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ABSTRACT

Glioblastoma multiforme (GBM) is a lethal cancer. Without treatment,
patients diagnosed with this disease survive nine months. With the best
therapeutics science has to offer, including surgical resection, radiation therapy,
and temozolomide, patients survive only five more months. Despite numerous
clinical trials, the vast majority of tested drugs fail to provide therapeutic benefit to
patients. It was the intent of this thesis to characterize the molecular mechanisms
that prevent or limit the efficacy of targeted agents against malignant glioma. This
work specifically explores how the internal characteristics of the tumor including
its invasiveness and genetic heterogeneity as well as external attributes of
therapeutic agents including brain penetrance contributes to the
chemotherapeutic failure in GBM. By clarifying the biological processes that
constrain treatment of this disease, scientists can strategize the development of

better therapeutics with greater likelihoods for clinical success.
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We compared the brain distribution, molecular targeting efficiency, and
survival benefit of GDC-0980 and GNE-317, two PI3BK/mTOR inhibitor analogues.
We showed that GDC-0980 is liable for efflux by P-glycoprotein (Pgp) and Breast
Cancer Resistance Protein (BCRP) at the blood-brain barrier (BBB) while GNE-
317 remains relatively resistant to efflux. Because GNE-317 is more brain
penetrant than GDC-0980, it showed greater accumulation in the brain and
stronger ability to impede the activation of PISBK/mTOR pathways in the GL261
mouse glioma model. Unexpectedly, neither drug affected survival, an effect that
underscores the challenges presented by the genetic heterogeneity associated
with cancer and the consequences of inadequate target selection.

We also sought to determine the influence of anti-angiogenic therapy
(AAT) on the delivery and efficacy of concurrently administered targeted agents.
Again, we used GDC-0980 and GNE-317 to determine whether susceptibility to
efflux impacted these parameters. We demonstrated that the vascular endothelial
growth factor (VEGF) monoclonal antibody, bevacizumab (Avastin) could
decrease the brain distribution of GDC-0980, although not significantly, but had
no effect on the brain accumulation of GNE-317. We further showed that while
bevacizumab alone provided a survival benefit in patient-derived glioma
xenograft models, this therapeutic benefit could only be enhanced with co-
treatment of a brain-penetrant drug like GNE-317. Collectively, these data
suggest that AAT-induced BBB normalization is more likely to limit the delivery of

targeted agents that are subject to active efflux.
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Finally, we examined the therapeutic potential of targeting cancer stem
cells (CSCs) through experiments with parthenolide and LC-1 in the GL261
mouse glioma model. Effectively killing CSCs is an important goal in brain tumor
research because this cell population is thought to responsible for tumor growth
and recurrence, and is known to be particularly resistant to chemotherapies. In
vitro studies of parthenolide and LC-1 in multiple glioma cell lines demonstrated
that both drugs exhibited similar cytotoxicity profiles and were able to induce total
cell death. LC-1 was also shown to be brain penetrant and non-toxic after
prolonged exposure, and produced a demonstrable delay in tumor growth and a
significant survival benefit. For these reasons, glioma stem cells remain a

compelling therapeutic target for future clinical therapies.

(494 words)
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FORWARD
In 2000, Drs. Douglas Hanahan and Robert Weinberg, pioneers in the

field of cancer biology, forecasted the course of oncology research:

“Some would argue that the search for the origin and treatment of
this disease will continue over the next quarter century in much the
same manner as it has in the recent past, by adding further layers
of complexity to a scientific literature that is already complex almost
beyond measure. But we anticipate otherwise: those researching
the cancer problem will be practicing a dramatically different type of
science than we have experienced over the past 25 years. Surely
much of this change will be apparent at the technical level. But
ultimately, the more fundamental change will be conceptual”

(Hanahan & Weinberg, 2000).

In this thesis fifteen years later, it is my endeavor to support their
prediction; in the field of neuro-oncology research, the most pressing concern is
not the degree of detail that could further define the disease, but rather the
broader observation that despite our best efforts, brain tumor therapies continue
to fail in clinical trials. It is the goal of this thesis to understand and learn from

such failures.
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CHAPTER 1

Introduction



1.1 Hallmarks of Cancer

Cancer is a disease first described by Egyptian physician Imhotep in 2500
BC (Mukherjee, 2011). He described a bulging mass protruding from the breast of
one of his female patients and despite an anthology of remedies for various
ailments, he could not conceive of a treatment for this woman with breast cancer.
Today, approximately 4,600 years later, while our understanding of the biological
mechanisms contributing to cancer grows by leaps and bounds, we are still stuck
at the same hurdle of how to combat the disease. To fight cancer, institutes have
been created, wars have been waged, and an entire medical discipline has been
formed, all with the purpose of finding a cure.

Scientists have generated tomes of literature to provide the understanding
of cancer we have today. Drs. Douglas Hanahan’s and Robert Weinberg’s seminal
review of cancer biology describes the disease’s progression as a manifestation
of Darwinian evolution (Hanahan & Weinberg, 2000): genetic alterations confer
selective advantages for growth. Such alterations can include small changes to the
DNA sequence, larger changes like chromosomal rearrangements and copy
number aberrations, as well as epigenetic modifications that affect expression
(McLendon et al., 2008a). The accumulation of five to seven specific alterations
over time is thought to be required to cause the transformation of a normal cell to
a cancer (Huether & McCance, 2013).

Notably, the majority of cancers are caused by environmental factors as
only 5-10% of cancers are inherited (Nagy, Sweet, & Eng, 2004). The disease is

characterized by multiple acquired capabilities impacting molecular, biochemical,



and cellular functioning. These traits are the hallmarks of cancer and include the
following: a self-sufficiency in growth signals, insensitivity to antigrowth signals,
evasion of apoptosis, limitless replicative potential, sustained angiogenesis, and
tissue invasion and metastasis (Hanahan & Weinberg, 2000). More recent work
has identified two emerging hallmarks: alteration of metabolic processes and
immune evasion (Hanahan & Weinberg, 2011). Through such efforts, scientists
now have a concrete understanding of the general mechanisms underlying

carcinogenesis.

1.2 Glioma Classification & Staging

Gliomas are cancers of the glial or glial precursor cells that normally provide
supportive functions to neurons in the brain. Glioma make up 80% of all primary
brain tumor diagnoses with approximately 15,000 new cases diagnosed in the
United States every year (Schwartzbaum, Fisher, Aldape, & Wrensch, 2006).
Based on the World Health Organization’s classification system of brain tumors,
glioma are classified histologically as ependymomas, astrocytomas,
oligodendrogliomas or mixed oligoastrocytomas on the basis of cell-type specific
markers (Hulleman & Helin, 2005).

Astrocytomas account for approximately half of all gliomas and comprise
four distinct subtypes: pilocytic astrocytoma (grade 1), infiltrating astrocytoma
(grade 1), anaplastic astrocytoma (grade 1ll), and glioblastoma multiforme (GBM,
grade IV) (Hulleman & Helin, 2005). Grading of tumors corresponds to the stage

of growth, with grade | being the least severe and grade IV being the most



aggressive form of growth (Figure 1.1) (Eckley & Wargo, 2010). As expected,
staging also correlates with survival outcomes. Pilocytic astrocytomas are typically
considered a benign form of growth because of their slow rate of growth and high
cure rates associated with substantial long-term survival (Hulleman & Helin, 2005).
In contrast, infiltrative astrocytomas have a prognosis of 10-15 years, anaplastic
astrocytomas beget 2-3 years, and glioblastomas multiforme have a dismal 14-
month survival estimate (Hulleman & Helin, 2005). This poor prognosis, coupled
with the knowledge that GBMs account for 80% of all malignant glioma (Omuro &
DeAngelis, 2013), explains why the majority of glioma research is focused on this
specific subtype of disease.

The decreasing survival outcomes associated with the increase in staging
can be likened to a clock counting down: as low grade glioma develop new genetic
mutations, they typically progress into to higher grade glioma until reaching the
lethal grade IV tumor (Holland, 2001). Through this developmental process, the
resulting glioma is considered a secondary GBM (Figure 1.2) (Goncalves, Xavier-
Magalhées, Costa, Pojo, & Lourenco, 2013; Ohgaki & Kleihues, 2013). Despite the
logical progression associated with this form of development, secondary GBMs
account for only 10% of total diagnoses. Primary GBMs considered de novo for
their diagnoses with no prior clinical history, make up the majority of cases (Ohgaki
& Kleihues, 2013). As will be discussed later in this chapter, primary and secondary
GBMs are likely two distinct pathological entities. Regardless of its developmental
course, research efforts have largely focused on grade IV astrocytomas because

they are so universally fatal.



The naming of these tumors also provides information regarding their
molecular features, with characteristics accumulating at each grade of growth.
Pilocytic astrocytomas, for example, are named for their long hair-like processes
(Stuer et al., 2007). Infiltrating astrocytoma demonstrate invasive cells migrating
away from a tumor core. Anaplastic astrocytoma, beyond an invasive character,
also maintain cells with notable de-dedifferentiated qualities. Grade IV glioma,
glioblastoma multiforme, is a histological melting pot of molecular pathology
including a high degree of pleomorphism, an elevated rate of mitotic activity,
intratumoral hemorrhaging, and a unique morphologic feature known as
pseudopalisading necrosis (Vigneswaran, Neill, & Hadjipanayis, 2015). Not found
in any other cancer, pseudopalisading necrosis is observed as an area of dead or
dying tissue surrounded immediately by a configuration of densely populated live
cells (Rong, Durden, Van Meir, & Brat, 2006). Recent research suggests this
particular feature may arise as a result of tumor cells frantically migrating away
from hypoxia arising after vascular insult (Rong et al., 2006). The heterogeneous
presentation of glioblastoma multiforme closely mirrors its widely variable genetic

makeup, also to be discussed later in this chapter.

1.3 Gliomagenesis

The exact mechanism detailing the formation of a glioma is not known. The
development of malignant gliomas is largely considered random, but radiation
exposure and a few rare, hereditary syndromes are known to increase the risk of

the disease (Omuro & DeAngelis, 2013; P. Y. Wen & Kesari, 2008). Glioma risk is



not increased from exposure to cell phones, head injury, processed foods,
pesticides, or season of birth (Omuro & DeAngelis, 2013). There are three major
theories describing the gliomagenesis developmental process, although they are
not necessarily exclusive of one another (Figure 1.3) (Gongalves et al., 2013;
Hulleman & Helin, 2005). All three theories discuss a potential “cell of origin” that
acquires genetic mutations and ultimately gives rise to the tumor.

One of the most widely accepted hypotheses of cancer development is the
acquisition of mutations in stem cells associated with a particular organ (Lobo,
Shimono, Qian, & Clarke, 2007). Notably, the adult human brain has two sources
of stem cell neurogenesis: the hippocampus and the subventricular zones (SVZ2)
(Bergmann, Spalding, & Frisen, 2015). Three important pieces of research support
this hypothesis in glioblastoma multiforme: (1) the observation that GBM contains
a population of cells expressing traditional stem cell markers including Nestin and
Sox2 (Gongalves et al., 2013; Singh et al., 2004) and this population demonstrates
multiple stem cell properties including the growth of neurospheres in culture and a
pluripotent capacity with the ability to give rise to multiple differentiated cell types
(Singh et al., 2004); (2) stem cells have the long lifespan necessary for the
accumulation of many genetic alterations (Adams, Jasper, & Rudolph, 2015); (3)
the presence of oligoastrocytomas of mixed astrocyte and oligodendrocyte lineage
can be explained by a neural stem cell capable of developing into either cell type
(Hulleman & Helin, 2005). For these reasons, the neural stem cell theory of

gliomagenesis has gained significant traction in recent years.



A second theory of gliomagenesis postulates that a glial progenitor cell,
rather than a non-committed stem cell, gives rise to gliomas (Figure 1.3). Glial
progenitor cells are abundant in the adult brain, typically serving a role to expand
and mature cells (Goldman & Sim, 2005). The support for this theory of
gliomagenesis closely mirrors many of the features discussed above: (1) glial
progenitor cells are pluripotent (Goncgalves et al., 2013); (2) they have extensive
mitotic competence necessary for the generation of multiple genetic mutations
(Goldman & Sim, 2005); (3) the presence of olilgoastrocytomas can well be
explained by the pluripotent nature of such cells acquiring mutations eventually
producing a cancer phenotype. Comparatively, the shared immature phenotype
between the neural and glial progenitor cells provides the foundation for
characteristic and functional similarities.

Alternatively, rather than immature cells acquiring mutations that give rise
to gliomas, a third hypothesis proposes that differentiated, mature glial cells
acquire mutations capable of causing a de-differentiated cancer phenotype
(Figure 1.3) (Hulleman & Helin, 2005). This convention is more in line with the
classical hypothesis of cancer formation. In support of this idea, glial cells are the
only known cell type in the adult brain to be replication-competent other than neural
stem cells and glial progenitor cells (Gongalves et al., 2013). Unfortunately, such
a theory does not well explain the presence of oligoastrocytomas, gliomas
containing cancer cells of multiple lineages including both astrocytes and
oligodendrocytes (Hulleman & Helin, 2005). For this theory to be true, both an

astrocyte and an oligodendrocyte would have to independently acquire the exact



mutations necessary to produce a cancer phenotype at the same time; although
possible, this situation is highly unlikely. In the case of oligoastrocytomas, an
immature precursor becoming malignant seems a much more reasonable theory
for cancer development.

Despite the disparate natures of the presented theories, one of the most
compelling proposals for gliomagenesis unites disparate molecular mechanisms
in a single, elegant framework. The slow, progressive accumulation of mutations
in a mature glial cell may contribute to the development of a secondary GBM,
during which a patient’s initial tumor escalates from a stage Il to Ill to IV glioma
(Maher et al., 2001). In contrast, a diagnosis of a primary GBM without any prior
clinical evidence of disease may be due to the acquisition of genetic mutations in
primitive neural stem or glial progenitor cells (Hulleman & Helin, 2005). The
suggestion that different courses of development give rise to primary and
secondary glioblastoma is also supported by the distinct genetic signatures of each
clinical diagnosis (Ohgaki & Kleihues, 2007). While it remains difficult to provide
definitive evidence for one theory over another, strong support of this dual-
development framework in gliomagenesis is beginning to shape clinical trial design

for potential therapeutics.

1.4 Glioma Stem Cells
There is a growing body of literature supporting the idea that some cancers,
like glioma, are initiated and maintained by a population of tumor cells that closely

mirror normal adult stem cells (J. Chen, McKay, & Parada, 2012; Tan, Park, Ailles,



& Weissman, 2006). This idea is the cancer stem cell theory. Just as normal stem
cells are frequently capable of self-renewal and pluripotency, so too are cancer
stem cells (CSCs), sometimes called tumor-initiating cells (TICs) (Kreso & Dick,
2014). Although a great deal of controversy remains concerning which tumors
definitively contain or derive from CSCs and how best to define them, the cancer
stem cell model has generated significant attention because CSCs may possess
therapeutically relevant properties (Kreso & Dick, 2014; Llaguno, Chen, McKay, &
Parada, 2011). Indeed, CSCs have been shown to propagate glioblastoma growth
following chemotherapy, ultimately leading to recurrence (J. Chen et al., 2012).
Targeting such populations may help to prevent these aggressive patterns of
growth.

The first evidence for brain tumor stem cells came in the form of a Nature
paper published in 2004 (Singh et al., 2004). The authors utilized what is
considered the “gold standard measure” of experiments to determine stemness
(Kreso & Dick, 2014) by demonstrating the recapitulation of clonal growth in
functional in vivo repopulation assays. Briefly, stem cells defined by the cell surface
protein CD133 were isolated from a human glioma, FACS sorted and then
orthotopically implanted into an immunodeficient mouse (Singh et al., 2004). Not
only did a full tumor develop with almost identical histological pathology to the
original patient tumor, but as few as 100 cells were able to accomplish the job.
Importantly, the CD133+ cells gave rise to a varied population of cells within the
tumor and CD133- cells were unable to form a tumor, even at numbers as high as

100,000 cells (Figure 1.4) (Singh et al., 2004). Although the consistency of CD133



positivity as a marker for glioma stem cells remains debatable, and the frequency
of glioma stem cells ranges from 2-30% (E. S. Molina, Pillat, Moura-Neto, Lah, &
Ulrich, 2014), their presence is accepted in the field and they have become a

frequent target for novel chemotherapeutics.

1.5 Genetic Contributions & Clonal Evolution in Glioblastoma

Not only is every cancer a distinct disease unto itself, but every tumor, even
within the same diagnosis, is also considered unique. There is no “one size fits all”
approach that can be used to evaluate or treat every tumor. Each tumor is a
heterogeneous composite of cells containing a variety of genetic mutations (Kreso
& Dick, 2014). Despite the challenges in characterizing such a heterogeneous type
of disease, large-scale sequencing efforts reveal that certain mutations are often
shared within a particular type of cancer. One such project, sponsored by the
National Institute of Health through a program known as The Cancer Genome
Atlas (TCGA), provided the most detailed analysis on glioblastoma to date—and
made the data publicly available (McLendon et al., 2008a). This monumental study
reported the most prevalent genetic alterations in 206 individual patient tumor
samples. To summarize, 88% of samples had a functional signal alteration in the
RTK/Ras/PI3K pathway, 87% exhibited alterations in p53 signaling, and 78%
demonstrated alterations in RB signaling (Figure 1.5) (McLendon et al., 2008a).
These data, published in 2008, provided the most promising targets for novel

chemotherapeutic development in the history of glioma therapy.
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Data provided by TCGA led to the stratification of glioblastoma into four
individual subclasses: proneural, classical, mesenchymal, and neural. Originally,
these subgroups were defined solely by their gene expression profiling. Each
subtype embodies a distinct pattern of genetic aberrations: proneural maintains
alterations of PDGFRA and point mutations in IDH1; classical demonstrates a
focused predilection for EGFR amplification, CDKN2A deletion and a notable lack
of TP53 alterations; mesenchymal is characterized by partial deletions of NF1 and
frequent PTEN mutations; neural present with more diverse genotypes (Verhaak
et al., 2010). Beyond these alterations, each subtype expresses a particular set of
markers characteristic to a specific cell type and recognition of these profiles has
influenced the pathological nomenclature. For example, the proneural subtype is
enriched with an oligodendrocytic signature, classical is strongly associated with
astrocytic markers, mesenchymal maintains a cultured astroglial profile, and
neural demonstrates a mixed panel of oligodendrocytic, astrocytic, and neural
differentiation markers which is anticipated based on its more heterogeneous
genetic composition (Verhaak et al., 2010). This form of classification has proved
consistent outside of the TCGA dataset in a secondary validation cohort of tumor
samples as well as in xenografted patient tumors in mice (Figure 1.6) (Verhaak et
al., 2010). Two potential limitation of this classification scheme, however, are the
presence of multiple subclasses within a tumor due to extensive genetic
heterogeneity or tumor evolution, and the development of one subtype to another
due to continued genomic evolution (Sottoriva et al.,, 2013). Despite these

difficulties in interpreting an analyzing the genetic profiles of GBM, recognition of
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its disparate genetic makeup has contributed to a greater molecular understanding
of the disease.

The four subtypes of GBM are also associated with distinct clinical
presentations, although a single tumor can present with multiple subtypes due to
the heterogeneity of disease. The proneural subclass makes up 13% of GBM
diagnoses, neural account for 12%, classical for 26%, and mesenchymal for 94%
(N. Lin et al., 2014). Of note, the proneural subclass and its characteristic IDH
mutations almost exclusive correlate with a secondary rather than primary GBM
diagnosis (Nobusawa, Watanabe, Kleihues, & Ohgaki, 2009), which is in line with
10% secondary prevalence historically reported in the literature (Ohgaki &
Kleihues, 2013). Secondary GBMs are thought to arise from sequential mutations
in a mature glial cell (Maher et al., 2001), and it is therefore no surprise that the
proneural subtype is associated with the least aggressive, best clinical prognosis
(N. Lin et al., 2014). In contrast, the molecular subtypes associated with a greater
propensity of primary GBM diagnoses are associated with poorer survival
outcomes. Neural and mesenchymal subclasses have an intermediate outcome
compared to proneural, and classical has the worst outcome (numerical
guantifications not reported) (N. Lin et al., 2014). Collectively, these subtypes
provide both a greater understanding of the disease and an opportunity to provide
a more customized course of treatment.

While the molecular manifestations of glioblastoma have been well defined,
they are not consistent over time, even within the same patient. A process known

as clonal evolution drives the ebb and flow development of varying populations of
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cells within an individual tumor (Greaves & Maley, 2012). While the coexistence of
multiple clones within a single tumor is assumed to be due to random mutation in
individual cells, the maintenance and growth of specific populations is under
selective pressure and can be favored or disfavored by the tumor’s
microenvironment (Figure 1.7) (Inda, Bonavia, & Seoane, 2014). Treating a tumor
that continuously evolves in response to multiple cues can be likened to an attempt
at hitting a moving target. A particularly strong example of this phenomenon comes
from a comparison of the genetic signatures of gliomas collected from patients
before treatment with chemotherapy and recurrent tumors after chemotherapy has
become ineffective. In 43% of the cases examined, approximately half of mutations
identified in the original tumor were no longer present in the recurrent tumor
(Johnson et al., 2014). Another similar study suggests as little as 11% of genetic
events are shared between therapeutically naive and post-treatment recurrent
tumors (Ramaswamy & Taylor, 2015). Such data suggest chemotherapy induces
a selective pressure in glioma whereby cells unaffected by treatment regenerate a
new tumor with disparate molecular features and novel therapeutic targets.
Therapeutics with the greatest clinical potential will therefore possess a wide range

of molecular targets capable of inducing cytotoxic effects in all cancer cells.

1.6 Clinical Presentation & Treatment of Glioblastoma Multiforme
The diagnosis of a glioblastoma has become standardized and the care for
affected individuals is highly consistent. The vast majority (90%) of glioblastoma

diagnoses occur in adults over the age of 40, with 50% occurring over the age of
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60 (Chang et al., 2005). There is a slight bias towards men being affected (60%)
and the vast majority (86%) of affected individuals are of Caucasian descent
(Chang et al., 2005). The initial clinical presentation of such individuals most
frequently involves headache (56%), memory loss (35.5%), cognitive changes
(34%), motor deficits (33%), language deficits (33%), and seizures (32%)(Chang
et al., 2005). The most commonly performed diagnostic test is a magnetic
resonance imaging (MRI) scan with contrast to reveal the presence of a brain
tumor (Chang et al., 2005). Malignant gliomas typically enhance with gadolinium
contrast, demonstrate central areas of necrosis, and are surrounded by white
matter edema (Chang et al., 2005). They are usually unifocal but can, on occasion,
present with multiple masses. The most common tumor location is the frontal lobe
(41%), followed by the temporal lobe (33%), parietal lobe (23%) and less
frequently, the occipital lobe (3%) (Keles, Anderson, & Berger, 1999). Although
MRI can give clinicians a clue as to the type of tumor present in a patient, only
histological staining or genetic sampling (Shirahata et al., 2007) of a biopsy sample
can definitively confirm the specific type of cancer.

The first treatments for glioblastoma are intended to provide relief for some
of the initial symptoms patients experience at diagnosis. 84% of patients are
administered corticosteroids both to reduce pain-causing swelling and to stimulate
an increase in appetite (Chang et al., 2005). 71% of patients are administered
antiepileptics to try and mitigate the seizures that are often induced by the tumor
(Chang et al., 2005). After addressing the comfort of the patient, clinical attention

turns to the tumor itself. Most individuals diagnosed with GBM receive some form

14



of debulking surgery, but patients over 65 years of age are less likely to receive
such invasive forms of treatment (lwamoto, Reiner, Panageas, Elkin, & Abrey,
2008) due to increased risks for morbidity and toxicity as well as recognition that
current therapies are highly aggressive and only considered palliative in nature
(lIwamoto et al., 2008). Regardless of the election to submit to surgical resection,
the procedure is considered part of the traditional standard of care afforded
patients with GBM.

Following surgical debulking, patients usually receive some form of
radiation therapy (RT) and chemotherapy. RT is a common clinical tool in cancer
because it induces genomic instability through double-strand breaks in DNA
(Sancar, Lindsey-Boltz, Unsal-Kagmaz, & Linn, 2004). Endogenous damage
sensors detect these breaks and, in many cases, induce cell death to eliminate
damaged cells (Sancar et al., 2004). The benefit of RT specifically in the treatment
of GBM was first published in 1979 and demonstrated prolonged survival with
increased applications of RT up to 6000 rad (Walker, Strike, & Sheline, 1979). With
this dosing, patient survival increases from five months to eleven-to-twelve months
(Walker et al., 1979). Whole brain RT was originally utilized in patients first due to
technical limitation preventing more focal application and then later due to attempts
at targeting not only the core of the tumor, but also the invasive cells that are not
seen in gross imaging efforts. Currently, however, partial brain/focal RT is
accepted as the current standard of care because it has been shown to provide
equivalent therapeutic benefit with fewer side effects (Fiveash & Spencer, 2003).

Additional research in novel applications of RT remain ongoing.
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Temozolomide (TMZ), a DNA alkylating agent, is considered first-line
therapy for newly-diagnosed glioblastoma and is dosed concurrent to and following
RT. Treatment of GBM patients with TMZ marginally improves survival from twelve
months to fourteen-to-fifteen months (Stupp et al., 2005). This therapeutic benefit
is most effective in the 80% of patients whose tumors display methylation of the
promoter region of MGMT, the gene encoding the O®f-methylguanine DNA
methyltransferase DNA repair enzyme (Hegi et al., 2005; McLendon et al., 2008b;
Paz et al., 2004). In doses ranging from 75-150 mg per square body meter, the
orally-administered drug functions to methylate DNA preferentially at the O°
position of guanine (Friedman, Kerby, & Calvert, 2000; Stupp et al., 2005). This
methylation inhibits partnering to a nucleotide, resulting in long-lived nicks to the
DNA (Friedman et al., 2000). The accumulation of such nicks eventually limits
replication and cell death usually follows (Friedman et al., 2000). Because the
effects of this mechanism are not targeted to any particular genes or any specific
population of cells, TMZ is considered a generally cytotoxic therapy. The lack of
specificity in targeting can have deleterious effects on optimal functioning. For
instance, GBMs treated with TMZ can occasionally give rise to a hypermutated
phenotype (Johnson et al., 2014; Ramaswamy & Taylor, 2015) brought on by drug-
induced inactivation of the MSH6 mismatch repair gene (Yip et al., 2009).
Inactivation of this gene has consequently shown to cause resistance to TMZ and
a recurrence of the tumor (Yip et al., 2009). More targeted therapies with less of a

predisposition to resistance are therefore urgently needed.
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In May of 2009, the FDA granted accelerated approval for the first
antiangiogenic therapy (AAT) in GBM: Genentech’s Avastin (bevacizumab).
Bevacizumab is a monoclonal antibody targeted against the pro-angiogenic
molecule, vascular endothelial growth factor (VEGF) that is produced in excess
amounts by tumors like GBM (Plate, Breier, Weich, Mennel, & Risau, 1994). The
drug binds VEGF to prevent the molecule from docking to and activating the
tyrosine kinase VEGF receptor (VEGFR) that would initiate downstream signal
cascades to promote angiogenesis and vascular permeability (Gil-Gil, Mesia, Rey,
& Bruna, 2013). Although initial data from clinical trials were very promising, the
use of the drug in GBM remains contested. Reviews of previous efforts utilizing
bevacizumab cite both the difficulties in measuring tumor response as well as the
lack of appropriate control arms in phase Il clinical trials as rationale for an inability
to accurately assess treatment response (de Groot & Mandel, 2014). More recent
trials show no benefit to overall survival compared to therapy without bevacizumab
(de Groot & Mandel, 2014). For these reasons, the European Medicines Agency
has rejected the drug for use in glioblastoma (de Groot & Mandel, 2014) and there
has been considerable discussion about revoking the existing approval for

bevacizumab in the United States, as well.

1.7 Glioblastoma Multiforme as a Disease of the Whole Brain
GBM remains a difficult disease to treat because of its invasive quality.
Glioma cells are known to migrate along myelinated fiber tracts and vascular

basement membranes as much as four centimeters away from contrast-enhancing
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tumors (Giese, Bjerkvig, Berens, & Westphal, 2003; Silbergeld & Chicoine, 1997).
Because they are physically removed from the bulk tumor, invasive cells escape
surgical resection only to later cause tumor recurrence and death (Berens & Giese,
1999). Even extensive surgical measures like hemispherectomies do not eradicate
the disease (Giese et al., 2003). The inability to target invasive cells therefore
means that tumor recurrence is an inevitable characteristic of the disease (Fazeny-
Dorner et al.,, 2003; P. Y. Wen & Kesari, 2008). Almost all (96%) patients
experience recurrent tumor growth within two centimeters of the resection cavity
(Berens & Giese, 1999). In recognition of this inevitability, surgical debulking efforts
are limited to the bulk tumor to prevent adverse events associated with removal of
normal brain tissue (Giese et al., 2003). RT is limited to the bulk tumor with the
same reasoning, that adverse events associated with whole-brain treatment
should be limited (Fiveash & Spencer, 2003). In avoiding some of the adverse
events associated with whole-brain treatment, invasive cells are not sufficiently
targeted and inevitably lead to tumor recurrence.

Considerable effort has been expended to better understand the invasive
cells that are so problematic in GBM. In comparing gene expression profiles
between invading and noninvading cells, genes implicated in cell motility such as
ATX, PYK2, and P311 and genes associated with anti-apoptotic pathways such as
BCLW and DAP3 are more highly expressed in the invasive cells (Hoelzinger et
al., 2005; Mariani et al., 2001). Akt pathways are activated in this population while
Erk pathways are down-modulated (J. R. Molina, Hayashi, Stephens, &

Georgescu, 2010). These data provide a detailed characterization of invasive cells,
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describing them as more motile, less prone to cell death and less proliferative than
their bulk tumor counterparts. This composition of traits makes invasive cells more
resistant to cytotoxic insult (Lefranc, Brotchi, & Kiss, 2005) and the dichotomy of
these differential expression patterns contributes to the heterogeneity of the
disease and the challenge in finding effective therapies capable of targeting all

tumor cells.

1.8 Clinical Imaging in the Evaluation of Glioma

A wide range of imaging modalities are used to evaluate the anatomic
qualities of brain tumors. T1-weighted magnetic resonance (T1-MR) with
gadolinium contrast and computed tomography (CT) are the most commonly used
imaging techniques for the diagnosis and evaluation of brain tumors (Fink, Muzi,
Peck, & Krohn, 2015). Although CT is more readily available in the clinical setting,
contrast-enhanced MR (CE-MR) is considered better because of the greater
degree of detail the imaging provides (Fink et al., 2015). In this imaging modality,
a GBM will usually present as a heterogeneous area of contrast enhancement
(Pafundi et al., 2013). This pattern manifests as a result of the intermittent blood-
brain barrier disruption characteristic of GBM that allows for the leakage of contrast
(Karunanithi et al., 2013). T2-weighted fluid-attenuated inversion recovery (T2-
FLAIR) is a second MR imaging sequence that provides a very different image of
a brain tumor. T2-FLAIR delineates increased water within brain and therefore
visualizes edema; because even a small number of invasive glioma cells are

thought to induce edema, this imaging technique is hypothesized to provide an
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indirect indication of invasive cells (Ellingson et al., 2012). T2-FLAIR is therefore a
more sensitive imaging tool than either CT or T1-MR in the evaluation of brain
tumors.

Beyond anatomic analyses, other imaging modalities can provide a degree
of functional characterization of brain tumors. Functional MR (fMR) and forms of
positron emission tomography (PET) scans with varying contrast agents are
examples of such techniques and are beneficial tools in identifying brain tumors
because cancerous tissues are more metabolically active than normal tissues(Fink
et al., 2015). For this reason, these tools are more sensitive at detecting tumor
than CT or conventional MR. fMR can aid in surgical planning by helping to
differentiate tumor from non-neoplastic masses and critical areas of normal
parenchyma (Bogomolny et al., 2004). While PET has similar capabilities, the
standard *®F-fluorodeoxyglucose (*8F-FDG) radiotracer normally utilized in a
clinical setting is not appropriate for the brain (Bell et al., 2015). The brain utilizes
more glucose than any other organ in the body, so there is significant background
using the conventional tracer (Bell et al., 2015). Imaging brain tumors is therefore
more frequently utilized with a 6-[*®F] fluoro-dihydroxy-L-phenylalanine (*8F-
FDOPA) radiotracer (Bell et al., 2015). Although it is arguably the most sensitive
imaging tool to date, ®F-DOPA-based PET lacks resolution and its use has
therefore been relatively limited. The discussion regarding the capabilities of
imaging techniques becomes especially salient in the context of evaluating the

growth of brain tumors and the efficacy of therapeutics.
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The criteria for therapeutic response designated by the Response
Assessment in Neuro-Oncology (RANO) Working Group defines disease
progression and response to treatment on the basis of standardized imaging
analyses (Figure 1.8) (Fink et al., 2015). In reference to the T1 framework,
complete response (CR) is defined as the absence of tumor, partial response (PR)
is >50% reduction in tumor size, stable disease (SD) is <50% reduction and/or
<25% increase in tumor size, and progressive disease (PD) is >25% increase in
tumor size (Fink et al., 2015). Despite the clarity of these parameters, there are
still challenges with the analyses and interpretations of clinical imaging. In one
such instance, pseudoprogression occurs as a false enhancement of MR imaging
due to the transiently increased permeability of tumor vasculature following
irradiation and temozolomide (P. Y. Wen et al., 2010). In another example,
pseudoresponse manifests as a decrease in MR signal after anti-angiogenic
therapy seals the blood-brain barrier and prevents the leakage of contrast agents
(P. Y. Wen et al., 2010). Both cases demonstrate the fallibility of clinical imaging
in interpreting glioma growth and response to chemotherapy. Research in
functional imaging techniques remains a popular but contentious topic in neuro-
oncology and considerable effort has been expended to improving the technology

and increasing its clinical feasibility and accuracy.

1.9 Glioma Modeling

Testing novel chemotherapies targeting GBMs requires an appropriate

animal model. Ideally, an animal model of GBM should recapitulate the same
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histopathological, genetic, and imaging properties observed in the human
condition (Jacobs, Valdes, Hickey, & De Leo, 2011). It should also share the same
invasive and angiogenic qualities and should imitate the therapeutic responses of
human glioma (Stylli, Luwor, Ware, Tan, & Kaye, 2015). A perfect model would
further mimic the more subtle features of human brain tumors including stromal
interactions and immune system influences (Kegelman et al., 2014). There are two
fundamentally different approaches that have been utilized to model GBM: the first
technique aims to generate tumors de novo, arising from the host brain by various
methods and the second model uses an animal as a vehicle for propagating
transplanted glioma cells into a full tumor (Brandner, 2013). Every approach comes
with its distinct mixture of benefits and disadvantages and all models continue to
be utilized in current research efforts.

The de novo or “spontaneous” generation of glioma can be generated
through chemical induction or genetically engineered mouse (GEM) models. Some
of the earliest work in brain tumor models came through the local introduction of
carcinogenic methylcholanthrene (coal tar) pellets (Seligman, Shear, & Alexander,
1939; Stylli et al., 2015). More modern efforts at genetic manipulation occur
through either germline modification or gene transfer to somatic cells (L. Chen,
Zhang, Yang, Hagan, & Li, 2013). With both of these approaches, genes of interest
that are thought to drive cancer formation are introduced to an animal at early
phases of development. For germline modification, genetic constructs are
microinjected into gametes such as an oocyte, egg or early embryos or embryonic

stem cells (L. Chen et al., 2013). The gene(s) then randomly integrate into the host
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genome (L. Chen et al., 2013). In somatic gene transfer, a viral or transposon
vector containing the genes of interest is introduced to the brain of neonatal mice
at PO-P1 (Wiesner et al., 2009). Both techniques are relatively unpredictable in
their abilities to produce a tumor, but if a mass should develop, it would occur over
a period of months, a time course considered fairly slow in cancer research
(Newcomb & Zagzag, 2009). The phenotype of any such tumor would also be
limited by the specific genes introduced to the system, so the similarity to human
GBMs is variable. Despite these limitations, the advantages of GEM models
include the establishment in immunocompetent animals, customization of the
genetic constructs, and an organic pattern of growth with stromal and tumor
interactions (L. Chen et al., 2013). Spontaneous models remain a valuable tool in
cancer biology, particularly because of their strengths during investigations into the
carcinogenesis of particular genetic mutations or chemicals.

Transplant models of gliomagenesis provide an alternative method of brain
tumor induction. Unlike spontaneous models of brain tumor generation, transplant
models have a predictable and reproducible rate of growth and cells are injected
into a known location (Newcomb & Zagzag, 2009). For these reasons, this type of
model is most frequently utilized in preclinical trials of chemotherapeutics (C. Dai
& Holland, 2001). The possible modes of transplantation revolve around two
central variables: location and genetics of origin. Glioma cells can be either
transplanted orthotopically in the brain or heterotypically, via subcutaneous
injection in the flank (Stylli et al., 2015). Transplanted glioma cells can come from

an animal of the same strain (syngeneic), an animal of the same species but
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dissimilar strain (allograft), or an organism of a different species (xenograft). All
models can be used for preclinical evaluation of therapeutics, but syngeneic
models are considered particularly advantageous because tumors can be cultured
in immunocompetent animals that facilitate immunotherapy studies (Candolfi et al.,
2007). Although a researcher has great flexibility and control over the application
of transplant models, genetic drift is a known consequence of cell culture
maintenance (Yost et al., 2013). Because the cell culture environment is quite
different from the primary tumor physiological conditions, the line can undergo
clonal selection and effectively transform its mutational profile (Yost et al., 2013).
Dramatic changes in the mutational profile of the original tumor can limit the ability
to accurately model the human condition. To help mitigate this complication, tumor
cell lines can be grown and incubated in the flanks of immunodeficient mice rather
than in a traditional cell culture environment (Carlson, Pokorny, Schroeder, &
Sarkaria, 2011). Regardless of the limitations of the transplant model, its use
persists primarily because of the technical ease of the procedure and ability to
monitor for changes in genetic expression due to culture conditions.

Animal models provide the most promising opportunity to identify
therapeutic targets and to test novel chemotherapies (C. Dai & Holland, 2001).
Based on the wide range and flexibility in inducing a model of GBM, researchers
can match a specific drug to a model that embodies the exact subtype or gene the
compound was created to target. They can also purposely choose a less
translationally relevant model to bias their results and increase the odds of

obtaining significantly positive data. Preclinical data obtained through animal
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models must therefore be heavily scrutinized and conclusions should be

conservatively limited to the scope of the testing parameters.

1.10 Blood-Brain Barrier Biology

The blood-brain barrier (BBB) is an essential instrument in maintaining
homeostasis within the brain. Composed of both physical and biochemical barrier
elements, the BBB is made of a specialized network of proteins that provide a
number of functions to regulate the neural microenvironment (Abbott, RGnnback,
& Hansson, 2006). Small gaseous molecules and lipophilic agents diffuse freely
through the lipid membranes composing endothelial cell membranes, but most
molecular traffic is controlled by the BBB (Abbott et al., 2006). In particular, the
physical barrier buffers the brain interstitial fluid from fluctuations in composition
that normally occur in plasma due to changes in respiration, digestion, and
exercise, while the biochemical barrier, through multiple transport systems,
regulates molecular traffic to supply nutrients to and remove waste products from
the brain (Abbott, 2005). Through these processes, the BBB helps not only to
regulate the microenvironment of the brain, but also to protect its most important
cells, the neurons and glia.

The physical components of the blood-brain barrier are provided in the form
of endothelial cells and their specialized network of tight junction proteins. These
tight junctions occlude the intercellular space normally present between
endothelial cells, and provide a structural hindrance to paracellular diffusion of

molecules into the brain interstitial fluid (Figure 1.9) (Abbott et al., 2006). Tight
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junctions are so limiting that even the movement of small ions like sodium and
chloride is restricted (Abbott et al., 2006). The family of claudin proteins that make
up these tight junctions further restrict permeability of larger molecules that might
otherwise be able to penetrate the brain (Noell, Mack, Wolburg, Wolburg-
Buchholz, & Fallier-Becker, 2011). Astrocyte-based secretion of Sonic hedgehog
signal to endothelial cells expressing Hedgehog receptors is known to be
responsible for the promotion and sustainability of BBB functional integrity (Alvarez
et al., 2011). The functional consequences of BBB physicality were first visualized
more than 100 years ago, when scientists observed that certain dyes, upon
injection in the vascular system, stained all organs but the brain and spinal cord
(Ehrlich, 1904). Complementary follow-up studies demonstrated that the same
dyes, injected into cerebrospinal fluid, stained only CNS tissue (Goldmann, 1913).
These experiments established a physical barrier that would one day become
attributed to endothelial cell tight junctions of the blood-brain barrier.

As a consequence of the physical attributes of the BBB that largely prevent
paracellular trafficking between cells, most molecules move transcellularly from
the blood into the brain. This trafficking is accomplished by a series of transporter
proteins located on both the luminal and abluminal membranes of the vasculature
(Deeken & Loscher, 2007). These transporters bind substrates selectively and
function not only to limit the penetrance of molecules into the brain, but also to
efflux molecules to the bloodstream that have already accessed the brain. The
brain endothelial transporters providing nutrients include glucose carriers, amino

acid carriers, ion transporters, and transporters for nucleosides, nucleobases, and
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many other substances (Begley & Brightman, 2003). In cases where compounds
need to be ferried against a concentration gradient, transporters powered by
adenosine triphosphate (ATP) frequently help to facilitate this movement (Abbott
et al., 2006). This family of transporters, known as the ATP-binding cassette (ABC)
transporters, include 48 human members and encompass a wide variety of
functions (Robey, Massey, Amiri-Kordestani, & Bates, 2010). Of these 48
members, many have well-established roles in drug resistance; the two best
studied ABC transporters are P-glycoprotein (P-gp) and Breast Cancer Resistance
Protein (BCRP) for their prominent roles in drug efflux (Agarwal et al., 2011b). Both
transporters have broad and partly overlapping substrate specificities that include
a wide variety of drugs in almost every therapeutic class (Agarwal, Hartz, EImquist,
& Bauer, 2011a). The presence of these transporters at the BBB is thought to
provide a major impediment to drug delivery in the treatment of malignant glioma
(Agarwal et al., 2011a).

The BBB is disrupted in many different neuropathologies. In brain tumors,
downregulation of tight junction proteins like claudin 1/3 cause the breakdown of
tight junctions and the subsequent development of leaky vasculature (Abbott et al.,
2006; Noell et al., 2011). Leaky blood vessels allow the permeation of large
molecules into the brain tumor, which explains why even unresectable brain
tumors respond to chemotherapy to some extent (Fazeny-Dérner et al., 2003).
Unlike the bulk tumor, invasive cells reside behind an intact BBB and therefore
remain largely inaccessible by chemotherapeutics (Figure 1.10) (Agarwal, Sane,

Oberoi, Ohlfest, & Elmquist, 2011). Antiangiogenic therapy that restores the BBB
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provides a similar effect to the bulk tumor and limits the delivery of concurrently
administered chemotherapeutics (Claes et al., 2008). The same protection the
BBB affords to the brain to prevent toxic insult also limits the delivery of helpful

drugs capable of targeting a tumor.

1.11 GBM Therapeutics in the Clinical Pipeline

The development of novel therapeutics for GBM remains a significant
challenge. The heterogeneous nature of the disease makes appropriate targeting
a formidable task; even if a list of appropriate targets could be generated, very few
of them would be considered “druggable” or “ligandable” by conventional medicinal
chemistry approaches (Patel, Halling-Brown, Tym, Workman, & Al-Lazikani,
2013). Although sometimes used interchangeably, “druggability” refers to the
likelihood of finding a bioavailable small molecule to binds a particular target with
the capability of modifying its function, while “ligandability” refers to the ability of a
molecule to bind its target with high affinity (Edfeldt, Folmer, & Breeze, 2011).
Druggability is often deemed the more difficult parameter to address in cancer
therapeutics for two reasons: (1) many of the genes mutated in cancer are tumor
suppressor genes, and it is strategically more challenging to appropriately restore
appropriate levels of function to a hypoactive or absent protein than it is to inhibit
hyperactive function; and (2) targets must be selected relatively downstream within
a molecular pathway because a common mechanism of drug resistance is the
mutation of a gene located downstream in the same molecular pathway that

restores pathological functioning (Wang, Han, Mousses, & Von Hoff, 2006). For
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these reasons, investigation into inhibitors of PISK, MDM2/4, and CDK4/6 are
highly valued against GBM; two dual PISBK/mTOR inhibitors will be discussed at
length in subsequent chapters of this dissertation.

In the event a therapeutic is able to engage its intended target effectively
and with high affinity, the BBB may further present an obstacle to that therapy’s
potential efficacy by limiting its delivery in the brain. Determining brain penetrance
prior to clinical trials is therefore of paramount importance. It is well established
that a brain penetrant compound must be small in size (<400 Daltons) and
relatively lipophilic (<8 hydrogen bonds) (Pardridge, 2007), but it must also exhibit
minimal liability for efflux, a concept to be addressed further in Chapter 2 and again
in Chapter 3 in the context of anti-angiogenic therapy.

As the search continues for new products to combat GBM, two important
therapeutic classes are beginning to gain considerable attention in clinical trials:
immunotherapies and agents targeting glioma stem cell populations. As of June
2015, the clinical pipeline of GBM therapeutics included four Phase Ill products,
forty-eight products in Phase II, and twenty-one products in Phase | (Hedden,
2014). The only four therapies to reach Phase Il clinical trial status were
immunotherapies, while anti-stem cell therapies as a class are not yet mature
enough to have reached Phase lll trials (Hedden, 2014). Both modes of therapy
hold significant therapeutic potential. Toward this understanding, Chapter 4 of this
dissertation describes preclinical testing of one particular drug known to target

cancer stem cell populations in the context of malignant glioma.
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1.12 Statement of Problem & Research Plan

At the end of 2015, the world’s preeminent website for tracking and
organization of clinical trials, clinicaltrials.gov, has logged over 1,000 clinical
studies under the search phrase, “glioblastoma multiforme.” This website has been
active since the year 2000, which means that clinicians the world over have
conducted approximately 68 trials per year on average. In that time, a span of 15
years, only one study has successfully produced a new treatment that has
influenced the standard of care in GBM (Stupp et al., 2005). Over that same time
period, the National Institute of Health initiated a new program to sequence and
characterize the genetic mutations giving rise to the disease: the Cancer Genome
Atlas (McLendon et al., 2008a). These efforts provided concrete targets for novel
therapeutic applications and still, only minimal progress has been made. The best
treatments known to science afford only five additional months’ survival benefit
over untreated patients (Stupp et al., 2005; Walker et al., 1979). Collectively,
however, survival for patients diagnosed with GBM is a dismal fourteen months

(Stupp et al., 2005). Fourteen months is not enough time.

One productive trial in 1,000 is a success rate of 0.01%. It is also a failure rate of
99.9%. In recognition of this bleak statistic, scientists need not only focus on
determining newer, better therapies, but also on understanding why so many
previous efforts have failed. These failures underlie not only the complexities of
the disease, but also the intricacies of the brain, itself. It is my hypothesis that

targeted therapeutics have failed in the treatment of malignant glioma due to the
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invasiveness of disease, its genetic heterogeneity, and insufficient delivery of

drugs.

In the following chapters, | will describe the importance of chemotherapeutic brain
penetrance in treating GBM (Chapter 2). | will also denote the negative impact of
anti-angiogenic therapy on concurrent chemotherapeutic delivery and efficacy in
the disease (Chapter 3). Finally, | will demonstrate the importance of appropriate
target selection in development and application of chemotherapeutics treating

GBM (Chapter 4).
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Figure 1.1

World Health Organization classification of glioma by histological presentation.
Grade | tumors are often considered benign and Grade IV are thought to be the
most malignant and most lethal form of disease. Figure from (Eckley & Wargo,

2010).
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Figure 1.1

Grade

Comments

Grade | mumor (juvenile
pilocytic astrocytoma)
Grade Il tumor
{astrocytoma)

Crade I tumor
{anaplastic astrocytoma)

Grade IV umor
{gliohlastoma)

Benign, slow-growing mamor; usually associared
with long-term survival; least likely to recur
Increased hypercellularnity; no mitosis;

no vascular proliferation; no necrosis;

can recur as a higher-grade tumor

High rate of hypercellularity; high rate of
mitosis; no vascular proliferation; no necrosis;
high rate of tumor recurrence

Very high rate of hypercellularity; very high
rate of mitosis; presence of vascular proliferation;
presence of necrosis
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Figure 1.2

Generation of primary and secondary GBMs. Generation of primary and secondary
GBMs are thought to arise through different mechanisms. Primary GBMs are
thought to occur through the acquisition of numerous genetic mutations with the
initial clinical phenotype presenting as a glioblastoma. Secondary GBMs, in
contrast, are thought to occur through the gradual acquisition of mutations over
time that give rise to different phases of glioma over time. Figure from (Ohgaki &

Kleihues, 2013).
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Figure 1.2
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Figure 1.3

Developmental theories of gliomagenesis. Developmental theories of
gliomagenesis encompass two main tracts, although they are not mutually
exclusive of each other. Glioma are thought to arise either from (1) immature
neural stem or glial precursor cells or (2) from mature and differentiated glial cells.

Figure from (Goncalves et al., 2013).
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Figure 1.3
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Figure 1.4

CD133+ cells give rise to a tumor with varied populations of cells. (A) Staining for
CD133+ is inconsistent within a tumor, suggesting that only subpopulations are
express this marker. (B) Undifferentiated CD133+ populations (black arrow)
coexist with differentiated GFAP+ cells (red arrow). (C) An initial population of cells
selected for CD133 positivity can be specifically implanted into an animal and the
tumor resulting from the animal has cells shown in (D) that are largely CD133-,
thereby confirming the multipotency of the original CD133+ population. (E) Limiting
dilution studies and proliferation assays (F) demonstrate that CD133+ populations
exhibit growth characteristics typical of stem cells including growth in

neurospheres and a high proliferative capacity. Figure from (Singh et al., 2004).
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Figure 1.4
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Figure 1.5

TCGA provided data implicating three highly active pathways in glioblastoma:
RTK/Ras/PI3K, p53, and RB. Variable components are mutated within each of the
pathways but provide with similar functional outputs that favor growth and
proliferation and disfavor apoptosis and senescence. Figure from (McLendon et

al., 2008a).
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Figure 1.5
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Figure 1.6

Heat map of molecular signatures giving rise to four distinct cohorts of
glioblastoma. Each subtype expresses a particular set of markers characteristic to
a specific cell type, which has influenced the pathological nomenclatures. These
patterns have been observed in (A) TCGA core samples and (B) validated in a
separate set of samples as well as in (C) xenografts. Figure from (Verhaak et al.,

2010).
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Figure 1.6
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Figure 1.7

Clonal evolution of glioblastoma. Maintenance and growth of specific populations
is under selective pressure and can be favored or disfavored by the tumor’'s
microenvironment. This process can be visualized via a heterogeneous population
of cells that is (A) devoid of stem cells or (B) inclusive of stem cells. Figure adapted

from (Inda et al., 2014).
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Figure 1.7

Selective pressure
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Figure 1.8

RANO criteria determine the classification of response to treatment in malignant
glioma. Complete response (CR), partial response (PR), stable disease (SD), and
progressive disease (PD) are defined in the context of image enhancement,

corticosteroids, and clinical status. Figure from (Fink et al., 2015).
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Figure 1.8

Summary of RANO Response Criteria for High-Grade Gliomas

Criterion CR PR SD PD

T1-weighted gadolinium- None =50% decrease <50% decrease and =25% increase*

enhancing disease <25% increase
T2/FLAIR Stable or decreased Stable or decreased Stable or decreased Increased”
New lesion None None None Present”
Corticosteroids None Stable or decreased Stable or decreased NAt
Clinical status Stable or improved Stable or improved Stable or improved Worsened*
Requirement for response All of above All of above All of above Any of above

“Progression occurs when this criterion is present.

fincrease in corticosteroids alone will not be considered in determining progression in absence of persistent clinical deterioration.

CR = complete response; PR = partial response; SD = stable disease; PD = progressive disease; FLAIR = fluid-attenuated inversion
recovery; NA = not applicable
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Figure 1.9

The blood-brain barrier is composed of both physical and biochemical
components. The physical component is best represented by tight junctions
present in endothelial cells (A) and (B) while the biochemical component is
illustrated in part by a variety of transporter proteins (A). Figure from (Abbott et al.,

2006).
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Figure 1.9
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Figure 1.10

Invasive glioma cells lie behind an intact blood-brain barrier. Behind an intact BBB,
these cells are relatively inaccessible by therapeutics. This figure illustrates drug
delivery in (A) a normal tumor environment, (B) a state following surgical resection
of the bulk tumor identified during imaging and (C) an ideal scenario where high

levels of drug permeate the brain in its entirety. Figure from (Agarwal et al., 2011).
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Figure 1.10
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Expert Reviews in Molecular Medicine © 2011 Cambridge University Press
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The Influence of Active Efflux at the BBB on the PK/PD Properties of Dual

PIBK/mTOR Inhibitors in the Treatment of Malignant Glioma
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2.1lIntroduction

Glioblastoma multiforme (GBM) is the most commonly diagnosed primary
tumor of the central nervous system, with 15,000 new cases diagnosed annually
in the United States (Schwartzbaum et al., 2006). Median survival for patients
diagnosed with GBM is only 14 months, and has not improved in recent years
despite major advances in molecularly-targeted therapeutics (Stupp et al., 2005).
Knowledge of the genetic and molecular mechanisms driving GBM and other types
of cancers has led to the creation of targeted kinase inhibitors; despite such
specific targeting, such drugs have not been clinically successful. These failures
in clinical trials are often attributed to ineffective drugs, poor target selection, or
various molecular mechanisms of resistance (Haar et al., 2012; Wilson,
Karajannis, & Harter, 2014). Unfortunately, there has been limited consideration of
drug delivery in the treatment of GBM and the inability of these drugs to effectively
reach their targets.

Delivery of chemotherapeutics to the brain remains a significant challenge
in the treatment of GBMs because of the tumor’s invasive nature. Advanced
imaging techniques demonstrate the presence of invasive cells that protected by
an intact BBB and therefore remain largely inaccessible to chemotherapeutics
(Figure 2.1). These imaging modalities that show changes in the BBB and extent
of tumor invasiveness have been previously described (Pafundi et al., 2013). T1-
gadolinium contrast enhanced (T1-CE) MR is limited in detecting only the core
tumor mass where the BBB is disrupted (Karunanithi et al.,, 2013) and cannot

detect invasive glioma cells in surrounding areas, where the BBB remains intact
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(middle panels, Figure 2.1A and 2.1B). Alternatively, *®F-DOPA PET (right panels,
Figure 2.1A and 2.1B) and T2-weighted fluid-attenuated inversion recovery (T2-
FLAIR) MR scans (left panels, Figure 2.1A and 2.1B) delineate a larger volume
of tumor than T1-CE in the same patients (quantified signal volumes in Figure 2.2).
Because glioma detection and the extent of malignant regions for surgical
resection are primarily determined through contrast enhancement on T1-CE
(Pafundi et al., 2013), some portion of the tumor is invariably left behind during
surgery (Figure 2.1B). These images from glioma patients clearly demonstrate the
need for chemotherapeutics capable of accessing invasive glioma cell populations
that lie behind the protection of an intact BBB.

The design of brain penetrant drugs has traditionally addressed several key
molecular characteristics including size, charge, lipophilicity, polarity, and
molecular flexibility (Gabathuler, 2010; Pardridge, 2007). However, the affinity for
drug efflux transporters is rarely considered despite recent advances in
computational modeling that predict with 90% accuracy a molecule’s efflux pump
substrate affinity from its molecular structure (Levatic et al., 2013). This recent
work has led to the identification of pharmacophores specific to substrates and
non-substrates. Examples include amines and aromatic rings for “effluxophores”
and aliphatic rings or saturated aliphatic chains for “anti-effluxophores” (Levatic et
al., 2013). The designation and nomenclature associated with these
pharmacophores should serve as a guiding tool in the development of brain-

penetrant pharmaceutics.
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The purposes of this study were to compare two dual PI3K/mTOR inhibitors
with different affinities for P-gp and BCRP with respect to their BBB penetration to
specific regions of tumor and to determine how these tumor delivery differences
translate to molecular targeting efficacy and survival. An understanding of this
mechanism in different regions of the brain tumor will allow us to develop
compounds and novel therapeutics that can be more effective against invasive
GBM, i.e., those tumor cells that are left behind following resection (Berens &
Giese, 1999). We hypothesized that the strategic re-design of GDC-0980, a
compound with high affinity for the described BBB efflux pumps, into a low-affinity
oxetane derivative, GNE-317 (Heffron et al., 2012), would mediate not only
increased brain penetrance, but also a greater ability to inhibit PISK/mTOR
pathways and improve survival in the GL261 model. Inhibition of these targets in
particular is an important clinical goal since these pathways drive GBM growth and
development (McLendon et al.,, 2008a; Sami & Karsy, 2013). In our work, we
characterized the differential pharmacokinetic and pharmacodynamic properties of
these compounds in vivo. Our data show that decreasing the substrate affinity for
P-gp and BCRP increases brain penetrance and improves inhibition of the targeted
signaling pathways. Collectively, these data suggest that brain-penetrant
molecularly-targeted anticancer agents may be more efficacious in glioma if they
demonstrate minimal substrate affinity for BBB efflux transporters, and the targeted
agents are appropriate for the genetic drivers of tumor growth. Furthermore, the
advent of such drugs may be derived from existing compounds rather than being

synthesized de novo.

57



2.2 Materials and Methods
2.2.1 Animal Care

All procedures were carried out in accordance with the guidelines set by the
Principles of Laboratory Animal Care (NIH, Bethesda, MD) and were approved by
the Institutional Animal Care and Use Committee (IACUC) of the University of
Minnesota (Minneapolis, MN). Animals were allowed food and water ad libitum.
Female C57BL/6J mice were purchased from Jackson Laboratory. FVB/n wild-
type (WT), Mdrla/b-/- (P-gp knockout (PKO) mice), Bcrp-/- (BCRP knockout (BKO)
mice), and Mdrla/b’Bcrp’- mice (triple knockout (TKO) mice) were all purchased

from Taconic Farms Inc.

2.2.2 Chemicals and Reagents

GDC-0980 and GNE-317 were provided by Genentech Inc. Drugs were
suspended in dimethylsulfoxide (DMSO) for in vitro studies and in a vehicle of 0.5%
methyl cellulose with 0.2% Tween 80 for in vivo work. Ammonium formate and
acetonitrile were high performance liquid chromatography (HPLC) grade and were
procured from Sigma-Aldrich (St. Louis, MO). Texas Red Dextran 3000 MW (TRD)

was purchased from Molecular Probes (Invitrogen).

2.2.3 Tissue Culture

GL261 is an aggressive C57BL/6J-derived glioma line (Newcomb &

Zagzag, 2009). This cell line was a kind gift from Dr. John Ohlfest (University of
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Minnesota, Minneapolis, MN) and was transfected with both green fluorescent
protein (GFP) and luciferase (Luc) from separate plasmids using methods
described previously (Wu, Oh, Ericson et al., 2007). The resultant monoclonal
GL261-GFP-Luc cells were maintained in DMEM supplemented with 10% FBS and
penicillin/streptomycin (100 U/mL) and were cultured at 5% oxygen. Cell selection
used 4 mg/ml puromycin (Invivogen) and 4 mg/ml G418 (Invivogen). Cellular
viability assays were set up in a 96-well format with 2000 cells plated per well in
the culture conditions described above. Cells were incubated in the presence of
drug or vehicle for 48 hours and viability was assessed by MTS assay (Promega)
according to the manufacturer’s instructions. Absorbance at 490 nm was used to
determine viability and at 650 nm to account for background using a Synergy Mx
automated plate reader (BioTek). Numerical values from drug-treated wells were

normalized to the values of vehicle-treated wells to yield percent survival.

2.2.4 Intracranial Tumor Implantation

Gliomas were established by intracranial inoculation of 30,000 GL261-GFP-
Luc cells in 1 yL volume to 7-week-old C57BL/6J mice as previously described
(Wu, Oh, Gharagozlou et al., 2007). Cells were prepared for inoculation by
culturing to subconfluence and washing with phosphate-buffered saline (PBS),
followed by trypsinization and filtration through a 40 um mesh, and resuspended
in sterile PBS. Animals were anesthetized with an intraperitoneal (i.p.) injection of
a ketamine/xylazine cocktail (53.7 mg/mL and 9.26 mg/mL xylazine delivered 1

mL/kg) before surgery. Cells were injected into the right ventral striatum at
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coordinates 2.5 mm lateral and 0.5 mm anterior from the bregma at a ventral depth
of 3 mm from the surface of the brain (Wu et al., 2007). Cells were injected at a
continuous rate of 0.2 pL/min over 5 minutes. The progression of tumor growth
was determined through bioluminescence imaging using the IVIS50 system
(Caliper Life Sciences) after an i.p. injection of 100 pl of 28.5 mg/ml d-luciferin
(substrate for luciferase enzyme, Gold Biotechnology) 10 minutes before imaging
(Ohlfest et al., 2005). Animals were sedated using 2-5% isoflurane provided by
nose cones within the imager. In survival studies, mice that became moribund were

euthanized with carbon dioxide.

2.2.5 Blood-brain Barrier Imaging

When tumors reached a signal of 5e8 p/sec/cm?/sr, C57BL/6J mice bearing
GL261-GFP-Luc tumors were given an intravenous (i.v.) injection of 1.5 mg/ml
Texas Red-dextran (TRD) (3000 MW, Life Technologies) (Agarwal et al., 2012).
After 10 minutes, animals were euthanized with carbon dioxide and perfused with
10 ml PBS over one minute. Brains were harvested and flash frozen in isopentane
(-80°C). Brains were sliced on a cryostat into 20 um sections and mounted on
charged glass slides. Sections were imaged using the GFP and Texas Red filters
of a Leica DMI 6000B microscope. Images were acquired in grayscale using an
associated Retiga 2000R camera (Qlmaging) at a variety of exposure times; the
different exposure times were necessary to increase visualization in the smaller
tumor-bearing slices and to prevent signal saturation in the larger tumor-bearing

slices. The individual images were acquired using QImaging QCapture Pro v 6.0
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software, compiled (Microsoft Image Composite Editor), and synthetically colored

(Adobe Photoshop).

2.2.6 Steady-state Pharmacokinetics

The steady-state brain-to-plasma ratios for both GDC-0980 and GNE-317
were determined using Alzet osmotic minipumps (model 1003D, Durect
Corporation) in FVB/n mice. The minipumps were filled with 100 pl of either a 5
mg/ml solution in DMSO of GNE-317 or a 10 mg/ml solution in DMSO of GDC-
0980. On the day of the experiment, mice were anesthetized using 5% isoflurane
and maintained under anesthesia with 2% isoflurane during surgery. The pumps
were surgically implanted in the peritoneal cavity of the mice, after which the mice
were allowed to recover on a heated pad. The pumps yielded a constant
intraperitoneal infusion of 5 ug GNE-317/hr or 10 ug GDC-0980/hr. For GDC-0980,
additional steady-state analyses were carried out in PKO, BKO, and TKO mice.
After 48 hours (greater than 5 half-lives for either drug), animals were euthanized
and both blood and brain were harvested and processed as described previously
(Oberoi, Mittapalli, & EImquist, 2013). Briefly, whole brains were rapidly removed,
rinsed with ice-cold saline, blotted dry and transferred to pre-weighed tubes.
Plasma was obtained by centrifuging the blood at 3500 rpm for 15 minutes at 4°C.
Plasma and brain specimens were stored in -80°C until analysis by HPLC-tandem

mass spectrometry (HPLC-MS/MS).
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2.2.7 Quantification of GNE-317 and GDC-0980 in Brain and Plasma by LC-
MS/MS

The plasma and brain concentrations of GNE-317 and GDC-0980 were
determined using HPLC-MS/MS. On the day of the analysis, frozen brain samples
were thawed at room temperature and brain weights were determined. Samples
were homogenized using 3 volumes of 5% ice-cold bovine serum albumin
prepared in phosphate-buffer saline (PBS) (pH = 7.4). Brain concentrations were
corrected for the residual drug in brain vascular space (H. Dai, Marbach, Lemaire,
Hayes, & EImquist, 2003). Drug concentrations in GNE-317 alone or GDC-0980
alone treated groups were analyzed as follows: 100 pL of plasma or 200 pL of
brain homogenate samples were placed in microcentrifuge tubes containing 10 uL
of 2 ug/mL of internal standard (GNE-317: AG1478 (4-[3-chloroanilino]-6,7-
dimethoxyquinazoline) or GDC-0980: dasatinib, free base) and extracted via
vigorous vortexing with 500 pL of ice-cold ethyl acetate. Following centrifugation
at 7500 rpm for 15 minutes at 4°C, 400 uL of the supernatant was transferred to
microcentrifuge tubes and dried under nitrogen. Dried samples were re-constituted
with 100 uL of mobile phase for GNE-317 (60:40:0.1, v/iv%, 20 mM ammonium
formate, pH 3.5: acetonitrile: formic acid) or GDC-0980 (72:28:0.1, v/v/iv%, 20 mM
ammonium formate, pH 3.5: acetonitrile: formic acid) and transferred to glass
autosampler vials. The chromatographic system consisted of Agilent Technologies
model 1200 HPLC system (Santa Clara, CA). Separation of the analyte was
achieved using Agilent ZORBAX XDB Eclipse Cis column (4.6 x 50 mm, 1.8 um).

The LC-system was linked to TSQ Quantum triple quadrupole mass spectrometer
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(Thermo Finnigan) and data analysis was performed using Xcalibur software. The
instrument was equipped with selected reaction monitoring (SRM) mode with an
electrospray ionization source operated in positive ion mode at a spray voltage of
5000 V for both GNE-317 and GDC-0980. The mobile phase flow rate was 0.25
mL/min. The mass-to-charge transitions were programmed for: GNE-317 (415.11
- 385.13) and internal standard AG1478, (317.03 - 300.98) and GDC-0980
(499.24 - 340.98) and internal standard dasatinib (499> 401). The assays were
both linear over a range of 1.9 ng/ml to 1000 ng/ml with a coefficient of variation

lower that 20% for all samples throughout both assays.

2.2.8 Regional Distribution of GDC-0980 and GNE-317 in GL261 Tumor-
Bearing Mice

GL261-GFP-Luc cells were implanted in 7-week-old C57BL/6J mice. When
tumors reached 5e7 photons/sec/cm?/sr (radiance), animals were orally
administered the maximum tolerated dose of GDC-0980 (7.5 mg/kg), GNE-317 (30
mg/kg) or vehicle once a day for three days. The maximum tolerated doses were
defined as the greatest dose that could be administered to mice with <10% drop
in bodyweight. Even at these different doses, both doses provide similar plasma
concentrations, and thus, the same overall systemic exposure. At 1 or 6 hours after
the third dose, mice were euthanized with carbon dioxide and perfused with 30 ml
PBS. With the aid of GFP goggles (Biological Laboratory Equipment), brains were
dissected into tumor core, tumor rim, and normal brain tissue (Agarwal et al.,

2012). Tissue samples and blood were processed as described above and tissue
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specimens from each group were analyzed for drug concentrations using LC-

MS/MS.

2.2.9 Immunohistochemistry

GL261-GFP-Luc cells were implanted in 7-week-old C57BL/6J mice. When
tumors reached bioluminescence radiance of 5e7 p/sec/cm?/sr, mice were
randomized into three groups (n=5-6 animals/group): (a) control (vehicle treated,
p.o.), (b) GDC-0980 (7.5 mg/kg, p.o.), and (c) GNE-317 (30 mg/kg, p.o.). Drug
solutions were prepared and administered once per day for three days as
described above. All mice were anesthetized with carbon dioxide 1 or 6 hours after
the third dose and perfused with 30 ml PBS. Brains were harvested and stored in
10% buffered formalin for 48 hours and then switched to 70% ethanol until
processing. Formalin-fixed, paraffin-embedded brains were sectioned at 5 ym
thickness and then heat-fixed onto charged glass slides for staining. Following
deparaffinization and rehydration, antigen epitopes on tissue sections were
exposed using an unmasking solution (Vector Laboratories). Tissue section slides
were then exposed to 3% hydrogen peroxide to remove endogenous peroxidases.
Blocking was conducted with 3% bovine serum albumin (BSA) in a humidified
chamber overnight at 4°C. Sections were then treated with primary antibody (Akt,
1:200, Cell Signaling; p-AktSe73, 1:50, Cell Signaling; 4EBP1, 1: 1000, Cell
Signaling; p-4EBP1™37/46 1:1000, Cell Signaling; S6, 1:100, Cell Signaling; p-
SESer235/236 1:50, Cell Signaling) in 1% BSA and allowed to incubate overnight at

4°C in a humidified chamber. After primary incubation, sections were PBS-washed
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before incubating with 1:200 biotinylated goat anti-rabbit secondary antibody
(Vector Laboratories) for 1 hour at room temperature. Sections were washed twice
in PBS before a 30-minute application of an avidin/biotinylated enzyme complex
conjugated to horseradish peroxidase (Vectastain Elite ABC kit, Vector
Laboratories). After two washes in PBS, the sections were treated with freshly
prepared 3,3'-diaminobenzidine substrate prepared according to the
manufacturer’s instructions (Vector Laboratories) and allowed to develop. Once a
discernible signal was obtained, the reaction was stopped by placing slides in
water. Finally, sections were counter-stained with hematoxylin, dehydrated,
cleared in xylenes, and mounted in Permount (Fisher Scientific). Images were
acquired in color with a Nikon AZ100 Macrofluorescence microscope. NIS-
Elements software (Nikon Instruments, Inc.) was used to automatically stitch

individual pictures.

2.2.10 Statistical Analysis

The unpaired two-sample t-test was used to compare between two groups.
One-way ANOVA, followed by Bonferroni’s test was conducted to test for
significance among multiple groups. Significance was declared at p<0.05 for all
tests. All tests were done using GraphPad Prism 5.01, San Diego, CA. Survival
probabilities were estimated using Kaplan Meier survival curves, and the treatment

groups were compared using the log-rank test.
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2.3 Results
2.3.1 The GL261 Glioma Model is Characterized by Heterogeneous Blood-
brain Barrier Disruption

Invasiveness of the GL261 model has already been established (Newcomb
& Zagzag, 2009) and is even present on a macroscopic scale (Figure 2.3A). BBB
disruption has been assessed in this model using T1-CE MRI (Leten, Struys,
Dresselaers, & Himmelreich, 2014), but microscopic dye-based permeability
studies provide a higher spatial resolution of these patterns of BBB disruption. In
humans, BBB disruption is not homogeneous within the central tumor mass (see
Figure 2.1, middle panel); rather, the tumor core displays heterogeneous
disruption while the tumor rim, i.e., the invasive edge, demonstrates an intact BBB
(Deeken & Loscher, 2007). To determine whether the GL261 model displays
comparable deficits, a 3 kDa Texas Red dextran (TRD) permeability marker was
injected into mice intravenously and allowed to circulate for 10 minutes.
Penetrance of the dye was assessed in proximity to the GFP-positive tumor cells
using fluorescence microscopy. Analysis reveals that at all tumor sizes, TRD
accumulates heterogeneously at the center of the tumor mass with little to no
accumulation at the tumor rim (Figures 2.3B, 2.3C). This animal model therefore

recapitulates the patterns of BBB disruption seen in human GBM.
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2.3.2 GNE-317 Exhibits Similar Cytotoxic Activity and Greater Brain
Penetrance than GDC-0980

GNE-317 is an oxetane derivative of GDC-0980 synthesized with the goal
of reducing substrate affinity for efflux transporters (Heffron et al., 2012). Despite
the molecular changes at the piperizine group, both compounds retain the same
molecular backbone including the morpholino and 2-aminopyrimidyl groups
(Figure 2.4A). In vitro, GDC-0980 and GNE-317 demonstrate similar profiles in
MTS cytotoxicity experiments using the GL261 cell line. These results suggest that
the retained molecular structure common to both drugs allows for similar
interactions with PIS3K and mTOR targets (Figure 2.4B). The steady-state
distribution of each drug to the brain was determined in mice implanted with mini-
osmotic pumps that provided a continuous intraperitoneal infusion of either GDC-
0980 or GNE-317. Both wild-type and TKO (Mdrla/b’ Bcrp”-) mice were used to
ascertain the influence of P-gp and BCRP on the transport of drug across the BBB
(Figure 2.5). After 48 hours of drug exposure, blood and brains were harvested
and analyzed via LC-MS/MS.

In animals dosed with GDC-0980, the steady-state brain-to-plasma ratio
was 0.1 = 0.02 in wild-type mice and 1.03 £ 0.27 in TKO mice, a ten-fold increase
in brain distribution when both P-gp and BCRP are absent (Figure 2.4C). In
contrast, the brain-to-plasma ratios in animals dosed with GNE-317 were similar
between wild-type and TKO mice (0.81+0.28 vs. 0.98 + 0.78) (Figure 2.4D).
Collectively, these data indicate that P-gp and BCRP act in a concerted fashion to

efflux GDC-0980, but not GNE-317, and the absence of these transporters in TKO
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mice results in a dramatic enhancement in brain distribution of GDC-0980. Further
evaluation of GDC-0980 in PKO and BKO mice show that P-gp plays a dominant

role in restricting brain distribution over BCRP (Figure 2.6).

2.3.3 GNE-317 Penetrates Regions with Invasive Cells More Effectively Than
GDC-0980

Brain penetrance of many targeted agents will be expected to differ between
regions with a disrupted BBB (like the tumor core) and regions with an intact BBB
(like the tumor rim). We sought to determine whether drug distribution might also
be affected by affinity for P-gp and BCRP a tumor-bearing animal. C57B6/J mice
were intracranially inoculated with GL261-GFP-Luc cells and tumor growth was
tracked through bioluminescence imaging. When tumors reached 5e7 radiance,
animals were orally administered the maximum tolerated dose of GDC-0980 (7.5
mg/kg), GNE-317 (30 mg/kg) or vehicle once a day for three days. These doses
resulted in the same level of total systemic exposure, allowing us to readily
compare experimental differences in region-specific brain exposure between
treated groups.

Mice were euthanized 1 or 6 hours after the final drug administration and
brains were dissected into core, rim, and normal brain as denoted in Fig. 2A and
analyzed by LC-MS/MS. Concentrations of GDC-0980 were significantly different
between the various regions of the brain. The mean GDC-0980 brain concentration
was 720 * 280 ng/g in the tumor core, 160 = 100 ng/g in the rim and 78 + 37 ng/g

in the contralateral hemisphere at 1 hr post last oral dose (Figure 2.7A). A similar
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trend was observed 6 hours after the last drug administration. Concentrations in
the tumor core (200 + 110 ng/g) were higher than in the rim (40+ 20 ng/g) and the
contralateral hemisphere (70 + 40 ng/g) (Figure 2.7A). Even in the tumor core, the
brain-to-plasma ratios demonstrate poor brain penetrance of GDC-0980 (Figure
2.7C). In contrast, brain concentrations of GNE-317 were not significantly different
in the tumor core, rim and normal brain (Figure 2.7B). The corresponding brain-
to-plasma ratios at both 1hr and 6 hr for the three regions of the brain suggest that
active efflux by both P-gp and BCRP does not influence brain tumor penetrance of
GNE-317 (Figure 2.7D). Collectively, these data highlight the importance of
substrate affinity for efflux transporters as a key determinant of drug penetrance in
various regions of malignant glioma, even in the central tumor mass, where there

is an impaired BBB.

2.3.4 GNE-317 Inhibits PIBK/mTOR Pathways More Effectively than GDC-
0980

To determine whether brain penetrance correlates with inhibition of
signaling pathways at the tumor and surrounding rim, we used
immunohistochemistry to visualize the ability of each drug to inhibit PI3K and
mMTOR signaling. Tumor-bearing mice were administered three doses of drug or
vehicle over three days once bioluminescence signals reached 5e7 radiance. One
hour after the third dose, animals were euthanized and brains were processed and
sliced for staining. Immunohistochemistry focused on downstream targets of the

PISK/mTOR signaling pathway (p-AktSer473, p-S6Ser?35236 gand p-4EBP1Th37/46)
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(Sami & Karsy, 2013). Representative stained brain slices are shown in Figure
2.8. Untreated mice show high intensity staining of p-S6S¢235236 - AEBP1T37/46
and, to a lesser extent, p-AktS¢™73 within the tumor (Figure 2.8). In particular, p-
S65er235/236 staining is more diffuse within the backgrounds of the brain slices, which
is consistent with normal brain mTOR activity. Animals treated with GDC-0980
show decreased staining for p-AktSe#73, put relatively unchanged staining for p-
S65e1235/236 gand p-4EBP1™37/46. In contrast, mice treated with GNE-317 show
substantial reductions in staining intensity within the tumor across all three
phospho-proteins. Importantly, GNE-317 reduced p-S6 staining not only within the
tumor, but also in the surrounding normal brain (Figure 2.8B). Six hours after
dosing, the inhibitory effects of both drugs are largely absent in p-Akt and p-4EBP1
slices, but p-S6 staining is still reduced in mice treated with GNE-317 (Figure 2.9).
No differences are seen in staining patterns using nonphosphorylated antibodies
(Akt, S6, 4EBP1) 1 or 6 hours after dosing (Figures 2.10 and 2.11), suggesting
that overall protein levels remain the same and the changes seen in levels of
phospho-proteins between conditions are accurate. These data suggest that
differences in substrate affinity for efflux transporters not only impacts brain

penetrance (Figure 2.7), and hence, molecular target engagement.

2.3.5In Vivo Efficacy of GDC-0980 and GNE-317
We next sought to determine how the differences in pharmacokinetics and
pharmacodynamics observed between GDC-0980 and GNE-317 would impact

tumor growth and survival. Seven days after intracranial inoculation with GL261-
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GFP-Luc cells, mice were treated once daily with the maximum tolerated dose of
GDC-0980 (7.5 mg/kg), GNE-317 (30 mg/kg) or vehicle. For GL261, tumor growth
was tracked through bioluminescence imaging on a weekly basis (Figure 2.12A).
There were no significant changes in GL261 tumor growth among the three
groups. In assessing survival benefits in GL261, neither GDC-0980 nor GNE-317
provided survival benefit over the vehicle-treated animals (Figure 2.12B). The fact
that these drugs were not effective in vivo is suggested by the in vitro cytotoxicity
data showing that the drugs have limited efficacy in inducing cell death in the
GL261 cell line (Figure 2.4B). Neither drug is effective in the GL261 tumor in spite

of greater delivery and enhanced therapeutic targeting efficacy of GNE-317.

2.4 Discussion

The results of this study demonstrate the impact that affinity for efflux
transporters can have on chemotherapeutic brain penetrance and molecular target
engagement. We first highlight that the GL261 mouse model is an accurate
representation of these qualities compared to human GBM pathology (Figure 2.3).
By experimenting with two PISK/mMTOR analogues that possess the same
molecular backbone and targeting capacity (Heffron et al., 2012), and similar
physicochemical properties (Figure 2.13), we directly measure the influence of
efflux transporter substrate affinity in the treatment of GBM. Drug distribution
studies in non-tumor and tumor-bearing mice indicate that GNE-317 has better
brain penetrance than GDC-0980 because the distribution of GNE-317 is not

limited by active efflux at the BBB (Figures 2.4 & 2.7). We also determine that
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brain penetrance positively correlates with efficacy in molecular targeting, with
GNE-317 being more efficacious than GDC-0980 at down-regulating the PI3K and
MTOR pathways (Figure 2.8).

Despite the impact these drugs have on inhibition of PI3K/mTOR signaling,
there were no demonstrable changes in tumor growth or survival (Figure 2.12).
These data reinforce another important issue in drug design for GBM, target
selection. The inability of these drugs to provide survival benefits is likely specific
to the GL261 model, as other glioma models have shown to be sensitive to these
agents (Salphati, Heffron et al., 2012). Previous work in conjunction with our in
vitro data (Figure 2.4B) demonstrate that GL261 is at least partially driven by PI3K
signaling (Newcomb & Zagzag, 2009), but other pathways likely play parallel roles
in tumor growth and development (Szatmari et al., 2006), and combination
therapies may be warranted. This failure does not preclude GDC-0980 or more
likely, GNE-317, from being more successful in other models or in patients whose
gliomas are primarily driven by these other pathways. The increase in brain
penetrance and ability to effectively inhibit PIBK/mTOR pathways in our study still
confirms that GNE-317 is capable of on target effects in vivo, and points to the fact
that if combination targeted therapy is used for invasive brain tumors, all drugs in
the combination should be brain penetrant.

The current study measuring brain penetrance and target inhibition in both
tumor and normal brain provides data that is difficult to obtain in human patients.
While clinicians have the ability to measure drug concentration in the homogenized

tumor core following surgical resection, data from surrounding brain with invasive

72



tumor cells is more difficult to obtain. Unfortunately, drug concentration data from
the tumor core where the BBB is heterogeneously disrupted do not accurately
reflect drug concentrations in other areas of the brain. The lack of biomarkers or
imaging techniques capable of indicating successes or failures in drug delivery
therefore necessitates that clinicians understand the potential brain penetrance of
a drug before its clinical application. This knowledge will help clinicians introduce
chemotherapies into clinical trials that have a better chance of success.

The importance of brain penetrance of chemotherapeutics has significant
implications regarding the development and evaluation of novel drugs for GBM.
Recent attempts to determine drug concentrations and pharmacodynamic
responses in tumor and normal brain samples from human patients (Pitz, Desai,
Grossman, & Blakeley, 2011) highlights the importance of chemotherapeutic brain
penetrance. By eliminating drug delivery issues as a variable in the failures of
clinical trials, therapeutic target selection can receive greater attention and
consideration. In simplest terms, if we can be assured of adequate delivery, we
can then choose drugs based on information about tumor heterogeneity that is not
confounded by differences in delivery.

This study also draws attention to the process of drug discovery and
development. Beyond the conventional approach of generating novel compounds
de novo, our study highlights how brain-penetrant targeted agents can be re-
designed from existing drugs that have a high substrate affinity for efflux
transporters. As elegantly illustrated by (Heffron et al., 2012) and (Salphati et al.,

2012) a drug with limited brain penetration can be used as a scaffold to develop
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highly brain penetrant analogues with a greater potential for clinical efficacy. At a
time when the cost of creating a new drug surpasses $5 billion (Herper, 2013) the
ability to modify existing compounds into new agents with potentially drastic

changes in targeted bioavailability to sites of action cannot be undervalued.
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Figure 2.1

Different imaging modalities visualize tumors residing behind an intact BBB. (A)
Patient exhibiting multi-focal GBM with large tumors displayed through 8F-DOPA
PET imaging. (B) Another patient 3 weeks post-surgical resection exhibits obvious

tumor via 8F-DOPA PET that was missed during surgery.
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Figure 2.1

2-F 18F-DOPA PET
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Figure 2.2
Quantified signal volumes for Figure 2.1A and Figure 2.1B. *T1-GAD contour

includes post-operative cavity.
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Figure 2.2

A | Modality Contour PET Volume PET Volume | MR Volume
Volume (cc) | outside of outside of outside of
T1-GAD (cc) | FLAIR (cc) (cc)
T1-GAD 104 4.9
FLAIR 32.0 21.7
19.5 13.8 9.1
B | Modality Contour PET Volume PET Volume | MR Volume
Volume (cc) | outside of outside of outside of
T1-GAD (cc) | FLAIR (cc) (cc)
T1-GAD
FLAIR 54.3
21.7 7.1 3.8 N/A
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Figure 2.3

Characterization of the GL261 murine model. (A) A macroscopic view of GL261-
GFP-Luc tumor-bearing brain demonstrates discernible core, rim, and normal
brain sections. Scale bar represents 1 mm. (B) and (C) Images of GFP+ tumors
and Texas-red dextran infiltration were overlaid to co-localize tumors and

heterogeneous BBB disruption. Scale bars represent 1 mm.
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Figure 2.3
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Figure 2.4

Cytotoxic and pharmacokinetic comparison of GDC-0980 and GNE-317. (A)
Chemical highlight the common molecular backbone and differentiating side
chains. (B) Cytotoxicity of GDC-0980 and GNE-317 was assessed in both murine
GL261 glioma cell line using the MTS assay. (C) Mdrla/b’ Bcrp™ triple knockout
(TKO) mice treated with GDC-0980 display a significantly higher (p<.0005) brain-
to-plasma ratio than wild-type mice. (D) Mdrla/b”- Bcrp”- (TKO) and wild-type mice

treated with GNE-317 display comparable brain-to-plasma ratios.
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Figure 2.4
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Figure 2.5

Comparison of steady-state kinetics in GDC-0980 and GNE-317 between wild-
type FVBn and Mdrla/b-/- Berp-/- triple knockout (TKO) mice. (A) and (C) Plasma
and brain concentrations of GDC-0980 is significantly increased in TKO mice
compared to wild-type (p<.005). (B) and (D) Plasma and brain concentrations of

GNE-317 is approximately equal between TKO and wild-type mice.
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Figure 2.5
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Figure 2.6
Brain-to-plasma ratios of GDC-0980 in wild-type and efflux transporter knockout
mice. Wild-type, Mdrla/b” (P-gp knockout (PKO) mice), Bcrp”/- (BCRP knockout

(BKO) mice), and Mdrla/b”-Bcrp”- mice (triple knockout (TKO) mice).
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Figure 2.6
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Figure 2.7

Regional distribution of GDC-0980 and GNE-317 in a GL261-GFP-Luc tumor-
bearing brain. (A) and (C) Regional brain and plasma distributions of GDC-0980
and corroborating brain-to-plasma ratios. (B) and (D) Regional brain and plasma

distributions of GNE-317 and corroborating brain-to-plasma ratios.
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Figure 2.7
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Figure 2.8

Immunohistochemistry of phospho-proteins 1 hour after drug treatment. Scale bars
associated with whole slices represent 100 ym while scale bars associated with
close-up insets represent 65 um. (A) p-AktSe73 staining is reduced in the presence
of GNE-317 and to a lesser extent, GDC-0980. (B) p-S6°5¢235/236 staining is reduced
in the presence of GNE-317 but not GDC-0980. (C) p-4EBP1Thr37/46 staining g

reduced in the presence of GNE-317 but not GDC-0980.
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Figure 2.8
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Figure 2.9

Immunohistochemistry of phosphor proteins 6 hours after drug treatment. Data
demonstrates that the inhibitory effects of GNE-317 and GDC-0980 are mostly
eliminated. Scale bars associated with whole slices represent 100 um while scale
bars associated with close-up insets represent 65 uym. (A) p-AktSe73 staining is
consistent throughout all groups. (B) p-S65¢235236 continues to be reduced by
GNE-317 and to a lesser extent, by GDC-0980. (C) p-4EBP1Thr37/46 staining g

consistent throughout all groups.
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Figure 2.9
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Figure 2.10
Immunohistochemistry of unphosphorylated proteins 1 hour after drug treatment.

(A), (B), and (C) AKT, S6, and 4EBPL1 stains are approximately equal between all

conditions.
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Figure 2.10
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Figure 2.11
Immunohistochemistry 6 hours after drug treatment. (A), (B), and (C) AKT, S6, and

4EBP1 stains are approximately equal between all conditions.
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Figure 2.11
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Figure 2.12

In vivo efficacy studies. (A) Tumor progression tracked through bioluminescent
imaging shows no demonstrable impact of either GDC-0980 or GNE-317 over
vehicle-treated animals. (B) Kaplan-Meier survival curve indicates that neither
GDC-0980 nor GNE-317 provide survival benefit over vehicle. (C) Kaplan-Meier
survival curve indicates no difference in survival in GNE-317 treated group vs.
GDC-0980 treated group (p=0.12), but both treatments were significantly different

from placebo (p<0.0005).

97



Figure 2.12
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Figure 2.13
Summary of comparison between GDC-0980 and GNE-317. Comparison of the
physicochemical properties, efflux liability and target inhibition of GNE-317 and

GDC-0980.
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Figure 2.13
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CHAPTER 3

The Influence of Antiangiogenic Therapy on the Distribution and Efficacy
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3.1Introduction

Glioblastoma multiforme (GBM) is considered one of the most angiogenic
of all solid tumors characterized by extensive vascular proliferation and the diffuse
invasion of angiogenic protrusions into the surrounding brain parenchyma
(Reardon, 2010). The process of angiogenesis is defined as a highly coordinated,
complex development of new blood vessel growth from pre-existing vessels (Fan,
Yeh, Leung, Yue, & Wong, 2006). It is initiated and sustained by pro-angiogenic
factors such as vascular endothelial growth factor (VEGF) that bind VEGF receptor
2 (VEGFR2) localized on endothelial cells (de Groot & Mandel, 2014). In
pathological states, such as chronic inflammatory reactions and in malignant
neoplasms, angiogenesis is initiated through the release of pro-angiogenic factors
by the tumor itself, leading to extensive vessel development that supports the
growing tumor mass (Fan et al., 2006; Plate et al., 1994). Indeed, the formation of
new vascular complexes is vital for the proliferation and survival of malignant
glioma cells through the provision of survival factors like oxygen and nutrients (de
Groot & Mandel, 2014). The novel blood vessels that form during gliomagenesis,
however, are leaky. This leakiness results in increased interstitial fluid pressure
(IFP) (Weis & Cheresh, 2005). And has been hypothesized to result in deleterious
clinical consequences such as compromised drug delivery of cytotoxic agents and
enhanced extravasation of tumor cells that invade surrounding tissue (Weis &
Cheresh, 2005). Because of these negative effects as well as the desire to prevent
or limit the growth of new blood vessels, novel anti-angiogenic therapies (AAT)

became an important drug class in cancer treatment.

104



At an established mechanistic level, AAT addresses many of the negative
attributes associated with tumor-induced blood vessel growth. AAT addresses the
physical elements of vascular leakiness by effectively re-annealing blood vessels
and earlier theories even suggested that AAT could have potential for preventing
metastasis by making the restored vasculature impermeable to tumor cells (Le
Serve & Hellmann, 1972). Clinically, AAT has proved beneficial in the treatment of
a variety conditions, including macular degeneration as well as colorectal, non-
small cell lung, ovarian, cervical and kidney cancers. Despite the efficacies in this
broad array of cancers, AAT seems to induce deleterious effects in glioma. Beyond
restoring the physical elements of the blood-brain barrier, AAT also regenerates
the biochemical barrier and reestablishes the activity of efflux transporters
(Thompson, Frenkel, & Neuwelt, 2011). Concurrently administered
chemotherapeutics that are liable to active efflux at the BBB can permeate the
brain through leaky vasculature (Becker et al., 2015), but it is hypothesized that
drug delivery could be severely limited in the presence of AAT. Additionally, a
growing body of literature suggests that AAT may induce tumor invasion rather
than prevent it as originally hypothesized (Paez-Ribes et al., 2009; Thompson et
al., 2011). Histology demonstrates that tumors can adapt to AAT with increased
invasiveness and vessel cooption (Thompson et al., 2011; Zuniga et al., 2009) and
clinical studies demonstrate that GBM patients treated with AAT develop tumor
recurrence at distant rather than local sites from the original tumor compared to
patients not given AAT, (Zuniga et al., 2009). More significantly, recent clinical

studies in malignant glioma have failed to show a survival benefit with AAT; rather,
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the more frequent result is a slight delay in tumor progression (de Groot & Mandel,
2014; Paez-Ribes et al., 2009).

The lack of therapeutic benefit seen in brain tumors treated with AAT is
thought to be due to the normalization of vasculature that restores the restrictive
properties of the blood-brain barrier (BBB), including its functional efflux properties
(Claes et al., 2008). Two of the most prominent “gatekeepers” at the BBB are the
ATP-binding cassette (ABC) transporters, P-glycoprotein (P-gp) and breast cancer
resistance protein (BCRP) (Agarwal, Hartz, EImquist, & Bauer, 2011b). These
active efflux transporters are expressed on the luminal side (facing the blood) of
endothelial cells at the BBB and function to limit the movement of substrate drugs
as they enter the endothelial cells (Agarwal et al., 2011b; Schinkel & Jonker, 2003).
Previous studies have shown that many molecularly-targeted agents are
substrates for both P-gp and BCRP, including many of the drugs that have been
tested against GBM (Tamaki, lerano, Szakacs, Robey, & Bates, 2011). A more
promising therapeutic strategy in malignant glioma, particularly in the context of
the continued investigation of AAT, is the utilization of therapeutics with lower efflux
liability for P-gp and BCRP. The objective of this study was therefore to evaluate
the influence of AAT on the distribution and efficacy of concurrently administered
targeted agents with differing liabilities for efflux in a GBM mouse model.
Specifically, we hypothesized that concurrent treatment of AAT with other targeted
agents would decrease delivery and clinical efficacy, but only in compounds known
to be prone to efflux. We found that the VEGF monoclonal antibody, bevacizumab

(Genentech Inc’s Avastin) generated a slight decrease in brain penetrance of the
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dual PIBK/mTOR inhibitor, GDC-0980 (an established substrate for P-gp and
BCRP), but did not affect brain accumulation of the GDC-0980 analogue, GNE-
317 (a drug with limited liability for efflux). We further showed that the survival
benefit of bevacizumab can only be enhanced with the co-treatment of a brain-
penetrant drug like GNE-317. Collectively, these data suggest that AAT-induced
BBB normalization is likely to limit the delivery and efficacy of targeted agents that

are subject to active efflux.

3.2Materials & Methods
3.2.1 Animal Care

All procedures were carried out in accordance with the guidelines set by the
Principles of Laboratory Animal Care (NIH, Bethesda, MD) and were approved by
the Institutional Animal Care and Use Committee (IACUC) of the University of
Minnesota (Minneapolis, MN) or the Mayo Clinic. Animals were maintained under
temperature controlled conditions with 12 hour dark-12 hour light cycle and were
allowed food and water ad libitum. FVB/n wild-type (WT), Mdrla/b”- (P-gp knockout
(PKO) mice), Berp” (BCRP knockout (BKO) mice), and Mdrla/b’-Bcrp”’ mice
(triple knockout (TKO) mice) were purchased from Taconic Farms Inc. Female
congenitally athymic nude mice (Ncr-nu/nu) were purchased from the National

Cancer institute.
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3.2.2 Chemicals and Reagents

GNE-317, GDC-0980, and bevacizumab (Avastin) were provided by
Genentech Inc. (San Francisco, CA). Avastin binds only the human form of VEGF
and not the murine form of the molecule (Yu et al., 2008). Texas red dextran 3000
MW (TRD) and fluorescein 332 MW were purchased from Molecular Probes
(Invitrogen). For oral administration in mice, drug solutions were prepared in 0.5%
methyl cellulose with 0.2% Tween 80. All other chemicals and reagents were of
high-performance liquid chromatography grade Ammonium formate and
acetonitrile were of HPLC grade and were obtained from Sigma-Aldrich (St. Louis,

MO).

3.2.3 Cell Viability Studies

Cell viability assay was carried out for non-GFP labeled GBM10 cells in 96-
well plates. The cells were seeded at a density of 5000 cells per well (n=3 plates
for each drug, GNE-317 and GDC-0980 in DMSO) and incubated for 24 hours to
allow cell attachment. The cells were then incubated with increasing
concentrations of GNE-317 or GDC-0980 (0.015uM to 100uM), DMSO control and
vehicle control. Following incubation for 48 hours, cells were washed with PBS and
40uL of MTT reagent (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide) (Alfa Chemical Corp.) (5 mg/mL) was added to each well. The plates
were incubated for an additional 3 hours at 37°C at 60 rpm, following which 100uL
of DMSO was added to each well. Lastly, the plates were agitated on an orbital

shaker for 1 hour at 60 rpm, 37°C. The viability was determined at an absorbance

108



of 570 nM as the amount of purple formazan produced. The percent survival was
determined using drug treated cells normalized to cells treated with DMSO control.

The percentage of DMSO was less than 0.01% for all drug solutions.

3.2.4 Xenograft Tumor Implantation

Tumors were generated using GBM10 (Sarkaria et al., 2006) and GBM59
(Carlson et al., 2009), aggressive patient-derived xenografts from the Mayo panel
using either orthotopic or flank glioblastoma xenograft models. All patient-derived
xenograft cell lines were obtained from patients at the Mayo Clinic and maintained
exclusively by serial passage in mice (Carlson et al., 2011). Briefly, flank tumor
xenografts were harvested, mechanically disaggregated, and grown for a limited
period of time (5-14 days) in DMEM supplemented with 2.5% fetal bovine serum,
1% penicillin, and 1% streptomycin. Cells were harvested following trypsinization
and injected in the heads or flanks of nude mice. For flank studies, 2,600,000
GBM10 cells were injected subcutaneously into the right flank in a total volume of
200 ul in phosphate-buffered saline (PBS) under isoflurane sedation. For
orthotopic studies, either 600,000 GBM59 cells or 300,000 GBM10 cells were
injected into the right striatum in a total volume of 3 ul in PBS during a stereotactic
surgery (stereotaxic frame, ASI Instruments). For brain distribution studies,
GBM10 cells were transfected with green fluorescent protein (GFP) using methods
described previously (Wu et al., 2007). All intracranial tumor-bearing animals used
for therapy evaluation were observed daily and euthanized once they reached a

moribund condition. Treatment of flank tumor xenografts was essentially the same
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with the exception that tumor volume was measured three times weekly. The

endpoint for the flank study was time for tumors to reach 1,500 mm3.

3.2.5 Blood-brain Barrier Imaging

The objectives of BBB imaging studies were two-fold: first, to investigate the
degree of heterogeneity in BBB disruption in the non-GFP enhanced GBM10 tumor
xenograft mice, and, second, to investigate the effect of bevacizumab as an anti-
angiogenic treatment on re-formation of the BBB in GFP-labeled GBM10 tumor
xenograft mice. The GFP-labeled GBM10 mice were divided into two groups for
BBB imaging purposes: (a) placebo-treated group and (b) bevacizumab-treated
group. Animals were treated with an intraperitoneal dose of 5 mg/kg bevacizumab
in PBS once a day for either one or two days and then euthanized at either 48 or
72 hours following the last dose. Placebo-treated animals were dosed in equal
volumes to the bevacizumab-treated group. Texas-Red dextran (TRD, MW= 3000
kDa) or fluorescein (MW =332 Da) were used as permeability markers to evaluate
the degree of BBB disruption. TRD (1.5 mg/animal) and fluorescein (1.5
mg/animal) were administered together via tail vein and after allowing a circulation
time of 10 minutes, the animals were perfused with extracellular fluid buffer (ECF
buffer) at a rate of 10 mL/min. Following perfusion, whole brains were harvested,
frozen in ice-cold isopentane at -80C and sectioned into 20 micrometer-thick slices
using a cryostat. The slices were mounted on glass slides for imaging. The non-
GFP labeled GBM10 brains were imaged for with bright field for normal viewing

and with fluorescent filters for Texas Red visualization.
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The extent of tumor growth was determined by cresyl violet or hematoxylin-
eosin (H&E) staining. Cresyl violet staining was performed using 4%
paraformaldehyde in phosphate-buffer saline for 10 minutes, followed by 0.1%
cresyl violet acetate for 15 minutes. The sections were then processed for
dehydration and cleaning in 70% ethanol for 15 seconds followed by 90% ethanol
for 10 seconds. Bright field images were then captured using Retiga 2000R
camera (Leica DMI 6000B microscope). H&E staining was carried out according

to routine laboratory protocols

3.2.6 Plasma and Brain Distribution of GDC-0980 and GNE-317 in FVB Non-
Tumor-Bearing Mice

All drug solutions were freshly prepared on the day of the experiment. The
dosing solutions for GNE-317 (30 mg/kg) and GDC-0980 (7.5 mg/kg) were
prepared as a stable suspension in 0.5% methylcellulose with 0.2% tween 80. Both
drugs were orally administered simultaneously using two separate syringes. Mice
were euthanized using carbon-dioxide chamber and blood and brain samples were
harvested at pre-determined time points, i.e., 1, 4, 6 or 8 and 16 hours post-dose
(n=3-4 at each time point). Blood and brain samples were processed as described
previously (Oberoi, Mittapalli, Fisher, & ElImquist, 2013).

The data were analyzed using noncompartmental estimation methods using
Phoenix WinNonlin 6.1 (Pharsight, Mountain View, CA)The area under the
concentration time curve till the last measured time point (AUC otiast) was

calculated for both plasma and brain concentration time profiles using the log-
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linear trapezoidal approximation method. In addition, the brain partition coefficient,
Kp, given by the AUC ratio of brain to plasma for both wild-type and TKO mice was
determined. Furthermore, the drug targeting index (DTI) was determined. The DTI
is defined as the ratio of AUC brain-to-plasma ratio in TKO mice to the AUC brain-
to-plasma ratio in the wild-type mice, written as,

DTI = AUC brain/Plasma (TKO)/AUC brain/Plasma (wild-type).

3.2.7 Regional Brain Distribution of GDC-0980 and GNE-317 in GBM10
Tumor-Bearing Mice

GFP-labeled GBM10 cells were implanted into female athymic nude mice
(Ncr-nu/nu) (6 weeks old). GFP enabled dissection of the mouse brain into three
parts: the tumor core, brain around the tumor (also called the tumor rim), and the
contralateral hemisphere. Tumor-bearing mice were divided into two groups (n=6
per group): (a) bevacizumab-treated or (b) placebo (PBS vehicle alone). Because
maximum blood flow inhibition after treatment with the anti-angiogenic agent,
bevacizumab (or bevacizumab), is achieved 48-72 hours post-dose of the drug
(Thompson et al., 2011), we chose this timeframe for our studies in mice. All mice
were administered three doses of placebo (vehicle) or bevacizumab (5 mg/kg IP)
over a period of eight days, i.e., once every three days. 48 hours after the last dose
of bevacizumab, all mice were co-administered GNE-317 (30 mg/kg) and GDC-
0980 (7.5 mg/kg) simultaneously. Although there is a 4-fold difference in doses for
GNE-317 and GDC-0980, both drugs at these different doses yielded similar

plasma concentrations, hence, similar systemic exposures were expected. This
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observation of similar exposure levels has been described previously (Becker et
al., 2015). Mice were sacrificed 1 hour or 6 hours post-dosing of GDC-0980 and
GNE-317 (n=3 at each time point). Plasma and brain samples were harvested and

processed as described previously (Becker et al., 2015).

3.2.8 Quantification of GDC-0980 and GNE-317 in Brain and Plasma by LC-
MS/MS

The plasma and brain concentrations of GNE-317 and GDC-0980 were
determined simultaneously in the same sample using high-performance liquid
chromatography-tandem mass spectrometry (LS-MS/MS). On the day of the
analysis, frozen brain samples were thawed at room temperature. Brain weights
were determined and samples were homogenized using 3 volumes of 5% ice-cold
bovine serum albumin prepared in phosphate-buffer saline (PBS) (pH= 7.4). The
quantification of GNE-317 and GDC-0980 was performed using a dual gradient
method as described below: to 100 puL of plasma sample or 200 uL of brain
homogenate sample, 10 uL of 2 pg/mL internal standard, AG1478 (4-[3-
chloroanilino]-6,7-dimethoxyquinazoline) was added. Both plasma and brain
samples were extracted using 500 uL of ice-cold ethyl acetate. Samples were
centrifuged at 7500 rpm at 4°C for 15 minutes, following which 400 uL of the
supernatant was transferred to a fresh tube. The extracted supernatant was dried
under a gentle stream of nitrogen following which the dried sample were
reconstituted in 100uL of mobile phase (72:28:0.1, v/iv%, 20mM ammonium

formate, pH=3.5 (A): acetonitrile (B): formic acid (A)). 5uL of the sample was
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injected into LC-MS/MS. A gradient elution method was used starting at 28% B for
5 minutes (0.25 mL/min), followed by 100% B for 2.5 minutes (0.25 mL/min). A
linear gradient was then applied from 7.9 -11.5 minutes (28% B) at a flow rate of
0.5 mL/min, resulting in a total run time of 11 minutes. Chromatographic
separation was achieved using Agilent Technologies model 1200 separation
system (Santa Clara, CA) using Agilent ZORBAX XDB Eclipse Cis column (4.6 x
50 mm, 1.8 um). The LC-system and TSQ Quantum triple quadrupole mass
spectrometer system were linked (Thermo Finnigan, San Jose, CA) and data
analysis was performed using Xcalibur software, version 2.0.7. Selected reaction
monitoring (SRM) mode with an electrospray ionization source (ESI) was operated
in positive ion mode at a spray voltage of 5000 V for both GNE-317 and GDC-
0980. The mass-to-charge (m/z) transitions for GDC-0980, GNE-317 and AG1478
were 499.24 - 340.98, 415.11 - 385.13 and 317.03 - 300.98, respectively. The
assay was linear over a range of 1.9 ng/ml to 1000 ng/ml with a coefficient of

variation lower that 20% throughout the entire range.

3.2.9 Immunohistochemistry

GBML10 cells were implanted in six-to-eight week-old female athymic nude
mice (Ncr-nu/nu). 20 days after surgery, animals were randomized into one of six
treatment groups: (1) placebo (vehicle control), (2) GNE-317 (30 mg/kg
administered orally), (3) GDC-0980 (7.5 mg/kg administered orally), and (4)
bevacizumab (5 mg/kg administered intraperitoneally), (5) GNE-317 +

bevacizumab, or (6) GDC-0980 + bevacizumab (n=5 mice per group). In the
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relevant groups, GDC-0980 and GDC-0980 were dosed daily for 5 days while
Bevacizumab was dosed on the first and fourth days of treatment. One hour after
dosing on the fifth day, all mice were anesthetized with carbon dioxide and
perfused with 30 ml PBS. Brains were harvested and stored in 10% buffered
formalin for 48 hours and then switched to 70% ethanol until processing. After
processing, brains were embedded in paraffin and then sectioned at 5 ym
thickness. Tissue slices were heat-fixed onto charged glass slides for staining as
described previously (Becker et al., 2015). Briefly, after slides were deparaffinized
and rehydrated, antigen epitopes on tissue sections were exposed using an
unmasking solution (Vector Laboratories). To remove endogenous peroxidases,
slides were then exposed to 3% hydrogen peroxide. Blocking of non-specific
staining was achieved with 3% bovine serum albumin (BSA) in a humidified
chamber overnight at 4°C. Sections were then treated with primary antibody (p-
AktSer473 1:50, Cell Signaling; p-4EBP1T37/46 1:1000, Cell Signaling; Ki-67, 1:400,
Cell Signaling; p-S65¢235236 1:50, Cell Signaling; CD31, 1:100, Cell Signaling) in
1% BSA and allowed to incubate overnight at 4°C in a humidified chamber.
Following incubation with the primary anitbody, sections were washed in PBS and
then incubated with 1:200 biotinylated goat anti-rabbit secondary antibody (Vector
Laboratories) for 1 hour at room temperature. Afterward, sections were washed
twice in PBS and then subjected to a 30-minute application of an avidin/biotinylated
enzyme complex conjugated to horseradish peroxidase (Vectastain Elite ABC kit,
Vector Laboratories). After two washes in PBS, the sections were treated with 3,3'-

diaminobenzidine substrate prepared fresh according to the manufacturer’s
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instructions (Vector Laboratories) and then allowed to develop. Once a discernible
signal was obtained, slides were placed in water to stop the reaction. Finally,
sections were counter-stained with hematoxylin, dehydrated, cleared in xylenes,
and mounted in Permount (Fisher Scientific). Images were acquired in color with
an Olympus FluoView FV1000 BX2 Upright Confocal microscope and Panoptiq

Digital Slide Imaging System.

3.2.10 Survival Studies in Glioma Models

In-vivo efficacy studies were conducted in both the GBM10 and GBM59
glioma models. All mice were randomized into six groups: (1) placebo (vehicle
control), (2) GNE-317 (30 mg/kg administered orally), (3) GDC-0980 (7.5 mg/kg
administered orally, was reduced to 6 mg/kg when GBM10-tumor mice showed
signs of toxicity), and (4) Bevacizumab (5 mg/kg administered intraperitoneally),
(5) GNE-317 + Bevacizumab, or (6) GDC-0980 + bevacizumab (n=10 mice/per
group). Animals receiving GDC-0980 or GNE-317 were dosed daily while animals
receiving bevacizumab were dosed twice weekly, every 3-4 days. The
experimental end point being death or moribund state of mice. GDC-0980 and
GNE-317 were prepared in 0.5% methylcellulose and 0.2% tween 80 while

bevacizumab was prepared in PBS.

3.2.11 Statistical Analysis

The unpaired two-sample t-test was used to compare between two groups.

One-way ANOVA, followed by Bonferroni’'s test was conducted to test for
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significance among multiple groups. Significance was declared at p<0.05 for all
tests. All tests were done using GraphPad Prism 5.01, San Diego, CA. Survival
probabilities were estimated using Kaplan Meier survival curves. The treatment

groups were compared using log-rank test.

3.3 Results
3.3.1 The GBM10 Model is Characterized by Heterogeneous Blood-Brain
Barrier Disruption and is Similarly Susceptible to GDC-0980 and GNE-317.
BBB disruption in the tumor core is a defining feature in the clinical
presentation of glioblastoma multiforme (Pafundi et al., 2013). In contrast, the area
of tissue immediately surrounding the core, known as the tumor rim, maintains a
relatively intact BBB (Pafundi et al., 2013). In order to effectively recapitulate GBM
with accuracy, preclinical mouse models should show these BBB phenotypes in
the tumor core and rim. We have previously shown that the GL261 syngeneic
glioma model demonstrates a heterogeneously disrupted BBB using Texas Red-
dextran (TRD, molecular weight = 3 kDa) as a permeability marker. In the current
study, the BBB was evaluated again using TRD in an orthotopic human xenograft
GBM model (GBM10) (Sarkaria et al., 2006). Penetrance of the dye was assessed
using fluorescence microscopy and the extent of tumor growth was evaluated with
cresyl violet staining (Figure 3.1B). This analysis demonstrates a heterogeneous
pattern of TRD accumulation in the location of the tumor. Importantly, the tumor
core demonstrated areas with both large accumulation of TRD (shown bright red)

as well as areas with little to no accumulation of TRD (darker red or black) (Figure
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3.1A). The lack of TRD at the tumor rim and surrounding normal brain suggests
an intact BBB capable of protecting invasive glioma cells. This animal model
therefore recapitulates the patterns of BBB disruption observed in human GBM.
To ascertain the toxicity of GDC-0980 and GNE-317 against the GBM10
model independent of the drug delivery issues associated with the brain, drugs
were tested in both an in vitro cytotoxicity assay (Figure 3.2A) as well as a flank
tumor model (Figure 3.2B & Figure 3.2C). In both experiments, GDC-0980 and
GNE-317 exhibited similar, albeit limited, efficacy profiles against GBM10. These
data suggest that the retained molecular structure common to both drugs allows
for similar interactions with their targets, as originally intended (Heffron et al.,

2012).

3.3.2 Time Profiles of GDC-0980 and GNE-317 Distributions in Brain and
Plasma

Steady state data for brain and plasma exposure to GDC-0980 and GNE-
317 have already been reported in Chapter 2, but concentration time profiles are
also beneficial to determine the area under the concentration time curve (AUC)
and provide additional information regarding distribution kinetics and overall
systemic exposure. For this reason, brain distributions of GNE-317 (30 mg/kg) and
GDC-0980 (7.5 mg/kg) were determined following a single dose of both drugs in
non-tumor bearing FVB wild-type and Mdrla/bBcrpl(") triple knockout mice

lacking both forms of P-gp and BCRP mice. The brain and plasma concentration
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time profiles of GDC-0980 and GNE-317 in FVB-wild-type and TKO mice are
shown in Figure 3.3.

The brain concentrations of GDC-0980 were significantly lower than the
corresponding plasma concentrations in wild-type mice at all measured time points
(p<0.05), whereas, brain concentrations in TKO mice were greater than the plasma
concentrations, indicating that both P-gp and Bcrp limit brain distribution of GDC-
0980 (Figure 3.3A & Figure 3.3B). The brain-to-plasma ratio vs. time graph
showed an increase before reaching a plateau, suggesting that a pseudo-
distributional equilibrium has been achieved (Figure 3.3C). The AUCo-tiast in the
wild-type plasma (10.56 + 1.47 h-pg/ml) and TKO plasma (4.51 £+ 1.15 h-pg/mL)
were significantly different from each other, although the plasma concentrations at
all measured time points except 16 hour were not significantly different (Table 3.1).
The brain distribution coefficient of GDC-0980 in wild-type animals was 0.05 and
increased by ~35 fold to provide a drug targeting index of 1.75 in the TKO mice.
Altogether, these data demonstrate that GDC-0980 is subject to efflux by P-gp and
BCRP and that brain penetrance can be enhanced when these efflux transporters
no longer present as an obstacle.

The brain concentrations of GNE-317 closely followed plasma
concentrations in both wild-type and TKO mice, suggesting that neither P-gp nor
BCRP influenced the brain distribution of GNE-317 (Figure 3.3D & Figure 3.3E).
The maximum plasma concentrations were observed at 1 hour in both wild-type
and TKO mice. The brain-to-plasma concentration ratios were ~1 at all measured

time points in both strains of mice (Figure 3.3F). The area under the concentration
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time curve to the last measured time point (AUCo-t) in both plasma and brain of the
wild-type mice were 10.59 £ 0.81 h-ug/mL and 10.06 £ 0.9 h-ug/mL respectively
(Table 3.1). In the absence of P-gp and BCRP, the AUCotwas 11.99 + 1.65 h-
pHg/mland 12.80 £ 1.24 h-pg/ml in the plasma and brain, respectively. Similar AUCs
in plasma and brain in both wild-type and TKO mice indicate that GNE-317 brain
distribution is not restricted by active efflux at the blood brain barrier. The brain
partition coefficient, Kp, given by the AUC ratio in brain to AUC ratio in plasma was
~1 (0.95 in wild-type and 1.07 in TKO), implying that there is equal partitioning in
the brain as in the plasma. The observed drug targeting index value for GNE-317
was 1.13, indicating that neither P-gp nor BCRP significantly affect brain
distribution of GNE-317.

These data are comparable to previous observations (Salphati et al., 2012;
Salphati, Pang et al., 2012), suggesting that the difference in targeting potential of
GNE-317 is due to its higher brain penetrance compared to GDC-0980 that is liable
to active efflux by P-gp and BCRP at the BBB. These data become more salient
when viewed in the context of their similar cytotoxic capabilities (Figure 3.2);
differences in molecular targeting or efficacy should be attributed to differences in

drug delivery to the brain.

3.3.3 GNE-317 Exhibits Greater Brain Penetrance than GDC-0980 in an
Orthotopic Xenograft Glioma Model
To investigate the influence of AAT on drug distribution to brain tumors, we

administered bevacizumab with either GDC-0980 or GNE-317 in the GFP-labeled
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GBM10 orthotopic xenograft model. GDC-0980 has a greater liability for active
efflux by P-gp and BCRP at the BBB than GNE-317, so we anticipated differential
distribution patterns in the presence of treatment with the anti-angiogenic
monoclonal antibody to VEGF, bevacizumab (Ferrara, Hillan, & Novotny, 2005).
To validate the optimal dosing of bevacizumab necessary to achieve BBB
restoration reported in clinical studies (Thompson et al., 2011), we tested either
one or two doses of 5 mg/kg bevacizumab in PBS spaced three days apart.
Because a minimum of two doses was needed to produce BBB re-annealing
(Figure 3.4) and limit the permeation of both small and large molecules
(fluorescein and TRD, respectively, in Figure 3.5), we chose three bevacizumab
doses as a standard for use when evaluating the distribution of other drugs.

To determine the distributions of GDC-0980 and GNE-317 within the tumor
core, the brain around the tumor (“rim”), and the contralateral hemisphere (“normal
brain”), GFP labeling was essential for the dissection of tumor into these
components for subsequent analysis by LC-MS. To generate these tissue
samples, bevacizumab was administered twice weekly (total of 3 doses) at 5 mg/kg
intraperitoneally to GFP-labeled GBM10 tumor-bearing mice. Forty-eight hours
after the last dose of bevacizumab, mice were administered placebo vehicle or
GNE-317 (30 mg/kg) and GDC-0980 (7.5 mg/kg) simultaneously via oral gavage.
Plasma and brains were harvested one hour or six hours after the dose. Drug
concentrations were determined in brain core vs. rim vs. contralateral hemisphere
as described previously (Becker et al., 2015). The brain-to-plasma ratios of GNE-

317 in the core, rim and contralateral hemisphere were not significantly different to
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each other regardless of the presence or absence of bevacizumab (Figure 3.6).
This pattern was evident both one hour (Figure 3.6A) and six hours (Figure 3.6B)
after dosing of GNE-317. Concentrations of GNE-317 giving rise to these brain-to-
plasma ratios are available in Figure 3.7.

The brain-to-plasma ratios were significantly reduced for GDC-0980
(Figure 3.8) compared to GNE-317 (Figure 3.6), due to the extremely low
concentrations of GDC-0980 detected in brain tissues (Figure 3.9). Importantly,
the pattern of brain penetrance in animals treated with either GDC-0980 or GNE-
317 were very different. Unlike the consistent accumulation of GNE-317 in the
tumor core, rim and normal brain (Figure 3.6), GDC-0980 accumulation was
significantly greater in the tumor cores of treated animals compared to the tumor
rims and normal brains one hour after dosing (p = <0.05, Figure 3.8A). These
patterns of drug accumulation again reinforce the benefit that a disrupted BBB in
the tumor core can provide to drugs like GDC-0980 that are not normally brain
penetrant. Altogether, these data demonstrate that GNE-317 is more capable of
penetrating the brain than GDC-0980. Concurrent treatment with bevacizumab
resulted in a trend toward reduced GDC-0980 accumulation in the tumor core,

although the decrease was not significant (Figure 3.8).

3.3.4 Pharmacodynamic Effects of GNE-317 and GDC-0980 in the GBM10
Brain Tumors
To determine whether brain penetrance correlates with inhibition of

signaling pathways at the tumor and surrounding rim, we used
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immunohistochemistry to visualize the ability of each drug to inhibit PI3K and
MTOR signaling. We further sought to determine the effect of drug treatment on
tumor proliferation and vascularization. Toward these ends, GBM10 tumor-bearing
mice were administered either 30 mg/kg GNE-317 orally, 7.5 mg/kg GDC-0980
administered orally, 5 mg/kg bevacizumab, a combinations of GDC-0980 and
bevacizumab, or a combination of GNE-317 and bevacizumab (n=5 mice per
group). GDC-0980 and GDC-0980 were dosed daily for 5 days while bevacizumab
was dosed on the first and fourth days of treatment. One hour after dosing on the
fifth day, animals were euthanized and brains were processed and sliced for
staining. Immunohistochemistry focused on downstream targets of the
PI3K/mTOR signaling pathway (p-AktSer473 p-S6Se1235/236 gnd p-4EBP1TM37/46) as
well as markers of proliferation (Ki67) and vascularity (CD31). Representative
stained brain slices are shown in Figure 3.10A while random portions of the tumor
were chosen for greater magnification (Figure 3.10B). We anticipated that staining
for phospho-proteins would be reduced in GNE-317-treated xenografted tumors
compared to GDC-0980 because GNE-317 has greater brain penetrance, but
staining was did not demonstrate any appreciable differences between groups
(Figure 10). Similarly, there were no significant differences in staining for Ki67 or
CD3L1. Potential reasons explaining these data are described in the discussion of

this chapter.
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3.3.5 Bevacizumab Modulates Survival in Brain Tumor-Bearing Animals
Treated with Concurrent Therapeutics

Despite the lack of significant differences in staining intensity between
groups, we sought to determine how bevacizumab would modulate survival of
animals treated with either GDC-0980 or GNE-317. The non-significant staining
data and limited efficacy against GBM10 cells in vitro (Figure 3.3A) led us to
introduce another human xenograft glioma (GBM59) into our survival studies that
may show greater susceptibility to PI3K/mTOR inhibition. The use of this patient-
derived cell line is already well established (Carlson et al., 2009). Seven days after
intracranial inoculation with GBM10 or GBM59 cells, mice were treated with a daily
dose of either GNE-317 (30 mg/kg administered orally) or GDC-0980 (7.5 mg/kg,
reduced to 6 mg/kg after one week of treatment due to signs of toxicity) alone or
in combination with bevacizumab (5 mg/kg, administered intraperitoneally).
Bevacizumab was dosed twice weekly, every 3-4 days. Bevacizumab provided a
survival benefit alone in all cases, but that survival benefit was significantly
enhanced during co-treatment with GNE-317 (p=.0395 in Figure 3.11A, p=.0017
in Figure 3.12A). Similarly, the efficacy of GNE-317 was also significantly
enhanced during concurrent treatment with bevacizumab (p=<.0001 in Figure
3.11A, p=.0048 in Figure 3.12A). In animals treated with bevacizumab, there was
no enhanced survival benefit of concurrent treatment with GDC-0980 (Figure
3.11B and Figure 3.12B). Treatment with bevacizumab did extend the lifespan of
tumor-bearing animals compared to animals treated with GDC-0980 alone

(p=.0097 in Figure 3.11B and p=.0326 in Figure 3.12B). These data collectively
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suggest that Bevacizumab may enhance the survival benefit of concurrently
administered targeted agents, but that improvements over bevacizumab therapy

alone is most significant in the presence of a brain-penetrant chemotherapeutic.

3.4 Discussion

The results of this study demonstrate the influence that AAT can have on
brain penetrance and efficacy of concurrently administered targeted agents. We
first describe that the GBM10 xenograft glioma model accurately recapitulates the
heterogeneous pattern of BBB disrupted seen in human pathology (Figure 3.1).
Through our experiments with GDC-0980 and GNE-317, we validated and further
characterized previous data from Chapter 2 that described how GDC-0980 has
limited brain penetration due to active efflux compared to GNE-317 (Figure 3.3,
Table 3.1) (Becker et al., 2015). Due to these difference, these drugs were
considered ideal candidates to investigate the influence of anti-angiogenic therapy
with bevacizumab on brain delivery of co-administered agents. We hypothesized
that restoration of the BBB would not alter the brain distribution of GNE-317, but
would decrease tumor core concentrations of GDC-0980 because the drug is liable
to efflux when the BBB is intact. Our data demonstrating that bevacizumab does
not influence distribution of the more brain penetrant compound, GNE-317 (Figure
3.6), was therefore expected, but our findings that bevacizumab did not
significantly influence the distribution of GDC-0980 (Figure 3.8) was

unanticipated. These data are particularly surprising in the context of other work

125



having successfully demonstrated a decrease in delivery of concurrently
administered chemotherapeutics in the presence of AAT (Goldwirt et al., 2015).
Our staining data demonstrating no appreciable differences between
treatment groups (Figure 3.10) was also unexpected; these data in the GBM10
mouse model contrast from the strong differences in staining intensities seen in
the GL261 mouse model in Chapter 2 (Becker et al., 2015). These effects may be
model-dependent, however, as patient-derived tumors maybe driven by different
genetic mutations that could be more or less susceptible to treatment with
PIBK/mTOR inhibition. The similarity in staining across all groups for phospho-
proteins may have resulted because of a lack of efficacy in the GBM10 cell line,
which reflects the limited efficacy seen in the in vitro cytotoxicity assay (Figure
3.3A). Lack of differences in staining intensity for Ki67 and CD31 may alternatively
suggest that five days of treatment is an insufficient duration of therapy to induce
demonstrable changes in these proliferation and the extent of vascularization.
Despite any significant changes in staining intensity between treatment groups,
there were significant survival benefits to multiple therapies in both the GBM10 and
GBM59 xenograft glioma models (Figure 3.11& Figure 3.12). Such benefits may
be due to prolonged treatment or to anti-tumor mechanisms outside the
PISBK/mMTOR pathway. In our xenograft models, bevacizumab enhanced the
survival benefit of concurrently administered targeted agents. Our data suggests
improvements from bevacizumab therapy by itself is most significant in the
presence of a brain-penetrant chemotherapeutic like GNE-317, compared to a

compound with great efflux liability for P-gp and BCRP, like GDC-0980.
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Although the xenograft model showed significant survival benefits following
the treatment of GDC-0980, GNE-317, and bevacizumab, these data were not
mirrored in flank studies. The purpose of the experiments was to ascertain efficacy
against the tumor in the presence or absence of the delivery-modifying BBB.
Despite these intents, the flank provides a different microenvironment than the
brain, which can modify not only tumor growth, but also angiogenesis and invasion
(Antunes et al.,, 2000). The changes to the tumor between microenvironment
niches should therefore lead to differences in sensitivity to therapeutics and limit
the translation between GBM flank and orthotopic models.

From a broader perspective, the results from this study show that although
AAT normalizes tumor vasculature, which could improve drug delivery of co-
administered cytotoxic drugs, this effect is “paradoxical” (Thompson et al., 2011).
By normalizing and maturing the brain tumor vasculature, AAT restores the
previously disrupted BBB. Restoration of the disrupted BBB may regenerate its
structural and functional properties, in particular, the presence of active efflux
transporters (Thompson et al.,, 2011). Although our data do not support a
significant reduction in the distribution of GDC-0980, other drugs may demonstrate
greater susceptibility to this effect (Tamaki et al., 2011). The variability of drug
delivery in the context of AAT highlights the unpredictability of the treatment
regimen.

The clinical decision about whether AAT represents an appropriate
treatment strategy in GBM, either alone or in combination with other therapeutics,

is further influenced by the potential ramifications of stopping such therapy.
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Beyond the potential propensity for enhanced invasiveness referenced earlier
(Paez-Ribes et al., 2009; Thompson et al., 2011), “tumor rebound” (Batchelor et
al., 2007; Cacheux et al., 2008; Stein et al., 2008; Stein, Yang, Bates, & Fojo,
2008), the emergence of a more aggressive disease (Ellis & Reardon, 2009;
Greenberg et al., 2008), and rapid revascularization (Mancuso et al., 2006) have
all been reported following discontinuation of AAT. Consideration to include AAT

in the standard treatment of GBM should therefore be considered carefully.
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Figure 3.1

Characterization of the BBB properties associated with the GBM10 orthotopic
xenograft model. The same tumor is imaged in three different pictures: (A) TRD
accumulation to demonstrate the extent of BBB disruption. (B) cresyl violet staining
to confirm the tumor boundaries and (C) a bright field (BF) image for control

purposes.
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Figure 3.1
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Figure 3.2

Comparison of the cytotoxic effects of GDC-0980 and GNE-317 independent of
the brain’s influence on drug delivery. (A) In vitro MTT cytotoxicity assay
demonstrates similar potency and efficacy of GDC-0980 and GNE-317 against
GBM10 cells. (B) In vivo subcutaneous flank model of GBM10 shows GDC-0980
and GNE-317 act to produce a similar delay in tumor growth. Growth was
assessed via the physical measurement of the tumor with calipers at three
dimensions. Points are the mean of all subjects, no SEM included for visualization
purposes. (C) In vivo subcutaneous flank model of GBM10 shows GDC-0980 and
GNE-317 have similar survival patterns (animals were euthanized when their

tumors reached 1500 mm?).
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Figure 3.2
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Figure 3.3

Time profiles of GDC-0980 and GNE-317 distributions in brain and plasma.
Measurements were ascertained following a single simultaneous oral dose of
GNE-317 (30 mg/kg) and GDC-0980 (7.5 mg/kg). Plasma and brain concentration
time profiles of GNE-317 are shown in FVBn wild-type (A) and in triple knockout
(TKO) mice (B). Corresponding brain-to-plasma ratios with respect to time are
shown in (C) for both wild-type and TKO mice. Plasma and brain concentration-
time profiles of GDC-0980 (7.5 mg/kg) are shown in FVBn wild-type (D) and TKO
mice (E). Corresponding brain-to-plasma ratios with respect to time are shown in
(F) for both wild-type and TKO mice. Data represent mean + S.D. (n= 3-4 at each

time point).
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Figure 3.3
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Table 3.1

Plasma and brain pharmacokinetics of GNE3-17 and GDC-0980. PK data were
determined by non-compartmental analysis after simultaneous administration of a
single oral dose of GNE-317 (30 mg/kg) and GDC-0980 (7.5 mg/kg) in wild-type

and Mdrla/b")Bcrp1/-) mice. Results are expressed as mean + S.D. n=3 - 4,

135



Table 3.1

GNE-317

GDC-0980

Parameter
(units)

Wild-type

Mdrla/b(-/~)Berpl(-/~)

Wild-type

Mrla/b(-/-)Berpl(-/-)

(ng/mL)

17+£020

141+£021

1.76 £0.58

081027

Tonax

Plasma (hr)

1

1

1

1

AUC plast
(h pg/ml)

10.59 +£0.81

1199+165

10.56 £1.47

451+1.15

(ng/mL)

184029

207+036

0.083 £0.023

125027

Brain

(hr)

1

1

1

1

AUC g

10.06 09

1280+£124

0.52+£0.06

791+144

(h.pg/ml)

AUC brin
/AUC 1

0.95

1.07

0.05

1.75

DTI
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Figure 3.4

Dosing of bevacizumab and its effects on TRD accumulation. Top panels (A-D)
show fluorescence imaging of TRD and bottom panels (E-G) show corresponding
brain slices stained with Cresyl Violet and imaged under bright field. TRD
accumulates more readily in vehicle treated animals (A & E), less readily in animals
treated with a single dose of bevacizumab (B & F), and little-to-none in animals
treated with two doses of bevacizumab and euthanized either 24 or 72 hours later
(C & G, D & H). Outlines generated manually on the basis of subjective tumor

extent via cresyl violet staining.
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Figure 3.5

Dosing of bevacizumab seals the BBB to restrict dye permeation. Top panels (A-
B) show fluorescence imaging of TRD; middle panels (C-D) show corresponding
brain slices with fluorescence imaging of fluorescein; bottom panels (E-G) show
corresponding brain slices stained in H&E and imaged using bright field. Dye
accumulate more readily in vehicle-treated animals (A & C) and less readily in
animals treated with bevacizumab (B & D). Tumor outlines generated manually on

the basis of subjective tumor extent via H&E staining.

139



Figure 3.5
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Figure 3.6

Influence of bevacizumab on tumor and brain distribution of GNE-317. Brain-to-
plasma ratios of GNE-317 distribution are approximately equal both one hour (A)

and six hours (B) after dosing with GNE-317.
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Figure 3.7

Influence of bevacizumab on tumor and brain concentrations of GNE-317. Raw
data describing the amount of drug present in tissue or plasma are provided in
both placebo- and bevacizumab-treated animals at both 1- and 6-hour time points

after dosing with GNE-317.
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Figure 3.7
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Figure 3.8

Influence of bevacizumab on tumor and brain distribution of GDC-0980. Brain-to-
plasma ratios of GDC-0980 distribution are approximately equal both one hour (A)

and six hours (B) after dosing with GDC-0980.
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Figure 3.8
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Figure 3.9

Influence of bevacizumab on tumor and brain concentrations of GDC-0980. Raw
data describing the amount of drug present in tissue or plasma are provided in
both placebo- and bevacizumab-treated animals at both 1- and 6-hour time points

after dosing with GDC-0980.
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Figure 3.9
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Figure 3.10

Immunohistochemistry one hour after treatment with bevacizumab, GDC-0980 or
GNE-317 or in combination. Representative images of whole brains are shown in
(A) while magnified portions of those brains are shown in (B). Scale bar in (A) =
650um, scale bar in (B) = 100 um. Staining intensities were not significantly

different between groups.
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Figure 3.10
A Ki-67 p-4E-BP1 p-AKT p-S6 CD31

Placebo Control

Avastin Alone

GNE-317 Alone

t s 2 i i

GDC-0980 Alone ‘ “
o > 2

AvaSﬁn ' GDC-0980 ““ ' “ '

CD31

B Ki-67 p-4E-BP1 p-AKT

Placebo Control

Avastin Alone

GNE-317 Alone

EERBNEC-E:

GDC-0980 Alone

Avastin + GNE-317

Avastin + GDC-0980

150



Figure 3.11

In vivo efficacy studies in the GBM10 orthotopic xenograft glioma model. (A)
Kaplan Meier survival curves indicate that treatment with GNE-317 + bevacizumab
is more significant than treatment with GNE-317 alone (p=<.0001) or bevacizumab
alone (p=.0395). (B) Kaplan Meier survival curves indicate that treatment with
GDC-0980 + bevacizumab is more significant than treatment with GDC-0980 alone

(p=.0097) but not more significant than treatment with bevacizumab alone).
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Figure 3.12

In vivo efficacy studies in the GBM59 orthotopic xenograft glioma model. (A)
Kaplan Meier survival curves indicate that treatment with GNE-317 + bevacizumab
is more significant than treatment with GNE-317 alone (p=<.0048) or bevacizumab
alone (p=.0017). (B) Kaplan Meier survival curves indicate that treatment with
GDC-0980 + bevacizumab is more significant than treatment with GDC-0980 alone

(p=.0326) but not more significant than treatment with bevacizumab alone).
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4.1 Introduction

Glioblastoma multiforme (GBM) is the most aggressive form of glioma
(Ostrom, Gittleman, Stetson, Virk, & Barnholtz-Sloan, 2015; Parsons et al., 2008)
and currently, a lethal disease with only a 15 month survival prognosis (Parsons
et al., 2008). Individuals diagnosed with GBM are treated using a combination of
therapeutic measures including surgical resection, radiation therapy and
chemotherapy with temozolomide (Stupp et al., 2005). As described in Chapter 1,
this disease is difficult to treat due to several factors including among other factors,
its invasiveness and genetic heterogeneity (Bonavia, Inda, Cavenee, & Furnari,
2011; Ortensi, Setti, Osti, & Pelicci, 2013; Pardridge, 2003). Many of the failures
in recent clinical trials can be attributed to poor targeting that does adequately
address these qualities. Appropriate target selection is therefore a crucial
component towards the development and application of successful
chemotherapeutics in the treatment of GBM.

Glioma stem cells comprise one of the most compelling targets in the
treatment of GBM. Beyond roles in the initiation and propagation of brain tumors,
cancer stem cells (CSCs) have also been described as a population of drug- and
radiation-resistant cells that are central to tumor recurrence (Rich & Eyler, 2008;
Singh et al., 2004; Yuan et al., 2004). While the exact mechanisms surrounding
these phenomena are still relatively unproven, a combination of slow cell cycle
kinetics, low levels of reactive oxygen species, improved DNA repair capacity, and
high expression levels of anti-apoptotic genes and efflux transporters all likely play

roles in resistance (Bao et al., 2006; Diehn et al., 2009; M. Jackson, Hassiotou, &
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Nowak, 2015; G. Liu et al., 2006). These data suggest that targeting CSCs that
provide such beneficial properties to the tumor may be of tremendous advantage
in the treatment of GBM.

Parthenolide (PTL; Figure 4.1), a sesquiterpene lactone natural product
isolated from the feverfew plant (Tanacetum parthenium), has been shown to
exhibit broad-spectrum anti-cancer activity (Ghantous, Sinjab, Herceg, &
Darwiche, 2013). This small molecule exhibits anti-proliferative activity against a
variety of cancer cell lines, including leukemia, glioma, breast cancer, and prostate
cancer cells (Anderson & Bejcek, 2008; Guzman et al., 2005; Guzman et al.,
2007). In addition, PTL has been shown to selectively target acute myelogenous
leukemia (AML) stem cells, while sparing hematopoietic stem cells (Guzman et al.,
2007). The mechanism of action of this activity is complex due to the variety of
cellular processes that PTL affects, including NF-kB signaling, microtubule
detyrosination, DNA methylation, and reactive oxygen species generation
(Fonrose et al., 2007; Kwok, Koh, Ndubuisi, Elofsson, & Crews, 2001; Z. Liu et al.,
2009; Shanmugam et al., 2010). Additionally, while PTL has been shown to inhibit
the activation of NF-kB by binding to IKKp in HeLa cells (Kwok et al., 2001), there
is evidence that PTL does not inhibit NF-kB in GBM cells (Anderson & Bejcek,
2008). An additional feature of PTL that complicates its clinical development is its
low water solubility and bioavailability. These poor molecular attributes led to the
development of prodrugs, including LC-1 (also known as DMAPT or
dimethylamino-parthenolide; Figure 4.1), which is over 1000-fold more soluble in

water than PTL (Guzman et al., 2007; Neelakantan, Nasim, Guzman, Jordan, &
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Crooks, 2009). LC-1 has also been shown to be considerably more bioavailable
than PTL in mice and canine studies (Guzman et al., 2007). Based on the evidence
that GBM populations contain drug-resistant brain tumor stem cells and that PTL
has been shown to target AML stem cells (Guzman et al., 2005), we hypothesized
that LC-1 may possess anti-proliferative efficacy against GBM in vivo. Therefore,
we evaluated LC-1 for brain penetrance in addition to in vitro and in vivo anti-

proliferative efficacy in GBM models.

4.2 Materials & Methods
4.2.1 LC-1 Preparation and PTL Purification

LC-1 (also known as dimethylamino-parthenolide, DMAPT) was
synthesized as previously described(Neelakantan et al., 2009). Parthenolide (PTL)
was purchased from Enzo Life Sciences and was purified by SiO2 chromatography

(gradient 0-30% ethyl acetate in hexanes) prior to biological testing.

4.2.2 Preparation of PTL and LC-1 Stock Solutions

PTL and LC-1 stock solutions for cytotoxicity assays were prepared in DMSO
(either 20 mM or 40 mM concentration) and stored at -20 °C when not in use.
Compound purities were assessed frequently by analytical reverse-phase HPLC

analysis and fresh solutions were prepared as needed.
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4.2.3 Cell Culture

All cell lines were maintained in a humidified 5% CO2 environment at 37 °C.
U-87 MG cells were cultured as described previously (B. Wen, Hexum, Widen,
Harki, & Brummond, 2013). GBM6 cells were cultured in DMEM/F-12 (1:1) media
with L-glutamine, without HEPES (Thermo Scientific) supplemented with B-27
supplement (1X, Gibco), N-2 supplement (1X, Gibco), Normocin (0.1 mg/mL,
InvivoGen), human epidermal growth factor (EGF, 20 ng/mL, PeproTech), human
fibroblast growth factor-basic (FGF-basic, 20 ng/mL, PeproTech), penicillin (50
I.U./mL, Cellgro), and streptomycin (50 pg/mL, Cellgro). GL261 murine glioma
cells were transfected with green fluorescent protein (GFP) and luciferase (Luc)
from separate plasmids using methods described previously (Wu et al., 2007).
GL261-GFP-Luc cells were cultured in hypoxic conditions (5% oxygen)(Olin et al.,
2010) in DMEM media (Cellgro) supplemented with 10% FBS (Gibco), penicillin
(100 LLU./mL, ATCC), and streptomycin (100 pg/mL, ATCC) along with puromycin
(10 pg/mL, Gibco) and G418 (500 pug/mL, InvivoGen) selection reagents. U-87 MG
and GL261-GFP-Luc cells were dissociated from flask/plate surfaces using 0.25%
trypsin/EDTA solution (Gibco) and GBM6 cells were dissociated using TrypLE

Express (Gibco) solution.

4.2.4 Alamar Blue Cytotoxicity Assays
Cytotoxicity assays were performed as described previously (Hexum, Tello-
Aburto, Struntz, Harned, & Harki, 2012; B. Wen et al., 2013). The ICso0 value for

PTL in U-87 MG cells was obtained previously (B. Wen et al., 2013). U-87 MG,
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GBM6, and GL261-GFP-Luc cells were seeded at a density of 5,000 cells/well in
cell culture media (50 pL) in standard 96-well plates (Costar) 24 hours prior to
treatment. Blank (no cells) wells and control (vehicle control treated) wells were
prepared with each experiment. Compounds were serially diluted in pre-warmed
media and dosed to cells (final volume = 100 pL; final DMSO concentration =
0.5%). Approximately 2 hours before the end of the treatment period (48 hours),
Alamar Blue (Invitrogen) cell viability reagent was added to each well (10 pL). After
the 48 hour treatment period, the fluorescence of each well was read using a
BioTek Synergy H1 plate reader. Cytotoxicity curves (sigmoidal dose response)

were generated using GraphPad Prism (v. 5.0).

4.2.5 Animal Care

For the C57BL/6J mouse studies, all procedures were carried out in
accordance with the guidelines set by the Principles of Laboratory Animal Care
(NIH, Bethesda, MD) and were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Minnesota (Minneapolis, MN). Female
C57BL/6J mice aged 6-8 weeks were purchased from Jackson Laboratories.
C57BL/6J mice were allowed food and water ad libitum. In survival studies, mice
that became moribund were euthanized by CO2 asphyxiation. Pharmacokinetic
studies performed by Apredica LLC using CD-1 mice were in compliance with the
Animal Welfare Act, The Guide for the Care and Use of Laboratory Animals, and

the Office of Laboratory Animal Welfare.
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4.2.6 Pharmacokinetic Studies

The pharmacokinetic studies were carried out by Apredica LLC (now
Cyprotex PLC). Briefly, six CD-1 male mice (three mice for each time point) were
provided a single dose of 100 mg/kg LC-1 (p.o.; formulated in 0.5%
methylcellulose) and were sacrificed after either one or four hours. Blood samples
were collected in K2EDTA microtainer tubes for plasma separation. The blood
samples were then centrifuged at 6,000 rpm for 5 minutes at 4 °C. Brains were
perfused and collected. Mouse plasma and brain samples were stored at -80 °C.
Plasma and brain samples were thawed on ice and were maintained at 4° C during
processing. Brain tissues were homogenized in 50 mM potassium phosphate (pH
7.4). The plasma or homogenized brain tissue was then mixed with three volumes
of methanol, incubated on ice for 5 minutes, and centrifuged. The supernatant was
then used for the analysis. Drug concentrations were measured in perfused brain
samples and in plasma by LC-MS/MS using an Agilent 6410 mass spectrometer
coupled with an Agilent 1200 HPLC and a CTC PAL chilled autosampler, all
controlled by MassHunter software (Agilent). Separation was performed using a
C18 reverse phase HPLC column and an acetonitrile-water gradient system. After
separation, peaks were analyzed by mass spectrometry using ESI ionization in
MRM mode. Calibration curves were obtained by first preparing a working dilution
of LC-1 in DMSO at 50 times the final concentration. Serial dilutions were prepared
from the working dilution. The serial dilutions were then diluted 50-fold into mouse
plasma or brain homogenate and processed as described above. The resulting

pharmacokinetic data (perfused brain and plasma concentrations of PTL and LC-
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1) were analyzed using Microsoft Excel to calculate mean concentrations and

standard deviations (S.D.).

4.2.7 LC-1 Toxicity Study in Healthy Mice

Twelve 6-8-week old female C57BL/6 mice were split equally into four
groups (40 mg/kg LC-1, 100 mg/kg LC-1, vehicle control, and phlebotomy control).
The groups other than the phlebotomy group were dosed (p.o.) with vehicle alone
or LC-1 (40 mg/kg or 100 mg/kg) daily for 30 days. LC-1 was formulated for oral
dosing in 0.3 M 2-hydroxypropyl-B-cyclodextrin (HP-B-CD; vehicle) at 40 mg/kg
and 100 mg/kg. HP-B-CD and other cyclodextrin derivatives form non-covalent
complexes with hydrophobic molecules, enhancing their solubility in aqueous
solutions (Challa, Ahuja, Ali, & Khar, 2005; Gould & Scott, 2005). Solid HP-3-CD
was purchased from Santa Cruz Biotechnology. Vehicle solutions were prepared
by dissolving HP-B-CD in Milli-Q Millipore water and mixing well (using sonication
if necessary) to achieve a final concentration of 0.3 M. Blood samples were drawn
via orbital eye bleeds (50 pL per read) from each mouse on days 0, 12, 21, and
30. The blood samples were collected into EDTA-coated vessels using capillary
tubes and eyes were alternated between reads. Complete blood counts (white and
red blood cell counts, hemoglobin levels, and platelet levels) were obtained for the

mice using a Hemavet 850FS (Drew Scientific, Oxford, CT).
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4.2.8 Intracranial Tumor Implantation

Brain tumors were established through intracranial inoculation of 30,000
GL261-GFP-Luc cells in PBS (1 pL) to 6-8-week old female C57BL/6J mice as
previously described.? Briefly, cells were cultured to subconfluence then washed
in phosphate-buffered saline (PBS), trypsinized, filtered through a 40 um mesh,
and resuspended in sterile PBS. Mice were anesthetized with a ketamine/xylazine
cocktail (53.7 mg/mL ketamine and 9.26 mg/mL xylazine delivered 1 mL/kg via
intraperitoneal injection) before surgery. Cells were injected into the right ventral
striatum based on coordinates 2.5 mm lateral and 0.5 mm anterior from bregma at
a ventral depth of 3 mm from the surface of the brain. Using an automated pump,
cells were injected at a continuous rate of 0.2 yL/min over 5 minutes (Stoelting Co.
Quintessential Stereotaxic Injector). Tumor growth was determined through
bioluminescence imaging using the IVIS50 system (Caliper Life Sciences) and
quantified in radiance units (photons/second/cm?/radian?) using Living Image
software (PerkinElmer) following an i.p. injection of D-luciferin (100 pL, 28.5 mg/mL
in PBS) 10 minutes before imaging (substrate for luciferase enzyme, Gold
Biotechnology). Animals were sedated using 2-5% isoflurane in oxygen provided

by nose cones within the imager.

4.2.9 LC-1 Survival Study in Tumor-Bearing Mice
Starting seven days after intracranial inoculation with GL261-GFP-Luc cells,
mice were treated once daily with either 100 mg/kg LC-1 dissolved in 0.3 M HP-B-

CD or vehicle alone (Das, Lin, Ho, & Ng, 2008; H. Lin & Ho, 2011). Statistical
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significance for the comparison between the LC-1 and vehicle survival curves
(Kaplan-Meier) was determined using a log-rank test performed using GraphPad

Prism software (v. 5.0).

4.3 Results
4.3.1 LC-1 Demonstrates a Similar Cytotoxicity Profile to Parthenolide

In order to determine the in vitro anti-glioma activity of PTL and prodrug,
LC-1, we performed cytotoxicity assays using U-87 MG, GBM6, and GL261-GFP-
Luc cells (Figure 4.2). U-87 MG is a frequently utilized human GBM cell line that
has recently been genetically sequenced (M. J. Clark et al., 2010). GBM6, a human
patient-derived GBM cell line (Swaminathan et al., 2010), contains a population of
CD133" cells, a marker commonly associated with the stem cell population of
glioma cells (Singh et al., 2004). GL261-GFP-Luc is a GL261 murine glioma cell
line that was stably transfected with green fluorescent protein (GFP) and luciferase
(Luc) plasmids that permit the kinetics of tumor growth to be monitored by
bioluminescent imaging (Wu et al., 2007). The ICso value for PTL against U-87 MG
cells was obtained previously by our group (B. Wen et al., 2013). PTL and LC-1
were found to be similarly active against U-87 MG cells (ICso values of 8.8 uM and
8.8 uM, respectively), GBM6 cells (3.4 uM and 3.5 uM), and GL261-GFP-Luc cells

(7.6 uyM and 6.9 uM) (Table 4.1).
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4.3.2 LC-1 Brain Penetrance

Given our promising in vitro anti-proliferative activity data of LC-1 against
multiple GBM cell culture models, we next sought to explore the pharmacokinetic
properties of LC-1. We deemed it critical to determine the extent to which LC-1
could penetrate the blood-brain barrier (BBB) in healthy mice prior to efficacy
studies in glioma-bearing mice. We speculated that LC-1 could penetrate the brain
because of its low molecular weight (293.4 Da) and minimal hydrogen bonding
donors/acceptors with water (4 H-bond acceptors) as the free base, which are
established features of brain-penetrant drugs (predictive for brain-penetrant small
molecules: < 400 Da molecular weight and < 8 total H-bonds with water)
(Pardridge, 2007; Upadhyay, 2014). Additionally, LC-1 has a positive charge under
biological conditions due to the basic dimethylamino group and it has been
suggested that the presence of a positive charge on a molecule at pH 7-8 is
favorable for brain permeation (D. E. Clark, 2003).

Pharmacokinetic (PK) data was obtained by dosing CD-1 male mice with
LC-1 (100 mg/kg) and harvesting organ and blood samples after either one or four
hours following drug administration. Concentrations of LC-1 and its elimination
product, PTL, in perfused brain tissue and plasma were then quantified using liquid
chromatography-mass spectrometry (Table 4.2). Concentrations in plasma after
one hour were determined to be 2,965 ng/mL (LC-1) and 2,142 ng/mL (PTL),
whereas even higher levels were observed in perfused brain at the same time
point: 6,251 ng/g (LC-1) and 2,402 ng/g (PTL). After four hours, the concentrations

of LC-1 and PTL in plasma (115 and 211 ng/mL, respectively) and perfused brain
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(342 and 113 ng/g, respectively) were considerably diminished. The perfused brain
concentration for LC-1 (one hour time point) corresponds to a concentration of
approximately 21 pM (assuming a brain tissue density of 1 g/mL), which is well
above the measured ICso values for LC-1 and PTL in glioma cell lines (Table 4.1).
Brain-to-plasma LC-1 concentration ratios were 2.1 (one hour) and 3.0 (four hours)
and demonstrate the penetrance of this molecule through the BBB. In general,
compounds with brain-to-plasma ratios >1 are considered to be able to freely cross
the BBB (Mensch, Oyarzabal, Mackie, & Augustijns, 2009). Our data is consistent
with a previous study of LC-1 that measured a half-life of 0.63 hours in mouse
serum (Guzman et al., 2007). Our data is consistent with a previous study of LC-1
that measured a half-life of 0.63 hours in mouse serum (Guzman et al., 2007).
Taken together, these PK data suggest that LC-1 has the potential to penetrate
the BBB and accumulate to significant concentrations in brain tissue. This
conclusion is further supported by recent PK data obtained with structurally related
dimethylamino-micheliolide (DMAMCL) in adult Wistar rats, which revealed brain-

to-plasma ratios of 1.84 (30 minutes) and 1.91 (three hours) (An et al., 2015).

4.3.3LC-1is Well-Tolerated in Animal Toxicity Studies

Previous studies have shown that LC-1 is well tolerated in mice and canines
at high doses (100 mg/kg) (Guzman et al., 2007; Hassane et al., 2010). In order to
obtain an oral toxicity profile of LC-1 in C57BL/6 mice, we tested their tolerance to
40 mg/kg and 100 mg/kg doses of LC-1. The mice for this experiment (12 total)

were split into four groups (40 mg/kg LC-1, 100 mg/kg LC-1, vehicle control, and
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phlebotomy control). LC-1 was formulated for oral dosing in 0.3 M 2-hydroxypropyl-
B-cyclodextrin (HP-B-CD; vehicle) (Das et al., 2008; H. Lin & Ho, 2011). 3% 32 HP-
B-CD forms non-covalent complexes with hydrophobic molecules, thereby
enhancing their solubility in aqueous solutions (Challa et al., 2005; Gould & Scott,
2005). The phlebotomy control mice were given no treatment. The other three mice
groups were either dosed (p.o.) with vehicle alone or LC-1 (40 mg/kg or 100 mg/kg
in HP-B-CD vehicle) daily for 30 days. Blood samples were drawn from each
mouse on days 0, 12, 21, and 30. Complete blood counts (CBC) of white blood
cells (WBC), red blood cells (RBC), hemoglobin, and platelets were measured for
each sample. These hematological parameters were specifically chosen because
they provide indications of health status. No significant differences were observed
between the groups in the CBC panel (Figure 4.3), suggesting the drug

demonstrates a robust safety profile in hematological measurements.

4.3.4 In Vivo Efficacy of LC-1

After establishing that LC-1 accumulates to biologically relevant
concentrations in brain tissue and is non-toxic following continuous dosing for
several weeks, we then studied whether LC-1 could extend survival of glioma-
bearing mice as a single agent. We chose the syngeneic murine GL261 model due
to its pathological similarity to human GBM (Newcomb & Zagzag, 2009), and the
specific cells used in our study, GL261-GFP-Luc, permit tumor growth to be
monitored by bioluminescence imaging (Wu et al., 2007). In addition, the high dose

of LC-1 (100 mg/kg) was chosen due to the lack of in vivo toxicity. Following
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establishment of GL261-GFP-Luc tumors in mice, animals were randomized and
treated daily with either LC-1 (100 mg/kg in HP-B-CD vehicle) or vehicle alone.
Weekly bioluminescence imaging revealed a delay in tumor growth kinetics in LC-
1-treated mice in comparison to vehicle-treated control mice (Figure 4.4A). This
delay in tumor growth properties also corresponded to increased survival, with
Kaplan-Meier curves revealing a statistically significant (p=0.01) extension of

survival in the LC-1-treated group in comparison to vehicle control (Figure 4.4B).

4.4 Discussion

The results of this study demonstrate the impact of glioma stem cells as a
target in anti-GBM chemotherapeutics. We first highlight that the parthenolide
analogue, LC-1 has potent and efficacious cytotoxic effects against multiple glioma
cell lines (Table 4.1 and Figure 4.2). By ascertaining the pharmacokinetics of LC-
1 in the brain and plasma, we demonstrate drug’s brain penetrant capabilities
(Table 4.2). Extended oral dosing suggests the drug is relatively non-toxic even
after repeated exposure (Figure 4.3) and significantly improves survival in a
mouse model of GBM (Figure 4.4). The impact of a benefit to survival should not
be underappreciated, as previous chapters demonstrate that these data are not
easy to generate, even with the most promising therapeutics.

This study validates the importance of adequate target selection and drug
delivery in the treatment of GBM. Oftentimes, research efforts are narrowed at one
of these dimensions, but only when a compound can address both fields can a

drug really hold therapeutic promise in a clinical setting. Given the success in the
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GL261 model, the parthenolide derivative, LC-1, should be further tested in other
animal models of glioma to validate the beneficial effects of the drug in multiple
contexts. Importantly, additional research in this area should also help to
characterize the mechanism of action of the drug, including whether the cytotoxic
effects and survival benefit seen in this study coincide with a demonstrable
reduction in the cancer stem cell population. RNA sequencing in untreated and
treated cells in vitro or in tumor-bearing animals can provide greater insight into
the molecular pathways activated in the presence and absence of drug, while flow
cytometry or immunohistochemistry using antibodies specific for cancer stem cells
can help determine the effect of a drug on that specific population. Currently, no
therapeutic agent has been approved in the treatment of cancer that has been
shown to target cancer stem cells specifically, so additional research into this

mechanism of action could be extremely valuable.
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Figure 4.1

Molecular Structures of parthenolide (PTL) and LC-1.

172



Figure 4.1
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Table 4.1

Cytotoxicity of parthenolide and LC-1 against glioma cell lines.
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Table 4.1

Cytotoxicity of parthenolide and LC-1 against glioma cell lines

ICs0 Values for Glioma Cell Lines?

Compound U-87 MG GBM6 GL261-GFP-Luc
PTL 8.8+ 2.1P 34+1.1 76+2.0
LC-1 8.8+ 1.9 35+1.1 6.9+1.7

aMean ICso values are in yM £ S.D (n 2 3 replicates). °Obtained previously (B.

Wen et al., 2013).
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Table 4.2

Pharmacokinetic (PK) data for LC-1 in non-tumor-bearing mice.
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Table 4.2

Pharmacokinetic (PK) data for LC-1.2

1 Hour? 4 Hours
Elimination Elimination
LC-1 Product (PTL) LC-1 Product (PTL)
Plasma 2965 + 899 2142 + 885 115 + 2¢ 211 + 28
Perfused Brain 6251 £ 1774 2402 + 387 342 + 208 11373
Brain-to-
Plasma Ratio 2.1 1.1 3.0 0.5

aValues for plasma (ng/mL) and perfused brain (ng/g) are shown as mean
concentration + S.D. These experiments were run in triplicate unless otherwise
noted. Pn = 2. cThe measured LC-1 concentration for one of the 4 hour plasma

samples was below the lower limit of quantification (LLOQ) of 0.5 ng/mL (n = 2).
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Figure 4.2

Dose-response cytotoxic profiles with PTL and LC-1 in glioma cell lines.
Representative ICso curves for PTL (open circles) and LC-1 (closed triangles)
against (A) U-87 MG, (B) GBM6, and (C) GL261-GFP-Luc cells. Viability was
determined via Alamar Blue assay. Error bars represent the standard deviation

(S.D.) of triplicate data.
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Figure 4.2
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Figure 4.3

CBC data from non-tumor bearing mice treated with LC-1 mouse. These data
include counts of (A) white blood cells (WBCs), (B) red blood cells (RBCs), (C)
hemoglobin, and (D) platelets. Vehicle = 0.3 M HP-3-CD. Phlebotomy control mice
were untreated. Data are shown as the mean count = SEM. For these experiments,
n = 3 except the vehicle and phlebotomy control groups on day 0 (n = 2). No
statistical significance was observed among the groups in any of the conditions

(one-way repeated measures ANOVA,; 95% confidence level).
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Figure 4.3
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Figure 4.4

In vivo survival data. (A) In vivo bioluminescent imaging of GL261-GFP-Luc
glioma-bearing mice treated with either LC-1 (100 mg/kg; n = 10) or vehicle (0.3 M
2-hydroxypropyl-B-cyclodextrin; n = 6). Data points are shown as mean log-
normalized bioluminescence values + SEM. (B) Kaplan-Meier survival curves for

the tumor-bearing mice treated with LC-1 or vehicle (p = 0.01).
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Figure 4.4
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CHAPTER 5

Recapitulation and Future Directions
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5.1 Molecular mechanisms underlying the failures of targeted agents in the
treatment of malignant glioma

Glioblastoma Multiforme is a deadly disease. During two hundred years of
medical advances and scientific breakthroughs, the best treatments for GBM
provide only five months’ survival benefit. At this time, the standard of care is
limited to surgical resection, radiation therapy, and temozolomide, although the
use of Avastin (bevacizumab) remains disputed. It was the intent of this thesis to
characterize the molecular mechanisms that preclude or limit the efficacy of brain
tumor chemotherapeutics. Both internal characteristics of the tumor and external
attributes of tested therapeutic agents were assessed to gain a clearer
understanding of the treatment paradigm associated with glioblastoma multiforme.

The data provided in previous chapters highlight the following molecular
mechanisms that contribute to the challenges in treating GBM: (1) the invasiveness
of the disease that increases the area to which treatment must extend, (2) genetic
heterogeneity that makes an obstacle for target selection, and (3) insufficient
delivery of drugs through the blood-brain barrier that limits the ability of many
compounds to reach the tumor. Addressing and mitigating these obstacles to the
extent possible during drug development should increase the potential for
therapeutic success in patients.

Chapter 2 demonstrated the importance of brain penetrance of targeted
agents in the treatment of GBM. The GL261 mouse glioma model was selected for
this study because of its ability to accurately recapitulate the invasiveness and

heterogeneous pattern of BBB disruption seen in human imaging studies. Brain
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penetrance of GDC-0980 and GNE-317 were assessed in wildtype and Mdrla/b-
/- Berp-/- triple knockout (TKO) mice and showed that GDC-0980, but not GNE-
317, demonstrates significant liability to efflux by P-gp and BCRP transporters.
This finding was particularly salient in the context of the drugs’ similar cytotoxicity
profiles. In the GL261 model, GNE-317 accumulated to a much greater extent than
GDC-0980 in not only the tumor core, but also in the tumor rim and normal brain
where invasive cells are known to exist.

To test the influence of differential brain penetrance on therapeutic efficacy
including molecular targeting capacity and benefits to survival, GL261-tumor
bearing animals were treated with either drug before measuring for demonstrable
effects. Unlike GDC-0980, GNE-317 was able to successfully decrease the
downstream signaling of PI3K and mTOR. Unexpectedly, these data did not
translate in survival studies and neither drug was able to delay tumor growth or
prolong the lives of GL261 tumor-bearing mice. This effect highlights the
challenges presented by the tumor’s genetic heterogeneity and the consequences
of inadequate target selection. Brain tumor therapeutics must therefore be brain
penetrant, exhibit little liability for efflux, and be well matched to each tumor’s
genetic signature.

Following up on the work from Chapter 2, Chapter 3 assessed the impact
of anti-angiogenic therapy (AAT) on delivery and efficacy of concurrently
administered targeted agents in the treatment of malignant glioma. In the GBM10
and GBM59 orthotopic xenograft models utilized in this study, GDC-0980 and

GNE-317 again demonstrated similar efficacy profiles both in vitro and in GBM
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flank tumors. Because the blood-brain barrier did not present an obstacle in these
conditions, such experiments established a baseline for subsequent drug studies
in the brain. Following several doses of bevacizumab to normalize the leaky
vasculature normally present within tumors, the distribution of GDC-0980 and
GNE-317 was assessed. Bevacizumab was shown to decrease the distribution of
GDC-0980, although not significantly; in contrast, bevacizumab did not modify the
accumulation of GNE-317. These data suggest that AAT-induced BBB
normalization limits the delivery of targeted agents that are subject to active efflux,
but not targeted agents that are already brain penetrant.

The impact of AAT on survival benefits to concurrently administered
targeted therapies was also investigated. Bevacizumab alone provided a survival
benefit in all cases, but the survival benefit was only found to be significantly
enhanced during co-treatment with a brain penetrant drug like GNE-317. The
benefits to survival in intracranial tumor models were unanticipated in the context
of earlier experiments demonstrating limited efficacy in in vitro and flank tumor
experiments. This paradoxical effect can be explained by the changes in molecular
presentation of tumor cells cultivated in different environments that may give rise
to differences in susceptibility to targeted agents. Such effects create additional
complications to creating accurate brain tumor models.

Chapter 4 further explored the importance of appropriate target selection in
GBM using parthenolide and its derivative, LC-1. Both analogues are known to
target cancer stem cells that are thought to give rise to tumors, although LC-1 is

considered a more bioavailable form the parthenolide parent drug. Effectively
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killing cancer stem cells is an important goal in brain tumor research because this
cell population is considered very difficult to target; CSCs are highly resistant to
drug treatment because of their slow cell cycle kinetics, low levels of reactive
oxygen species, improved DNA repair capacity, and high expression levels of anti-
apoptotic genes and efflux transporters. In vitro studies of parthenolide and LC-1
in several glioma cell lines demonstrated that both drugs exhibited similar
cytotoxicity profiles and were able to induce total cell death at higher
concentrations, unlike in experiments from Chapters 2 and 3 with GDC-0980 and
GNE-317, which could not completely kill the glioma cell lines in which they were
tested. LC-1 was also shown to be brain penetrant and non-toxic after prolonged
exposure. Importantly, the drug produced a demonstrable delay in tumor growth
and significant benefits to survival. For these reasons, glioma stem cells remain a

compelling therapeutic target for future clinical therapies.

5.2 Strategies to improve drug delivery of targeted agents

The blood-brain barrier presents a significant obstacle to the delivery of
drugs to brain tumors like glioblastoma multiforme. Because many
chemotherapeutics are liable to efflux by P-gp and BCRP at the BBB, there have
been many attempts to manipulate transporters to reduce efflux activity. As
Chapter 2 describes, targeted agents can be modified to limit their liabilities for
efflux, but this process can be expensive and time-consuming. An alternate
strategy for improving delivery of a drug without chemical modification may be

through the concurrent administration of efflux pump inhibitors. Efflux pump
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inhibitors have been applied to cancer therapies as early as 1981 (Krishna &
Mayer, 2000). In cancers outside the brain, such drugs enhanced parenchymal
penetrance of targeted therapies, but these effects did not translate to a clinical
benefit (Robey et al., 2010). Indeed, they usually produced toxicity in patients
because of the changes in systemic exposure of co-administered therapeutics
(Krishna & Mayer, 2000). More recently developed inhibitors have been reported
to be better tolerated and less disruptive to other co-administered drugs, but their
successes both pre-clinically and clinically remain limited (Bates, Amiri-Kordestani,
& Giaccone, 2012; Robey et al., 2010). Although several efflux pump inhibitors
have been approved by the Food and Drug Administration (FDA), no compound
has improved drug delivery to the brain; research in this area therefore remains
ongoing.

Rather than modulate the biochemical component of the BBB, additional
strategies have sought to address the physical components of the BBB. Ironically,
both BBB restoration and BBB disruption methodologies have been tested to
improve drug delivery to the brain. The first type of therapy, BBB restoration,
occurs through the administration of a VEGF inhibitor like bevacizumab (Avastin).
As discussed in Chapter 3, bevacizumab is known to repair the disrupted BBB
seen in various pathologies; although postulated to increase drug delivery,
bevacizumab can actually decrease drug delivery by reestablishing the function of
efflux transporters. This effect may, therefore, be deleterious in the treatment of

GBM if a co-administered therapeutic is susceptible to efflux by such transporters.
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The second therapeutic methodology, termed “blood-brain barrier
disruption (BBBD) therapy” uses osmotic, mechanical or pharmacological
manipulation to transiently increase permeability at the tight junctions. Osmotic
BBBD therapy uses hypertonic solutions capable of shrinking endothelial cells and
physically interrupt tight junction complexes that create gaps for paracellular
diffusion of molecules (Rapoport, 2000). In contrast, mechanical disruption occurs
through the application of focused ultrasound that, when delivered transcranially,
results in the temporary opening of tight junctions (H. Liu et al., 2010).
Pharmacological agents including bradykinin and bradykinin-like compounds
(histamines and leukotrienes) work via a third mechanism: the activation of the G-
protein coupled receptor, bradykinin receptor B2, induces second messenger
systems that transiently increase cytosolic calcium that opens tight junctions
(Kemper, Boogerd, Thuis, Beijnen, & van Tellingen, 2004). Despite the suggested
mechanisms of action, these techniques vary in their efficacy toward BBB
disruption and enhanced delivery of concurrently administered therapeutics.
Further research is therefore needed in BBBD before such a strategy becomes a
standard of care for GBM.

Because of the challenges associated with systemically administered
therapies, local strategies and carrier methods have become additional areas of
interest in the treatment of brain tumors. Convention-enhanced delivery (CED) is
one such technique in which a pump provides a prolonged slow infusion of drug
directly into brain parenchyma (Groothuis et al., 1999). Despite direct delivery into

the brain, the diffusion of drug through the tissue has typically been limited, often
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sparing regions of the brain distant from the infusion source where invasive glioma
cells may be present (Fiandaca, Forsayeth, Dickinson, & Bankiewicz, 2008). From
the carrier perspective, both nanoparticles and peptide linkers can help facilitate
the delivery of drugs (Blasi, Giovagnoli, Schoubben, Ricci, & Rossi, 2007; Herve,
Ghinea, & Scherrmann, 2008) to the brain. Investigation into these approaches

continues as the associated technologies and reagents improves over time.

5.3 Alternative treatments with therapeutic potential for malignant glioma

An understanding of the molecular mechanisms behind the failures of
targeted agents in the treatment of glioblastoma multiforme should help inform
future drug development. The invasive nature and genetically heterogeneous
qualities of glioma necessitate that small molecule therapeutics be efficacious at
targeting and killing all tumor cells, including glioma stem cells. To ensure
adequate drug delivery, targeted agents must be designed so as not to be
substrates for efflux pumps. Finally, AAT may be a promising therapeutic strategy
if it is combined with other targeted agents that are not susceptible to efflux from
an intact blood-brain barrier.

Given the overwhelming failures in chemotherapy-based clinical trials and
the challenges faced in improving drug design in glioma, an alternative treatment
strategy may be beneficial. To circumvent many of the limitations associated with
drug-based treatment strategies, scientists and clinicians are turning to
immunotherapies. Brain tumors possess a variety of mutated proteins that should

give rise to immunogenic tumor-specific neoantigens (McLendon et al., 2008b).
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Despite the presence of such neoantigens, the immune system rarely attacks CNS
cancers. Glioma patients exhibit a competent immune system, but the CNS
maintains a relative and specialized form of immune privilege that prevents
immune responses in the brain (Muldoon et al., 2012). Indeed, immunosuppressed
patients who receive organ transplants from individuals with a non-metastatic
primary brain tumor frequently develop cancer of brain origin in the donated organ.
This observation suggests that glioma patients maintain an active immune system
peripherally that is able to disable or prevent tumor growth of circulating glioma
cells (Collignon, Holland, & Feng, 2004). Efforts to activate the immune system
within the CNS occur in the forms of vaccine-based platforms and NK- or T-cell
based immunocellular strategies (Bielamowicz, Khawja, & Ahmed, 2013; C. M.
Jackson, Lim, & Drake, 2014; Perez-Diez & Marincola, 2002). Many such
immunotherapies have entered clinical trials (Bielamowicz et al., 2013; C. M.
Jackson et al., 2014; Xu, Chow, Lim, & Li, 2014), yet patient responses have been
mixed (Gomez & Kruse, 2006). The optimization of immunotherapies in GBM

therefore remains a significant goal within the field of neuro-oncology.
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