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15.1 Introduction

Malignant brainstem tumors are a heterogeneous group of tumors occurring in the
brainstem and cervicomedullary junction. According to the Central Brain Tumor
Registry of the United States (CBTRUS), in all age groups, there were about 1200
primary brainstem tumors per year between 2010 and 2014 in the United States,
among which 900 cases were malignant [1]. These numbers account for 1.6% of all
primary central nervous system (CNS) tumors and 3.8% of all malignant primary
CNS tumors. Brainstem tumors occur more often in children than in adults. Among
0-14 year-olds, about 450 cases of primary brainstem tumors occurred during the
same period in the United States, accounting for 13.4% of all primary CNS tumors
in this age group [1].

Approximately 90% of brainstem tumors are gliomas in origin [2]. In children,
most of these are diffuse intrinsic pontine gliomas (DIPGs), accounting for at least
80% of brainstem gliomas [3, 4]. They have a dismal prognosis with a median sur-
vival of only 1 year [4]. Other malignant brainstem tumors in children include
embryonal tumors such as atypical teratoid rhabdoid tumors (ATRTSs), embryonal
tumors with abundant neuropil and true rosettes (ETANTR) and primitive neuroec-
todermal tumors (PNETSs) (the latter two disease entities were folded into embryonal
tumors with multilayered rosettes [ETMR] in the WHO 2016 classification), and
high-grade glial tumors that are not classified as DIPG [5]. These tumors are rarer
than DIPG. Even rarer are high-grade mixed neuronal-glial tumors (anaplastic gan-
glioglioma) in the brainstem. Primary malignant tumors in the brainstem in adults
are less common than in children and are mainly anaplastic astrocytoma (AA) and
glioblastoma multiforme (GBM) [6]. Malignant tumors from nearby structures, such
as choroid plexus carcinoma of the fourth ventricle, can also invade the brainstem.
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The discussion in this chapter will focus on investigational therapeutic options
for DIPG, sometimes with references to related diseases such as glioma in general.

15.2 Obstacles in the Treatment of Malignant Brainstem
Tumors

15.2.1 Maximal Safe Cytoreduction Surgery

The brainstem is a compact structure and plays pivotal roles in cardiovascular and
respiratory control, alertness, awareness, and consciousness, as well as serving as
the passageway for motor and sensory tracts and housing the cranial nerve nuclei.
DIPG, the most common malignant primary brainstem tumor, infiltrates the brain-
stem extensively, precluding meaningful cytoreduction surgery. As a result, in the
clinical management of DIPG, surgery is typically only used for relieving hydro-
cephalus or for biopsy. The diffuse growth pattern of DIPG is demonstrated in
Fig. 15.1.

15.2.2 Blood-Brain Barrier

An important limitation of systemic chemotherapy in primary brain tumor treatment
is the existence of the blood-brain barrier (BBB). The BBB is a barrier that isolates
the circulating blood from the cerebrospinal fluid (CSF) and the interstitial fluid in
the CNS. It occurs along the cerebral capillaries and consists of tight junctions
(zona occludens) that do not exist in vasculatures in other organs. Endothelial cells
restrict the diffusion of microscopic objects (e.g., bacteria) and large or hydrophilic
molecules from the brain vasculature, while allowing the diffusion of small hydro-
phobic molecules (e.g., O,, CO,, and certain hormones). Typically, molecules larger
than ~40 kD are unlikely to penetrate the intact barrier. For the brain’s supply of
nutrients and removal of metabolites, cells of the brain vasculature actively trans-
port glucose and metabolic products across the barrier using transporters.

The BBB acts effectively to protect the brain from many common bacterial
infections and some toxic substances. Yet, it presents a major challenge in delivering
therapeutic agents to specific regions of the brain for the treatment of brain tumors
and certain other disorders. Most cancer drugs are not able to permeate the BBB
because they are polar in structure or too large in molecular weight. Even for drugs
that are able to cross the cerebral capillary bed, it is difficult to achieve optimal
concentrations in the brain due to the limitations posed by systemic toxicity.
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Fig. 15.1 Imaging presentation of a DIPG. These representative images were acquired from the
same patient in one study. (a) The tumor is hypointense on T1-weighted images (sagittal view). (b)
The tumor is hyperintense on FLAIR images (sagittal view). (¢) The tumor lacks enhancement on
post-contrast T1-weighted images (sagittal view). (d) The tumor is hyperintense on T2-weighted
images (axial view). Note the diffuse growth pattern of the tumor and the ventral expansion of the
pons caused by the tumor growth, partially engulfing the basilar artery
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Another related challenge in the delivery of drugs for the treatment of primary
brain tumors and certain other CNS diseases is how to direct drugs to the lesion
while sparing healthy neural tissues from disturbance of normal neurological
functions.

Clinically, gadolinium contrast enhancement on magnetic resonance imaging
(MRI) serves as an indicator of the integrity of the BBB. DIPGs either do not show
contrast enhancement or have only a small volume of contrast enhancement [7],
suggesting that the BBB is largely intact in this tumor. Another piece of indirect
evidence of the relatively intact BBB is that in a clinical study of tyrosine kinase
inhibitors dasatinib and vandetanib in DIPG patients, the CSF to plasma exposure
of the two drugs was only approximately 2% [8]. An animal study suggests that
tumor location, instead of histone mutation status, may be the main reason for this
relatively intact BBB in brainstem infiltrative gliomas [9]. While a more permeable
BBB, as indicated by contrast enhancement, may allow chemotherapeutic drugs to
reach the tumor more easily, it is also associated with shorter survival in DIPG
patients [7].

15.2.3 ATP-Binding Cassette Transporters

ATP-binding cassette (ABC) transporters are a family of transporter proteins that
contribute to drug resistance by functioning as ATP-dependent drug efflux pumps.
At least four dozens of human ABC genes have been identified [10]. The best-
known ABC transporter that is involved in multidrug resistance is P-glycoprotein
(P-gp), an organic cation pump. P-gp is encoded by the MDR1 gene. The physiolog-
ical function of P-gp is the excretion of toxins from cells, and it contributes to drug
resistance in a pharmacological context. P-gp is overexpressed in chemotherapy-
resistant tumors, conferring resistance to certain chemotherapeutic agents, and is
upregulated after disease progression following chemotherapy in cancers. Other
transporter proteins mediating drug resistance include those in the multidrug-
resistance-associated protein (MRP) family and ABC, subfamily G (ABCG).
Among members of the MRP family, only MRP1 has shown convincing evidence to
be associated with clinical resistance. ABCG2, a half transporter in the ABCG sub-
family, confers resistance to topotecan, camptothecin-11 (CPT-11), and mitoxan-
trone [11]. The expression and regulation of the MRP family and ABCG2 have not
been extensively studied in cancers.

In the normal brain, ABC transporters are predominantly expressed on endothe-
lial cells of micro blood vessels, but can also be found in astrocytes, microglia, and
neurons [12, 13]. In brain capillary endothelial cells, P-gp is primarily found in the
luminal (blood-facing) membrane [14, 15]. However, it is also expressed on the
abluminal (brain-facing) membranes of capillary endothelial cells as well as adja-
cent pericytes and astrocytes [16].

A recent study demonstrated the expression of P-gp, MRPI, and ABCG2 in
tumor vasculature, and the expression of MRP1 in glioma cells themselves in DIPG
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as well as in pediatric supratentorial high-grade glioma (HGG) samples [17], sug-
gesting that these drug efflux transporters may be a major factor in the failure of
systemic chemotherapy in treating DIPG.

15.2.4 Intratumoral Heterogeneity

Intratumoral heterogeneity has been recognized as a common phenomenon in
malignant solid tumors for several decades [18, 19]. Heterogeneity can be appreci-
ated both histologically and molecularly. Intratumoral genetic heterogeneity has
been documented in a large number of tumors recently [20-23]. Tumors are dynam-
ically evolving genetically and epigenetically, both spatially within the local tumor
and across metastatic sites, and temporally throughout the disease course. As a
result of intratumoral heterogeneity, sampling different parts of the same tumor may
produce different results for pathology studies and genetic and epigenetic profiling
[24-29]. In glioblastoma, a single tumor consisted of a heterogeneous mixture of
cells harboring diverse types of mutations, both by copy number analysis and tran-
scription analysis [29, 30].

Intratumoral heterogeneity plays an important role in therapeutic resistance.
Clonal variations in response to chemotherapeutic agents, hyperthermia or ionizing
radiation have been well documented [31]. Most cancer therapies present selection
pressure on the numerous and diverse clones of tumor cells [32, 33]. Clones that
survive the therapy will dominate in the post-treatment or recurrent tumor. The
impact of clonal variation on therapeutic resistance may be more pronounced for the
contemporary signal transduction pathway-targeted therapies than the conventional
cytotoxic chemotherapy. Targeting of receptor tyrosine kinases (RTKs), such as epi-
dermal growth factor receptors (EGFR), platelet-derived growth factor receptors
(PDGFR) and vascular endothelial growth factors (VEGF), has been a focus of
some recent clinical trials for GBM. Therapy with single agents leads to clonal
selection, enriching therapy-resistant clones that give rise to recurrent GBM [34].
Possibly a result of this phenomenon in part, clinical trials with signal transduction
pathway-targeted therapies failed to show significant improvement in survival in
GBM, as well as in DIPG patients [8, 35].

DIPGs show intratumoral T2-weighted signal heterogeneity [36, 37] as well as
diffusivity heterogeneity [36, 38, 39]. Histologically, DIPGs show considerable
intratumoral heterogeneity, with over 50% even showing focal areas resembling
World Health Organization (WHO) grade I morphology [40]. Intratumoral molecu-
lar heterogeneity has also been demonstrated recently [40—-42], with PDGFRA
amplification and mutation as well as BCOR, ATRX, MYC and TP53 mutations
[42], and H3-K27me3 mark [40] showing marked spatial heterogeneity. One of the
studies also demonstrated that the histone 3 (H3) lysine-to-methionine missense at
position 27 (K27M) mutation is spatially conserved [42], arguing that molecular
intratumoral heterogeneity in DIPG is less significant than in adult GBM.
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15.2.5 Immune Privilege and Specialization of the Central
Nervous System

Immune privilege of the CNS refers to the experimental phenomenon where tissues
grafted into the CNS survive for extended periods of time without rejection. Immune
privilege of the CNS was thought as the result of CNS isolation from the immune
system by the BBB, the lack of draining lymphatics, and the less immunocompetent
microglia instead of regular macrophages. However, recent evidence shows that the
CNS is neither isolated nor passive in its interactions with the immune system; rather,
the CNS is immune-competent in that peripheral immune cells can cross the intact
BBB. CNS neurons and glia actively interact with the peripheral immune system to
regulate macrophage and lymphocyte responses. Microglia are immunocompetent
but function differently from regular macrophage and dendritic cells. Thus, it may be
more accurate to describe the CNS as a site of immune specialization.

Immune privilege or specialization of the CNS reflects the difference of initiating
adaptive immune responses in the CNS compared to the process in the peripheral
immune system, as a result of the composition of the immune system in the CNS,
which is different from that of the peripheral system. The CNS can mount a robust
immune response that can be used for immunotherapy. But the relative lack of
understanding of the immune system in the CNS presents a bigger challenge in
designing immunotherapy for brain tumors than for other tumors.

Parallel to evidence of immune competence of the CNS is the existence of immu-
nosuppressive mechanisms in the CNS. One of the immunosuppressive pathways
that are the focus of research is the programmed death-1 (PD-1) pathway. PD-1 is a
member of the B7 family. Upon binding of programmed death-ligand 1 (PD-L1),
the activated pathway leads to loss of the T-cell effector function. Both human GBM
[43] and tumor-infiltrating macrophages [44] express high levels of PD-L1, and
cytotoxic T-cells infiltrating GBM express high levels of PD-1 [45].

The expression and functions of PD-1 and other B7 family members have not
been extensively studied in brainstem tumors. Recently, we found that in a small
group of samples, all DIPGs expressed B7-H3 at various levels [46].

Another immunosuppressive pathway involved in the immune response to brain
tumors is the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) pathway.
CTLA-4 is upregulated during CD8(+) T-cell activation and is a negative regulator
of this process [47]. CTLA-4 is also expressed on CD4(+) T-cells, including CD4(+)
CD25(+) [48] and CD4(+)Foxp3(+) [49] regulatory T-cells (Tregs), and enhances
Treg-mediated immunosuppression [48, 49]. CTLA-4 inhibits the activation and
proliferation of effector T-cells in GBM [50]. The interaction of CTLA-4 with B7
on dendritic cells induces expression of indoleamine 2,3-dioxygensase 1 (IDO1)
[51], another major immunosuppressive pathway involved in the immune response
to brain tumors.
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IDOL1 is a tryptophan catabolic enzyme that converts tryptophan into kynuren-
ines, a catabolite mediating the inhibition of effector T-cells and the induction of
apoptosis in these cells [52]. It may also amplify immunosuppression by CD4(+)
CD25(+)FoxP3(+) Tregs. IDO1 is expressed in over 90% of resected glioblastoma,
with the upregulation correlating with a worse prognosis [53, 54]. In xenograft stud-
ies, malignant brain tumors deficient for IDO1 result in spontaneous rejection medi-
ated by a T-cell-dependent mechanism [54], which implies that tumor-derived IDO1
is essential for Treg accumulation and immunosuppression.

A recent study characterized the immune microenvironment of DIPG [55] and
found that these tumors do not have increased macrophage or T-cell infiltration
compared to nontumor controls, nor do they overexpress immunosuppressive
factors such as PD-L1 and/or transforming growth factor f1 (TGF-p1). H3.3-
K27M DIPG cells do not repolarize macrophages but are ineffectively targeted
by activated allogeneic T-cells. All DIPG cell cultures in the study could be lysed
by natural killer (NK) cells. The results provide insights for the development of
immunotherapy in the recruitment, activation and retention of tumor-specific
effector cells.

15.3 Molecular Characteristics of Malignant Brainstem
Tumors

DIPGs are genetically complex and distinct from both adult and childhood supra-
tentorial HGGs. Recent evidence points to PDGF and its receptor PDGFR as among
the major driving forces of tumorigenesis in the majority of cases [56—60]. Another
growth factor receptor, EGFR, shows strong immunohistochemistry staining in
about 27% of cases [57] and amplification of the gene at a rate of 7-9% [57, 59].
Approximately 50% of DIPGs have TP53 mutations [61, 62], and three groups
report loss of a region of 17p containing the T7P53 gene in 31%, 57% and 64% of
cases, respectively [57, 63, 64]. In approximately 50% of DIPG patients, allelic loss
of a region of 10q, where the phosphatase and tensin homolog (PTEN) gene is
located, is observed [63, 65, 66].

Another commonly mutated gene in DIPG is the gene for activin A receptor, type
I (ACVRI1), which transduces signals of the bone morphogenic proteins (BMPs).
The mutation occurs in approximately 20-32% of DIPGs [67-69]. ACVR1 muta-
tions result in ligand-independent constitutive activation of the BMP signaling path-
way [70-72]. Seven different ACVR1 mutations have been reported in DIPG, and
they have been shown to increase the levels of phosphorylated SMAD1/5 [67-69,
73] as well as increased gene expression of the downstream BMP signaling targets,
ID1 and ID2 [67].
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Alpha thalassemia/mental retardation syndrome X-linked (ATRX) gene was
found to be mutated in ~ 9% of DIPGs and predominantly in older children [74].
ATRX encodes a subunit of a chromatin remodeling complex required for histone
H3.3 incorporation at telomeric regions.

Unlike the case in childhood supratentorial HGG, CDKN2A deletion is non-
existent [59, 64] or only occurs at a low rate (3%) [58] in DIPG. Amplification of
CDK4 and CDK®6 in DIPG occurs at a rate of 7% and 11.6%, respectively [59].

Histone H3, which forms part of the nucleosome core, plays an essential role
in the epigenetic regulation of deoxyribonucleic acid (DNA) replication and gene
transcription. Recent studies of histone mutations indicate that DIPGs are also
epigenetically distinct from pediatric supratentorial HGGs. Recurrent adenine-to-
thymine transversions in the H3F3A gene, encoding a K27M mutation of histone
H3.3, is seen in 60-75% of DIPGs [74, 75], significantly higher than that in pedi-
atric supratentorial GBM (14-19%) [75, 76]. The H3F3A mutation is not present
in the matching germline DNA samples [75], suggesting its somatic nature. The
K27M mutation is found in 66—77% of pretreatment DIPG samples [74, 75], indi-
cating that it is not the result of a selection or mutation process secondary to
therapies.

In contrast to the H3.3-K27M mutation profiles, a guanine-to-adenine transition
in H3F3A, resulting in a glycine-to-arginine missense at position 34 (G34R) of
H3.3, is identified in 10-14% of pediatric supratentorial GBM [75, 76] but not in
any of the 90 DIPG samples analyzed by two groups [74, 75].

The presence of mutations in the HISTIH3B gene, which encodes histone H3.1,
is less conclusive. One study found that the adenine-to-thymine transversion that
encodes the K27M mutation was present in 18% (9/50) of DIPGs [75], whereas
another group did not detect the mutation in any of their DIPG samples (0/27) [74].

The H3.3-K27M mutation is associated with poorer prognosis in DIPG patients
[74, 77]. The significance of this mutation has led to the new category (diffuse mid-
line glioma, H3 K27M-mutant) in the 2016 version of the WHO classification of
CNS tumors [78].

Some of the described mutations of DIPG are demonstrated in Fig. 15.2.

15.4 Drug Delivery

A number of strategies have been explored to address the BBB as a major obstacle
in brainstem tumor treatment. In general, these strategies can be summarized into
three categories: (1) bypassing the BBB via local delivery such as convection-
enhanced delivery (CED); (2) opening the BBB using physical or chemical methods
(paracellular approaches); and (3) delivery across the BBB (transcellular
approaches).
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Fig. 15.2 Histology and immunohistochemistry staining of a DIPG sample. (a) H&E stain dem-
onstrating a hypercellular, infiltrating astrocytoma with a non-neoplastic entrapped pontine neuron
at center. (b) Immunohistochemical staining for H3 K27M showing positive labeling in neoplastic
nuclei, confirming K27M mutation. (¢) Immunohistochemical staining for ATRX demonstrating
preserved expression, correlating with an absence of mutation. (d) Immunohistochemical staining
for p5S3 demonstrating a complete absence of staining, correlating with a truncating mutation

15.4.1 Convection-Enhanced Delivery

CED is a drug delivery method first developed in the early 1990s [79]. In this
method, a drug-containing solution is distributed into the interstitial space driven by
a small, persistent hydraulic pressure (i.e., forced convection). In contrast to diffu-
sion that depends on a concentration gradient to distribute the molecules, the use of
hydraulic pressure in CED allows for a homogeneous distribution of small and large
molecules over large distances by displacing the interstitial fluid with the infusate.
In practice, the agent is delivered into the parenchyma or tumor driven by a pump
through a microcatheter, or multiple microcatheters, inserted into the tissue. Infusion
rates typically range from 0.1 to 10 pl/min for application in the brainstem, and
higher infusion rates are being explored (Fig. 15.3).



358 7. Zhou and M. M. Souweidane

Fig. 15.3 Convection-enhanced delivery into a diffuse pontine lesion

In CED, the distribution from a single point source results in an elliptical to
spherical distribution, and spatial distribution is to some degree dependent on the
tissue type (i.e., gray versus white matter). In a given tissue type, the distribution
volume is roughly linear to the infusion volume.

CED into brain parenchyma, both white and gray matters, has shown reproduc-
ible large volumes of distribution with homogeneous drug concentration. Early
work showed that the concentration fall-off at the border is steep [79], resulting in a
potentially large benefit in cancer drug delivery whenever reducing toxicity to sur-
rounding normal brain tissue is desired.

The volume of distribution can be affected by the retrograde movement of fluid
along the outside of the catheter (backflow or reflux). Reflux is determined by cath-
eter material, catheter diameter, infusion rate, and tissue density, among other fac-
tors. The larger the catheter diameter, the greater is the chance of backflow along its
outer wall. If reflux reaches a low-pressure zone (necrosis or CSF space), the fluid
will inadvertently be lost into these spaces; this leads to the accumulation of drug in
these regions, which may cause toxicity. Increasing the infusion rate can increase
the overall volume of distribution; however, this will also increase the chance of
reflux, potentially shunting fluid away from the target region.

Ideally, agents delivered via CED should be contained within the target region of
brain parenchyma or tumor mass. However, there are low-pressure regions in some
tumors along which the infusate will flow, sometimes into the ventricles or sub-
arachnoid space. This phenomenon is usually referred to as leakage and has often
been observed in both humans and experimental animals. One study indicates that
this can happen in 20% of CED procedures [80]. This obvious waste of therapeutic
agent will consequently reduce the volume of distribution and drug concentration in
the planned target region. It may also cause untoward effects on normal brain tissue.
It is, therefore, critical to follow the flow of infused agents. When leakage happens,
it might be helpful to adjust the catheter placement to move the opening away from
the low-pressure region. It is unknown yet whether this leakage is reversible. If
reversible, pausing the infusion for a period of time and subsequently restarting the
infusion could eliminate the leakage.
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Monitoring the distribution and concentration of an infused drug is critical for
numerous reasons. In addition to its biological effectiveness, a drug would need to
be distributed within the tumor in therapeutic concentrations to be effective.
Exposure of normal tissue to the drug should be controlled to reduce the probability
of toxicity. It is also highly desirable to monitor for possible reflux and leakage so
that the cannula placement can be adjusted to correct any problems that may arise.
In the brainstem, the transverse and longitudinal fiber bundles may direct the infusate
flow, which also needs to be monitored. The importance of monitoring in vivo dis-
tribution and concentration is highlighted by the difficulty in achieving optimal
therapeutic efficacy in recent clinical trials. In the recent TGFa-PE38 study and the
phase III PRECISE trial for glioblastoma, poor drug distribution was cited as one of
the reasons for the unsatisfactory efficacy results [81, 82].

Monitoring the distribution and concentration of the CED infusate in humans
is difficult due to the fact that the majority of therapeutic agents cannot be seen
on any of the clinical imaging methods. Nevertheless, the distribution can be
visualized under certain circumstances. T2-weighted MR images are helpful in
identifying the infusate distribution in regions of relatively normal intensity, but
identifying the distribution is more difficult when infused into already hyperin-
tense regions, such as in DIPG [83]. Another choice is to use surrogate tracers.
Gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA) and !*I-albumin
have been co-infused as surrogate tracers, viewable on T1-weighted and single
photon emission computed tomography (SPECT) images, respectively, in clini-
cal studies [81, 83—-86]. The shortcomings of surrogate markers are that they are
only able to accurately estimate the initial distribution. Differences in biological
activities and clearance confound their ability to follow the distribution of the
therapeutic agent over time. Moreover, neither T2-weighted signals nor surro-
gate tracers are able to provide information on the concentration of the infused
therapeutic agent. The ideal scenario would be to directly image the therapeutic
compound. With calibration, the concentration as well as the distribution of the
drug can be determined.

The concept of using CED for DIPG treatment is appealing given that this par-
ticular tumor is relatively compact, has growth patterns simulating white matter
tracts, seldom metastasizes before local relapse occurs, and no surgical resection is
performed. Our group first established the feasibility of this delivery route in the
brainstem in small animals for potential clinical application in 2002 [87].
Subsequently, the safety of inert agents, characteristics of distribution, and toxicity
of potential therapeutic agents in the brainstem of small animals and non-human
primates have been studied [88—93]. These studies showed that CED does not
cause clinically relevant mechanical injury to the brainstem, and this approach has
a promising therapeutic application in humans. In clinical practice, image-guided
frameless stereotaxy can be utilized to target the brainstem in children for biopsy
or cannula insertion with high accuracy and low risks of temporary or permanent
morbidity [94-96], providing supportive evidence of the safety of applying CED in
the brainstem.



360 7. Zhou and M. M. Souweidane

A few groups in the United States and Europe are pursuing clinical studies of brain-
stem CED to treat DIPG [86, 97-99]. These small series reported reasonably good safety
and tolerance. In a clinical trial to treat DIPG patients with IL13-PE38QQR CED in the
brainstem (NCT00880061), all five patients tolerated the therapy well, and two patients
showed temporary signs of anti-tumor effects on MRI [100]. The most comprehensive
results of brainstem CED in DIPG patients have been reported by our group [101]. In this
interim report of results of the phase I clinical trial (NCT01502917), 28 patients had been
treated without any dose-limiting toxicities. Utilizing a theranostic agent (***I-labelled
8H9 a.k.a. omburtamab), this study also reported that the radiation absorbed dose to the
lesion was 1200-fold that of the systemic exposure. These results directly demonstrated
the safety of CED in the human brainstem, as well as validated the principle that CED
efficiently delivers therapeutics to the target with minimal systemic exposure.

Other ongoing CED clinical trials recruiting exclusively DIPG patients include
NCT03086616 (CED of an irinotecan liposome formulation) and NCT03566199
(CED of a panobinostat nanoparticle formulation).

Future advances in CED for DIPG treatment will occur on a few fronts: (1) the
selection or development of therapeutic agents for DIPG; this will depend on the
better understanding of the disease biology and development of novel therapeutic
strategies. (2) The improvement of the technique of CED; this includes a new design
of the devices to facilitate easier and accurate deployment of the cannula, imple-
mentation of prolonged and repeated infusions lasting up to weeks for optimal time
sequence of therapy, and better understanding of the infusate distribution and its
influencing factors so that catheters can be placed to achieve optimal tumor cover-
age. It is also desirable to have devices that can be embedded to allow patients to
remain ambulatory while undergoing continuous or multiple sessions of CED.

Perhaps more important is the need to evaluate the pharmacokinetics and regional
therapeutic response in CED. Results from systemic pharmacokinetic and pharmaco-
dynamic studies cannot be directly applied to CED applications of the same therapeutic
agents. To evaluate pharmacokinetics and pharmacodynamics, imaging should accom-
pany the therapy to ensure effective drug distribution and concentration as well as to
determine the retention and clearance of therapeutic agents in the tumor and tumor-
infiltrated brain tissue in individual patients whenever possible. This would require the
improvement of current imaging techniques or the development of new imaging agents
and methods, such as contrast agents that respond to effector molecules or end products
of apoptosis. Such techniques as microdialysis may also have a place in the pharmaco-
kinetic evaluations of CED. For evaluating the regional therapeutic response, an inno-
vative noninvasive method is in desperate need, as the current methods of radiological
evaluation are not sufficient. At this stage where CED is used as an investigational
therapeutic platform, the pharmacokinetic and pharmacodynamic evaluation would
allow for determination of the effectiveness of CED-based therapies. In the future,
treatment strategies would be able to be dynamically adjusted based on the regional
response, incorporating multiple modalities of therapeutic options.
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15.4.2 Intraarterial Delivery

Intraarterial chemotherapy is now widely used for the treatment of retinoblastoma
and advanced liver cancer, improving the quality of life and extending overall sur-
vival. In the case of retinoblastoma, super-selective intraarterial chemotherapy can
produce high cure rates. Beyond these two well-established applications, intraarte-
rial chemotherapy has been also used, with variable success, in the treatment of
other cancers such as breast cancer, head and neck cancer, colorectal cancer, penile
cancer, and pancreatic cancer.

Intraarterial therapy for malignant brain tumors, especially HGGs, has been
administered since 1950s. Most of these attempts rely on the general belief that
transiently generating high arterial blood concentrations would lead to the desired
pharmacodynamic effects. However, in these early attempts, no objective compari-
sons with intravenous administration were performed. The advantages of intraarte-
rial delivery were first demonstrated when intraarterial infusion led to a higher
tissue concentration compared to non-targeted tissue [102]. In the 1970s, osmotic
BBB disruption was studied to improve intraarterial delivery [103, 104]. With the
miniaturization of catheters and other endovascular devices, selective and super-
selective intraarterial delivery was developed and studied in the treatment of brain
tumors since 1990s. They allow for accurate and super-selective targeting of the
tumor’s supplying vessels, compared to early intraarterial attempts of carotid or
vertebral artery infusion.

A critical factor in intraarterial delivery is the BBB. Studies have shown that
the BBB can be reversibly modified to be more permeable by hyperosmotic solu-
tions such as mannitol [103]. Other methods of BBB disruption include vasoac-
tive agents, such as bradykinin analogs, and focused ultrasound (FUS).
Concurrent flow arrest appears to enhance the regional effectiveness of intraarte-
rial delivery by achieving higher arterial concentrations, as well as more consis-
tent concentrations in the arterial distribution, and increased transit time. Without
flow arrest, for effective intraarterial delivery, drugs must be rapidly taken up
during their first pass through the tissue circulation, lasting between 1 and 10 sec-
onds in the brain. As another way of improving BBB penetration, intraarterial
delivery can be combined with the transcellular approach of delivery using BBB-
penetrating delivery vehicles such as cell-penetrating peptides. There is some
evidence that intraarterial delivery of cell-penetrating peptides can penetrate the
BBB, and preliminary results suggest that they can lead to tumor-specific drug
uptake [105].

There are a number of clinical trials of intraarterial therapy for DIPG patients
(NCTO01688401) or for pediatric brain tumor patients, including DIPG
(NCTO01884740). Results have not been reported yet.
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15.4.3 Manipulating the Blood-Brain Barrier

The BBB can be opened by hyperosmolar solutions (e.g., mannitol) or vasoactive
drugs (e.g., bradykinin and adenosine) for drug delivery. The BBB, when opened
this way, remains open for only a short period of time, and the procedure may need
to be repeated in drug delivery sessions lasting longer than several minutes. Non-
selective opening of the BBB exposes large volumes of normal brain to undesirable
substances that may be toxic.

Site-specific disruption of the BBB represents an improvement to non-selective
BBB disruption for drug delivery into the brain. This has been accomplished using
either FUS [106] or laser-based approaches such as photodynamic therapy (PDT)
[107] and photochemical internalization (PCI) [108]. These techniques have a num-
ber of advantages over non-selective BBB disruption. The site of BBB disruption is
the only site receiving sufficient ultrasound or laser intensity. With imaging guid-
ance, and through careful placement of the probes and adjustment of parameters,
the site of BBB disruption can match the lesion with maximum coverage while the
normal brain is minimally affected. In addition, these highly focused approaches do
not cause permanent damage to the BBB, as long as the ultrasound or laser intensity
remain below threshold levels. With these site-specific approaches, the BBB may
remain open for relatively long periods of time, thus facilitating longer drug delivery.

15.4.3.1 Focused Ultrasound

FUS, which can be aimed at a spot of just a few mm in diameter, is capable of
achieving selective disruption of the BBB. In this direct approach, it is difficult to
identify parameters producing reliable opening of the BBB without damage to nor-
mal brain. Albumin-coated microbubbles were introduced to address this concern
[109]. The microbubbles, when injected intravenously, confines the ultrasound
effects to the walls of blood vessels resulting in BBB disruption with minimal dam-
age to the surrounding brain tissue [110]. This has allowed for selective disruption
of the BBB at much lower acoustic power levels than previously employed [111].

The exact mechanisms of BBB disruption by microbubble-enhanced FUS remain
to be elucidated. The effect is likely due to a combination of cavitation and acoustic
radiation forces [106]. Cavitation is the acoustically-induced activities of micro-
scopic bubbles within the medium. The generation of microbubbles requires high
acoustic power densities, which may result in tissue damage [112]. With the intro-
duction of albumin-coated microbubbles, high powers are no longer required and,
therefore, the risk of tissue damage has significantly decreased (Fig. 15.4).

The BBB opening by FUS is relatively short, ranging from 10 minutes to 5 hours
following the sonication [106]. This may be sufficient for a single dose administra-
tion of drugs, but for prolonged drug administration, repeated sonication may be
required, which can limit its feasibility.
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Fig. 15.4 Focused ultrasound for opening the BBB. (Left) Albumin-coated microbubbles are
injected into the blood stream before focused ultrasound is applied. (Right) Upon application of
focused ultrasound, the oscillation of the microbubbles helps open the BBB

Animal studies suggest that FUS-induced BBB disruption does not result in per-
manent damage to the brain as evidenced by the lack of ischemic or apoptotic
changes [111]. The minor effects observed, such as small extravasations and mild
inflammatory reactions, do not appear to affect the neurons up to four weeks follow-
ing the sonication [111].

A major limitation of transcranial FUS is that the skull is highly absorbing of
ultrasound. This causes strong attenuation and phase distortion [113]. At high pow-
ers, FUS also causes heating during the sonication.

The safety of FUS in opening the BBB is being investigated in a clinical trial
(NCT02343991) in brain tumor patients.

15.4.3.2 Photodynamic Therapy
PDT is the use of a tumor-localizing photosensitizer that is subsequently activated

by an excitation light [114]. The photochemical and photobiological events would
induce therapeutic effects.


https://www.fusfoundation.org/news/129-press-room/1677-blood-brain-barrier-opened-non-invasively-with-focused-ultrasound-for-the-first-time

364 7. Zhou and M. M. Souweidane

PDT using either hematoporphyrin derivatives or 5-aminolevulinic acid (ALA)
has been reported to induce brain edema surrounding the site of phototherapy [115—
117], suggesting a local breakdown of the BBB.

ALA-PDT-mediated disruption of the BBB was found to be apparent as early as
2 hours following PDT, and the BBB was approximately 90% restored within
72 hours [107]. This is longer than the FUS-induced BBB opening.

The mechanisms of PDT-mediated BBB opening likely include rounding and
contraction of endothelial cells mediated by PDT-induced microtubule depolariza-
tion [118]. The formation and enlargement of endothelial gaps have been observed
in PDT [119]. Electron microscopy studies demonstrated that the treatment had
minimal impact on the normal subcellular structures of endothelial cells [120], sug-
gesting there were no permanent damages.

15.4.3.3 Photochemical Internalization

PCI is the use of specially designed photosensitizers that localize preferentially in
the membranes of endocytic vesicles. Upon light activation, the photosensitizer dis-
rupts the vesicular membrane, releasing encapsulated macromolecules into the cell
cytosol. This can be used to enhance the delivery of macromolecules in a site-
specific manner [121].

PClI-delivered Clostridium perfringens epsilon prototoxin (ETXp) was used for
localized BBB opening [108], because the active toxin (ETX) can cause widespread
but reversible opening of the BBB [122—124]. Following administration, ETXp is
converted to ETX by proteolytic cleavage. Disruption of the BBB was accomplished
by combining sub-threshold doses of ETXp with sub-threshold light fluences. The
membrane-localizing photosensitizer used was aluminum phthalocyanine disulfo-
nate (AlPcS,,). The results show that ETXp-PCI is capable of causing localized
BBB disruption at very low light fluences, and no significant damage was noted in
rat brains at these conditions. In comparison, the BBB remained relatively intact
when exposed to AIPcS,, without ETXp at these light levels. At higher fluences, the
PDT effect was so pronounced that without ETXp, necrosis and inflammation were
already evident, and the addition of ETXp had no apparent effect on BBB disruption.

15.4.4 Inhibition of ATP-Binding Cassette Transporters

One mechanism that is responsible for multidrug resistance (MDR) is the active efflux
of drugs by ABC transporters. Several agents have been developed to block ABC
transporter-mediated drug efflux, and some have entered phase II/III clinical trials.

The first-generation inhibitors included drugs developed for other conditions
such as verapamil, quinine, and cyclosporine A. Despite their efficacy in inhibiting
P-gpl-dependent drug efflux in vitro [125], these inhibitors lack specificity and
cause significant toxicity when used as ABC transporter inhibitors [126].
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The second-generation P-gpl inhibitors were designed to improve specificity.
Valspodar is a derivative of cyclosporine A, with higher specificity and potency and
no immunosuppressive effects [127]. However, it inhibits cytochromes P450
(CYP450s) [128] and causes pharmacokinetic effects. As a result, it failed to
improve outcomes; it even produced worse outcomes in phase III clinical trials with
the anticancer drugs vincristine and doxorubicin [129], or daunorubicin and etopo-
side [130] in patients with acute myeloid leukemia (AML).

The third-generation inhibitors were developed focusing on not to inhibit liver
enzymes such as CYP450s. P-gpl specificity was another focus. Tariquidar (an
anthranilamide,), elacridar (an acridone caroxamide), zosuquidar (quinolone deriv-
ative), CBT-1 (quinolone derivative) and laniquidar (a piperidine) are at various
stages of clinical trials. Tariquidar and zosuquidar entered Phase II/III trials in com-
bination with vinorelbine and doxorubicin, respectively, for a variety of advanced
solid tumors or AML. Phase III trials of tariquidar in non-small cell lung cancer
produced high rates of side effects without improving the patient response.
Zosuquidar has also shown neurotoxicity [131] and drug-drug interactions with
doxorubicin and vinorelbine [132].

These examples show that the strategies of inhibiting ABC transporters need
further improvements. The way to these inhibitors’ application to brainstem tumor
therapies may take even longer than their use in non-CNS tumors. However, opti-
mism is warranted with further improvement of such agents’ specificity, strategies
of more specific targeting of drugs beyond the drug’s structure, and better selection
of patients with improved diagnostic techniques.

15.4.5 Carriers and Packaging Vehicles

Several approaches for drug delivery across the BBB have been attempted, includ-
ing encapsulation into liposomes and nanoparticles. By incorporation into lipo-
somes or nanoparticles, the drugs are stabilized for more efficient direct delivery or
paracellular delivery. The incorporation can also include targeting moieties, such as
proteins (e.g., insulin, Apolipoprotein E, and transferrin) that are known to traverse
the BBB by receptor-mediated endocytosis, making the formulation suitable for
transcellular delivery. This molecular Trojan horse approach has been successful in
delivering a number of therapeutic proteins. However, limitations still exist, includ-
ing rapid removal from the circulation, low delivery yields, and the need for repeated
injections.

15.4.5.1 Liposomes
Liposomes are small vesicles consisting of one or more lipid bilayers surrounding

an aqueous compartment. They are nanometers-to-micrometers in diameter. They
were discovered in early 1960s; the exploration of their potential use as a carrier
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system for therapeutically active compounds began soon after that. In recent years,
their application has been explored for the diagnosis and/or treatment of neurologi-
cal diseases in particular. Due to the unique physicochemical characteristics of lipid
bilayers, liposomes are able to incorporate hydrophilic, lipophilic, and hydrophobic
therapeutic agents. Hydrophilic compounds may either be entrapped into the aque-
ous core of the liposomes or be located at the interface between the lipid bilayer and
the external water phase. Lipophilic or hydrophobic drugs are generally entrapped
almost completely in the hydrophobic core of the lipid bilayers. The use of cationic
lipids further allows the adsorption of polyanions, such as DNA and ribonucleic
acid (RNA). The surface of liposomes can be modified by the inclusion of other
macromolecules, such as polysaccharides, peptides, antibodies, or aptamers, to
improve its stability in blood circulation and brain-specific delivery. Several liposo-
mal drugs are either approved for clinical use or in clinical trial studies [133, 134],
but efficient brain-specific drug delivery by liposomes is not at the clinical stage yet.

Liposomes can be conjugated with specific antibodies or ligands to enhance their
ability to cross the BBB through receptor-mediated endocytosis by the BBB cells.
Several studies using transferrin (Tf), lactoferrin, insulin, glutathione, apolipopro-
teins and peptides reported successful delivery of liposomes to the brain paren-
chyma or tumor [135—137]. In one of the studies, it was also shown that Tf-conjugated
liposomes were taken up by BBB cells more than unconjugated liposomes and were
subjected to transcytosis [137].

Recently, magnetic liposomes have emerged as an interesting targeting moiety
for delivery of therapeutic molecules across the BBB. In one study, one or more
drug molecules could be reversibly bound to the surface of iron oxide nanoparticles
and encapsulated within the core of liposomes [138]. When an external magnetic
field was applied, the liposomes bypassed an in vitro model of the BBB. It has fur-
ther been shown that magnetic liposomes can also be taken up into human mono-
cytes, followed by the entry of nonmagnetic monocytes into the brain [138].

Various routes of administration have been tested for delivery using liposomes to
the brain. Intravenous injection seems to be the preferred route in practice.
Alternative routes of administration (oral, ocular, or mucosal) have also been
explored. For example, intranasal administration is a noninvasive approach to
deliver drugs to the brain. It was shown that a liposomal formulation of rivastigmine
was able to prevent degradation of the drug in the nasal cavity and to carry it through
the mucosal barriers [139]. The ability of cationic liposomes to deliver proteins to
the brain via the intranasal route has also been demonstrated [140].

15.4.5.2 Nanoparticles

Nanoparticles commonly refer to carriers with a size between 10 and 1000 nm.
They can be made with a broad range of materials such as sugar derivatives, fatty
acids, peptides and proteins.

Experimental evidence shows that nanoparticles enhance delivery across the
BBB through mechanisms of passive (nonspecific endocytosis) or active targeting
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(receptor-mediated endocytosis). In one study, the nanoparticles were mainly taken
up via nonspecific endocytosis [141]. The size, chemical structure, and surface
properties of nanoparticles are critical factors influencing their uptake by cells of the
BBB. Nanoparticles smaller than 20 nm can pass through the BBB endothelial cells
by transcytosis [142].

Surface features of nanoparticles, such as charge and coating, may be more
important than their core structure in determining their ability to cross the
BBB. Surface charge may determine the pathway through which nanoparticles are
taken up. In one study [143], at 4 °C, when active endocytosis was stopped and only
passive diffusion was present, cationic nanoparticles remained outside the BBB
cells, neutral nanoparticles were associated with cell surface, and anionic nanopar-
ticles were detected on cell surface and in paracellular space; at 37 °C, only neutral
and anionic nanoparticles had undergone endocytosis and transcytosis. This study
further showed that neutral and anionic nanoparticles followed the caveolae-
mediated endocytotic pathway, whereas cationic nanoparticles did not.

The presence of noncovalently- or covalently-bound ligands on the surface of
nanoparticles can further improve delivery across the BBB by receptor-mediated
endocytosis [142, 144]. The most common receptors utilized for this purpose are the
insulin receptor, the Tf receptor, the low-density lipoproteins receptor (LDLR), the
LDLR-related proteins (LRPs), the folic acid receptor, and the diphtheria toxin
receptor. The delivery of Tf-conjugated nanoparticles was more efficient than
unconjugated ones within the CNS [145, 146] due to the abundance of Tf receptor
in the BBB [142]. LDLR and LRPs trigger efficient receptor-driven endocytosis
followed by transcytosis [147]. The major drawback of using Tf, folic acid or apo-
lipoproteins as targeting ligands on nanoparticles is that their receptors are wide-
spread; therefore, there is a risk of nanoparticle uptake by other tissues.

Current ongoing clinical trials of liposomes and nanoparticles recruiting exclu-
sively DIPG patients include NCT03086616 (CED of an irinotecan liposome for-
mulation) and NCT03566199 (CED of a panobinostat nanoparticle formulation).

15.5 Signal Transduction Pathway Targeted Therapy

As discussed in Sect. 15.3, a number of mutations have been discovered in
DIPG. Some of the mutations observed in DIPG are targetable, such as the PDGFR
pathway, while many others are not currently targetable yet. Targeting the RTK
signal transduction pathways such as the PDGFR pathway has been a focus of some
recent research. In GBM, therapy with single agents leads to clonal selection,
enriching therapy-resistant clones that give rise to recurrent tumors [34]. Possibly
and partially a result of this phenomenon, clinical trials with signal transduction
pathway-targeted therapies failed to show significant improvement in survival in
GBM, as well as in DIPG [8, 35]. In addition, RTKs downstream and parallel signal
transduction pathways may be regulated in a compensatory fashion with redun-
dancy that contributes to drug resistance, especially in single target therapies.



368 7. Zhou and M. M. Souweidane

Therefore, it is not surprising that drug resistance has been inevitable in almost all
single-drug targeted therapies. How to target multiple points in signal transduction
pathways without causing much toxicity is the subject of active studies.

Ongoing clinical trials of signal transduction pathway targeted therapies recruit-
ing DIPG patients include NCT03352427 (combination of dasatinib and everoli-
mus), NCT01644773 (combination of crizotinib and dasatinib), NCT02420613
(combination of vorinostat and temsirolimus) and NCT03632317 (combination of
panobinostat and everolimus).

As long as a molecule is differentially expressed between tumor cells and normal
tissue, it does not need to be growth-promoting to be considered a therapeutic target.
One example is IL-13Ra2, whose functions are not well understood in brain tumors.
Like in adult malignant gliomas, IL-13Ra2 is highly expressed in DIPG [148, 149];
therefore, recombinant toxins using IL-13 as a targeting moiety are also potentially
effective therapeutic agents for DIPG. CED of IL13-PE38QQR in the brainstem has
shown a good safety profile in both a preclinical study [88] and a clinical trial in
DIPG patients (NCT00880061) [100].

15.6 Modulating Gene Expression Status: Epigenetic
Modulators

The importance of epigenetic changes in pediatric brainstem gliomas has recently
been recognized. Most notable is the histone methylation status associated with the
H3K27M mutation. It is thought that inhibition of the histone methyltransferase
Polycomb repressive complex 2 (PRC2) and hypomethylation of H3K27 play an
important role in the effects of H3.3K27M mutation on the tumorigenesis of
DIPG [150].

One approach of investigational therapy used GSKJ4, an H3K27 demethylase
inhibitor, to counter the effects of hypomethylation of H3K27 caused by H3.3K27M
mutation. GSKJ4 increased cellular H3K27 methylation in K27M tumor cells,
reduced tumor size of K27M xenografts, and prolonged survival of mice bearing
these xenografts [151].

Another approach focuses on enhancer of zeste homolog 2 (EZH2). EZH2 is part
of PRC2 and, hence, has been considered as a potential therapeutic target. However,
preclinical studies of inhibiting EZH2 using tazemetostat showed different results
from two research groups. In one study, tazemetostat did not show activity in pedi-
atric glioma cells in vitro with or without H3.3 mutations [152]. In another, results
showed that tazemetostat may affect growth of primary H3K27M-positive glioma
cells in the presence of a functional p16INK4A [153]. Genetic studies showed that
short-term EZH2 depletion in glioblastoma cells without H3 or isocitrate dehydro-
genase (IDH) mutations has been associated with reduced proliferation [154], but
prolonged EZH2 depletion caused a switch in cell fate, enhancing proliferation and
DNA damage repair and resulting in tumor progression [155].
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Other studies show that activation of PRC2 and hypermethylation of H3K27 may
be driving the initiation of medulloblastoma [156], ependymoma [157], and lym-
phoma [158]. These pieces of evidence suggest that rebalancing the H3K27 meth-
ylation pathway for therapeutic purposes may not be an easy task.

Histone acetylation is another epigenetic target in cancer therapy. The rationale
of using histone deacetylase inhibitors (HDACi) in cancer therapy is to reverse dys-
regulated gene expression by modulating histone acetylation. Acetylation of lysine
residue on histones is a mark of active enhancers that control the expression of
associated distal genes. HDAC inhibition causes hyperacetylation of histones and
affects the expression of a large number of genes.

Vorinostat has been tested in clinical trials of recurrent glioblastoma. As a single
agent, it showed good tolerability in glioblastoma patients and induced increased
histone acetylation in the tumors [159]. However, when tested in combination with
the protease inhibitor bortezomib, vorinostat did not show efficacy [160]. In newly
diagnosed glioblastoma, the addition of vorinostat to the standard regimen of temo-
zolomide and radiation therapy did not meet the primary endpoint of efficacy in a
phase I/IT trial [161]. An ongoing study is evaluating the safety of vorinostat in
combination with temsirolimus in DIPG patients (NCT02420613).

Panobinostat, another HDAC inhibitor, reduced the viability of cultured DIPG
cells, reduced tumor size of DIPG orthotopic xenografts, and prolonged the survival
of mice bearing these xenografts [162]. Combination testing with GSKJ4 showed
that they had synergistic effects [162]. Clinically, two patients with progressive
DIPG tolerated concomitant panobinostat and reirradiation well [163]. An ongoing
phase I clinical study is more systematically evaluating the safety and pharmacoki-
netics of panobinostat in both recurrent/progressive and non-progressed DIPG
patients (NCT02717455). Other clinical trials of panobinostat with DIPG as an eli-
gible disease include NCT03632317 (panobinostat in combination with everoli-
mus). MTX110, a nanoparticle formulation of panobinostat, is being tested in
treating DIPG patients via brainstem CED (NCT03566199).

15.7 Immunotherapy

15.7.1 Therapeutic Antibodies, Radiolabeled Antibodies,
and Immunotoxins

To some degree, the main underlying assumption of using antibodies to treat malig-
nant tumors is the specific recognition and elimination of malignant cells by anti-
bodies. Several types of therapeutic antibodies have been developed to treat
malignant tumors, including HGGs, where antibodies targeting growth factor recep-
tors were among the most actively investigated recently.

Growth factors have been shown to support tumor initiation and progression in
malignant gliomas, including DIPG. Recent evidence showed that PDGF, along
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with its receptor, PDGFR, is one of the most commonly involved oncogenic signal
transduction pathways in the majority of DIPG cases [56—60]. Another growth fac-
tor receptor, EGFR, is also involved in a significant numbers of cases [57, 59].

Therapeutic antibodies against these growth factor receptors block activation of
the receptor and have the potential to cause cell death. Additionally, binding of anti-
bodies to cell surface antigens can induce antibody-dependent cell-mediated cyto-
toxicity (ADCC) and complement-dependent cytotoxicity (CDC), even though
effector cells of ADCC and CDC are not abundant in the CNS. Antibodies against
PDGFRs, such as olaratumab (IMC-3G3) and MEDI-575, have been proposed to
treat DIPG. Currently, there are a few clinical trials of olaratumab (e.g.,
NCTO02677116) on treating pediatric solid tumors via intravenous administration,
with DIPG as an eligible disease. No results have been published from these trials
yet. Due to the large molecular weight of the antibodies, we believe that CED would
be an ideal delivery option of therapeutic antibodies in treating DIPG.

Therapeutic antibodies can be labeled with radionuclides to strengthen their ther-
apeutic capability. In addition to the effects of the antibody itself, the therapeutic
effects of radiolabeled antibodies are achieved by the energy deposited into the tis-
sue by the radiation from the radionuclide that is tagged to the antibody (Fig. 15.5).
The choice of a radionuclide for a specific application depends on the disease to be
treated, physical characteristics of the nuclide, its commercial availability, and the
labeling chemistry. Radionuclides used in oncologic therapy are typically Beta (f)-
and alpha (x)-emitters. p emissions from radionuclides such as 'I, Y, and '*Re
have a particle range of 2—12 mm in soft tissue; therefore, nearby tissue is impacted

Fig. 15.5 Radiolabeled
antibodies. In addition to
the therapeutic effects of
antibodies, emissions from
radioisotopes on
radiolabeled antibodies
also have therapeutic
effects. In the case of o and
P emissions, their ranges
reach neighboring cells
(“shoot the neighbor”
effects)
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along with the cells that the radiolabeled antibody binds to, which is suitable for the
treatment of bulky tumors. a emissions from radionuclides such as ?'?Bi and **Ac
have a particle range of tens of microns in soft tissue and can reach a few layers of
cells surrounding the cells to which the radiolabeled antibodies are bound. The
Auger and conversion electron emitters are also used for therapeutic purposes. Their
particle range in soft tissue is approximately 1 micron, resulting in highly localized
targeting without impacting adjacent cells, which is suitable for single cell situa-
tions as in certain micrometastatic diseases, minimal residual diseases, and blood
malignancies.

The use of radiolabeled antibodies in the treatment of DIPG has been explored.
Currently, there is a clinical trial (NCT01502917) of delivering '**I-labeled 8H9
(omburtamab) via CED to treat children with DIPG. > allows for the quantifica-
tion of radiation dose by positron emission tomography (PET) imaging. The results
showed that the drug as well as the delivery are safe. Uniquely, the quantification
allowed for validating the principle that CED efficiently delivers therapeutics to the
target with minimal systemic exposure by showing that the radiation absorbed dose
to the lesion was 1200-fold that of the systemic exposure [101].

Immunotoxins are chimeric or recombinant molecules that contain a toxin linked
to an antibody that binds specifically to its targets. Sometimes, growth factor or
cytokine toxin fusions or conjugates are also considered immunotoxins, as they
bind to target cells and contain a toxin that kills cells similar to classical immuno-
toxins [164].

In the early history of immunotoxin development, full-length antibodies were
coupled with plant toxins like ricin or gelonin without the toxin’s binding domain.
Subsequently, bacterial protein toxins such as the Pseudomonas exotoxin (PE) and
diphtheria toxin (DT) were used. The first-generation immunotoxins were made of
full-length PE attached to whole monoclonal antibodies. These immunotoxins could
bind to normal cells due to the existence of the toxin’s binding domain. In second-
generation immunotoxins, regions of the toxin that were not essential for cytotoxic-
ity were removed to produce a truncated toxin that could not bind to normal cells,
then the toxin was linked to an antibody. Second-generation immunotoxins such as
PE38-based immunotoxins are more specific than first-generation immunotoxins.

Similarly, chemical drugs can be conjugated to antibodies forming antibody-
drug conjugates (ADC). ADCs, like immunotoxins, take advantage of the antibody’s
specificity to improve targeting cells and reduce the drug’s toxicity. While each
specific immunotoxin or ADC has its specific mechanism of action, the general
pathway is that upon binding to the antigens on the cell membrane, the immuno-
toxin or ADC molecules undergo internalization via receptor-mediated endocytosis
and are then released into the cytosol to exert their toxicity on target organelles
(Fig. 15.6). Some immunotoxins and ADCs may also undergo enzymatic conver-
sion during the internalization and release process.

The potential clinical application of immunotoxins 8H9scFv-PE38 and IL13-
PE38QQR in the treatment of DIPG has been investigated. In an animal study,
8H9scFv-PE38 was well tolerated and significantly shrank the tumor xenograft
when delivered via CED [91]. Similarly, IL13-PE38QQR showed good safety and
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Fig. 15.6 Immunotoxins
and antibody-drug
conjugates (ADCs).
Binding of immunotoxins
and ADCs onto membrane
receptors triggers
receptor-mediated
endocytosis. Internalized
immunotoxins and ADCs
reach end organelles (such
as the rough endoplasmic
reticulum) to exert their
cytotoxic effects

efficacy in a xenograft DIPG model [88] and clinical safety in a phase I clinical trial
(NCTO00880061) [100], using CED to deliver the immunotoxin into the brainstem
lesions in DIPG patients. IL-13 is an immune molecule normally present in the
body. About 90% of malignant gliomas have high levels of IL-13 receptors while
the normal brain tissue has only a low level of these receptors.

Current and future efforts in the development of antibody-based immunothera-
pies (including therapeutic antibodies, radiolabeled antibodies, immunotoxins, and
ADCs) include the identification of therapeutic targets, development of antibodies
against these targets, identification and/or development of radionuclides, drug
conjugates and toxins with improved specificity and efficacy, and optimization of
delivery methods.

15.7.2 Therapeutic Vaccines

Malignant tumors evade the host’s immune surveillance. Therapeutic cancer vac-
cines induce immune responses against antigens specifically or highly selectively
expressed by tumor cells or tumor-associated cells, such as stromal cells, while the
host would not be able to mount such effective immune responses without assis-
tance [165]. Such tumor antigens can be mutated peptides [166] or altered post-
translational modifications [167]. Tumor antigen(s) are administered with
immuno-stimulatory adjuvant(s) to enhance antigen presentation and subsequently
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activate and expand tumor-reactive T-cells. The biggest challenge in designing such
vaccines is the selection of optimal antigen(s) and adjuvant(s), because many tumor-
associated antigens are not identified as foreign by the host’s immune system [168].
Another reason for this challenge is that some antigens are not exclusively expressed
by tumor cells, which can result in immunization against normal cells.

Results from clinical studies involving adult GBM patients suggest that immuni-
zation against a single tumor-associated peptide is not sufficient to control the pro-
gression of the tumor. In one study, where patients were immunized with dendritic
cells loaded with glioma-associated peptides combined with adjuvant poly-ICLC,
approximately 60% of patients demonstrated glioma-associated immune responses
(vaccine immunogenicity), but only <10% of recurrent glioma patients demon-
strated stable tumor regression [169].

Tumor neoantigens, generated by mutations occurring during tumor initiation
and progression, are considered to have a higher potential for therapeutic vaccina-
tion. These neoantigens are often unique in individual patients [168, 170]. Some
neoantigens, such as EGFR variant III (EGFRVIII), are present in a higher percent-
age of tumors and are rational targets for vaccination that would not be cost- and
time-prohibitive. EGFRVIII is present in approximately 20-30% of newly diag-
nosed GBM [171] and is associated with worse prognosis for patients who survive
more than 1 year [172]. EGFRVIII is capable of inducing both cellular and humoral
immunity [173]. The clinical study results of an EGFRVIII peptide vaccine (rindo-
pepimut) demonstrated vaccine immunogenicity and increased overall survival,
with median survival of approximately 24 months [173—175], while the standard of
care produces a median survival of approximately 15 months; the survival advan-
tage also correlated with the induced tumor immunity. However, tumor relapse
occurred with loss of EGFRVIII expression based on immunohistochemical detec-
tion [173—175]. The loss of antigen detection could be a result of clonal selection or
the generation of antibodies by the hosts, which may have masked the antigens. A
multicenter study confirmed that immune-mediated eradication of tumor cells bear-
ing EGFRVIII contributed to prolonged progression-free survival and overall
survival in patients having received the vaccine, as well as increased host-produced
antibodies against EGFRVIII in some patients [174].

There are various recent efforts to address the immune evasion in vaccination by
targeting a broad range of antigens simultaneously. One example is to utilize autolo-
gous dendritic cells that are pulsed with the tumor lysate. A vaccine using this
approach (DCVax®-L) recently completed a phase III trial for patients with newly
diagnosed GBM (NCT00045968). Results showed that the addition of DCVax-L to
standard therapy is safe in glioblastoma patients and may extend survival [176].

There are several therapeutic vaccines in clinical trials for the treatment of
DIPG. One peptide vaccine trial aims to vaccinate patients with HLA-A2-restricted
glioma-associated antigen peptides with poly-ICLC in newly diagnosed DIPG and
some other glioma patients (NCTO01130077). Interim results showed that no dose-
limiting non-CNS toxicity was encountered. In about 80% of the patients, immune
responses were detected against glioma-associated antigens (IL-13Ra2, EphA2 and
survivin). About 20% of patients had symptomatic pseudoprogression, which
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responded to dexamethasone and was associated with prolonged survival [177].
Dexamethasone reduced the pseudoprogression, a presentation of inflammation, as
well as immune responses to glioma-associated antigens. Another peptide vaccine
trial aims to vaccinate patients with H3.3-K27M-specific peptides with poly-ICLC
inpatients with HLA-A2(+) H3.3-K27M(+) DIPG or other gliomas (NCT02960230).

One of the dendritic cell vaccines trials for DIPG patients is the NCT02840123,
in which patients are vaccinated with autologous dendritic cells that are pulsed with
allogenic tumor line lysate. Another dendritic cell vaccine, total tumor mRNA-
pulsed autologous dendritic cell (TTRNA-DC) vaccine, is being tested as part of
NCT03396575.

Recent advances in technology of genome-wide sequencing and peptide affinity
algorithms can expedite the identification of mutations and related neoantigens, and
the screening of peptides with high affinity to the major histocompatibility complex
(MHC) for antigen presentation. The high efficiency of these new technologies may
improve the feasibility of personalized vaccines.

15.7.3 Immune Checkpoint Inhibitors

Immune checkpoints are inhibitory receptors on T-cells that play an important role in
suppressing T-cell-mediated antitumor responses [178]. Under physiological condi-
tions, they prevent inappropriate activation and regulate the intensity and duration of
activation. The most studied checkpoints for therapeutic purposes are CTLA-4 and
PD-1. CTLA-4 plays a role of negative feedback during CD8(+) T-cell activation
[47]. CTLA-4 expressed on CD4(+) T-cells enhances Treg-mediated immunosup-
pression [49]. In mice bearing intracranial gliomas, CTLA-4 monoclonal antibody
(9H10) treatment induced robust antitumor immunity without affecting Treg func-
tion [50]. The humanized CTLA-4 antibody ipilimumab is the first Food and Drug
Administration (FDA)-approved immune checkpoint inhibitor. Ipilimumab has only
been used in a small number of GBM patients in the recurrent setting. On the other
hand, it has been used in treating metastatic melanoma, with approximately 2% dura-
ble complete response rate [179]. Responses have been observed against both non-
CNS and CNS-infiltrated melanoma metastases [180]. Based on the common
neuroectodermal origin of gliomas and melanomas, the results from the melanoma
studies may provide some insights into its application to glioma treatment.

Recent efforts at inhibiting the PD-1/PD-L1 pathway (Fig. 15.7) have produced
robust clinical results. Tumor-infiltrating lymphocytes in GBM [45], among numer-
ous cancers, express high levels of PD-1. The high expression levels of PD-1 is
thought to be a result of chronic stimulation by the tumor antigen. When the T-cells
with high PD-1 levels interact with PD-L1, their effector functions are inhibited
[181]. A number of mechanisms, such as loss of PTEN, paracrine IL-10 signaling
[44], and interferon (IFN)-y paracrine signaling [182], may contribute to the
upregulation of PD-L1 in GBM. Clinical trials studying PD-1 and PD-L1 blockade
in GBM patients (NCT02337491 and NCT02336165) recently completed patient
recruitment, and their results may be reported soon.
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Fig. 15.7 PD-1/PD-L1 pathway and its
blocking. PD-1/PD-L1 pathway can be
blocked at either or both sides of the
PD-1 - PD-L1I interaction. Blue: T-cell.
Purple: tumor cell

, -
r—

Immune checkpoint inhibition has produced the most significant results with the
combination of CTLA-4 and PD-1 blockade [183—-185]. In a randomized trial of
untreated advanced melanoma, which shares neuroectodermal origin with gliomas,
dual CTLA-4 and PD-1 blockade produced an improved objective response rate
(58%) compared to CTLA-4 only (19%) and PD-1 only (44%) [185]. For GBM, a
preclinical study using an animal model showed high rates of survival with IDO,
PD-L1 and CTLA-4 triple blockade, as compared to the respective monotherapies
[186]. Few clinical trials of treating GBM patients with a combination of CTLA-4
and PD-1 inhibition have completed recruiting patients recently (NCT02311920
and NCT02017717), and the results may be reported soon. There are also clinical
trials evaluating the combination of CTLA-4 and PD-1 inhibition in patients with
brain melanoma metastasis (NCT02374242 and NCT02320058), which will con-
clude and report results soon.
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A retrospective study showed that 12 patients with recurrent DIPG tolerated
nivolumab (an anti-PD-1 monoclonal antibody) well [187]. However, recruitment
of DIPG patients in clinical trials of nivolumab have all been discontinued in North
America due to unexpected serious adverse events as of 2017. A phase I consortium
clinical trial of pembrolizumab (another anti-PD-1 monoclonal antibody) treating
brain tumors, including DIPG, is ongoing (NCT02359565).

Other immune pathways being investigated for therapeutic purposes include the
inhibitory lymphocyte activation gene 3 (LAG-3) [188] and T-cell immunoglobulin
and mucin domain-containing 3 (TIM-3) [189] pathways and the stimulatory induc-
ible costimulator (ICOS) [190] and 4-1BB [191] pathways. LAG-3 and PD-1 dual
blockade therapy has progressed to a clinical study in non-CNS solid tumors
(NCT01968109).

15.7.4 Adoptive Cell Therapies

Adoptive cell therapies are the transfer of cells into a patient for therapeutic pur-
poses. The two most investigated adoptive cell therapies for cancer treatment are
tumor-infiltrating lymphocyte (TIL) therapy and chimeric antigen receptor T-cell
(CAR-T) therapy.

In the TIL therapy, lymphocytes are isolated from resected tumor tissue and cul-
tured with a high-dose cytokine (typically IL-2) in single cell suspensions. The
cultures are expanded and tested for antigen specificity against the patient’s tumor.
Cultures with evidence of specific reactivity to the tumor are selected for rapid
expansion before being infused into the patient.

Chimeric antigen receptors (CARs) in CAR-T therapy are receptors engineered
to activate T-cells by binding to a specific antigen. They have both antigen-binding
and T-cell activating functions by including an extracellular single-chain variable
fragment (scFv) and a T-cell activating domain (typically the zeta chain of the CD3
complex) into a single receptor. Therefore, they redirect the specificity and func-
tions of T-cells. The CARs with the minimal antigen-binding and T-cell activating
domains are termed first-generation CARs. They recognize antigens without the
human leukocyte antigen (HLA), but do not lead to sustained T-cell responses [192]
because sustained activation of T-cells requires the engagement of both T-cell recep-
tors (TCRs) and co-stimulatory molecules. Second-generation CARs also include a
costimulatory domain (CD28 or 4-1BB), directing sustained T-cell responses upon
activation [193] and generating persistent “living drugs,” which showed great clini-
cal success recently.

In CAR-T therapy, T-cells are harvested from the patient, then in a laboratory, the
cells are purified, cultured and transfected with DNA for the chimeric antigen recep-
tor. The cells with successful transfection (CAR-T cells) are expanded before being
infused into the patient. The CAR-T cells continue to multiply after infusion and
attack tumor cells expressing the targeted antigen (Fig. 15.8).



15 Future Therapies for Malignant Brainstem Tumors 371

Fig. 15.8 CAR-T therapy. (a) From left to right, first-generation CARs consist of a minimal
design. Second-generation CARs contain a costimulatory domain to enable sustained T cell activa-
tion. Third-generation CARs contain at least two co-stimulatory domains. (1) scFv (2) T-cell acti-
vating domain (CD3() (3) co-stimulatory domain (e.g., 4-1BB or CD28) (4) second co-stimulatory
domain (e.g., CD28, 1COS or 0X40). (b) General procedures of CAR-T therapy. T cells are col-
lected, cultured and purified in a laboratory before being transfected with DNA constructs encod-
ing the CAR. Successfully transfected T cells become CAR-T cells. These cells are cultured and
purified before being infused into the blood stream of patients. CAR-T cells bind to tumor cells to
exert their cytotoxic effects. In (b), yellow color denotes native T-cell receptors and purple repre-
sents CARs

As a clinical success, both the TIL therapy and the CAR-T therapy demonstrated
their capability in eradicating a large amount of tumor burden. The TIL therapy
achieved a durable complete response in treating metastatic melanoma [194], and
the CAR-T therapy was successful in treating CD19(+) B-cell leukemia [195].

TIL therapy targeting human cytomegalovirus (CMV) antigens expressed by
tumor cells has been investigated for treating GBM. A clinical study treating recur-
rent GBM patients with autologous infusion of tumor-infiltrating T lymphocytes
recognizing CMV antigens led to a median overall survival of over 57 weeks, with
four patients remaining progression-free throughout the study period [196].

CAR-T therapies targeting human epidermal growth factor receptor 2 (HER?2)
and EGFRVIII produced impressive results in animal models of glioma [197, 198].
Clinical trials of CAR-T therapies targeting EGFRvIII (NCT02209376 and
NCTO01454596) and bispecific HER2/CMV (NCTO01109095) in GBM patients have
recently completed recruiting patients and may report detailed results soon.
Preliminary results of the HER2/CMYV bispecific CAR-T trial reported on the 30th
Annual Meeting of the Society for Inmunotherapy of Cancer (SITC, 2015, National
Harbor, MD) showed that the therapy was well tolerated, and a durable clinical
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benefit was observed in ~ 38 patients. A trial of CAR-T therapy targeting IL13Ra2
(NCT02208362) in malignant glioma patients is ongoing.

CAR-T therapy for DIPG is still at the preclinical stage. A recent preclinical
CAR-T study targeting GD2, a disialoganglioside expressed on tumors of neuroec-
todermal origin, for DIPG was able to clear most of the tumor cells, but it produced
dangerous levels of brain swelling in some animals [199]. Because of the essential
anatomical and functional features of the brainstem, as well as its proximity to the
thalamus, the safety issue of CAR-T therapy may be more difficult to solve in DIPG
than in supratentorial gliomas.

15.8 Oncolytic Viruses

Oncolytic viruses are viruses that can infect and replicate in tumor cells in a tumor-
selective conditional fashion, resulting in lytic destruction of tumor cells. The cell
lysis results in the release of a large number of viral progenies, which go on to infect
neighboring tumor cells.

A successful oncolytic virus requires a conditional, tumor-restricted viral repli-
cation with subsequent lysis of tumor cells. Certain tumor cell mutations would
allow selective viral replication based on either inherent or engineered viral mecha-
nisms. Such mechanisms can include any stage of the viral life cycle such as
receptor-mediated viral attachment for infection initiation, DNA replication and
protein synthesis, as well as the host’s cytosolic antiviral mechanisms and innate
and adaptive immune responses.

The most widely studied viruses for cancer treatment are herpes simplex virus
(HSV) and adenovirus. The first experimental application of a genetically modified,
replication-competent oncolytic virus for glioblastoma was reported in 1991 using
a thymidine kinase (TK)-deficient HSV mutant, HSV-dIsptk, which was shown to
be highly attenuated in non-dividing cells such as neurons but effective in infecting,
replicating inside and lysing U87 cells in vitro and xenografts in vivo [200]. A num-
ber of oncolytic HSV mutants have been isolated or engineered since then, with
R3616, HSV-1716, hrR3, G207, and G47A being the most studied examples for
targeting glioblastoma. After preclinical studies showed anti-glioma activity and
good safety in rodents and non-human primates, G207 was tested in a clinical trial
for glioblastoma that commenced in February 1998 [201]. HSV-1716 was tested in
aclinical study in Europe at approximately the same time [202]. M032, an oncolytic
HSV carrying human IL-12 gene, has shown enhanced glioma cell cytotoxicity in
animal models [203], and a clinical trial of M032 in treating recurrent malignant
gliomas is ongoing (NCT02062827).

Genetically engineered recombinants of adenovirus serotype 5 (AdS5) that show
conditional replication are among the most studied oncolytic viruses. Early gene
products of the adenovirus interact with Rb and p53. Adenoviruses with E1A or
E1B deficiencies are replication-incompetent in normal cells and, therefore, tumor-
selective. ONYX-015, a conditionally replicating adenovirus mutant with the
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E1B-55 kD gene deletion was effective in killing p53-mutant U373 glioma cells but
not pS3-normal U87 cells [204]. However, a later study in glioma xenografts derived
from primary human tumors reported increased oncolytic activity of ONYX-015 in
p53 wild-type glioma xenografts compared to pS3 mutants [205]. ONYX-015 was
studied in a glioblastoma clinical trial [206]. DNX-2401, a newer adenovirus con-
struct that combined Ad-delta-24 with Arg-Gly-Asp (RGD)-containing peptide
modifications, has shown increased oncolytic activity against glioblastoma [207]. It
was studied in a clinical trial showing dramatic responses with long-term survival in
recurrent HGGs, which are probably due to direct oncolytic effects of the virus fol-
lowed by elicitation of an immune-mediated anti-glioma response [208].

DNX-2401 is currently studied in DIPG patients in a phase I clinical trial
(NCT03178032). Preliminary results reported at the 18th Biennial International
Symposium for Pediatric Neuro-Oncology (ISPNO, 2018, Denver, Colorado, USA)
showed that six DIPG patients were treated with DNX-2401 with no grade 3 or 4
adverse events, indicating that it may be a safe therapy for DIPG patients.

15.9 Conclusion

The most prominent example of malignant brainstem tumors is DIPG, which is
considered one of the most difficult to treat in pediatric oncology. The standard of
care for this tumor has not seen major changes in decades despite the disease’s
dismal outcome. A number of therapeutic options, many of which have shown
dramatic therapeutic effects in other tumors, are being investigated for the treat-
ment of DIPG. Despite the challenges presented by the critical anatomical and
functional properties of the brainstem and its proximity to the thalamus and the
unique biology of the tumor, it is hopeful that the outcome of this disease will
improve with further refinement of these investigational therapies as well as devel-
opment of new therapies.

Acknowledgments The authors would like to thank David J. Pisapia, MD, for providing histol-
ogy and immunohistochemistry photographs of DIPG.

References

1. Ostrom QT, Gittleman H, Liao P, Vecchione-Koval T, Wolinsky Y, Kruchko C, et al. CBTRUS
statistical report: primary brain and other central nervous system tumors diagnosed in the
United States in 2010-2014. Neuro-Oncology. 2017;19(suppl_5):v1-v88. https://doi.
org/10.1093/neuonc/nox 158.

2. Pierre-Kahn A, Hirsch JF, Vinchon M, Payan C, Sainte-Rose C, Renier D, et al. Surgical
management of brain-stem tumors in children: results and statistical analysis of 75 cases. J
Neurosurg. 1993;79(6):845-52. https://doi.org/10.3171/jns.1993.79.6.0845.

3. Freeman CR, Farmer JP. Pediatric brain stem gliomas: a review. Int J Radiat Oncol Biol Phys.
1998;40(2):265-71.


https://doi.org/10.1093/neuonc/nox158
https://doi.org/10.1093/neuonc/nox158
https://doi.org/10.3171/jns.1993.79.6.0845

380

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

7. Zhou and M. M. Souweidane

. Hargrave D, Bartels U, Bouffet E. Diffuse brainstem glioma in children: critical review of
clinical trials. Lancet Oncol. 2006;7(3):241-8. S1470-2045(06)70615-5 [pii]. https://doi.
org/10.1016/S1470-2045(06)70615-5.

. Klimo P Jr, Nesvick CL, Broniscer A, Orr BA, Choudhri AF. Malignant brainstem tumors in
children, excluding diffuse intrinsic pontine gliomas. J Neurosurg Pediatr. 2016;17(1):57-65.
https://doi.org/10.3171/2015.6.PEDS15166.

. Babu R, Kranz PG, Agarwal V, McLendon RE, Thomas S, Friedman AH, et al. Malignant
brainstem gliomas in adults: clinicopathological characteristics and prognostic factors. J
Neuro-Oncol. 2014;119(1):177-85. https://doi.org/10.1007/s11060-014-1471-9.

. Poussaint TY, Kocak M, Vajapeyam S, Packer RI, Robertson RL, Geyer R, et al. MRI as a
central component of clinical trials analysis in brainstem glioma: a report from the Pediatric
Brain Tumor Consortium (PBTC). Neuro-Oncology. 2011;13(4):417-27. https://doi.
org/10.1093/neuonc/noq200.

. Broniscer A, Baker SD, Wetmore C, Pai Panandiker AS, Huang J, Davidoff AM, et al. Phase [
trial, pharmacokinetics, and pharmacodynamics of vandetanib and dasatinib in children with
newly diagnosed diffuse intrinsic pontine glioma. Clin Cancer Res. 2013;19(11):3050-8.
https://doi.org/10.1158/1078-0432.CCR-13-0306.

. Subashi E, Cordero FJ, Halvorson KG, Qi Y, Nouls JC, Becher OJ, et al. Tumor location,

but not H3.3K27M, significantly influences the blood-brain-barrier permeability in a genetic

mouse model of pediatric high-grade glioma. J Neuro-Oncol. 2016;126(2):243-51. https://
doi.org/10.1007/s11060-015-1969-9.

Dean M, Rzhetsky A, Allikmets R. The human ATP-binding cassette (ABC) transporter

superfamily. Genome Res. 2001;11(7):1156-66. https://doi.org/10.1101/gr.184901.

Brangi M, Litman T, Ciotti M, Nishiyama K, Kohlhagen G, Takimoto C, et al. Camptothecin

resistance: role of the ATP-binding cassette (ABC), mitoxantrone-resistance half-

transporter (MXR), and potential for glucuronidation in MXR-expressing cells. Cancer Res.
1999;59(23):5938—46.

Ashraf T, Kao A, Bendayan R. Functional expression of drug transporters in glial cells:

potential role on drug delivery to the CNS. Adv Pharmacol. 2014;71:45-111. https://doi.

org/10.1016/bs.apha.2014.06.010.

Chen J, Zhang X, Kusumo H, Costa LG, Guizzetti M. Cholesterol efflux is differentially

regulated in neurons and astrocytes: implications for brain cholesterol homeostasis. Biochim

Biophys Acta. 2013;1831(2):263-75. https://doi.org/10.1016/j.bbalip.2012.09.007.

Miller DS, Graeff C, Droulle L, Fricker S, Fricker G. Xenobiotic efflux pumps in isolated fish

brain capillaries. Am J Physiol Regul Integr Comp Physiol. 2002;282(1):R191-8. https://doi.

org/10.1152/ajpregu.00305.2001.

Bauer B, Hartz AM, Fricker G, Miller DS. Modulation of p-glycoprotein transport function

at the blood-brain barrier. Exp Biol Med (Maywood). 2005;230(2):118-27.

Bendayan R, Ronaldson PT, Gingras D, Bendayan M. In situ localization of P-glycoprotein

(ABCB1) in human and rat brain. J Histochem Cytochem. 2006;54(10):1159-67. https://doi.

org/10.1369/jhc.5A6870.2006.

Veringa SJ, Biesmans D, van Vuurden DG, Jansen MH, Wedekind LE, Horsman I, et al. In

vitro drug response and efflux transporters associated with drug resistance in pediatric high

grade glioma and diffuse intrinsic pontine glioma. PLoS One. 2013;8(4):e61512. https://doi.
org/10.1371/journal.pone.0061512.

Heppner GH. Tumor heterogeneity. Cancer Res. 1984;44(6):2259-65.

Spremulli EN, Dexter DL. Human tumor cell heterogeneity and metastasis. J Clin Oncol.

1983;1(8):496-509. https://doi.org/10.1200/JCO.1983.1.8.496.

Burrell RA, McGranahan N, Bartek J, Swanton C. The causes and consequences of genetic

heterogeneity in cancer evolution. Nature. 2013;501(7467):338—45. https://doi.org/10.1038/

nature12625.

Kreso A, Dick JE. Evolution of the cancer stem cell model. Cell Stem Cell. 2014;14(3):275—

91. https://doi.org/10.1016/j.stem.2014.02.006.


https://doi.org/10.1016/S1470-2045(06)70615-5
https://doi.org/10.1016/S1470-2045(06)70615-5
https://doi.org/10.3171/2015.6.PEDS15166
https://doi.org/10.1007/s11060-014-1471-9
https://doi.org/10.1093/neuonc/noq200
https://doi.org/10.1093/neuonc/noq200
https://doi.org/10.1158/1078-0432.CCR-13-0306
https://doi.org/10.1007/s11060-015-1969-9
https://doi.org/10.1007/s11060-015-1969-9
https://doi.org/10.1101/gr.184901.
https://doi.org/10.1016/bs.apha.2014.06.010
https://doi.org/10.1016/bs.apha.2014.06.010
https://doi.org/10.1016/j.bbalip.2012.09.007
https://doi.org/10.1152/ajpregu.00305.2001
https://doi.org/10.1152/ajpregu.00305.2001
https://doi.org/10.1369/jhc.5A6870.2006
https://doi.org/10.1369/jhc.5A6870.2006
https://doi.org/10.1371/journal.pone.0061512
https://doi.org/10.1371/journal.pone.0061512
https://doi.org/10.1200/JCO.1983.1.8.496
https://doi.org/10.1038/nature12625
https://doi.org/10.1038/nature12625
https://doi.org/10.1016/j.stem.2014.02.006

15

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

Future Therapies for Malignant Brainstem Tumors 381

Swanton C. Intratumor heterogeneity: evolution through space and time. Cancer Res.
2012;72(19):4875-82. https://doi.org/10.1158/0008-5472.CAN-12-2217.

Yates LR, Campbell PJ. Evolution of the cancer genome. Nat Rev Genet. 2012;13(11):795-
806. https://doi.org/10.1038/nrg3317.

Bashashati A, Ha G, Tone A, Ding J, Prentice LM, Roth A, et al. Distinct evolutionary tra-
jectories of primary high-grade serous ovarian cancers revealed through spatial mutational
profiling. J Pathol. 2013;231(1):21-34. https://doi.org/10.1002/path.4230.

Campbell PJ, Yachida S, Mudie LJ, Stephens PJ, Pleasance ED, Stebbings LA, et al. The
patterns and dynamics of genomic instability in metastatic pancreatic cancer. Nature.
2010;467(7319):1109-13. https://doi.org/10.1038/nature09460.

Gerlinger M, Horswell S, Larkin J, Rowan AJ, Salm MP, Varela I, et al. Genomic architecture
and evolution of clear cell renal cell carcinomas defined by multiregion sequencing. Nat
Genet. 2014;46(3):225-33. https://doi.org/10.1038/ng.2891.

Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D, et al. Intratumor
heterogeneity and branched evolution revealed by multiregion sequencing. N Engl J Med.
2012;366(10):883-92. https://doi.org/10.1056/NEJMoal 113205.

Haffner MC, Mosbruger T, Esopi DM, Fedor H, Heaphy CM, Walker DA, et al. Tracking
the clonal origin of lethal prostate cancer. J Clin Invest. 2013;123(11):4918-22. https://doi.
org/10.1172/JCI170354.

Sottoriva A, Spiteri I, Piccirillo SG, Touloumis A, Collins VP, Marioni JC, et al. Intratumor
heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proc Natl Acad
Sci U S A. 2013;110(10):4009—-14. https://doi.org/10.1073/pnas.1219747110.

Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al. Single-
cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science.
2014;344(6190):1396—-401. https://doi.org/10.1126/science.1254257.

. Dexter DL, Leith JT. Tumor heterogeneity and drug resistance. J Clin Oncol. 1986;4(2):244—

57. https://doi.org/10.1200/JC0O.1986.4.2.244.

Almendro V, Cheng YK, Randles A, Itzkovitz S, Marusyk A, Ametller E, et al. Inference
of tumor evolution during chemotherapy by computational modeling and in situ analysis
of genetic and phenotypic cellular diversity. Cell Rep. 2014;6(3):514-27. https://doi.
org/10.1016/j.celrep.2013.12.041.

Merlo LM, Pepper JW, Reid BJ, Maley CC. Cancer as an evolutionary and ecological pro-
cess. Nat Rev Cancer. 2006;6(12):924-35. https://doi.org/10.1038/nrc2013.

Wei W, Shin YS, Xue M, Matsutani T, Masui K, Yang H, et al. Single-cell phosphoproteomics
resolves adaptive signaling dynamics and informs targeted combination therapy in glioblas-
toma. Cancer Cell. 2016;29(4):563-73. https://doi.org/10.1016/j.ccell.2016.03.012.

Pollack IF, Jakacki RI, Blaney SM, Hancock ML, Kieran MW, Phillips P, et al. Phase I trial
of imatinib in children with newly diagnosed brainstem and recurrent malignant gliomas: a
Pediatric Brain Tumor Consortium report. Neuro-Oncology. 2007;9(2):145-60. https://doi.
org/10.1215/15228517-2006-031.

Clerk-Lamalice O, Reddick WE, Li X, Li Y, Edwards A, Glass JO, et al. MRI evaluation of
non-necrotic T2-Hyperintense foci in pediatric diffuse intrinsic Pontine glioma. AJNR Am J
Neuroradiol. 2016;37(10):1930-7. https://doi.org/10.3174/ajnr.A4814.

Harward S, Harrison Farber S, Malinzak M, Becher O, Thompson EM. T2-weighted images
are superior to other MR image types for the determination of diffuse intrinsic pontine glioma
intratumoral heterogeneity. Childs Nerv Syst. 2018;34(3):449-55. https://doi.org/10.1007/
s00381-017-3659-8.

Steffen-Smith EA, Sarlls JE, Pierpaoli C, Shih JH, Bent RS, Walker L, et al. Diffusion
tensor histogram analysis of pediatric diffuse intrinsic pontine glioma. Biomed Res Int.
2014:2014:647356. https://doi.org/10.1155/2014/647356.

Poussaint TY, Vajapeyam S, Ricci KI, Panigrahy A, Kocak M, Kun LE, et al. Apparent diffu-
sion coefficient histogram metrics correlate with survival in diffuse intrinsic pontine glioma:


https://doi.org/10.1158/0008-5472.CAN-12-2217
https://doi.org/10.1038/nrg3317
https://doi.org/10.1002/path.4230
https://doi.org/10.1038/nature09460
https://doi.org/10.1038/ng.2891
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1172/JCI70354.
https://doi.org/10.1172/JCI70354.
https://doi.org/10.1073/pnas.1219747110
https://doi.org/10.1126/science.1254257
https://doi.org/10.1200/JCO.1986.4.2.244
https://doi.org/10.1016/j.celrep.2013.12.041
https://doi.org/10.1016/j.celrep.2013.12.041
https://doi.org/10.1038/nrc2013
https://doi.org/10.1016/j.ccell.2016.03.012
https://doi.org/10.1215/15228517-2006-031.
https://doi.org/10.1215/15228517-2006-031.
https://doi.org/10.3174/ajnr.A4814
https://doi.org/10.1007/s00381-017-3659-8
https://doi.org/10.1007/s00381-017-3659-8
https://doi.org/10.1155/2014/647356

382

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

7. Zhou and M. M. Souweidane

a report from the Pediatric Brain Tumor Consortium. Neuro-Oncology. 2016;18(5):725-34.
https://doi.org/10.1093/neuonc/nov256.

Bugiani M, Veldhuijzen van Zanten SEM, Caretti V, Schellen P, Aronica E, Noske DP, et al.
Deceptive morphologic and epigenetic heterogeneity in diffuse intrinsic pontine glioma.
Oncotarget. 2017;8(36):60447-52. https://doi.org/10.18632/oncotarget.19726.

Mackay A, Burford A, Carvalho D, Izquierdo E, Fazal-Salom J, Taylor KR, et al. Integrated
molecular meta-analysis of 1,000 pediatric high-grade and diffuse intrinsic Pontine glioma.
Cancer Cell. 2017;32(4):520-37 e5. https://doi.org/10.1016/j.ccell.2017.08.017.

Hoffman LM, DeWire M, Ryall S, Buczkowicz P, Leach J, Miles L, et al. Spatial genomic
heterogeneity in diffuse intrinsic pontine and midline high-grade glioma: implications for
diagnostic biopsy and targeted therapeutics. Acta Neuropathol Commun. 2016;4:1. https://
doi.org/10.1186/540478-015-0269-0.

Parsa AT, Waldron JS, Panner A, Crane CA, Parney IF, Barry JJ, et al. Loss of tumor suppres-
sor PTEN function increases B7-H1 expression and immunoresistance in glioma. Nat Med.
2007;13(1):84-8. https://doi.org/10.1038/nm1517.

Bloch O, Crane CA, Kaur R, Safaece M, Rutkowski MJ, Parsa AT. Gliomas promote immuno-
suppression through induction of B7-H1 expression in tumor-associated macrophages. Clin
Cancer Res. 2013;19(12):3165-75. https://doi.org/10.1158/1078-0432.CCR-12-3314.
Berghoff AS, Kiesel B, Widhalm G, Rajky O, Ricken G, Wohrer A, et al. Programmed death
ligand 1 expression and tumor-infiltrating lymphocytes in glioblastoma. Neuro-Oncology.
2015;17(8):1064-75. https://doi.org/10.1093/neuonc/nou307.

Zhou Z, Luther N, Ibrahim GM, Hawkins C, Vibhakar R, Handler MH, et al. B7-H3, a
potential therapeutic target, is expressed in diffuse intrinsic pontine glioma. J Neuro-Oncol.
2013;111(3):257-64. https://doi.org/10.1007/s11060-012-1021-2.

Krummel MF, Allison JP. CD28 and CTLA-4 have opposing effects on the response of T cells
to stimulation. J Exp Med. 1995;182(2):459-65.

Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, et al. Immunologic
self-tolerance maintained by CD25(+)CD4(+) regulatory T cells constitutively expressing
cytotoxic T lymphocyte-associated antigen 4. J Exp Med. 2000;192(2):303-10.

Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, et al. CTLA-4
control over Foxp3+ regulatory T cell function. Science. 2008;322(5899):271-5. https://doi.
org/10.1126/science.1160062.

Fecci PE, Ochiai H, Mitchell DA, Grossi PM, Sweeney AE, Archer GE, et al. Systemic
CTLA-4 blockade ameliorates glioma-induced changes to the CD4+ T cell compartment
without affecting regulatory T-cell function. Clin Cancer Res. 2007;13(7):2158-67. https://
doi.org/10.1158/1078-0432.CCR-06-2070.

Grohmann U, Orabona C, Fallarino F, Vacca C, Calcinaro F, Falorni A, et al. CTLA-4-Ig
regulates tryptophan catabolism in vivo. Nat Immunol. 2002;3(11):1097-101. https://doi.
org/10.1038/ni846.

Zhai L, Lauing KL, Chang AL, Dey M, Qian J, Cheng Y, et al. The role of IDO in brain
tumor immunotherapy. J Neuro-Oncol. 2015;123(3):395-403. https://doi.org/10.1007/
s11060-014-1687-8.

Mitsuka K, Kawataki T, Satoh E, Asahara T, Horikoshi T, Kinouchi H. Expression of indole-
amine 2,3-dioxygenase and correlation with pathological malignancy in gliomas. Neurosurgery.
2013;72(6):1031-8; discussion 8-9. https://doi.org/10.1227/NEU.0b013e31828cf945.
Wainwright DA, Balyasnikova IV, Chang AL, Ahmed AU, Moon KS, Auffinger B, et al. IDO
expression in brain tumors increases the recruitment of regulatory T cells and negatively
impacts survival. Clin Cancer Res. 2012;18(22):6110-21. https://doi.org/10.1158/1078-
0432.CCR-12-2130.

Lieberman NAP, DeGolier K, Kovar HM, Davis A, Hoglund V, Stevens J, et al. Characterization
of the immune microenvironment of diffuse intrinsic pontine glioma: implications for devel-
opment of immunotherapy. Neuro-Oncology. 2019;21(1):83-94. https://doi.org/10.1093/
neuonc/noy145.


https://doi.org/10.1093/neuonc/nov256
https://doi.org/10.18632/oncotarget.19726
https://doi.org/10.1016/j.ccell.2017.08.017
https://doi.org/10.1186/s40478-015-0269-0
https://doi.org/10.1186/s40478-015-0269-0
https://doi.org/10.1038/nm1517
https://doi.org/10.1158/1078-0432.CCR-12-3314
https://doi.org/10.1093/neuonc/nou307
https://doi.org/10.1007/s11060-012-1021-2
https://doi.org/10.1126/science.1160062
https://doi.org/10.1126/science.1160062
https://doi.org/10.1158/1078-0432.CCR-06-2070
https://doi.org/10.1158/1078-0432.CCR-06-2070
https://doi.org/10.1038/ni846
https://doi.org/10.1038/ni846
https://doi.org/10.1007/s11060-014-1687-8
https://doi.org/10.1007/s11060-014-1687-8
https://doi.org/10.1227/NEU.0b013e31828cf945
https://doi.org/10.1158/1078-0432.CCR-12-2130
https://doi.org/10.1158/1078-0432.CCR-12-2130
https://doi.org/10.1093/neuonc/noy145
https://doi.org/10.1093/neuonc/noy145

15

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Future Therapies for Malignant Brainstem Tumors 383

Becher OJ, Hambardzumyan D, Walker TR, Helmy K, Nazarian J, Albrecht S, et al. Preclinical
evaluation of radiation and perifosine in a genetically and histologically accurate model of
brainstem glioma. Cancer Res. 2010;70(6):2548-57. 0008-5472.CAN-09-2503 [pii]. https://
doi.org/10.1158/0008-5472.CAN-09-2503.

Zarghooni M, Bartels U, Lee E, Buczkowicz P, Morrison A, Huang A, et al. Whole-genome
profiling of pediatric diffuse intrinsic pontine gliomas highlights platelet-derived growth
factor receptor alpha and poly (ADP-ribose) polymerase as potential therapeutic tar-
gets. J Clin Oncol. 2010;28(8):1337-44. JC0O.2009.25.5463 [pii]. https://doi.org/10.1200/
JCO.2009.25.5463.

Puget S, Philippe C, Bax DA, Job B, Varlet P, Junier MP, et al. Mesenchymal transition
and PDGFRA amplification/mutation are key distinct oncogenic events in pediatric diffuse
intrinsic pontine gliomas. PLoS One. 2012;7(2):e30313. https://doi.org/10.1371/journal.
pone.0030313.

Paugh BS, Broniscer A, Qu C, Miller CP, Zhang J, Tatevossian RG, et al. Genome-wide
analyses identify recurrent amplifications of receptor tyrosine kinases and cell-cycle regula-
tory genes in diffuse intrinsic pontine glioma. J Clin Oncol. 2011;29(30):3999—4006. https://
doi.org/10.1200/JC0O.2011.35.5677.

Paugh BS, Qu C, Jones C, Liu Z, Adamowicz-Brice M, Zhang J, et al. Integrated molecular
genetic profiling of pediatric high-grade gliomas reveals key differences with the adult dis-
ease. J Clin Oncol. 2010;28(18):3061-8. JCO.2009.26.7252 [pii]. https://doi.org/10.1200/
JCO.2009.26.7252.

Badhe PB, Chauhan PP, Mehta NK. Brainstem gliomas--a clinicopathological study of 45
cases with p53 immunohistochemistry. Indian J Cancer. 2004;41(4):170-4.

Zhang S, Feng X, Koga H, Ichikawa T, Abe S, Kumanishi T. p53 gene mutations in pon-
tine gliomas of juvenile onset. Biochem Biophys Res Commun. 1993;196(2):851-7.
S0006291X83723272 [pii]. https://doi.org/10.1006/bbrc.1993.2327.

Louis DN, Rubio MP, Correa KM, Gusella JF, von Deimling A. Molecular genetics of pedi-
atric brain stem gliomas. Application of PCR techniques to small and archival brain tumor
specimens. J Neuropathol Exp Neurol. 1993;52(5):507-15.

Barrow J, Adamowicz-Brice M, Cartmill M, MacArthur D, Lowe J, Robson K, et al.
Homozygous loss of ADAM3A revealed by genome-wide analysis of pediatric high-grade
glioma and diffuse intrinsic pontine gliomas. Neuro-Oncology. 2011;13(2):212-22. https://
doi.org/10.1093/neuonc/noq158.

Cheng Y, Wu H. Recent advances on molecular biology of diffuse astrocytoma. Zhonghua
Bing Li Xue Za Zhi. 1999;28(3):165-8.

Cheng Y, Ng HK, Zhang SF, Ding M, Pang JC, Zheng J, et al. Genetic alterations in pediatric
high-grade astrocytomas. Hum Pathol. 1999;30(11):1284-90.

Buczkowicz P, Hoeman C, Rakopoulos P, Pajovic S, Letourneau L, Dzamba M, et al. Genomic
analysis of diffuse intrinsic pontine gliomas identifies three molecular subgroups and recurrent
activating ACVR1 mutations. Nat Genet. 2014;46(5):451-6. https://doi.org/10.1038/ng.2936.
Taylor KR, Mackay A, Truffaux N, Butterfield Y, Morozova O, Philippe C, et al. Recurrent
activating ACVR1 mutations in diffuse intrinsic pontine glioma. Nat Genet. 2014;46(5):457—
61. https://doi.org/10.1038/ng.2925.

Wu G, Diaz AK, Paugh BS, Rankin SL, Ju B, Li Y, et al. The genomic landscape of dif-
fuse intrinsic pontine glioma and pediatric non-brainstem high-grade glioma. Nat Genet.
2014;46(5):444-50. https://doi.org/10.1038/ng.2938.

Kaplan FS, Xu M, Seemann P, Connor JM, Glaser DL, Carroll L, et al. Classic and atypical
fibrodysplasia ossificans progressiva (FOP) phenotypes are caused by mutations in the bone
morphogenetic protein (BMP) type I receptor ACVR1. Hum Mutat. 2009;30(3):379-90.
https://doi.org/10.1002/humu.20868.

Petrie KA, Lee WH, Bullock AN, Pointon JJ, Smith R, Russell RG, et al. Novel mutations in
ACVRI1 result in atypical features in two fibrodysplasia ossificans progressiva patients. PLoS
One. 2009;4(3):e5005. https://doi.org/10.1371/journal.pone.0005005.


https://doi.org/10.1158/0008-5472.CAN-09-2503
https://doi.org/10.1158/0008-5472.CAN-09-2503
https://doi.org/10.1200/JCO.2009.25.5463
https://doi.org/10.1200/JCO.2009.25.5463
https://doi.org/10.1371/journal.pone.0030313
https://doi.org/10.1371/journal.pone.0030313
https://doi.org/10.1200/JCO.2011.35.5677
https://doi.org/10.1200/JCO.2011.35.5677
https://doi.org/10.1200/JCO.2009.26.7252
https://doi.org/10.1200/JCO.2009.26.7252
https://doi.org/10.1006/bbrc.1993.2327
https://doi.org/10.1093/neuonc/noq158
https://doi.org/10.1093/neuonc/noq158
https://doi.org/10.1038/ng.2936
https://doi.org/10.1038/ng.2925
https://doi.org/10.1038/ng.2938.
https://doi.org/10.1002/humu.20868
https://doi.org/10.1371/journal.pone.0005005

384

72

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

7. Zhou and M. M. Souweidane

. Song GA, Kim HJ, Woo KM, Baek JH, Kim GS, Choi JY, et al. Molecular consequences
of the ACVR1(R206H) mutation of fibrodysplasia ossificans progressiva. J Biol Chem.
2010;285(29):22542-53. https://doi.org/10.1074/jbc.M109.094557.

Fontebasso AM, Papillon-Cavanagh S, Schwartzentruber J, Nikbakht H, Gerges N, Fiset PO,
et al. Recurrent somatic mutations in ACVRI in pediatric midline high-grade astrocytoma.
Nat Genet. 2014;46(5):462-6. https://doi.org/10.1038/ng.2950.

Khuong-Quang DA, Buczkowicz P, Rakopoulos P, Liu XY, Fontebasso AM, Boutfet E, et al.
K27M mutation in histone H3.3 defines clinically and biologically distinct subgroups of
pediatric diffuse intrinsic pontine gliomas. Acta Neuropathol. 2012;124(3):439—47. https://
doi.org/10.1007/s00401-012-0998-0.

Wu G, Broniscer A, McEachron TA, Lu C, Paugh BS, Becksfort J, et al. Somatic histone H3
alterations in pediatric diffuse intrinsic pontine gliomas and non-brainstem glioblastomas.
Nat Genet. 2012;44(3):251-3. https://doi.org/10.1038/ng.1102.

Schwartzentruber J, Korshunov A, Liu XY, Jones DT, Pfaff E, Jacob K, et al. Driver muta-
tions in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature.
2012;482(7384):226-31. https://doi.org/10.1038/nature10833.

Castel D, Philippe C, Calmon R, Le Dret L, Truffaux N, Boddaert N, et al. Histone H3F3A
and HISTIH3B K27M mutations define two subgroups of diffuse intrinsic pontine gliomas
with different prognosis and phenotypes. Acta Neuropathol. 2015;130(6):815-27. https://doi.
org/10.1007/s00401-015-1478-0.

Hawkins CE, Ellison DW, Sturm D. Diffuse midline glioma, H3 K27M-mutant. WHO clas-
sification of tumors of the central nervous system. 2016:57-59.

Bobo RH, Laske DW, Akbasak A, Morrison PF, Dedrick RL, Oldfield EH. Convection-
enhanced delivery of macromolecules in the brain. Proc Natl Acad Sci U S A.
1994;91(6):2076-80.

Varenika V, Dickinson P, Bringas J, LeCouteur R, Higgins R, Park J, et al. Detection of
infusate leakage in the brain using real-time imaging of convection-enhanced delivery. J
Neurosurg. 2008;109(5):874-80. https://doi.org/10.3171/INS/2008/109/11/0874.

Sampson JH, Akabani G, Archer GE, Berger MS, Coleman RE, Friedman AH, et al. Intracerebral
infusion of an EGFR-targeted toxin in recurrent malignant brain tumors. Neuro-Oncology.
2008;10(3):320-9. 15228517-2008-012 [pii]. https://doi.org/10.1215/15228517-2008-012.
Sampson JH, Archer G, Pedain C, Wembacher-Schroder E, Westphal M, Kunwar S, et al.
Poor drug distribution as a possible explanation for the results of the PRECISE trial. J
Neurosurg. 2010;113(2):301-9. https://doi.org/10.3171/2009.11.JNS091052.

Sampson JH, Raghavan R, Provenzale JM, Croteau D, Reardon DA, Coleman RE, et al.
Induction of hyperintense signal on T2-weighted MR images correlates with infusion distri-
bution from intracerebral convection-enhanced delivery of a tumor-targeted cytotoxin. AJR
Am J Roentgenol. 2007;188(3):703-9. 188/3/703 [pii]. https://doi.org/10.2214/AJR.06.0428.
Sampson JH, Akabani G, Friedman AH, Bigner D, Kunwar S, Berger MS, et al. Comparison
of intratumoral bolus injection and convection-enhanced delivery of radiolabeled antite-
nascin monoclonal antibodies. Neurosurg Focus. 2006;20(4):E14. 200414 [pii]. https://doi.
org/10.3171/foc.2006.20.4.9.

Sampson JH, Brady ML, Petry NA, Croteau D, Friedman AH, Friedman HS et al. Intracerebral
infusate distribution by convection-enhanced delivery in humans with malignant gliomas:
descriptive effects of target anatomy and catheter positioning. Neurosurgery. 2007;60(2
Suppl 1):0NS89-98; discussion ONS-9. 00006123-200702001-00013 [pii]. https://doi.
org/10.1227/01.NEU.0000249256.09289.5F.

Lonser RR, Warren KE, Butman JA, Quezado Z, Robison RA, Walbridge S, et al. Real-time
image-guided direct convective perfusion of intrinsic brainstem lesions. Technical note. J
Neurosurg. 2007;107(1):190-7. https://doi.org/10.3171/JNS-07/07/0190.

Sandberg DI, Edgar MA, Souweidane MM. Convection-enhanced delivery into the rat brain-
stem. J Neurosurg. 2002;96(5):885-91.


https://doi.org/10.1074/jbc.M109.094557
https://doi.org/10.1038/ng.2950
https://doi.org/10.1007/s00401-012-0998-0
https://doi.org/10.1007/s00401-012-0998-0
https://doi.org/10.1038/ng.1102.
https://doi.org/10.1038/nature10833
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.3171/JNS/2008/109/11/0874
https://doi.org/10.1215/15228517-2008-012
https://doi.org/10.3171/2009.11.JNS091052
https://doi.org/10.2214/AJR.06.0428
https://doi.org/10.3171/foc.2006.20.4.9
https://doi.org/10.3171/foc.2006.20.4.9
https://doi.org/10.1227/01.NEU.0000249256.09289.5F
https://doi.org/10.1227/01.NEU.0000249256.09289.5F
https://doi.org/10.3171/JNS-07/07/0190

15

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Future Therapies for Malignant Brainstem Tumors 385

Souweidane MM, Occhiogrosso G, Mark EB, Edgar MA. Interstitial infusion of IL13-
PE38QQR in the rat brain stem. J Neuro-Oncol. 2004;67(3):287-93.

Souweidane MM, Occhiogrosso G, Mark EB, Edgar MA, Dunkel 1J. Interstitial infusion of
carmustine in the rat brain stem with systemic administration of O6-benzylguanine. J Neuro-
Oncol. 2004;67(3):319-26.

Luther N, Cheung NK, Dunkel 1J, Fraser JF, Edgar MA, Gutin PH, et al. Intraparenchymal
and intratumoral interstitial infusion of anti-glioma monoclonal antibody 8H9. Neurosurgery.
2008;63(6):1166—74; discussion 74. 00006123-200812000-00030 [pii]. https://doi.
org/10.1227/01.NEU.0000334052.60634.84.

Luther N, Cheung NK, Souliopoulos EP, Karempelas I, Bassiri D, Edgar MA, et al. Interstitial
infusion of glioma-targeted recombinant immunotoxin 8H9scFv-PE38. Mol Cancer Ther.
2010;9(4):1039-46. 1535-7163.MCT-09-0996 [pii]. https://doi.org/10.1158/1535-7163.
MCT-09-0996.

Luther N, Zhou Z, Zanzonico P, Cheung NK, Humm J, Edgar MA, et al. The potential of
theragnostic (1)(2)(4)I-8H9 convection-enhanced delivery in diffuse intrinsic pontine glioma.
Neuro-Oncology. 2014;16(6):800-6. https://doi.org/10.1093/neuonc/not298.

Ho SL, Singh R, Zhou Z, Lavi E, Souweidane MM. Toxicity evaluation of prolonged
convection-enhanced delivery of small-molecule kinase inhibitors in naive rat brainstem.
Childs Nerv Syst. 2014; https://doi.org/10.1007/s00381-014-2568-3.

Giese H, Hoffmann KT, Winkelmann A, Stockhammer F, Jallo GI, Thomale UW. Precision
of navigated stereotactic probe implantation into the brainstem. J Neurosurg Pediatr.
2010;5(4):350-9. https://doi.org/10.3171/2009.10.PEDS09292.

Pincus DW, Richter EO, Yachnis AT, Bennett J, Bhatti MT, Smith A. Brainstem stereo-
tactic biopsy sampling in children. J Neurosurg. 2006;104(2 Suppl):108-14. https://doi.
org/10.3171/ped.2006.104.2.108.

Roujeau T, Machado G, Garnett MR, Miquel C, Puget S, Geoerger B, et al. Stereotactic
biopsy of diffuse pontine lesions in children. J Neurosurg. 2007;107(1 Suppl):1-4. https://
doi.org/10.3171/PED-07/07/001.

Barua NU, Lowis SP, Woolley M, O'Sullivan S, Harrison R, Gill SS. Robot-guided
convection-enhanced delivery of carboplatin for advanced brainstem glioma. Acta Neurochir.
2013;155(8):1459-65. https://doi.org/10.1007/s00701-013-1700-6.

Chittiboina P, Heiss JD, Warren KE, Lonser RR. Magnetic resonance imaging properties of
convective delivery in diffuse intrinsic pontine gliomas. J Neurosurg Pediatr. 2014;13(3):276—
82. https://doi.org/10.3171/2013.11.PEDS136.

Anderson RC, Kennedy B, Yanes CL, Garvin J, Needle M, Canoll P, et al. Convection-
enhanced delivery of topotecan into diffuse intrinsic brainstem tumors in children. J
Neurosurg Pediatr. 2013;11(3):289-95. https://doi.org/10.3171/2012.10.PEDS12142.

Heiss JD, Jamshidi A, Shah S, Martin S, Wolters PL, Argersinger DP, et al. Phase I trial of
convection-enhanced delivery of IL13-Pseudomonas toxin in children with diffuse intrinsic
pontine glioma. J Neurosurg Pediatr. 2018;23(3):333—42. https://doi.org/10.3171/2018.9.P
EDS17225.

Souweidane MM, Kramer K, Pandit-Taskar N, Zhou Z, Haque S, Zanzonico P, et al.
Convection-enhanced delivery for diffuse intrinsic pontine glioma: a single-centre, dose-
escalation, phase 1 trial. Lancet Oncol. 2018;19(8):1040-50. https://doi.org/10.1016/
S1470-2045(18)30322-X.

Eckman WW, Patlak CS, Fenstermacher JD. A critical evaluation of the principles governing
the advantages of intra-arterial infusions. J Pharmacokinet Biopharm. 1974;2(3):257-85.
Rapoport SI, Hori M, Klatzo I. Testing of a hypothesis for osmotic opening of the blood-brain
barrier. Am J Phys. 1972;223(2):323-31. https://doi.org/10.1152/ajplegacy.1972.223.2.323.
Neuwelt EA, Maravilla KR, Frenkel EP, Rapaport SI, Hill SA, Barnett PA. Osmotic blood-
brain barrier disruption. Computerized tomographic monitoring of chemotherapeutic agent
delivery. J Clin Invest. 1979;64(2):684-8. https://doi.org/10.1172/JC1109509.


https://doi.org/10.1227/01.NEU.0000334052.60634.84
https://doi.org/10.1227/01.NEU.0000334052.60634.84
https://doi.org/10.1158/1535-7163.MCT-09-0996
https://doi.org/10.1158/1535-7163.MCT-09-0996
https://doi.org/10.1093/neuonc/not298
https://doi.org/10.1007/s00381-014-2568-3
https://doi.org/10.3171/2009.10.PEDS09292
https://doi.org/10.3171/ped.2006.104.2.108.
https://doi.org/10.3171/ped.2006.104.2.108.
https://doi.org/10.3171/PED-07/07/001.
https://doi.org/10.3171/PED-07/07/001.
https://doi.org/10.1007/s00701-013-1700-6
https://doi.org/10.3171/2013.11.PEDS136
https://doi.org/10.3171/2012.10.PEDS12142
https://doi.org/10.3171/2018.9.PEDS17225.
https://doi.org/10.3171/2018.9.PEDS17225.
https://doi.org/10.1016/S1470-2045(18)30322-X
https://doi.org/10.1016/S1470-2045(18)30322-X
https://doi.org/10.1152/ajplegacy.1972.223.2.323
https://doi.org/10.1172/JCI109509.

386

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

7. Zhou and M. M. Souweidane

Joshi S, Cooke JRN, Ellis JA, Emala CW, Bruce JN. Targeting brain tumors by intra-arterial
delivery of cell-penetrating peptides: a novel approach for primary and metastatic brain malig-
nancy. J Neuro-Oncol. 2017;135(3):497-506. https://doi.org/10.1007/s11060-017-2615-5.
Vykhodtseva N, McDannold N, Hynynen K. Progress and problems in the application of
focused ultrasound for blood-brain barrier disruption. Ultrasonics. 2008;48(4):279-96.
https://doi.org/10.1016/j.ultras.2008.04.004.

Hirschberg H, Uzal FA, Chighvinadze D, Zhang MJ, Peng Q, Madsen SJ. Disruption of
the blood-brain barrier following ALA-mediated photodynamic therapy. Lasers Surg Med.
2008;40(8):535-42. https://doi.org/10.1002/1sm.20670.

Hirschberg H, Zhang MJ, Gach HM, Uzal FA, Peng Q, Sun CH, et al. Targeted delivery
of bleomycin to the brain using photo-chemical internalization of Clostridium perfrin-
gens epsilon prototoxin. J Neuro-Oncol. 2009;95(3):317-29. https://doi.org/10.1007/
s11060-009-9930-4.

Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. Noninvasive MR imaging-guided
focal opening of the blood-brain barrier in rabbits. Radiology. 2001;220(3):640-6. https://
doi.org/10.1148/radiol.2202001804.

Hynynen K, McDannold N, Sheikov NA, Jolesz FA, Vykhodtseva N. Local and revers-
ible blood-brain barrier disruption by noninvasive focused ultrasound at frequencies suit-
able for trans-skull sonications. Neurolmage. 2005;24(1):12-20. https://doi.org/10.1016/j.
neuroimage.2004.06.046.

McDannold N, Vykhodtseva N, Raymond S, Jolesz FA, Hynynen K. MRI-guided
targeted blood-brain barrier disruption with focused ultrasound: histological find-
ings in rabbits. Ultrasound Med Biol. 2005;31(11):1527-37. https://doi.org/10.1016/j.
ultrasmedbio.2005.07.010.

Vykhodtseva NI, Hynynen K, Damianou C. Histologic effects of high intensity pulsed ultra-
sound exposure with subharmonic emission in rabbit brain in vivo. Ultrasound Med Biol.
1995;21(7):969-79.

Choi JJ, Pernot M, Small SA, Konofagou EE. Noninvasive, transcranial and localized open-
ing of the blood-brain barrier using focused ultrasound in mice. Ultrasound Med Biol.
2007;33(1):95-104. https://doi.org/10.1016/j.ultrasmedbio.2006.07.018.

Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D, Korbelik M, et al. Photodynamic
therapy. J Natl Cancer Inst. 1998;90(12):889-905.

Stummer W, Gotz C, Hassan A, Heimann A, Kempski O. Kinetics of Photofrin II in perifocal
brain edema. Neurosurgery. 1993;33(6):1075-81; discussion 81-2.

Hebeda KM, Saarnak AE, Olivo M, Sterenborg HJ, Wolbers JG. 5-Aminolevulinic acid
induced endogenous porphyrin fluorescence in 9L and C6 brain tumours and in the normal
rat brain. Acta Neurochir. 1998;140(5):503-12; discussion 12-3.

Ito S, Rachinger W, Stepp H, Reulen HJ, Stummer W. Oedema formation in experimental
photo-irradiation therapy of brain tumours using 5-ALA. Acta Neurochir. 2005;147(1):57-
65; discussion. https://doi.org/10.1007/s00701-004-0422-1.

Sporn LA, Foster TH. Photofrin and light induces microtubule depolymerization in cultured
human endothelial cells. Cancer Res. 1992;52(12):3443-8.

Fingar VH. Vascular effects of photodynamic therapy. J Clin Laser Med Surg. 1996;14(5):323—
8. https://doi.org/10.1089/clm.1996.14.323.

Hu SS, Cheng HB, Zheng YR, Zhang RY, Yue W, Zhang H. Effects of photodynamic therapy
on the ultrastructure of glioma cells. Biomed Environ Sci. 2007;20(4):269-73.

Berg K, Selbo PK, Prasmickaite L, Tjelle TE, Sandvig K, Moan J, et al. Photochemical
internalization: a novel technology for delivery of macromolecules into cytosol. Cancer Res.
1999;59(6):1180-3.

Worthington RW, Mulders MS. Effect of Clostridium perfringens epsilon toxin on the blood
brain barrier of mice. Onderstepoort J Vet Res. 1975;42(1):25-7.

Nagahama M, Sakurai J. Distribution of labeled Clostridium perfringens epsilon toxin in
mice. Toxicon. 1991;29(2):211-7.


https://doi.org/10.1007/s11060-017-2615-5
https://doi.org/10.1016/j.ultras.2008.04.004
https://doi.org/10.1002/lsm.20670
https://doi.org/10.1007/s11060-009-9930-4
https://doi.org/10.1007/s11060-009-9930-4
https://doi.org/10.1148/radiol.2202001804
https://doi.org/10.1148/radiol.2202001804
https://doi.org/10.1016/j.neuroimage.2004.06.046
https://doi.org/10.1016/j.neuroimage.2004.06.046
https://doi.org/10.1016/j.ultrasmedbio.2005.07.010
https://doi.org/10.1016/j.ultrasmedbio.2005.07.010
https://doi.org/10.1016/j.ultrasmedbio.2006.07.018
https://doi.org/10.1007/s00701-004-0422-1
https://doi.org/10.1089/clm.1996.14.323

15

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Future Therapies for Malignant Brainstem Tumors 387

Dorca-Arevalo J, Soler-Jover A, Gibert M, Popoff MR, Martin-Satue M, Blasi J. Binding
of epsilon-toxin from Clostridium perfringens in the nervous system. Vet Microbiol.
2008;131(1-2):14-25. https://doi.org/10.1016/j.vetmic.2008.02.015.

Tsuruo T, Iida H, Tsukagoshi S, Sakurai Y. Overcoming of vincristine resistance in P388
leukemia in vivo and in vitro through enhanced cytotoxicity of vincristine and vinblastine by
verapamil. Cancer Res. 1981;41(5):1967-72.

Ozols RF, Cunnion RE, Klecker RW Jr, Hamilton TC, Ostchega Y, Parrillo JE, et al.
Verapamil and adriamycin in the treatment of drug-resistant ovarian cancer patients. J Clin
Oncol. 1987;5(4):641-7. https://doi.org/10.1200/JCO.1987.5.4.641.

Boesch D, Gaveriaux C, Jachez B, Pourtier-Manzanedo A, Bollinger P, Loor F. In vivo cir-
cumvention of P-glycoprotein-mediated multidrug resistance of tumor cells with SDZ PSC
833. Cancer Res. 1991;51(16):4226-33.

Wandel C, Kim RB, Kajiji S, Guengerich P, Wilkinson GR. Wood AJ. P-glycoprotein
and cytochrome P-450 3A inhibition: dissociation of inhibitory potencies. Cancer Res.
1999;59(16):3944-8.

Friedenberg WR, Rue M, Blood EA, Dalton WS, Shustik C, Larson RA, et al. Phase III study
of PSC-833 (valspodar) in combination with vincristine, doxorubicin, and dexamethasone
(valspodar/VAD) versus VAD alone in patients with recurring or refractory multiple myeloma
(E1A95): a trial of the Eastern Cooperative Oncology Group. Cancer. 2006;106(4):830-8.
https://doi.org/10.1002/cncr.21666.

Baer MR, George SL, Dodge RK, O'Loughlin KL, Minderman H, Caligiuri MA, et al. Phase
3 study of the multidrug resistance modulator PSC-833 in previously untreated patients 60
years of age and older with acute myeloid leukemia: Cancer and Leukemia Group B Study
9720. Blood. 2002;100(4):1224-32.

Rubin EH, de Alwis DP, Pouliquen I, Green L, Marder P, Lin Y, et al. A phase I trial of a potent
P-glycoprotein inhibitor, Zosuquidar.3HCI trihydrochloride (LY335979), administered orally
in combination with doxorubicin in patients with advanced malignancies. Clin Cancer Res.
2002;8(12):3710-7.

Sandler A, Gordon M, De Alwis DP, Pouliquen I, Green L, Marder P, et al. A phase I trial
of a potent P-glycoprotein inhibitor, zosuquidar trihydrochloride (LY335979), administered
intravenously in combination with doxorubicin in patients with advanced malignancy. Clin
Cancer Res. 2004;10(10):3265-72. https://doi.org/10.1158/1078-0432.CCR-03-0644.
Vieira DB, Gamarra LF. Getting into the brain: liposome-based strategies for effective drug
delivery across the blood-brain barrier. Int J] Nanomedicine. 2016;11:5381-414. https://doi.
org/10.2147/1JN.S117210.

Vieira DB, Gamarra LF. Advances in the use of nanocarriers for cancer diagnosis and treatment.
Einstein (Sao Paulo). 2016;14(1):99-103. https://doi.org/10.1590/S1679-45082016RB3475.
Chen H, Tang L, Qin Y, Yin Y, Tang J, Tang W, et al. Lactoferrin-modified procationic lipo-
somes as a novel drug carrier for brain delivery. Eur J Pharm Sci. 2010;40(2):94-102. https://
doi.org/10.1016/j.ejps.2010.03.007.

Sun X, Pang Z, Ye H, Qiu B, Guo L, Li J, et al. Co-delivery of pEGFP-hTRAIL and
paclitaxel to brain glioma mediated by an angiopep-conjugated liposome. Biomaterials.
2012;33(3):916-24. https://doi.org/10.1016/j.biomaterials.2011.10.035.

Doi A, Kawabata S, lida K, Yokoyama K, Kajimoto Y, Kuroiwa T, et al. Tumor-specific tar-
geting of sodium borocaptate (BSH) to malignant glioma by transferrin-PEG liposomes: a
modality for boron neutron capture therapy. J Neuro-Oncol. 2008;87(3):287-94. https://doi.
0rg/10.1007/311060-008-9522-8.

Nair Madhavan PN, Saiyed Zainulabedin M, inventors; FLORIDA INTERNAT UNIVERSITY
BOARD OF TRUSTEES, assignee. Magnetic Nanodelivery of Therapeutic Agents Across
the Blood Brain Barrier2009 2009/08/28/Application date.

Arumugam K, Subramanian GS, Mallayasamy SR, Averineni RK, Reddy MS, Udupa N. A
study of rivastigmine liposomes for delivery into the brain through intranasal route. Acta
Pharma. 2008;58(3):287-97. https://doi.org/10.2478/v10007-008-0014-3.


https://doi.org/10.1016/j.vetmic.2008.02.015
https://doi.org/10.1200/JCO.1987.5.4.641
https://doi.org/10.1002/cncr.21666
https://doi.org/10.1158/1078-0432.CCR-03-0644
https://doi.org/10.2147/IJN.S117210
https://doi.org/10.2147/IJN.S117210
https://doi.org/10.1590/S1679-45082016RB3475
https://doi.org/10.1016/j.ejps.2010.03.007
https://doi.org/10.1016/j.ejps.2010.03.007
https://doi.org/10.1016/j.biomaterials.2011.10.035.
https://doi.org/10.1007/s11060-008-9522-8
https://doi.org/10.1007/s11060-008-9522-8
https://doi.org/10.2478/v10007-008-0014-3

388

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

7. Zhou and M. M. Souweidane

Migliore MM, Vyas TK, Campbell RB, Amiji MM, Waszczak BL. Brain delivery of pro-
teins by the intranasal route of administration: a comparison of cationic liposomes versus
aqueous solution formulations. J Pharm Sci. 2010;99(4):1745-61. https://doi.org/10.1002/
jps.21939.

Garcia-Garcia E, Andrieux K, Gil S, Kim HR, Le Doan T, Desmaele D, et al. A methodol-
ogy to study intracellular distribution of nanoparticles in brain endothelial cells. Int J Pharm.
2005;298(2):310-4. https://doi.org/10.1016/j.ijpharm.2005.03.030.

Smith MW, Gumbleton M. Endocytosis at the blood-brain barrier: from basic under-
standing to drug delivery strategies. J Drug Target. 2006;14(4):191-214. https://doi.
org/10.1080/10611860600650086.

Jallouli Y, Paillard A, Chang J, Sevin E, Betbeder D. Influence of surface charge and inner
composition of porous nanoparticles to cross blood-brain barrier in vitro. Int J Pharm.
2007;344(1-2):103-9. https://doi.org/10.1016/.ijpharm.2007.06.023.

Jones AR, Shusta EV. Blood-brain barrier transport of therapeutics via receptor-mediation.
Pharm Res. 2007;24(9):1759-71. https://doi.org/10.1007/s11095-007-9379-0.

Mishra V, Mahor S, Rawat A, Gupta PN, Dubey P, Khatri K, et al. Targeted brain delivery of
AZT via transferrin anchored pegylated albumin nanoparticles. J Drug Target. 2006;14(1):45—
53. https://doi.org/10.1080/10611860600612953.

Pang Z, Gao H, Yu Y, Chen J, Guo L, Ren J, et al. Brain delivery and cellular internal-
ization mechanisms for transferrin conjugated biodegradable polymersomes. Int J Pharm.
2011;415(1-2):284-92. https://doi.org/10.1016/j.ijpharm.2011.05.063.

Zensi A, Begley D, Pontikis C, Legros C, Mihoreanu L, Wagner S, et al. Albumin nanopar-
ticles targeted with Apo E enter the CNS by transcytosis and are delivered to neurones. J
Control Release. 2009;137(1):78-86. https://doi.org/10.1016/j.jconrel.2009.03.002.

Joshi BH, Puri RA, Leland P, Varricchio F, Gupta G, Kocak M, et al. Identification of inter-
leukin-13 receptor alpha2 chain overexpression in situ in high-grade diffusely infiltrative
pediatric brainstem glioma. Neuro-Oncology. 2008;10(3):265-74. 15228517-2007-066 [pii].
https://doi.org/10.1215/15228517-2007-066.

Okada H, Low KL, Kohanbash G, McDonald HA, Hamilton RL, Pollack IF. Expression of
glioma-associated antigens in pediatric brain stem and non-brain stem gliomas. J Neuro-
Oncol. 2008;88(3):245-50. https://doi.org/10.1007/s11060-008-9566-9.

Lewis PW, Muller MM, Koletsky MS, Cordero F, Lin S, Banaszynski LA, et al. Inhibition of
PRC?2 activity by a gain-of-function H3 mutation found in pediatric glioblastoma. Science.
2013;340(6134):857-61. https://doi.org/10.1126/science.1232245.

Hashizume R, Andor N, Thara Y, Lerner R, Gan H, Chen X, et al. Pharmacologic inhibi-
tion of histone demethylation as a therapy for pediatric brainstem glioma. Nat Med.
2014;20(12):1394-6. https://doi.org/10.1038/nm.3716.

Wiese M, Schill F, Sturm D, Pfister S, Hulleman E, Johnsen SA, et al. No significant cyto-
toxic effect of the EZH?2 inhibitor Tazemetostat (EPZ-6438) on pediatric glioma cells with
wildtype Histone 3 or mutated histone 3.3. Klin Padiatr. 2016;228(3):113-7. https://doi.org/
10.1055/s-0042-105292.

Mohammad F, Weissmann S, Leblanc B, Pandey DP, Hojfeldt JW, Comet I, et al. EZH2 is a
potential therapeutic target for H3K27M-mutant pediatric gliomas. Nat Med. 2017;23(4):483—
92. https://doi.org/10.1038/nm.4293.

Orzan F, Pellegatta S, Poliani PL, Pisati F, Caldera V, Menghi F, et al. Enhancer of Zeste
2 (EZH2) is up-regulated in malignant gliomas and in glioma stem-like cells. Neuropathol
Appl Neurobiol. 2011;37(4):381-94. https://doi.org/10.1111/j.1365-2990.2010.01132.x.

de Vries NA, Hulsman D, Akhtar W, de Jong J, Miles DC, Blom M, et al. Prolonged Ezh2
depletion in glioblastoma causes a robust switch in cell fate resulting in tumor progression.
Cell Rep. 2015; https://doi.org/10.1016/j.celrep.2014.12.028.

Northcott PA, Jones DT, Kool M, Robinson GW, Gilbertson RJ, Cho YJ, et al.
Medulloblastomics: the end of the beginning. Nat Rev Cancer. 2012;12(12):818-34. https://
doi.org/10.1038/nrc3410.


https://doi.org/10.1002/jps.21939
https://doi.org/10.1002/jps.21939
https://doi.org/10.1016/j.ijpharm.2005.03.030
https://doi.org/10.1080/10611860600650086
https://doi.org/10.1080/10611860600650086
https://doi.org/10.1016/j.ijpharm.2007.06.023
https://doi.org/10.1007/s11095-007-9379-0
https://doi.org/10.1080/10611860600612953
https://doi.org/10.1016/j.ijpharm.2011.05.063
https://doi.org/10.1016/j.jconrel.2009.03.002
https://doi.org/10.1215/15228517-2007-066
https://doi.org/10.1007/s11060-008-9566-9
https://doi.org/10.1126/science.1232245
https://doi.org/10.1038/nm.3716
https://doi.org/10.1055/s-0042-105292
https://doi.org/10.1055/s-0042-105292
https://doi.org/10.1038/nm.4293
https://doi.org/10.1111/j.1365-2990.2010.01132.x
https://doi.org/10.1016/j.celrep.2014.12.028
https://doi.org/10.1038/nrc3410
https://doi.org/10.1038/nrc3410

15

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

17

172.

173.

Future Therapies for Malignant Brainstem Tumors 389

Mack SC, Witt H, Piro RM, Gu L, Zuyderduyn S, Stutz AM, et al. Epigenomic alterations
define lethal CIMP-positive ependymomas of infancy. Nature. 2014;506(7489):445-50.
https://doi.org/10.1038/nature13108.

Morin RD, Johnson NA, Severson TM, Mungall AJ, An J, Goya R, et al. Somatic mutations
altering EZH2 (Tyr641) in follicular and diffuse large B-cell lymphomas of germinal-center
origin. Nat Genet. 2010;42(2):181-5. https://doi.org/10.1038/ng.518.

Galanis E, Jaeckle KA, Maurer MJ, Reid JM, Ames MM, Hardwick JS, et al. Phase II trial of
vorinostat in recurrent glioblastoma multiforme: a north central cancer treatment group study.
J Clin Oncol. 2009;27(12):2052-8. https://doi.org/10.1200/JC0O.2008.19.0694.

Friday BB, Anderson SK, Buckner J, Yu C, Giannini C, Geoffroy F, et al. Phase II trial of
vorinostat in combination with bortezomib in recurrent glioblastoma: a north central can-
cer treatment group study. Neuro-Oncology. 2012;14(2):215-21. https://doi.org/10.1093/
neuonc/nor198.

Galanis E, Anderson SK, Miller CR, Sarkaria JN, Jaeckle K, Buckner JC, et al. Phase I/IT
trial of vorinostat combined with temozolomide and radiation therapy for newly diagnosed
glioblastoma: results of Alliance NO874/ABTC 02. Neuro-Oncology. 2018;20(4):546-56.
https://doi.org/10.1093/neuonc/nox161.

Grasso CS, Tang Y, Truffaux N, Berlow NE, Liu L, Debily MA, et al. Functionally defined
therapeutic targets in diffuse intrinsic pontine glioma. Nat Med. 2015;21(6):555-9. https://
doi.org/10.1038/nm.3855.

Wang ZJ, Ge Y, Altinok D, Poulik J, Sood S, Taub JW, et al. Concomitant use of panobi-
nostat and reirradiation in progressive DIPG: report of 2 cases. J Pediatr Hematol Oncol.
2017;39(6):e332—e5. https://doi.org/10.1097/MPH.0000000000000806.

Kreitman RJ. Immunotoxins for targeted cancer therapy. AAPS J. 2006;8(3):E532-51.
https://doi.org/10.1208/aapsj080363.

Thomas DL, Kim M, Bowerman NA, Narayanan S, Kranz DM, Schreiber H, et al. Recurrence
of intracranial tumors following adoptive T cell therapy can be prevented by direct and indi-
rect killing aided by high levels of tumor antigen cross-presented on stromal cells. J Immunol.
2009;183(3):1828-37. https://doi.org/10.4049/jimmunol.0802322.

Binder DC, Engels B, Arina A, Yu P, Slauch JM, Fu YX, et al. Antigen-specific bacterial
vaccine combined with anti-PD-L1 rescues dysfunctional endogenous T cells to reject long-
established cancer. Cancer Immunol Res. 2013;1(2):123-33. https://doi.org/10.1158/2326-
6066.CIR-13-0058.

Brooks CL, Schietinger A, Borisova SN, Kufer P, Okon M, Hirama T, et al. Antibody
recognition of a unique tumor-specific glycopeptide antigen. Proc Natl Acad Sci U S A.
2010;107(22):10056-61. https://doi.org/10.1073/pnas.0915176107.

Schietinger A, Philip M, Schreiber H. Specificity in cancer immunotherapy. Semin Immunol.
2008;20(5):276-85. https://doi.org/10.1016/j.smim.2008.07.001.

Okada H, Kalinski P, Ueda R, Hoji A, Kohanbash G, Donegan TE, et al. Induction of CD8+
T-cell responses against novel glioma-associated antigen peptides and clinical activity by
vaccinations with {alpha}-type 1 polarized dendritic cells and polyinosinic-polycytidylic
acid stabilized by lysine and carboxymethylcellulose in patients with recurrent malignant
glioma. J Clin Oncol. 2011;29(3):330-6. https://doi.org/10.1200/JC0.2010.30.7744.
Monach PA, Meredith SC, Siegel CT, Schreiber H. A unique tumor antigen produced by a
single amino acid substitution. Immunity. 1995;2(1):45-59.

. Pelloski CE, Ballman KV, Furth AF, Zhang L, Lin E, Sulman EP, et al. Epidermal growth

factor receptor variant III status defines clinically distinct subtypes of glioblastoma. J Clin
Oncol. 2007;25(16):2288-94. https://doi.org/10.1200/JC0O.2006.08.0705.

Heimberger AB, Hlatky R, Suki D, Yang D, Weinberg J, Gilbert M, et al. Prognostic effect
of epidermal growth factor receptor and EGFRVIII in glioblastoma multiforme patients. Clin
Cancer Res. 2005;11(4):1462-6. https://doi.org/10.1158/1078-0432.CCR-04-1737.
Sampson JH, Heimberger AB, Archer GE, Aldape KD, Friedman AH, Friedman HS, et al.
Immunologic escape after prolonged progression-free survival with epidermal growth factor


https://doi.org/10.1038/nature13108
https://doi.org/10.1038/ng.518
https://doi.org/10.1200/JCO.2008.19.0694
https://doi.org/10.1093/neuonc/nor198
https://doi.org/10.1093/neuonc/nor198
https://doi.org/10.1093/neuonc/nox161
https://doi.org/10.1038/nm.3855
https://doi.org/10.1038/nm.3855
https://doi.org/10.1097/MPH.0000000000000806.
https://doi.org/10.1208/aapsj080363
https://doi.org/10.4049/jimmunol.0802322
https://doi.org/10.1158/2326-6066.CIR-13-0058
https://doi.org/10.1158/2326-6066.CIR-13-0058
https://doi.org/10.1073/pnas.0915176107
https://doi.org/10.1016/j.smim.2008.07.001
https://doi.org/10.1200/JCO.2010.30.7744
https://doi.org/10.1200/JCO.2006.08.0705
https://doi.org/10.1158/1078-0432.CCR-04-1737

390

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

7. Zhou and M. M. Souweidane

receptor variant III peptide vaccination in patients with newly diagnosed glioblastoma. J Clin
Oncol. 2010;28(31):4722-9. https://doi.org/10.1200/JC0O.2010.28.6963.

Schuster J, Lai RK, Recht LD, Reardon DA, Paleologos NA, Groves MD, et al. A phase II,
multicenter trial of rindopepimut (CDX-110) in newly diagnosed glioblastoma: the ACT III
study. Neuro-Oncology. 2015;17(6):854—61. https://doi.org/10.1093/neuonc/nou348.
Sampson JH, Aldape KD, Archer GE, Coan A, Desjardins A, Friedman AH, et al. Greater
chemotherapy-induced lymphopenia enhances tumor-specific immune responses that elimi-
nate EGFRvlll-expressing tumor cells in patients with glioblastoma. Neuro-Oncology.
2011;13(3):324-33. https://doi.org/10.1093/neuonc/noq157.

Liau LM, Ashkan K, Tran DD, Campian JL, Trusheim JE, Cobbs CS, et al. First results
on survival from a large phase 3 clinical trial of an autologous dendritic cell vaccine in
newly diagnosed glioblastoma. J Transl Med. 2018;16(1):142. https://doi.org/10.1186/
$12967-018-1507-6.

Pollack IF, Jakacki RI, Butterfield LH, Hamilton RL, Panigrahy A, Potter DM, et al. Antigen-
specific immune responses and clinical outcome after vaccination with glioma-associated
antigen peptides and polyinosinic-polycytidylic acid stabilized by lysine and carboxymethyl-
cellulose in children with newly diagnosed malignant brainstem and nonbrainstem gliomas.
J Clin Oncol. 2014;32(19):2050-8. https://doi.org/10.1200/JC0O.2013.54.0526.

Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by CTLA-4
blockade. Science. 1996;271(5256):1734-6.

Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved sur-
vival with ipilimumab in patients with metastatic melanoma. N Engl J Med. 2010;363(8):711-
23. https://doi.org/10.1056/NEJMo0al003466.

Margolin K, Ernstoff MS, Hamid O, Lawrence D, McDermott D, Puzanov I, et al. Ipilimumab
in patients with melanoma and brain metastases: an open-label, phase 2 trial. Lancet Oncol.
2012;13(5):459-65. https://doi.org/10.1016/S1470-2045(12)70090-6.

Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al. Restoring func-
tion in exhausted CD8 T cells during chronic viral infection. Nature. 2006;439(7077):682-7.
https://doi.org/10.1038/nature04444.

Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al. Colocalization of
inflammatory response with B7-h1 expression in human melanocytic lesions supports an
adaptive resistance mechanism of immune escape. Sci Transl Med. 2012;4(127):127ra37.
https://doi.org/10.1126/scitranslmed.3003689.

Curran MA, Montalvo W, Yagita H, Allison JP. PD-1 and CTLA-4 combination blockade
expands infiltrating T cells and reduces regulatory T and myeloid cells within B16 mela-
noma tumors. Proc Natl Acad Sci U S A. 2010;107(9):4275-80. https://doi.org/10.1073/
pnas.0915174107.

Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D, et al.
Nivolumab and ipilimumab versus ipilimumab in untreated melanoma. N Engl J Med.
2015;372(21):2006—17. https://doi.org/10.1056/NEJMoal414428.

Larkin J, Hodi FS, Wolchok JD. Combined Nivolumab and Ipilimumab or monotherapy
in untreated melanoma. N Engl J Med. 2015;373(13):1270-1. https://doi.org/10.1056/
NEJMc1509660.

Wainwright DA, Chang AL, Dey M, Balyasnikova IV, Kim CK, Tobias A, et al. Durable ther-
apeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4, and PD-L1 in mice
with brain tumors. Clin Cancer Res. 2014;20(20):5290-301. https://doi.org/10.1158/1078-
0432.CCR-14-0514.

Kline C, Liu SJ, Duriseti S, Banerjee A, Nicolaides T, Raber S, et al. Reirradiation and PD-1
inhibition with nivolumab for the treatment of recurrent diffuse intrinsic pontine glioma: a
single-institution experience. J Neuro-Oncol. 2018;140(3):629-38. https://doi.org/10.1007/
s11060-018-2991-5.

Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, et al. Immune inhibi-
tory molecules LAG-3 and PD-1 synergistically regulate T-cell function to promote tumoral


https://doi.org/10.1200/JCO.2010.28.6963
https://doi.org/10.1093/neuonc/nou348
https://doi.org/10.1093/neuonc/noq157
https://doi.org/10.1186/s12967-018-1507-6
https://doi.org/10.1186/s12967-018-1507-6
https://doi.org/10.1200/JCO.2013.54.0526
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1016/S1470-2045(12)70090-6
https://doi.org/10.1038/nature04444
https://doi.org/10.1126/scitranslmed.3003689
https://doi.org/10.1073/pnas.0915174107
https://doi.org/10.1073/pnas.0915174107
https://doi.org/10.1056/NEJMoa1414428
https://doi.org/10.1056/NEJMc1509660
https://doi.org/10.1056/NEJMc1509660
https://doi.org/10.1158/1078-0432.CCR-14-0514
https://doi.org/10.1158/1078-0432.CCR-14-0514
https://doi.org/10.1007/s11060-018-2991-5
https://doi.org/10.1007/s11060-018-2991-5

15

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Future Therapies for Malignant Brainstem Tumors 391

immune escape. Cancer Res. 2012;72(4):917-27. https://doi.org/10.1158/0008-5472.
CAN-11-1620.

Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC. Targeting Tim-3
and PD-1 pathways to reverse T cell exhaustion and restore anti-tumor immunity. J Exp Med.
2010;207(10):2187-94. https://doi.org/10.1084/jem.20100643.

Fan X, Quezada SA, Sepulveda MA, Sharma P, Allison JP. Engagement of the ICOS path-
way markedly enhances efficacy of CTLA-4 blockade in cancer immunotherapy. J Exp Med.
2014;211(4):715-25. https://doi.org/10.1084/jem.20130590.

Belcaid Z, Phallen JA, Zeng J, See AP, Mathios D, Gottschalk C, et al. Focal radiation
therapy combined with 4-1BB activation and CTLA-4 blockade yields long-term survival
and a protective antigen-specific memory response in a murine glioma model. PLoS One.
2014;9(7):e101764. https://doi.org/10.1371/journal.pone.0101764.

Brocker T, Karjalainen K. Signals through T cell receptor-zeta chain alone are insufficient to
prime resting T lymphocytes. J Exp Med. 1995;181(5):1653-9.

Mabher J, Brentjens RJ, Gunset G, Riviere I, Sadelain M. Human T-lymphocyte cytotoxicity
and proliferation directed by a single chimeric TCRzeta /CD28 receptor. Nat Biotechnol.
2002;20(1):70-5. https://doi.org/10.1038/nbt0102-70.

Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ, et al. Durable com-
plete responses in heavily pretreated patients with metastatic melanoma using T-cell transfer
immunotherapy. Clin Cancer Res. 2011;17(13):4550-7. https://doi.org/10.1158/1078-0432.
CCR-11-0116.

Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ, et al. Chimeric antigen
receptor T cells for sustained remissions in leukemia. N Engl J Med. 2014;371(16):1507-17.
https://doi.org/10.1056/NEJMo0al1407222.

Schuessler A, Smith C, Beagley L, Boyle GM, Rehan S, Matthews K, et al. Autologous T-cell
therapy for cytomegalovirus as a consolidative treatment for recurrent glioblastoma. Cancer
Res. 2014;74(13):3466-76. https://doi.org/10.1158/0008-5472.CAN-14-0296.

Ahmed N, Salsman VS, Kew Y, Shaffer D, Powell S, Zhang YJ, et al. HER2-specific T
cells target primary glioblastoma stem cells and induce regression of autologous experi-
mental tumors. Clin Cancer Res. 2010;16(2):474-85. https://doi.org/10.1158/1078-0432.
CCR-09-1322.

Johnson LA, Scholler J, Ohkuri T, Kosaka A, Patel PR, McGettigan SE, et al. Rational devel-
opment and characterization of humanized anti-EGFR variant III chimeric antigen receptor
T cells for glioblastoma. Sci Transl Med. 2015;7(275):275ra22. https://doi.org/10.1126/sci-
translmed.aaa4963.

Mount CW, Majzner RG, Sundaresh S, Arnold EP, Kadapakkam M, Haile S, et al. Potent
antitumor efficacy of anti-GD2 CAR T cells in H3-K27M(+) diffuse midline gliomas. Nat
Med. 2018;24(5):572-9. https://doi.org/10.1038/s41591-018-0006-x.

Martuza RL, Malick A, Markert JM, Ruffner KL, Coen DM. Experimental therapy of human
glioma by means of a genetically engineered virus mutant. Science. 1991;252(5007):854—6.
Markert JM, Medlock MD, Rabkin SD, Gillespie GY, Todo T, Hunter WD, et al. Conditionally
replicating herpes simplex virus mutant, G207 for the treatment of malignant glioma: results
of a phase I trial. Gene Ther. 2000;7(10):867—74. https://doi.org/10.1038/sj.gt.3301205.
Rampling R, Cruickshank G, Papanastassiou V, Nicoll J, Hadley D, Brennan D, et al. Toxicity
evaluation of replication-competent herpes simplex virus (ICP 34.5 null mutant 1716) in
patients with recurrent malignant glioma. Gene Ther. 2000;7(10):859-66.

Parker JN, Gillespie GY, Love CE, Randall S, Whitley RJ, Markert JM. Engineered herpes
simplex virus expressing IL-12 in the treatment of experimental murine brain tumors. Proc
Natl Acad Sci U S A. 2000;97(5):2208-13. https://doi.org/10.1073/pnas.040557897.

Heise C, Sampson-Johannes A, Williams A, McCormick F, Von Hoff DD, Kirn DH. ONYX-
015, an E1B gene-attenuated adenovirus, causes tumor-specific cytolysis and antitu-
moral efficacy that can be augmented by standard chemotherapeutic agents. Nat Med.
1997;3(6):639-45.


https://doi.org/10.1158/0008-5472.CAN-11-1620
https://doi.org/10.1158/0008-5472.CAN-11-1620
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1084/jem.20130590
https://doi.org/10.1371/journal.pone.0101764
https://doi.org/10.1038/nbt0102-70
https://doi.org/10.1158/1078-0432.CCR-11-0116
https://doi.org/10.1158/1078-0432.CCR-11-0116
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1158/0008-5472.CAN-14-0296
https://doi.org/10.1158/1078-0432.CCR-09-1322
https://doi.org/10.1158/1078-0432.CCR-09-1322
https://doi.org/10.1126/scitranslmed.aaa4963
https://doi.org/10.1126/scitranslmed.aaa4963
https://doi.org/10.1038/s41591-018-0006-x
https://doi.org/10.1038/sj.gt.3301205
https://doi.org/10.1073/pnas.040557897

392

205.

206.

207.

208.

7. Zhou and M. M. Souweidane

Geoerger B, Grill J, Opolon P, Morizet J, Aubert G, Terrier-Lacombe MJ, et al. Oncolytic
activity of the E1B-55 kDa-deleted adenovirus ONYX-015 is independent of cellular p53
status in human malignant glioma xenografts. Cancer Res. 2002;62(3):764-72.

Chiocca EA, Abbed KM, Tatter S, Louis DN, Hochberg FH, Barker F, et al. A phase I open-
label, dose-escalation, multi-institutional trial of injection with an E1B-attenuated adenovi-
rus, ONYX-015, into the peritumoral region of recurrent malignant gliomas, in the adjuvant
setting. Mol Ther. 2004;10(5):958-66. https://doi.org/10.1016/j.ymthe.2004.07.021.

Fueyo J, Alemany R, Gomez-Manzano C, Fuller GN, Khan A, Conrad CA, et al. Preclinical
characterization of the antiglioma activity of a tropism-enhanced adenovirus targeted to the
retinoblastoma pathway. J Natl Cancer Inst. 2003;95(9):652-60.

Lang FF, Conrad C, Gomez-Manzano C, Yung WKA, Sawaya R, Weinberg JS, et al. Phase
I study of DNX-2401 (Delta-24-RGD) oncolytic adenovirus: replication and immunothera-
peutic effects in recurrent malignant glioma. J Clin Oncol. 2018;36(14):1419-27. https://doi.
org/10.1200/JC0O.2017.75.8219.


https://doi.org/10.1016/j.ymthe.2004.07.021.
https://doi.org/10.1200/JCO.2017.75.8219
https://doi.org/10.1200/JCO.2017.75.8219

	Chapter 15: Future Therapies for Malignant Brainstem Tumors
	15.1 Introduction
	15.2 Obstacles in the Treatment of Malignant Brainstem Tumors
	15.2.1 Maximal Safe Cytoreduction Surgery
	15.2.2 Blood-Brain Barrier
	15.2.3 ATP-Binding Cassette Transporters
	15.2.4 Intratumoral Heterogeneity
	15.2.5 Immune Privilege and Specialization of the Central Nervous System

	15.3 Molecular Characteristics of Malignant Brainstem Tumors
	15.4 Drug Delivery
	15.4.1 Convection-Enhanced Delivery
	15.4.2 Intraarterial Delivery
	15.4.3 Manipulating the Blood-Brain Barrier
	15.4.3.1 Focused Ultrasound
	15.4.3.2 Photodynamic Therapy
	15.4.3.3 Photochemical Internalization

	15.4.4 Inhibition of ATP-Binding Cassette Transporters
	15.4.5 Carriers and Packaging Vehicles
	15.4.5.1 Liposomes
	15.4.5.2 Nanoparticles


	15.5 Signal Transduction Pathway Targeted Therapy
	15.6 Modulating Gene Expression Status: Epigenetic Modulators
	15.7 Immunotherapy
	15.7.1 Therapeutic Antibodies, Radiolabeled Antibodies, and Immunotoxins
	15.7.2 Therapeutic Vaccines
	15.7.3 Immune Checkpoint Inhibitors
	15.7.4 Adoptive Cell Therapies

	15.8 Oncolytic Viruses
	15.9 Conclusion
	References




