76: 23–30.

	 60.	 Sampson JH, Archer GE, Mitchell DA, et al. 
An epidermal growth factor receptor variant 
III-targeted vaccine is safe and immunogenic 
in patients with glioblastoma multiforme. Mol 
Cancer Ther 2009; 8: 2773–2779.

	 61.	 Purev E, Cai D, Miller E, et al. Immune 
responses of breast cancer patients to mutated 
epidermal growth factor receptor (EGF-RvIII, 
Delta EGF-R, and de2–7 EGF-R). J Immunol 
2004; 173: 6472–6480.

	 62.	 Sampson JH, Heimberger AB, Archer GE, 
et al. Immunologic escape after prolonged 
progression-free survival with epidermal growth 
factor receptor variant III peptide vaccination in 
patients with newly diagnosed glioblastoma. J 
Clin Oncol 2010; 28: 4722–4729.

	 63.	 Dummer W, Niethammer AG, Baccala R, et al. 
T cell homeostatic proliferation elicits effective 
antitumor autoimmunity. J Clin Invest 2002; 
110: 185–192.

	 64.	 Asavaroengchai W, Kotera Y and Mule JJ. 
Tumor lysate-pulsed dendritic cells can elicit 
an effective antitumor immune response during 
early lymphoid recovery. Proc Natl Acad Sci U S 
A 2002; 99: 931–936.

	 65.	 Sampson JH, Aldape KD, Archer GE, et al. 
Greater chemotherapy-induced lymphopenia 
enhances tumor-specific immune responses that 
eliminate EGFRvIII-expressing tumor cells in 
patients with glioblastoma. Neuro Oncol 2011; 
13: 324–333.

	 66.	 Schuster J, Lai RK, Recht LD, et al. A phase II, 
multicenter trial of rindopepimut (CDX-110) 
in newly diagnosed glioblastoma: the ACT III 
study. Neuro Oncol 2015; 17: 854–861.

	 67.	 Celldex. Data safety and monitoring board 
recommends celldex’s phase 3 study of 

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 9(5)

364	 journals.sagepub.com/home/tam

RINTEGA® (rindopepimut) in newly 
diagnosed glioblastoma be discontinued as 
it is unlikely to meet primary overall survival 
endpoint in patients with minimal residual 
disease, http://ir.celldex.com/releasedetail.
cfm?ReleaseID=959021, 2016.

	 68.	 Reardon DA, Desjardinsm A, Schuster A, et al. 
ReACT: Long-term survival from a randomized 
phase II study of rindopepimut (CDX-110) plus 
bevacizumab in relapsed glioblastoma. Society 
Neuro Oncol 2015; 16. http://ir.celldex.com/
releasedetail.cfm?ReleaseID=9438772015.

	 69.	 Torikai H and Cooper LJ. Translational 
implications for off-the-shelf immune cells 
expressing chimeric antigen receptors. Mol ther 
2016; 24: 1178–1186.

	 70.	 Brudno JN and Kochenderfer JN. Toxicities of 
chimeric antigen receptor T cells: recognition 
and management. Blood 2016; 127: 3321–3330.

	 71.	 Pule MA, Savoldo B, Myers GD, et al. Virus-
specific T cells engineered to coexpress tumor-
specific receptors: persistence and antitumor 
activity in individuals with neuroblastoma. Nat 
Med 2008; 14: 1264–1270.

	 72.	 Lamers CH, Sleijfer S, Vulto AG, et al. Treatment 
of metastatic renal cell carcinoma with autologous 
T-lymphocytes genetically retargeted against 
carbonic anhydrase IX: first clinical experience. J 
Clin Oncol 2006; 24: e20–e22.

	 73.	 Brentjens R, Yeh R, Bernal Y, et al. Treatment 
of chronic lymphocytic leukemia with 
genetically targeted autologous T cells: case 
report of an unforeseen adverse event in a phase 
I clinical trial. Mol Ther 2010; 18: 666–668.

	 74.	 Miao H, Choi BD, Suryadevara CM, et al. 
EGFRvIII-specific chimeric antigen receptor 
T cells migrate to and kill tumor deposits 
infiltrating the brain parenchyma in an invasive 
xenograft model of glioblastoma. PLoS One 
2014; 9: e94281.

	 75.	 Johnson LA, Scholler J, Ohkuri T, et al. 
Rational development and characterization of 
humanized anti-EGFR variant III chimeric 
antigen receptor T cells for glioblastoma. Sci 
Transl Med 2015; 7: 275ra22.

	 76.	 Caruso HG, Torikai H, Zhang L, et al. Redirecting 
T-cell specificity to EGFR using mRNA to self-
limit expression of chimeric antigen receptor.  
J Immunother 2016; 39: 205–217.

	 77.	 Chow KK, Naik S, Kakarla S, et al. T cells 
redirected to EphA2 for the immunotherapy of 
glioblastoma. Mol Ther 2013; 21: 629–637.

	 78.	 Kahlon KS, Brown C, Cooper LJ, et al. 
Specific recognition and killing of glioblastoma 

multiforme by interleukin 13-zetakine redirected 
cytolytic T cells. Cancer Res 2004; 64: 9160–
9166.

	 79.	 Ahmed N, Salsman VS, Kew Y, et al. HER2-
specific T cells target primary glioblastoma 
stem cells and induce regression of autologous 
experimental tumors. Clin Cancer Res 2010; 16: 
474–485.

	 80.	 Mitchell DA, Xie W, Schmittling R, et al. 
Sensitive detection of human cytomegalovirus 
in tumors and peripheral blood of patients 
diagnosed with glioblastoma. Neuro Oncol 2008; 
10: 10–18.

	 81.	 Cobbs CS. Cytomegalovirus and brain tumor: 
epidemiology, biology and therapeutic aspects. 
Curr Opin Oncol 2013; 25: 682–688.

	 82.	 Lucas KG, Bao L, Bruggeman R, et al. 
The detection of CMV pp65 and IE1 in 
glioblastoma multiforme. J Neurooncol 2011; 
103: 231–238.

	 83.	 Hollon TC, Price RL, Kwon CH, et al. 
Mutations in glioblastoma oncosuppressive 
pathways pave the way for oncomodulatory 
activity of cytomegalovirus. Oncoimmunology 
2013; 2: e25620.

	 84.	 Stragliotto G, Rahbar A, Solberg NW, et al. 
Effects of valganciclovir as an add-on therapy 
in patients with cytomegalovirus-positive 
glioblastoma: a randomized, double-blind, 
hypothesis-generating study. Int J Cancer 2013; 
133: 1204–1213.

	 85.	 Soderberg-Naucler C, Rahbar A and Stragliotto 
G. Survival in patients with glioblastoma 
receiving valganciclovir. N Engl J Med 2013; 
369: 985–986.

	 86.	 Prins RM, Cloughesy TF and Liau LM. 
Cytomegalovirus immunity after vaccination 
with autologous glioblastoma lysate. N Engl J 
Med 2008; 359: 539–541.

	 87.	 Schuessler A, Smith C, Beagley L, et al. 
Autologous T-cell therapy for cytomegalovirus 
as a consolidative treatment for recurrent 
glioblastoma. Cancer Res 2014; 74: 3466–3476.

	 88.	 Mitchell DA, Batich KA, Gunn MD, et al. 
Tetanus toxoid and CCL3 improve dendritic 
cell vaccines in mice and glioblastoma patients. 
Nature 2015; 519: 366–369.

	 89.	 Yee C, Thompson JA, Byrd D, et al. Adoptive 
T cell therapy using antigen-specific CD8+ T 
cell clones for the treatment of patients with 
metastatic melanoma: in vivo persistence, 
migration, and antitumor effect of transferred 
T cells. Proc Natl Acad Sci USA 2002; 99: 
16168–16173.

https://journals.sagepub.com/home/tam
http://ir.celldex.com/releasedetail.cfm?ReleaseID=959021
http://ir.celldex.com/releasedetail.cfm?ReleaseID=959021
http://ir.celldex.com/releasedetail.cfm?ReleaseID=9438772015
http://ir.celldex.com/releasedetail.cfm?ReleaseID=9438772015


T McGranahan, G Li et al.

journals.sagepub.com/home/tam	 365

	 90.	 Yajima N, Yamanaka R, Mine T, et al. 
Immunologic evaluation of personalized 
peptide vaccination for patients with advanced 
malignant glioma. Clin Cancer Res 2005; 11: 
5900–5911.

	 91.	 Okada H, Butterfield LH, Hamilton RL, 
et al. Induction of robust type-I CD8+ T-cell 
responses in WHO grade 2 low-grade glioma 
patients receiving peptide-based vaccines in 
combination with poly-ICLC. Clin Cancer Res 
2015; 21: 286–294.

	 92.	 Okada H, Kalinski P, Ueda R, et al. Induction 
of CD8+ T-cell responses against novel 
glioma-associated antigen peptides and clinical 
activity by vaccinations with {alpha}-type 1 
polarized dendritic cells and polyinosinic-
polycytidylic acid stabilized by lysine and 
carboxymethylcellulose in patients with 
recurrent malignant glioma. J Clin Oncol 2011; 
29: 330–336.

	 93.	 Phuphanich S, Wheeler CJ, Rudnick JD, et al. 
Phase I trial of a multi-epitope-pulsed dendritic 
cell vaccine for patients with newly diagnosed 
glioblastoma. Cancer Immunol Immunother 2013; 
62: 125–135.

	 94.	 ImmunoCellular. Immunocellular therapeutics 
phase II study demonstrates that glioblastoma 
patients live longer without disease progression 
when treated with ICT-107: study achieves 
progression-free survival endpoint with 
statistical significance; primary endpoint of 
overall survival not statistically significant, 
http://investors.imuc.com/releasedetail.
cfm?releaseid=813442, 2013.

	 95.	 Phuphanich S. Glioma-associated antigens 
associated with prolonged survival in a phase 
I study of ICT-107 for patients with newly 
diagnosed glioblastoma. ASCO Annual Meeting. 
Virtual Meeting, 2011.

	 96.	 Schijns VE, Pretto C, Devillers L, et al. 
First clinical results of a personalized 
immunotherapeutic vaccine against recurrent, 
incompletely resected, treatment-resistant 
glioblastoma multiforme (GBM) tumors, based 
on combined allo- and auto-immune tumor 
reactivity. Vaccine 2015; 33: 2690–2696.

	 97.	 Schadendorf D, Hodi FS, Robert C, et al. 
Pooled analysis of long-term survival data from 
phase II and phase III trials of ipilimumab in 
unresectable or metastatic melanoma. J Clin 
Oncol 2015; 33: 1889–1894.

	 98.	 Hodi FS, O’Day SJ, McDermott DF, et al. 
Improved survival with ipilimumab in patients 
with metastatic melanoma. N Engl J Med 2010; 
363: 711–723.

	 99.	 Attia P, Phan GQ, Maker AV, et al. 
Autoimmunity correlates with tumor regression 
in patients with metastatic melanoma treated 
with anti-cytotoxic T-lymphocyte antigen-4. J 
Clin Oncol 2005; 23: 6043–6053.

	100.	 Hodi FS, Oble DA, Drappatz J, et al. CTLA-4 
blockade with ipilimumab induces significant 
clinical benefit in a female with melanoma 
metastases to the CNS. Nat Clin Pract Oncol 
2008; 5: 557–561.

	101.	 Weber JS, Amin A, Minor D, et al. Safety and 
clinical activity of ipilimumab in melanoma 
patients with brain metastases: retrospective 
analysis of data from a phase 2 trial. Melanoma 
Res 2011; 21: 530–534.

	102.	 Weber J, Thompson JA, Hamid O, et al. A 
randomized, double-blind, placebo-controlled, 
phase II study comparing the tolerability and 
efficacy of ipilimumab administered with or 
without prophylactic budesonide in patients 
with unresectable stage III or IV melanoma. 
Clin Cancer Res 2009; 15: 5591–5598.

	103.	 Downey SG, Klapper JA, Smith FO, et al. 
Prognostic factors related to clinical response in 
patients with metastatic melanoma treated by 
CTL-associated antigen-4 blockade. Clin Cancer 
Res 2007; 13: 6681–6688.

	104.	 Robert C, Thomas L, Bondarenko I, et al. 
Ipilimumab plus dacarbazine for previously 
untreated metastatic melanoma. N Engl J Med 
2011; 364: 2517–2526.

	105.	 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: 459–465.

	106.	 Di Giacomo AM, Ascierto PA, Queirolo 
P, et al. Three-year follow-up of advanced 
melanoma patients who received ipilimumab 
plus fotemustine in the Italian Network for 
Tumor Biotherapy (NIBIT)-M1 phase II study. 
Ann Oncol 2015; 26: 798–803.

	107.	 Knisely JP, Yu JB, Flanigan J, et al. 
Radiosurgery for melanoma brain metastases in 
the ipilimumab era and the possibility of longer 
survival. J Neurosurg 2012; 117: 227–233.

	108.	 Mathew M, Tam M, Ott PA, et al. Ipilimumab 
in melanoma with limited brain metastases 
treated with stereotactic radiosurgery. Melanoma 
Res 2013; 23: 191–195.

	109.	 Konstantinou MP, Dutriaux C, Gaudy-
Marqueste C, et al. Ipilimumab in melanoma 
patients with brain metastasis: a retro-spective 
multicentre evaluation of thirty-eight patients. 
Acta Derm Venereol 2014; 94: 45–49.

https://journals.sagepub.com/home/tam
http://investors.imuc.com/releasedetail.cfm?releaseid=813442
http://investors.imuc.com/releasedetail.cfm?releaseid=813442


Therapeutic Advances in Medical Oncology 9(5)

366	 journals.sagepub.com/home/tam

	110.	 Jones PS, Cahill DP, Brastianos PK, et al. 
Ipilimumab and craniotomy in patients with 
melanoma and brain metastases: a case series. 
Neurosurg Focus 2015; 38: E5.

	111.	 Qian JM, Yu JB, Kluger HM, et al. Timing and 
type of immune checkpoint therapy affect the 
early radiographic response of melanoma brain 
metastases to stereotactic radiosurgery. Cancer 
2016; 122: 3051–3058.

	112.	 Agarwalla P, Barnard Z, Fecci P, et al. 
Sequential immunotherapy by vaccination with 
GM-CSF-expressing glioma cells and CTLA-4 
blockade effectively treats established murine 
intracranial tumors. J Immunother 2012; 35: 
385–389.

	113.	 Carter T, Shaw H, Cohn-Brown D, et al. 
Ipilimumab and bevacizumab in glioblastoma. 
Clin Oncol (R Coll Radiol) 2016; 28: 622–626.

	114.	 Berghoff AS, Kiesel B, Widhalm G, et al. 
Programmed death ligand 1 expression and 
tumor-infiltrating lymphocytes in glioblastoma. 
Neuro Oncol 2015; 17: 1064–1075.

	115.	 Harter PN, Bernatz S, Scholz A, et al. 
Distribution and prognostic relevance of tumor-
infiltrating lymphocytes (TILs) and PD-1/
PD-L1 immune checkpoints in human brain 
metastases. Oncotarget 2015; 6: 40836–40849.

	116.	 Robert C, Schachter J, Long GV, et al. 
Pembrolizumab versus ipilimumab in advanced 
melanoma. N Engl J Med 2015; 372: 2521–
2532.

	117.	 Rothermundt C, Hader C and Gillessen 
S. Successful treatment with an anti-PD-1 
antibody for progressing brain metastases in 
renal cell cancer. Ann Oncol 2016; 27: 544–545.

	118.	 Luttmann N, Gratz V, Haase O, et al. Rapid 
remission of symptomatic brain metastases in 
melanoma by programmed-death-receptor-1 
inhibition. Melanoma Res 2016; 26: 528–531.

	119.	 Kanai O, Fujita K, Okamura M, et al. Severe 
exacerbation or manifestation of primary disease 
related to nivolumab in non-small-cell lung 
cancer patients with poor performance status or 
brain metastases. Ann Oncol 2016; 27: 1354–
1356.

	120.	 Ahmed KA, Stallworth DG, Kim Y, et al. 
Clinical outcomes of melanoma brain 
metastases treated with stereotactic radiation 
and anti-PD-1 therapy. Ann Oncol 2016; 27: 
434–441.

	121.	 Goldberg SB, Gettinger SN, Mahajan A, et al. 
Pembrolizumab for patients with melanoma or 
non-small-cell lung cancer and untreated brain 
metastases: early analysis of a non-randomised, 

open-label, phase 2 trial. Lancet Oncol 2016; 17: 
976–983.

	122.	 Zeng J, See AP, Phallen J, et al. Anti-PD-1 
blockade and stereotactic radiation produce 
long-term survival in mice with intracranial 
gliomas. Int J Radiat Oncol Biol Phys 2013; 86: 
343–349.

	123.	 Bouffet E, Larouche V, Campbell BB, et al. 
Immune checkpoint inhibition for hypermutant 
glioblastoma multiforme resulting from 
germline biallelic mismatch repair deficiency. J 
Clin Oncol 2016; 34: 2206–2211.

	124.	 Reardon DA, Kim T-M, Frenel J-S, 
et al. ATIM-35. Results of the phase Ib 
KEYNOTE-028 multi-cohort trial of 
pembrolizumab monotherapy in patients 
with recurrent PD-L1-positive glioblastoma 
multiforme (GBM). Neuro Oncol 2016; 18: 
vi25–vi26.

	125.	 Reardon DA, Gokhale PC, Klein SR, et al. 
Glioblastoma eradication following immune 
checkpoint blockade in an orthotopic, 
immunocompetent model. Cancer Immunol Res 
2016; 4: 124–135.

	126.	 Reardon D, Sampson JH, Sahebjam S, 
et al. Safety and activity of nivolumab (nivo) 
monotherapy and nivo in combination with 
ipilimumab (ipi) in recurrent glioblastoma 
(GBM): updated results from checkmate-143. J 
Clin Oncol 2016; 34(Suppl.): Abstr 2014. ASCO 
Annual Meeting Chicago, 2016, p. 3.

	127.	 Sampson JH, Vlahovic G, Sahebjam S, et al. 
Preliminary safety and activity of nivolumab and 
its combination with ipilimumab in recurrent 
glioblastoma (GBM): CHECKMATE-143. 
2015 ASCO Annual Meeting. J Clin Oncol 
2015; 33(Suppl.): Abstr 3010.

	128.	 Salam S, Lavin T and Turan A. Limbic 
encephalitis following immunotherapy against 
metastatic malignant melanoma. BMJ Case Rep 
2016; 2016. pii: bcr2016215012.

	129.	 Conry RM, Sullivan JC and Nabors LB 3rd. 
Ipilimumab-induced encephalopathy with a 
reversible splenial lesion. Cancer Immunol Res 
2015; 3: 598–601.

	130.	 Koelzer VH, Rothschild SI, Zihler D, et al. 
Systemic inflammation in a melanoma patient 
treated with immune checkpoint inhibitors-an 
autopsy study. J Immunother Cancer 2016; 4: 13.

	131.	 Johnson DB, Wallender EK, Cohen DN, 
et al. Severe cutaneous and neurologic toxicity 
in melanoma patients during vemurafenib 
administration following anti-PD-1 therapy. 
Cancer Immunol Res 2013; 1: 373–377.

https://journals.sagepub.com/home/tam


T McGranahan, G Li et al.

journals.sagepub.com/home/tam	 367

	132.	 Torino F, Barnabei A, Paragliola RM, et al. 
Endocrine side-effects of anti-cancer drugs: 
mAbs and pituitary dysfunction: clinical 
evidence and pathogenic hypotheses. Eur J 
Endocrinol 2013; 169: R153–R164.

	133.	 Maurice C, Schneider R, Kiehl TR, et al. 
Subacute CNS demyelination after treatment 
with nivolumab for melanoma. Cancer Immunol 
Res 2015; 3: 1299–1302.

	134.	 de Maleissye M-F, Nicolas G and Saiag 
P. Pembrolizumab-induced demyelinating 
polyradiculoneuropathy. N Engl J Med 2016; 
375: 296–297.

	135.	 Cao Y, Nylander A, Ramanan S, et al. CNS 
demyelination and enhanced myelin-reactive 
responses after ipilimumab treatment. Neurology 
2016; 86: 1553–1556.

	136.	 Alomari AK, Cohen J, Vortmeyer AO, et al. 
Possible interaction of anti-PD-1 therapy with 
the effects of radiosurgery on brain metastases. 
Cancer Immunol Res 2016; 4: 481–487.

	137.	 Weber JS, Gibney G, Sullivan RJ, et al. 
Sequential administration of nivolumab and 
ipilimumab with a planned switch in patients 
with advanced melanoma (CheckMate 064): an 
open-label, randomised, phase 2 trial. Lancet 
Oncol 2016; 17: 943–955.

	138.	 Villadolid J and Amin A. Immune checkpoint 
inhibitors in clinical practice: update on 
management of immune-related toxicities. 
Transl Lung Cancer Res 2015; 4: 560–575.

	139.	 Leonard JP, Sherman ML, Fisher GL, et al. 
Effects of single-dose interleukin-12 exposure 
on interleukin-12-associated toxicity and 
interferon-gamma production. Blood 1997; 90: 
2541–2548.

	140.	 Baluna R and Vitetta ES. Vascular leak 
syndrome: a side effect of immunotherapy. 
Immunopharmacology 1997; 37: 117–132.

	141.	 Myint AM, Schwarz MJ, Steinbusch HW, et al. 
Neuropsychiatric disorders related to interferon 
and interleukins treatment. Metab Brain Dis 
2009; 24: 55–68.

	142.	 Karp BI, Yang JC, Khorsand M, et al. Multiple 
cerebral lesions complicating therapy with 
interleukin-2. Neurology 1996; 47: 417–424.

	143.	 Chu MB, Fesler MJ, Armbrecht ES, et al. High-
Dose Interleukin-2 (HD IL-2) therapy should 
be considered for treatment of patients with 
melanoma brain metastases. Chemother Res Pract 
2013; 2013: 726925.

	144.	 Saris SC, Rosenberg SA, Friedman RB, et al. 
Penetration of recombinant interleukin-2 

across the blood-cerebrospinal fluid barrier. J 
Neurosurg 1988; 69: 29–34.

	145.	 Moser RP, Bruner JM and Grimm EA. Biologic 
therapy for brain tumors. Cancer Bulletin 1991; 
43: 117–126.

	146.	 Fathallah-Shaykh HM, Zimmerman C, Morgan 
H, et al. Response of primary leptomeningeal 
melanoma to intrathecal recombinant 
interleukin-2. A case report. Cancer 1996; 77: 
1544–1550.

	147.	 Shimizu K, Tamura K, Yamada M, et al. 
[Adoptive immunotherapy in patients with 
medulloblastoma by LAK cells] Japanese 
translation. No To Shinkei = Brain and nerve 
1989; 41: 991–995.

	148.	 Okamoto Y, Shimizu K, Tamura K, et al. 
An adoptive immunotherapy of patients with 
medulloblastoma by lymphokine-activated killer 
cells (LAK). Acta Neurochir 1988; 94: 47–52.

	149.	 Salmaggi A, Dufour A, Silvani A, et al. 
Immunological fluctuations during intrathecal 
immunotherapy in three patients affected by 
CNS tumours disseminating via CSF. Int J 
Neurosci 1994; 77: 117–125.

	150.	 Samlowski WE, Park KJ, Galinsky RE, et al. 
Intrathecal administration of interleukin-2 for 
meningeal carcinomatosis due to malignant 
melanoma: sequential evaluation of intracranial 
pressure, cerebrospinal fluid cytology, and 
cytokine induction. J Immunother Emphasis 
Tumor Immunol 1993; 13: 49–54.

	151.	 Vecht CJ, Keohane C, Menon RS, et al. 
Acute fatal leukoencephalopathy after 
interleukin-2 therapy. N Engl J Med 1990; 
323: 1146–1147.

	152.	 Meyers CA and Yung WK. Delayed 
neurotoxicity of intraventricular interleukin-2: a 
case report. J Neurooncol 1993; 15: 265–267.

	153.	 Merchant RE, McVicar DW, Merchant 
LH, et al. Treatment of recurrent malignant 
glioma by repeated intracerebral injections of 
human recombinant interleukin-2 alone or in 
combination with systemic interferon-alpha. 
Results of a phase I clinical trial. J Neurooncol 
1992; 12: 75–83.

	154.	 Barba D, Saris SC, Holder C, et al. 
Intratumoral LAK cell and interleukin-2 
therapy of human gliomas. J Neurosurg 1989; 
70: 175–182.

	155.	 Jacobs SK, Wilson DJ, Kornblith PL, et al. 
Interleukin-2 or autologous lymphokine-
activated killer cell treatment of malignant 
glioma: phase I trial. Cancer Res 1986; 46: 
2101–2104.

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 9(5)

368	 journals.sagepub.com/home/tam

	156.	 Lillehei KO, Mitchell DH, Johnson SD, et al. 
Long-term follow-up of patients with recurrent 
malignant gliomas treated with adjuvant adoptive 
immunotherapy. Neurosurgery 1991; 28: 16–23.

	157.	 Sankhla SK, Nadkarni JS and Bhagwati SN. 
Adoptive immunotherapy using lymphokine-
activated killer (LAK) cells and interleukin-2 
for recurrent malignant primary brain tumors. J 
Neurooncol 1996; 27: 133–140.

	158.	 Hayes RL, Koslow M, Hiesiger EM, et al. 
Improved long term survival after intracavitary 
interleukin-2 and lymphokine-activated killer 
cells for adults with recurrent malignant glioma. 
Cancer 1995; 76: 840–852.

	159.	 Dillman RO, Duma CM, Schiltz PM, 
et al. Intracavitary placement of autologous 
lymphokine-activated killer (LAK) cells 
after resection of recurrent glioblastoma. J 
Immunother 2004; 27: 398–404.

	160.	 Dillman RO, Duma CM, Ellis RA, et al. 
Intralesional lymphokine-activated killer cells 
as adjuvant therapy for primary glioblastoma. J 
Immunother 2009; 32: 914–919.

	161.	 Colombo F, Barzon L, Franchin E, et al. 
Combined HSV-TK/IL-2 gene therapy in 

patients with recurrent glioblastoma multiforme: 
biological and clinical results. Cancer Gene Ther 
2005; 12: 835–848.

	162.	 Sobol RE, Fakhrai H, Shawler D, et al. 
Interleukin-2 gene therapy in a patient with 
glioblastoma. Gene Ther 1995; 2: 164–167.

	163.	 Vom Berg J, Vrohlings M, Haller S, et al. 
Intratumoral IL-12 combined with CTLA-4 
blockade elicits T cell-mediated glioma 
rejection. J Exp Med 2013; 210: 2803–2811.

	164.	 Verhaak RG, Hoadley KA, Purdom E, et al. 
Integrated genomic analysis identifies clinically 
relevant subtypes of glioblastoma characterized 
by abnormalities in PDGFRA, IDH1, EGFR, 
and NF1. Cancer Cell 2010; 17: 98–110.

	165.	 Prins RM, Soto H, Konkankit V, et al. Gene 
expression profile correlates with T-cell 
infiltration and relative survival in glioblastoma 
patients vaccinated with dendritic cell 
immunotherapy. Clin Cancer Res 2011; 17: 
1603–1615.

	166.	 Doucette T, Rao G, Rao A, et al. Immune 
heterogeneity of glioblastoma subtypes: 
extrapolation from the cancer genome atlas. 
Cancer Immunol Res 2013; 1: 112–122.

Visit SAGE journals online 
journals.sagepub.com/
home/tam

SAGE journals

https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam

