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Abstract

Introduction—Malignant gliomas are highly invasive tumors, associated with a dismal survival
rate despite standard of care, which includes surgical resection, radiotherapy and chemotherapy
with temozolomide (TMZ). Precision immunotherapies or combinations of immunotherapies that
target unique tumor-specific featuresmay substantially improve upon existing treatments.

Areas covered—Clinical trials of single immunotherapies have shown therapeutic potential in
high-grade glioma patients, and emerging preclinical studies indicate that combinations of
immunotherapies may be more effective than monotherapies. In this review we discuss emerging
combinations of immunotherapies and compare efficacy of single vs. combined therapies tested in
preclinical brain tumor models.

Expert opinion—Malignant gliomas are characterized by a number of factors which may limit
the success of single immunotherapies including inter-tumor and intra-tumor heterogeneity,
intrinsic resistance to traditional therapies, immunosuppression, and immune selection for tumor
cells with low antigenicity. Combination of therapies which target multiple aspects of tumor
physiology are likely to be more effective than single therapies. While we describe a limited
number of combination immunotherapies which are currently being tested in preclinical and
clinical studies, the field is expanding at an astounding rate, and endless combinations remain
open for exploration.
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1. Introduction

Gliomas are highly invasive tumors which often occur in the cerebral hemispheres?.
Glioblastoma Multiforme (GBM), the most common and aggressive form of glioma, has a 5-
year survival rate of about 5%2, creating a need for aggressive and effective therapies.
Current standard of care includes surgical resection followed by radiotherapy and the
alkylating agent temozolomide (TMZ)3. However, surgical resection is limited by the
diffuse, infiltrative nature of these tumors, and median survival following surgery,
radiotherapy, and TMZ remains dismal3. The development of immunotherapies which target
unique features of glioma may significantly improve therapeutic outcomes. It has been
extensively demonstrated that it is not possible to mount an effective adaptive immune
response against antigens located within the brain parenchyma®=" . However, research from
our group and others has established that the central nervous system is not an immune-
privileged site as previously thought®-11. Antigen presenting cells (APCs) are indeed present
in the normal brain12, albeit at very low levels. Immune cells can traffic from the CNS to the
draining cervical lymph nodes!3, and the BBB is permeable to immune cells under
conditions of inflammation4, opening the door to effective immunotherapies for tumors
located within the brain. One main hurdle that needs to be overcome is the highly
immunosuppressive nature of the tumor microenvironment!# 15, which hampers the efficacy
of immunotherapies.

1.1 Molecular heterogeneity in glioma

Recent advances in molecular characterization of gliomas have allowed for higher resolution
classification, facilitating the development of precision immunotherapies or combinations of
immunotherapies for GBM. Traditional histopathological methods of diagnosis rely on
morphological classification of gliomas as astrocytomas, oligodendrogliomas, or
oligoastrocytomas, a process which is complicated by morphological ambiguity and inter-
observer variability6. The new 2016 WHO classification of CNS tumors incorporates both
histopathological features and molecular markers into its updated classification scheme,
increasing objectivity of classification and homogeneity of diagnostic groupings!’. The 2016
WHO classification distinguishes primary and secondary GBM based on IDH mutation
status. While IDH wild type and IDH mutant tumors appear histologically similar, they arise
from distinct cells of origin and likely represent separate disease entities'8. Primary GBMs,
which arise de novo mostly in elderly patients, are defined by wild type IDH1 status, while
secondary GBMs, which usually occur in younger patients and are associated with a more
favorable prognosis, display mutant IDH19. Pediatric gliomas are characterized by the
presence of PDGFR amplification?? and H3F3A mutation?1: 22, Other molecular markers
with prognostic value are methylation of the MGMT gene and codeletion of chromosome
arms 1p and 19q, which are both independently associated with favorable clinical
prognosis?3, and ATRX mutations, which result in greater responsiveness to double stranded
DNA-damaging agents in preclinical studies?4.

Large scale clustering of recurrent genomic alterations in GBM into proneural, neural,
classical, and mesenchymal subtypes reveals differences in treatment efficacy of
chemotherapy and radiotherapy2. However, clinically relevant molecular characterization of
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tumors is complicated by the heterogeneity of molecular markers within a single tumor.
Recent studies reveal that individual GBMs contain a mixture of cells corresponding to
different subtypes; genetic signatures from cells in one tumor could be classified into more
than one subtype in 5 out of 5 tumors sampled in one study26 and 6 out of 10 tumors
sampled in another?’. The striking diversity of tumor cells across different gliomas and
within a particular tumor suggests that single therapies are less likely to be effective.
Furthermore, treatment using a therapy which targets a single tumor specific antigen might
eliminate highly antigenic tumor cells, applying a selective pressure in favor of variants
which escape the immune system through poor antigenicity28 29, A trial of the EGFRvIII
peptide vaccine in patients with EGFRvIII-expressing GBM revealed that 82% of recurrent
tumors had lost EGFRVIII expression??, suggesting that tumors may lose their antigenic
epitopes over time.

1.2 Immunosuppression in glioma

The success of immunotherapies may be limited by a number of immunosuppressive
mechanisms employed by GBM; understanding and targeting these mechanisms will likely
broaden the therapeutic potential of immunotherapies. Glioma cells overexpress secreted
immunosuppressive factors including TGF-g, IL-10, and VEGF (which limits antitumor
immunity through defective dendritic cell (DC) maturation in addition to its role in neo-
vascularization)3% 31, Glioma-secreted Indolamine 2,3 Dioxygenase 1 (IDO) is a
tryptophan-metabolizing enzyme that inhibits effector T cell function and increases the
recruitment of immunosuppressive regulatory T cells (Tregs)32. It has been found that Tyegs,
which physiologically inhibit T cell activation to prevent autoimmunity, represent an
increased fraction of the CD4+ T cell population in patients with malignant glioma, resulting
in immunosuppression33. In addition to Tregs, gliomas have increased infiltration of other
immunosuppressive cells such as tumor associated macrophages (TAMS), which enhance
tumor invasiveness and secrete immunosuppressive cytokines34, and myeloid-derived
suppressor cells (MDSCs), which suppress T cell functions and promote the expansion of
Tregs35, 36.

Cell surface molecules can further dampen antitumor immunity; GBM cells which express
FasL induce apoptosis in T lymphocytes which express Fas3”. Gliomas also strongly express
B7-H1, or PDL138, inhibiting CD4+ and CD8+ T cell activation and mediating T cell
exhaustion through the activation of Programmed Cell Death Protein 1 (PD-1)3. This
process of T cell exhaustion results in decreased cytokine expression and effector function
and upregulation of multiple immunosuppressive markers such as immunological
checkpoints PD-1, Tim-3, and LAG-340, Cytotoxic T lymphocyte antigen 4 (CTLA4), a
marker expressed on activated T cells and Tyegs41, 42 binds with high affinity to CD80 and
CD86 receptors, blocking costimulatory signaling for T cell activation3-4°. Because these
markers limit the ability of the immune system to mount a successful antitumor response,
and therapeutic strategies using blocking antibodies that target these proteins have proven
efficacious for other tumors, such as melanoma, immunosuppressive checkpoints are
attractive targets for GBM immunotherapy.
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2. Single immunotherapies for glioma

Several approaches to immunotherapy for glioma are currently being tested, including
immunosuppressive checkpoint blockade, immunostimulatory gene therapy, active
immunotherapy through vaccination, passive antibody therapy, and adoptive immunotherapy
through T cell transfer or CAR T cells#6-49, A recent review by our group provides a
comprehensive summary of currently tested single immunotherapies and their efficacies in
preclinical and clinical studies®® . Several immunotherapies show impressive antitumor
activity in preclinical studies but demonstrate limited efficacy in clinical trials. Below we
highlight two examples of single immunotherapies which demonstrate promising results in
early studies but mixed resultsin large scale clinicaltrials .

2.1 EGFRVIII peptide vaccine

Peptide vaccination strategies aim to generate a tumor-specific adaptive immune response by
targeting epitopes of tumor associated antigens, which are found in normal tissues but
overexpressed in tumors, or tumor-specific antigens, which occur only in tumors. Commonly
occurring mutations in glioma are excellent targets for peptide vaccination. One such target
is epidermal growth factor receptor variant Il (EGFRvIII); the EGFRvIII mutation is
oncogenic in GBM, and results from an in-frame deletion of the extracellular domain of the
protein, which creates a neoepitope®!. A phase Il multicenter trial of the EGFRVIII peptide
vaccine in patients with EGFRvIII-expressing GBM resulted in median overall survival (OS)
of 26.0 months, greater than that of the control group2®. However, at tumor recurrence 82%
of patients did not exhibit EGFRVIII expression, suggesting that immune selection for tumor
cells which lack expression of the targeted antigen may limit the success of single peptide
vaccines??. Another recent phase Il multicenter trial of the EGFRVIII peptide vaccine
resulted in median OS of 21.8 months and median progression free survival (PFS) of 9.2
months, greater than OS and PFS reported in patients receiving standard therapy with
surgery, chemoradiation, and TMZ52, However, it is likely that the phase 11 study, which
compared EGFRVIII peptide vaccination to historical controls, overestimated therapeutic
effect; the phase 111 study of the EGFRvIII peptide vaccine with GM-CSF was discontinued
based on the determination by the Data Safety and Monitoring Board that continuation of
the study would not reach statistical significance for overall survival in patients with
minimal residual disease>S.

2.2 Dendritic cell vaccinespulsed with peptides

DC vaccines take advantage of the fact that DCs are highly efficient APCs that can activate
CD4, CD8, NK and NKT cells, inducing strong anti-tumor immunity*®: 54, DC vaccines are
prepared from autologous mononuclear cells that are pulsed with peptides from tumor-
associated antigens or whole tumor lysates. Interestingly, it has been shown that efficacy of
DC immunotherapy correlates with glioma gene expression profile. In a clinical study of
tumor-lysate pulsed DCs, patients with the mesenchymal gene expression profile, which is
associated with increased inflammatory infiltrates2, demonstrated increased survival when
compared to historical controls of the mesenchymal subtype; patients with the proneural
gene expression profile demonstrated no difference in overall survival when compared to
historical controls of the proneural subtype®®. A phase I/11 trial evaluated the efficacy of a
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DC vaccine pulsed with synthetic peptides from glioma associated antigens (EphA2,
IL13Ra2, YKL-40, and gp100) in patients with recurrent malignant glioma®®. 41% of
patients demonstrated progression free survival for at least 12 months, and 9% of patients
experienced objective clinical tumor regression®® . The ICT-107 DC vaccine is pulsed with
six synthetic peptides (HER2, TRP-2, gp100, MAGE-1, IL13Ra?2 and AIM-2) expressed on
gliomas and overexpressed in glioma stem cells. In a phase Il study of this vaccine, 17
patients with newly diagnosed GBM were treated with ICT-107, resulting in a median PFS
of 16.9 months and median OS of 38.4 months®’. A phase 111 trial to test the efficacy of
ICT-107 in HLA-A2-positive patients with newly diagnosed GBM (NCT02546102) is
ongoing. Another phase Il trial of an autologous DC vaccine, referred to as DCVax-Brain,
was conducted for newly diagnosed patients with GBM (NCT00045968): patient-derived
DCs were pulsed with the same set of six synthetic peptides included in the ICT-107 vaccine
(HER2, TRP-2, gp100, MAGE-1, IL13Ra2 and AIM-2)%8. Treatment efficacy was
compared with placebo control, demonstrating limited clinical benefit.

3. Combination immunotherapeutic strategies for glioma

Combinations of immunotherapies may improve upon single immunotherapies through
synergistic effects, ability to address heterogeneity of tumors, and limiting immune selection
for cells which evade the immune system. While the following section describes a limited
number of currently tested combinations of immunotherapies, the field is brimming with
possibilities. Many other combinations are currently in the pipeline, and countless new
strategies are open for exploration.

3.1 Combination strategies utilizing immunosuppressive checkpoint inhibitors

3.1.1 Combinations of multiple checkpoint inhibitors—Gliomas co-opt
physiological strategies for preventing self-reactivity, dampening the antitumor immune
response. Blocking these immunosuppressive checkpoints may allow for enhanced
antitumor reactivity. Checkpoint inhibitors which target CTLA4 (an early checkpoint in the
immune response which blocks costimulatory signaling) or the PD1/PDL1 axis (which
mediates T cell exhaustion) are good candidates for combination immunotherapy. Preclinical
studies by Wainwright et a/ provide promising evidence supporting therapeutic application
of multiple checkpoint blockade. IDO inhibition with 1-methyltryptophan (1-MT)
administered with anti-CTLA4 and anti-PDL1 monoclonal antibodies resulted in 100%
durable survival of mice implanted with GL261 glioma cells in comparison to 20% durable
survival in mice treated with 1-MT alone®®. Furthermore, triple therapy decreased the
number of tumor infiltrating Tyegs to a greater extent than treatment with 1-MT alone or
combination of 1-MT with either CTLA4 blockade or PDL1 blockade®®. Clinical studies of
an anti-CTLA4 antibody (ipilimumab) combined with an anti-PD1 antibody (nivolumab) in
patients with melanoma resulted in a 40% objective response rate, exceeding response rates
in treatment with either ipilimumab or nivolumab aloneS0. Current clinical trials are testing
the safety and efficacy of nivolumab combined with ipilimumab in GBM (NCT02017717,
NCT02311920). Other clinical trials are testing different antibodies which target CTLA4
(tremelimumab) and PDL1 (durvalumab) in recurrent malignant glioma (NCT02794883),
and nivolumab in combination with the anti-LAG3 antibody urelumab (NCT02658981) for
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GBM. One potential drawback of checkpoint inhibitors is the occurrence of treatment-
related adverse events; the study of ipilimumab and nivolumab in patients with melanoma
revealed treatment-related adverse events including rash, pruritus, fatigue, and diarrhea in
93% of patients who received concurrent treatment, and serious adverse events including
hepatic, gastrointestinal, and renal events in 49% of patients who received concurrent
treatment80, Although the study reports that treatment-related adverse events were generally
manageable with immunosuppressants, these findings warrant further exploration into
strategies which limit treatment-related adverse events.

3.1.2 Checkpoint inhibitors combined with other immunotherapies—Immune
checkpoint blockade therapy may also increase the efficacy of vaccination and antibody-
mediated therapies. Early vaccination with GM-CSF-expressing glioma cells and treatment
with anti-CTLA4 antibodies resulted in increased survival of mice bearing GL261 tumors
compared to either treatment alone®2. In this model, combination therapy resulted in a
greater antigen-specific immune response, as measured by IFN-y release by splenocytes
upon stimulation with irradiated GL261 cells, when compared to monotherapy with CTLA4
blockade or vaccination alone. Other murine studies of immune checkpoint blockade
combined with vaccination in different tumor models show similarly promising results62 63,
A clinical study of nivolumab with a multipeptide vaccine in patients with ipilimumab-naive
or ipilimumab-refractory melanoma demonstrated safety and tolerability of treatment and
revealed a response rate of 25% according to RECIST criteria®* The AVeRT trial
(NCT02529072) is currently studying the safety and efficacy of nivolumab with and without
DC vaccine therapy prior to surgical resection and following surgery. Other clinical trials are
testing immune checkpoint blockade in combination with antibody therapy directed at
alternative targets. A phase 1 study is currently testing nivolumab in combination with the
anti-CSF1R antibody FPA008, which blocks recruitment of tumor-associated macrophages
to the tumor microenvironment in patients with advanced cancers, including glioma
(NCT02526017).

Checkpoint inhibition has also been shown to improve the efficacy of CAR T cell therapy.
Chimeric antigen receptors (CARs) are synthetic molecules that re-direct T cells to specific
antigens that are ideally not expressed on normal tissues5°. However, the success of CAR T
cell therapy has been limited by several factors including immunosuppressive tumor
microenvironment, tumor heterogeneity, and limited T cell trafficking to tumor sites®6: 67, A
preclinical study aimed to target immunosuppression mediated by upregulation of
immunosuppressive checkpoint ligands in tumor microenvironment in order to enhance
cytotoxic efficacy of CAR T cells®8. CAR T cells targeting costimulatory domains CD28
and CD4-1BB in a mouse model of pleural mesothelioma showed decreased T cell lytic
function in the presence of upregulated PD-1. PD-1 antibody blockade in combination with
CD28-targeted CAR T cell therapy rescued exhausted CD 28 CAR T cells®8. Additionally,
CD28 CAR T cells engineered to block PD-1 signaling exhibited enhanced tumor control
and median survival when compared to the unmodified CD28 CAR Tcell control in a mouse
model of pleural mesothelioma 68.
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3.2 Other combination strategies targeting immunosuppression in the tumor
microenvironment

Some approaches aim to limit tumor immunosuppression by targeting immunosuppressive
myeloid cells, such as TAMs or MDSCs. Preclinical studies by Kosaka et al. investigated the
effects of combination therapy with a CD40 agonist mAb, which has been shown to activate
myeloid cells and induce myeloid cell polarization towards a tumoricidal phenotype, and the
COX-2 inhibitor celecoxib, which inhibits immunosuppressive functions of MDSCs89. This
study revealed that combination therapy with the CD40 mAb and celecoxib resulted in
increased survival of mice bearing Quad-GL261 glioma cells when compared to
monotherapy with either CD40 mAb or celecoxib alone. Furthermore, it was shown that
only combination therapy resulted in increased production of IFN-y by CD4+ T cells and
reduced proportions of Tegs, suggesting immunostimulatory effects beyond inhibition of
immunosuppressive myeloid cells8® .MDSC inhibition may also improve the efficacy of
vaccination therapy. Patients with glioblastoma show increased serum concentrations of
CD200, a glycoprotein significantly correlated with MDSC expansion through its interaction
with CD200R°. Combination of a CD200R antagonist with tumor lysate vaccination in
GL261 glioma bearing mice resulted in reduced tumor growth and enhanced survival when
compared to vaccination with tumor lysate alone’.

Inhibition of immunosuppression in the tumor microenvironment can also enhance the
antitumor effects of adoptive immunotherapies such as cytotoxic T lymphocyte (CTL)
transfer. CTL transfer involves isolation of CTLs from the host patient, activation and
expansion ex vivo, and re-introduction of CTLs into the patient in order to target tumor
cells?: 71,72 The success of CTL therapy has been hampered by immunosuppressive factors
in the tumor microenvironment such as TGF-p, which has been shown to mediate
immunosuppression through upregulation of miR-23a, an inhibitor of CTL cytotoxicity’3.
Combination of miR-23a inhibition with CTL therapy resulted in increased CTL expression
of cytotoxic mediators IFN-y and granzyme-b and slowed tumor progression in mouse
melanoma and lung cancer models’4. The resistance of miR-23a inhibited CTLs to TGF-p-
mediated immunosuppression opens the possibility for CTL therapyenhancement in glioma
models.

3. 3 Gene therapy strategies

3.3.1 Combinationsof multiple immunostimulatory gene therapies—While
oncolytic or cancer ablative gene therapy might not be readily classified as conventional
immunotherapy, approaches which induce cell death are powerful stimulators of the immune
system. Gene therapy-mediated cell death has been shown to cause the release of damage
associated molecular patterns (DAMPs) which signal through Toll-like receptors (TLRS) to
activate tumor-infiltrating DCs and promote a tumor-specific CD8+ T cell response’®.
Multiple strategies for inducing immunogenic cell death and thereby stimulating innate and
adaptive immune responses may be combined in order to achieve better outcomes in GBM
treatment. An ongoing phase | clinical trial (NCT01811992) combines direct tumor cell
killing with herpes simplex virus 1-thymidine kinase (HSV1-TK), and immune stimulation
with FIt3L,a cytokine that recruits DCs into the tumor microenvironment’8. Both gene
therapy arms are delivered by first generation adenoviral vectors (Ad. TK and Ad.FIt3L) that
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are injected into the tumor bed after surgical removal of the tumor mass. Each vector
constitutively expresses the therapeutic transgene under the control of the human
cytomegalovirus promoter. Treatment with Ad.TK is expected to kill proliferating tumor
cells that remain after surgery, exposing tumor antigens and releasing proinflammatory
DAMPs’8. Simultaneously, treatment with Ad.FIt3L stimulates DC migration into the tumor,
triggering a specific immune response against GBM cells that remain throughout the brain
parenchyma.

Additional approaches combine HSV-TK delivery with other cytokines. Okada and
colleagues evaluated a cytokine gene therapy against an intracranial glioma using 9L
gliosarcoma cell lines stably transduced with murine 1L4 cDNA (9L-1L4), HSV-TK (9L-TKk)
or both (9L-1L4-Tk)?’. These transduced tumor cell-mediated therapies were subcutaneously
injected into rats bearing intracranial 9L tumors. Administration of 9L-1L4-Tk cells followed
by treatment with ganciclovir completely protected the animals from a subsequent
intracranial challenge and improved long-term survival. This preclinical approach was
translated into two clinical protocols assessing safety, feasibility, and preliminary clinical
activity’8. In the first protocol, adult participants with recurrent GBM or anaplastic
astrocytoma (AA) received gross total resection of tumors, followed by two injections of
autologous fibroblasts retrovirally transfected with TFG-IL4-Neo-TK vector mixed with
irradiated autologous glioma cells. Participants demonstrated encouraging immunological
and clinical responses, including CD4* and CD8* T cell infiltration as well as systemic T-
cell responses. Although there was no evidence of adverse effects, participants eventually
succumbed to tumor recurrence. In the second protocol adult participants with newly
diagnosed GBM or AA were subjected to surgical removal and radiation therapy, followed
by two intradermal vaccinations with transfected fibroblasts mixed with autologous tumor
lysate-loaded DCs. Treatment was well tolerated and participants showed high levels of
IL-12 p70 produced by monocyte-derived DCs; however there was no detectable IFN-y
post-vaccine response or prolonged progression free survival. Nevertheless, these findings
warrant further investigation of combination therapies for GBM patients. Another ongoing
Phase I clinical trial is testing the efficacy of oncolytic virotherapy with an oncolytic herpes
simplex virus (0HSV) engineered to express IL-12 in patients with recurrent/progressive
GBM, anaplastic astrocytoma, or gliosarcoma (NCT02062827)/°. Oncolytic viruses are
conditionally replicative viruses which selectively replicate within and kill tumor cells,
exploiting differential protein expression profiles between tumor cells and normal cells. This
cytokine-expressing oHSV combines direct tumor cytotoxicity with increased 1L-12
expression, which has been shown to induce a Th-1 type immune response and enhance
activity of NK cells and cytotoxic T cells, in order to target the tumor through multiple
different pathways.

3.3.2 Immunostimulatory gene therapy combined with other immunotherapies
—In a preclinical study, Mineharu et a/showed a synergistic effect of immunostimulatory
gene therapy combined with DC vaccination8. Rat glioma models were given an
intratumoral injection of Ad-TK/FIt3L in combination with subcutaneous vaccination with
DCs pulsed with tumor lysates. Combination treatment showed a remarkable increase of
long-term survivors (90%) compared to either treatment alone (10% for DC vaccine and
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50% for immunostimulatory gene therapy). It was speculated that intratumoral injection of
immunostimulatory cytokines, such as FIt3L, prolonged the survival of subcutaneously
administered DCs, increasing their antitumor potency.

Recent preclinical data from our group also provide evidence of enhanced therapeutic
efficacy of TK/FIt3L gene therapy in combination with other immunotherapies. MDSC
depletion with the anti-Gr-1 antibody following TK/FIt3L gene therapy resulted in 77% long
term survival of mice bearing intracranial GBM compared to 50% survival with gene
therapy alone8?. Data from the same set of studies show that immunosuppressive checkpoint
blockade combined with TK/FIt3L gene therapy yields similarly promising results: PDL1
blockade combined with TK/FIt3L gene therapy resulted in 80% long term survival of
tumor-bearing mice compared to 50% survival from TK/FIt3L gene therapy alone, and
CTLA-4 blockade combined with TK/FIt3L gene therapy resulted in 57% long term survival
of GBM bearing mice compared to 28% survival from TK/FIt3L gene therapy alone8l.
These studies indicate that activation of the immune system in combination with strategies
which limit barriers to immune function upon activation may be promising strategies for
clinical trials in the future.

3.4 Combination strategies utilizing vaccination therapy

3.4.1 Vaccination combined with immunestimulatory adjuvants—Immune
stimulatory adjuvants such as GM-CSF and TLR agonists have been used to enhance
vaccination-induced immune responses. In a phase | study of the IMA950 vaccine, a peptide
vaccine containing 11 GBM-associated peptides, with GM-CSF, a cytokine which stimulates
DC maturation, in newly diagnosed GBM patients, 90% of patients had a CD8+ T-cell
immune response to at least one peptide, but the amplitude was low82 . A new phase I/11
study of the IMA950 vaccine (NCT01920191) includes intramuscular poly-ICLC, an agonist
of TLR3 which is widely used as an immune adjuvant. Other TLR ligands, such as the TLR7
ligand imiquimod, augment GM-CSF—initiated antitumor immunity by activating
plasmacytoid DCs and decreasing the population of Tyeys83. A phase I clinical trial
(NOA-16) is testing an IDH1 mutant peptide vaccine in combination with imiquimod in
patients with IDH1 R132H mutant grade 111 and IV tumors without 1p/19q co-deletion and
with ATRX loss (NCT02454634). STING ligand, another adjuvant and stimulator of IFN
production, has been shown to enhance the efficacy of peptide vaccination in glioma bearing
mice®4,

Inhibition of the mTOR pathway has been reported to augment effector and memory CD8+
T cell functions8®. However, the use of mTOR inhibitors, such as rapamycin, as immune
adjuvants in cancer immunotherapy has yielded conflicting results. Some animal studies
show that mTOR inhibitors augment therapeutic efficacy of heat shock protein cancer
vaccine and immuno-gene therapy for glioma8® 87, while others report that mTOR inhibitors
attenuate the therapeutic efficacy of peptide vaccination®. It is not yet known whether
vaccine therapy is more efficacious when administered with rapamycin in treating solid
tumors in humans. A clinical trial is testing the ability of mTOR inhibition with rapamycin
to enhance DC vaccine (CDX-1401, DEC-205/NY-ESO-1 fusion) induced anti-tumor
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immunity in patients with NY-ESO-1 expressing solid tumors including glioma
(NCT01522820).

It has also been demonstrated that pre-conditioning the vaccine site with tetanus/diphtheria
toxoid can significantly improve the efficacy of DC vaccines in both preclinical and clinical
settings89. The randomized blinded clinical trial of a DC vaccine pulsed with
cytomegalovirus phosphoprotein 65 RNA in combination with tetanus/diphtheria toxoid
vaccination site preconditioning prolonged the survival of patients with GBM, half of them
surviving longer than 40 months8%. An ongoing phase 1 study (RESIST, NCT02193347)
testing the safety and immunogenicity of the IDH1 peptide vaccine (PEPIDH1M) in patients
with recurrent grade Il glioma positive for IDH1R132H includes the administration of IDH1
mutant peptide emulsified with the water in oil emulsion Montanide ISA-51 in combination
with GM-CSF and tetanus toxoid preconditioning at the vaccination site. Combination of
immune adjuvants Montanide ISA-51 and GM-CSF has been shown to induce cytotoxic
immune reactions in both preclinical®® and clinical studies91-93,

3.4.2 Vaccination combined with other immunotherapies—One option for
combination therapy that is under investigation in multiple solid tumors is the use of DC
vaccination alongside adoptive T cell transfer. This concept derives from the principle that
while DC vaccine monotherapy generally has acceptable toxicity, the immune response is
often gradual and clinical efficacy frequently sub-optimal4®: 72. 94 Similarly, efforts to
perform isolated adoptive T cell transfer for solid tumors often result in a rapid decrease in
the persistence of the infused T-cells®. Therefore early work combining these therapies has
involved optimizing the time interval between DC vaccination and T cell transfer. In pre-
clinical work performed in adenocarcinoma models, it was shown that vaccination with
CEA-peptide pulsed DCs within one day of adoptive transfer of CEA-specific T cells
resulted in synergistic tumor killing®4. This result was not seen when the DC vaccine was
administered even three days after T cell transfer4. Similarly, the combination of tumor
antigen loaded DCs with lymph node derived T cells has proven efficacious in pre-clinical
models of mammary carcinoma and melanoma®: %, The feasibility and safety of this
approach was demonstrated in a Phase | clinical trial of patients with metastatic
melanoma®’. While not yet tested specifically in human GBM patients, this approach is
currently being studied in a clinical trial in pediatric patients with refractory
medulloblastoma (NCT01326104). In this trial, DCs and autologous lymphocytes are loaded
with total tumor RNA (TTRNA). The lymphocytes are then infused intravenously along with
multiple doses of intradermal DC vaccination.

Vaccination therapies for GBM have also been combined with anti-angiogenic monoclonal
antibody therapy. Bevacizumab is a recombinant humanized monoclonal antibody targeting
vascular endothelial growth factor A (VEGF-A), inhibiting new blood vessel formation.
GBM is a highly vascular tumor and strongly expresses VEGF, prompting initial enthusiasm
for its use as a therapeutic agent%8 99, Unfortunately, bevacizumab therapy has not improved
overall survival in GBM, despite some evidence of providing improved progression-free
survival®. Combining anti-angiogenic therapy with immune-based therapies may have
synergistic impact; anti-angiogenic therapy normalizes the tumor vasculature, promoting
better infiltration of immune cells into the tumor mass and resulting in immune-mediated
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tumor death100: 101 A current trial is investigating whether the combination of bevacizumab
and Rindopepimut (a vaccine comprising the EGFRvIII-specific peptide sequence
conjugated to keyhole limpet hemocyanin (KLH), a carrier protein) will prove efficacious in
relapsed EGFRvIII-positive GBM (NCT01498328). Another trial in relapsed GBM is
exploring the use of bevacizumab in combination with a vaccine derived from autologous
tumor heat shock protein-peptide complexes which deliver tumor antigens to DCs
(NCT01814813)102,

4. Chemotherapy and immunotherapy

Standard of care TMZ chemotherapy has been shown to cause profound lymphopenia and
myelosuppression193, leading some to predict that TMZ-induced lymphodepletion reduces
the antitumor efficacy of immunotherapies. Surprisingly, growing evidence suggests that
chemotherapy may potentiate immunotherapy for glioma. Chemotherapy-induced
lymphodepletion has been shown to increase cytokines IL-2, IL-7, IL-15, and BlyS, which
facilitate clonal expansion of B and T cells1%4, The immune reconstitution response also
triggers increased number and activation of APCs and promotes strong cellular and humoral
responsesi®4. Thus immune reconstitution may synergize with immunotherapy,
strengthening antitumor immune response. In a preclinical study, high dose myeloablative
TMZ followed by adoptive CD8+ T cell transfer and peptide vaccination in a mouse brain
tumor model resulted in 70 fold expansion of antigen-specific CD8+ T cells over the control
group which did not receive TMZ therapy193. In a phase Il multicenter trial the EGFRvIII
peptide vaccine was administered with concomitant standard or dose intensified (DI) TMZ
in patients with GBM. Although patients in the DI cohort had greater lymphopenia and an
increased proportion of Tregs, the DI cohort showed a greater magnitude of humoral and
delayed-type hypersensitivity responses when compared to the standard cohort196.
Alternatively, design of chemotherapy-resistant immunotherapies may improve safety and
efficacy of treatment regimens. y8 Tcells , which are genetically modified to resist TMZ,
demonstrated greater cytotoxicity against TMZ resistant cell lines in the presence of TMZ
than unmodified y& Tcells, opening the possibility for combined administration of
chemotherapy and cellular immunotherapy products97. Other approaches utilize
chemotherapy-resistant hematopoietic stem cells to circumvent the toxicities of severe
chemotherapy-induced lymphopenia caused by 06-benzylguanine and TMZz108. 109 gych
studies are only a small sample of the many promising strategies which leverage the
immunostimulatory effects of myeloablative chemotherapy while minimizing off-target
cellular toxicities.

5. Caveats to combination immunotherapy

Combinations of immunotherapies have the potential to enhance antitumor immune response
and bypass tumor-mediated immunosuppression. Nevertheless, some combinations could
result in reduced antitumor effect or adverse systemic effects. As mentioned earlier,
combinations of immune checkpoint inhibitors could elicit systemic adverse events related
to exacerbated and deleterious auto-immune responses®? . Additionally, immunostimulatory
therapy may blunt the efficacy of oncolytic virotherapy, which depends on direct tumor
cytotoxicity. Although the mechanisms by which oncolytic viruses lead to tumor rejection
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remain elusive, antitumor immunity seems to play a key role in addition to direct cytotoxic
effect!10, Release of tumor antigens and DAMPs upon tumor cell lysis has been involved in
the maturation of antigen-presenting cells, amplifying the antitumor effect of oncolytic
therapy in non-infected tumor cells!10. It is certainly a possibility that activation of an
antiviral immune response could lead to the destruction of cells harboring the oncolytic
viruses prior to tumoricidal and immunogenic effect. The oncolytic polio virus PVSRIPO
virus is particularly effective in evading premature elimination by the host innate immune
response; PVSRIPO demonstrates impressive cytotoxic effects through dysregulated
mitogenic signaling networks which are relatively unaffected by innate antiviral
responsest1: 112 As oncolytic virotherapies improve in cytotoxic efficacy and we begin to
elucidate the role of the host immune response in oncolytic virotherapy it may be possible to
design combinations which minimize opposing immune effects.

6. Conclusion

Growing evidence suggests that the modest success of single immunotherapeutic strategies
in clinical trials for glioblastoma might be significantly improved by combining multiple
approaches. Targeting of multiple antigens, immune-stimulatory/inhibitory pathways, and
immune cell populations has the potential to effectively target heterogeneous populations of
tumor cells and overcome the immunosuppressive mechanisms employed by GBM, inducing
synergistic antitumor responses. Combination of immunotherapies with traditional cytotoxic
therapies, i.e. radiation and TMZ, demonstrated remarkable success in preclinical studies;
this provides a compelling rationale for testing these combined therapeutic strategies in
GBM patients.

7. Expert opinion

Glioma is one of the most challenging to treat human cancers, and patients have a dismal
prognosis in spite of improved standard of care, which includes surgery, radiation and
chemotherapy? 3. Several compounding factors complicate the treatment of this primary
brain cancer. Most notably, at the time of diagnosis the tumor is already very large (due to
the lack of early symptoms), highly invasive, and is histologically and molecularly
heterogeneous!’. The blood brain barrier limits the penetration of chemotherapeutic agents
into the tumor, thus rendering most anti-cancer agents are ineffective. In addition, antigen
presenting cells are scarce in the brain parenchyma; thus, it is not possible to mount an
effective anti-tumor immune response to tumors which are located in the central nervous
system*-7. There are numerous experimental strategies that are currently being developed to
treat GBM, one of the most exciting being immunotherapy, as described here. In spite of a
concerted effort from many investigators throughout the world, single arm
immunotherapeutic strategies, in which patients exhibit positive CD8 T cell responses, have
not resulted in significant improvements in overall survival. These include DC vaccination
strategies, single tumor specific antigen-based vaccines (i.e., EGFRvIII), tumor antigen
specific CAR-T cells, oncolytic virotherapy, and single arm gene therapies, as reviewed
earlier.
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With many of the above mentioned approaches, pre-clinical efficacy data generated from
animal models of GBM has not been able to predict efficacy in human patients. There are
many reasons for this, but the most critical include: the use of flank tumor models that do
not mimic the brain anatomical and physiological microenvironment, the use of
homogeneous tumor cells over-expressing the single antigen of choice, treatment of very
small tumors which are not representative of the clinical scenario, lack of testing in models
of GBM recurrence, and using statistically significant, albeit biologically small effect-size
differences in median survival as an indication that a particular therapeutic approach could
be successful in Phase I clinical trials. The field is now beginning to address some of these
issues, with the development of more stringent models that enable testing of experimental
immunotherapies in large and heterogeneous brain tumor models, using models of GBM
recurrence, and working towards treatments that start at the time the animal becomes
symptomatic due to tumor burden. In addition, the consensus is that due to the highly
heterogeneous nature and the rapid rate of mutation of GBM tumor cells, the use of a single
therapeutic modality will not prove to be efficacious against this diseaseZ®: 27, Thus, several
groups, including our own, are moving towards combination therapies. To that effect, our
group has pioneered a gene therapy-mediated combined conditional cytotoxic immune
stimulatory strategy that is currently being tested in human patients with GBM. This
combination immune-stimulatory gene therapy Phase | trial is entitled: “A non-randomized,
open-label dose-finding trial of combined cytotoxic and immune stimulatory strategy for the
treatment of primary GBM, utilizing adenovirus vector type 5 (Ad-hCMV-TK) expressing
herpes simplex virus thymidine kinase, and Ad vector type 5 (Ad-hCMV-FIt3L) expressing
fms-like tyrosine kinase ligand” and is currently ongoing at our institution (IND number
BB14574, clinicaltrials.gov number NCT01811992).

We hope that this review article will encourage testing of novel immunotherapeutic
approaches which combine several targets, i.e., vaccination using multiple tumor epitopes,
combining vaccination or gene therapy strategies with immune checkpoint blockade, or
combining CAR-T cells with either vaccination and/or immune checkpoint inhibitors,
amongst several other possibilities. The fact that concomitant radiotherapy and
chemotherapy has shown to improve the antitumor efficacy of immunotherapeutic strategies
encourages the incorporation of immunotherapeutic strategies to routine treatment
modalities in GBM patients. In addition, the field should continue to move towards more
stringent animal models that more closely recapitulate the clinical scenario and only take as
a positive indication of efficacy large efficacy size-effects in improvements in median
survival as opposed to marginal improvements of just a few days. As a field, we have
advanced tremendously over the past decade; still, much work remains to be done to provide
meaningful therapeutic outcomes to patients suffering from this devastating brain cancer.
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Article Highlights

. Immunotherapy for malignant glioma is complicated by several factors that
may limit the therapeutic efficacy of monotherapies: (i) gliomas are
characterized by a high degree of inter-tumor and intra-tumor cellular and
molecular heterogeneity; (ii) gliomas have been shown to induce
immunosuppression through secreted factors, expression of
immunosuppressive checkpoints, and infiltration of immunosuppressive cells.

. Use of single arm immuno therapies may induce selection and continued
growth of poorly immunogenic tumor cells.

. There are currently several immunotherapies that show promising results in
preclinical and clinical studies, including immunosuppressive checkpoint
inhibition, immunestimulatory gene therapy, antitumor vaccination, oncolytic
virotherary, passive antibody therapy, and adoptive T cell therapy.

. Combinations of currently available immunotherapies have significant
potential to improve efficacy of treatment.

. Combinations of checkpoint inhibitors are currently being tested in GBM
patients (NCT02017717, NCT02311920, NCT02794883).

. Preclinical studies utilizing two-arm combination gene therapy, comprising
the conditional cytotoxic gene TK and the cytokine FIt3L resulted in tumor-
specific immune responses, long term survival and immunological memory in
glioma bearing rats and mice. This combined immune-gene therapy approach
is currently being tested in human GBM clinical trials (NCT01811992).

. Combinations involving more than one type of immunotherapeutic approach
are also promising strategies. For example, combining DC vaccination with
TK/FIt3L gene therapy resulted in 90% long-term survival of rats with large
syngeneic brain tumors, a significant increase in survival when compared to
either therapy alone.

. Combining therapeutic approaches which induce immunogenic tumor cell
death with immunotherapies has also shown promise in preclinical and
clinical settings. An ongoing Phase | clinical trial is testing the efficacy of
oncolytic virotherapy with an oncolytic herpes simplex virus (0HSV)
engineered to express the cytokine IL-12 in patients with recurrent/
progressive GBM, anaplastic astrocytoma, or gliosarcoma (NCT02062827).
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Figure 1. Adenoviral-mediated TK/FIt3L gene therapy and tumor-induced immune suppression
Intra-tumoral injections of adenovirus expressing TK in combination with adenovirus

expressing FIt3L induce tumor cell death and release of intracellular inflammatory
molecules, such as HMGB1 and tumor antigen. FIt3L recruits DCs to the tumor site, where
they phagocytize tumor cell remnants and migrate to the draining lymph node. Priming,
activation and proliferation of tumor Ag-specific T cells in the lymph node resultina T cell-
mediated cytotoxic anti-tumor immune response.

Glioma cells produce cytokines (VEGF, PDGF, LIF, GDNF, IL-6, IL-10, CCL2) which
promote differentiation towards immunosuppressive phenotypes and increase the number of
Myeloid Derived Suppressor Cells (MDSCs). MDSCs are recruited to the tumor
microenvironment and circulate back to lymphoid organs to suppress anti-tumor immune
responses. These MDSCs impair differentiation, maturation, activation, and proliferation of
T cells, eventually leading to T cell death.

Abbreviations used: GCV, Ganciclovir; TK, thymidine kinase; FIt3L, fms-like tyrosine
kinase 3 ligand; HMGB1, high-mobility group box-1; Ag, antigen, DC, dendritic cells; APC,
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antigen presenting cells; TLR, toll like receptor; CTLA-4, cytotoxic T-lymphocyte antigen 4;
IL, interleukin; MDSC, myeloid-derived suppressor cell; MHC, major histocompatibility
class; TCR, T cell receptor; TLR, toll-like receptor; CCL2, Chemokine ligand 2 (also known
as monocyte chemotactic protein-1 MCP-1); EGF, epidermal growth factor; GDNF, glial
derived neurotrophic factor; GM-CSF, granulocyte macrophage colony stimulating factor;
iNOS, inducible nitric oxide synthase (also known as NOS2); PGE2, Prostaglandin E2;
PDGF, platelet-derived growth factor; TGF, Transforming growth factor beta; VEGF,
vascular endothelial growth factor; ROS, reactive oxygen; RNS, reactive nitrogen; TME,
tumor microenvironment
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Figure 2. TK/FIt3L gene therapy combined with immunosuppressive checkpoint blockade
Administration of Ad-TK and ganciclovir (GCV) results in tumor cell death and release of

the pro-inflammatory ligand HMGB1 and tumor antigen (Ag). Ad-FIt3L encodes the
cytokine FIt3L which recruits dendritic cells (DCs) into the tumor microenvironment. DCs
take up tumor antigens, migrate to the lymph node, and present tumor antigens to T cells in
the lymph node. Administration of immunosuppressive checkpoint blockade therapy such as
anti-CTLA4 antibodies ipilimumab or tremelimumab results in decreased T cell inhibition.
Activated T cells migrate to the tumor microenvironment and kill tumor cells.
Administration of immunosuppressive checkpoint blockade therapies such as anti-PD1/
PDL1 antibodies nivolumab, pembrolizumab, or pidilizmab results in decreased GBM-
mediated T cell inhibition and augments T cell cytotoxicity.
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