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Gene therapy offers a multidimensional set of approaches intended to treat and cure glioblastoma (GBM), in combination with the
existing standard-of-care treatment (surgery and chemoradiotherapy), by capitalizing on the ability to deliver genes directly to the
site of neoplasia to yield antitumoral effects. Four types of gene therapy are currently being investigated for their potential use in
treating GBM: (i) suicide gene therapy, which induces the localized generation of cytotoxic compounds; (i) immunomodulatory gene
therapy, which induces or augments an enhanced antitumoral immune response; (iii) tumor-suppressor gene therapy, which induc-
es apoptosis in cancer cells; and (iv) oncolytic virotherapy, which causes the lysis of tumor cells. The delivery of genes to the tumor
site is made possible by means of viral and nonviral vectors for direct delivery of therapeutic gene(s), tumor-tropic cell carriers ex-
pressing therapeutic gene(s), and “intelligent” carriers designed to increase delivery, specificity, and tumoral toxicity against GBM.
These vehicles are used to carry genetic material to the site of pathology, with the expectation that they can provide specific tropism
to the desired site while limiting interaction with noncancerous tissue. Encouraging preclinical results using gene therapies for GBM
have led to a series of human clinical trials. Although there is limited evidence of a therapeutic benefit to date, a number of clinical
trials have convincingly established that different types of gene therapies delivered by various methods appear to be safe. Due to the
flexibility of specialized carriers and genetic material, the technology for generating new and more effective therapies already exists.
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The aggressive biology and highly invasive nature of glioblasto-
ma (GBM) make the prognosis poor for patients with this tumor.
Despite a decade’s worth of advances in surgery and chemora-
diotherapy, patients diagnosed with GBM today have a mean
life expectancy of only 14.6 months.! Because of the difficulties
inherent in treating diseases of the brain, therapeutic options
for GBM are disconcertingly limited. Advances in the field of
neuro-oncology have certainly made the management of
GBM more hopeful. Nevertheless, the neoplasm remains an ir-
reversible catalyst for mortality. The gene therapy modality has
afforded new therapeutic options that might yield more suc-
cessful treatment of GBM.

There are 4 types of gene therapy currently being investigat-
ed for potential use in treating GBM: (i) suicide genes, which in-
duce the localized generation of cytotoxic compounds; (ii)
immunomodulatory genes, which induce or augment an en-
hanced antitumoral immune response; (iii) tumor-suppressor
genes, which induce apoptosis in cancer cells; and (4) oncolytic
virotherapy, which causes lysis of tumor cells while also deliver-
ing any or all of the aforementioned other types of gene ther-
apy. Used alone or in combination, each type of gene therapy

capitalizes on some factor of the genetic hyperplastic derequ-
lation in GBM.

The delivery of genes to the tumor site is made possible by
means of (i) vectors for direct delivery of therapeutic gene(s), (ii)
tumor-tropic cell carriers expressing therapeutic gene(s), and
(iii) intelligent carriers. These vehicles are used to carry genetic
material to the site of pathology, with the expectation that they
can provide specific tropism to the desired site while limiting
interaction with noncancerous tissue. Currently, viral vector-
based methods are more commonly used than nonviral vector-
based methods, which are still considered experimental.?

Here we provide a review of the types of gene therapy and
the corresponding delivery systems. We then highlight prospec-
tive gene-therapy clinical trials of interest for GBM.

The Types of Gene Therapy

Gene therapy, which was developed as the horizontal transfer
of genetic material for treating an array of genetic diseases,
was initially established in the early 1970s to restore the func-
tion of defective genes.? However, gene therapy became a
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prevailing part of cancer research because of increasing interest
in the role of gene function in the regulation of cancer. Clearly, a
therapy that can specifically treat the neoplasm with minimal
effects on the surrounding brain is very appealing, especially
given the currently limited therapeutic options. Considering
the unique challenges that GBM poses in neuro-oncology, spe-
cialized genes from all strata of cancer biology have been ex-
plored as potential therapeutic means.

Suicide Gene Therapy

The use of genes that encode enzymes able to convert a tem-
porarily inert prodrug into an active cytotoxic compound is
one of the most extensively studied types of gene therapy.
The encoding genes are termed “suicide genes.” The advan-
tages and limitations of suicide gene therapy are summarized
in Fig. 1.

Two well-studied suicide gene therapies are the herpes sim-
plex virus (HSV) type 1 thymidine kinase (tk)/ganciclovir (GCV)
system (HSV-tk/GCV) and the cytosine deaminase (CD)/
5-fluorocytosine (5-FC) system (CD/5-FC).* In each of these
combinations, delivery of a gene (tk or CD) to the tumor causes
a systemically injected prodrug (GCV or 5-FC, respectively) to be
converted to an activated chemotherapeutic agent (ganciclovir
triphosphate [GCV 3-P] or 5-fluorouracil [5-FU], respectively). To
date, suicide gene therapy has demonstrated limited clinical
efficacy for treatment of malignant glioma.” In a large phase
IIT study, Rainov et al randomized 248 patients with newly

diagnosed GBM to receive either standard chemotherapy and
radiotherapy or standard therapy with adjuvant HSV-tk/GCV
mediated through a retroviral vector. Although the gene thera-
py was safe, there was no significant difference between the
groups in 1-year survival rates (55% for the control group vs
50% for the gene-therapy group).®

Despite the absence of a demonstrated therapeutic effect
for suicide gene therapy for GBM, exciting new developments
in enhanced delivery” and synergistic addition of other chemo-
therapeutics®~'° have sustained interest in this therapeutic
approach. By utilizing the tumor-tropic properties of mesenchy-
mal stem cells, HSV-tk expressing MSCs can migrate to glioma
tissue and exert enhanced antitumor activity. One such exam-
ple is a study in which HSV-tk MSC treatment, in conjunction
with valproic acid administration, significantly enhanced the
antitumor response of suicide gene therapy by enhancing the
bystander effect.'®

Immunomodulatory Gene Therapy

Advantages and limitations of immunomodulatory gene ther-
apy are summarized in Fig. 2. Since recognition of tumor
immunosurveillance, it has become widely accepted that
growing tumors actively evade the immune system. Overcom-
ing tumor-induced immunosuppression by enhancing the im-
mune system is the overarching goal of immunotherapy, and
successful therapies have been generated for solid and hema-
tological malignancies in the clinical setting.** Primarily due to

Suicide gene therapy

Examples: HSV-tk/GCV, CD/5-FC

Mode: Induces tumor lysis by tumor-specific delivery of prodrug-activating genes

L) > @
Gene encoding:

non-mammalian
enzyme

Advantages
¢ Requires short-term gene expression
* Safety in clinical trials

e “Bystander” tumor Killing via gap-junction delivery of drug

e Enhances sensitivity to conventional therapy

Limitations

¢ |nabililty to target dispersed tumor cells

¢ LImited spatial distribution of gene transfer vectors

* Poor gene-transfer efficiency into tumor cells in vivo

Fig. 1. Examples, advantages, and limitations of suicide gene therapy.
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the belief that immune cells cannot penetrate the blood-brain
barrier (BBB), immunomodulatory gene therapy has only re-
cently been suggested as an approach for GBM.'? However,
there is substantial evidence of tumor-induced immunosup-
pression in malignant gliomas.'* "' While the brain may be
an immune-privileged site, it is clear that this privilege is not
absolute.

Many immunotherapeutic approaches have been tested in-
cluding blocking inhibitors of the immune response,*® pulsing
dendritic cells with tumor lysates,” and depleting suppressive
cell types.'® These therapies are demonstrably potent, for
such combinatorial immunotherapies can completely eradi-
cate GBM in mouse models.® For example, vom Berg et al
demonstrated that combining interleukin-12 (IL-12) with cyto-
toxic T-lymphocyte-associated antigen 4 (CTLA-4) blockade
significantly reduced regulatory T cells and increased effector
Tcells, resulting in extended survival compared with mice treat-
ed with either IL-12 or CTLA-4 blockade alone.?® Future work
should explore various gene combinations aimed at producing
immune stimulation via different pathways. Furthermore,
the use of immunomodulatory therapies in conjunction with
standard care promises to yield therapeutic benefits.'? For ex-
ample, Zeng et al demonstrated that combining anti-
programmed-cell death (PD)-1 antibodies with stereotactic ra-
diation worked synergistically to greatly improve survival in a
mouse model of glioma.?*

Tumor-suppressor Gene Therapy

Tumor-suppressor genes are critical for the prevention of onco-
genesis. In GBM, all patients have at least one tumor-suppressor
gene that is either mutated or deleted; in 91% of patients, 2 or
more of these tumor-suppressor genes are inactivated.*?

Therapies have been devised to deliver genes encoding func-
tional tumor suppressors to the site of neoplasia in order to
restore their function and directly impede unregulated growth
(Fig. 3). For instance, the delivery of genes encoding p53,**
cyclin inhibitors®* and, more recently, miRNAs?>2® has been
shown to increase survival significantly in animal models. To
date, clinical trials have not shown the same efficacy as preclin-
ical animal models, possibly due to the lack of proper delivery
systems. For example, Lang et al used an adenovirus vector to
transfer genes encoding p53 into 12 patients with recurrent gli-
oma. Although toxicity was minimal, widespread distribution of
the agent was not achieved.”’

Another recently developed methodology involves RNA-
guided use of chimeric nucleases to disrupt, remove, or even
replace mutated DNA in target cells. These include zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases
(TALENSs), and clustered regularly interspaced short palindromic
repeat (CRISPR)/Cas-based endonucleases.?®? In the context
of GBM, delivery of these nucleases could potentially be used
to replace mutated tumor suppressors (eg, p53, pRB, or PTEN)
with functional gene versions. While this approach has not yet

Immunomodulatory gene therapy

Gene encoding:

Mode: Stimulation or enhancement of anti-tumor immunity
Examples: CTLA-4, PD-1, PD-L1 mAb, IL-12, GM-CSF, CAR therapy, DC therapy

-Cytokines % " Y Immune cell in:ri?jﬁc:ggic
ibodi recruitment/activation
-Antibodies Stem Cell memory
Advantages

¢ Eradication of individual tumor cells throughout brain
¢ Elicitation of long-term immunity, prevention of secondary tumor growth

* Does not require tumor-associated antigens

Limitations

¢ Must overcome tumor-induced immunosuppression
¢ Potential autoimmune adverse side effects

e Tumor immunoediting as a means of tumor escape

Fig. 2. Examples, advantages, and limitations of immunomodulatory gene therapy.
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Tumor-suppressor gene therapy

Examples: p53, cyclin inhibitors, miRNA

Mode: Reintroduction of genes that forces tumors to halt growth or apoptose

>

Gene encoding:
Tumor suppressor

'%M—i’

Nucleus

—>

Halted tumor
growth or cell death

Advantages

® Safety in clinical trials

¢ Potential to induce senescence within tumors
¢ Potential to sensitize tumor cells to other therapies

Limitations

® Poor in vivo gene transfer

¢ Limited distribution of therapy

¢ Multiple redundant pathways in tumors hinders efficacy

Fig. 3. Examples, advantages, and limitations of tumor-suppressor gene therapy.

been used to treat cancers in vivo, doing so appears to be an
inevitable next step in the development of this technology.

Enhancing Gene Therapy by Targeting the Tumor
Microenvironment

Apart from targeting the neoplastic cells directly, another strat-
egy is introducing genes that may alter the tumor stroma in
order to create unfavorable conditions for tumor growth or en-
hance the efficacy of therapy. One such approach targets the
tumor extracellular matrix (ECM) proteins with proteases that
degrade and remodel the ECM to augment the spread of a ther-
apeutic virus throughout the tumor site. Dmitrieva et al demon-
strated that this approach could be clinically beneficial,
showing that an oncolytic virus expressing an ECM-degrading
enzyme had improved spread throughout the tumor and great-
er therapeutic efficacy than a virus without the ECM-degrading
enzyme.>®

Oncolytic Virotherapy

While viruses are the most efficient vectors for delivering a ther-
apeutic gene to tumor cells, oncolytic virotherapy itself can also
be considered a mode of gene therapy for treating GBM (Fig. 4).
The implementation of viruses to induce the lysis of tumor cells
is an attractive avenue of therapy since its effects can also be
broadened to neighboring cells through what is aptly termed
the “bystander effect.” Furthermore, oncolytic viruses have
also been demonstrated to promote an effective antitumoral

immune response.®! These observations, along with the poten-
tial for applied modification and generation of these viral parti-
cles, suggest that oncolytic virotherapy can be an exceptional
resource for potential GBM treatment.

Many viruses have the capability to induce tumor-cell lysis in
GBM models, although the 2 most widely studied oncolytic vi-
ruses are adenoviruses (Ads) and HSV-1 viruses.>2 Both of these
double-stranded DNA viruses allow for extensive modification
in directing their tropism and ability to carry therapeutic
genes. Additionally, a number of other viruses have been test-
ed,** and many are in phase I and 11 clinical trials. These viruses
must be inherently replication competent to induce lysis. As
such, further modification is required to limit their toxicity to
surrounding nonneoplastic tissue, making them tumor tropic
or by limiting their replication to cancerous cells.** The impos-
ing problem concerning oncolytic virotherapy, however, is that
the host immune system might effectively clear the oncolytic
viruses before they can provide any notable benefit.>> Because
of this complication, suppressing the immune system, aug-
menting the immunogenicity of the virus, or a different method
of delivery is required for this therapy to be effective in the clin-
ical setting.

Summary

Researchers are utilizing these types of gene therapy, often in
combination with one another, to elicit a potent antitumor re-
sponse in preclinical studies. More experimental studies are
presently in development that exhibit distinct potential to
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Oncolytic virotherapy

Mode: Infects tumor cells and lyses them d

Adenovirus HSV-1

Examples: Adenovirus, HSV-1, AAV-2, SFV, HVJ-E, VWV

ue to viral particle production

Advantages

¢ Can potentiate to neighboring tumor cells

¢ Potential to target dispersed tumor cells

¢ Can conditionally replicate only within tumor cells

¢ Enhances sensitivity to conventional therapy

Limitations

* Poor gene-transfer efficiency into tumor ¢
¢ Limited trafficking to the brain

¢ Immune system can clear virus before therapeutic effects are elicited

ells in vivo

Fig. 4. Examples, advantages, and limitations of oncolytic virotherapy.

further promote this marked antitumoral effect. Although lim-
ited data are available to support the effectiveness of gene
therapy for GBM, the safety of its usage is now well established.
Another hurdle that persistently plagues all of these therapeu-
tic modalities is their delivery. In the clinical setting, gene ther-
apy will only be as efficacious as its ability to be delivered. In the
following sections, we will evaluate the recent advances that
have resulted in more efficient delivery of these therapeutic
genes.

Delivery Methods for Gene Therapy

Direct Delivery of Therapeutic Gene(s) into the Tumor Site:
Virus Mediated

Modification of viruses to infect and alter the fate of glioma
cells offers a unique opportunity for GBM therapy. Many viral
vectors have been developed to eliminate glioma, either in
combination with conventional therapy or with other novel
therapeutic regimens. In the following sections, we discuss
the viral vectors that have been best studied for gene delivery
and most commonly used.

Adenovirus

Among many human Ads, the human adenovirus serotype 5
(HAd5) is the most commonly used for gene therapies.>® The
primary receptor of HAd5 is coxsackievirus and adenovirus
receptor (CAR), which is poorly expressed in GBM. Therefore,

the fiber of HAd5 (ie, its receptor-binding motif) is modified to
achieve higher infectivity in glioma cells. This effect can be
achieved by incorporating a polylysine or RGD domain on the
fiber to infect the glioma efficiently and deliver the therapeutic
agent.*®3’ These genetically modified HAd5 vectors have been
previously designed to secrete cancer-specific cytotoxic pro-
teins (eq, TRAIL>®) or suicide genes (eg, HSV-tk) in conjunction
with an immunostimulatory cytokine (FIt3L).>°

As mentioned above, mutations in tumor-suppressor pro-
teins such as p53 and absence of functional apoptosis are
well documented in a considerable subset of GBM patients.
Therefore, researchers have utilized HAdS vectors to express
WT-p53 or proapoptotic Bax, causing glioma cells to undergo
apoptosis (with the latter also sensitizing glioma cells to radia-
tion).*%*! Furthermore, oncolytic HAd5 vectors have been mod-
ified to produce antiangiogenic agents such as Vstat120 for
glioma therapy, which improved survival in preclinical rodent
models.*?

Herpes Simplex Virus-1

HSV-1 has been widely employed as a potential therapeutic
agent for GBM because of its neurotropism and large packaging
capability for therapeutic genes (~160 Kb of DNA). HSV-1 is
also well suited for gene therapy in the CNS because of its ca-
pacity for long-lasting gene expression in neurons.*?

Multiple potentially therapeutic genes have been investigat-
ed for glioma using HSV-1 as the vector. For example, Ho et al
modified HSV-1 to express cytotoxic FasL and FADD (pG8-FasL/
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FADD), which caused cytotoxicity to glioma cells. Further, the
pG8-FasL/FADD virus, when inoculated intracranially into a
AGli36 model of human glioma, in combination with temozolo-
mide, improved survival.** Zhang et al generated oncolytic
HSVs that encoded either the antiangiogenic angiostatin or
the immunostimulatory IL-12. When these separate viruses
were inoculated together in 2 different models of GBM
(U87MG, MGG4), the experimental findings demonstrated sig-
nificant survival benefit compared with that achieved using ei-
ther individual virus alone.*> To date, multiple clinical trials have
used oncolytic HSV-1 as a vector for therapeutic genes in par-
ticipants with malignant gliomas, thus paving the way for de-
velopment of a more advanced generation of viruses that may
provide more significant clinical benefit.

Adeno-associated Virus-2

Adeno-associated virus-2 (AAV-2) has also been utilized for
viral gene delivery, although less commonly than other viruses
because (i) only small genes (<4 Kb) can be inserted into the
AAV-2 genome and (i) the virus exhibits a limited cell-targeting
ability. However, AAV-2 still presents a clinically viable option as
a vector based on the low immunogenicity and minimal side
effects noted in clinical trials.*® In a recent report, Ma et al
used an AAV-2 vector that had been modified to express the
anticancer gene decorin in an animal model of GBM and dem-
onstrated marked regression of tumor.*” In another report, Ma
et al modified the AAV-2 vector to express the angiostatin gene
that, combined with Ad-carrying HSV-tk, improved survival in
glioma-bearing rats.*® Interestingly, these researchers also re-
ported that a single intramuscular injection of AAV-2 expressing
angiostatin inhibited angiogenesis and improved survival in a
preclinical mouse model.*®

Other Viral Vectors

To identify better viral vectors for gene delivery, many different
viruses have been explored. For example, when Masuda et al
used hemagglutinating virus of Japan envelope (HVJ-E) as a
viral vector injected intratumorally into mice, they found im-
provement in tumor cytotoxicity and survival.*? Additionally,
Yamanka et al found that Semliki Forest virus (SFV), used as a
viral vector expressing IL-18, increased antitumoral immunity
when injected intracranially into a B16 brain-tumor model.>®
Moreover, when Timiryasova et al used replication-deficient
vaccinia virus (VV) as a viral vector expressing WT-p53 in com-
bination with mild psoralen and ultraviolet light, they found
that apoptosis was induced in an animal model and that
tumor growth in nude mice was significantly reduced.”* Finally,
Tanaka et al found that using a retrovirus as a viral vector ex-
pressing a secretable form of the antiangiogenic protein plate-
let factor 4 inhibited endothelial cell proliferation and improved
animal survival in an orthotopic glioma model.>?

Direct Delivery of Therapeutic Gene(s) into the Tumor Site:
Nonwviral Vehicle Based
Aside from the use of viruses as carriers of therapeutic genes,

other carriers capable of crossing the BBB have been developed
to combat GBM as well.

Nanoparticles

Nanoparticles represent a burgeoning fleet of delivery vehicles
for the treatment of GBM. Nanoparticles can be broadly defined
as small subcellular objects (<100 nm). They can be further
classified based on their composition or physical properties
and can be generated in the laboratory in a number of ways
to induce tumor-targeting specificity. Nanoparticles tend to ac-
cumulate within tumors. A number of explanations have been
proposed to explain this phenomenon, although conclusive
support for any one explanation has not yet been estab-
lished.”*>°

A wide variety of nanoparticles have been devised, and
some are currently being tested in the clinical setting.>* Silver
and gold nanoparticles have been particularly favorable
because they are inert, nonimmunogenic, and capable of
passing the BBB while also promoting chemo- and radiosensi-
tization to cancer cells.*® In another promising class of nano-
particles, multi-walled carbon nanotubes can be carriers
of plasmids or chemotherapeutics and can be designed to
have tumor-targeting capabilities.>’*>® Carbon nanotubes can
have polyethylene glycol (PEG) chains attached as well and
have been shown to accumulate preferentially within the
tumor.”®

Liposomes and Micelles

Liposomes and micelles are lipid nanoparticles designed in
similarity to the lipid bilayers of cells. A liposome is a complete
lipid bilayer, and a micelle is a lipid monolayer. A liposome has
a hydrophilic core, and a micelle has a hydrophobic core,
thereby allowing for packaging of a wide variety of therapeutic
genes. By incorporating PEG chains onto the surface of these
carriers, different molecules can be added to increase their
targeting to specific tissues. Adding PEG chains also prevents
uptake by phagocytic immune cells, significantly increasing
half-life in vivo.”® The BBB endothelium also expresses high
levels of transferrin receptor, and many studies have shown
that adding transferrin to the surface of liposomes and mi-
celles allows more efficient delivery of chemotherapeutics to
the glioma tissue.”? ! In some instances, researchers have
placed 2 different targets on the surface of a liposome (one
to cross the BBB and one to target the glioma); this strategy
has successfully delivered chemotherapeutics in a selective
manner, with potential reduction in toxicity to nonneoplastic
tissues.”>®2 In an in vivo study, Gao et al attached transferrin
and folate to the surface of liposomes due to high expression
of the folate receptor on glioma cells. By loading these lipo-
somes with doxorubicin, they observed specific and potent an-
titumor effects.”® In an in vitro and in vivo study, Yang et al
used angiopep-1 and the neuropilin-1 receptor to cross the
BBB and target glioma. By loading these targeting liposomes
with VEGF siRNA or docetaxel, they elicited an effective antitu-
mor response.®?

Although initial clinical trials utilizing lipid nanoparticles have
not demonstrated very substantial therapeutic efficacy,®® the
development of better liposomal targeting and conditional
drug-releasing liposomal carriers (discussed in the section
below on intelligent carriers) has potential for better outcomes
in the future.
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Tumor-tropic Cell Carriers Expressing Therapeutic
Gene(s) in the Tumor Site

Neural Stem Cells

Neural stem cells (NSCs) have a natural tropism toward brain
tumor tissue.®® NSCs are the progenitors to most cells of the
CNS and can be isolated and expanded in vitro from both hu-
mans and mice.®* The tumor-tropic capabilities of NSCs and
their ability to stably express introduced genes make them
ideal cell-based carriers.®* Another fascinating aspect of NSCs
is that they can be delivered not only through systemic injection
but also by an intranasal route, which also allows them to reach
the intracranial tumor site.®

Experimentally, NSCs have been loaded with a variety of
genes and delivered successfully to the tumor site. For exam-
ple, NSCs loaded with oncolytic adenovirus have been found
in vivo to travel efficiently to the tumor and reduce tumor
growth.®® NSCs have also been engineered to transport an
array of cytokines, nanoparticles, and enzymes for converting
inert prodrugs into chemotherapeutics.®” Also, NSCs have
been engineered to express TRAIL, and their delivery can reduce
glioma tumor burden significantly in mice.®®%9 By utilizing the
CD/5-FU system described above, Aboody et al recently found
that human NSCs expressing CD reduced glioma burden signifi-
cantly in immunocompetent mice injected with 5-FC.”° In the
future, more effective means of isolation and propagation will
be required to make NSCs more useful for clinical applications.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are relatively easier to isolate
than NSCs. They can be obtained autologously from the bone
marrow and then be manipulated and inserted back into the
same patient, thereby preventing an allogeneic response to
the carrier.”" Like NSCs, MSCs can be loaded with therapeutic
genes and delivered to the tumor. MSCs have also been engi-
neered to express TRAIL’? and CD’? with potent antitumor ef-
fects. When umbilical-cord-derived MSCs expressing IL-12
were injected into glioma-bearing mice, the tumors were re-
jected; the mice were also resistant to rechallenge, which is a
hallmark for immunological memory.>® For reasons not yet
completely elucidated, MSCs and NSCs have similar glioma tro-
pism and thus have great potential as carriers.”* Understand-
ing the properties that allow NSCs and MSCs to migrate
efficiently to the tumor will be critical for enhancing their
tumor tropism and improving their use as stem-cell carriers
for gene therapy.

Intelligent Carriers

As technologies evolve, many laboratories have begun to
develop new intelligent techniques designed to increase deliv-
ery, specificity, and tumoral toxicity against GBM.

The acidic intratumoral pH of glioma is important for brain
tumor maintenance; hence, pH-sensitive therapies are being
developed as attractive options for treating GBM.”> Many
groups have devised pH-sensitive molecules that only deliver
their therapeutic cargo at a low pH.”® =79 Our group has recently
explored this approach and shown that it is possible to enhance
the delivery of doxorubicin specifically to the glioma

microenvironment by loading NSCs with pH-sensitive mesopo-
rous nanoparticles,.””

While pegylating liposomes and micelles is beneficial to their
stability and targeting capabilities, it also makes them resistant
to intracellular degradation, thus preventing the release of
their genetic cargo and hindering their efficacy. By adding
pH-sensitive components to lipid nanoparticles, more efficient
and directed delivery of genetic cargo can be achieved.”®

Furthermore, liposomes and micelles can be used to encap-
sulate many nanoparticles to aid their targeted delivery to the
tumor.®° The approach of enhancing the specificity of stimuli-
responsive therapies has shown therapeutic potential in the
clinical setting. These particles respond to a number of external
stimuli—including, but not limited to, infrared radiation,®' mag-
netic fields,®? and ultrasound®3—to induce tumor cell death
through the release of chemotherapeutic compounds or RNA
interference, physical disruption, and thermolysis 8>

There is an unlimited potential for developing future thera-
pies by coupling these stimuli with other delivery systems,
thereby creating multifunctional carriers. While several of
these multifunctional therapies have not yet been explored in
GBM, we can expect to see them in the near future with hope-
fully better outcomes for patients suffering from this highly le-
thal malignancy.

Summary of Delivery Systems

The delivery systems for gene therapy are as varied as the
cargo they carry. Each carrier has its advantages and limita-
tions, which are summarized in Table 1. Using viruses as deliv-
ery systems is advantageous because they can be extensively
manipulated for tumor-specific tropism and have been shown
to be safe in the clinical setting. Furthermore, conditionally
replicative viruses can be used to both lyse the tumor cells
they target and carry therapeutic genetic material. Such virus-
es have the potential to synergistically spread the virus to the
entirety of the tumor. However, the fact that they are recog-
nized by the immune system, and as such have limited tissue
distribution capability, hinders their use. Conversely, stem cells
have intrinsic tumor tropism with the potential to allow great-
er tumor targeting and distribution of therapeutic cargo; how-
ever, their use is hampered by the fact that they have
tumorigenic potential, can be killed by the therapy they are
carrying, and can be rejected if they are not autologously
acquired.

Nanoparticles represent a broad and diverse set of gene
therapy carriers. They can be metals, liposomes, polymers,
and often times a mixture of these. With their virtually unlim-
ited potential for modification, tendency to accumulate pas-
sively within tumors, and engineered stability in vivo, they
present some of the most exciting carrier options to date. Fur-
thermore, researchers have modified nanoparticles to become
intelligent. By responding to intratumoral pH or external stimuli,
nanoparticles can selectively release cargo and specifically
exert their antitumor effects. This can prevent toxicity to sur-
rounding tissue and has the potential to deliver even stronger
therapeutics to the tumor. While their capacity for tumor tar-
geting and intelligent release has been demonstrated in pre-
clinical research, their efficacy in the clinical setting has not
yet been evaluated. Extensive research will undoubtedly
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Table 1. Delivery methods for gene therapy

Type of Delivery Method Advantages

Limitations

Direct Delivery of Therapeutic Genes into the Tumor Site
Virus mediated
Adenovirus
Herpes simplex virus-1
Adeno-associated virus-2

specifically within tumor cells

Demonstrated safety in the clinic

Nonviral vector based
Nanoparticles
Liposomes and micelles

Engineered to survive in vivo
Extensive modification possible

Conditional replication allows for potentiation of therapy

Intrinsic tumor cell death capabilities, synergism with cargo

Can carry therapeutics across the BBB
Can passively accumulate within tumors

Targeted for destruction by immune
system

Tumor targeting capabilities are limited

Distribution within tumor limited

Can be toxic to surrounding tissues

Trafficking to the tumor tissue can be
inefficient

Delivery of genetic material can be

inefficient

Tumor-tropic Cell Carriers Expressing Therapeutic Gene(s) in the Tumor Site

Neural stem cells

Mesenchyal stem cells Traffic efficiently to brain

Can carry therapeutics, including viruses, across the BBB

Intelligent Carriers
pH-sensitive drug release
pH-sensitive liposomal carriers
Stimuli-responsive particles

tissues
Extensive modification possible

Can carry therapeutics across the BBB

Multiple administration routes possible

Temporal release of therapeutics prevents toxicity to surrounding

Genetic material can be toxic to stem cells

Can be rejected by immune system if not
autologous

Risk for tumor formation

Research in its infancy
Efficiency of intelligent release in vivo
still uncertain

Abbreviations: BBB, blood-brain barrier.

uncover new and exciting ways to manipulate these different
carriers for therapeutic benefit.

Current Studies of Interest

Encouraging preclinical results using gene therapies for GBM
have led to a series of human clinical trials. Table 2 lists current
clinical trials using gene therapy for GBM. Highlighted below are
current and recently completed clinical trials of interest.

A current phase II trial (NCT00589875), which employs
AdV-tk and valacyclovir together with standard surgery and
chemoradiotherapy, has generated interest. This study ex-
pands on a phase IB trial conducted by Chiocca et al,®® in
which the gene therapy showed potential efficacy without
side effects and was independent of the patient’s MGMT pro-
moter methylation status. In this trial, 12 participants with
newly diagnosed malignant gliomas received intratumoral in-
jections of AdV-tk vector particles at the time of surgery. The
participants then received valacyclovir followed by radiation
therapy. After 14 days of valacyclovir treatment, temozolomide
was administered. Twenty-five percent of the participants sur-
vived for 3 years, and post-treatment histological analyses
showed significant CD3+ T-cell and CD68+ macrophage infil-
trate present in tumors 22 months after the AdV-tk injection.
This suggests that the treatment has potential for promoting
productive immunity against the tumor.®®

A recent phase III clinical trial completed by Ark Thera-
puetics Ltd. employed a nonreplicating adenoviral vector
that encodes the HSV-tk followed by ganciclovir administration
(Cerepro or sitimagene ceradenovec) in participants with

supratentorial GBM.®” Although this trial was considered unsuc-
cessful, a number of factors have emerged that potentially
hampered the efficacy of the treatment. There is still a belief
that this therapy could yield a small yet clinically significant
benefit, particularly if gene delivery to the tumor is improved
or if the gene therapy is combined with other treatments.®®

One promising virotherapy, which has progressed to phase I
clinical trials (NCT0O0805376 and NCT01956734), uses an onco-
lytic adenovirus called DNX-2401 (previously referred to as
Delta-24-RGD-4C) for the treatment of recurrent malignant gli-
oma. This virus has been modified so that it can efficiently in-
fect cells through interaction between the RGD motif of the
adenovirus fibers and the integrins on cells (ie, the viral infectiv-
ity no longer relies on poor CAR expression by the glioma cells)
and has been made conditionally replicative so that it only rep-
licates in cells with inactive retinoblastoma protein such as can-
cer cells. This modified virus has demonstrated robust efficacy
in preclinical experiments.®°

Based on encouraging preclinical experiments, prelimi-
nary findings reported by Tocagen, Inc., from 2 ongoing clinical
trials (NCT01156584 and NCT01470794) have been largely
positive. The studied treatment, which used a replicating retro-
viral vector (Toca 511) in conjunction with 5-FC, was well toler-
ated in 68 participants, with higher survival rates at 6 and 12
months. Moreover, after Toca 511 treatment, there appeared
to be evidence of immune activation against the residual
tumor. These results are encouraging with regard to future
trials that aim to combine antitumor immune activation with
another therapeutic agent such as oncolytic viruses or drug-
loaded nanoparticles.
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Table 2. Clinical trials of gene therapy for glioblastoma and other malignant brain tumors in the United States*

Clinical Trial Trial Therapeutic Agent Delivery Mechanism Therapeutic Strategy Type(s) of Cancer
Identifier Phase
NCT01156584 /11 Toca-511 carrying CD + 5-FC RRV Suicide gene + viral oncolysis Recurrent HGG
NCT01470794 I Toca-511 carrying CD + 5-FC RRV Suicide gene + viral oncolysis Resection cavity of recurrent or
progressive grade III or IV astrocytic
tumors
NCT01985256 I Toca-511 carrying CD + 5-FC RRV given intravenously ~ Suicide gene + viral oncolysis Recurrent or progressive grade III or IV
astrocytic tumors
NCT01174537 Vi1 Newcastle Disease Virus Replicating virus Viral oncolysis GBM, gliosarcoma, and neuroblastoma
NCT01301430 1l H-1 parvovirus (ParvOryx-01) Replicating virus Viral oncolysis GBM
NCT01491893 I Engineered chimeric poliovirus (PVS-RIPO) Replicating virus Viral oncolysis 4+ immune GBM and recurrent supratentorial GBM
activation
NCT00390299 I Measles virus derivative (MV-CEA) Replicating virus Viral oncolysis 4+ immune Recurrent GBM
activation
NCT02062827 I HSV-1 expressing IL-12 (M032) Replicating virus Viral oncolysis + antiangiogenesis  Recurrent/progressive GBM, anaplastic
astrocytoma, or gliosarcoma
NCT01582516 1l AdV-delta-24-RGD Replicating virus Viral oncolysis Recurrent GBM
delivered via CED
NCT00805376 [ DNX2401 (formerly known as Replicating virus Viral oncolysis Recurrent malignant gliomas
Delta-24-RGD-4C)
NCT01956734 I DNX2401 (formerly known as Replicating virus Viral oncolysis First GBM recurrence
Delta-24-RGD-4C) + TMZ
NCT02031965 I HSV-1716 Replicating virus Viral oncolysis Recurrent childhood GBM and malignant
glioma
NCT00589875 Ila AdV-tk + valacyclovir + radiation therapy Nonreplicating virus Suicide gene Newly diagnosed malignant gliomas
NCT00634231 I AdV-tk + valacyclovir + radiation therapy Nonreplicating virus Suicide gene Children with malignant glioma
NCT00751270 Ib AdV-tk + valacyclovir + radiation therapy Nonreplicating virus Suicide gene Malignant gliomas
NCT01811992 I AdV-hCMV-TK & AdV-hCMV-Flt3L Nonreplicating virus Suicide gene +immune Malignant glioma and GBM
stimulation
NCT01260506 Il VB-111 + bevacizumab Nonreplicating virus Antiangiogenic Relapsed GBM
given intravenously
NCT02026271 I Adenovirus vector expressing IL-12 Nonreplicating virus Immune-mediated cell death Recurrent/progressive GBM and grade 111
(INXN-2001) + veledimex astrocytic tumor
NCT01172964 Pilot CD + 5-FC Neural stem cells Suicide gene Recurrent HGG

*The trials have active status (open, recruiting, or ongoing) as of September 2014.
Abbreviations: 5-FC, fluorocytosine; AdV, adenovirus; ALT, autologous lymphocyte transfer; CD, cytosine deaminase; CEA, carcinoembryonic antigen; CED, convection-enhanced delivery;
CMV, cytomegalovirus promoter; Flt3L, FMS-like tyrosine kinase 3 ligand; GBM, glioblastoma; HER, human epidermal growth factor receptor 2; HGG, high-grade glioma; HSV, herpes sim-
plex virus; IL, interleukin; MV, measles virus; RGD, Arg-Gly-Asp motif; RRV, retroviral replicating vector; TK, thymidine kinase; TMZ, temozolomide; VB-111, nonreplicating adenovector
targeting Fas-Chimera transgene to angiogenic tumor blood vessels.
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Another clinical trial (NCT01172964) is attempting to im-
prove therapeutic efficacy in participants with recurrent high-
grade glioma by modifying NSCs to express CD.®* Should this
stem-cell carrier approach prove to be reasonably safe, it can
be used to deliver other types of gene therapy such as AdV-tk
or oncolytic viruses. Other stem-cell carriers such as MSCs,
which have also delivered enzyme-prodrug therapy success-
fully in animal models, warrant investigation in future clinical
trials.99?

The majority of completed clinical trials have relied on the
administration of a single therapeutic agent. However, as evi-
dence from preclinical and clinical studies has accumulated,
it appears that a combination of targets allowing for a multifac-
eted eradication of the tumor might prove to be more effec-
tive.'® Today, finding the right combination of gene therapy,
virotherapy, and immunotherapy, as well as the best way to
delivery these platforms to the tumor, is a dominant theme
concerning the use of gene therapy for treating GBM. A series
of upcoming preclinical and clinical trials will explore the effects
of combinations of oncolytic virotherapy and immunomodula-
tion in an attempt to produce synergistic tumor subtraction. In
the meantime, more clinical trials are urgently needed to ex-
plore the efficacy of different vehicles for gene therapy delivery
as they are developed.

Conclusion

The ineffectiveness of current treatments for GBM provides re-
searchers and clinicians alike with compelling reasons to test
highly unconventional therapies for this disease. Although
there is limited evidence of a therapeutic benefit to date, a
number of clinical trials have convincingly established that dif-
ferent types of gene therapies delivered by various methods ap-
pear to be safe.”

The efficacy of current glioma therapies can be enhanced by
more efficiently and specifically designed approaches (eg,
tumor-specific killing, manipulating the tumor microenviron-
ment, and maneuvering the immune system) to tilt the bal-
ance toward antitumor immunity. In combination with
intelligently designed, tumor-specific viral and nonviral delivery
systems, these novel therapeutic strategies could yield pro-
found improvements in GBM patient survival.

New and exciting means for gene therapy are already on the
horizon. As described above, the CRISPR/Cas system is a recent-
ly developed approach that allows directed insertion of genetic
material anywhere in a target cell using guide DNA. With this
technique, mutated genes are disrupted and replaced with
functional ones.?®2° The technique has enormous potential
for use in gene therapy for GBM.

With regard to carriers, new discoveries are being made on a
continuing basis. Recent studies have dramatically enhanced
the loading capabilities of magnetic nanoparticles while main-
taining their multi-targeted approach.”* Ma et al have devised
nanoparticle carriers that cause photosensitization by x-rays, a
potential way to target deeply-rooted tumors using photody-
namic therapy.®®

Due to the flexibility of specialized carriers and genetic ma-
terial, the technology for generating new and more effective
therapies already exists. The field of gene therapy is exploding

with new advances occurring on a rapid basis, and the possibil-
ities for the future treatment of GBM are virtually unlimited.
With a basic understanding of the current status of GBM re-
search, both in preclinical and clinical settings, we hope this re-
view can provide a basis for other researchers to develop their
own novel and innovative therapies.
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