Immunotherapy for Malignant Gliomas

Orin Bloch

Abstract Cancer immunotherapy aims to harness the innate ability of the immune
system to recognize and destroy malignant cells. Immunotherapy for malignant
gliomas is an emerging field that promises the possibility of highly specific and less
toxic treatment compared to conventional chemotherapy. In addition, immuno-
therapy has the added benefit of sustained efficacy once immunologic memory is
induced. Although there are numerous therapeutic agents that boost general
immune function and facilitate improved antitumor immunity, to date, immuno-
therapy for gliomas has focused primarily on active vaccination against tumor-
specific antigens. The results of numerous early phase clinical trials demonstrate
promising results for vaccine therapy, but no therapy has yet proven to improve
survival in a randomized, controlled trial. The major barrier to immunotherapy in
malignant gliomas is tumor-induced immunosuppression. The mechanisms of
immunosuppression are only now being elucidated, but clearly involve a combi-
nation of factors including regulatory T cells, tumor-associated PD-L1 expression,
and CTLA-4 signaling. Immunomodulatory agents have been developed to combat
these immunosuppressive factors and have demonstrated efficacy in other cancers.
The future of glioma immunotherapy likely lies in a combination of active vacci-
nation and immune checkpoint inhibition.
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1 Cancer Immunotherapy

Under normal conditions, the immune system scavenges the body not only for
infection, but also for mutations and malignant degeneration of its own cells.
Immune surveillance and immunoediting keeps mutations in check, preventing true
malignancy before it begins [1]. Most systemic cancers arise only when neoplastic
cells escape immune control [2]. It is well recognized that patients with defects in
normal immune function are prone to developing multiple malignancies [3].
Cancer immunotherapy is broadly defined as any therapy that utilizes the
immune system to destroy malignant cells, thereby reestablishing immune control
of tumor growth [4]. Immunotherapy can be passive or active. Passive immuno-
therapy employs administration of antibodies or activated immune cells that target a
specific antigen expressed by the tumor. For example, monoclonal antibodies such
as trastuzumab target the HER2/neu receptor in breast cancer leading to signaling
blockade and arrest of tumor proliferation [5]. Adoptive transfer of modified chi-
meric antigen receptor (CAR) T cells utilizes immune cells that are generated and
expanded ex vivo to attack and destroy malignancies [6]. These passive immuno-
therapy strategies rely on introduction of exogenous immune factors not replicated
by the patient’s own immune system. Their limitation, like any chemotherapeutic
agent, is that efficacy only lasts as long as the agent is given. In addition, they target
a single tumor marker, selecting for growth of tumor cells that do not express this
marker. In contrast, active immunotherapy employs the immune system’s innate
response to the tumor. Active immunotherapy may consist of immunomodulatory
agents that boost already established but insufficient immune responses, or may
involve vaccination against tumor antigens to educate the immune system to rec-
ognize new tumor targets [7]. Active immunotherapy may have a single or multiple
antigenic targets, and can have sustained efficacy long after the therapy is given.
The primary effector of the innate immune response to malignancy is the
cytolytic CD8* T cell (CTL) [8]. Clonal populations of CTLs with T cell receptors
that specifically recognize tumor antigens can bind to class I major histocompati-
bility complexes (MHC) expressing the antigen on the tumor surface. This results in
tumor cell destruction through a variety of mechanisms [9]. Education of tumor-
specific CTLs begins in the peripheral circulation, where antigen presenting cells
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(APC) displaying tumor-specific peptides encounter naive T cells. When this
binding occurs in the presence of the appropriate costimulatory factors, clonal
expansion and activation of tumor-specific T cells results.

Some immunomodulatory agents nonspecifically enhance the natural process of
T cell education and activation/expansion to boost the innate immune response.
Agents such as interleukin-2 (IL-2) facilitate clonal expansion of T cells once
appropriate binding to the APC occurs [10]. IL-2 immunotherapy has shown sig-
nificant promise for the treatment of renal cell carcinoma and melanoma [11, 12].
Other agents such as interferons and toll-like receptor (TLR) agonists, nonspecif-
ically activate proinflammatory pathways in multiple immune cells, resulting in
increased T cell activity [13]. The latest trend in immunotherapy has been modu-
lation of immune checkpoints intended to prevent overactivation of the immune
response and autoimmunity [14]. Agents such as ipilumumab that inhibit CTLA-4
signaling appear to boost T cell-mediated immunity and have shown significant
responses in patients with melanoma [15]. An alternative approach to nonspecifi-
cally boosting immunity, is to direct an immune response against a specific tumor
antigen by vaccination. The first cancer vaccine, which utilized dendritic cells
(DCs) pulsed with antigenic peptides targeting prostate, was approved by the FDA
in 2010 [16]. Tumor vaccines can be generated to target tumor-specific markers,
and have the added benefit of generating immunologic memory for sustained
efficacy even after the vaccination period is over.

1.1 Immunotherapy for Gliomas

Active immunotherapy relies on systemic exposure to tumor-specific antigens and
sufficient costimulus for activation of CTLs. For most systemic cancers, recognition
of tumor antigens occurs naturally as part of routine immunoediting [17]. In con-
trast, the brain is a relatively immune-privileged space, protected behind the blood
—brain barrier (BBB). Rather than being scavenged by DCs, foreign antigen rec-
ognition in the brain is usually left up to resident microglia and astrocytes that
express TLRs [18, 19]. Only once an inflammatory response is initiated and
cytokines are produced by resident cells, does the BBB become permeable to
peripheral immune cells [20]. High-grade gliomas, associated with significant
necrosis and inflammation, are known to be infiltrated by peripheral immune
effector cells [21]. The majority of immune cells in high-grade tumors are mac-
rophages, with T cells representing only 5-10 % of infiltrating cells [22]. Therefore,
unlike most systemic tumors that are recognized by the immune system prior to
escaping immune surveillance, glial tumor antigens may not be recognized by the
peripheral immune system until the tumors have substantially progressed and
become highly inflammatory. Even once high-grade tumors are infiltrated by
immune effectors, it is unclear how well tumor antigens are presented by APCs in
circulation. Therefore, the primary modality of immunotherapy for gliomas to date
has been active tumor vaccination rather than the use of immunomodulatory agents.
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Vaccination ensures that the immune system is educated against tumor-specific
peptides rather than nonspecifically activated.

2 Glioma Vaccines

Numerous vaccines targeting glioblastoma (GBM) have been tested in clinical trials
(Table 1). The various vaccines differ in the antigenic peptides that they target and
the method by which the antigen is delivered to the immune system. Ultimately, a
successful vaccine must deliver a tumor-specific peptide(s) to the patient’s APCs
such that the peptide is displayed on class I MHC and presented to naive T cells in
circulation for education and clonal expansion. This can be accomplished by
delivering tumor cell fragments or naked peptides systemically along with an
immune adjuvant that stimulates uptake by circulating APCs and T cell prolifera-
tion. Alternatively, DCs can be extracted by plasmapheresis and pulsed with tumor
antigens ex vivo. The antigen presenting DCs can then be reintroduced into cir-
culation to activate T cells. Finally, antigens can be delivered to DCs in circulation
using specialized antigen carriers such as heat shock proteins (HSP). Each of these
approaches has been used as a vaccine modality for GBM in a clinical trial.

2.1 Peptide Vaccines

Systemic delivery of tumor-specific peptides or cell fragments can be used to
educate and activate CTLs through uptake and presentation by dermal APCs. The
process of uptake and expression of the antigenic peptides is enhanced by conju-
gating them to immune stimulants, such as keyhole limpet hemocyanin (KLH), and/
or simultaneously administering leukocyte growth factors, such as GM-CSF or
IL-2. The key to this approach is delivering peptides that are significantly expressed
and highly specific for the tumor. Vaccines can be created by selecting antigenic
target(s) and generating synthetic peptides, by extracting specific peptides from
tumor lysates, or by nonspecifically delivering tumor cell lysates with a variety of
antigenic peptides.

The most investigated target of a specific peptide vaccine in GBM is the tumor
variant epidermal growth factor receptor (EGFRvVIII). Amplification and overacti-
vation of EGFR is a common mutation seen in GBM [23]. Approximately 30—40 %
of GBM patients express an aberrant receptor, EGFRVIII, which remains consti-
tutively active regardless of ligand binding, driving cell activity [24]. EGFRVIII is
only expressed by GBM cells, making it an ideal target for vaccine therapy.
A peptide vaccine containing a 14 amino acid antigenic sequence for EGFRvVIII
conjugated to KHL (rindopepimut) has been studied in phase II and III trials for
newly diagnosed and recurrent GBM [25]. In the ACTIVATE trial, 18 patients
received the vaccine and concurrent GM-CSF for newly diagnosed GBM following
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surgical resection and standard concurrent temozolomide chemotherapy and con-
formal radiotherapy (NCT00643097). The median progression-free survival (PFS)
in the study was 12.3 months. In the ACT II trial, 22 patients received the vaccine
after standard therapy and went on to adjuvant temozolomide therapy after pro-
gression (NCT00643097). Median PFS was 15.3 months and overall survival (OS)
was 20.5 months [26]. The primary outcome measure in these trials was PFS, which
faired favorably against historical control data from disease-matched patients with a
median PFS of 6.4 months. These results led to the ACT III study, a phase II trial of
the vaccine following surgery and chemoradiotherapy for newly diagnosed GBM,
given concurrently with maintenance temozolomide (NCT00458601). The primary
outcome for this trial was also PFS, with a median PFS of 12.3 months and a
median OS of 21.8 months. A phase III trial of the EGFRVIII vaccine with adjuvant
temozolomide versus placebo with temozolomide is currently ongoing (ACT 1V;
NCT01480479). Additionally, a phase II trial of the vaccine with bevacizumab
versus bevacizumab alone for recurrent GBM in adults is ongoing (ReACT;
NCT01498328).

In addition to EGFR, a number of other target proteins have been used to
develop peptide vaccines for GBM. A Japanese phase II trial of a peptide vaccine
targeting the Wilms Tumor (WT1) protein in recurrent gliomas demonstrated a
median PFS of 5 months [27]. A phase I trial of a WT vaccine for advanced solid
malignancies including GBM is now underway in the United States. Other phase I
trials targeting a survivin peptide, CMV antigens, and telomerase are ongoing (see
Table 1). The challenge for peptide vaccines with a single target is that their use is
limited to patients who express the target. In the case of EGFRVIII, only 30-40 %
of patients are eligible to receive the vaccine based on target protein expression.
Furthermore, GBM is known to have significant heterogeneity in gene expression
from cell to cell within the tumor [28]. Targeting a single protein may lead to
eradication of all cells expressing that target, but other cells may survive, resulting
in recurrence with selection for tumor that is not recognized by the immune
response. This was demonstrated with the EGFRVIII peptide vaccine in the phase 11
trial [26]. All patients in the trial were histologically proven to have EGFRvVIII
expression at enrollment; however, of the 11 patients in the trial who underwent
biopsy/re-resection at recurrence, 9 of 11 (82 %) had no evidence of EGFRVIII
expression in the recurrent tumor [26]. These results suggest that the vaccine was
effective in eradicating its target, but facilitated selection of a resistant tumor at
recurrence.

To address the concern of limited efficacy with a single antigenic target, a new
generation of multivalent peptide vaccines is now in clinical trials for GBM. The
peptide vaccine SL-701 is a proprietary multivalent vaccine that has been tested for
a mixed group of pediatric high-grade gliomas in a phase I trial with evidence of a
positive immunologic response in 81 % of patients [29]. A phase I/II study is now
enrolling adult patients with recurrent GBM (NCT02078648). The IMA950 plat-
form contains a proprietary group of 11 synthetic HLA-A2 restricted tumor-asso-
ciated peptides (TUMAPs) identified by screening a large number of GBM samples
[30]. This multivalent peptide vaccine is being studied in patients with newly
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diagnosed GBM when given in combination with GM-CSF (NCT01222221). A
phase I/II study of IMA950 in combination with Poly-ICLC is now recruiting
patients as well (NCT01920191). Enrollment in this trial is still limited to HLA-A2
positive patients and it is unclear how many of the target peptides the average
individual patient actually expresses.

2.2 Dendritic Cell Vaccines

In contrast to peptide vaccines that rely on endogenous APCs to uptake and display
the peptide for T cell stimulation, DC vaccines control this crucial step by ex vivo
manipulation. DC vaccines are generated after harvesting a patient’s autologous
DCs by plasmapheresis. Cells are stimulated ex vivo and antigenic peptides are
introduced by pulsing them with DCs in culture. Activated DCs expressing the
antigenic peptides on class I MHC are then reintroduced systemically, facilitating
education of naive T cells. This approach was used for the first cancer vaccine
approved by the FDA, developed for the treatment of prostate cancer [16]. In
comparison to peptide vaccines that can be given “off the shelf”, this personalized
vaccine approach is much more labor intensive and expensive. However, while
peptide vaccines require predetermination of the antigenic target to synthesize the
immune-stimulatory peptide, DCs can be pulsed with selected peptides or whole
tumor lysate, allowing development of a unique, multivalent vaccine targeting the
most highly expressed antigens in a particular patient’s tumor.

A number of early phase clinical trials utilizing DC vaccine for GBM have been
completed and reported (Table 1). The ICT-107 vaccine utilizes a panel of six
HLA-A1/2 restricted peptides known to be highly expressed in glioma stem cells
that are pulsed into autologous DCs for generation of the vaccine. In a small phase I
study, the vaccine demonstrated highly hopeful results in 17 newly diagnosed GBM
patients with a median PFS of 16.9 months and median OS of 38.4 months [31].
This led to a randomized, placebo-controlled phase IIb trial for newly diagnosed
GBM (NCTO01280552). Although not yet published, the results have been reported,
demonstrating that the median OS in 81 vaccine treated patients was only
18.3 months with no significant differences in the treatment and placebo arms.
Other DC vaccines with selected glioma-associated antigens have shown similar
median OS of approximately 18 months in early phase trials with mixed high-grade
gliomas [32].

Capitalizing on the advantages of the DC approach, a number of studies have
utilized whole tumor lysate pulsed into DCs to develop a patient-specific multi-
valent vaccine. Single arm phase I/II trials utilizing this approach in mixed popu-
lations of newly diagnosed and recurrent GBM have demonstrated median PFS of
8—18 months with median OS of 18-34 months [33, 34]. It is difficult to assess
efficacy in these small, single arm trials with mixed populations of newly diagnosed
and recurrent GBM patients, as well as some anaplastic astrocytoma patients. These
trials do, however, clearly demonstrate a robust immune response in the majority of
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patients in response to vaccination [33]. A number of other early phase trials of DC
vaccine with more homogenous populations are currently ongoing (Table 1). In
addition, a phase III, randomized, placebo-controlled trial of the DCVax-L vaccine,
an autologous tumor lysate pulsed DC vaccine, is currently underway for newly
diagnosed GBM patients (NCT00045968). The results of this trial are highly
awaited and will be an important determinant of the viability of DC vaccines for the
treatment of GBM.

2.3 Heat Shock Protein Vaccines

An alternative method to deliver antigenic peptides to APCs for presentation to
naive T cells is the use of heat shock proteins. HSPs are intracellular chaperones
involved in trafficking peptides throughout an active cell. They are ubiquitously
expressed in all cells, but particularly in cells under stress, such as neoplasms.
Members of the HSP family, such as HSP 70 and 96, have specialized mechanisms
to deliver antigenic peptides to APCs for presentation [35]. Peptides bound to HSP-
96 in the extracellular environment can be internalized into endogenous DCs
through the CD91 receptor, resulting in cleavage of the peptide and expression of
the antigen on class I and II MHC [36]. By extracting HSP-96 with its associated
peptides from whole tumor lysate, a personalized polyvalent vaccine can be gen-
erated. HSP vaccines are easier and more cost-effective to produce than DC vac-
cine, while maintaining the personalized polyvalent antigen expression not
available with peptide vaccines.

A heat shock protein peptide complex-96 (HSPPC-96) vaccine has been
developed and tested in newly diagnosed and recurrent GBM in phase I/II trials. In
a phase I study, 11 of 12 vaccinated patients were found to have a significant
peripheral immune response to intradermal vaccination [37]. In a phase II study for
recurrent GBM in 41 patients, median PFS was 5 months and median OS was
10.5 months [38]. The phase II study for newly diagnosed GBM has not been
published, but early results in 46 patients demonstrate a median PFS of 16 months
and median OS of 23.3 months [39]. These single arm results are promising, but
randomized, controlled phase II/III trials are necessary to assess the true clinical
benefit. A phase IIb trial of the HSPPC-96 vaccine with bevacizumab versus
bevacizumab alone for recurrent GBM is currently ongoing (NCT01814813).

3 Immune Modulators

While the results of early phase clinical trials for glioma vaccines demonstrate
promising results, the survival benefit among highly selected patient populations is
on the order of months, rather than years or decades. In most of these trials, a
positive immune-stimulatory response to vaccination has been measured. So, why
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are not the benefits of immunotherapy greater? In general, cancer is known to be
highly immunosuppressive. This is particularly true of gliomas. Multiple studies
have demonstrated that patients with gliomas have reduced leukocyte counts and
impaired leukocyte function, a phenomenon that worsens with the grade of the
tumor [40-42]. The mechanisms of local immunoresistance and systemic immu-
nosuppression are multifactorial, but a few key factors have been identified in GBM
and other cancers.

3.1 Regulatory T Cells

Regulatory T cells (Tregs) are a subclass of CD4™ T cells that exert an immuno-
suppressive effect on APCs and effector T cells through the production of immu-
nosuppressive cytokines such as IL-10 and TGF-b [43]. Tregs (defined as CD4*,
CD25", FoxP3*) are enriched in the blood and tumor of patients with GBM,
establishing an immunosuppressive environment [44—46]. Soluble factors secreted
from the tumor have been shown to recruit and expand Tregs, and therefore the
degree of immunosuppression is proportional to the tumor burden [47]. Experi-
mental depletion of Tregs in animal models of gliomas has been shown to improve
survival [48]. Humanized monoclonal antibodies targeting the alpha subunit of the
IL-2 receptor (CD25) are now available for clinical use. Although developed to
modulate autoimmune diseases, these agents have been used in small pilot studies
for GBM in combination with vaccine immunotherapy to deplete Tregs. When
daclizumab was given to patients with newly diagnosed GBM in combination with
an EGFRVIII peptide vaccine, a significant reduction in Tregs was demonstrated
relative to saline-injected control patients [49]. Additionally, patients with
decreased Tregs mounted a greater humoral response to vaccination, as had been
previously shown in other studies [50]. A phase I study of basiliximab in combi-
nation with a DC vaccine is currently ongoing (NCT00626483).

3.2 CTLA-4

Normal activation of effector T cells involves binding of the specific T cell receptor
to its antigenic target displayed on the MHC of an APC. Activation also requires
binding of a cofactor (B7.1/B7.2) on the APC with its receptor (CD28) on the T
cell. However, B7 can also bind to the CTLA-4 receptor on T cells resulting in the
opposite effect, T cell inactivation [51]. The balance of binding to CD28 versus
CTLA-4 determines the relative activity of systemic T cells. Inhibiting CTLA-4 can
increase overall T cell reactivity and boost systemic immunity [4]. Inhibitors of
CTLA-4, such as ipilimumab, have been shown to modulate the immune response
to cancer in melanoma patients and can successfully improve survival when used as
monotherapy or in combination with vaccines [52]. Although there is limited data
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on CTLA-4 expression in circulating T cells in GBM, the use of ipilumumab in
GBM has been suggested and is part of a 3-arm trial of immunomodulators versus
bevacizumab for recurrent GBM currently in a phase II trial (NCT02017717). Since
Tregs are also known to express high levels of CTLA-4, CTLA-4 inhibitors, may
function in part by modulating Treg activity as well [15].

3.3 PD-L1

T cell activity is also modulated by the immune checkpoint regulator programmed
death ligand 1 (PD-L1), also known as B7 homologue 1 (B7-H1). PD-L1 is nor-
mally expressed on a variety of immune cells and can bind to its receptor, pro-
grammed death 1 (PD-1), on T cells, inducing T cell apoptosis or anergy. It is now
well recognized that expression of PD-L1 on the surface of cancer cells results in
immunoresistance in the tumor microenvironment [53]. Inhibitors of PD-L1 and the
PD-1 receptor have been tested in early phase clinical trials for a variety of
advanced solid organ tumors, demonstrating significant tumor regression in a small
subset of patients [54, 55]. In GBM, expression of PD-L1 on the surface of tumor
cells has been linked to loss of PTEN and overactivation of the PI3(k)-Akt pathway
[56]. Tumor expression of PD-L1 contributes to local immunoresistence in GBM in
a subset of patients with elevated expression [57]. However, most GBM patients are
known to be systemically immunosuppressed with T cell dysfunction in circulation
[41]. Recently, it has been identified that GBM patients also have increased PD-L1
expression on circulating monocytes and tumor-infiltrating macrophages, leading to
a tumor-independent mechanism of immunosuppression [58]. Expression of PD-L1
on circulating monocytes has been shown to correlate with significantly worsened
survival in patients who received the HSPPC-96 vaccine for newly diagnosed GBM
[39]. A phase II trial of nivolumab, a PD-1 inhibitor, is currently ongoing for
patients with recurrent GBM (NCT02017717).

4 Discussion

Immunotherapy for the treatment of cancer offers the possibility of a highly spe-
cific, minimally toxic alternative to chemotherapy, with the benefit of sustained
efficacy provided that immunologic memory is induced. While immunotherapy
comes in many forms, immune recognition of tumor-specific antigens by endoge-
nous exposure or exogenous introduction of antigenic peptides is necessary for
efficacy. Due to the lack of systemic metastasis by gliomas and their immune-
privileged space behind the BBB, it is often believed that active vaccination is
necessary to mount an immune response to gliomas. Nearly all active immuno-
therapy trials of GBM to date have been vaccine trials with or without an immune
stimulating adjuvant. As presented, the results of a number of phase I/II trials for
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glioma vaccines demonstrate moderate improvement in survival as compared to
historical controls. Dramatic effects of glioma vaccines are limited by the challenge
of immunosuppression and local tumor immunoresistance. The mechanisms
underlying the immunosuppression, including expansion of Tregs, CTLA-4
expression, and PD-L1/PD-1 interaction, have just recently been fully elucidated.
Targeting these factors with immune modulating therapy has been successful in
other cancers, but those other tumors are known to metastasize hematogenously and
to be highly immunoreactive at baseline. Although a trial of PD-1 inhibition with
and without CTLA-4 inhibition is currently ongoing for recurrent GBM, it is not
clear that immune checkpoint modulation alone is sufficient to mount a robust
immune response in GBM. More likely, a combined approach of active vaccination
with immunomodulation to boost the response will be the most effective therapy for
gliomas. Such combined therapy is not currently part of any active clinical trial, but
is being planned for a number of vaccine approaches. Immunotherapy for cancer,
and particularly for gliomas, is still in its early stages, but as our understanding of
the critical factors in cancer immunology matures, immunotherapy will likely play a
larger part in the treatment of malignant gliomas.
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