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REVIEW

Novel therapeutics for brain tumors: current practice and future prospects
Nagat El Demerdasha, Jayanidhi Keddaa, Nivi Rama, Henry Brema,b and Betty Tylera

aDepartment of Neurosurgery, Hunterian Neurosurgical Research Laboratory, Johns Hopkins University, Baltimore, MD, USA; bDepartments of
Biomedical Engineering, Oncology, and Ophthalmology, Johns Hopkins University, Baltimore, MD, USA

ABSTRACT
Introduction: Malignant gliomas are the most common and aggressive primary brain tumor with
current available therapies increasing median survival to a modest 20 months. Multiple preclinical
research efforts aim to further this improvement through advances in therapeutic options for these
patients.
Areas covered: The unique obstacles that must be managed in developing and delivering safe and
efficacious therapeutics into the central nervous system are reviewed. We describe the successes and
challenges in local drug delivery in the field of neuro-oncology and explore convection enhanced
delivery and high frequency ultrasound as tools for safe and effective delivery. Drug delivery systems
are described in addition to combination therapies that are being tested both preclinically, as well as
ones currently in clinical trials. The field of immunotherapy is also discussed along with specific
considerations as it relates to the brain’s microenvironment.
Expert opinion: While there have been incremental advances in brain cancer therapeutics over the last
few years, novel therapeutics are expanding with multiple opportunities in neuro-oncology.
Overcoming the brain’s unique challenges might allow for breakthroughs and discoveries in the future.
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1. Introduction

The World Health Organization (WHO) updated the classification
of brain tumors in 2016 with both genotypic and phenotypic
values to facilitate greater accuracy in clinical, experimental, and
epidemiological studies [1]. This new classification included the
genetic basis of tumorigenesis to add predictive data for more
effective targeted treatments. Glioblastoma (GB) tumors, both
the isocitrate dehydrogenase (IDH) wild type and the IDH
mutant, are classified as Grade IV brain tumors [1] and remain
one of the most lethal cancers in humans with a median survival
after maximal therapy of less than 2 years [2]. The standard
treatment for patients with newly diagnosed GB consists of
maximal surgical resection and radiotherapy with concomitant
and adjuvant chemotherapy. Several factors inherent to GB
tumors are responsible for the limited efficacy of standard che-
motherapeutic agents. Such factors include the tumor’s high
invasiveness, high proliferative index, tendency toward immuno-
logic escape, genetic heterogeneity and instability, and the
blood–brain barrier’s (BBB’s) role in limiting systemically deliv-
ered therapy [3]. The therapeutic efficacy of a drug is only
possible providing its dose is very high or it is specifically cyto-
toxic to these invasive cells.

One way in which these challenges have been addressed is
through local drug delivery by local polymer implantation
encapsulated with chemotherapeutic agents. The polyanhy-
dride delivery of BCNU was shown to be both safe, as well
as effective in preclinical models and has translated into sig-
nificant effects clinically. These efficacious results have led to

investigations of other local delivery formulations, including
biodegradable polymers, nanoparticles, and liposomes. These
have all been tested preclinically in brain tumor models with
varying successes and will be discussed in this review (a brief
summary of advantages and challenges is shown in Table 1).

Targeted gene therapy is an approach based on the local
delivery of genetic material using a vehicle to shuttle genes to
tumor cells to determine higher expression of a transgene or
silencing of an endogenous gene [9–11]. New insights into spe-
cific gene mutations and dysregulated signaling pathways have
provided insight into the pathogenesis of brain tumors and have
highlighted gene therapy as a potential approach for the treat-
ment of GB tumors [12,13]. Immunotherapy also represents
a new paradigm that has drastically improved the prognosis for
a wide range of cancers [14,15]. Effective immunotherapy is
especially attractive for the treatment of highly invasive tumors
as surgical resection often does not remove all malignant cells.
A method to enhance immune cells’ innate ability to target,
track, and specifically eliminate tumor cells could dramatically
change the prognosis and treatment of brain tumors. There has
been recent debate however regarding the effect of immu-
notherapy within the brain and the extent to which it is an
immune privileged site [16]. Utilizing local delivery strategies
may provide an advantage in combining chemo and immu-
notherapy for optimal efficacy. Targeting pertinent antigens
with vaccines and checkpoint inhibitors could lead to a new
area of treatment and increase the therapeutic armamentarium
for treatment of gliomas. In this review we will describe the
unique challenges that are inherent in developing treatments
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for brain tumor therapies. Advances in classification, genetic
analysis, drug delivery, and technology have increased therapeu-
tic opportunities. Novel platforms taking advantage of these
novel advances are described.

2. Challenges of treatment

2.1. BBB and blood brain tumor barrier

The BBB is a major obstacle to drug delivery in the brain, as
the strongly connected tight junctions of epithelial cells form
a filter that selectively allows small molecules to pass through
(Figure 1). The BBB plays an important role in protecting the
central nervous system (CNS) from injury, pathogens, and
toxins; however, this restrictive quality also presents a major
challenge in the treatment of glioma. Besides the cellular
components, such as pericytes, astrocytes, and basement
membrane [17], the molecular components of the BBB create
an additional challenge. These molecular components, such as
efflux transporters and nutrient transporters [18], aid in the
interaction between the CNS, and the vascular system, allow-
ing for further regulation of influx and efflux through the BBB.

The epithelial cells of the BBB, known as brain microvascular
endothelial cells (BMECs), uniquely have continuous tight junc-
tions, and have the ability to shuttle nutrients to the brain using
the efflux transporters mentioned, such as p-glycoprotein [19].
P-glycoprotein, along with multidrug resistance-associated pro-
teins (MRP) and breast cancer resistance protein (BCRP) pose
a particularly significant challenge to drug delivery, as they
actively pump out potential therapeutics from the CNS [20].
The BMECs are surrounded by pericytes, which are involved in
the formation of the BBB through gene expression and induc-
tion of the polarization of astrocyte end feet [21]. The astrocyte
end feet ensheath the capillaries and contribute to the main-
tenance of the BBB by secretion of various factors [22]. As a key
regulator and protector of the CNS, the BBB plays a dynamic
role in maintaining cerebral homeostasis [23].

In addition to the BBB, gliomas themselves create a blood–
brain tumor barrier (BBTB) that helps facilitate nutrient and
oxygen transfer to the growing tumor cells. The BBTB is
formed due to the expression of vascular endothelial growth
factor (VEGF), which induces growth of brain tumor capillaries
in the hypoxic area. Similarly to the BBB, the BBTB also
expresses the efflux transporters, creating yet another barrier
for potential therapeutic drug delivery to brain tumors [24].

In terms of permeability of the BBTB, there are two major
variables: the type of tumor microvessel population and the

Article highlights

● Successes and challenges are discussed regarding optimizing new
therapeutics for the treatment of malignant gliomas.

● Drug delivery systems such as biodegradable polymers, nanoparti-
cles, and liposomes delivering standard chemotherapeutic agents as
well as novel targeted compounds and combinations of drugs with
complimentary mechanisms of action are presented.

● Immunotherapy in the context of local chemotherapy for the treat-
ment of brain tumors is discussed.
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spatial distribution of the vessels. There are three microvessel
populations, which are continuous fenestrated, continuous non-
fenestrated, and interendothelial gaps. Each microvessel popu-
lation varies in the size of the molecules to which they are
permeable [25]. The BBTB also differs from the BBB in many
crucial ways. Unlike the BBB, the BBTB is formed by abnormal
capillaries that do not express normal proteins and astrocyte
end feet. These differences could be potentially explored as
a way to target the BBTB without affecting the BBB [26]. Drug
delivery and local intracranial drug delivery have been investi-
gated to obtain therapeutically sufficient concentrations of
effective agents across the BBB and the BBTB.

3. Overcoming the challenges of the BBB

3.1. Convection enhanced delivery

Convection-enhanced drug delivery (CED) developed as
a technique to bypass the BBB has been utilized for locally deliver-
ing a continuous injection of a fluid under positive pressure using
intracranial catheters. CED was developed by Bobo et al. in 1994
[27] and has been used to deliver a variety of therapeutic com-
pounds for a diversity of diseases such as Alzheimer’s disease,
Parkinson’s disease, and GB and can be a powerful tool for drug
delivery [28]. The delivery and distribution of a solute by CED can
be affected by many conditions, such as molecular weight of the
compound being delivered, the tumor size, rate of infusion, can-
nula size and shape, and the volume of the infused fluid [29]. CED
has shown some complications with drug administration due to

backflow or reflux, air bubbles, edema, and abnormal tumor
vasculature that has led to leakage of the drug into the subarach-
noid space [29]. Animal studies show that CED has the capability
to deliver a drug centimeters from the site of injection [27]. By
using computer models and algorithms, developing modified
catheters, targeting tissue anatomy, and improving the delivery
method, drug delivery can be and has been further optimized [30].
Many clinical trials have tested safety and efficacy of CED with
varying success rates [28].

The PRECISE trial was a Phase III trial in patients with recurrent
GB which compared CED of IL13-PE38QQR, a recombinant
Pseudomonas exotoxin that targets the interleukin 13 α-receptor
highly expressed in GB, and Gliadel®, the carmustine wafer. The
median survival was found to be higher in patients who had
received Gliadel® as compared to the patients who received CED
of IL13-PE38QQR [28]. Poor drug distribution due to catheter
positioning was cited as one of the reasons for the unsatisfactory
efficacy results [31,32]. Lidar et al. delivered paclitaxel by CED to
patients with recurrent GB and investigated its safety, neuroima-
ging of the distribution, and clinical response [33]. While CED of
paclitaxel showed some antitumor response, there were also
numerous treatment-associated complications, including chemi-
cal meningitis, infectious complications, and transient neurologi-
cal deterioration due to increased peritumoral edema.

Similarly, Young et al. describes CED of polymeric magnetite
nanoparticles encapsulating temozolomide in canines with
spontaneously occurring gliomas [34]. Magnetic resonance ima-
ging (MRI) was used to examine distribution and it was found
that evenwith optimal catheter placement only 70% of the cases

Figure 1. Targeted therapy across the blood–brain barrier. Ian Suk is the copyright holder for his illustration in Figure 1.
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were accurately reached with the infusion. Observable decrease
in tumor volume was only detected in 1 of 10 animals. To take
advantage of nanoparticle technology and its unique diffusion
characteristics Zhang et al. utilized CED to deliver cisplatin-
loaded brain penetrating nanoparticles in a rodent model of
glioma [35]. The brain penetrating particles were PEGylated for
further penetrance and increased diffusion. Delivered via CED,
the cisplatin nanoparticles reached effective concentrations
intracranially which decreased tumor growth and significantly
prolonged median survival as compared to cisplatin alone, cis-
platin in non-PEGylated particles, and saline-treated controls. The
treatment groups were treated through CED and all groups
included cisplatin but only the PEGylated nanoparticle cisplatin
delivery showed a statistically significant increase in survival with
80% long-term survivors.

The delivery of carboplatin for the treatment of preclinical
models of GB, as well as clinical safety studies has been
investigated. Initially carboplatin was delivered via CED in
a rodent model of GB and showed promising intracranial
distribution both in rodents and pig brains with confirmation
of carboplatin remaining in the brain for 24 h [36]. This data
led to the Phase I study for the dose escalation of carboplatin
administered by CED to patients with recurrent GB [37].
However, the nonspecific cytotoxicity of free carboplatin
coupled with its rapid clearance from the brain led to the
development of an encapsulated method for this drug’s deliv-
ery. Arshad et al. formulated injectable poly-lactic acid-glycolic
acid copolymer (PLGA) with carboplatin and confirmed cyto-
toxicity in GB cell cultures as well as confirmed increased
distribution, reduced clearance, and decreased neuronal toxi-
city of the carboplatin nanoparticles after CED in rat and
porcine models [38]. Shi et al. used CED to deliver carboplatin
encapsulated in liposomes to animal models of GB with con-
tradictory conclusions [39]. Their results showed that their
least efficient formulation in vitro was their most effective
treatment in vivo, supporting the theory that the choice and
use of animal models are important aspects of this transla-
tional work.

The use of CED to deliver chemotherapeutic agents, such as
cisplatin, temozolomide and doxorubicin, via liposomes has
also been investigated in preclinical models of GB but
has mostly resulted in safety issues [40–42]. Much remains to
be determined with CED including optimizing the drug or
encapsulating the drug of choice, determining relevant animal
models, ensuring local delivery, establishing pharmacokinetics,
and drug clearance, and confirming increased diffusion of
active and bioavailable agents in therapeutic concentrations.
Studies addressing these issues have included the fabrication
of transcutaneous bone-anchored ports for repeated CED infu-
sions [43] and the more recent Cleveland Multiport Catheter
that is currently under evaluation [44]. This optimized catheter
technology will need to be combined with an infusate ideal for
both CED delivery and specificity for tumor cytotoxicity all with
reflux-free infusions and an effective infusion regimen [45].

3.2. Gene therapy and virotherapy

Gene therapy has been explored to take advantage of the
altered gene expression found in GB tumors. Various strategies

for gene therapy include viral delivery of genes, stem cell
therapy, and nanotechnology therapy. Each of these therapies
has multiple distinctions utilized to deliver one of a multitude
of gene therapy solutions comprised of suicide genes, tumor
suppressor genes, immunomodulatory genes, anti-angiogenic
factors or immunostimulating cytokines, as well as acting as
gene therapies themselves if oncolytic. A gene target often
employed in viral therapy is a type of Herpes simplex virus
(HSV), which can deliver thymidine kinase (HSV-TK) as
a suicide gene to target the DNA replication in rapidly dividing
cells. Stem cell therapies possess the unique quality to actively
migrate toward a tumor site, even crossing the BBB. Neural
and mesenchymal stem cell therapy has also been used to
deliver immunostimulatory cytokines like Tumor Necrosis
Factor-Related Apoptosis-Inducing Ligand (TRAIL) which
alone or in conjunction with radiotherapy have been shown
to reduce tumor burden [9]. One altered pathway is the p53
pathway, which is responsible for tumor suppression, tumor-
igenesis, and tumor invasion. Other signaling cascades
thought to have a role are the PI3K-PTEN-Akt-mTOR pathway,
which is involved in cell proliferation, apoptosis, cell invasion,
and mobility; the RAS/MAPK signaling pathway; and the STAT3
pathway [12]. Nandhu et al. describes tumor-derived fibulin-3,
linked to poor survival, as a pathway to target for novel
combination therapies [46]. Gene therapy is a potentially
powerful technology; however, it has shown a relative lack of
clinical efficacy, probably in part due to the limited spatial
distribution, poor gene transfer efficiency, host immunity,
and the heterogeneity inherent in GB [47]. The use of local
delivery strategies may assist in overcoming these challenges,
to aid in gene targeting and delivery to tumor cells [48–50].

Studies have shown support for the use of TG6002, an
oncolytic virus, for treatment of GB in vitro. TG6002 replicates
in tumor cells primarily, localizing the therapy to those cells
with deletion of genes for thymidine kinase and ribonucleo-
tide reductase. When delivered in combination with the anti-
metabolite 5-flucytosine (5-FC), TG6002 transforms 5-FC into
its cytotoxic metabolites 5-FU and 5-FUMP, driving tumor lysis.
Studies in mice with orthotopic GB demonstrated prolonged
survival in those treated with TG6002 and 5-FC together,
indicating support for a Phase 1 clinical trial to proceed [51].
This trial will help to elucidate the safety effectiveness of this
oncolytic virus in the clinical setting.

3.3. The carmustine wafer

Intracranial drug delivery was developed to bypass the problems
associated with systemic delivery due to the challenges of the BBB
and the BBTB. Various polymer formulations have been developed
and tested to deliver chemotherapeutic agents at the site of tumor
resection. Initially, several polymers were tested to determine the
optimal formulation from which to deliver carmustine, an FDA-
approved, and historically, systemically utilized drug for patients
with GB [52,53]. The biodegradable polyanhydride polymer, poly
[bis(p-carboxyphenoxy)]propane-sebacic acid copolymer was
determined to be the best formulation for delivery showing no
toxicity profilewhen implanted intracranially. This was determined
through multiple safety studies in rodents and non-human pri-
mates [54,55]. Autoradiographic biodistribution studies in rabbits
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showed that carmustine released from the polymer diffused
through the parenchyma in pharmacologically effective concen-
trations andwas detected 3weeks after implantation as compared
to direct injection of a carmustine solution which was detectable
only 72 h after injection [56]. Yang et al. showed that the drug
concentration in the implanted hemisphere was initially 40 times
higher than thedrug levels in the contralateral hemisphere and the
peripheral circulation in a rat model [53]. Additionally intact bioac-
tive carmustine was detected in the polymer implanted hemi-
sphere up to 9 days, while it was detected in the contralateral
hemisphere and the peripheral circulation for only 1 day.
Distribution studies in non-human primates showed similar car-
mustine release in vivo with carmustine detected 5 mm from the
site of implantation after the first day and 1mmon days 3 through
14 after implantation [54]. Efficacy studies consistently demon-
strated both safety and efficacy of the carmustine-loaded wafer
in a rodent model of gliosarcoma [52,55].

The rigor of this preclinical data led to the first Phase I–II trial in 21
patientswith recurrentmalignant gliomawhich tested three loading
doses of carmustine – 1.93%, 3.85%, and 6.35% [57]. The study
demonstrated feasibility and safety of this novel concept with the
3.85%dose chosen for a subsequent placebo controlled randomized
study. The prospective, placebo-controlled, double-blind, rando-
mized study included 27 cm and 222 patients with recurrent malig-
nant glioma requiring re-operation [58]. Following tumor removal,
up to8BCNUwaferswereplaced into the tumor resectioncavity. The
median survival of the 110 patients who received the carmustine
waferswas31weeks compared to23weeks for the112patientswho
received placebo wafers. These initial studies in patients with recur-
rent glioma were then followed by studies in patients with newly
diagnosed GB. Valtonen et al. showed an increase in the median
survival of 13.4 months for carmustine-treated patients versus
9.2 months for placebo wafer treated patients (p = 0.012) [59]. The
carmustine-treated group also had significantly improved overall

survival at 12 months. Another study of patients newly diagnosed
with GB resulted in a median survival of 13.9 months in the treated
group as compared to 11.6 months in the placebo treated group
[60]. The FDA approved the use of the carmustine wafers in 1996 for
implantation in patients with recurrent GB [61]. In 2003, the FDA
expanded this approval for theuseof thewafers in initial surgery and
for all malignant gliomas. Pallud et al. conducted a study including
787 patients with newly diagnosed GB and showed that the wafer
implantation was associated with longer progression-free survival
[62]. There have been a few meta-analyses on the benefit of the
locally implantedwafers [63,64]. Chowdharyet al. included60studies
totaling 4,898 patients and showed that for newly diagnosed high
grade glioma, the 1-year overall survival was 67% with a median
survival of 16.4 months with the carmustine wafers, compared to
a 48% 1-year survival and median survival of 13.1 months without
the wafers [63]. The 2-year overall survival was 26% with the wafer
and 15% without the wafers. The biodegradable carmustine wafers
have been shown to be safe and effective and have become an
accepted form of therapy for newly diagnosed and recurrent GB.
Given the significant but modest improvement in patient outcomes
with these wafers, further localized treatments should be explored
and brought to clinical testing. Potent chemotherapeutics, novel
small molecules which typically cannot sustain systemic delivery,
and combination therapies can utilize local delivery strategies for
translation to the clinical setting.

3.4. Local delivery formulations

3.4.1. Paclitaxel
In addition to the local intracranial delivery of BCNU from
Gliadel®, which surpassed results of systemic delivery of the
same agent [52], other promising compounds have been inves-
tigated for their benefit via local delivery (Table 2). Paclitaxel, an
inhibitor of microtubule function and growth, has a long history

Table 2. Preclinical delivery systems investigated for treatment of GB.

Type of Delivery System Drug Encapsulated Animal Model Tested Delivery Mode [Ref]
Safety/

Biodistribution Profile? Statistical Efficacy?

Polyanhydride P(CPP:SA) BiCNU or carmustine 9L Gliosarcoma-F344 rat Intracranial [52,55] Yes/Yes Yes
Polyanhydride P(CPP:SA) Doxorubicin 9L Gliosarcoma-F344 rat Intracranial [70] Yes/No Yes
Polyanhydride P(CPP:SA) Acriflavine 9L Gliosarcoma-F344 rat Intracranial [71] Yes/No Yes
Polyanhydride P(CPP:SA) Temozolomide 9L Gliosarcoma-F344 rat Intracranial [86] Yes/No Yes
Polilactofilate
microspheres

Paclitaxel 9L Gliosarcoma-F344 rat Intracranial [68] Yes/Yes Yes

Liposomes Cisplatin F98 glioma Intracranial/Intravenous [40] No/No No
Liposomes Cisplatin/Carboplatin F98 glioma Intracarotid infusion [72] Yes/Yes Yes with XRT
Liposomes O6BTG-C18 SMA-497 murine glioma Intravenous with low

intensity focused
ultrasound (FUS) +
Temozolomide [73]

Yes/Yes Yes

Liposomes Temozolomide No tumor- naïve rat Intravenous [74] NA/Yes NA
Liposomes Temozolomide CNS-1 rat glioma Intracranial CED [41] Yes/Yes No better than Oral

delivery
Liposomes Temozolomide U87MG Intracranial CED [75] Yes/Yes Yes
Liposomes pEGFP-TRAIL +

Paclitaxel
U87MG Intravenous [76] Yes/NA Yes

Liposomes Doxorubicin U87MG Intravenous [77] Yes/Yes NA
Liposomes Doxorubicin C6 Glioma Intravenous + FUS [78] Yes/Yes Yes with FUS
PLGA Nanoparticles Etoposide +

Temozolomide
9L Gliosarcoma-F344 rat Intracranial [103] Yes/No Yes

PLGA Nanoparticles Temozolomide C6 glioma Intracranial [88] Yes/Yes Yes
PLGA Nanoparticles Doxorubicin 101/8 glioblastoma Intravenous [79] Yes/NA Yes
Superparamagnetic iron
oxide (SPIO) PLGA

Paclitaxel U87MG Intravenous [83] Yes/Yes Yes
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of being used as a potent chemotherapeutic but as it remains
notoriously difficult to deliver in therapeutic concentrations
intracranially [65,66], it has been investigated as a candidate for
local delivery. Safe and effective intracranial paclitaxel delivery
has been shown from a biodegradable polyanhydride polymer
[67], as well as a polyphosphoester polymer [68] in rodent mod-
els of glioma. Pradilla et al. demonstrated safety and pharmaco-
kinetic distribution in a canine model using the polilactofilate
microspheres implanted intracranially with minimal to undetect-
able plasma levels of paclitaxel [69].

Additionally paclitaxel was shown to be safe and effective
when delivered from a thermosensitive, biodegradable triblock
copolymer composed of poly(lactide-co-glycolide) and poly(ethy-
lene glycol), OncoGel®, in two rodent glioma and gliosarcoma
models. Clinically OncoGel®waswell tolerated, delivered paclitaxel
in a prolonged fashion, and seemed to reduce tumor burden in
patients with inoperable esophageal cancer [80], however clinical
testing in patients with recurrent glioma was terminated prior to
full enrollment. More recently, Lei et al. have shown that paclitaxel
delivered via poly (d,l-lactic-co-glycolic acid) (PLGA) nanoparticles
coated with d-α-tocopherol polyethylene glycol 1000 succinate
(TPGS) had amplified accumulation (>800% after 96 h) in brain
tissuewhen comparedwith unloaded nanoparticles and paclitaxel
in a mouse model [81]. Sun et al. has incorporated paclitaxel into
dual-modified cationic liposomes loaded with survivin siRNA and
paclitaxel to target the survivin expressed in GB tissue and to
deliver a potent therapeutic at the tumor site. They showed
a strong efficacy response using U251-CD133+ cells in athymic
mice with control groups resulting in a median survival of 25 days
and the experimental group having a median survival of 81 days,
with no histological abnormalities or toxicity observed [82].
Paclitaxel has recently been incorporated into superparamagnetic
iron oxide (SPIO)-loaded PEGylated PLGA-based nanoparticles
(PTX/SPIO-NPs) [83]. This effective nanocarrier system combined
paclitaxel incorporated into NPs with the application of
a noninvasive external magnetic field to enhance the permeability
and retention (EPR) effect of the nanocarriers and increase ther-
apeutic efficacy. The BBB was imaged and shown to be disrupted
at the tumor site with accumulation of the nanoparticles around
the site ofmagnetic targeting. Magnetic targeting treatments with
the PTX/SPIO-NPs also showed a significant increase in median
survival in tumor bearing animals as compared to passive target-
ing and control groups. Other groups are exploring the delivery of
paclitaxel combined with focused ultrasound which seems to be
promising [84]. The local delivery of this potent therapeutic seems
to decrease systemic toxicity but has yet to be shown to be
efficacious clinically.

3.4.2. Temozolomide
The Stupp protocol, consisting of surgical resection followed by
radiation therapy combined with concomitant and adjuvant oral
temozolomide, for the treatment of patients with GB has become
an accepted therapeutic regimen clinically, increasing median
survival to 14.6 months [85]. A retrospective study was con-
ducted over a 10-year period which included patients under-
going primary resection of GB with or without Gliadel® wafer
implantation and with or without concomitant oral temozolo-
mide (Stupp protocol). Overall survival and treatment morbidity
were assessed. The patients who were treated with radiation,

Gliadel® and temozolomide had an increased median survival of
20.7 months without increased morbidity [2]. Similar findings
were found by Pallud et al. [62]. These results led to the hypoth-
esis that locally delivered temozolomide might lead to an addi-
tional benefit. Brem et al. demonstrated extended release of
temozolomide from a biodegradable polymer while intracranial
biodistribution of temozolomide increased threefold as com-
pared to the same drug delivered orally in a rodent glioma
model [86]. Efficacy studies showed untreated controls had
a median survival of 13 days compared to 92 days of animals
treated with intracranial temozolomide polymers. When radia-
tion therapy was added to the temozolomide treatment median
survival was not reached, resulting in 87.5% long-term survivors.
Recinos et al. investigated a triple therapy regimen with the co-
implantation of a temozolomide polymer and a carmustine-
loaded polymer along with radiation therapy in both
a gliosarcoma model as well as in a glioma model with high
levels of alkyltransferase, making the glioma resistant to alkylat-
ing agents [87]. This triple combination therapy showed
a significant increase in median survival in both tumor types
when compared to controls and compared to groups that
received oral dosing of temozolomide. Locally delivered temo-
zolomide from PLGAmicroparticles has also shown superiority in
effecting apoptosis and proliferating cell nuclear antigen (PCNA)-
positive cells as compared to oral delivery of temozolomide [88].
The co-delivery of BCNU and temozolomide from a PLGA poly-
mer showed reliable release of both drugs andwas also shown to
significantly increase survival in a rat model of glioma [89].

3.4.3. Other chemotherapeutic compounds
Other compounds have been locally tested in preclinical brain
tumor models and are in various stages toward clinical develop-
ment. Mitoxantrone, a synthetic anthracenedione approved for
treatment in systemic cancers but with poor CNS penetration
and dose-limiting leukopenia has been explored as a candidate
for local delivery – both from polymer matrices and through
a more direct injection approach. Dimeco et al. incorporated
mitoxantrone into biodegradable polyanhydride and showed
both safety and efficacy in a 9L rodent gliosarcoma model.
Extended in vivo release lasted 35 days and animals with the
highest loading dose of mitoxantrone showed increased median
survival [90]. Preclinical data showing safety of locally delivered
mitoxantrone led to a safety and feasibility study of a Surgifoam-
mitoxantrone mixture in patients with recurrent GB. No adverse
side effects were observed in this small study [91]. Mitoxantrone
has also been successfully delivered from PLGA microspheres in
a rat model of glioma and showed safety, extended release,
biodistribution, and efficacy [92]. In a retrospective study, toxicity
and survival was studied of patients with GB who were treated
with locally delivered mitoxantrone in addition to standard che-
motherapy [93]. Mitoxantrone delivery was from a Rickam/
Ommaya reservoir and used as a locoregional delivery device.
Their results indicated effectiveness in smaller resection cavities
and showed some promise for this delivery option. Recently Lam
et al. have incorporated mitoxantrone into a plant virus-based
nanoparticle, the cowpea mosaic virus, for delivery to GB. These
in vitro studies report uptake into glioma cells and additive
effects when given with TRAIL [94].
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3.4.4. Nanoparticles and liposomes
Local drug delivery has explored nanoparticle and liposome
formulations for the treatment of GB in preclinical models
(Table 2). Nanoparticle therapy is formulated via a shell of
molecules enveloping the designed therapy, which aims to
slow progression of the tumor or induce apoptosis. The shell’s
chemical composition determines the nanoparticle’s delivery
primarily by targeting specific cells or features of the tumor
microenvironment, thereby enhancing efficacy of treatment
by localizing the distribution of the therapy [95,96]. Tumor
microenvironment characteristics include decreased pH,
increased reactive oxygen species (ROS) presence, and
decreased oxygen tension (hypoxic conditions).
Nanoparticles engineered to target such microenvironmental
characteristics can evoke the EPR effect, inducing the tumor
tissue to have increased uptake of nanoparticles compared to
normal tissue, which can lead to increased effectiveness of
gene or drug therapy [84,97]. Delivery of nanoparticles has
been shown to prime the tumor microenvironment via
hyperthermia therapy, another relatively new approach to
tumors, to sensitize the tumor microenvironment to radiation
at a higher level than normal tissue [98].

Delivery of drugs such as doxorubicin and paclitaxel have
been enhanced via nanoparticle delivery, particularly in lipid
polymer capsules [82,99,100]. Liposomes are constructed with
a lipid bilayer structure with an aqueous core surrounded by
a hydrophobic membrane. Through change in pH, change in
charge, or endocytosis the drug incorporated in the core can
be released. Doxorubicin has been delivered through lipo-
somes in preclinical models of GB [99]. Chastagner et al.
demonstrated doxorubicin as a radiosensitizer when delivered
from liposomes in an orthotopic model of glioma [99]. They
also point out the need for rigorous optimization of adminis-
tration schedules. Targeted strategies have been utilized to
increase therapeutic potential for glioma treatment.
Transferrin receptors, overexpressed in brain endothelial cells
and glioma cells, have been targeted with the T7 peptide used
a ligand for BBB penetration and glioma therapy [101] Zhang
et al. designed a liposome with dual targeting with T7 as well
as with A7R, a peptide can target vascular endothelial growth
factor receptor 2 (VEGFR2) [102]. This modified liposome was
incorporated with doxorubicin and vincristine, two potent
anti-glioma compounds, and was tested against an intracranial
model of glioma. The only toxicity was observed in the “free”
drug groups and efficacy was statistically increased in the dual
targeted dual chemotherapy group. Zou et al. have developed
a novel carrier combining the advantages of both the lipo-
some and the nanoparticle by designing a nanoparticle with
a lipid monolayer shell with a polymer core for the delivery of
paclitaxel. The RVG peptide was used at the targeting ligand
for BBB transport and tumor associated macrophage interna-
lization. Their studies showed significant BBB permeation and
targeted delivery. By examining potent drug delivery options
within the context of nanoparticle design, targeted therapies
using combinations of liposomes, nanoparticles, and polymer-
somes should result in a clinically translational therapeutic
product.

3.5. Combination therapy with local delivery

As advancements in drug targeting and delivery options
expand, several novel combination therapies are being
employed to enhance tumor suppression. In order to bypass
the BBB, Smith et al. has explored the local combined delivery
of etoposide and temozolomide with a blended paste of poly
(DLlactic acid-co-glycolic acid) (PLGA) and poly(ethylene gly-
col) (PEG) [103]. They showed extended stability and release of
both bioactive and intact drugs. In vivo studies showed an
increase in survival in animals who had received the intra-
cavity combined paste and radiation therapy with over half
of the treated animals surviving long term.

Another promising combination therapy currently being
studied is folic acid with standard temozolomide to affect
MGMT, a DNA repair protein. The unmethylated MGMT gene
has been associated with poor prognosis in glioblastoma, as
the MGMT protein is responsible for establishing treatment
resistance to the common chemotherapy of temozolomide
[104]. Folic acid-grafted nanoparticles have been found to
improve transmission of antitumor drugs across the BBB and
therefore improve local therapy for glioma cells [105,106].
Folic acid has also been found to methylate MGMT. An
ongoing Phase 1 trial (NCT01700569) seeks to investigate the
ability of folinic acid, the active metabolite of folic acid, to
methylate MGMT, which will reduce a tumor’s likelihood to
repair damaged DNA. This therapy will be delivered in tandem
with temozolomide and radiotherapy. Success of this trial may
lead to the proposition of folic acid being used to both
improve targeting of currently existing chemotherapies as
well as directly act as a therapy on the glioma itself.

Apatinib is a small-molecule tyrosine kinase inhibitor with
anti-VEGF properties that counteracts tumor angiogenesis. It
has been previously utilized to treat several tumor types and
has been found to be a valuable therapeutic for glioma [107]. In
an ongoing randomized controlled trial (NCT03741244), the
combination of apatinib is being investigated to enhance the
local effects of temozolomide in high-grade gliomas, particularly
for those individuals with unmethylated MGMT as denoted for
the reasons above. The potential synergistic effects of apatinib
and temozolomide in local destruction of tumorigenic cells are
a promising avenue for combination therapies.

Another current investigation in combination therapy for
glioma includes the use of olaparib, a poly ADP ribose poly-
merase (PARP)-1 inhibitor; the PARP pathway enhances DNA
repair. Olaparib has been found to potentiate radiosensitiza-
tion in cancer cells as well as increase DNA damage in neuro-
blastoma cells [108]. Additionally, the combination of these
two therapies prevented the restitution of DNA, leading to
threefold greater DNA damage after 24 h and greater G2/M
arrest than either agent alone. A current Phase 1/2a trial
(NCT03212742) is investigating if administration of olaparib
in combination with radiation therapy will synergistically act
to sensitize unresectable high-grade gliomas so that
a simultaneous temozolomide application will have a more
direct and strengthened cytotoxic effect on tumor cells. An
assessment of 18-month survival will indicate if this combina-
tion therapy is a viable path for optimizing treatment.
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3.6. Drug delivery in combination with immunotherapy

A primary feature of the destructive nature of GB is its immuno-
suppression of the local environment that reinforces major his-
tocompatibility complex (MHC) downregulation and increased
immunosuppressive cytokines. Thus, modulation of innate and
adaptive immunities is important for immunotherapy of gliomas
[109]. However, with chemo-immunotherapy acting in an immu-
nosuppressive fashion when systemically delivered, the chal-
lenge and promise of local targeting and delivery of therapy
becomes evenmore urgent, particularly considering the already-
immunosuppressive and aggressive nature of GB [109–111].
Several factors have been found to be uniquely altered in
tumor cells to create the tumor microenvironment, and thus
are promising candidates for localized immunotherapy. Among
these factors are stimulators of interferon genes (STING) agonists,
cytokines (particularly CXCL10), and programmed cell death pro-
tein 1/programmed death-ligand 1 (PD-1/PD-L1) interaction.

STING is a protein that triggers type 1 IFN signals, which are
typically lost in the tumor microenvironment, promoting
tumor growth. Therefore, targeting tumors with STING ago-
nists is a potential avenue to arrest tumor growth with
increased immune activity. It has been proven that adminis-
tering a STING agonist intratumorally enhances anti-glioma
immunity with increases in CC15 and CXCL10 mRNA levels
and amount of immune cell infiltrates [112,113]. Intratumoral
administration of a STING agonist improved the survival of
glioma-bearing mice [113]. STING agonists also work synergis-
tically with peptide anti-tumor vaccines to enhance their
T cell-activating effects, and therefore these can be combined
to increase efficacy [113].

Cytokine manipulation presents yet another encouraging
target of immunotherapy, though this can be difficult to con-
trol locally; cytokine therapy can have widespread systemic
effects [114,115]. One method of increasing pro-inflammatory
cytokine levels in tumors is through lipopolysaccharide (LPS)
stimulation. LPS, when delivered intratumorally, activates toll-
like receptor 4 (TLR-4) to instigate release of cytokines, but this
effect only holds if the LPS stimulation is given for short times.
Lengthened stimulation eliminates the positive effects of the
LPS stimulation [109]. These results suggest potential favor-
able effects of cytokine-mediated chemo-immunotherapy. In
particular, CXCL10, a cytokine secreted in response to IFN-γ
and a regulator of the Janus kinases/signal transducers and
activators of transcription (JAK-STAT) pathway, is a primary
player in the immunosuppression characteristic of the tumor
microenvironment. GB overexpresses CXCL10, meaning that it
may have a role in stimulating tumor progression [116].
However, the role of CXCL10 as a tumor stimulator is uncertain
and must be further investigated, as it is also found to be
upregulated in cases of spontaneous tumor regression [117].

Programmed cell death protein 1 (PD-1) and its corre-
sponding ligands have been found to be encouraging targets
to block via immunotherapies as their interaction tends to
promote the immunosuppression that allows unchecked
tumor growth. PD-L1 over-expression in particular has been
found in GB, leading to the reasoning that this immune
checkpoint may be a key target for GB therapy [110,111].
Current chemotherapeutics, when delivered systemically,

immunosuppress universally and hinder the overall immune
efforts of the patient, rendering immunotherapies potentially
less effective. Endeavors to localize these therapies have been
undertaken with the possibility that localized cancellation of
tumor immunosuppression will lead to the slowing of growth
and eventual degradation of the tumor [111]. When che-
motherapy was administered locally with PD-1 there was
a synergistic improvement in survival and sustained immuno-
logical memory. By contrast systemic chemotherapy dimin-
ished the immune response, there was no synergy and no
immunological memory. An immunostimulant, polyriboinosi-
nic-polyribocytidylic acid (poly(I:C)), has been found by De
Waele et al. to increase immune system activation and lym-
phocyte attraction to the tumor microenvironment, however,
it simultaneously causes de novo synthesis and upregulation
of PD-L1 in GB cells. These findings suggest that synergism
between poly(I:C) and PD-L1 blockage may increase the
immune system’s activation and limit its suppression, suggest-
ing they may be a candidate for combined immunotherapy to
treat GB [110].

Though local chemo-immunotherapy is in its early stages,
the potential for localized delivery is heightened further by
biodegradable materials. Risks could be decreased with
a biodegradable delivery mechanism that can remove itself
from the body, eliminating the need for procedural removal of
a more permanent local drug delivery platform.

3.7. Ultrasound and brain tumors

Ultrasound, a term given for a sonic wave with frequency above
20 kHz, is primarily associated clinically as a diagnosticmeans but
has increasingly become a therapeutic tool, particularly when
combined with MRI guidance technology as magnetic-
resonance guided focused ultrasound (MRgFUS). MRgFUS has
received FDA approval for the treatment of essential tremors of
Parkinson’s disease, and is currently being investigated as
a therapy for brain tumor ablation, epilepsy, depression, CSF
diversion, and many other neurological conditions [118]. The
technique of magnetic-resonance guided focused ultrasound
(MRgFUS) allows for focused delivery and absorption of ultra-
sound energy, which induces thermal ablation of tissues and
tumors at the focal area [119]. Uniquely, MRgFUS has been
shown to have minimal side effects because the technique
does not affect tissue surrounding the focal area [120]. Due to
the high intensity of the ultrasonic energy, which can exceed
1000 W/cm2, high-intensity focused ultrasound can be delivered
through the skull and is therefore noninvasive [121]. Additionally,
MRI guidance technology serves as feedback and monitoring for
the focused ultrasound through its real-time thermometric cap-
abilities [122]. The benefits of focused ultrasound are twofold,
both direct and indirect. Directly, the thermal ablation of tissue
has potential in the treatment of brain tumors, such as GB [123].
Indirectly, and at lower intensities, focused ultrasound can non-
thermally disrupt the BBB through mechanical acoustic cavita-
tion, allowing for the improved penetration of chemotherapy,
which will be the focus of the following section [124].

The BBB presents a major challenge for drug delivery in the
treatment of glioma. As previously described, the BBB, formed
by tight junctions of endothelial cells, creates a separation
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between the circulation and extracellular fluid of the brain
[125]. It passively allows certain materials to pass through,
such as glucose and amino acids, but P-glycoprotein actively
pumps out potential neurotoxins, making drug delivery for
glioma difficult. However, focused ultrasound in combination
with microbubbles (MBs) has been shown to improve efficacy
of drug delivery by opening the BBB in rodent models of
glioma [125]. Microbubbles are small gas-filled microspheres
with a high degree of echogenicity, which allows for
a cavitation effect when focused ultrasound is applied and
creates vibrations [126]. The characteristics of the microbub-
bles used in treatment allow for different lengths of BBB
opening; for instance, diameter and half-life of BBB opening
are inversely related, with larger diameters of microbubbles
leading to shorter opening windows. On a small-scale level,
focused ultrasound creates micro-level shears in the vascula-
ture and the microbubbles collapse, causing epithelial cell
detachment and membrane integrity disruption/puncturing,
effecting a BBB opening [127]. In order to achieve BBB disrup-
tion, the microbubble oscillations should be sustained at
stable oscillations without inertial cavitation or transient bub-
ble collapse. To avoid any damage to the normal tissue in the
brain as a result of focused ultrasound with microbubbles,
passive cavitation detection (PCD) monitoring can be applied
[128]. Studies have shown that long-term cellular and beha-
vioral changes are not found, encouraging the use of focused
ultrasound in brain tumor treatment, but it has yet to be FDA-
approved for this indication. Several Phase I/II clinical trials are
currently underway to further investigate the capabilities of
focused ultrasound in opening the BBB [127].

In recent mouse models, the use of focused ultrasound has
shown efficacy in delivering polysorbate-80 modified pacli-
taxel-loaded PLGA nanoparticles across the BBB. The study
demonstrated that the mechanism by which the BBB was
disrupted involved a combination of tight junction disrup-
tions, reduced P-glycoprotein expression, and APOE-
dependent polysorbate-80 permeation [96]. Timbie et al. sys-
temically delivered cisplatin-loaded brain penetrating nano-
particles along with MRgFUS in a rat model of glioma and
showed reduced tumor growth and invasiveness in addition
to a modest increase in survival [125]. Other mouse model
studies showed that bevacizumab, an antiangiogenic mono-
clonal antibody against VEGF, can be effectively delivered
across the BBB using this method in a model of malignant
glioma [129]. Moreover, in rat glioma models, focused ultra-
sound with microbubbles, while implementing PCD monitor-
ing, showed effective delivery of Trypan Blue and liposomal
doxorubicin across the BBB [128]. Wei et al. demonstrated
increased CSF/plasma ratio of temozolomide concentrations
when MRI-monitored focused ultrasound with microbubbles
were used to transiently disrupt the BBB in combination with
temozolomide treatment [130]. The first clinical use of the
MRgFUS in chemotherapy delivery was reported recently in
five patients with malignant high-grade glioma. The results of
the study demonstrated the feasibility and safety of liposomal
doxorubicin and temozolomide delivery across the BBB [124].
Due to these advancements in MRI-guided focused ultra-
sound, there is great potential in using this technology for
the local treatment of glioma with further investigation.

4. Conclusion

Research on the application of various therapeutic techniques
for the treatment of GB has accelerated during the last two
decades, as demonstrated within the existing literature as well
as in the number of current clinical trials. The testing of these
promising alternatives could add positively to the current
therapeutic standards. The complex challenges of the BBB
and the BBTB has limited the efficacy of drug therapy.
Biodegradable wafers, a major breakthrough in localized treat-
ment, have been FDA-approved for over a decade and have
consistently displayed safety and increased efficacy. With
advancements in local delivery options, monotherapy as well
as combination therapy of drugs effecting complimentary
mechanisms of action are being explored. Alternative thera-
pies including targeted nanoparticle therapy, focused ultra-
sound, and immunotherapy have been translated from
preclinical studies and are primed for testing in clinical trials
to determine their therapeutic potential. Current and future
studies will continue to optimize local delivery of therapies
which could lead to the next pivotal treatment breakthrough.

5. Expert opinion

While there have been advances in brain cancer therapeutics
over the last several years, research in the field of local drug
delivery is rapidly expanding, providing more opportunities for
hope within neuro-oncology. There are several unique treatment
challenges inherent to brain tumors that must be considered and
overcome, including the BBB and the blood brain tumor barrier.
In attempting to overcome these obstacles, careful attention
must be paid to the safety and toxicity of chemotherapeutic
agents. Therapeutics need to be targeted to the tumor cells in
order to spare healthy tissue and preserve neurological function.
Early polymer-based drug delivery strategies first opened the
door for safe, local therapeutic use of compounds that were
previously unable to cross the BBB in dosages high enough to
inhibit tumor growth without prohibitive systemic toxicities.
Innovations in biocompatible and biodegradable polymer design,
followed by improvements in microsphere and nanoparticle
technologies, have enabled compounds to be delivered intracra-
nially either as implantable wafers, injectable payloads employing
convection-enhanced delivery, or systemically delivered solu-
tions. Improvements in bioengineering such as construction of
PEG-coated nanoparticles and polymersomes have allowed easier
travel into the brain. These brain-penetrating particles can be
designed to target tumor cells delivering a sustained and specific
therapeutic payload to further increase efficacy.

There are also multiple pioneering studies utilizing novel
combinations of chemotherapies delivered locally or using
systemic targeted delivery of agents that work through var-
ious mechanisms of action, attacking tumor growth, angio-
genesis, migration, and invasion in complementary and
synergistic ways. Repurposing drugs proven effective in
other cancers and for other diseases may also broaden our
armamentarium against brain tumors. Immunotherapies, long
studied for use against systemic cancers, are being examined
for their use against intracranial neoplasms. Their usage has
been observed to be more beneficial with locally delivered

EXPERT OPINION ON DRUG DELIVERY 17



chemotherapy rather than systemically delivered chemothera-
pies in the laboratory but the role of immunotherapy in brain
cancer treatment remains to be determined.

Looking beyond chemotherapy and immunotherapy there is
also promise in the area of tumor treating fields that pulse
alternating electrical fields across the skin which can disrupt
cancer cell division and lead to tumor cell death. Focused ultra-
sound and the use of microbubbles are being tested with the
expectation that this modality, especially in conjunction with
MRI-guidance, will aid in disrupting the BBB and allow thera-
peutic concentrations of cytotoxic agents to inhibit tumor
growth locally. Personalized or precision medicine offers the
promise that genetic testing of one’s tumor tissue can identify
integrated molecular information in order to determine
a personalized treatment plan. An individual patient’s tumor’s
IDH-1 mutation and methylation status, among other markers,
can optimize the most effective personalized treatment plan.
Overcoming the brain’s unique challenges through innovations
in the fields of local ultrasound, gene therapy, and immunother-
apy could contribute to pivotal breakthroughs in the future. As
new techniques and discoveries are made, the approach to
brain tumor therapy continues to broaden. The goal in which
every patient’s tumor can be genetically screened in order to
identify and administer the most effective treatment from an
expanding list of therapeutic modalities – or a new therapeutic
currently being tested in a research laboratory – is a goal that
seeks not just to extend a patient’s survival but also to improve
upon its quality.
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