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Abstract
Glioblastoma multiforme (GBM) is the most common primary brain cancer in adults. Despite
significant advances in treatment and intensive research, the prognosis for patients with GBM
remains poor. Therapeutic challenges for GBM include its invasive nature, the proximity of the tumor
to vital brain structures often preventing total resection, and the resistance of recurrent GBM to
conventional radiotherapy and chemotherapy. Gene therapy has been proposed as a useful adjuvant
for GBM, to be used in conjunction with current treatment. Work from our laboratory has shown
that combination of conditional cytotoxic with immunotherapeutic approaches for the treatment of
GBM elicits regression of large intracranial tumor masses and anti-tumor immunological memory
in syngeneic rodent models of GBM. In this review we examined the currently available animal
models for GBM, including rodent transplantable models, endogenous rodent tumor models and
spontaneous GBM in dogs. We discuss non-invasive surrogate end points to assess tumor progression
and therapeutic efficacy, such as behavioral tests and circulating biomarkers. Growing preclinical
and clinical data contradict the old dogma that cytotoxic anti-cancer therapy would lead to an
immune-suppression that would impair the ability of the immune system to mount an anti-tumor
response. The implications of the findings reviewed indicate that combination of cytotoxic therapy
with immunotherapy will lead to synergistic antitumor efficacy with reduced neurotoxicity and
supports the clinical implementation of combined cytotoxic-immunotherapeutic strategies for the
treatment of patients with GBM.
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BRAIN CANCER: A CHALLENGING THERAPEUTIC TARGET
Glioblastoma multiforme is the most common primary brain cancer in adults, affecting ~18,000
patients every year in the USA (www.cbtrus.org). In children, brain tumors account for 21%
of childhood cancers and constitute the leading cause of solid tumor cancer death
(www.cbtrus.org). The standard treatment of care consists in surgical resection followed by
radiotherapy and chemotherapy [1,2]. Despite significant advances in current therapeutic
approaches, the prognosis of GBM remains dismal [1,3-5]. Due to the diffuse nature of GBM
and the proximity of the tumor to vital brain structures, complete tumor resection is practically
impossible and the tumor often recurs in an area close to the original resection cavity [3].
Another therapeutic challenge of this disease is the intrinsic resistance of glioblastoma cells to
radiotherapy and chemotherapy [5,6]. The limit of radiation that normal brain can tolerate, up
to 60 Gy, appears to be below the levels required to induce GBM cell death [7]. On the other
hand, invading GBM cells, which give rise to recurrences, have been reported to be resistant
to cytotoxic therapies due to the constitutive activation of antiapoptotic signaling pathways
[3]. Also, expression of DNA repair enzyme O6-methylguanine-DNA methyltransferase
(MGMT) in GBM cells gives them resistance to temozolomide and other alkylating agents
[4]. In 40-50% of GBM patients methylation of MGMT promoter leads to inhibition of its
expression, conferring sensitivity to temozolomide and increasing the median survival of
surgery+radiation+temozolomide treated patients from 12 to 27 months [5]. Nevertheless,
although traditional therapies allow an increase in the survival and quality of life of GBM
patients, they are not curative and long-term survival is very rare [1-5]. Thus, novel therapeutic
approaches and adjuvants to be employed in combination with standard therapeutic strategies
are sorely needed for these patients. Here we review the evidence that support the combination
of cytotoxic and immunotherapeutic approaches for the treatment of GBM.

ANIMAL MODELS FOR PRECLINICAL TESTING
Transplantable Tumor Models: Syngeneic GBM in Immunecompetent Rodents and Human
GBM in Nude Mice

As a prelude to the implementation of gene therapy clinical trials for glioblastoma multiforme,
it is critical to test potential novel therapies in relevant animal models of this disease. The ideal
brain tumor model should exhibit predictable and reproducible intracranial growth patterns,
have histopathological and biochemical resemblance to human GBMs and be non-
immunogenic. There are several models available in which it is feasible to study the efficacy
and toxicity of different therapeutic approaches for this disease, i.e., anti-angiogenic agents,
proapoptotic molecules, immunotherapy, etc. Implantation of rodent glioma cells has proven
an excellent intracranial brain tumor model due to their efficient tumorigenesis, reproducible
and fast growth rates and accurate knowledge of the tumor location [8]. Syngeneic murine
models, i.e. GL26 cells in C57BL6 mice [9,10], SMA-560 cells in VMDK mice [11], CNS-1
cells in Lewis rats [9,12], F98 and RG-2 cells in Fisher rats [13-15], are non-immunogenic,
constituting an excellent tool for studying the response of brain tumors to immunotherapy [9,
15-17]. These models display some of the histopathological features of human GBM, including
infiltration of tumor cells throughout the surrounding brain parenchyma (Fig. 1), areas of
necrosis, micro-vascular hyperplasia, hemorrhages, presence of palisades; they are technically
relatively easy to develop and highly reproducible [10,12,16-19], constituting a good model
to test therapeutic efficacy in vivo. The fact that these animal models have an intact immune
system, makes them a valuable tool to test immunotherapeutic approaches [16,17,20-23].

Human glioma xenografts implanted in immunocom-promised mice have been extensively
employed in preclinical brain cancer research. Although their xenogeneic nature impairs the
study of immune-mediated anti-tumor strategies, they allow assessing the efficacy of
therapeutic approaches in human GBM cells in the context of normal brain tissue. In fact,

Candolfi et al. Page 2

Curr Gene Ther. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



human xenografts exhibit histopatological features that resemble the human GBM and retain
gene amplifications detected in the in situ tumors [24,25]. Also, these models are very useful
for the initial evaluation of novel imaging techniques [26] as well as new therapies for GBM,
including antiangiogenic therapy [27-29], chemotherapy [30], radiotherapy [31], targeted
toxins [32], cytotoxic [33] or conditionally replicative oncolytic viruses [34-38]. In summary,
in view of their reproducibility and availability, transplantable rodent models of GBM
constitute excellent preclinical models to test the efficacy and toxicity of novel gene therapy
approaches for GBM.

Endogenous Brain Cancer Models
Over the past two decades, scientists have developed a greater understanding of the molecular
and genetic basis of brain tumorigenesis [39]. Evidence of the downregulation of tumor
suppressor genes such as p53 and PTEN as well as elevated expression of growth factors, and
their cognate tyrosine kinase receptors, such as PDGF and EGFR are found in a high percentage
of human GBM tumors [39-42]. Researchers have exploited the role of these molecular
pathways in brain tumor development to induce endogenous brain tumors in rodents. Thus,
genetic engineering of mouse genes or intracranial delivery of oncogenic transgenes in adult
mice and rats have been attempted in order to trigger the development of endogenous brain
tumor in rodents. Germline deletion of the tumor suppressor genes p53 and NF1 increased the
susceptibility of mice to develop astrocytomas [43]. These mice exhibit a wide range of
astrocytoma stages, with tumor growth detected in 50-70% of the mice and median survival
times of 6-8 months [44]. This model is a valuable tool to study the development of secondary
glioblastoma upon loss of p53. Germline deletion of other tumor suppressor genes, such as
PTEN and Rb has also been attempted [45]. However, deletion of certain genes can lead to
embryonic lethality or to the generation of tumors in other organs, limiting the utility of these
models [45]. Transgenic mice that display cell type-specific overexpression of oncogenes have
been employed to study genetic abnormalities in astrocytes and neural progenitors. This has
proven useful to establish the role of oncogenes in the tumorgenesis and progression of GBM
[46,47]. Overexpression of the transcription factor E2F1 under the transcriptional control of
the GFAP promoter led to the formation of astrocytomas in p53 KO mice, suggesting a role
for E2F1 as an oncogene in the formation of brain tumors [44]. Considering that cell type-
specific expression of certain genes is lethal during early development [45], oncogene
overexpression has also been approached by delivery of gene therapy vectors into the brain of
pre-natal or adult rodents, leading to the formation of endogenous brain tumors. These tumors
harbor the genetic abnormalities found in human GBM, as well as the histopathological
hallmarks of human GBM, including the aggressive invasive behavior. The use of viral or
plasmid based vectors to introduce genetic aberrations permits the tight anatomical restriction
of tumor-forming genetic events to specific areas of the brain. Furthermore, viral and plasmid
vectors allow for the delivery of multiple tumorigenic genes in any combination, thereby
reducing the amount of time required to generate germline transgenic mouse models. Thus,
endogenous rodent GBM models constitute a very promising and stringent animal model of
GBM which recapitulates the most salient histopathological features, molecular attributes, and
heterogeneity of human GBM in a syngeneic rodent background. However, the applicability
of the endogenous brain tumor models to assess the pre-clinical efficacy of experimental
therapeutics is still limited due to the long latency and the variable reproducibility of these
models.

Extensive evidence from across this developing field suggests that formation of endogenous
brain tumors using viral vectors or plasmid systems to deliver oncogenes is somewhat variable.
The degree of penetrance, tumor latency, and histopathological characteristics are dependant
on the species and age of animals, the identity of specific genetic alterations and the vector
system used to deliver them, and the anatomical location of genetic alterations. Retroviral-
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mediated delivery of PDGF into the adult rat white matter leads to formation of brain tumors
with histopathological features that resemble human GBM; 100% of the animals succumb due
to tumor burden 14-20 days after injection [48]. However, when retro-PDGF is delivered into
the brain of newborn mice brain tumor formation only occurred in ~40% of the animals within
14-29 weeks [49]. The incidence and grade of brain tumor formation in mice has been suggested
to be dependant on the levels of expression of PDGF [50]. Newborn mice were administered
with retroviral vectors encoding a PDGF gene that lacks its regulatory sequences, which leads
to higher levels of PDGF expression. Within 4-12 weeks, 100% of these mice developed
invasive glioblastoma that exhibited neo-vascularization and tumor cell infiltration throughout
the brain parenchyma [50].

In order to mimic the multiple genetic lesions encountered in human GBM, retroviral vectors
that encode growth factors and a cycline-dependent kinase (cdk) were injected in the brain of
neo-natal mice harboring additional mutations in tumor suppressor genes. Delivery of a
constitutively active form of epidermal growth factor receptor gene (EGFR) in combination
with basic fibroblast growth factor (bFGF) or ckd4 into the brain of neo-natal mice that are
deficient in INK4a–ARF or p53 tumor suppressor genes led to formation of GBM in ~50% of
the animals, while single mutations were unable of generating tumors [51]. These findings
support the notion that combination of genetic lesions is required for the induction of
endogenous GBM in mice. Additionally, combined genetic aberrations can be targeted to
specific cell populations by the development of transgenic mice that express the retroviral
receptor under the control of cell-type specific promoters, such as the progenitor nestin
promoter or the astrocyte GFAP promoter [51,52]. This system is very functional because it
allows cell-type-specific transfer of oncogenes expressed within retroviral vectors under any
type of promoter.

Lentiviral vectors have recently been employed to deliver oncogenes into the mouse brain.
Considering that lentiviral vectors can transduce both dividing and non-dividing cells, these
vectors constitute an attractive vehicle to deliver oncogenes to the brain of adult rodents [53].
In order to recapitulate the initiation of GBM, which is thought to arise upon genetic mutations
in a few cells, oncogenic transgenes were delivered in a small population of cells in adult mouse
brain by region-specific injection of lentiviral vectors encoding H-Ras or AKT [54]. To target
astrocytes the Cre-LoxP-controlled lentiviruses were injected in the cortex, hippocampus and
subventricular zone of GFAP-Cre mice. Again, administration of single oncogenes did not
induce formation of tumors for up to 10 months. However, when Ras and AKT were delivered
together in the hippocampal area ~30% of mice exhibited brain tumors that exhibit a high
degree of invasiveness within 3-5 months post injection. Only one mouse developed a tumor
following transduction in the sub-ventricular zone, and no animals had tumors following
transduction into the cortex. Combined delivery of H-Ras and AKT into p53 KO mice greatly
increased the tumorigenesis of these vectors leading to 75 and 100% of the mice injected in
the subventricular zone and hippocampus, respectively. These tumors also exhibited a much
shorter tumor latency with many histopathological characteristics found in human GBM [54].
These findings indicate that lentiviral vectors are useful tools to induce endogenous GBM in
adult mice when several genetical abnormalities are induced in combination in the appropriate
area of the brain.

Another recent approach to induce endogenous GBM in mice is the use of the Sleeping
Beauty (SB) transposable element to achieve integration of oncogenes in the genome of brain
cells of neo-natal immune competent mice [55,56]. SB is a synthetic transposable element
composed of a transposon DNA substrate and a transposase enzyme. SB transposase mediates
excision and insertion of transposon DNA into the host genome, leading to long term expression
[57]. Spontaneous brain tumors were induced by injecting SB-dependent plasmid harboring
up to three genetic alterations (AKT, N-RAS, EGRFvIII, and/or shRNA specific for p53) into
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the lateral cerebral ventricle of neonatal mice of three different strains [55]. The histological
characteristics of the tumors were dependant of the combination of genetic lesions introduced
to the mice, although most resembled human astrocytoma or GBM. In some mice, multifocal
tumors, another hallmark of human GBM, was observed. The combination of N-RAs,
EGFRvIII, and p53 silencing was the most robust combination of genes with a 100% penetrance
and a median survival of 83 days. These tumors were highly invasive and immunoreactive for
nestin and GFAP indicating heterogeneity in the tumor mass. The SB is a very attractive and
versatile system to induce endogenous brain tumors, allowing integration of large transposons
(<10 kb) into the genome of many strains of mice [55].

In summary, endogenous rodent brain tumor models that recapitulate the genetic aberrations
found in human GBM are very useful for the study of gliomagenesis; however, their variable
tumor formation rate and long latency limits their use for testing preclinical treatments.
Nevertheless, the use of imaging techniques to confirm tumor formation before the treatment
would allow rigorous evaluation of novel therapies in these models, which resemble
hystologically and genetically the human disease.

Spontaneous GBM in Dogs
Dogs bearing spontaneous GBM constitute a valuable tool in preclinical brain cancer research.
GBM is the most common primary brain tumor in dogs, and brachycephalic breeds such as
Boston terriers and Boxers [58-60] are predisposed to develop spontaneous GBM [61,62]. Dog
GBM exhibits the same histopathological characteristics of the human disease, including
necrosis with pseudopalizading, neovascularization and endothelial proliferation [9]. The
presence of pseudopalisading necroses and endothelial proliferation that closely resemble those
found in human GBMs suggest the presence of a hypoxic environment in dog GBM, as
described in human patients [63-65]. Importantly, canine GBM is highly invasive and exhibits
the classical patterns of human GBM invasion [9], which makes it a very valuable tool to test
not only the efficacy of novel therapies, but also their toxicity to the normal brain. The large
size of the dog brain would be useful for preclinical assessment of doses and volumes in order
to optimize treatment protocols before the translation into the clinic. Also, the detection of
therapy-induced toxicity and side effects, as well as behavioral abnormalities are technically
very well developed in dogs and constitutes a routine assessment in clinical veterinary practice.
Moreover, the individual variability of outbreed dogs could help to better predict the clinical
outcomes in human patients.

Clinical signs and prognosis of dogs with spontaneous GBM are very similar to those in human,
and there is a high correlation of neuro-imaging features seen with MRI in canine and human
GBM, which is also used as a diagnostic tool for canine GBM [66,67]. The standard care of
treatment in dogs with GBM is very similar to that used in human patients, consisting of surgical
resection followed by radiation therapy and chemotherapy which leads to a median survival
of 8.5-10 months [68]. This allows performing preclinical trials that will mimic more closely
the clinical scenario, in which new therapies are applied in patients that simultaneously undergo
traditional treatment. We and others have previously demonstrated the feasibility of delivering
therapeutic transgenes to dog GBM cells in vitro and dog brain cells in vivo upon intracranial
injection of gene therapy vectors, such as type 5 adenoviral vectors [69-71], adeno-associated
viral vectors [72], plasmid DNA/polyethylenimine (PEI) complexes [71], which suggests that
dogs bearing spontaneous GBM would be a suitable model to test novel gene therapy
approaches. Importantly, the availability of canine GBM J3T [70,73] and W&W [74] cell lines
allows in vitro screening of novel therapeutic agents before moving to preclinical trials in dogs
bearing spontaneous GBM. Also, the characterization of cancer stem cells from a GBM in a
Boxer has been recently reported [75]. These cells exhibit cancer stem markers and have highly
proliferative rate, and ability of self-renewal and differentiation. In vitro they form
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neurospheres and in vivo they growth intracranially in the brain of nude mice, forming GBMs
that exhibit histopathological features of dog GBM [75].

In summary, canine GBM emerges as an attractive animal model for testing novel therapies in
a spontaneous tumor in the context of a large brain. The features of dog GBM make it a unique
large animal model for preclinical cancer research with therapeutic outcomes which could
better predict their efficacy in human trials. In spite of these attractive features, dogs are very
expensive to treat and scarce, therefore the routine testing on novel therapeutics in these animals
would be unfeasible.

NON-INVASIVE SURROGATE ENDPOINTS TO ASSESS TUMOR
PROGRESSION AND TREATMENT EFFICACY
Behavioral Tests Measuring Gene Therapy Efficacy on Brain Tumors

To evaluate therapeutic efficacy in pre-clinical models of brain cancer following gene therapy,
it is not only necessary to monitor survival of the tumor bearing, treated animals, but to assess
whether neurobiobehavioral function has returned to its baseline, pre-tumor state. This can be
determined non-invasively by utilizing behavioral tests that assess general sensorimotor
function and recovery from asymmetrical motor abnormalities resulting from tumor
progression. While techniques to determine morphological changes have been well established,
the introduction of behavioral testing to evaluate treatment efficacy on brain tumors is a fairly
new concept.

Unilateral brain tumor formation produces distinct motor function asymmetries that can be
detected and measured against the tumor’s progression. Of particular interest are tests that
compare ipsilateral versus contralateral use of movement relative to the tumor-implanted
hemisphere. Three general properties determine validity of behavioral test batteries developed
for brain tumor models: ability to detect sensorimotor changes, ability to track tumor
progression, and ability to assess recovery following treatment. Several established behavioral
models originally developed to evaluate unilateral sensorimotor function in various rat models
of central nervous system injury [76,77] serve as appropriate measures for these properties.

The forelimb-use asymmetry test for rats, or “cylinder” test, which compares left-right weight
bearing or shifting forelimb placement while rearing, has a high level of sensitivity for detecting
motor function asymmetry [76,77]. We have used this test to identify marked sensorimotor
asymmetry in rats with striatal CNS-1 GBM 14-days following tumor implantation [78]. The
test has also been used to evaluate treatment efficacy following gene therapy in the GBM model
approximately 6 months following contralateral tumor re-implantation. Repeatability of the
test also allows for its use in measuring tumor progression although evidence has not been
presented to suggest it is capable of differentiating changes in magnitude based on severity of
the tumor [79].

The somatosensory asymmetry test which uses bilateral tactile stimulation is also sensitive
to the unilateral neurological changes associated with brain tumor induction and progression
and is designed to measure magnitude changes in the impairment [76,77,80,81]. This two part
test is designed to elicit the natural tendency of rats to groom in the process of removing a
foreign object that has been attached to their fur. The first part of the test consists of placing
equally sized adhesive labels on the ventral forelimbs over repeated trials and determining
whether an ipsilateral fore-limb preference with the tumor-bearing side is present. Once a
unilateral sensorimotor impairment is detected the magnitude of the tumor impairment can be
measured by varying the size of the bilateral stimuli until a “shift” in preference is observed.
The test has been used to measure 9L-induced gliosarcoma impairment and progression [79]
but its use in repeated trials to assess recovery has yet to be determined.
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The vibrissae-elicited forelimb placing test, which can also be used to effectively quantify
neurologically lateralized impairment, is based on the innate primary response of rats to use
their vibrissae in gathering tactile information about their environment [77]. This test assesses
unilateral sensorimotor damage by determining the percentage of trials in which a rat will use
a particular forepaw to reach for a surface when it is partially suspended based on the notion
that stimulation of the vibrissae against a surface elicits a placing response [76,82]. The test
has currently been used to assess the presence and development of impairment induced by
brain tumors [79] or tumor-like brain compression [83]. While it has not been used in
demonstrating treatment efficacy, the test produces a nearly perfect score in the absence of
impairment making it highly sensitive to changes in tumor progress.

General locomotor activity behaviors in the presence of a brain tumor insult and treatment can
also reveal potentially useful information on the progression of the disease. However, the innate
tendency of laboratory rats to remain docile and inactive particularly during the light-phase
complicates activity observations over longer time periods. The amphetamine-induced
rotational behavior test, originally developed to look at Parkinson’s-like abnormalities in
rats, uses amphetamine to stimulate activity over long periods and elicit biased ipsilateral
rotational behavior in the presence of unilateral impairment [84-87]. As expected, tumor
formations produce rotational asymmetry in a direction ipsilateral to the corresponding
hemisphere making this a highly relevant test in the assessment of brain tumor impairment,
progress, and recovery. We have recently demonstrated this by assessing the impaired
behavioral profile of a GBM rat model both during tumor development and reversal of the
effects 60 days later following gene therapy [78].

In addition to tests that directly measure the sensorimotor impairment and recovery associated
with tumor formation and treatment, respectively, behavioral tests developed for this purpose
should also include a general screen of locomotor activity and basic neurological function (i.e.
auditory, visual, tactile). This can help determine if any residual damage exists due to
development of the brain tumor mass and also detect potential abnormalities secondary to
tumor regression upon treatment.

Assessment of Circulating Biomarkers
Efforts are ongoing to identify a quantitative circulating biomarker to monitor tumor
progression in GBM patients in an earlier, faster and less invasive way. In a small study in
GBM patients the methylation status of the promoters for p16, MGMT, p73, and RARβ was
determined in glioma tissue and plasma [88]. Total plasma DNA content was found to be
elevated in all the patients and 6/9 contained the same methylated promoters in plasma and in
the tumor tissue, suggesting that plasma DNA analysis could be developed to monitor GBM
molecular make up and tumor progression [88].

Insulin-like growth factor binding protein-2 (IGFBP-2) is a carrier protein for IGF that is
overexpressed in GBM and has been postulated to increase malignancy [89]. Plasma levels of
IGFBP-2 have been measured in ~200 glioma patients and 50 healthy volunteers [89]. Plasma
IGFBP-2 levels were higher in high grade-glioma patients than in low-grade glioma or healthy
donors and they correlated with recurrence and disease-free survival, indicating that circulating
levels of this protein could be exploited as an assessment of therapeutic efficacy and tumor
progression.

Considering that GBM progression requires recruitment of bone marrow-derived vascular
precursors to sustain angiogenesis, the presence of endothelial progenitor cells and angiogenic
activity was studied in blood of glioma patients [90]. Circulating CD133+ VEGFR+ cells and
plasma proangiogenic activity were higher in GBM patients than in low-grade glioma patients
[90] or healthy donors [91]. In GBM patients, the presence of circulating endothelial precursor
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cells was correlated with higher tumor blood vessel density [91] and an inverse correlation was
found between percentage of these cells in blood and the survival after resection of GBM
[90]. Thus, the levels of circulating endothelial precursors could be useful to assess GBM
angiogenicity and tumor progression, as well as to monitor the efficacy of antiangiogenic
therapy [90].

We have recently identified the circulating levels of the alarmin, high mobility group box 1
(HMGB1) protein as a potential biomarker of therapeutic efficacy for GBM [15,20,21].
HMGB1 is a nuclear protein that acts as a cytokine when released to the extracellular milieu
by dying or inflammatory cells [92]. We found that circulating levels of HMGB1 increased in
parallel with the efficacy of the treatment in several rodent GBM models, such as CNS-1, F98
and 9L rat brain tumor models and GL26, GL261 and B16 mouse brain tumor models [15,
20,21]. The highest circulating levels of HMGB1 were reached when tumor-bearing animals
are treated with a cytotoxic-immunotherapeutic gene therapy approach that led to tumor
regression and long term survival [15,20,21], as described below (Fig. 2). In fact, the release
of HMGB1 from dying tumor cells has been postulated to skew the immune response to dying
tumor cells, which is critical for the outcome of anticancer therapies [21,92-94]. HMGB1
release was also observed upon cytotoxic insult to human GBM cell lines and primary GBM
cell cultures obtained from surgical biopsies [20], suggesting that this molecule could be used
as a pharmacodynamic predictor of tumor regression in GBM patients, this awaits

Imaging
The current routine technique for tumor monitoring in glioblastoma patients is contrast-
enhanced magnetic resonance imaging (MRI). However, this technique exhibits a relatively
low resolution threshold of 400 tumor cells/mm2 for tumor detection [95]. Also, the contrast
enhancement is heterogeneous amongst patients and can be affected by the concurrent
administration of routinely used drugs, such as dexamethasone and antiangiogenic agents,
making difficult the accurate determination of tumor size [96]. Current efforts are aimed at
increasing the resolution of imaging techniques and enhance their ability to better discern
between tumoral tissue and peritumoral edema [97]. Characteristic features of GBM, such as
increased vascularization, proliferation and hypoxia, are being exploited to better delineate the
tumor area using diffusion MRI, perfusion MRI and targeted tracers for positron emission
tomography (PET) [96]. Diffusion-weighted imaging monitors cell density using apparent
diffusion coefficient (ADC) maps, in which high ADC values correspond to areas of low cell
density, where water can freely diffuse, while low ADC values correspond to increased cell
density [98,99]. Arterial spin labeling (ASL), a novel method that measures blood flow without
using contrast agents, detects changes in the magnetic resonance signal emitted by the
molecules of water when passing through the tumor mass [100]. Thus, ASL allows to monitor
changes in the tumor vascularizacion and permeability upon treatment with antiangiogenic
agents [101]. Promising PET tracers include the thymidine analog 30-deoxy-30-18F-
fluorothymidine (FLT), which uptake is correlated to mitotic activity, and 18F-
fluoromisonidazole (FMISO), which is trapped in hypoxic cells [96]. Treatment of GBM
patients with antiangiogenic therapy led to 25% reduction in FLT uptake, which was associated
with longer overall survival [102]. On the other hand, increased uptake of FMISO was found
to be associated with poorer survival of GBM patients [103].

ACTIVATION OF INNATE IMMUNE RECEPTORS IS ESSENTIAL TO
STIMULATE STRONG, CLINICALLY EFFECTIVE, ANTI-BRAIN TUMOR
IMMUNITY

Immune privilege, tumor immune evasion and a lack of dendritic cells (DC) in the normal brain
parenchyma, all contribute to immunological ignorance against glioblastoma multiforme
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(GBM) antigens [104,105]. Current GBM treatments involve surgery, radiotherapy and
chemotherapy, which attempt to eliminate these large tumors by directly killing tumor cells.
Nevertheless, median survival is still under 18 months for patients with the most aggressive
type of primary brain tumor, GBM [106].

As the normal brain parenchyma lacks dendritic cells, it is virtually impossible to prime an
adaptive immune response against antigens appearing exclusively in the brain, because there
are no cells available to transport tumor antigens to the draining lymph nodes where the priming
of adaptive immune responses occurs. Thus, we developed a novel strategy to combat these
deadly brain tumors which involves engineering the brain tumor microenvironment utilizing
adenoviruses to express therapeutic transgenes. One adenovirus expresses a conditionally
cytotoxic gene, i.e., herpes simplex type 1-thymidine kinase (TK), which, together with the
pro-drug ganciclovir (GCV), kills brain tumor cells [18]. This releases tumor antigens into the
surrounding tumor environment [21]. A second adenovirus expresses fms-like tyrosine
kinase-3 ligand (Flt3L), which acts to increase the number of dendritic cells within the tumor
microenvironment [16,21,107]. The released tumor antigens are then taken up by the
infiltrating dendritic cells, transported to the draining lymph nodes, where T cells are primed
to induce a cytotoxic T cell response which is able to induce brain tumor regression and
immunological memory (Fig. 2) [21].

An important new step which was discovered recently by us, and published in PLoS Medicine
in January 2009, indicates that activation of Toll-like receptors (TLR) is essential to induce
the effective anti-tumor immune response. In the absence of TLR2 signaling, DCs fail to
infiltrate the tumor; further, DCs lacking TLR2 failed to stimulate the proliferation and
activation of tumor antigen specific T cells. In the absence of TLR2, CD8+ T cell dependent
tumor regression was ablated [21]. Our data thus demonstrated that activation of a receptor of
the innate immune system is necessary to stimulate an effective anti-brain tumor immune
response directly from within the brain tumor microenvironment.

These results beg the question of how is an innate immune receptor activated in the absence
of known ligands that normally stimulate the innate immune response. Further experiments
then demonstrated that brain tumor cell death induced by TK/GCV causes the release of the
protein high-mobility-group box 1 (HMGB1) [21]. HMGB1 is normally bound tightly to
nuclear chromosomes [108-110], but is released upon tumor cell death [93,111-113]. Released,
HMGB1 then acts as an endogenous ligand for Toll-like receptor type 2 (TLR) located on bone
marrow-derived dendritic cells, thus activating them [21]. However, if we neutralize HMGB1
with specific antibodies or glycyrrhizin, both of which bind HMGB1 and thus block its capacity
to activate TLR2 receptors, the combined cytotoxic/immunetherapy fails [21]. Thus, tumor
cell death is necessary for the release of an essential TLR2 ligand, the endogenous protein
HMGB1, which, through the activation of infiltrating DCs, leads to the stimulation of an
effective anti-brain tumor cytotoxic T cell response.

These experiments uncover the basis for the proposed synergy between tumor cell killing and
the stimulation of the anti-tumor immune response, and shed light on the mechanisms by which
cytotoxicity contributes to specific activation of the immune system. Further, the data
identifying HMGB1 as the endogenous TLR2 ligand provides experimental evidence as to why
activation of an innate immune receptor normally activated by infectious agents is necessary
for the effective anti-brain tumor immune response. Finally, understanding TLR2 activation
and signaling in DCs could provide new tools to elicit the activation of a strong and clinically
effective anti-tumor immune response. Neither cytotoxic nor immune-stimulatory therapies on
their own are likely to be clinically effective, but both, in synchrony with TLR2 activation,
should result in stronger anti-tumor immunity. The identification of TLR2 also paves the way
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to use TLR2 agonists as specific therapeutic adjuvants with concurrent chemotherapy,
radiotherapy and immune-therapy approaches.

PRO-APOPTOTIC GENE THERAPY TARGETS
Induction of GBM tumor cell death is essential not only to kill tumor cells and reduce tumor
burden, but also to induce the release of inflammatory molecules from dying tumor cells, which
are crucial for the generation of a systemic anti-tumor immune response [20,21]. Considering
that the expression of pro-apoptotic cytokines and their receptors has been detected in human
GBM, targeting of these receptors has been attempted to develop novel treatment strategies
for this devastating cancer. Since pro-apoptotic cytokines released from infected cells elicit
strong bystander effect, their delivery using gene therapy vectors is an attractive therapeutic
modality to treat GBM. Delivery of TNF-α [20,114], TRAIL [20,115,116] and FasL [20,117,
118] into intracranial GBM in rodents has been attempted using gene therapy vectors by us
and others. Although these vectors exhibit strong pro-apoptotic effects in vitro in GBM cells,
in vivo they only marginally improve the survival of rodent models of GBM [20,114,116,
117,119]. The presence of soluble receptors for TNF-α and FasL [120,121], as well as the
requirement of irradiation or chemotherapy to enhance expression of TRAIL receptors [116,
122-124] have been implicated in the low efficacy of these vectors. Also, pro-apoptotic
cytokines that target tumor cells expressing a specific death receptor may lead to the selection
of non-expressing cells that become resistant to the gene therapy.

Considering that in clinical trials gene therapy vectors are injected in the margins of tumor
cavity after surgical resection of the tumor [7] it is critical to use pro-apoptotic agents whose
cytotoxic effects are specific to GBM cells, in order to avoid neurological side effects. Recent
results from our lab have shown that Ad-mediated delivery of TRAIL or FasL into the naïve
rat brain leads to severe neuropathological side effects, including hemorrhages and significant
brain tissue loss with reduction of tyrosine hydroxilase (TH) expression, demyelinization and
a very strong inflammatory response [20]. These findings are in accordance with the presence
of death receptors for TRAIL and FasL in neuronal cell bodies and fibers [20]. Considering
that these receptors have also been detected in the normal human brain [125-127] and that there
is a bystander effect exerted by the release of the pro-apoptotic cytokines from infected cells,
administration of Ads encoding FasL or TRAIL into the normal brain bears a high risk of
neurotoxicity.

Neurotoxicity could be reduced by delivering these powerful proapoptotic cytokines under the
control of inducible promoters, which expression can be stopped by removal of the inducer
[128]. The possibility of temporally and spatially controlling the expression of radio-inducible
vectors using radiotherapy would make them safer and more specific vectors to deliver pro-
apoptotic molecules that are potentially toxic to the surrounding brain parenchyma.
Intratumoral delivery of caspase 8 under the control of a radiation-inducible early growth
response gene-1 (EGR-1) promoter in combination with fractionated radiotherapy induces
GBM cell death and tumor regression [129]. Expression of TRAIL under EGR-1 combined
with radiotherapy leads to overexpression of TRAIL receptors and tumor cell death with
synergistic reduction of GBM burden [129]. Ad-mediated delivery of TNF-α under the control
of a chemo-radio-inducible promoter leads to prolonged survival of mice bearing intracranial
GBM xenografts upon systemic administration of temozolomide [130]. Alternatively, the
hypoxic tumor microenvironment can be exploited to increase the specificity of the pro-
apoptotic gene therapy. Over-expression of the pro-apoptotic molecule Bax under the control
of hypoxia responsive elements increases GBM cell death in hypoxic conditions in vitro and
in vivo [131]. Nevertheless, the safety of these inducible vectors remains to be determined upon
their administration into the naïve brain.
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The specificity of pro-apoptotic gene therapy approaches can be enhanced by expressing the
cytotoxic agents under the control of tumor-specific promoters. Overexpression of p53-
upregulated modulator of apoptosis (PUMA) under the control of a tumor-specific promoter
(hTERT) induces massive apoptosis in GBM cells, while sparing normal cells in surrounding
non-neoplastic tissues [132]. However, it has to be taken into account that cell type-specific
promoters exhibit lower transduction efficiency and expression levels than ubiquitous
promoters [133], requiring higher doses to exert therapeutic efficacy, which could lead to
inflammatory responses against the gene therapy vectors [18,134].

Conditionally cytotoxic genes, such as the HSV-1 thymidine kiase (HSV1-TK), encode
enzymes that are non-toxic until the administration of a chain terminator nucleotide analog
[8]. The therapeutic enzyme phosphorylates the non-toxic prodrug into a highly toxic
metabolite, a phosphorylated nucleotide that is included in the DNA chain during replication
and can not be further elongated, leading to cell death of proliferating cells [135]. The by-
stander effect of this approach relies in the passage of phosphorylated nucleotide to neighboring
cells through gap junctions, amplifying the cytotoxic effect of HSV1-TK [136]. Since
proliferating cells are encountered within the tumor at all stages and tumor cell replication is
a requirement for tumor progression, targeting these cells with local delivery of conditionally
cytotoxic molecules using gene therapy vectors is a very valuable strategy to induce apoptosis
in GBM [7]. Since these agents exert their cytotoxic effect only in proliferating cells, their pro-
apoptotic effects are very specific to GBM cells when delivered within the brain (Fig. 3). Also,
considering the requirement of exogenous nucleotide analogs to induce cell death, the
withdrawal of the pro-drug could stop the development of putative adverse side effects. Our
previous results indicate that administration of Ad-TK in the naïve brain of rats [20] and dogs
[69-71] does not significantly alter the structure of the normal brain and induces only a mild,
transient local inflammation. Importantly, it has been demonstrated that injection of adenoviral
vectors encoding HSV1-TK into the margins of the tumor cavity after GBM surgical resection
followed by GCV administration was well tolerated in over 70 patients in 6 early clinical trials
[2]. We recently compared the ability of Ad-TK+GCV with several Ads encoding pro-
apoptotic cytokines, i.e. TNF-α, TRAIL and FasL, to employ in combination with Ad-Flt3L
[20]. Delivery of HSV1-TK exerted the highest therapeutic efficacy in rats bearing small
intracranial GBM (1.6 mm3), leading to over 70% long term survival. Moreover, administration
of Ad-TK+GCV was the only pro-apoptotic approach that when combined with Ad-Flt3L
elicited an anti-tumor immune response that led to regression of large intracranial GBM in rats
(35 mm3) [20]. Importantly, efficacy of Ad-TK+GCV treatment was tested in several rat and
mouse brain tumor models (Fig. 4) [15,21]. Delivery of Ad-TK is also a very attractive gene
therapy approach to use in combination with more traditional therapeutic agents, such as
temozolomide, an alkylating agent routinely used in the treatment of GBM patients [5].
Phosphorylated GCV was found to inhibit DNA polymerase δ, an enzyme involved in repair
of DNA cross-links, which leads to synergy between TK+GCV and temozolamide [137].
Alternatively, oncolytic adenovirus, lentivirus and HSV viral vectors have been developed that
selectively replicate in tumor cells leading to their eventual death. These vector platforms are
currently under evaluation in both pre-clinical and clinical trials [138-143]. This promising
approach is discussed in other articles within this current issue.

In summary, although tumor cell death is essential in the therapy of GBM, delivery of highly
cytotoxic molecules can damage the brain parenchyma surrounding the tumor mass, hampering
its application in patients. Thus, preclinical evaluation of pro-apoptotic gene therapy vectors
needs to comprise not only efficacy assessment in relevant intracranial GBM animal models,
but also meticulous evaluation of their neuropathology in the naïve brain.
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THE CLINICAL SCENARIO
Considering the invasive nature of GBM, complete tumor resection is virtually impossible and
the tumor recurs in spite of aggressive surgical resection. For decades GBM treatment has been
approached by attempting to kill infiltrating GBM cells by administration of chemotherapy
and radiotherapy following surgery. However, only modest improvement in the median
survival has been achieved [1,2]. Failure of these therapies has been attributed to the lack of
specificity for neoplastic tissue, which results in dose-limiting toxicity, as well as to the intrinsic
resistance of GBM cells to these therapies. Thus, immunotherapy has been proposed as a very
specific anti-tumor approach that stimulates the immune system to target and kill GBM cells.
However, growing evidence suggests that immunotherapies require combination with tumor
cell killing strategies in order to induce anti-tumor responses. Immunogenic apoptotic tumor
cell death seems to be crucial to trigger efficient anti-tumor immunity. Release of HMGB1
from dying tumor cells [20,21,92], as well as exposure of calreticulin in the membrane of
apoptotic cells [144] have been shown to act as powerful pro-inflammatory signals that initiate
anti-tumor immune responses upon apoptotic cell death. Indeed, GBM patients that received
intracerebral administration of HSV1-TK during tumor resection followed by ganciclovir and
radiotherapy showed an increase in the number of tumor-specific IFN-γ-producing T cells that
was accompanied by a peak in serum IL-12 and FasL levels, suggesting that HSV1-TK gene
therapy induces the development of a Th-1 immune response [145].

Challenging the old dogma that states that chemotherapy-induced immunosuppression
abrogates the development of anti-tumor immune responses, several clinical trials actually
indicate that chemotherapy have also a synergistic effect when combined with immunotherapy.
Combination of high dose chemotherapy with adoptive immunotherapy was tested in a small
Phase I clinical trial in 3 pediatric patients with recurrent brain tumors [146]. Patients received
high-dose chemotherapy followed by adoptive transfer of peripheral blood T-cells expanded
ex vivo after immunization with autologous cancer antigens obtained at tumor resection. Two
of the patients exhibited markedly prolonged survival when compared to historical controls.
Indeed, it has been proposed that chemotherapy-induced immunogenicity actually overcomes
its immunosuppressive effect since even during chemotherapy-induced leucopenia, patients
display a functional T cell system [147]. The reduction in the tumor size following
chemotherapy and other tumor cell killing strategies has been postulated to also facilitate the
efficacy of immunotherapy due to a higher T cell:cancer cell ratio [148].

Not only induction of tumor cell death has an immune-stimulant effect through the release of
intracellular inflammatory molecules, which enhances the efficacy of immunotherapy, but also
the induction of anti-tumor immune responses seems to increase the sensibility of tumor cells
to tumor cell killing strategies [149]. In a Phase I clinical trial in which GBM patients were
treated with dendritic cells pulsed with autologous tumor peptides followed by adjuvant therapy
with chemotherapy the 2-year overall survival rate was 50%, with 2/12 patients living over 4
years. In another trial, patients bearing primary GBM that received chemotherapy after
vaccination with autologous tumor antigen-pulsed DCs exhibited slower tumor progression
and longer survival than those that received either chemotherapy or vaccination alone [150].
It has been proposed that targeting of the GBM antigen tyrosinase-related peptide (trp) by
endogenous cytotoxic T-cells leads to an increase in the chemo-sensitivity of the tumor by
reducing the number of trp-expressing cells [151], which seem to be resistant to chemotherapy
and radiotherapy [152]. It has also been suggested that temozolamide could synergize with
immunotherapy by selectively depleting CD4+/CD25+ regulatory T cells [148,153].

In conclusion, growing preclinical and clinical data indicates that combination of tumor cell
killing strategies with immunotherapy leads to synergism between the two approaches, which
would lead to improve efficacy and reduced toxicity. This body of evidence contradicts the old
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dogma that stated that tumor cell killing strategies would impair the ability of the immune
system to recognize and destroy a brain tumor and supports the application of combined
cytotoxic-immunotherapeutic strategies in the treatment of GBM patients.
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Fig. (1). Infitration of rat GBM cells into the adjacent brain parenchyma
Representative confocal microphotograph shows rat GBM CNS-1 cells expressing Green
Fluorescent Protein (GFP) infiltrating the adjacent brain parenchyma. Astrocytes (magenta)
were stained using an anti-GFAP antibody. Nuclei were stained with DAPI (blue). T: tumor
area. Width of illustrated field: 2mm.
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Fig. (2). Combined cytotoxic-immunotherapy induces tumor regression and immunological
memory
While single immunotherapy or cytotoxic therapy fails in inducing GBM regression,
combination therapy leads to long term survival and immunological memory. We developed
a gene therapeutic approach that combines one adenovirus that expresses Flt3L, which acts to
increase the number of dendritic cells within the tumor microenvironment, with a second
adenovirus, which expresses thymidine kinase, that together with the prodrug ganciclovir, kills
brain tumor cells, releasing tumor antigens and inflammatory molecules from dying tumor
cells. These tumor antigens are then taken up by the infiltrating dendritic cells, transported to
the lymph nodes, where T cells are primed to induce a cytotoxic T cell response, which leads
to tumor regression and immunological memory
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Fig. (3). Proliferating cells, the target for conditionally cytotoxic approaches, are limited to the
GBM mass
Confocal microphotographs show detection of proliferating cells stained with an anti-Ki67
antibody (green) in 9-day intracranial CNS-1 GBM in rats. Tumor cells were labeled with anti-
vimentin antibodies (red). Nuclei were stained with DAPI (blue). T: tumor area. Width of
illustrated field: 500 μm (Inset = 30 μm).
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Fig. (4). Efficacy of combined cytotoxic-immunotherapy in several rodent models of brain cancer
A, Kaplan Meier survival curves show the survival of rats bearing intracranial CNS-1, F98 or
9L GBM tumors that were treated at 7-9 days with saline (n=6-10) or Ad-Flt3L+Ad-TK
(n=8-10) followed by GCV administration. B, Kaplan Meier survival curves show the survival
of C57/B6 mice that were implanted with GL26 or GL261 GBM cells or B16 melona cells in
the brain. Mice were treated 17 days later with saline (n=5-6) or Ad-Flt3L+Ad-TK (n=5-6),
followed by GCV administration.
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