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Abstract
Introduction—Brain tumors are a unique class of cancers since they are anatomically shielded
from normal immunosurveillance by the blood brain barrier, lack a normal lymphatic drainage
system and reside in a potently immunosuppressive environment. Of the primary brain cancers,
glioblastoma multiforme (GBM) is the most common and aggressive in adults. Although treatment
options include surgery, radiation and chemotherapy, the average lifespan of GBM patients
remains at only 14.6 months post-diagnosis.

Areas covered—A review of key cellular and molecular immune system mediators in the
context of brain tumors including TGF-β, cytotoxic T cells, Tregs, CTLA-4, PD-1, and IDO, is
discussed. In addition, prognostic factors, currently utilized immunotherapeutic strategies, on-
going clinical trials, and a discussion of new or potential immunotherapies for brain tumor patients
are considered.

Expert opinion—Current drugs that improve the quality of life and overall survival in patients
with brain tumors, especially for GBM, are poorly effective. This disease requires a re-analysis of
currently accepted treatment strategies, as well as newly designed approaches. Here, we review the
fundamental aspects of immunosuppression in brain tumors, new and promising
immunotherapeutic drugs, as well as combinatorial strategies that focus on the simultaneous
inhibition of immunosuppressive hubs, both in immune- and brain tumor-cells, which is critical to
consider for achieving future success for the treatment of this devastating disease.
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1. Background
Brain cancer is a malignancy with diverse origins. These may include cells that normally
reside within the central nervous system (CNS) such as astrocytes, oligodendrocytes,
neurons, ependymal cells, and cells of the meninges, which upon transformation give rise to
astrocytoma, oligodendroglioma, neuroblastoma, ependymoma and meningioma,
respectively.

Brain cancer is categorically unique from cancer that resides outside of the CNS, since it is
segregated from normal immunosurveillance by the blood-brain-barrier (BBB) [1]. Brain
tumors are further distinguished from non-CNS tumors by residing in an anatomical
compartment that lacks a normal lymphatic drainage system [2]. Moreover, brain cancer
includes those tumors that localize within the CNS, but have an initial origin from
somewhere outside of the brain (i.e. metastases). However, this review will focus on primary
brain tumors; arising from CNS-resident glial cells.

Of the primary brain cancers, astrocytoma grade IV, otherwise known as glioblastoma
multiforme (GBM), is the most common, aggressive and most difficult to treat in adults [3].
GBM accounts for 52% of all primary brain tumors. Although treatment options include
surgery, radiation and chemotherapy, the average lifespan of GBM patients is only 14.6
months post-diagnosis [4]. This may be due to the lack of normal immune surveillance,
presence of the BBB, radio-resistance of both GBM and stromal (glial) cells, low levels of
MHC II expression on CNS-resident microglia and the potently immunosuppressive CNS
parenchyma. Furthermore, in spite of the presence of immune cells in GBM, the overall
tumor environment is highly immunosuppressive [5–9]. Experimentally, brain tumor models
that recapitulate GBM-like pathology also show a high degree of immunosuppressive
leukocyte infiltration, as well as cytokine expression [10–12]. Importantly, data from
clinical trials suggest that future immunotherapeutic strategies should target the removal or
depletion of immunosuppressive cells and molecules in GBM [11, 13] which will promote
normal immune cell-mediated tumor rejection.

1.1 Immune competence of brain tumors
The presence of T cells in brain tumors was first described in an immunofluorescent study
performed in 1977, which identified T cell infiltrates in both human gliomas, as well as rat
brain tumors induced by N-methyl-N-nitrosourea [14]. Since then, a more defined
mechanism describing the effects of brain tumor-derived factors, such as the
immunosuppressive cytokines, interleukin 10 (IL-10) and transforming growth factor-beta
(TGF-β), as well as the various anti- and pro-inflammatory T cell subsets that accumulate,
has emerged. Figure 1 briefly summarizes the major interactions between T cell subtypes
and the immunosuppressive signals that promote the persistence and progression of brain
tumors.

TGF-β has been a focus throughout tumor biology for nearly 4 decades. It was initially
found to be expressed by human glial tumors in 1988 [15] and has since become a major
focus due to its effects on the maintenance of tumor progression. At the same time, CD4+ T
cells were isolated from human malignant astrocytomas [16]. The majority of CD4+ T cells
expressing IL-2 receptor alpha (CD25) were not appreciated at the time of the discovery.
However, it is now understood that those initial observations were actually describing highly

Wainwright et al. Page 2

Expert Opin Emerg Drugs. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immunosuppressive cellular mediators that we now refer to as regulatory T cells (Tregs;
CD4+FoxP3+CD25+) [17–19]. Functionally, our laboratory has demonstrated that those
brain-tumor resident Tregs contribute to the pathogenesis of tumor progression, since
depleting them results in significantly lower brain tumor-resident Treg levels, as well as a
significantly increased survival in experimental mouse brain tumor models [17]. Since that
work, a concerted effort has focused on decreasing Treg levels in brain tumors to improve
the length of survival [11, 12, 20–23].

Aside from immunosuppressive cytokines and T cells, dendritic cells (DC), macrophages,
microglia, B cells, natural killer T (NKT) cells, and NK cells have also been described to be
deregulated in brain tumors [12, 24, 25]. Table 1 includes a comprehensive list of agents that
have previously been shown to promote immunosuppression in the tumor
microenvironment. Accordingly, there is now unanimous agreement that host immune cells
succumb to the immunosuppressive forces induced by the brain tumor cells and in-so-doing,
become converted into active participants that promote tumor progression. Based on this
central tenet, it is now understood that to be maximally effective in treating brain tumors,
immunotherapeutic strategies must both reverse the immunosuppression in leukocytes, as
well as target the central hubs within tumor cells that regulate those immunosuppression-
inducing pathways.

1.2 Blood brain barrier
Normally, the central nervous system has a very low level of T cell infiltration due, in part,
to an anatomical barrier composed of endothelial cells, pericytes, astrocytes and microglia;
although astrocytic interaction with neurons also indirectly contributes to architecture and
stability [26–28]. The capillaries of the BBB consist of a monolayer of endothelial cells
coupled by tight junctions. Pericytes, which belong to the vascular smooth muscle lineage
[29], share a common basement membrane with the capillaries. Pericytes not only provide
mechanical stability to the endothelial-based capillaries, but also have the intrinsic ability to
directly regulate endothelial cell differentiation and quiescence [30]. However, it is thought
that astrocytes actually provide the specific signals that program endothelial cells to produce
and maintain tight junctions [31]. The maintenance of tight junctions between endothelial
cells of the brain means that for immunotherapies to effectively penetrate the BBB, they
must be non-polar small molecules with a molecular weight of less than 500Da, or be able to
use active transport mechanisms, since the BBB is functional in the peripheral and active
areas of GBM. Moreover, since immunosuppressive leukocytes actively infiltrate brain
tumors, the mechanism of migration can be selectively targeted in the future,
immunotherapeutically. Figure 2 schematically demonstrates a generalized mode of
leukocyte migration to- and through-the BBB. It is important to keep in mind that different
molecules recruit different subsets of leukocyte subsets. Accordingly, the chemokine,
CCL22, preferentially recruits immunosuppressive Tregs that promote tumorigenesis [32,
33]. In contrast, CXCL10 (IP-10) recruits pro-inflammatory IFN-γ-expressing CD4+ T cells
that promote tumor rejection [34]. This selectivity in chemokine-recruiting potential at the
level of the BBB has highlighted the anatomical and molecular regulation of the BBB as yet
another aspect to consider for future therapeutic design.

1.3 Future directions
Great strides have been made into understanding how the immune system is regulated to
promote tumor progression versus rejection. Using this knowledge, Table 2 summarizes a
variety of clinical trials that are now focused on arming the effector phase of the immune
response through multiple strategies including, 1) CD8+ T cell stimulation with IL-2, 2) toll-
like receptor (TLR) stimulation in combination with GBM-specific epitope targeting, 3)
depleting Tregs, 4) stimulating DC with brain tumor-specific lysates, and 5) combining
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more than 3 different immuno-/chemo-therapies with TMZ (i.e. the kitchen sink approach).
Under the best case scenario, these approaches combine to decrease the level of CD8+ T cell
anergy/tolerization, allowing the CTL response to carry out antigen-specific tumor rejection.

2. Medical Need
2.1 Clinical severity

The severity of symptoms in GBM patients varies widely depending on the location of the
tumor. Neurological deficits, focal or diffuse, are common and progressive. Up to one third
of patients have seizures before or after surgery and therefore benefit from peri-operative
anti-epileptic medication [35]. During disease progression, all patients develop symptoms of
increased intracranial pressure, headaches, nausea/vomiting, blurred vision and drowsiness.
This high intracranial pressure results from both the tumor mass, as well as the associated
altered properties of the BBB, culminating with marked peri-tumoral vasogenic edema and
brain herniation. In the absence of treatment, symptoms progress rapidly. Moreover, due to
the severity and lack of therapies that cross the BBB, the overall prognosis has not increased
dramatically for GBM patients over the last three decades [36], highlighting the critical need
for newly designed approaches.

2.2 Poor outcome
Surgical resection of GBM, alone, results in a median survival of approximately 6 months.
Combining surgical resection with radiotherapy extends the median survival to 12.1 months
and further combination with the chemotherapeutic agent, TMZ, leads to an additional 2.5
months of average lifespan [4]. TMZ was most effective in the group of GBM patients that
possessed a methylated MGMT (O6-methylguanine DNA methyltransferase) gene [37].
This is due to the fact that TMZ introduces epigenetic modifications to rapidly dividing cells
by akylating/methylating guanine residues at N-7 or O-6 locations. The MGMT complex
repairs this type of TMZ-induced DNA damage. Thus, MGMT methylation is one of the few
positive prognostic factors for GBM patients. Other prognostic criteria that suggest a better
success rate for GBM patients include: young age (< 40 years), Karnofsky performance
status (> 70; able to care for themselves) and gross total resection [38]. However, these
prognostic criteria are not used to guide therapy. Moreover, data from The Cancer Genome
Atlas (TCGA) project has suggested that GBM should be classified into four distinct genetic
subtypes [39]. The analysis of each subtype found differences in both prognosis, as well as
potential benefit from intense chemotherapeutic regimens or growth factor blocking agents
[40].

The first classical subtype of GBM is characterized by highly proliferative cells that express
elevated levels of the neural precursor marker, Nestin, as well as activated Notch and Sonic-
hedgehog pathways. This subtype bears chromosomal alterations that lead to EGFR
upregulation and loss of the PTEN or CDKN2A gene loci. In contrast, cell cycle check point
regulator proteins, TP53 and NF1, are not altered and function properly. This may explain
the better response rates to current chemo-radiotherapies in this group of patients.

The second subtype of GBM is known as the mesenchymal form and is defined by a genetic
profile that resembles mesenchyme with highly active angiogenesis. Mutations frequently
inactivate NF1, TP53 and PTEN resulting in the over-expression or unregulated activation
of the NFκB, Ras and PI3K signaling pathways. These tumors respond better to a more
aggressive chemo-irradiation regimen, when combinatorially administered angiogenesis
inhibitors [40].

The third subtype of GBM is known as the pro-neural form and is associated with a gene
activation profile resembling neuronal development with high expression of
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oligodendrocytic and neural development genes, such as Olig2, PDGFRA and Sox. This
subtype tends to be associated with the best prognosis of any of the classical GBM subtypes.
Paradoxically, the pro-neural subtype does not seem to benefit from a more aggressive
chemo-irradiation schedule.

The fourth and final subtype of GBM is known as the neural form and is associated with the
shortest survival. Interestingly, this subtype benefits from the highest levels of
chemotherapy and irradiation. Moreover, it is characterized by a gene expression signature
that is the most similar to normal brain tissue when compared to the other GBM subtypes.
Whether these subtypes possess different genotypic and epigenetic signatures originating
from different cellular origins remains to be determined. In summary, based on recent
advances from the TCGA project, this genetic classification scheme may be become useful
for defining molecular targets and antigenic variants for the specific design of future
immunotherapeutic development.

2.3 Recurrent disease
Using current treatment paradigms, most GBM patients experience tumor relapse and
outgrowth within 7 months after initial chemo-irradiation. The recurrence of GBM
resembles a primary tumor and is thought to derive from a population of cells that are
resistant to current therapies [41]. This population of brain cancer initiating and/or
perpetuating cells is also collectively known as glioma stem cells (GSC) based on the
genetic signature that resembles neural stem cells. The GSCs have been found to be more
resistant to irradiation due to more active DNA repair mechanisms [42]. Also, they express a
high level of multi-drug resistance genes, including the ABCG2 transporter, which actively
excretes chemotherapeutic agents extracellularly [43]. In addition, GSCs are more
immunosuppressive than differentiated cells [44]. Thus, to effectively improve patient
survival, future immunotherapies may be more successful if GSC-targeting is employed.
Moreover, GBM cells in different areas of the same tumor have a range of sensitivity to
current chemotherapies [45]. Limited drug distribution in poorly perfused areas of brain
tumors is a major determinant of resistance to therapy, since these areas are also resistant to
radiation therapy [46].

2.4 Research questions
Many of the research questions that need to be answered for achieving better therapeutic
design for treating brain tumors is listed in Table 3. Among the many questions, one of the
most relevant is how immunotherapy modifies the tumor environment to promote the
rejection of GSCs; destroying a lifeline for solid tumor survival. In addition, it is still
unknown if the immunotherapeutic efficacy will differ among the subtypes of GBM, which
is highly relevant since different gene mutations that lead to tumor survival may be the result
of the various deregulated immunosuppressive pathways. Moreover, we still have a long
way to go in understanding the combinatorial nature of central hubs that are critical to the
regulation of immunosuppression in the tumor microenvironment. It is becoming
increasingly clear that the most important hubs controlling immunological status are
fundamentally based on deregulated metabolic pathways [47]. However, these observations
have only been observed in cancers outside of the CNS and have yet to be thoroughly
studied in the context of brain tumors.

3. Existing Treatment
3.1 Temozolomide

In 2005, Stupp et al. [4] reported that the addition of TMZ to radiotherapy resulted in a
statistically significant survival benefit to patients with GBM. Based on those clinical
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benefits, TMZ is now considered a standard-of-care therapy given to most GBM patients
(Table 4). TMZ acts by introducing epigenetic modifications to rapidly dividing cells by
akylating/methylating guanine residues at N-7 or O-6 locations. While much of the work on
TMZ initially focused on its ability to induce apoptosis in rapidly dividing tumor cells, more
recent findings have demonstrated that TMZ also affects the immune system. It is now
recognized that TMZ induces lymphopenia [48], a condition whereby circulating
lymphocytes persist at abnormally low levels. Moreover, low-dose metronomic
administration of TMZ has been demonstrated to decrease circulating Tregs in a pre-clinical
rat model [21]. In contrast, concomitant radiotherapy (RT) with TMZ increased the
proportion of functional Tregs while decreasing the absolute number of CD3−CD56+ (NK
cells) cells in the circulation of GBM patients, suggesting an increased immunosuppressive
environment [49]. Thus, the combination of RT-TMZ is likely to produce an alternative
outcome with regard to Treg levels when compared to administration of TMZ, alone. To
dampen the homeostatic proliferation of Tregs during combined RT-TMZ, Mitchell et al.
[11] showed that further combination of humanized anti-CD25 (Treg-depleting antibody)
with RT-TMZ synergized to decrease circulating Treg levels in GBM patients. Most
importantly, the Treg reduction was associated with a significant expansion of the vaccine-
stimulated anti-tumor effector T cell levels. Thus, TMZ appears to be an important step
forward in the treatment of GBM and may have increased efficacy in the right context of
immunomodulatory therapies.

3.2 Bevacizumab
Glioblastoma is one of the most vascularized tumors known and can thus be used as a model
of angiogenesis [50]. Vascular endothelial growth factor (VEGF) is a critical regulator of
angiogenesis [51] and is highly expressed within tumors of the brain and CNS. The
expression of VEGF is not only correlated to the aggressiveness of the brain tumor, but also
with clinical outcomes including recurrence and survival [52, 53]. Strategies that target
angiogenic pathways may be potentially effective in tumor treatments, since angiogenesis is
generally absent in normal healthy individuals. To this end, bevacizumab, otherwise known
as Avastin, is a humanized monoclonal antibody that inhibits vascular endothelial growth
factor A (VEGF-A) and has been established as a treatment option in clinical trials for
patients with recurrent GBM that have a failed response to temozolomide treatment. The
improved outcome after treatment with bevacizumab in humans was found in two phase II
clinical trials for GBM and has been approved by the US Food and Drug Administration.
The first trial found that a 32 patient cohort co-administered irinotecan and bevacizumab led
to a median progression-free survival of 20- and 30-weeks in astrocytoma grade IV and III
patients, respectively [54]. A separate study found that a cohort of 167 patients administered
bevacizumab alone, vs. co-administration of irinotecan with bevacizumab, led to a 6-month
progression free survival rate of 42.6% and 50.3%, respectively [55]. Paradoxically, it was
recently reported that single-agent usage of bevacizumab in anaplastic astrocytoma patients
provides radiographic response and clinical benefits, while not providing any advantage to
progression-free survival [56].

While data for patients with recurrent and anaplastic disease have been encouraging, overall,
studies of non-small cell lung cancer patients with CNS metastases treated with
bevacizumab have demonstrated lower rates of CNS hemorrhage, providing similar lines of
evidence for the safety of this treatment [57]. Although the patient sample size was small,
Chira et al. [58] have also reported low neurological toxicity in breast cancer patients with
brain metastases.

Various mechanisms have been attributed to the anti-tumor effects of bevacizumab,
including reduced angiogenesis, reduced growth of tumor cells expressing the VEGF
receptor, as well as the disruption of the cancer stem cell microvasculature niche [50, 59–
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61]. The cancer stem cell niche is of particular interest since resident glioma stem cells
(described as CD133+, nestin+) are both radio- and chemo-resistant [42, 60].

4. Market review
In the year 2011, brain cancer in adults was estimated to lead to an estimated 10,080 and
12,260 newly diagnosed cases in women and men, respectively [62]. Also, it has been
estimated that 5,670 women- and 7,440 men-died from brain cancer in that year [62].
Although brain cancer is relatively rare, when compared to other forms of cancer, a 2004
study found that patients with brain cancer reported that their average costs per month of
treatment was equal to $7,081 [63]. Later in 2007, it was reported that 47% of individuals
paid for medical and non-medically-related expenses by incurring credit card debt, 42%
borrowed money from family/friends, 15% took out a second and/or third home mortgage,
8.4% cashed in on life- and/or retirement- plans, while 7.2% were forced to declare
bankruptcy [64].

There were a total of 139,000 brain cancer cases in the U.S. during the year, 2010, and that
number is expected to increase to 176,000 by the year, 2020 [65]. Moreover, the average
cost of treatment within the initial year of diagnosis was $129,802 and $138,300 for women
and men less than 65 years of age, respectively. Interestingly, of all of the different types of
cancer, brain cancer has the highest cost of treatment during the final year of life, averaging
$251,230 and $269,280 for women and men less than 65 years of age, respectively [65].
This is an important consideration given that the average monthly cost for TMZ treatment,
alone, is over $10,000/month. Thus, the financial aspect of brain tumor treatment adds a
significant layer of complexity to an already difficult-to-treat disease. Moreover, some of the
reasons for such a high cost of treatment are the result of a high cost of training those who
treat the disease, combined with an expensive drug development program for a relatively
small patient population.

5. Current research goals
Finding immunotherapies that impact brain tumor progression is an important goal.
However, to understand which immunotherapeutic strategies are most effective will depend
on an investment into understanding the interactions between brain tumor cells and the
immune system. In the context of brain tumors, our laboratory is among many that have
chosen to pursue this line of research [12, 17, 19, 66–69]. One consideration for determining
the potential success of immunotherapy in patients is finding good prognostic indicators that
identify patient populations that will respond to treatment.

Characterization of cells that are relevant to the immune system for prognostic importance is
still in the phase of infancy. It is well established that Tregs play a pathogenic role in brain
tumor progression [17–19]. Thus, utilizing Tregs as a prognostic indicator for brain tumor
patients was thought to have a high potential for success. Unfortunately, several studies have
demonstrated that Treg levels act as a non-informative prognostic indicator for GBM
patients [70, 71].

While Tregs may not serve as a good indicator of prognosis, cytokines and receptors that
regulate Treg activity may a higher potential for success. Accordingly, high TGF-β
expression and/or SMAD-related activity [72, 73] have been shown to act as good
prognostic indicators in large-scale analysis of GBM patients.

Smad proteins are intracellular mediators of TGF-β signaling. Upon activation of the TGF-β
receptor complex, Smad2/3 becomes phosphorylated and associates with Smad4. This
complex translocates to the nucleus where it binds to DNA, thereby regulating transcription.
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It was recently demonstrated that high TGF-β-Smad activity is present in aggressive and
highly proliferative gliomas; ultimately correlated with a poor prognosis in glioma patients.
The TGF-β-Smad pathway promotes proliferation via the induction of methylation by the
PDGF-B gene [72]. Smad proteins activated by TGF-β form a complex with FoxO proteins
and turn on the growth inhibitory gene, p21Cip1, which is negatively regulated by the PI3K
pathway. The activity of this network confers resistance to TGF-β-mediated cytostasis in
GBM cells [74].

An additional immunosuppressive cytokine, IL-10, may also have prognostic importance
[75], although this has yet to be shown in a large scale gene expression analysis. Likewise,
TLR9, a toll-like receptor that recognizes unmethylated CpG dinucleotides, is a prognostic
factor for GBM patients [76]. It is therefore interesting that TLR9 has been associated with
decreasing IL-10-secreting Treg function [77], as well as synergizing with vaccine strategies
to induce cytotoxic T cell-mediated rejection in a pancreatic tumor model [78].

In the future, factors such as TGF-β, IL-10 and TLR9 may be individually useful for
prognostically identifying progression free survival. However, it may be even more effective
to analyze this group of genes, collectively. Moreover, with large scale gene expression
analysis now becoming more affordable, it may be time to analyze brain tumor biopsies for
a range of immunosuppressive biomarkers that while, individually may not be a useful
prognostic indicator, collectively they represent a powerful tool to assess those patients that
have the highest likelihood of responding to different immunotherapeutic regimens.

6. Scientific rationale
Glioblastoma is the most invasive and malignant of the primary brain tumors. It is a
progressive tumor that accumulates genetic mutations as it increases in aggressiveness. Due
to the high degree of invasiveness, it is often impossible to completely remove the tumor
mass, which can later contribute to recurrence. Despite recent advances in treatment, the
mean survival post-treatment remains at 14.6 months, while only 10% of patients survive up
to 5 years post-diagnosis [79]. Thus, it is critical to develop novel treatment therapies that
improve the survival of patients with GBM.

7. Competitive environment
Although current immunomodulatory drugs and therapies for treating brain tumors have
been discussed, new and potentially groundbreaking strategies are on the horizon. These
alternative immunotherapies include those found in Table 5. Here we will review several
current and futuristic approaches based on results from pre-clinical models and clinical
trials. This section will focus on immunotherapies that have shown some form of success in
clinical trials, as well as those targets that have shown promise in pre-clinical models of
cancer.

7.1 Therapies from clinical trials
7.1.1 Rindopepimut—In 24 – 67% of GBM specimens, EGFRvIII has been shown to be
over-expressed [80]. Since EGFRvIII is not normally expressed by surrounding stromal
brain cells, this mutant form of EGFR is ideal for targeting through immunotherapeutic
approaches. Rindopepimut is a 14-mer injectable vaccine designed to stimulate immunity
against a specific antigen of EGFRvIII [81] and its mechanism of action is reviewed in
Figure 3. Both Phase I and II clinical trials have indicated a high efficacy in stimulating anti-
tumor immunity in GBM patients with consequently longer survival times. During the Phase
II clinical trial for rindopepimut, it was demonstrated that 31% of newly diagnosed GBM
patients overexpressed EGFRvIII. Phase III clinical trials were launched at the end of 2011,
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entitled, “ACT IV Study” by the drug company, Celldex. Currently, the company is also
testing the efficacy of this therapeutic agent in the setting of recurrent disease in a double-
blinded phase II study called “ReACT”. In this study, rindopepimut is being used together
with bevacizumab. This study aims to elucidate the role of rindopepimut in progression free
survival of patients with EGFRvIII+, bevacizumab naïve- or resistant recurrent-glioma.
Although rindopepimut has shown both pre-clinical and clinical success in treating GBM
patients that express EGFRvIII, future work is required for the approximately 69% of
patients that do not overexpress the target antigen in GBM cells.

7.1.2 Immunotoxins—Immunotoxins are a class of recombinant molecules that bind
selectively to cell surface receptors over-expressed by tumors and induce internalization for
toxin-delivery of apoptosis-triggered pathways. These consist of a tumor-specific
monoclonal antibody conjugated to a toxin or a recombinantly generated immunotoxic
molecule. The toxin is the most consistent part of the molecule, typically originating from
Pseudomonas aeruginosa (PE) or Diphteria (DT) exotoxin. Immunotoxins developed for
GBM target molecules that are over-expressed, including receptors for IL-13 [82, 83], IL-4
[84], epidermal growth factor (EGF) [80] and urokinase-type plasminogen activator (uPAR)
[85, 86]. The antibody-toxin fusion is selectively internalized by glioma cells and inhibits
protein synthesis, which induces apoptosis without affecting normal brain cells.
Immunotoxins have been shown to be very effective against tumor cells that are radio-and
chemo-resistant. They have also been shown to be relatively safe in early clinical trials.
Here, we briefly describe some of the immunotoxins that are currently being tested as
possible treatments for GBM.

IL-13 receptors are high affinity tumor-specific targets. The immunotoxin, IL-13-PE. has
been shown to be cytotoxic to glioma cell lines in vitro and has been tested in Phase I and II
clinical trials using convection enhanced delivery (CED) for patients with recurrent or
progressive WHO grade III/IV malignant gliomas [87]. Overall, median survival for GBM
patients was 42.7 weeks or 55.6 weeks for patients with optimally positioned catheters [88].
The recombinant fusion protein IL-4-PE is cytotoxic to glioma cell lines in vitro, while less
cytotoxic to hematopoietic and normal brain cells. An extended Phase I/II clinical trial of
IL-4-PE in histologically verified grade III and IV astrocytomas determined that ~70% of
patients showed discernible glioma necrosis as evidenced by decreased tumor size on MRI
[89], without systemic cytotoxicity [90]. The overall median survival was 8.2 months with a
median survival of 5.8 months for the GBM patients.

Despite promising results from early clinical trials, the PRECISE study, a randomized Phase
III clinical trial, did not show a significant survival benefit of cintredekin besudotox (CB;
IL-13PE) when compared with Gliadel wafers (GW) in adult patients with GBM at first
recurrence [91]. One drawback from the design of this study was the inclusion of any GBM
patient, without prior verification of GBM-expressed, IL-13R. Since IL-13R expression is
highly variable among GBM specimens, this factor may have contributed to the overall lack
of efficacy. Alternatively, variations in catheter placement may have resulted in poor
perfusion of CB into the GBM. However, the impact of catheter placement on long-term
clinical outcome has been scrutinized by Mueller et al, [92] finding no improvement in local
perfusion with better catheter positioning.

The extracellular domain of EGFR binds to either EGF or TGF-α, resulting in receptor
dimerization. TP-38 is an immunotoxin that targets EGFR. This recombinant protein is a
fusion of the toxin, PE-38, with TGF-α. A phase I clinical trial was conducted with
recurrent primary or metastatic malignant brain tumor patients where the dose-escalation of
TP-38 demonstrated a median survival of 28 weeks post-TP-38 treatment and a median
survival of 20 weeks or 33 weeks for those with residual disease or no evidence of residual
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disease, respectively [93]. However, the potential efficacy of TP-38 may be severely
influenced by the ineffective infusion into the brain tumor mass, as was evidenced by
imaging the co-infused I123-albumin.

The immunotoxin DTAT targets uPAR expressed on both GBM cells and on tumor
neovasculature [94–96]. This recombinant protein was highly selective in vitro for human
GBM and when used in vivo, caused the regression of subcutaneous uPAR-expressing
tumors with a low level of toxicity to critical organs [95]. An additional immunotoxin
targeting uPAR, DTAT13, is a bispecific immunotoxin synthesized to target GBM cells
expressing both uPAR and IL-13R [97]. This recombinant protein is highly selective and
synergistic for human GBM. It caused the regression of small tumors, as well as GBM, with
less cytotoxicity than DTAT [98, 99].

7.1.3 DC-based therapies—Most tumors develop measures to suppress or circumvent
the development of an effective immune response. To combat this challenge, therapies are
being developed to target antigen presenting cells (APC), such as DC that, would allow for
the development of an anti-tumor specific immune response. Included in these approaches
are vaccinations utilizing autologous DC pulsed with tumor lysates, in vitro, prior to
adoptive transfer of those cells into the host systemic circulation [100–103] or vaccination
that targets the tumor-specific epitope of EGFRvIII, which is not expressed in normal adult
human brain [104, 105]. Dendritic cells are the most potent APC, due to their ability to
express MHC at relatively high levels, effectively inducing tumor specific CD8+- and
CD4+- T cell-mediated anti-tumor responses [106]. This property of DC is constantly being
explored, as evidenced by the many Phase I and II on-going DC-focused clinical trials.
Table 6 lists all of the on-going trials, both domestically and internationally. In addition, the
FMS-like tyrosine kinase 3 ligand (Flt3L) leads to the differentiation of precursor cells into
DC through a STAT3-dependent mechanism. Recent work has shown that the expression of
human Flt3L via adenoviral transduction of pre-clinical brain tumors leads to both the
recruitment of bone marrow-derived DC to the brain tumor microenvironment, as well as the
induction of in situ priming against brain tumor antigens [107–109].

7.1.4 Daclizumab—Several groups, including ours, have shown the survival benefits of
depleting Tregs from pre-clinical mouse models through targeting IL-2Rα (CD25), a
receptor constitutively expressed by Tregs [12, 17, 19]. Based on the success of CD25
antibodies in targeting Tregs in pre-clinical mouse cancer models, humanized anti-CD25 has
recently been brought to the market and is referred to by its trade name, daclizumab. Recent
work has demonstrated that this drug has potent effects in controlling immunosuppressive
Treg levels when combined with other forms of immunotherapy in patients with GBM [11].
Notably, glioma-resident Tregs have been shown to be decreased after systemic
administration of anti-CD25, post-intracranial injection of brain tumor cells, in a pre-clinical
mouse brain tumor model [12]. These data suggest that, the Treg-depleting antibody
possesses some level of access to the Tregs within the brain tumor compartment.

7.1.5 Ipilimumab—CTLA-4 is constitutively expressed by Tregs, transiently upregulated
on activated T effectors and has been shown to inhibit effector T cell responses via
interaction with CD80/CD86. Pre-clinical brain tumor models have confirmed this effect,
demonstrating that systemically-administered neutralizing anti-CTLA-4 antibodies lead to
tumor rejection [110]. Ipilimumab is a humanized anti-CTLA-4 antibody that has recently
been FDA approved for the use in melanoma patients. Although the effects of ipilimumab
have yet to be tested in GBM patients, melanoma patients have witnessed a durable and
potentially curable tumor regression after treatment [111].
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7.1.6 Other therapies—In order to target tumor-specific antigens, other strategies are
currently also being evaluated. These include radio-immunotherapy, consisting of
radiolabeled monoclonal antibodies specific to antigens overexpressed in GBM, such as
EGFR [112] or integrin alphavbeta3 [113]. Labeling tumor-specific monoclonal antibodies
with 125I allows for targeted GBM cell destruction through radiation-mediated DNA
damage. These treatments currently show promising results in pre-clinical models and early
clinical-studies.

Oncolytic viral vectors, such as the Herpes simplex virus-thymidine kinase (HSV1-TK) are
also being evaluated as anti-tumor therapies [114]. The advantage of using oncolytic viruses
is the selectivity for replication within tumor cells, but not in untransformed tissues. To
further enhance the efficacy of HSV1-TK, this viral vector is being combined with
gancyclovir and immunostimulatory co-treatments, such as TNF-α [115], Flt3L [116–118]
and IL-4 [119], in an attempt to increase tumor destruction. The dual gene therapy with
TNF-α and HSV-TK resulted in direct cytotoxicity through binding of cognate receptors.
The combined therapy of Flt3L with HSV-TK and gancyclovir resulted in the combined
effects of DC recruitment, killing of tumor cells and long-term survival. Thus, the use of
immunostimulatory molecules, in combination with oncolytic viruses, enables increased
tumor killing and rejection.

Recent work has demonstrated thatCpG-based immunotherapies are a treatment option for
various tumors, including GBM. CpG is a synthetic oligodeoxynucleotide (ODN) with
unmethylated CG dinucleotides. CpG mimics microbial DNA and activates the immune
system by activating TLR9. DC and B cells express TLR9 in the endoplasmic reticulum.
TLR9 is also expressed in breast[120], gastric[121], lung- [122] and prostate cancer, [123]
as well as glioma.

Previous work has shown that the expression of TLR9 increases according to the
histopathological grade of glioma [76]. Furthermore, TLR9 expression correlates with
shorter PFS and OS in patients with GBM [124]. Stimulation of TLR9-expressing breast
cancer cells, astrocytoma and GBM cells with CpG oligonucleotides increased in vitro
invasion- and MMP-13 levels. However, neutralizing the MMP-13 reduced invasive
properties [125]..

In vivo, treatment of immunocompetent experimental mouse brain tumor models with CpG-
ODN inhibited glioma growth and significantly increased survival of tumor-bearing mice
[126, 127]. The combination of local CpG-ODN and radiotherapy has also been shown to
induce complete tumor remission in treated animals, significantly higher than treatment with
CpG-ODN, alone [128]. CpG-ODN treatment induced TLR9 down-regulation, apoptosis of
GL261 cells and enhancement of antigen presenting capability by microglia, leading to a
decreased level of tumor-resident Tregs[127].

7.2 Pre-clinical testing
7.2.1 Denileukin diftitox—IL-2Rα is the high affinity aspect of the IL-2R and is
expressed by Tregs. Although some therapies, such as daclizumab, directly target IL-2Rα
via a monoclonal antibody, this response may lead to secondary inflammation due to an Fc-
triggered immune response. Under normal conditions, this may not be considered a problem.
However, in the context of GBM, whereby the disease is perpetuated by inflammation, this
issue may be necessary to avoid. In contrast to the actions of daclizumab, denileukin diftitox
is a compound whereby IL-2 directly conjugated to the Diphtheria toxin. This combination
may be able to induce apoptosis directly in Tregs and have a similar effect as daclizumab.
However, investigation into the benefits of denileukin diftitox in brain tumors has yet to be
explored.
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7.2.2 LY2109761—TGF-β is a prevalent cytokine in the brain tumor microenvironment
and its negative role in tumor progression has been recognized in many ways. Different
approaches have been utilized to decrease TGF-β levels including siRNA-mediated
neutralization and monoclonal antibody-mediated depletion. However, recent work has
shown that instead of decreasing TGF-β, directly, targeting the TGF-β receptor (TGF-βR)
may be a more effective way to limit tumor growth. The TGF-βR I kinase inhibitor,
LY2109761, has been shown sensitize GBM cells, as well as GBM cancer stem cells to
radiation, resulting in increased apoptosis during co-incident inhibition of DNA damage
repair, mesenchymal transition and angiogenesis [129] in a mouse model that utilized human
GBM. Furthermore, combining LY2109761 with the standard clinical treatment of radiation
and TMZ, significantly reduced tumor size in a nude mouse model implanted with human
GBM. Although these data are very promising in nude mouse models, it is important to
establish if these inhibitors also convey a similar clinically-relevant benefit in an
immunocompetent mouse model, since TGF-βR I is expressed by many infiltrating T cells.

7.2.3 MDX-1106—The expression of the inhibitory ligand, B7-H1, on tumor cells, and the
corresponding T cell co-inhibitory receptor, PD-1, has been demonstrated in several mouse
models of cancer [130]. In addition, a recent Phase I clinical trial of the anti-PD-1
immunotherapy, MDX-1106, showed tolerability and anti-tumor activity in patients with
non-GBM solid tumors [131]. The effects of anti-PD1 immunotherapy appears to be critical
in reversing CD8+ cytotoxic T cell anergy in melanoma [132]. Moreover, the data strongly
suggest that although solo anti-PD-1 immunotherapy has a clear benefit by inducing tumor
immunity, combining PD-1 inhibition with Lag3 inhibition synergizes to functionally
reverse immunosuppression in T cells [133]. Furthermore, PD-L1 has been demonstrated to
induce Tregs from conventional T cells, as well as maintain their suppressive phenotype
[134], potentially contributing to the expansion of GBM-resident Tregs. Recent work
support this observation by demonstrating that human Th1 cells can be converted into Tregs
via a PD-1-dependent pathway [135]. Regardless, a synergy between induction/conversion
of CD4+ T cells into immunosuppressive Tregs, in combination with suppression of
cytotoxicity by CD8+ T cells appears to lead to the potent immunosuppression mediated by
PD-1 in the tumor microenvironment.

7.2.4 1-MT—Indoleamine 2,3 dioxygenase (IDO) is an inducible enzyme that catabolizes
the essential amino acid, tryptophan, to kynurenine. IDO is expressed by cultured glioma
cells and increases in expression in the presence of IFN-γ [136, 137] via the Jak/STAT
pathway. Recent work has shown that IFN-γ increases the expression of IDO in cultured
glioma cells. Interestingly, IDO expression by monocytes or DCs directly and potently
induces Tregs [138, 139]. In addition, recent work has found that the Treg-inducing
cytokine, TGF-β [140], can also regulate IDO expression via interaction with NF-κB
pathway. Functionally, stromal-cell deficiency of IDO results in slower tumor progression
and increased papilloma-free survival in a mouse model of skin carcinogenesis. This effect
may be associated with the ability of IDO-expressing antigen presenting cells to suppress T
cell responses [141]. Moreover, one of the powerful aspects of targeting IDO is that it is an
induced enzyme and therefore, not normally expressed in tissues, as well as its inhibition not
being associated with significant autoimmune side effects [142]. Moreover, we have
reviewed the IDO inhibitor in addition to the other immunotherapeutic inhibitors available
in Figure 4. However, while the IDO inhibitor, 1-MT, is currently in clinical trials for solid
tumors, the effects of this drug in brain tumor patients has yet to be investigated.

8. Potential development issues
The main focus of research for the novel treatment of GBM is increasing the survival rate
and prognosis of the disease. Despite the various combinatorial therapies currently in
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existence and on-going in clinical trials, most GBM patients eventually die from the disease.
This is complicated by the presence of the BBB which prevents normal immune
surveillance, a high level of angiogenesis and additive immunosuppressive signals in the
context of an already highly immunosuppressive environment. Moreover, many therapies
that go to clinical trials do not proceed past Phase II due to unforeseen side effects.
Moreover, while pre-clinical animal models are highly advantageous to the investigation of
new immunotherapies, these research tools still possess significant limitations. To think of
new ways to deal with these impediments, we discuss critical aspects of these challenges,
here.

8.1 Clinical trials
Although much of the testing for future immunotherapies can be performed in pre-clinical
GBM rodent models to establish a proof-of-concept, clinical trials involving patients with
GBM are the gold standard. However, there are key challenges to keep in mind during the
planning stages of clinical development in the academic setting. Testing simple compounds
for clinical efficacy can cost as little as $20,000/patient/year [143]. Thus, to have an
effective sample size for statistical purposes, the cost of performing a trial reaches a very
expensive level quickly. In addition, adding patients to trials can be burdensome due to
regulatory requirements. Moreover, the reporting standards differ between institutions,
which can raise challenges when comparing data between trials. Finally, as we have tried to
convey here, it is possible that there are many different combinations of immunotherapies
that synergize to form an effective therapy for GBM patients. However, testing the many
different combinations is expensive, time consuming and difficult to perform in a disease
with such a low patient case load.

8.2 Side effects
All pharmacotherapies are associated with side effects that range from very mild to severe
symptoms. Some of the well-established drugs to treat the GBM-related symptoms of edema
and seizures, including decadron or dilantin, have minor side effects including euphoria,
insomnia and increased appetite or rash and clumsiness, respectively. In contrast, emerging
immunotherapies that have been shown to- or have the potential to-treat GBM, have been
associated with more severe symptoms. The side effects of daclizumab include an increased
risk of infection that may manifest as fever, chills, sore throat, coughing, pain or swelling
around a skin wound, as well as a burning sensation during urination. Similarly, ipilumumab
is associated with diarrhea, colon inflammation, skin rash, hepatitis, hypophysitis, uveitis,
and nephritis. Important to note, those side effects are observed often, in as many as 84% of
patients treated with ipilimumab. In addition, denileukin difitox treatment has been shown to
result in blurred vision, generalized swelling, easy bruising, tachycardia, fainting, back pain
and difficulty with swallowing. The various side effects associated with treatment of
daclizumab, ipilimumab and denileukin difitox highlight the problematic symptoms that
may occur when the immunotherapy has systemic implications and lack of specificity. In
contrast, the highly specific action of rindopepimut is associated with very few side effects
of which only pertain to soreness of the site of injection. Thus, in order for future
immunotherapies to be well-tolerated, specificity of the effector response should be taken
into account.

8.3 Pre-clinical brain tumor models
Two primary forms of pre-clinical brain tumor models exist with competing advantages and
limitations when considering the rational design of immunotherapy: immunocompetent and
immunodeficient. These models compose a spectrum of animal paradigms that possess a
normal immune system to those that lack specific immune-related molecules to those
models that are completely deficient for cells required for an adaptive immune response (i.e.
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T and B cell-deficient). To properly utilize immunocompetent models in an orthotopic
context, implantation of genetically compatible tumor cells is required to prevent graft vs.
host immunity. This would be analogous to implanting tumor cells derived from a donor
C57BL/6 mouse into a host C57BL/6 mouse. This method is useful for studying how
immune cells infiltrate-, respond to- and mediate- anti-tumor immunity. A different way an
immunotherapy can be studied is by utilizing an immunodeficient model. This type of model
can be useful in several ways. First, it can act as a litmus test to determine whether a
particular therapy requires a specific immune molecule or cell type to mediate an anti-tumor
effect. For example, anti-CTLA-4 immunotherapy promotes brain tumor rejection in
immunocompetent, but not in T cell-deficient (immunodeficient) mice intracranially-
injected orthotopic brain tumors [110]. This knowledge is useful since it allows researchers
to understand that 1) investigating the mechanism of action for anti-CTLA-4 in a brain
tumor model that has an immunodeficiency for T cells would lead to an unproductive
investigation and 2) that T cell functionality is required for translating this therapy into
patients with brain tumors.

Additional ways immunodeficient models can be useful is through allowing for the study of
human patient-derived GBM, in vivo, without inducing graft vs. host immunity. For
example, nude mice are athymic and therefore, T cell-deficient, which allows for the
implantation of human GBM and the study of different therapies that are specifically
designed to reject ‘human’ brain tumors. This is particularly helpful for understanding
therapies that do not require immune-cell intermediates. For example, the monoclonal
antibody therapy, bevacizumab, independently inhibits vascular growth by targeting human
VEGF and can be further investigated in a nude mouse implanted with human GBM.

There are limitations to any system and studying brain tumors in animal models is an
attempt to mirror the effects of GBM that normally occurs in humans, in a context whereby
investigators can tease out complex mechanisms under carefully-monitored studies.
Utilizing these methods, understanding the role of the immune system in immunocompetent
and immunodeficient brain tumor models allows for a better understanding of a drug, which
is critically important for understanding how to most effectively treat brain tumor patients in
the future.

9. Conclusion
Combining surgical resection, irradiation and temozolomide treatments has become standard
practice for patients with GBM. However, average GBM patient survival remains at only
14.6 months post-diagnosis, suggesting that other therapeutic avenues need to be pursued.
Immunotherapeutic approaches have established themselves as first-line agents in a variety
of advanced solid cancers and are currently being tested in several clinical trials for GBM.
Here we reviewed different immunotherapies and highlight recent developments and pitfalls.

On-going clinical trials focused on immunotherapy are investigating various ways to
manipulate the microenvironment in brain tumors, whether by stimulating cytotoxic T cell
responses that can directly interact with GBM cells to induce apoptosis (i.e. Rindopepimut),
depleting immunosuppressive cells (i.e. Tregs) or by altering immunosuppressive
environmental mechanisms (i.e. PD-1, IDO) that exist in GBM. These different
immunotherapeutic approaches allow for potential combinatorial strategies by targeting
different aspects of immunosuppressive processes active in brain tumors.

10. Expert Opinion
Recent work from our laboratory and others has highlighted the contextual
immunosuppressive nature of the immune system in brain tumors [12, 19, 67, 144]. In this
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environment ‘immunosuppression begets immunosuppression’. Importantly, this highlights
a concept that must be appreciated when considering the most effective design for
immunotherapies of the future: brain tumor cells re-program the local microenvironment by
promoting immune cell dysfunction that inhibits tumor rejection. To illustrate this point
further, Figure 5 schematically represents a ball-and-stick model that highlights the
competing hubs in brain tumor- and T-cells that vary in the degree of importance to survival
of each cell, as well as the hubs that are critical for regulating tumor tolerance vs. rejection.

In the future, we suggest that the following are important concepts to keep in mind when
investigating future drugs for the treatment of brain tumors to achieve maximal efficacy:

1. Immunotherapies inherently mediate or initiate immune responses that can have
toxic and unforeseen side effects. One of the primary side effects is typically
associated with non-specific autoimmune attack of non-tumor-associated organs/
tissues. However, investigation of the non-specific immune activation in pre-
clinical brain tumor models may help to predict the level of peripheral immuno-
toxicity to brain tumor patients during clinical trials of new immunotherapies.

2. Testing models of tumors in the periphery (outside of the CNS) does not
recapitulate the key immunological aspects that are specific to brain tumors due to
lack of appropriate context; i.e. the BBB, lack of lymphatics and highly radio-
resistant stroma.

3. Combinatorial treatment of brain tumors with drugs designed to inhibit multiple
hubs, both in T cells, as well as brain tumor cells, will likely lead to better efficacy
in reversing immunosuppression due to the multiple pathways that can be
compromised that combine to form the barrier of resistance to treatment.

Given these considerations, we are very optimistic that in the near future, more effective
immunotherapeutic approaches will be available for our patients. For nearly 30 years, there
have been very few treatments to convey optimism to patients with brain tumors. However,
by re-focusing and increasing the awareness about the role of the immune system in brain
cancer, the future may hold very promising success.
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Figure 1. Model of immune dysfunction in brain tumors
CD4+ and CD8+ T cells actively infiltrate brain tumors. CD4+ T cells are enriched for
immunosuppressive regulatory T cells (Treg; CD4+FoxP3+), which express high levels of
CTLA-4 and GITR. Importantly, the Tregs that accumulate in brain tumors are primarily
thymus-derived, or natural Tregs (nTregs), rather than converted from CD4+FoxP3−

conventional T cells. Within the brain tumor microenvironment, nTregs directly and
indirectly suppress CD4+ and CD8+ T cells. This occurs through 3 main mechanisms. First,
nTregs directly interact with dendritic cells (DCs) and induce an immunosuppressive
phenotype that acts to suppress full CD4+ and CD8+ T cell activation, thus promoting tumor
cell survival. In addition, nTregs produce IL-10 and TGF-β that directly acts on effector T
cells to downregulate cytotoxic programs that would otherwise promote brain tumor
clearance. Finally, nTregs interact via cell surface expression with effector T cells to induce
T cell anergy. In addition to these processes, brain tumor cells produce large amounts of
TGF-β that aides in increasing immunosuppressive effector T cell programs, leading to
decreased pro-inflammatory cytokine help and increased GITR by CD4+ effectors, as well
as decreased IFN-γ and granzyme B levels by CD8+ T cell effectors. Collectively, these
immunosuppressive processes allow for tumor survival and outgrowth. Note: TCR inhibition
(denoted in red) symbolizes low TCR activation.
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Figure 2. The multi-step paradigm of T cell recruitment and trafficking across the blood brain
barrier
T cells normally traffic through the systemic circulation continuously. In the context of the
brain, during periods of stress or inflammation, selectins are upregulated on the vasculature.
(A) During the rolling phase, T cells that express selectin receptors interact with the
selectins on endothelial cells of the brain. This interaction results in a conformational change
in the integrin receptors on T cells, converting from low affinity- to high affinity-receptors.
(B) The interaction of chemokine receptors on T cells with chemokines on the basement
membrane and cell surface of endothelial cells activates the T cells. (C) Once activation has
taken place, T cells are capable of strongly tethering to the cell surface of endothelial cells
via high affinity interaction of integrin-integrin receptor interactions, prior to transmigration
into the perivascular space. However, the form of transit from the perivascular space into the
brain parenchyma is a hotly debated subject and is not yet firmly established.
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Figure 3. Intradermal injection of rindopepimut results in a systemic immune response to
EGFRvIII+ glioblastoma multiforme cells
(A) Rindopepimut is synthesized as a 14-mer peptide vaccine and is being tested in the
context of co-incident administration of GM-CSF or keyhole limpet hemocyanin adjuvants.
The 14-mer is intradermally injected into GBM patients with the expectation that (B)
dermis-resident Langerhans (dendritic) cells, or other types of antigen presenting cells
(APCs) will phagocytize the peptides. In the context of adjuvant with rindopepimut, the DCs
emigrate from the skin to a draining lymph node (DLN). (C) During transit and/or once in
the lymph node, the DCs finish their maturation program of processing the 14-mer into
MHC molecules for future presentation to T cells. This maturation is co-incident with co-
stimulatory molecule upregulation of CD80 and CD86. (D) Once in the DLN, the newly
immigrated APCs loaded with the 14-mer present peptide-MHC I in the context of CD8
(although peptide-MHC II in the context of CD4 also occurs; not shown). (E) Activated T
cells undergo a rapid and clonal expansion, before emigrating from the DLN to sites of
EGFRvIII-expressing GBM cells. (F) Inside the tumor, CD8+ T cells interact directly with
EGFRvIII+ cells and target those cells for apoptosis by secreting a combination of perforin,
granzyme, and interferon-gamma (IFN-γ). The end result is decreased tumor size and an
increased lifespan of GBM-bearing patients.
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Figure 4. Representative model of the potential targets for effective immunotherapy in brain
tumors
Here we present a schematic of the immunosuppressive pathways throughout the brain
tumor and molecular inhibitors that reverse the potent immunosuppression. It has previously
been demonstrated that glioblastoma multiforme (GBM) cells, as well as tumor-resident
dendritic cells (DC) and myeloid-derived suppressor cells (mSC) express indoleamine 2,3
dioxygenase 1 (IDO1). IDO1 expression is regulated by the Jak/STAT and NF-κB
pathways, which can be induced by IFN-γ- and TGF-β-receptor activation, respectively.
IDO1 is a cytoplasmic enzyme that metabolizes tryptophan (Tryp.) to kynurenine (Kyn.), the
latter of which has a potently suppressive effect on T effector responses and an inducing
effect on Treg function. In contrast, IDO1 can also directly activate NF-κB signaling which
is able to maintain and/or upregulate TGF-β expression. The increased TGF-β levels
reinforce Treg-expressed CTLA-4 and GITR. CTLA-4 directly interacts with B7.1 (CD80)
and B7.2 (CD86) on DCs, resulting in downregulation of further T cell stimulation. The
GBM and mSC both express TGF-β, which can synergize with PD-L1 to suppress the T cell
effector response. By targeting one of more of these immunoregulatory pathways regulated
by GBM, it may be possible to reverse the immunosuppression. Candidate targets for
immunoregulatory suppression are shown in red. Note: Although IDO1 expression and
signaling are only shown in GBM cells, a similar mechanistic pattern is presumed to also
occur in DC and mSC. TCON: conventional CD4+FoxP3− T cell; TREG: regulatory
CD4+FoxP3+ T cell; TC: cytotoxic CD8+ T cell; 1-MT (1-methyl tryptophan): inhibitor of
IDO1; PS1145: inhibitor of the NF-κB pathway; DTA-1: monoclonal agonistic antibody for
GITR; Ipilimumab: humanized monoclonal antibody for CTLA-4; LY2109761: TGF-β
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receptor kinase inhibitor; MDX-1106: monoclonal antibody to PD-1; Anti-Gr1: mSC-
depleting antibody; Daclizumab: Humanized anti-CD25 (IL-2Rα). [110, 131, 137, 140,
145–149]
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Figure 5. A model for understanding how central hubs regulate T cell-mediated rejection vs.
progression in GBM
The red and blue dots are hubs within GBM and T cells, respectively. The lines connecting
the hubs represent pathways within each cellular network that cross-talk. This model focuses
on T cell hubs that are both critical to overall health, as well as co-ordination of activities
impacted by extracellular and intrinsic stimuli. Level 1 (L1) in T cells contains the central
hubs that control fundamental T cell programming responsible for regulating T cell viability
and tolerance. Level 2 (L2) hubs are classified as intermediary hubs that are important, but
not required for viability. L2 hubs are associated with serving as the co-ordination centers
for the majority of transcriptional activity required for signaling from the cell surface. This
level links incoming (extracellular) signals with intracellular transcription networks, such as
Jak/STAT signaling. Level 3 (L3) is associated with the most basic functions of T cells
involving mechanisms that govern cytokine regulation, perforin/granzyme production, as
well as regulation of receptor expression for molecules such as PD-1, GITR and/or TGF-βR
I/II. L3 is classified as a peripheral hub. L1 of GBM cells involve pathways that overcome T
cell tolerance resistance mechanisms including enzymes that regulate metabolic processes,
such as IDO, upregulation of cell-surface molecules, such as B7-H1, or expression of
immunosuppressive cytokines, such as IL-10 and TGF-β. (A) Under normal conditions (i.e.
healthy state), T cells have a ramified network of hubs that function to both counteract
pathways that induce immunosuppression by GBM cells, as well as to destroy GBM cells
via cytotoxic mechanisms. (B) During early GBM progression, normal T cell defenses have
been weakened and/or maladaptive responses occur. At this point, several peripheral hubs,
as well as an intermediary hub in T cells are compromised (purple dots) and counteracting
intracellular signals to co-ordinate tumor rejection (purple lines). (C) During late-stage
tumor progression, at least one central hub in T cells has been compromised as a result of
the maladaptive peripheral and intermediary hub signaling responses arising from factors
derived from the GBM cell(s). At this time, T cells are primarily regulated by the GBM to
promote tumor progression. This model points out that there are several pathways, both in T
cells and GBM cells, with various levels of importance that can be combinatorially targeted
for immunotherapeutic purposes.
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Table 1

Agents involved in creating an immunosuppressive environment.

Agent Acronym Known Receptor

Interleukin-10 IL-10 IL-10R

Transforming growth factor beta TGF-β TGF-βR(s) 1 and 2

Cytotoxic T-Lymphocyte Antigen 4 CTLA-4 CD80, CD86

B-and T-lymphocyte attenuator BTLA-4 TNFRSF14

V-set domain containing T cell activation inhibitor 1 B7-H4 n/a

Programmed cell death 1 ligand 1 PD-L1 PD-1

Glucocorticoid-induced TNFR-related protein GITR -

Indoleamine 2,3 dioxygenase IDO -

Tryptophan 2,3 dioxygenase TDO -

Kynurenine Kyn. Ahr

Regulatory T cell Treg -

Myeloid suppressor cell mSC -

Signal transducer and activator of transcription 3 STAT 3 -

Signal transducer and activator of transcription 5 STAT 5 -

-: No receptor interaction required
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Table 2

On-going clinical trials for patients with brain tumors.

Protocol ID Immunotherapeutic Strategy Phase Treatment Strategy(s)

NCT00002572 CTL’s and IL-2 I
Repeated allogeneic CTL/IL-2 brain infusions for
recurrent brain tumors.

NCT00014573 Chemotherapy/Stem Cell Transplantation/Interleukin-2 II
Combining chemotherapy, stem cell transplantation
and IL-2 for refractory or recurrent brain tumors.

NCT00047879
Phase II Trial of Peginterferon Alpha-2b and Thalidomide in
Adults With Recurrent Gliomas II

Peginterferon alpha-2b (PEG-Intron) alone and
together with thalidomide in patients with gliomas.

NCT00504660 6-TG, Capecitabine and Celecoxib with TMZ or CCNU II

The combination of capecitabine, celecoxib with
temozolomide or CCNU in the treatment of
recurrent or progressive anaplastic glioma or GBM
in patients who have failed previous treatments.

NCT01454596 White Blood Cells With Anti-EGFR-III I/II
Using anti-EGFR-expressing leukocytes for
advanced gliomas.

NCT00331526 Cellular Adoptive Immunotherapy II
IL-2 stimulated adoptive transfer of leukocytes in
patients with GBM.

NCT01235845 Combined CK/DC Treatment I/II

Dendritic cell-activated cytokine killer (CK)
treatment combined with DCs following tumor
resection and radiotherapy for malignant glioma.

NCT01081223 TVAX I/II

TVAX generates large numbers of ‘killer’ white
blood cells ex vivo for adoptive transfer into
recurrent glioma (stage IV) for tumor destruction.

NCT01144247 Allo CTL Therapy I
Using allogeneic (donor) CTLs to destroy brain
tumors.

NCT01082926 Modified CTL Adoptive Transfer I

Using an allogeneic CD8+ T cell line modified to
express the IL 13-Zetakine and HyTK and to be
resistant to glucocorticoids, in combination with
IL-2 for recurrent/ refractory malignant glioma.

NCT00626483 Treg depletion I/II

Using daclizumab (humanized anti-CD25α) in
treating patients with newly diagnosed GBM and
during TMZ-induced lymphopenia.

NCT00795457 Peptide/Adjuvant Delivery 0

Utilizing HLA-A2-restricted glioma antigen-
peptides in combination with poly-ICLC for adult
grade II astrocytomas and oligo-astrocytomas.

NCT00002965 Interferon alpha (IFN-α) II
Using IFN-α in patients with recurrent unresectable
meningiomas and malignant meningiomas.

NCT01171469 DC Vaccination I

Autologous dendritic cells (DCs) loaded with
allogeneic brain tumor stem cells administered as a
vaccination in children and adults with recurrent
brain tumors.

CTL: cytotoxic T lymphocyte (CD8+ T cell); IL-2: interleukin-2; 6-TG: 6-thioguanine; TMZ: temozolomide; CCNU: Lomustine; EGFR:
epidermal growth factor; GBM: glioblastoma multiforme; CK: cytokine killer; DC: dendritic cell; TVAX: immunotherapy made by TVAX
biomedical; poly-ICLC: carboxymethylcellulose, polyinosinic-polycytidylic acid, and poly-L-lysine double-stranded RNA; IFN: interferon.
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Table 3

Research questions regarding treatment of brain tumor patients.

Research Questions

Which signaling pathways are required to be targeted to inhibit immunosuppression?

Can immunostimulants and immunosuppresants be used simultaneously?

How do Tregs get selectively depleted, while avoiding the depletion of cytotoxic T cells?

What role do GSCs play in promoting immunosuppression?

Are there genes expressed by brain tumors that centrally regulate immune dysfunction?

Can combinatorial immunotherapy lead to greater success than single targeting modalities?
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Table 4

Treatments being tested or discontinued for brain tumor patients.

Compound Company Evidence Level Therapeutic Description

TP-38 Teva II Recurrent and refractory GBM

Bevacizumab Hoffmann-La Roche III Recurrent GBM

CRM-107 Celtic Pharma III Inoperable and recurrent glioma

Everolimus Novartis II Recurrent GBM

Imatinib Novartis Discontinued Recurrent GBM

Sirolimus Pfizer II Anticancer, immunological

Resveratrol GlaxoSmithKline Discontinued Anticancer

Temozolomide Cancer Research Technology III GBM

Temsirolimus Pfizer I/II
Relapsed/refractory neuroblastoma, rhabdomyosarcoma and high-grade
glioma

IL-13 toxin Insys Therapeutics III GBM and anaplastic astrocytoma

IL-4 PE Neurocrine Biosciences IIa GBM
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Table 5

Future immunological targets for the treatment of brain tumors.

Target/Strategy Rationale Evidence

EGFRvIII EGFRvIII is overexpressed at a high frequency in transformed but not normal brain tissue. [105, 150–152]

IL-13Rα2 IL-13Rα2 is overexpressed at a high frequency in transformed but not normal brain tissue. [153, 154]

IL-4R IL-4R is overexpressed at a high frequency in brain tumors. [84, 90, 155, 156]

DC Vaccine DC-lysate strategies have shown pre-clinical and clinical efficacy in high grade glioma. [109, 157–162]

IL-2 Exogenous IL-2 administration induces LAK cells. [163–168]

TGF-β2 TGF-β2 antisense therapy has shown clinical response in GBM patients. [169–172]

TGF-βR TGF-βR blockade has shown anti-tumor activity in pre-clinical GBM models. [173–175]

IFN-α Combinatorial treatment utlizing IFN-α has shown clinical success in patients. [176–179]

CTLA-4 CTLA-4 blockade has shown anti-tumor activity in pre-clinical GBM models. [110, 180]

Tregs Treg depletion leads to more effective anti-tumor responses in pre-clinical GBM models. [17, 21, 180, 181]

STAT-3 The STAT-3 plays a tumor-promoting role in pre-clinical GBM models. [69, 182, 183]
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Table 6

On-going clinical trials using dendritic cell-based immunotherapy.

TITLE PHASE LOCATION AGENT FORMAT

Surgical resection
with gliadel wafer
followed by DC
vaccination of
malignant glioma
patients

Phase 1 Cedars-Sinai Medical Center DC Surgery + Gliadel wafer
+ 3 DC injections at 2
week intervals

DC vaccine for
patients with brain
tumors

Phase II (new and
recurrent)

UCLA Autologous DC co-
incubated with tumor
lysate

Cohort 1: Surgery +
Tumor lysate-pulsed
DC; Cohort 2: Surgery
+ Tumor lysate-pulsed
DC + (TLR7 agonist);
Cohort 3: Surgery +
Tumor lysate-pulsed DC
+ (TLR3 agonist)

DC-activated
CIKCs combined
with DC treatment
for glioma

Phase I and II (new and
recurrent)

Qingdao University (China) DC-activated CIKCs Surgery + Irradiation + 4
DC injections (pulsed
with tumor lysate) at
weekly intervals +
intrathecally
administered DC-
activated CIKCs

DC cancer vaccine
for high-grade
glioma (GBM-Vax)

Phase II (multi-center) Trimed Biotech GmbH (Austria) Trivax: IL-12-secreting
DC co-incubated with
tumor lysate

Therapy cohort:
Surgery + TMZ +
Irradiation + Trivax;
Control cohort: Surgery
+TMZ + Irradiation

Efficacy and safety
of autologous DC
vaccination in
GBM after
complete surgical
resection

Phase II (new) Instituto Cientifico y Tecnologico
de Navarra, Universidad de Navarra

Autologous DC;
leukapheresis-extracted
monocytes and co-
incubated with tumor
lysate

Therapy cohort:
Surgery +
Chemotherapy +
Irradiation +
Subcutaneous
vaccination with
autologous DC; Control
cohort: Surgery +
Chemotherapy +
Irradiation

Vaccine therapy
with or without
sirolimus in treating
patients with NY-
ESO-1-expressing
solid tumors

Phase I (all solid
tumors)

Roswell Park Cancer Institute DEC-205-NY-ESO-1
fusion protein vaccine

Cohort 1a:DEC-205-
NY-ESO-1 at days 1, 29,
57, and 113; Cohort 1b:
DEC-205- NY-ESO-1 +
sirolimus at days 1–14,
29–42, and 57–70;
Cohort 1c: DEC-205-
NY-ESO-1 + sirolimus
at days 15–28, 43–56,
and 71–84; Cohort 1d:
DEC-205-NY- ESO-1
vaccine + sirolimus at
days 1–84

Study of the drug
[DCVax®-L] for
treating newly
diagnosed GBM

Phase II (new) Northwest Biotherapeutics DCVax®-L,
Autologous DC pulsed
with tumor lysate
antigen

Therapy cohort:
Surgery + TMZ +
Irradiation + 2
intradermal injections of
DCVax®-L; Control
cohort: Surgery + TMZ
+ Irradiation +
Autologous PBMCs

Vaccine therapy for
treating patients
undergoing surgery
for recurrent GBM

Phase I (recurrent) Duke University Autologous CD133+

BTSC mRNA-pulsed
autologous DC

Surgical resection +
Autologous BTSC
mRNA-loaded DC at
weekly intervals (×3),
then at monthly intervals
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TITLE PHASE LOCATION AGENT FORMAT

in the absence of disease
progression or high
toxicity

A study of ICT-107
immunotherapy in
GBM

Phase IIb (randomized,
double blind)

ImmunoCellular Therapeutics, Ltd. Autologous DC pulsed
with immunogenic
tumor peptides

Therapy cohort:
Surgery + TMZ +
Irradiation + ICT-107;
Control cohort: Surgery
+ TMZ + Irradiation +
Autologous DCs not
pulsed with Ags

COND: condition; DC: dendritic cells; CIKC: cytokine-induce killer cell; BTSC: brain tumor stem cell; IL-12: interleukin 12; Ags: antigens.
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