Chapter 3
Current Therapies and Future Directions
in Treatment of Glioblastoma

Joshua L. Wang, Luke Mugge, Pierre Giglio, and Vinay K. Puduvalli

Abstract The current standard of care for initial treatment of adults with newly
diagnosed glioblastoma (GBM) constitutes maximal safe resection followed by
concurrent chemoradiation therapy and adjuvant chemotherapy with temozolomide;
recent studies have shown improvement in survival benefit with the addition of
tumor treatment fields (TTF) to this regimen. For recurrent disease, lomustine and
bevacizumab yield benefit in progression-free survival but not in overall survival.
Recent advances in the understanding of the biology of GBM have provided the
basis for new therapeutic approaches against these tumors. However, the initial
promise of agents targeted against specific pathways active in GBM failed to yield
the expected improvement in outcome likely due to intra- and inter-tumoral hetero-
geneity. Current efforts are focused on immunotherapy, biological agents and com-
bination targeted therapies to overcome these challenges. Additionally, ongoing
research to better understand the basis of tumor heterogeneity is expected to provide
new insights that can help broadly target GBMs that can translate into improved
survival and quality of life for these patients. This review provides an outline of cur-
rent treatments and examines the newer approaches that bear promise to provide a
meaningful improvement in outcome of patients with GBM.

Keywords Glioblastoma * Targeted Agents ® Antiangiogenic agents * Biological
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3.1 Introduction

Glioblastoma (GBM) is the most common primary brain tumor in adults and is asso-
ciated with a dismal outcome. Several new therapeutic strategies have been devel-
oped over the past 4 decades that have provided new standards of care which have
resulted in improvement in overall survival (OS). However, these improvements have
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been only incremental in nature and no significant shifts in paradigms of care have
yet emerged to provide the expected dramatic improvements in survival. There is a
growing realization that new approaches to treatment are needed to address the com-
plexity and heterogeneity of GBM; this in turn has led to exploring exciting new
avenues of treatment including biological therapies, immunotherapies, nanothera-
pies, and technology-based treatment modalities. Ongoing clinical trials are expected
to better characterize the relative efficacies of such approaches and identify the ones
that may potentially provide the anticipated paradigm-shifting therapy that signifi-
cant improves survival with good quality of life. This review provides a comprehen-
sive outline of the rationale for current standards of care for newly diagnosed and
recurrent GBM and examines the development of promising novel approaches to
therapy against these tumors.

3.2 Newly Diagnosed Glioblastoma

Current treatment for patients with newly diagnosed GBM includes maximal safe
resection followed by concurrent chemoradiation therapy and adjuvant chemother-
apy (chemoRT) with temozolomide (TMZ), a monofunctional alkylating agent.
This multimodal approach leads to a median OS of 15-17 months and notably
improved 2- and 5-year survival compared to radiation therapy (RT) alone. New
standards have also been established in elderly patients with GBM who have a good
functional status. While these standards have provided a modest yet significant
improvement in outcome for GBM patients, much remains to be achieved in further
meaningfully improving survival and quality of life for these patients. Novel insights
into genetic and epigenetic characteristics of GBM gained in recent years aim to
provide new therapeutic strategies to bring a paradigm shift in treatment in these
patients (Hegi et al. 2005) (Table 3.1).

Table 3.1 Selected phase III trials for newly diagnosed GBM

Median PFS | Median OS | % OS at
Regimen (months) (months) 2 years Reference
TMZ + RT 6.9 14.6 26.5% Stupp et al. (2005)
RT alone 5.0 12.1 10.4%
DD TMZ (21/28 days) 6.7 14.9 33.9% Gilbert et al. (2013)
T™Z 5.5 16.6 34.2%
Bevacizumab + TMZ/RT | 10.7 15.7 NR Gilbert et al. (2014)
Placebo + TMZ/RT 7.3 16.1 NR
Bevacizumab + TMZ/RT | 10.6 16.8 33.9% Chinot et al. (2014)
Placebo + TMZ/RT 6.2 16.7 30.1%
TTFields + TMZ 7.1 20.5 43% Stupp et al. (2015)
T™Z 4.0 15.6 29%

GBM glioblastoma, TMZ temozolomide, RT radiation therapy, DD dose-dense, TTFields tumor
treating fields (alternating electric fields), PFS progression free survival, OS overall survival, NR
not reported
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3.2.1 Surgical Resection

Surgical resection in patients with newly diagnosed GBM is aimed initially at pro-
viding sufficient tissue for histologic and molecular diagnosis, reducing mass
effect, and relieving symptoms. Whether extent of resection can improve overall
survival has been less clear due to the absence of level 1 evidence for the same.
However, cumulative evidence from several studies has strongly supported the
potential for survival benefit with a greater extent of surgical resection. In the first
major study assessing the effect of extent of resection in patients with newly diag-
nosed GBM, Lacroix et al. reported a single center retrospective study of 416
patients which showed that increasing extent of resection of the enhancing portion
of the tumor >89% provided improved survival for every unit increase in volumet-
ric resection (Lacroix et al. 2001). A subsequent retrospective study of a series of
500 patients by Sanai et al. again supported this finding with benefit being seen
even in patients who underwent a partial resection (>78%) and improving in a
stepwise manner with greater extent of resection (Sanai et al. 2011). In a more
recent large retrospective study expanding on the analysis by Lacroix et al. from
the same center, Li et al. not only confirmed improvement in survival resulting
from maximal resection of the enhancing part of the tumor in 1229 patients with
newly diagnosed GBM, but also reported that increasing the extent of resection to
safely remove the non-enhancing hyperintense portion on fluid-attenuated inver-
sion recovery (FLAIR) magnetic resonance imaging (MRI) yielded additional
improvement in survival (Li et al. 2016). These results suggest that maximal safe
resection of the enhancing and non-enhancing components of newly diagnosed
GBM should be attempted in all patients who are surgical candidates. While these
studies provide a proof-of-principle for maximal safe resection, it should be noted
that these results may also be strongly influenced by the neurosurgeons’ experi-
ence with brain tumor surgeries and the availability of high quality MRI techniques
and of advanced neurosurgical instrumentation, which are not always readily avail-
able in the community when the patient initially presents with symptoms. The
development of intraoperative tools such as fluorescence-guided surgery with
5-aminolevulinic acid (5-ALA), which allows visualization of residual tumor cells,
and intraoperative MRI that allows monitoring of residual tumor during surgery
have helped improve the extent of resection and thus contribute to survival out-
comes (Stummer et al. 2006; Kubben et al. 2011). Further, to preserve neurologic
function during aggressive surgeries, awake craniotomies can be performed with
real-time intra-operative neurologic and language assessments with an option for
local stimulation to detect and avoid functional areas when operating on tumors
near eloquent areas. However, when gross total resection is not possible due to the
location or extent of the tumor or the patient’s clinical condition, subtotal resection
or stereotactic biopsy may serve to relieve mass effect and to establish definitive
histologic diagnosis.
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3.2.2 First Line Therapy for Newly Diagnosed GBM

Given the infiltrative nature of GBM, maximal surgical resection has to be followed
by adjuvant therapy to maximize tumor control and improve survival. The initial use
of adjuvant whole brain radiation therapy (WBRT) in the late 1970s (Andersen
1978; Walker et al. 1978, 1980) was replaced by involved field radiation therapy
(IFRT) to offer maximal treatment to the tumor while minimizing radiation to nor-
mal brain tissue, given that tumor recurrence following WBRT usually occurs
within 2-3 cm of the original lesion (Wallner et al. 1989) and that less than 10% of
patients develop multifocal recurrence (Choucair et al. 1986). Dose escalation stud-
ies failed to show any survival benefit for total doses above 60 Gy (Chan et al. 2002;
Nelson et al. 1988). The current standards for radiotherapy consist of IFRT to the
gross tumor volume with a 2-3 cm margin for the clinical target volume delivered
with linear accelerators.

Chemoradiation Therapy In a landmark study that established the current standard
of care, Stupp et al. reported a significant improvement in OS and progression free
survival (PFS) in adults between the ages of 18 and 70 years of age with newly diag-
nosed GBM who received concurrent chemoRT compared with those who received
radiation therapy (RT) alone (Stupp et al. 2005). The treatment constituted fraction-
ated involved-field radiation (2 Gy per day, 5 days a week, for a total dose of 60 Gy)
with concurrent TMZ (75 mg/m? of body surface area daily for 6 weeks) followed by
six cycles of TMZ at 150-200 mg/m? for 5 days during each 28 day cycle. Median OS
was 14.6 months with RT plus TMZ versus 12.1 months with RT alone (HR 0.63
[95% CI, 0.52 to 0.75; P < 0.001]). More strikingly, there was improvement in 2-year
survival from 10.4% on RT alone to 26.5% with chemoRT.

A companion retrospective study by Hegi et al. demonstrated the relevance of
promoter methylation of O-6 methyl-guanine DNA methyl-transferase (MGMT), the
protein product of which is involved in repair of DNA lesions induced by methylat-
ing agents such as temozolomide (Hegi et al. 2005). Of 206 evaluable patients, those
with methylated MGMT promoter (44.7%) had a significantly better OS compared
to those with unmethylated promoters, regardless of treatment (18.2 vs. 12.2 months,
respectively; HR 0.45; 95% CI 0.32-0.61), supporting a prognostic role for this
marker. Patients with MGMT promoter methylated tumors who received RT plus
TMZ had an improved median survival (21.7 months [95% CI, 17.4-30.4]) com-
pared to those who received RT alone (15.3 months [95% CI, 13.0-20.9]) (p = 0.007).
In the promoter methylated cohort, the 2-year survival rate was 46% for the group
treated with RT plus TMZ compared with 22.7% for those receiving RT only. A five-
year analysis of the patient cohort in this study showed an OS of 27.2% at 2 years and
9.8% at 5 years for the RT plus TMZ arm compared with 10.9% and 1.9% with RT
alone (hazard ratio 0.6, 95% CI 0.5-0.7; p < 0.0001) (Stupp et al. 2009). Patients
with MGMT promoter methylated GBM had the best survival outcomes.

Dose escalation of standard IFRT beyond 60 Gy has not yielded improved out-
come and indeed has resulted in increased radiation toxicity (Chan et al. 2002;
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Nelson et al. 1988). Alternative strategies such as brachytherapy, involving intersti-
tial delivery of radioactive isotopes such as '*Iodine (I-125), has been used as a
local boost in conjunction with IFRT in the setting of newly diagnosed GBM and as
treatment for recurrent GBM. However, the paucity of prospective randomized
studies of brachytherapy and the confounding study designs and mixed results of
nonrandomized prospective studies have resulted in this modality not being actively
used against GBM (Barbarite et al. 2016). Similarly, stereotactic radiosurgery
(SRS), which involves the precise delivery of high dose radiation to a specified
lesion by either in a single fraction or as fractionated stereotactic radiotherapy
(FSRT) used in the setting of deep-seated lesions or those abutting eloquent brain
have not yielded definite survival benefit in GBM patients (Nwokedi et al. 2002;
Souhami et al. 2004). Radioimmunotherapy, the use of radiolabeled antibodies to
target cancer cells, has been most notably used to target tenascin, an extracellular
glycoprotein highly expressed in GBM but not in normal brain tissue. In a phase II
trial of a I-125-conjugated murine anti-tenascin monoclonal antibody delivered by
direct injection into the resection cavity during surgery, Reardon et al. reported a
median survival of 79.4 weeks, which exceeded that of historical controls. Given the
promising outcomes and tolerable toxicity, a phase III study is currently being
planned (Reardon et al. 2006; Zalutsky et al. 2008).

BCNU Wafers Interstitial biodegradable bis-chloroethyl-nitrosourea (BCNU, car-
mustine) wafers were developed as a way to initiate chemotherapy immediately
after tumor resection and avoid the side-effects of systemic administration of
BCNU. Using a biodegradable polymer containing 3.85% BCNU (Gliadel®, Arbor
Pharmaceuticals, Atlanta, GA, USA) in a randomized trial of 240 patients with
newly diagnosed high grade gliomas, Westphal et al. demonstrated the survival
advantage of BCNU wafers compared to control (median OS 13.9 months vs.
11.6 months), which led to the FDA approval of Gliadel wafers for these patients
(Westphal et al. 2003). Adverse events were similar to placebo although BCNU
treated patients were more likely to experience cerebrospinal fluid leaks (5.0% vs.
0.8%) and intracranial hypertension (9.1% vs. 1.7%). The survival advantage
remained consistent at long-term follow up 3 years following the initial analysis
(Westphal et al. 2006). Despite these results, the use of BCNU wafers has declined
in routine surgical practice since the advent of the current chemoRT regimen.

Dose intensification of chemotherapy Patients with MGMT promoter methylated
GBM experience an improved outcome after treatment with temozolomide (Hegi
et al. 2005; Esteller et al. 2000), which is believed to be due to their decreased abil-
ity to repair the O6-MG DNA lesion induced by TMZ therapy. These results sug-
gested that MGMT-depletion could potentially sensitize GBMs to alkylating agents.
Tolcher et al. found in two phase 1 trials that prolonged exposure to alkylating
agents depleted intracellular MGMT in peripheral blood monocytes (Tolcher et al.
2003). Hypothesizing that a similar effect could be induced in tumor cells by dose
intensification, Gilbert et al. conducted a multinational phase III trial (1173 patients
registered, 833 randomized) comparing two schedules of adjuvant temozolo-
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mide: standard (5 days) or dose-dense (21 days) of a 28 day cycle, following con-
current chemoRT therapy in adults (>18 years) with newly diagnosed GBM (Gilbert
et al. 2013). However, the median survival in the dose-dense arm was not statisti-
cally different from that in the standard arm (16.6 months vs. 14.9 months, HR 1.03,
p = 0.63); in addition, toxicity was also higher in the dose-dense schedule. The
study did prospectively confirm the prognostic significance of MGMT promoter
methylation in this patient population; MGMT promoter methylation was associated
with improved median survival of 21.2 months versus 14 months in the unmethylated
tumors (HR, 1.74; p < 0.001).

Alternating Electric Fields (Tumor Treatment Fields) Kirson et al. developed
technology that hampered cell division through the application of electric fields that
alternated at a frequency in the range of 150-200 Hz and induced a cytotoxic effect
on tumor cells in vitro in a dose-dependent manner in relation to the field intensity
(Kirson et al. 2009a). Exposure to these tumor treatment fields (TTF) resulted in
mitotic abnormalities, most notably membrane blebbing during entry into anaphase,
which in turn resulted in aberrant mitotic exit and cell death (Gera et al. 2015). TTF
were found to be most effective against protein targets that have high dipole
moments, and its chief targets were the mitotic septin complex and the o/p-tubulin
monomeric subunit of tubulin (Wong et al. 2015). The effects observed in vitro were
additionally characterized in animal tumor models and human cancers, including
colon adenocarcinoma, melanoma, and Lewis lung carcinoma (Kirson et al. 2007,
2009b). This was commercialized in the form of NovoTTF-100A (Novocure Ltd.,
Jersey Isle), a device with electrodes that could be applied directly to the scalp and
generates a 50-V field (>0.7 V/cm at the center of the brain) that alternates at a fre-
quency of 200 Hz and was intended to be worn continuously for at least 18 hours a
day. In a multinational phase III trial by Stupp et al., adults with newly diagnosed
GBM were randomized after chemoRT to receive adjuvant temozolomide with
(n =210) or without (n = 105) TTF therapy (Stupp et al. 2015). The trial was halted
after a planned interim analysis demonstrated a significant improvement of PES (7.1
vs. 4.0 months, HR 0.62, p = 0.001), which was the primary end-point of the study.
Based on the results of this study, the US FDA approved the NovoTTF-100A for use
with adjuvant temozolomide in patients with newly diagnosed GBM. Use of the
NovoTTF-100A device was not associated with systemic toxic effects or increase in
seizures, but it was associated with higher incidence of scalp irritation, anxiety,
confusion, insomnia, and headaches compared to the control arm. The widespread
use of this modality has been limited due to the slow acceptance of the potential
utility of TTF, the cosmetic issues associated with the application of electrodes for
over 18 hours a day, and the weight of the device (>3 kg). A newer version of the
device has been released incorporating several improvements in design and weigh-
ing ~1 kg. In light of a separate randomized trial that found that TTF performed
equally as well as physician’s choice chemotherapy in recurrent GBM (Stupp et al.
2012), the United States Food and Drug Administration (FDA) approved the device
for use in patients with recurrent GBM.
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Antiangiogenic strategies in initial therapy of GBM Based on encouraging results
with the use of bevacizumab in the setting of recurrent disease, two large randomized
phase III studies examined the benefit of adding bevacizumab to standard treatment
for newly diagnosed GBM both in the chemoRT and adjuvant settings. One study by
Gilbert et al. reported the results of a multicenter Radiation Therapy Oncology Group
(RTOG) trial in which 637 patients were randomized to either bevacizumab (10 mg/
kg) or placebo beginning week 4 of chemoRT therapy with temozolomide and treat-
ment was continued for up to 12 cycles along with adjuvant chemotherapy (Gilbert et
al. 2014). The study also assessed the net clinical benefit of the treatments (including
neurocognitive assessments, patient reported outcomes (PRO), and health-related
quality of life [HRQOL] measures). No significant difference in the median OS was
seen between the bevacizumab group and the placebo groups (15.7 months vs
16.1 months, HR, 1.13). However, an improvement in PES was seen in the bevaci-
zumab group (10.7 months vs. 7.3 months; HR, 0.79) but did not reach the protocol
specified threshold for significance. Despite this improvement in PFS, patients on the
bevacizumab arm showed a decline in quality of life with increase in symptom burden
and neurocognitive worsening compared with the placebo arm.

The other study (AVAglio) was a multinational trial which randomized 921
patients to either bevacizumab (n = 458) or to placebo (n = 463) (Chinot et al. 2014).
In results that were strikingly similar to the RTOG study, no difference was seen in
OS in the bevacizumab arm compared with the placebo arm (median OS 16.8 months
vs 16.7 months, HR, 0.88; 95% CI, 0.76-1.02; p = 0.10), whereas an improvement in
PFS was associated with bevacizumab treatment, which in this trial reached a pre-
specified threshold for statistical significance (10.6 months vs 6.2 months; HR 0.64;
95% CI1 0.55-0.74; p < 0.001). Both studies confirmed the value of MGMT promoter
methylation as a prognostic marker associated with therapy in both arms. However,
the two studies reported significant differences in HRQOL and PRO: results that
remain to be fully understood. The AVAglio study showed an improvement in the
quality of life measures associated with bevacizumab whereas the RTOG study
showed a significant decline in both neurocognitive and PRO measures used in the
study. A better understanding of the results of the two studies through an independent
analysis will be critical in defining the significance of these net clinical benefit data.

3.3 Recurrent Glioblastoma

Despite aggressive initial therapy for newly diagnosed GBM, tumor recurrence is
inevitable (Stupp et al. 2009). Recurrent GBM tend to be less sensitive to subsequent
therapies due to development of emergent and adaptive resistance partly related to
tumor heterogeneity. Several retrospective studies have shown that age and perfor-
mance status at the time of recurrence were important independent prognostic factors
for survival (Michaelsen et al. 2013). A small percentage of patients remain eligible
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for additional surgical resection (Weller et al. 2013). But for most patients, systemic
therapies with agents such as bevacizumab, dose dense temozolomide, nitrosoureas
or occasionally local therapies such as re-irradiation are required. This section pro-
vides a review of modalities used in patients with recurrent GBM.

Resection of Recurrent Glioma Surgical resection of recurrent tumor is often
required for individual patients to relieve symptomatic mass effect, recover function,
or prevent neurological deterioration. However, there is a paucity of evidence to sup-
port a consistent role for re-resection in patients with recurrent GBM. While some
prospective studies reported better OS with gross total resection (Suchorska et al.
2016; Yong et al. 2014), others have reported improvement in neither PFS nor
post-recurrence OS with reoperation. A major role for repeat surgery is to provide
histologic confirmation of recurrence, to differentiate the true progression from radi-
ation necrosis and to identify biomarkers that may be useful in tailoring chemothera-
peutic regimens. However, stereotactic biopsy can be a viable option to realize these
goals even for the majority of patients who are not candidates for resection (Weller
etal. 2013). Additional prospective and adequately powered trials are needed to eval-
uate whether re-resection provides a survival benefit in patients with recurrent GBM;
however, such trials may be challenging due to the influence of other treatments
being given to the patient subsequent to surgery as well as the issues related to patient
selection for such resections.

Bevacizumab Vascular proliferation and neoangiogenesis are hallmarks of GBM
that are driven by its production of several angiogenesis promoting factors, espe-
cially vascular endothelial growth factor (VEGF). Bevacizumab, a monoclonal anti-
body that binds VEGF to inhibit angiogenesis, was first reported to show unexpected
activity in terms of radiological responses in a small series of patients with high
grade gliomas (Stark-Vance 2005). This led to a more systematic evaluation of bev-
acizumab both as a single agent and in combination with irinotecan in a phase II
open-label trial focused on patients with recurrent GBM. Of the 167 patients ran-
domized to receive bevacizumab alone (10 mg/kg, n = 85) or bevacizumab plus iri-
notecan (n = 82) every 2 weeks, the PFS-6 rates (primary end point) were 42.6%
and 50.3%, respectively with ORR of 28.2% and 37.8%, respectively. Median OS
was 9.2 months with bevacizumab alone and 8.7 months with the combination.
Treatment on these two arms were associated with significant toxicity with >grade
3 toxicities of 46.4% for the bevacizumab alone arm and 65.8% in the combination
arm. Intracranial hemorrhage was seen in 2.4% of the patient in the bevacizumab-
alone arm and in 3.8% in the combination arm, addressing the concerns about intra-
cranial bleeding from such antiangiogenic therapies.

A second study examined the use of single agent bevacizumab in 48 patients
with recurrent GBM and added irinotecan to bevacizumab when patients progressed
on single agent bevacizumab therapy (Kreisl et al. 2009). The study showed a PFS6
of 29%, ORR of 35% (by Macdonald criteria), median PFS of 16 weeks, median OS
of 31 weeks and OS6 rate of 57%. In this study, a higher rate of treatment related
complication was reported, with 6 of the patients being removed from the trial due
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to thromboembolic events or intestinal perforation. Other adverse events included
hypertension (12.5%), hypophosphatemia (6%), and thrombocytopenia (6%).
Patients who progressed on bevacizumab had no objective responses when irinote-
can was added at progression; median PFS was 30 days. The results of these two
studies provided reasonable evidence that bevacizumab had activity in patients with
recurrent GBM without significant toxicities and led to accelerated approval of bev-
acizumab by the US FDA as a single agent for treatment of this patient population.
Of note, the approval was based on objective response rates that were also found to
be durable; partial responses were observed in 25.9% and 19.6% respectively in
these two studies with median response duration of 4.2 months and 3.9 months
respectively. Bevacizumab is now considered the standard of care for patients with
recurrent GBM without contraindications for this agent.

Progression after Bevacizumab Treatment Patients developing progression after
treatment with bevacizumab were clinically seen to have a possibly worse outcome
and a lack of response to subsequent treatments, an issue which was addressed by
several retrospective studies. Iwamoto et al. reported a median OS of 4.5 months for
patients with GBM progressing after bevacizumab therapy; the subset of patients
who received salvage chemotherapy after bevacizumab failure had a median PES of
2 months, median OS of 5.2 months, and a PFS6 rate of 0% (Iwamoto et al. 2009).
Similarly, in a similar population of patients, Lu-Emerson et al. reported a median
PFS of 28 days, median OS of 78 days, and a PFS6 rate of 0%. These studies showed
that outcome was dismal for patients who had progression after bevacizumab ther-
apy and that salvage therapy in this setting was largely ineffective. In the absence of
toxicity or progression, bevacizumab is often continued indefinitely, even after pro-
gression and often in combination with other agents due to concerns regarding
tumor rebound seen in some patients with GBM and reported in patients with meta-
static colorectal cancer (Bennouna et al. 2013). Quant et al. examined outcomes of
patients who were continued on a bevacizumab containing regimen after progres-
sion on single agent bevacizumab therapy and reported a median PFS on the first
regimen of 124 days and PFS6 rate of 33% and a median PFS on the second regi-
men of 37.5 days with a PFS6 of 2% (Quant et al. 2009). In another randomized
phase II trial comparing bevacizumab with and without carboplatin, patient who
progressed were randomized again to continue or cease bevacizumab; in this subset,
there was no difference in median PFS (1.8 months vs 2.0 months) or median OS
(3.4 months vs. 3.0 months) for those did or did not continue bevacizumab. There
was also not definite evidence for a rebound effect (Hovey et al. 2015). Hence, the
options for patients with bevacizumab failure remain limited prompting clinicians
to postpone the use of this agent to the later stages of the disease.

Nitrosoureas Nitrosoureas such as BCNU (carmustine), CCNU (lomustine),
nimustine, and fotemustine, as well as another alkylating agent, procarbazine, were
used frequently for first line therapy for newly diagnosed GBM precluding its use in
the recurrent setting. However, following the approval of temozolomide for newly
diagnosed glioblastoma, nitrosoureas were once again utilized more frequently to
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treat recurrence. Two phase II trials evaluating the efficacy of BCNU monotherapy in
recurrent GBM showed PFS6 rates of 17.5% and 24%, though the second trial
grouped patients who received temozolomide and BCNU together (Brandes et al.
2004; van den Bent et al. 2009). The response to BCNU in both studies was similar
to historical reports, but patients were much more likely to experience hematologic,
hepatic, and/or pulmonary toxicity. Serious toxicities such as irreversible pneumonitis
or pulmonary fibrosis, prolonged myelosuppression, myelodysplasia and delayed
secondary malignancies can occur in a minority of patients, which limit the cumula-
tive dose of these agents. Locoregional therapy with placement of BCNU wafers at
the time of reoperation for recurrent GBM was developed to reduce such systemic
toxicity and was associated with a significantly longer OS in a randomized phase I1I
trial compared to placebo (31 vs. 23 weeks, HR = 0.67, p = 0.006), without increased
CNS toxicity (Brem et al. 1995), leading to its regulatory approval in the US.

Concurrent CCNU and bevacizumab showed improved PFS and OS in patients
with recurrent GBM compared with those treated with CCNU (n = 46) or bevaci-
zumab (n = 50) alone in initial results of the randomized phase I BELOB trial (Taal
et al. 2014). However, results from a recently completed phase III trial comparing
bevacizumab plus CCNU to CCNU alone showed no improvement in OS in the
combination therapy arm (HR 0.95 CI 0.74, 1.21, p = 0.650), whereas PFS was
longer with the addition of bevacizumab to CCNU (HR 0.49 (CI10.39, 0.61). Median
efficacy outcomes were: OS 9.1 (8.1, 10.1) versus 8.6 (7.6, 10.4) months and PFS
4.2 (3.7, 4.3) versus 1.5 (1.5, 2.5) months in the combination arm versus the CCNU
arm, respectively. Toxicity was in the expected range with more events in the com-
bination arm being also longer on treatment. These data suggest clinically relevant
activity of CCNU as a single agent and in combination with bevacizumab. However,
treatment with CCNU resulted in frequent hematologic toxicity (up to 50% of
patients affected), particularly in combination with bevacizumab, leading to a dose
reduction for CCNU with bevacizumab. Further phase III trials are needed to expand
on this body of data.

Fotemustine is used mainly in Italy and France, and several studies found similar
survival outcomes compared to CCNU (Brandes et al. 2009a; Fabrini et al. 2009).
Hematologic toxicity was also not insignificant with fotemustine. Despite their toxic-
ity profiles, nitrosoureas will likely continue to be utilized in the clinic and in trials.

Re-irradiation Re-irradiation for recurrent GBM is most commonly considered in
the setting of rapidly progressive symptomatic disease when there are few other
treatment options available, but this decision has to be tempered by the potential
risk of neurotoxicity from overlap of treatment fields with areas previously radiated.
Since most recurrences occur within the target volume treated with IFRT, treatment
planning needs to be adequately tailored to treat recurrence safely. Retrospective
studies have suggested a potential benefit from re-irradiation with SRS or FSRT
(typical doses 30-36 Gy) (Torok et al. 2011). Nevertheless, there is a lack of con-
cordance in the literature regarding the time interval necessary from initial irradia-
tion and a paucity of prospective and randomized trials to define properly the role of
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re-irradiation as monotherapy in the treatment of recurrent GBM (Seystahl et al.
2016). Combination therapy strategies have shown early promise; preliminary data
regarding the use of SRS or FSRT with concurrent bevacizumab in recurrent GBM
showed positive responses with minimal neurotoxicity (Gutin et al. 2009; Cabrera
et al. 2013). The potential effects of this combination are hypothesized to be due to
vascular normalization induced by bevacizumab that results in improved oxygen-
ation of the tumor tissue and consequent increased radiation effect.

Laser-induced thermal therapy If maximal resection is not feasible, newer
modalities of tumor ablation have been developed as alternatives. Laser induced (or
interstitial) thermal therapy (LITT) is one such procedure which utilizes minimally
invasive percutaneous insertion of an optical fiber into the tumor under intraoperative
MR guidance and generates ablative heat, which induces targeted thermocoagulative
necrosis of tumor cells, which may be particularly suitable for deep-seated brain
lesions or lesions located in eloquent areas. A recent phase 1 trial of a commercial
LITT device, NeuroBlate (Monteris Medical, Inc., Plymouth, MN, USA) in
recurrent GBM demonstrated that LITT is a viable, safe option for treatment of
GBM (Sloan et al. 2013). Additional trials are warranted to characterize fully the
safety and efficacy profile of LITT systems in treatment of newly diagnosed
GBM. Local thermal injury during intracranial use of LITT can result in serious
neurologic morbidities or cerebrovascular complications. Further, the technique
does not adequately address the extensive infiltrative disease usually seen in GBM.

3.4 Glioblastoma in Older Adults

The EORTC/NCIC trial established a new standard of care for adult patients
between ages 18 and 70 years but did not provide information about patients
>70 years with GBM (Stupp et al. 2005). Older age and poor performance status
have been consistently shown to be associated with shorter survival (Buckner 2003).
The median OS of patients age 65 and older with a new diagnosis of GBM is
approximately six months (compared to 12—14 months in younger patients) (Paszat
et al. 2001; Kita et al. 2009). However, this could be explained by differences in
treatment administered, as older patients are less likely to be considered for more
aggressive interventions (Paszat et al. 2001), and older adults were found to exhibit
similar survival outcomes as younger adults when both groups receive the same
treatments (Kita et al. 2009).

Current literature supports the role of maximal safe resection as an initial step in
treatment of an older patient with newly diagnosed GBM, if the patient can tolerate
the surgery. One prospective randomized trial reported significant benefits OS with
maximal safe resection (n = 10) compared to biopsy alone (n = 13) in OS (171 vs.
85 days, respectively, p = 0.035), but no significant difference in PES (105 vs.
72 days, respectively, p = 0.057) (Vuorinen et al. 2003). However if surgical resec-
tion is contraindicated, biopsy of the tumor is needed to establish histologic diagnosis
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and to assess molecular characteristics that can influence subsequent treatment
(such as MGMT promoter methylation (Reifenberger et al. 2012)).

Two prospective trials demonstrated that postsurgical RT was safe and effective
in older patients. A randomized phase III trial of 85 elderly patient with GBM by
Keime-Guibert et al. reported that RT plus supportive care resulted in improved
median survival compared with supportive care alone (29.1 weeks vs 16.9 weeks,
HR 0.47, 95% CI 0.29-0.76, p = 0.002) with no significant differences in QOL
and cognitive measures between the treatment groups (Keime-Guibert et al. 2007).
To determine the optimal RT dose for elderly patients, Roa et al. conducted a phase
III trial randomizing 98 patients >60 years of age with newly diagnosed GBM to
either standard RT (60 Gy in 30 fractions over 6 weeks) or a shorter course of RT
(40 Gy in 15 fractions over 3 weeks) and reported no significant difference in
median OS between the two groups (5.1 months versus 5.6 months, log-rank test,
p = 0.57), suggesting that the hypofractionated RT course may be reasonable for
older patients with GBM (Roa et al. 2004).

The role of chemotherapy in this patient population was addressed in the Nordic
study, a large multinational trial in which 291 patients aged >60 years were random-
ized to receive TMZ alone (200 mg/m?* days 1-5 of a 28 day cycle for up to six
cycles, n = 93), hypofractionated RT (34 Gy over 2 weeks, n = 98), or standard RT
(60 Gy over 6 weeks, n = 100), and an additional 51 were randomized to either TMZ
alone (n = 26) or hypofractionated RT (n = 25) (Malmstrom et al. 2012). The study
reported that treatment with TMZ alone yielded a longer median OS compared with
standard RT (8.3 months vs 6 months, HR 0.70, p = 0.01), but not with hypofraction-
ated RT (7.5 months vs 6 months, HR 0.85, p = 0.24). Overall survival was similar
for patients who received TMZ (n = 119) or hypofractionated RT (n = 123),
(8.4 months vs 7.4 months; HR 0.82, p = 0.12). However, in the subset of patients
>70 years, better survival was noted with TMZ alone (HR 0.35, p < 0.0001) or with
hypofractionated RT (HR 0.59, p = 0.02) compared with standard RT. In addition, in
the subgroup receiving TMZ alone, patients with MGMT promoter methylation had
significantly longer survival compared with those an unmethylated MGMT promoter
(9.7 months vs 6.8 months; HR 0.56, p = 0.02), an improvement that was not seen in
patients treated with RT (HR 0.97; p = 0.81). These results suggested that TMZ or
hypofractionated RT may be considered as standard treatment options in elderly
patients with GBM with MGMT promoter methylation status as a predictive marker
for TMZ. This trial did not test the role of concurrent chemoRT in this population.

In an attempt to ascertain if dose intensification of TMZ may provide a greater
benefit, the NOA-08 study compared the efficacy of RT versus dose dense TMZ in
elderly patients (>65 years) with good functional status with GBM or anaplastic
astrocytoma. Patients were randomized to TMZ (100 mg/m? daily on a week on
week off schedule, n = 195) or standard RT (60 Gy in 30 fractions, n = 178) in a
non-inferiority design. Median OS was 8.6 months in the TMZ group versus
9.6 months in the RT group (HR 1.09, pyon-inferiority = 0.033). The majority of patients
had GBM (n = 331) and the rest anaplastic astrocytoma (n = 40) but there were no
significant difference in survival based on histology (HR 0.69, p = 0.20). MGMT
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promoter methylation was associated with longer OS than was unmethylated status
(11.9 months vs 8.2 months, HR 0.62, p=0.014). Dose intensive temozolomide was
found to be non-inferior to radiotherapy alone in elderly patients with malignant
astrocytoma but was associated with increased toxicity.

Building on earlier studies of chemoRT using temozolomide, which suggested that
this treatment was well tolerated in elderly patients with good functional status
(Combs et al. 2008; Brandes et al. 2009b; Minniti et al. 2015), and to address whether
the addition of TMZ to RT improves survival in elderly patients, a recent phase III trial
enrolled 562 patients over 65 years old with newly diagnosed GBM and good func-
tional status (ECOG 0-2) and randomized them to receive RT alone (40 Gy in 15
fractions, n=281) or RT (40 Gy in 15 fractions) with 3 weeks of concomitant TMZ
plus monthly adjuvant TMZ (n=281) until progression or 12 cycles (Perry et al. 2016).
RT combined with TMZ significantly improved OS over RT alone (median 9.3 months
vs 7.6 months, HR 0.67, 95%CI 0.56-0.80, p<0.0001), a benefit that was seen in both
MGMT methylated (OS 13.5 months and 7.7 months, respectively, HR: 0.53,
p=0.0001) and MGMT unmethylated patients (OS 10.0 months vs 7.9 months, respec-
tively, HR 0.75, p=0.055). The treatment was noted to be well tolerated, and patients
with MGMT methylated tumors benefited the most from chemoRT with near dou-
bling of median OS. This regimen is hence now considered the standard of care for
elderly patients with a good functional status.

At the time of submission, no data exist specific to treatment of older patients
with GBM recurrence. There are several ongoing trials investigating bevacizumab
in this patient population.

In summary, although age remains a significant prognostic factor, age alone need
not be the basis of exclusion for standard therapies in treatment of GBM in elderly
patients with good functional status. However in some cases dose reduction may
decrease toxicity while providing similar clinical benefits, particularly in combina-
tion chemoRT and in hypofractionated radiotherapy.

3.5 Gliomatosis Cerebrii

Gliomatosis cerebri (GC) is an uncommon, highly infiltrative presentation of glio-
mas first described in 1938 (Nevin 1938). Diagnosis requires histology demonstrat-
ing a glial-origin neoplasm and radiological evidence of involvement of more than
two lobes of the brain on T2-weighted/FLAIR MRI. There is considerable variation
in published literature regarding the prognostic factors and course of disease with
varied reports of poor prognosis in some studies and promising outcomes compared
to GBM. Given that GC is defined radiologically, the histology can vary from low
grade infiltrative gliomas to GBM. These differences in reported interpretation and
managements of patients with GC have made treatment decisions challenging in
clinical practice. Given the diffuse nature of the disease, surgical resection is not
indicated even in the presence of enhancing foci; instead, histological diagnosis is
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made by stereotactic or open biopsy often focusing on regions of enhancement if
present to obtain the most accurate diagnosis. Radiation therapy is often the first line
treatment with IFRT being used in cases where the cancer is more localized, and a
focal boost given to contrast-enhancing lesion if present (e.g. total dose 50.4 Gy
without a focal lesion, 45 Gy plus a 14.4 Gy boost in case of a focal lesion) although
there is no standardized schedule. However, in many instances, the extent of the
lesion may warrant the use of WBRT despite the risks of neurologic sequelae (Cozad
et al. 1996). Although median survival ranges from 11 to 24 months following radio-
therapy, a retrospective study found no difference in survival between patients receiv-
ing or not receiving radiotherapy (Herrlinger 2012). In contrast, the use of
chemotherapy was a highly significant prognostic factor in an analysis of 296 patients
with GC (Taillibert et al. 2006). The PCV regimen is most commonly used for these
patients comprising of lomustine (110 mg/m? on day 1), procarbazine (60 mg/m?
daily for days 8-21 of a 42-day schedule), and vincristine (1.4 mg/m? on days 8 and
29). Since vincristine does not penetrate the blood-brain barrier, it is only used in
patients with a focal contrast-enhancing lesion. Given the higher risks of toxicity
associated with PCV, temozolomide has often been used as a substitute and has
yielded similar survival. Overall, the scarcity of data regarding the natural progression
of this disease and its response to multimodal therapy has resulted treatment being
often directed to the histological nature of the tumor and has limited the ability to
develop evidence-based treatment guidelines or prospective clinical trials for patients
with GC.

3.6 Targeted Agents in Treatment of GBM

Insights into the specific signaling pathways in glioblastoma growth, invasion and
angiogenesis, coupled with the development of technology platforms allowing for
testing of the genetic mutations and proteins associated with these pathways has
created enormous opportunity for the development of new therapeutics in this dis-
ease. The best studied of these targets are the Epidermal Growth Factor Receptor
(EGFR) and its ligand (EGF), the angiogenic pathway best exemplified by the activ-
ity of the Vascular Endothelial Growth Factor (VEGF) and its receptor (VEGFR),
and the phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR)
signaling pathway.

3.6.1 EGFR Inhibitors

The majority of glioblastomas have a mutation, amplification, or deletion in at least
one receptor tyrosine kinase, with mutations in epidermal growth factor receptor
(EGFR) accounting for over half of these (Brennan et al. 2013). Roughly half of the
patients who have EGFR amplification also have a specific deletion of the
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extracellular domain (exons 2-7): a genotype variant referred to as EGFRvIII
(Pelloski et al. 2007; Del Vecchio et al. 2013). Numerous attempts have been made
to capitalize on the deregulated expression and activity of EGFR in glioblastoma
using small molecule inhibitors of EGFR (e.g. erlotinib and gefitinib) and monoclo-
nal antibodies (e.g. cetuximab and nimotuzumab), though none have been particu-
larly successful.

A phase II multi-center trial in newly diagnosed GBM by the North Central
Cancer Treatment Group reported in 2008 that treatment of 97 patients with erlo-
tinib 1 week prior to and concurrent with the standard Stupp protocol resulted in
mean OS that was similar to TMZ era controls (median survival 15.3 months)
(Brown et al. 2008). None of the tested genetic/molecular alterations were associ-
ated with survival, including EGFR amplification, combination EGFR and PTEN,
and EGFRVIII (p > 0.05). In recurrent glioblastoma, a multi-center phase II trial
randomized 110 patients to receive either erlotinib in the experimental arm or single
agent temozolomide or BCNU if previously treated with TMZ as the control arm
(van den Bent et al. 2009). The PFS at six months was 11.4% in the erlotinib arm
and 24% in the control arm. EGFR expression, amplification, mutation in exons 18,
19, and 21, and EGFRVIII were not significant predictors of survival, though low
levels of p-Akt was a borderline predictor of improved survival (p = 0.048).

Nimotuzumab, a monoclonal antibody against EGFR, was tested for newly diag-
nosed glioblastoma in a multi-center open label phase III trial that randomized 149
patients to receive either standard of care (Stupp regimen) or nimotuzumab in addi-
tion to the Stupp protocol (Westphal et al. 2015). The study found that 12 month
PFS was 25.6% in the experimental arm, compared to 20.3% in the control arm
(p = 0.53, Fisher’s exact test), with median OS at 22.3 and 19.6 months (p = 0.49,
log-rank test), respectively. EGFR amplification was not associated with outcome
(p = 0.88). Multiple phase II trials have failed to find significant benefit of cetux-
imab (monoclonal antibody to EGFR) in newly diagnosed and recurrent GBM.

3.6.2 PI3K and mTOR Inhibitors

The phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR)
signaling pathway plays a central role in cellular processes including cell growth,
survival, and motility (Engelman 2009). Derangements in the PI3K/mTOR pathway
are common in glioblastoma and can promote oncogenic activity (Choe et al. 2003).
Such dysregulations can occur upstream (e.g. EGFR amplification or EGFRVIII
leading to constitutive activation of PI3K), within PI3K (e.g. mutation or amplifica-
tion of PI3K components), or in inhibitory regulatory processes (e.g. loss of phos-
phatase and tensin homolog [PTEN], a tumor suppressor) (Pitz et al. 2015; Wen
etal. 2015). mTOR is a potential target for anti-cancer therapies, given its deregula-
tion and role in cell growth in cancers.

In the only multi-center randomized controlled trial studying inhibition of the
PIBK/mTOR pathway in glioblastoma, Wick and colleagues compared temozolo-
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mide to temsirolimus (an mTOR inhibitor) in newly diagnosed GBM (Wick et al.
2016). The investigators randomized 111 MGMT promoter unmethylated patients
to receive either standard of care (Stupp regimen) or radiotherapy with weekly tem-
sirolimus. Median PFS in the temsirolimus arm was 5.4 months versus 6.0 months
in the control group. Median OS in patients treated with temsirolimus was
14.8 months, compared to 16.0 months in the control arm.

Two phase II single-arm trials investigating single-agent temsirolimus in recur-
rent glioblastoma reported did not find a survival benefit (Galanis et al. 2005; Chang
et al. 2005). Galanis and colleagues found that in 65 patients treated with 250 mg of
temsirolimus intravenously, PFS at 6 months was 7.8%. Chang and colleagues
found that in 43 patients treated with 250 mg of temsirolimus (or 170 mg for those
not on EIAED), PES at 6 months was 2.4%.

Other phase II single-arm trials examining temsirolimus and everolimus (another
mTOR inhibitor) in combination with chemotherapy and radiation sorafenib, and
bevacizumab failed to find significant survival benefit of these mTOR inhibitors in
both newly diagnosed and recurrent glioblastoma.

3.6.3 VEGF and VEGFR Inhibitors

Bevacizumab, a monoclonal antibody against VEGF, is FDA approved for
single-agent treatment of recurrent glioblastoma patients.

To examine the strategy of pan-VEGFR inhibition to inhibit angiogenesis, the
‘Recentin in GBM alone and with lomustine’ (REGAL) trial studied the efficacy of
cediranib, a potent orally bioavailable VEGFR inhibitor given singly or in combina-
tion with lomustine with a lomustine alone arm as control in a randomized phase III,
placebo-controlled, trial in adults with recurrent glioblastoma who had failed radia-
tion and temozolomide (Batchelor et al. 2013). The study randomized 325 patients
to one of three arms: cediranib alone, cediranib plus lomustine or lomustine plus
placebo in a 2:2:1 ratio. The final results of the study showed that there was no dif-
ference in PFS, the primary endpoint, for cediranib alone (median PFS 92 days, HR
1.05, p = 0.90) or cediranib plus lomustine (median PFS 125 days, HR 0.76,
p = 0.16) compared with lomustine plus placebo (median PFS 82 days). Similarly,
no improvement in median OS, the secondary endpoint, was seen for cediranib
alone (8 months, HR 1.43, p = 0.10) or cediranib plus lomustine (9.4 months, HR
1.15 p = 0.50) compared with lomustine (9.8 months). The PFS6 was also not sig-
nificantly different in the cediranib alone (16%) or cediranib plus lomustine (35%)
arms compared with the lomustine arm (25%). Correlative studies showed that
treatment on either of the cediranib arms showed sustained decreases in median
serum soluble VEGFR2 (sVEGFR?2) levels whereas treatment with lomustine alone
was not associated with significant change in median sVEGFR?2 levels; these results
suggest that cediranib was able to hit its target at least in serum (although inhibition
of tumor VEGFR remains unknown) but still lacked activity against recurrent GBM.
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A multicenter open label phase III trial examined the efficacy of enzastaurin, an
oral serine/threonine kinase inhibitor, which targets both protein kinase Cf3 that medi-
ates VEGF driven angiogenesis, and the PI3K/AKT pathways which drives prolifera-
tion in glioblastoma (Wick et al. 2010). The trial was designed to randomize 397
patients to enzastaurin or lomustine in a 2:1 ratio; however, the accrual was halted
early after enrolling 266 patients (enzastaurin, n = 174; lomustine, n = 92) based on a
planned interim futility analysis which showed no significant differences in median
PFS (1.5 vs. 1.6 months; HR 1.28), median OS (6.6 vs. 7.1 months; HR 1.20), or PFS6
rate (11.1% vs. 19.0% p = 0.13) between the enzastaurin and lomustine arms.

3.7 Biological Agents in Clinical Trials Against Glioblastoma

3.7.1 Virus-Based Therapies

Viruses have been employed in clinical research for malignant glioma therapy for
quite a few years with two main virus modifications made as follows: a) replication-
deficient viral vectors which are used to deliver genes with therapeutic activity to
the tumor environment and b) replication competent oncolytic viruses which
function by infecting and replicating within a tumor cell, eventually causing
tumor cell death and infecting other tumor cells. Broadly speaking, there are two
main strategies underlying virus-based therapies in gliomas: The first is delivery
of specific genes to modify the biology of the tumor and exert their antitumor
effects; replication-deficient viruses such as the herpes simplex virus type I thy-
midine kinase (HSV-TK) construct are typically employed for therapy delivery.
The second strategy is by replication of the virus within the glioma cell resulting
in destruction of glioma cells after infection (oncolysis); this is achieved by use of
oncolytic viruses which are replication (Table 3.2). Additionally, both virus

Table 3.2 Virus types and therapeutic strategies in the management of malignant gliomas

Virus type Strategy Specific example
Replication-deficient viral Suicide gene transfer: Herpes simplex virus type I
vectors: deliver genes with genes for enzymes with | thymidine kinase (HSV-TK)
therapeutic activity to the ability to convert construct: activates ganciclovir
tumor environment prodrugs to cytotoxic (GCV) into its toxic nucleotide
agents metabolites which incorporate into
Immune response to DNA (Yang et al. 1998)
tumor
Replication-competent Oncolysis DNX-2401 oncolytic adenovirus;
oncolytic viruses (OVs): Immune response to Recombinant herpes simplex viruses
infect cancer cells, destroy tumor with deletions of the ICP34.5 gene
them and disseminate in the | Virally encoded (McKie et al. 1996)
tumor therapeutic genes




74 J.L. Wang et al.

categories of have the added benefit of immune activation, resulting in glioma cell
destruction through secondary immune effects. Tables 3.2 and 3.3 highlight some
of the completed and ongoing virus trials in high grade gliomas. Research in virus
based therapies have yielded several valuable insights into this novel therapeutic
approach

» Virus therapies studied have so far been shown to be safe but not conclusively
effective.

e The most commonly studied gene therapy approach in gliomas has been that of
suicide gene transfer; basically transfer of a gene encoding for enzymes with
therapeutic activity. Thus, the herpes simplex type I — thymidine kinase construct
(HSV-TK) allows for (systemically administered) ganciclovir to be converted to
nucleotides that are incorporated into and are toxic to glioma cell DNA. Table 3.3
illustrates trials employing this strategy that have been completed.

* Viruses must be engineered to be safe through genetic modifications that prevent
normal cell infection. An example of such modification is the recombinant herpes
simplex virus with deletions of both viral copies of the ICP34.5 gene. This modi-
fication removes virulence but allows the virus to destroy infected glioma cells.

* Viruses can be genetically engineered and maintain replication competence. The
ideal virus is one that is not virulent to normal cells, specifically infects gliomas
cells and replicates within them, ultimately causing cell death (oncolysis), release
of daughter virus particles and infection of neighboring glioma cells. The release
of tumor and virus antigens stimulates an immune response causing further
tumor cell destruction. DNX-2401, a replication competent oncolytic adenovirus
engineered to exploit the interaction between the virus and the retinoblastoma
(Rb) protein pathway has shown early promise in phase I and II trials in patients
with recurrent GBM with long term control of disease in some patients; this virus
replicates in cells with an impaired Rb pathway (seen in >80% of GBM cells) but
not in those with an intact Rb pathway (normal brain cells). Oncolysis by this
virus can trigger an immune response which is being now exploited by immune
stimulants such as interferon-y or pembrolizumab, a PD1 inhibitor.

* Viruses can also be engineered to have a gene payload with therapeutic potential.
An example of a virus construct that combines these qualities is Toca 511, a
genetically engineered retrovirus that is replication competent and carries the
gene for yeast cytosine deaminase (Ostertag et al. 2012). This enzyme converts
5-flucytosine (administered to patients orally) to S-flurouracil, a chemotherapeu-
tic agent that thus gets produced within the infected tumor cells where it exerts a
chemotherapeutic effect and also diffuses to surrounding tumor cells. This is
therefore another example of suicide gene therapy but has the potential added
benefit of more efficient dissemination within the tumor due to virus replication
and chemotherapy diffusion currently being tested in several trials (NCT01470794,
NCTO01156584).

» Table 3.4 illustrates other examples of ongoing and completed clinical trials that
employ replication competent viruses for the treatment of malignant gliomas.
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3.7.2 Immunotherapies

Given the immune system’s role in human protection from infections and
malignancy, the development of cancer could be viewed as a failure of this system.
Additionally, once cancer develops it is associated with further immune suppression
through effects of the tumor on immune system components. The strategy of
immune therapy in central nervous system tumors was late in gaining acceptance
compared to other cancers, mainly because of a perceived “immune privilege” of
the central nervous system compared to other organ systems. However, clinical
observations have shown that the immune system is activated specifically in
response to central nervous system infections (meningitis and meningoencephalitis)
and is in fact pivotal to the development and perpetuation of central nervous system
pathologies (e.g. demyelinating disease). It is now known that intracranial malig-
nancies do stimulate a T-cell response and that brain tumors, like systemic malig-
nancies, do suppress the immune system in a variety of ways (Vauleon et al. 2010;
Wilson et al. 2010). The following provides a brief overview of the most commonly
employed strategies in currently ongoing clinical research in malignant gliomas.

Vaccine therapy The most traditional way to stimulate an immune response is
through the use of vaccines which may include cell-based or non-cell based
approaches.

(a) Cell-based vaccines:

Dendritic-cell vaccines: Dendritic cells are immune cells with very efficient
antigen-presenting properties. In glioblastoma trials these cells are obtained
from the patient and exposed to the tumor tissue obtained at surgery.
DCVax-L® is an example of a dendritic-cell-based vaccine. The vaccine is a
lysate consisting of peripheral blood mononuclear cells (PBMC) from the
patient mixed with tumor tissue. The PBMC mature to dendritic cells a pro-
cess that is encouraged by exposure to granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-4. A Phase I trial showed this treatment
to be safe and showed a promising overall survival of almost 32 months
(Prins et al. 2011), leading to Phase III trial (NCT00045968). This study is
ongoing although not currently recruiting patients.

Autologous vaccine: The strategy of autologous vaccination employs modifica-
tion of the tumor cells or of immune cells (usually T-lymphocytes) and intro-
duction of the altered cells into the patient to induce immune responses. An
example of this strategy is the use of autologous formalin-fixed tumor vac-
cines in which T-cells are sensitized to the tumor. A recent study by Muragaki
et al. employed this vaccine in newly diagnosed glioblastoma patients during
radiation therapy (Muragaki et al. 2011). The median duration of overall sur-
vival was 19.8 months and the actuarial 2-year survival rate was 40%. The
median duration of progression-free survival was 7.6 months leading the
investigators to conclude that further clinical testing was warranted.
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(b) Non-cell based vaccines:

Peptide vaccines: EGFRVIII is a constitutively active mutant form of the
epidermal growth factor receptor. It is present in about a third of glioblas-
toma specimens (Wong et al. 1992). A peptide-based vaccine was developed
to induce a response to EGFR-VIII positive glioblastoma. A phase II trial
examined the progression-free survival (PFS), and overall survival (OS) in
patients with newly diagnosed glioblastoma who received the vaccine after
ascertaining EGFR-VIII expression in the tumor specimen (Sampson et al.
2010). There were a total of eighteen patients enrolled and the median PFS
and OS were 14.2 and 26 months for those receiving the vaccine. This com-
pared very favorably with a PFS of 6.3 months and an OS of 15 months for
the unvaccinated controls. However, a phase III trial to confirm these results
did not show any difference in survival between treated patients and the pla-
cebo group, leading the independent Data Safety and Monitoring Board
(DSMB) to recommend study discontinuation (Celldex 2016).

Heat-shock protein vaccines: Heat-shock proteins are considered to be crucial
to the survival of cancers such as glioblastoma due to their key roles in sta-
bilizing proteins, facilitating protein conformational change, protein traf-
ficking and breakdown as well as control of apoptosis (Powers et al. 2010).
They are activated by the “stress” environment found in tumor beds and
consisting mainly of hypoxia and inflammation (Young et al. 2004). It is
therefore not surprising that they would be considered targets in an immune
strategy for treatment of glioblastoma. A Phase I study of 12 patients with
recurrent glioblastoma was designed to test the hypothesis that since heat
shock protein peptide complexes (HSPPCs) carry tumor-specific antigenic
proteins and facilitate immune responses, peptides bound to a 96 kD chaper-
one protein (HSP-96) from brain tissue containing glioblastoma can be used
to immunize patients with recurrent disease (Crane et al. 2013) The study
showed that this could be done safely; testing of peripheral blood leukocytes
before and after vaccination showing a significant peripheral immune
response specific for the peptides bound to HSP-96, in almost all (11 of the
12) patients treated. The study also included correlative brain biopsies of
immune responders after vaccination showing focal CD4, CD8, and CD56
IFNy positive cell infiltrates, consistent with tumor site specific immune
responses. The immune responders had a median survival of 47 weeks after
surgery and vaccination, compared with 16 weeks for one patient who did
not show a response. The following Phase II trial was also promising with
patients having a total resection of recurrent glioblastoma and then receiving
vaccine with HSPPC-96 (Bloch et al. 2014). The median PFS of this cohort
was 19.1 weeks with a median OS of 42.6 weeks. There is an ongoing ran-
domized Phase II study examining this vaccine strategy with bevacizumab
and comparing it bevacizumab alone [NCTO01814813].
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3.7.2.1 Immune Checkpoint Inhibitors

The immune system employs a system of checks and balances that include
“checkpoints’, essentially proteins that down regulate the immune response to
prevent damage to self. CTLA-4 controls T-cell activity and is a protein found on
cytotoxic T-cells (CD8+) and subsets of helper (CD4+) T cells (Schwartz 1992;
Rudd et al. 2009). Activation of the protein through ligand binding causes a
reduction in IL-2 production, reduced IL-2 receptor expression, lymphocyte cell
division (Alegre et al. 2001) and enhancement of T suppressor cell function
(Wing et al. 2008; Peggs et al. 2009). The development of an antibody to CTLA-
4, ipilimumab holds promise for inhibition of this checkpoint and has been
approved for melanoma. Similarly, PD-1 is a protein expressed by T-cells, includ-
ing regulatory T-cells (T,.) (Francisco et al. 2009), B-cells and NK cells (Velu
et al. 2009). Its expression serves as a “brake” on the immune response and it
binds to PD-L1, a ligand that seems to be associated with derangements in the
PI3K-Akt signaling pathway (Parsa et al. 2007) Nivolumab is a PD-1 antibody.
There is an ongoing phase III trial (NCT02017717) comparing the efficacy of
nivolumab with bevacizumab in patients with recurrent glioblastoma. There is
also a phase I trial comparing ipilimumab, nivolumab, and the combination in
patients with newly diagnosed glioblastoma (NCT02311920) and a randomized
phase III open label study of nivolumab versus bevacizumab and multiple phase
I safety cohorts of nivolumab or nivolumab in combination with ipilimumab
(NCTO02017717).

3.7.2.2 Genetically Engineered T-cells

The development of chimeric antigen receptor (CAR) technology has opened yet
another door to the immune therapy possibilities in cancer. T-cells are engineered to
recognize antigens on tumors by fusing an extracellular binding domain to the intra-
cellular signaling domain of the T cell receptor (Eshhar et al. 1993). The extracel-
lular domain is derived from an antibody to a tumor-associated antigen. CARs have
been developed for HER2, IL-13Ra2, and EGFRVIII. The preclinical activity dem-
onstrated by these cells led to clinical trial testing and these efforts have been com-
prehensively reviewed in recent publications (Thaci et al. 2014). CAR technology
offers important advantages when compared to other immune therapies, including
cytotoxicity that is independent of MHC class I expression. Given the variability of
this expression in glioblastoma this may represent a significant therapeutic advan-
tage. Additionally, CARs may have better penetration into blood vessel walls and
tumor than other non-genetically engineered components of the immune system
(Miao et al. 2014).
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3.8 Conclusions

In contrast to the several decades of therapeutic strategies against GBMs during
which only incremental advances in our knowledge of glioblastoma had been
achieved, the past few years have seen an veritable explosion of knowledge of the
basic biology of glioma and generated a high degree of enthusiasm and optimism in
the field that we are closer to effective treatments that will dramatically improve
outcomes of patients with GBM. In addition, the wealth of knowledge gained in
modulation of the human immune system and the harnessing of biological therapies
that are active regardless of tumor heterogeneity promise to transform therapeutic
strategies against these aggressive tumors. These factors combined with the
advances in technology and basic research are set to potentially shift the paradigm
in therapeutic approaches for patients with GBM.
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