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Abstract The effective treatment of brain tumors is a considerable challenge in
part due to the presence of the blood-brain barrier (BBB) that limits drug delivery.
Multiple hurdles pose challenges in identifying drugs that may be effective in treat-
ing brain tumors, including limited central nervous system (CNS) distribution of
therapeutics, heterogeneous disruption of the blood-brain barrier in the regions of
the tumor that lead to heterogenous drug distribution within the tumor, and genetic
heterogeneity of tumor drivers. This chapter discusses the current standard of care
and its limitations, as well as complex challenges in the treatment of primary and
metastatic brain tumors. We review a variety of prospective delivery solutions of
therapeutics to the brain and CNS for the treatment of brain tumors that will in the
future lead to opening new doors for more effective treatments.
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24.1 Tumors of the CNS: The Disease

More than 23,500 new cases of primary brain and CNS tumors are expected in the
United States in 2020, which will account for approximately 1.3% of overall cancer
cases and represent the 10th leading cause of death for men and women (Siegel
et al. 2019). In addition, an estimated 10%—-20% of all cancer patients will develop
brain metastases (Lin and DeAngelis 2015). In the United States, an estimated
98,000-170,000 cases of brain metastases occur each year (Amsbaugh and Kim
2019). Although brain and CNS tumors are a rare occurrence in adults, they are a
significant cause of mortality and are the most common solid tumors in infants and
children (McNeill 2016). Brain tumors are broadly classified into two types based
on their site of origin—primary brain tumors and secondary/metastatic brain tumors.
Primary brain tumors are those that originate within the brain or the surrounding
areas of the CNS like the meninges or spinal cord. Conversely, secondary or meta-
static tumors are those that originate elsewhere in the body and later spread to the
brain. Diagnosis of brain malignancies and their treatment are often very complex
and are associated with serious cognitive and functional impairment of patients and
psychological stress to the patients as well as their families. These tumors have a
grim prognosis with a median survival ranging between 4 and 15 months after diag-
nosis (Parrish et al. 2015; Pan-Weisz et al. 2019). Many experimental therapies that
have shown promise in preclinical studies ultimately fail clinical trials for CNS
tumors, and therefore the incidences of primary and metastatic brain tumors con-
tinue to rise. Most of the drugs in the pipeline do not cross the formidable hurdle of
the blood-brain barrier (BBB) to be effectively delivered to the tumor site. Therefore,
it is imperative to develop therapies that take into consideration the presence of an
intact BBB in the invasive regions surrounding the tumor which continue to grow
even after surgical resection (Sarkaria et al. 2018). Advancements should also be
made to develop novel drug delivery systems exploiting various aspects of BBB
anatomy and physiology in and around the tumor. Moreover, it will be necessary to
better understand the complex cellular signaling pathways that lead to tumor prolif-
eration and invasiveness. Finally, novel technologies may be utilized to modify the
BBB to deliver therapeutics across CNS barriers to the tumor site. In this chapter,
we will discuss the challenges to effective treatment for both primary and metastatic
brain tumors.

24.1.1 Primary Brain Tumors

Primary brain tumors can be classified as malignant or nonmalignant based on the
presence of proliferative and invasive cancer cells within the tumor. The five-year
survival rate in adults following the diagnosis of a malignant brain or other CNS
tumor is 35.8%; in contrast, the five-year survival rate following diagnosis of a non-
malignant brain or other CNS tumor is 91.5%, based on the Central Brain Tumor
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Registry of the United States (CBTRUS) report compiling cases from 2012 to 2016
(Ostrom et al. 2019). The most common CNS tumors in children are pilocytic astro-
cytoma, embryonal tumors, and malignant gliomas, whereas meningiomas, pitu-
itary tumors, and malignant gliomas are the most common brain tumor types in
adults (McNeill 2016).

Gliomas are primary brain tumors that are thought to originate from neuroglial
stem cells or progenitor cells. On the basis of their histological appearance, they
have been traditionally classified as astrocytic, oligodendroglial, or ependymal
tumors and assigned WHO grades I-1V, indicating different degrees of malignancy
based on genomic, transcriptomic, and epigenetic profiling (Weller et al. 2015).
These tumors vary widely in histology from benign and potentially surgically cur-
able grade I tumors (pilocytic astrocytoma) to locally aggressive infiltrative grade
IV tumors with a high risk of recurrence (glioblastoma). Survival varies by histol-
ogy, with pilocytic astrocytoma having a 10-year survival of greater than 90%,
whereas only about 5% of patients with glioblastoma survive up to 5 years
(McNeill 2016).

Glioblastoma (GBM) is the most common primary malignant brain tumor with
~14,000 new cases per year in the United States with a 2-year survival rate of 16.9%
(Ostrom et al. 2014). Currently, the United States has approximately 50,000 GBM
patients. In other developed countries worldwide, approximately 3.5 GBM cases
per 100,000 people are newly diagnosed each year (Porter et al. 2010). According
to the World Health Organization classification system, GBMs are grade IV neo-
plasms (where grade I refers to the least severe and grade IV to the most severe),
reflecting their highly malignant behavior (Perkins and Liu 2016). GBMs are highly
infiltrative and therefore not a surgically curable disease. Tumor cells invade the
surrounding brain regions and have a diffused nature making complete surgical
resection impossible (Cloughesy et al. 2014; Sarkaria et al. 2018).

24.1.2 Metastatic Brain Tumors

Cancer metastasis from primary tumors to the brain is a significant concern in can-
cer patient management (Sperduto et al. 2012). Brain metastases are difficult to
detect and diagnose, especially in early stages of the disease and have an extremely
grim prognosis (Bruzzone et al. 2012). Lung cancer, breast cancer, melanoma, renal
cell carcinoma, and colorectal cancer are among the tumor types associated with
high brain-metastatic prevalence (Achrol et al. 2019). While lung cancer has been
reported to have the largest incidence rate of brain metastases, melanoma has the
highest likelihood of metastasizing to the brain (Nayak et al. 2012). Rising inci-
dences of brain metastases can be attributed to the improvement of advanced imag-
ing techniques for early detection as well as effective systemic treatment of the
peripheral disease that extends patient survival (Fokas et al. 2013). Another reason
for limited success in the therapies for brain metastases is the restricted entry of
systemically active therapeutic agents into the brain because of the BBB. The BBB
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creates a pharmacological sanctuary that allows the growth and development of the
tumor cells within the brain (Kim et al. 2018). The mechanisms by which brain
metastases occur have not been well described; however, the prevalence of these
metastases for a variable duration before being detected poses a treatment chal-
lenge. In addition, after the initial detection of brain metastases, there is a high
likelihood of undetected “micrometastases” that will be protected by a relatively
intact BBB at those locations within the brain (Oberoi et al. 2016). Therefore, to
advance treatments for brain metastases, consideration of the condition of the BBB
in these regions is essential, especially in the non-contrast enhancing regions of the
micrometastases where the BBB can impede the delivery of anticancer agents to the
tumor cells.

24.2 Standard of Care for Primary Brain Tumors

The current standard of care for primary brain tumors reflects the need to develop
more effective treatments that have improved delivery to the tumor target sites.
Clinical signs and symptoms of primary brain tumors progress from early symp-
toms like headaches and seizures due to increased intracranial pressure to more
focal symptoms like dizziness and change in personality traits as the tumor grows in
size and infiltrates to different areas of the brain (Perkins and Liu 2016). The diag-
nosis of these tumors is done with the help of gadolinium enhanced magnetic reso-
nance imaging (MRI) or computed tomography (CT). Advanced imaging techniques
combined with MRI significantly help in the diagnosis of tumor subtype. Treatment
decisions are individualized by an experienced multidisciplinary team consisting of
medical oncology, radiation oncology, and neurosurgery. Treatment decisions are
based on tumor type and location, malignancy potential, and the patient’s age and
physical condition. Treatment options include a combination of surgery, chemo-
therapy, and radiation therapies (Alifieris and Trafalis 2015).

The current standardized treatment for GBM involves a multidisciplinary
approach with maximal safe surgical resection possible, followed by concurrent
radiation with temozolomide (TMZ), an oral DNA alkylating agent, followed by
adjuvant chemotherapy with TMZ (McClelland et al. 2018). Following surgical
resection, the chemoradiation schedule begins 4 weeks after the patient’s recovery
from the surgery. Radiation using three-dimensional conformal beam or intensity-
modulated radiotherapy (RT) is now the standard of care, where typical total dose
delivered is 60 Gray (Gy), in 1.8-2 Gy fractions administered 5 days per week for 6
weeks (J.G. et al., 2011). A clear survival advantage has been demonstrated with
postoperative RT doses to 60 Gy, but dose escalation beyond this has resulted in
increased toxicity without additional survival benefits (Barani and Larson 2015).
Concurrent with RT, TMZ is typically given at a dose of 75 mg/m? daily for 6
weeks, followed by a rest period of about one month after RT is completed. When
restarted, TMZ is dosed at 150 mg/m? daily for 5 days for the first month (usually
days 1-5 of 28). If tolerated, the dose is escalated up to 200 mg/m?* for five
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consecutive days per month for the rest of the treatment period (Davis 2016). The
importance of the methylation of the O°%methylguanine DNA methyltransferase
(MGMT) gene in standard GBM therapy has been demonstrated by Stupp et al. in
2008. MGMT codes for an enzyme involved with DNA repair. Patients who have
methylated (not activated) MGMT exhibit compromised DNA repair. When the
MGMT enzyme is activated, it can interfere with the effects of treatment. RT and
alkylating chemotherapy exert their therapeutic effects by causing DNA damage
and cytotoxicity and triggering apoptosis. Therefore, the expression of methylated
MGMT is beneficial for patients undergoing TMZ chemotherapy and RT (Stupp
et al. 2008). As one can see from above, the standard of care comprised of radiation
and TMZ represents a limited choice of therapy even in light of our improved
knowledge of the biology of GBM. It is important to note that radiation is a highly
brain penetrant therapy and TMZ, a small molecule alkylating agent, also has com-
paratively good brain penetration (Portnow et al. 2009).

In addition, a humanized monoclonal antibody, bevacizumab, targeting vascular
endothelial growth factor (VEGF) has been approved for the treatment of recurrent
GBM, but it has not shown any improvement in the overall survival of patients
(Chowdhary and Chamberlain 2013). In 2015, the FDA approved another local
treatment option called Optune for newly diagnosed and recurrent GBM with con-
comitant TMZ. Optune is a device delivering electrical fields to the brain. It emits
low intensity electricity (100-300 kHz frequency) delivered through a series of
transducer arrays placed regionally around the tumor region. These electrical fields
have been shown to selectively disrupt cell division in the case of brain tumors.
Patients with a 90% or greater compliance rate of using Optune had a median over-
all survival of 24.9 months (28.7 months from diagnosis) and a 5-year survival rate
of 29.3% (Toms et al. 2019). Again, similar to the above standard of care, this treat-
ment option clearly has excellent BBB penetration.

24.3 Standard of Care for Metastatic Brain Tumors

Approximately 80% of brain metastases are localized in the cerebral hemispheres
(Delattre et al. 1988). Initial symptoms range from seizures and headaches to cogni-
tive dysfunction and neurological deficits; however in some early stages, asymp-
tomatic brain metastases are also commonly found using imaging techniques (Kim
et al. 2018). Clinical treatment in most cases is mostly palliative and rarely ever
curative. The prognosis and treatment modalities are affected by a variety of factors,
including size, number, and location of metastases; age and performance status of
the patient; type of the tumor; and active extracranial disease presence (Arvanitis
et al. 2018). Given the prevalence and grim prognosis of metastatic tumors in the
brain, there is a great unmet need in improving specific treatments that will require
adequate penetration across the BBB.

Treatment of brain metastases closely mirrors the treatment of primary brain
tumors (Fig. 24.1). Stereotactic radiosurgery or gamma knife radiation can be used
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Fig. 24.1 Standard of care for primary and metastatic brain tumors

as the first option for the maximum safe surgical resection where there are few (typi-
cally <4) metastases present (Oberoi et al. 2016; Stupp 2019). In many cases, due to
the size, number, or location of the tumor, surgery is not possible, and hence patients
are treated with whole brain radiation therapy (WBRT). TMZ is the first-line che-
motherapeutic used for GBM; however, no such proven chemotherapeutic options
have been specifically effective in brain metastases (Oberoi et al. 2016). CNS
metastases often express similar characteristics and sensitivities to their primary
tumors and hence are treated based on their subtype and primary source of origin
(Rick et al. 2019). The use of molecularly targeted agents has been on the rise in the
case of non-small cell lung carcinoma (NSLC) metastases over the last 15 years in
cases with evidence of drug sensitivity for specific tumor mutations (Lim et al.
2019). The use of epidermal growth factor receptor tyrosine kinase (EGFR-TKI)
inhibitors gefitinib, erlotinib, and more recently the effective use of a third-
generation EGFR-TKI inhibitor, osimertinib, on EGFR-mutated NSLC brain metas-
tases are examples of such therapy (Dempke et al. 2015; Reungwetwattana et al.
2018; Soria et al. 2018; Ramalingam et al. 2020). In anaplastic lymphoma kinase
(ALK) fusion protein-positive NSLC metastases, which are rare, two inhibitors—
crizotinib and alectinib—have demonstrated treatment benefit (Shaw et al. 2017,
Tran and Klempner 2017; Gadgeel et al. 2018). Importantly, an ALK inhibitor, lor-
latinib, a molecule designed for improved BBB penetration through decreased
efflux liability, showed substantial intracranial activity in a phase II study in patients
with pretreated ALK-positive NSCLC (with or without baseline CNS metastases),
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whose disease had progressed on crizotinib or other second-generation ALK TKIs
(Bauer et al. 2020). CNS metastases from breast cancer have been very difficult to
effectively treat. There have been no FDA-approved systemic therapies until April
2020 with the approval of tucatinib, an oral small-molecule tyrosine kinase inhibitor
of HER2 in combination with trastuzumab and capecitabine (Murthy et al. 2018,
2020). In the case of melanoma metastases, FDA approvals in recent years have
included BRAF inhibitors vemurafenib and dabrafenib; a MEK inhibitor, tra-
metinib; and an anti-CTLA4 antibody, ipilimumab (Parrish et al. 2015). However,
for patients with brain tumor metastasis, the standard of care remains radiation and
surgery due to limited brain distribution of these agents.

24.4 Challenges in the Treatment of Brain Tumors

Despite the aggressive multimodal approach of surgery, chemotherapy, and radia-
tion for the treatment of brain tumors, the expected survival for patients with GBM
is approximately 15 months, and for patients with brain metastases, it is approxi-
mately 4-6 months (Bi and Beroukhim 2014; Liu, Tong and Wang, 2019). As
described earlier, extensive and complete surgical resection of brain tumors is dif-
ficult because they are frequently invasive and are often in areas of the brain that
control speech, motor function, and the senses. TMZ, used as the first-line chemo-
therapeutic for the treatment of GBM, is only beneficial for a subset of patients
(~50%) having the MGMT promoter methylation, and this limits its effectiveness in
a broad patient population (Lee 2016). In the case of radiation, the side effects range
from short-term conditions like inflammation and edema to long-term effects like
radiation necrosis, blindness, and cognitive dysfunction (Laack and Brown 2004).
The identification and development of drug delivery strategies that can be used
with the current standard of care of radiation and chemotherapy is a significant chal-
lenge in oncology, with multiple hurdles to be overcome. These hurdles are depicted
in Fig 24.2. First, an important reason drug molecules often have limited brain pen-
etration is due to the presence of efflux transporters at the blood-brain barrier (BBB)
and the blood-tumor barrier (Omidi and Barar 2012). Second, the complex tumor
microenvironment communicates with other cells in the brain environment in a
manner that leads to the promotion of tumor progression and resistance to treat-
ments (Trédan et al. 2007; Perus and Walsh 2019). Third, spatial heterogeneity of
drug distribution is a critical consideration in the context of brain tumors, many of
which exhibit both a partially intact BBB as well as heterogenous BBB disruption
in different regions of the tumor and area surrounding the tumor (Sarkaria et al.
2018). Fourth, the highly heterogenous genetic makeup of GBM from patient to
patient as well as within the tumor of a single patient presents significant additional
challenges. This highlights the need to understand these complexities to be able to
successfully identify agents that can selectively and significantly benefit a subset of
the GBM population (Bastien et al. 2015). Finally, given the limited understanding
of how molecularly targeted agents assist radiation and chemotherapy,
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Fig. 24.2 Challenges in the treatment of brain tumors

understanding heterogenous distribution is critical to avoid the development of
resistance. Moreover, determining the delivery of these agents to normal tissues
leading to toxic side effects needs to be examined in conjunction with measuring
specific pharmacodynamic effects that can demonstrate efficacy in tumor cells and
toxicity in normal tissues.

24.5 Transporter Expression in Brain Tumors

The brain depends on nutrients for its growth and development and also needs to be
protected from circulating xenobiotics and toxins. This selective entry into the brain
is modulated by the presence of membrane-embedded receptors that act as transport
systems (Cardoso et al. 2010). While active influx transporters and facilitated carri-
ers are necessary for the transport of essential nutrients and growth factors, a second
type of transporters, critical for brain delivery of therapeutic agents, is the efflux
transport systems that are mainly comprised of the ABC (ATP binding cassette)
super family that uses ATP hydrolysis to provide energy to efflux molecules from
the brain back to the blood. The most relevant ABC transporters expressed in the
brain endothelial cells are P-glycoprotein (P-gp), breast cancer resistance protein
(BCRP), and the multidrug resistance-associated proteins (MRP) (Loscher and
Potschka 2005). The expression of these transporters is depicted in Fig. 24.3.

P-glycoprotein (P-gp, ABCBI) P-gp expression was first detected in the BBB by
Cordon-Cardo et al. (Cordon-Cardo et al. 1989) using immunohistochemistry.
Thereafter several groups have demonstrated increased P-gp protein and ABCB1



24 Drug Delivery to Primary and Metastatic Brain Tumors... 731

A) Healthy Blood-Brain Barrier B) Blood-Tumor Barrier
_ <9 9 ("
ki Astrocytic Endfoot ) 9 0 o ") v 9
Glial Tumor Q .
9 Y
e Yo Vo ©
/ Q ‘Q Q ‘)eurune ug
WSt T /Q‘b_> I_,/I g-o‘o_\ “ComD;?mt_ mm
. Brainzs II;WLumm‘ ‘I‘iahulunﬂian MOEQ_U—HQ—
Q P-glycoprotein (P-gp, ABCB1)
() Breast Cancer Resistance Protein (BCRP, ABCG2)

Fig. 24.3 Transporter expression at the blood-brain and blood-tumor barriers. (a) Expression of
P-glycoprotein and breast cancer resistance protein at the healthy blood-brain barrier. (b)
Expression of P-glycoprotein and breast cancer resistance protein at the blood-tumor barrier and in
brain tumor cells of different origin

mRNA expression levels using western blotting or quantitative PCR in whole tumor
lysate from a wide range of primary and secondary human brain tumors (Demeule
etal. 2001; Spiegl-Kreinecker et al. 2002; Ginguene et al. 2010; Uchida et al. 2011).
Some immunohistochemistry studies have demonstrated that increase in P-gp pro-
tein expression levels was due to P-gp expression in tumor-associated brain capil-
lary endothelial cells and not due to P-gp expression in tumor cells (Tanaka et al.
1994; Korshunov et al. 1999; Tews et al. 2000; Ginguene et al. 2010; Veringa et al.
2013). Toth et al. showed a particularly heterogenous P-gp expression pattern in
patient GBM samples and demonstrated that P-gp expression was significantly
decreased in capillary endothelial cells surrounding necrotic areas of the tumor core
and in areas with high angiogenesis such as the tumor rim (Toth et al. 1996; Demeule
etal.2001; Bhagavathi and Wilson 2008). While P-gp protein expression is increased
in brain tumor cells when compared to their healthy counterparts, the overall trans-
porter expression has been reported to be relatively low in the tumor cell (Marroni
et al. 2003). Therefore, unlike the blood-brain barrier where P-gp expression levels
are high and correlate with low survival, expression in brain tumor cells did not
appear to correlate with tumor grade, survival, or chemoresistance (Abe et al. 1998;
Tews et al. 2000; Valera et al. 2007; Wu et al. 2019; Yan et al. 2019). However, a
contrasting report does show that P-gp expressed by endothelial cells may be a neg-
ligible component of the human GBM multidrug resistance (MDR). In this report
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the authors indicate that the tumor perivascular astrocytes may dedifferentiate and
resume a progenitor-like P-gp activity and contribute to the MDR profile of GBM
vessels as well as perivascular P-gp expressing glioma stemlike cells. This study
lends credence to P-gp efflux activity contributing to therapeutic failure in both
vascular and parenchymal cells (de Trizio et al. 2020).

Breast Cancer Resistance Protein (BCRF, ABCG2) ABCG2 mRNA expression at
the BBB was first detected in 2002 in primary porcine endothelial cells (Eisenblaetter
and Galla 2002). Cooray et al. (2002) were the first to show BCRP protein expres-
sion at the human blood-brain barrier, where BCRP is located in the luminal mem-
brane of endothelial cells and actively contributes to outwardly directed efflux
transport (Cooray et al. 2002; Zhang et al. 2003; Aronica et al. 2005). In brain can-
cer tissue resected from patients, BCRP expression is mainly restricted to the brain
tumor barrier (BTB) (Aronica et al. 2005; Bhagavathi and Wilson 2008; Ginguene
et al. 2010; Sakata et al. 2011; Shawahna et al. 2011; Bhatia et al. 2012; Veringa
et al. 2013).

In contrast to capillary endothelial cells of the BTB, most brain tumor cells in
patient samples do not express BCRP (Sakata et al. 2011; Veringa et al. 2013).
However, in those cases where BCRP is expressed in brain tumor cells, these cells
often display stem cell characteristics and BCRP expression correlates with poor
prognosis (Bleau et al. 2009; Emery et al. 2017). Given these studies, BCRP may be
more critical in brain tumor cells compared to P-gp. However, anticancer drug
efflux from tumor cells appears to be secondary to efflux at the BBB and BTB as a
mechanism of drug resistance in brain tumors (Emery et al. 2017).

24.6 Transporter Regulation

A newly emerging strategy to overcome BBB P-gp/BCRP is targeting transporter
regulation. Targeting the signaling pathways that regulate P-gp/BCRP and result in
decreased transporter expression and activity at the BBB can potentially be exploited
to improve brain delivery of anticancer drugs, which have been described in
Fig. 24.4.

24.6.1 Transcriptional Regulation
24.6.1.1 Transporter Regulation Through p53
The tumor suppressor p53 (wildtype) binds to the p53 response element in the pro-

motor region of its target genes, which stops the cell cycle and thus cell division.
P53 binds to the ABCB1 promotor suppressing its activation (Johnson et al. 2001).
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expression of P-glycoprotein and breast cancer resistance protein in brain tumors. (b) Mechanisms
that decrease the expression of P-glycoprotein in brain tumors

Mutant p53, however, acts as an activator of the ABCB1 promotor, stimulating tran-
scription and resulting in increased P-gp expression and activity levels (Sampath
etal. 2001).

Marroni et al. showed that wild-type p53 inhibits ABCB1 and ABCG2 transcrip-
tion resulting in decreased P-gp and BCRP expression levels in healthy human
astrocytes (Marroni et al. 2003). In contrast, inactivation or loss of p53 increased
P-gp/BCRP expression levels in several human glioma cell lines (EI-Osta et al.
2002; Sarkadi et al. 2006). Kondo et al. showed that expression levels of murine
double minute 2 mRNA (Mdm?2), a negative regulator of p53, are increased in
human U87 cells in vitro. Mdm?2 overexpression inhibited p53, resulting in increased
P-gp expression. On the other hand, transfecting U87 cells with antisense Mdm2
microRNA reduced P-gp expression. Thus, mutant p53 increases P-gp and BCRP
expression and activity, thereby contributing to chemoresistance (Kondo et al.
1996). Understanding mutant p53 functions will lead to the development of novel
approaches to restore p53 activity or promote mutant pS3 degradation for future
GBM therapies.

24.6.1.2 Transporter Regulation by Nuclear Receptors

Nuclear receptors are ligand-activated transcription factors that target genes includ-
ing ABCB1 and ABCG2 (Nakanishi and Ross 2012, Sugawara et al. 2010,
Hellmann-Regen et al. 2012, Mani et al. 2013). Nuclear receptor activation has been
shown to increase P-gp/BCRP expression and activity, which reduces anticancer
drug bioavailability and lowers anticancer drug levels in the brain, resulting in
decreased drug efficacy (Sarkadi et al. 2006; Nakanishi and Ross 2012).
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The nuclear receptor pregnane X receptor (PXR, NR112) is activated by a num-
ber of xenobiotics. This includes the anticancer drugs cisplatin, carboplatin, tamoxi-
fen, and etoposide, as well as small-molecule tyrosine kinase inhibitors (e.g.,
lapatinib, sorafenib, and dasatinib) that have been demonstrated to activate PXR,
thereby inducing P-gp expression in several human brain, colon, and liver cancer
cell lines in vitro (Mani et al. 2005, Harmsen et al. 2013, Yasuda et al. 2019). Han
et al. (2015) have shown a similar mechanism for peroxisome proliferator-activated
receptor Y (PPARY) in cisplatin-resistant human U87 glioblastoma cells, where
PPARY activation increased P-gp expression and activity levels, which contributed
to anticancer drug resistance in vitro.

These studies may indicate that anticancer drugs can increase P-gp and BCRP
mRNA and protein expression levels through nuclear receptor activation. While this
phenomenon has been demonstrated in various glioma, glioblastoma, and neuro-
blastoma cancers, there are currently no in vivo data showing that this restricts anti-
cancer drug uptake into the brain and brain tumor tissue.

24.6.2 Growth Factors

Growth factors stimulate proliferation and tumor growth and regulate the expres-
sion and activity of P-gp/BCRP both at the BBB and BTB (Takada et al. 2005; Zhou
et al. 2006; Bleau et al. 2009; Nakanishi and Ross 2012; Munoz et al. 2014). One
growth factor that is a major regulator of P-gp and BCRP is endothelial growth fac-
tor (EGF) acting through endothelial growth factor receptor (EGFR) (Chen et al.
2006; Nakanishi et al. 2006). In 57% of glioblastoma, EGFR is either mutated,
amplified, or both, leading to constitutive activation of downstream signaling
(Brennan et al. 2013; Eskilsson et al. 2018). Nakanishi et al. demonstrated that
stimulation of EGF signaling increased the number of BCRP-positive glioma cells
in vitro, making it a likely cause for drug resistance in glioblastoma cells (Nakanishi
et al. 2006). Additionally, the EGFR inhibitor gefitinib decreased BCRP expression
and activity levels in vitro, opening an avenue for overcoming BCRP-mediated drug
resistance as well as the treatment of glioblastoma.

24.6.3 PI3K/Akt Signaling

In many cancers, overactivity of growth factor signaling overstimulates downstream
targets including the phosphoinositide-3 kinase (PI3K, PIK3 genes)/protein kinase
B (Akt, AKT1/2) pathway (Cancer Genome Atlas Research, 2008) (Brennan et al.
2013). Additionally, 90% of GBM patients have at least one alteration in the PI3K/
Akt pathway, including loss of the tumor suppressor and negative regulator phos-
phatase and tensin homolog (PTEN) (Brennan et al. 2013). Bleau et al. demon-
strated that the PI3K/Akt pathway is overactive in a subpopulation of primary
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human glioma cells with stem cell characteristics leading to increased BCRP pro-
tein levels (Bleau et al. 2009). Several groups have published corroborating evi-
dence demonstrating that this regulatory pathway is present in brain tumors as well
as at the healthy BBB (Takada et al. 2005; Bleau et al. 2009; Hartz et al. 2010bj;
Nakanishi and Ross 2012; Huang et al. 2013, 2014). We have shown that inhibiting
PI3K/Akt in isolated brain capillaries decreased P-gp and BCRP protein expression
and transport activity levels, potentially opening a window in time for anticancer
drug delivery into the brain (Hartz et al. 2010a, b). Thus, inhibition of PI3K/Akt is
a potential promising strategy to overcome P-gp/BCRP-mediated efflux at the BBB
and BTB.

24.6.4 Adenosine Signaling

Several groups have demonstrated that the FDA-approved adenosine receptor A2B
agonist regadenoson increases P-gp ubiquitination, thereby inducing P-gp protea-
somal degradation (Kim and Bynoe 2015, 2016; Yan et al. 2019). Jackson et al.
developed a therapeutic strategy using regadenoson to decrease P-gp protein expres-
sion and activity at the BBB and BTB (Jackson et al. 2016). The authors showed, in
rats, that regadenoson co-administration significantly increased temozolomide brain
levels compared to control animals that only received temozolomide. When regad-
enoson was administered to patients with angina or previous heart attacks (no brain
tumors) that underwent cardiac stress testing, brain levels of the P-gp substrate
PmTc-sestamibi were increased (Jackson et al. 2017). Despite these promising
results, a phase I clinical trial in patients with recurrent GBM testing TMZ with and
without regadenoson was unsuccessful (Jackson et al. 2018).

24.6.5 Temozolomide

Riganti et al. (2013) found that Wnt3a and P-gp protein expression levels are higher
in glioblastoma stem cells compared to healthy astrocytes. They also found that
activating Wnt signaling increased P-gp expression levels in glioblastoma cells.
However, following temozolomide treatment of primary glioblastoma cells in vitro,
Wht signaling was decreased, resulting in decreased P-gp expression levels. From
these data the authors concluded that temozolomide reversed drug resistance by
decreasing P-gp protein expression through the Wnt pathway (Riganti et al. 2013).
In contrast, Munoz et al. showed that temozolomide increased P-gp expression and
activity in U87 and T98G glioblastoma cells in a biphasic manner. In the early treat-
ment phase, temozolomide induced P-gp trafficking to the cell membrane and,
therefore, increased P-gp efflux function in glioblastoma cells in vitro. During later
stages of treatment, temozolomide activated ERK1/2-JNK-AP1 signaling, which
increased ABCB1 mRNA and P-gp protein expression levels (Munoz et al. 2014).
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To date, the effect of temozolomide on drug resistance remains controversial and
needs further evaluation.

24.7 Strategies to Improve Treatment of Brain Tumors

As outlined in the previous sections, the delivery of adequate concentrations of
anticancer-targeted therapies to tumor cells residing in the brain has proven to be a
significant challenge. Various approaches to overcome the delivery barrier have
been studied, and some are described in the following. These approaches are
depicted in Fig. 24.5.

24.7.1 Designing Molecules with Increased Brain Penetration
and Reduced Efflux Liability

Designing drug molecules that can permeate the BBB and attain effective concen-
trations in the brain should be a priority for CNS drug discovery programs. This can
be achieved by incorporating key physicochemical properties that aid in BBB

Drug delivery strategies for the treatment of brain tumors
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Fig. 24.5 Drug delivery strategies for the treatment of brain tumors. (a) Transcellular diffusion,
(b) utilizing influx transporters, (¢) paracellular transport, (d) receptor-mediated endocytosis, (e)
adsorptive endocytosis, (f) osmotic BBB disruption, (g) focused ultrasound using microbubbles,
(h) local delivery of cytotoxic agents, (i) convection enhanced delivery
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penetration and rational structural modifications. Critical physicochemical proper-
ties have been identified and computational models developed to optimize these
properties for successful brain delivery (Rankovic 2015, 2017; Heffron 2016).
Wager et al. (Wager et al. 2010) have developed a multiparameter optimization
(MPO) approach to screen molecules for optimal neuro-pharmacokinetic and safety
profiles. The key physicochemical properties were: (1) lipophilicity, with a partition
coefficient (ClogP) < 3 being desirable; (2) a distribution coefficient (ClogD) < 2;
(3) molecular weight (MW) < 360 Daltons; (4) topological polar surface area
(tPSA) between 40 and 90A2; (5) number of hydrogen bond donors (HBD) < 0.5;
and (6) most basic functional group with a pKa < 8. The six properties were equally
weighted with a score between 0 and 1, resulting in a final CNS MPO score ranging
from O to 6, thereby allowing multiple combinations of the parameters to achieve a
particular MPO score. This algorithm was applied to 119 marketed CNS drugs, and
74% of those drugs showed high (>4.5) CNS MPO scores. The compounds with a
high MPO score also displayed desirable ADME properties like high permeability,
low P-gp efflux liability, and higher stability as might be expected for drugs that
have been approved for CNS indications (Wager et al. 2010). Additional refine-
ments have been made to this original algorithm, using the same six parameters for
optimization, to improve the structural design enhancement and quality of com-
pounds nominated for clinical development of CNS therapeutics (Wager et al. 2016).

The use of an algorithm to optimize key physicochemical properties, in conjunc-
tion with rational structural modifications to reduce efflux liability, led to the iden-
tification of brain penetrant PI3K inhibitors, GNE-317 and GDC-0084. These
molecules showed significantly greater tumor growth inhibition in GBM mouse
models as compared to BBB impenetrant PI3K inhibitors (Sutherlin et al. 2010;
Salphati et al. 2012; Heffron et al. 2016). Importantly, the PI3K inhibitor GDC-0084
showed promising initial results in a phase I study that was conducted in patients
with recurrent high-grade glioma (Wen et al. 2020). Another example is AZD3759,
a potent brain penetrant EGFR inhibitor, which was developed using gefitinib as the
initial lead. Techniques like repositioning of fluoro moiety and reduction of rotat-
able side chain were employed for overcoming P-gp and BCRP efflux to improve
brain penetration, while maintaining the quinazoline scaffold necessary for activity
(Zeng et al. 2015). In a study using cassette dosing to examine the brain penetration
of eight EGFR TKIs, AZD 3759 showed the greatest brain penetration (Kim et al.,
2019a, b). AZD3759 is now in a phase I clinical trial to assess its safety, tolerability,
and primary efficacy in patients with advanced NSLC (NCT02228369). Considering
the high propensity of developing brain metastases from NSLC, the development of
AZD3759 can be a significant step in the treatment of these patients. One more
example of structural modification to improve BBB permeability to evade efflux is
of crizotinib, an ALK inhibitor, leading to the development of BBB penetrant lorla-
tinib (PF-06463922) (Basit et al. 2017). This was achieved by cyclization of crizo-
tinib to form the macrocyclic lorlatinib leading to a reduction in the effective HBDs
through the formation of intramolecular hydrogen bonds. This strategy and a reduc-
tion in rotatable bond count decreased its interaction with efflux transporters and
improved CNS distribution (Basit et al. 2017). In an ongoing phase II study
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(NCTO01970865), lorlatinib showed substantial intracranial activity in patients with
recurrent ALK-positive NSCLC, with or without baseline CNS metastases, whose
disease progressed on crizotinib or other second-generation ALK TKIs (Bauer et al.
2020). And finally, AZD1390, a selective and potent ATM inhibitor, synthesized to
be brain penetrant using strategies informed by AZDO0156 another potent ATM
inhibitor that is a substrate of efflux transporters. This compound is now in early
clinical trials for use as a radiosensitizer in CNS malignancies (Durant et al. 2018).
Taken together, these examples clearly demonstrate that computational models and
structure-guided drug design early in CNS drug discovery programs can support the
development of brain penetrant drugs for brain tumors, with structural modifica-
tions to reduce the affinity for efflux transporters, a key component.

24.7.2 Inhibition of Efflux Transporters at the BBB

Inhibition of transporters particularly P-gp and BCRP as a strategy to overcome
transporter-mediated drug delivery limitations has been investigated (Huisman et al.
2003; Baumert and Hilgeroth 2012). The first-generation inhibitors were comprised
of marketed drugs known to inhibit efflux transporters, which includes verapamil,
cyclosporine-A, and quinidine (Shen et al. 2008; Bui et al. 2016). However, these
inhibitors have low potency and selectivity and require high doses. An analog of
cyclosporine-A, valspodar (PSC-833), was developed as a second-generation inhib-
itor with more potent inhibition of P-gp, but it also interfered with cytochrome P450
function. As a consequence, third-generation inhibitors, including tariquidar, elacri-
dar, and zosuquidar, were developed (Gampa et al. 2020). Although co-administration
of tariquidar improved the brain exposure of targeted agents and corresponding effi-
cacy in preclinical studies without any toxicity concerns, two phase III clinical trials
in NSCLC patients were terminated due to toxicity when used in combination with
paclitaxel/carboplatin or vinorelbine (Fox and Bates 2007). Similarly, toxicity con-
cerns were reported in clinical studies investigating the use of zosuquidar and elac-
ridar (Sandler et al. 2004; Kuppens et al. 2007). The clinical efficacy of
pharmacological inhibition of efflux transporters to increase brain distribution
clearly requires a potent efflux influx transport inhibitor that does not increase the
toxicity of the CNS active agents. If very potent inhibitors are used to improve CNS
delivery of toxic compounds, a careful assessment of CNS toxicity due to increase
in brain delivery will be required.

24.7.3 Utilizing Influx Transporters at the BBB

An alternative to overcoming efflux transporters is designing drugs to take advan-
tage of innate influx transporter systems already expressed at the BBB. Targeting a
transport system at the BBB for drug development and improved delivery can be
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used in the treatment of primary brain tumors. Glucose transporters (GLUT) are
known to facilitate transport of glucose from blood to the brain. It was observed that
when a mannose derivative was incorporated onto a liposome, the delivery system
exhibited better penetration across the BBB via the glucose transporter (GLUT1)
into the mouse brain (Wei et al. 2014). Choline transporters are another group of
transport systems responsible for binding with positively charged quaternary ammo-
nium groups or simple cations. A 60-nm size particles coated with quaternary
ammonium ligands have shown enhanced penetrability across an in vitro BBB
model (bovine BCEC) (Gil et al. 2009). Histidine/peptide (peptide/histidine trans-
porter), large neutral amino acid transporter (LAT1), and vitamin transporters
[sodium-dependent multivitamin transporter (SMVT) and sodium-dependent vita-
min C transporter (SVCT)] are some of the influx transporters that have gained
attention (Castro et al. 2001; Bhardwaj et al. 2006; Uchida et al. 2015; Puris et al.
2020) These transporters are being studied extensively for targeted drug delivery to
the brain.

24.7.4 Targeting Receptor-Mediated Transport Systems
at the BBB

Receptor-mediated transcytosis is one of the promising strategies for targeted deliv-
ery across the BBB with high specificity, selectivity, and affinity (Xu et al. 2013).
However, there might be a possibility of competition between endogenous sub-
strates and drug ligands for the same receptor leading to reduced targeting effi-
ciency. Receptors expressed on the brain capillary endothelium include transferrin
receptor (TfR) (Pardridge et al. 1987), low-density lipoprotein receptor (Ueno et al.
2010), insulin receptor (IR), and nicotinic acetylcholine receptors (Pardridge et al.
1985; Vu et al. 2014). Targeting with endogenous ligands as well as ligands based
on phage display or structure-guided design can be exploited for receptor-mediated
transcytosis.

An example of this is GRN1005, an angiopep-2 peptide conjugated to paclitaxel,
which gets across the BBB via transcytosis using the lipoprotein receptor-related
protein 1 (LRP1) (Kurzrock et al. 2012; Drappatz et al. 2013). Another example is
2B3-101, which is a pegylated liposome conjugated with glutathione and actively
transported across the BBB. This formulation showed enhancement in the uptake
and delivery when compared to the conventional doxorubicin liposomal formula-
tion (Gaillard et al. 2014). T7, targeting TfR 1, has been investigated to deliver anti-
sense oligonucleotides to gliomas (Kuang et al. 2013; Zong et al. 2014).

Monoclonal antibodies (mAbs) are another class of molecules that are being cur-
rently investigated to inhibit tumor growth driver pathways. Bevacizumab, targeting
VEGF, as mentioned earlier received accelerated FDA approval for newly diag-
nosed and recurrent GBM. Cetuximab, another mAb targeted to EGFR failed to
show survival benefit in a phase II trial (Neyns et al. 2009). Antibodies, being large
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(~150 kDa) molecules, do not generally cross the BBB and hence despite showing
effectiveness in case of peripheral tumors need enhanced delivery mechanisms to
cross the BBB and be effective in case of brain tumors (Zhang and Pardridge 2001;
St-Amour et al. 2013). With recent advances in antibody engineering and use of
antibody fragments, the structure of these large molecules is being exploited to
modify and utilize different domains to promote receptor-mediated transcytosis.
TfRs as well as IRs have been shown to be widely used targets for therapeutic anti-
bodies as well as nanocarriers linked to antibodies for brain delivery (Boado et al.
2010; Kim et al. 2019a, b). In a recently published study, a nanocarrier loaded with
p53 gene therapy, decorated with anti-TfR1 single-chain variable fragments,
SGT-53, showed success in GBM preclinical models and has moved into clinical
trials (Kim et al. 2019a, b). In another study from AbbVie, dual-variable-domain
IgG molecules with dual affinity (TfR for receptor mediated transcytosis and HER2
for HER2+ brain tumors) have been developed for precision targeting (Karaoglu
Hanzatian et al. 2018).

24.7.5 Antibody Drug Conjugates (ADCs)

ADCs are composed of an antibody acting as a targeting agent linked to cytotoxic
compounds to enable their delivery into the cells. Ado-trastuzumab emtansine
(T-DM1) is an ADC which is trastuzumab (mAb targeting HER2) linked to the
maytansinoid DM-1 (microtubule inhibitor) using a stable linker (Lambert and
Chari 2014). A series of studies have shown prolonged progression free survival as
well as treatment effect in case of breast cancer brain metastases using T-DM1
(Bartsch et al. 2015; Keith et al. 2016; Okines et al. 2018; Ricciardi et al. 2018).
Depatuxizumab mafodotin (ABT-414) is composed of an antibody targeted to cells
with EGFR amplifications and releases monomethyl auristatin F (microtubule
toxin). ABT-414 was studied in phase II trials for recurrent GBM in combination
with TMZ; however, the phase III trial was halted as no overall survival benefit was
observed (Van Den Bent et al. 2020). Other EGFR targeting ADCs, ABBV-221 and
ABBV-321, are being evaluated in phase I trials for GBM (NCT02365662,
NCT03234712).

24.7.6 Immunotherapy

Immunotherapy involves harnessing the body’s own immune system to identify,
target, and kill tumor cells. This approach is particularly effective in tumors with
high tumor mutational burden but has not been effective in brain tumors despite
their highly heterogenous nature (Liu et al. 2020). A variety of immunotherapies are
being explored for brain tumors using multiple strategies—checkpoint inhibition,
utilizing chimeric t-cell receptors, dendritic cell, and peptide vaccines as well as
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using viral vectors for gene therapy. However, none of these have been approved for
treatment. The reader is directed to a comprehensive review of these strategies as
well as their challenges in the following reviews (Lyon et al. 2017; Liu et al. 2020).

24.7.7 Development of Radiosensitization Strategies
with Current Standard of Care

DNA damage response signaling pathways play a critical role in DNA repair and
cell survival following radiation therapy, and the inhibition of these pathways could
augment the cytotoxicity associated with radiation providing a sensitizing effect.
DNA damage occurs continually through various mechanisms. Environmental fac-
tors such as ultraviolet (UV) radiation, x-rays, and smoking, as well as endogenous
factors, including replication errors, reactive oxygen and nitrogen species, and
hydrolysis of bases are some examples through which DNA damage may occur
(Hoeijmakers 2009). High proliferation rates inherent to tumor cells may also lead
to an amplification of errors and DNA damage. Evolution has led to the develop-
ment of complex cellular mechanisms that detect and repair such defects, and these
have been collectively termed the DNA damage response (DDR) (Harper and
Elledge 2007). Several pathways have been identified within the DDR, each distinct
in their mechanism of repairing DNA. Core DDR pathways include nonhomolo-
gous end joining (NHEJ), homologous recombination, base excision repair, nucleo-
tide excision repair, mismatch repair, and interstrand cross-link repair (Lord and
Ashworth 2012). These pathways are activated by a cascade of events initiated by
DNA damage sensor proteins that engage signaling networks and regulate cell cycle
progression allowing for DNA repair to occur (O’Connor 2015). An active DDR
machinery is essential for the healthy physiology of the cell, ensuring its survival,
and is an important mechanism of resistance to cytotoxic approaches. Accordingly,
the inhibition of the DDR in tumor cells provides an excellent therapeutic opportu-
nity (Sun et al. 2018).

The response to DNA damage will be different depending on the cell cycle status
providing a varied range of cell cycle pathways for targeting for the sensitizing
effect. For example, cells in G1 will not have sister chromatid DNA available as an
undamaged template and therefore will be dependent upon NHEJ pathways for the
repair of DSBs. In addition, there are important differences in the primary roles of
checkpoints at different stages of the cell cycle and in the DDR factors that are
involved. For example, the G1/S checkpoint allows the repair of DNA damage prior
to the start of DNA replication in order to remove obstacles to DNA synthesis, and
key DDR factors regulating this checkpoint include ATM, CHK?2, and p53. The
intra-S phase checkpoint proteins ATR, CHK1, DNA-PK, and WEEI can delay rep-
lication origin firing to provide time to deal with any unrepaired DNA damage that
has occurred, thus preventing under-replicated DNA regions being taken beyond
S-phase. The activities of the G2/M checkpoint proteins including CHK1, MYT]1,
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and WEEI lead to an increase in phosphorylated CDK1, thereby keeping it in its
inactive state and delaying mitotic entry. The G2/M checkpoint really represents the
last major opportunity for preventing DNA damage being taken into mitosis where
unrepaired DSBs and under-replicated DNA may result in mitotic catastrophe and
cell death (Castedo et al. 2004). Recent analyses suggest that there are at least 450
proteins integral to DDR (Pearl et al. 2015), and the choice of optimal drug targets
within DDR will be based on what type of DNA damage repair is to be inhibited and
where in the cell cycle that damage is likely to occur. Major drug development
efforts are being directed to take the DDR inhibitors into the clinic as radiation and
chemotherapy sensitizers.

24.7.8 Modification of Tight Junctions at the BBB

A selective disruption of the BBB followed by administration of anticancer agents
provides for a promising approach to enhance drug delivery to the brain in the treat-
ment of brain tumors. Various techniques have been employed to cause transient
BBB disruption, as briefly discussed below.

24.7.8.1 Osmotic Disruption of the BBB

The administration of hypertonic solutions causes disruption of the BBB due to
shrinkage of endothelial cells, leading to the alteration of tight junctions between
them, thereby allowing paracellular movement of drugs. This method was first pro-
posed by Rapoport et al. in 1972 and later was translated to the clinic with the first
phase I clinical trial in 1979 (Rapoport et al. 1972; Levin et al. 1979). The hyper-
tonic solution of 1.4 M mannitol infusion is FDA approved for administration to
patients for transient BBB disruption (Neuwelt 1980). Other agents investigated
include saline, arabinose, urea, lactamide, and a variety of radiographic contrast
agents (Kroll et al. 1998). In a clinical study in the 1980s by Neuwelt et al., improved
survival and long-term remission were observed in patients with primary CNS lym-
phoma following osmotic BBB disruption plus methotrexate (Neuwelt 1980).
Agents in addition to methotrexate that have been used in the clinic with osmotic
BBB disruption include etoposide, cyclophosphamide, carboplatin, and melphalan.
The transient BBB disruption followed by administration of anticancer agents has
been employed as a strategy to overcome brain drug delivery limitations (Rapoport
2000; Kemper et al. 2004). However, this approach is invasive, and complex to per-
form and is associated with adverse effects (Bellavance et al. 2008).
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24.7.8.2 Focused Ultrasound

Focused ultrasound (FUS) is based on a concentration of acoustic energy onto a
focal area that results in BBB disruption. Microbubble (MB)-enhanced FUS
involves the oscillation of MBs in the presence of FUS to cause BBB disruption.
These microbubbles are FDA approved for use as contrast agents in ultrasound
imaging and in the context of drug delivery and are used to lower the energy thresh-
old for BBB disruption (Timbie et al. 2015). This approach is local, transient, and
reversible and has demonstrated improvements in delivery and efficacy of antican-
cer agents in glioma models (Liu et al. 2014; Deng et al. 2019). The delivery of
small molecules like TMZ, doxorubicin, and 1,3-bis (2-chloroethyl)-1-nitrosourea
(BCNU) to large molecules like bevacizumab and trastuzumab as well as cell ther-
apy, viral therapy, and nanoparticle delivery has been facilitated by FUS with micro-
bubbles in glioma and brain metastases (Meng et al. 2018; Bunevicius et al. 2020).
Also, significant downregulation of localized P-gp expression with no apparent
damage to brain endothelial cells was observed, suggesting the potential use of
MB-FUS for targeted brain delivery of drugs that are liable to efflux by P-gp (Cho
et al. 2016). However, the long-term effect of FUS on the brain microvasculature
has not been investigated. A thorough investigation of safety due to repeated FUS
treatments as well as safe and appropriate ultrasound settings has to be conducted
for drug delivery applications. The reader is guided to two comprehensive reviews
for the use of FUS in brain tumors and the ongoing clinical trials (Meng et al. 2018;
Bunevicius et al. 2020).

24.7.8.3 Photodynamic Therapy Approaches

Photodynamic therapy (PDT) involves the administration of a photosensitizing
agent that localizes in the tumor followed by photoactivation that can result in a
direct inhibitory effect on tumor cells and also a localized disruption of BBB that
can aid in the delivery of other anticancer agents to the brain tumor (Akimoto 2016).
An early report of PDT was by Perria et al. that utilized a hematoporphyrin deriva-
tive injected i.v. as a sensitizing drug with a helium-neon laser to trigger the photo-
dynamic process (Perria et al. 1980). First-generation photosensitizers include
hematoporphyrin and its derivatives. Chlorins (talaporfin sodium and temoporfin)
and 5-aminolevulinic acid (5-ALA) are examples of second-generation photosensi-
tizers that were developed to be more potent. 5-ALA is the most commonly used
photosensitizer due to its high oral bioavailability, favorable safety profile, and pref-
erential accumulation in malignant gliomas (Mahmoudi et al. 2019). The recent
FDA approval of 5-aminolevulinic acid (5-ALA) for fluorescence-guided resection
(FGR) of tumors has generated immense interest in leveraging this agent as a means
to administer photodynamic therapy (PDT). The joint clinical application of
fluorescence-guided surgery (FGS) and PDT confers the ability to both visualize
tumor cells and selectively destroy them. Clinical studies of PDT using porfimer
sodium, talaporfin sodium, 5-ALA, boronated porphyrin, and temoporfin in GBM
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have been reported (Cramer and Chen 2020). Third-generation photosensitizers
were developed for enhanced tumor cell selectivity achieved through the conjuga-
tion of modifiers including nanoparticles and antibodies (Allison and Sibata 2010).
Lack of clear efficacy in overall survival, technical limitations in light delivery, and
photosensitizer design as well as unclear safety profiles of varied photosensitizers
have hindered the impact that PDT can have in brain tumor treatment. Exploration
of novel photosensitizer agents and safe photosensitization strategies in brain
tumors is warranted for incorporation of PDT into current standard of care (Cramer
and Chen 2020).

24.7.9 Local Delivery Methods

Local drug administration directly into the CNS has been employed as a strategy to
precisely deliver drug to the target site in the brain. These local delivery methods
include biodegradable wafers placed in the tumor cavity post resection, convection-
enhanced delivery (CED), and intrathecal delivery into CSF cavities (Blakeley
2008; Calias et al. 2014).

24.7.9.1 Biodegradable Wafers

Polymer-based biodegradable wafers have been available for patients with brain
tumors as one of the earliest treatment options with Gliadel (BCNU/carmustine)
approved by the FDA in 1996 for recurrent high-grade gliomas. These wafers are
placed in the tumor cavity post resection for sustained drug release over a few days
and have also been considered for improving drug delivery to brain tumors post
resection. This approach provides local control of disease but is limited by the mod-
est distribution of BCNU away from the resection cavity. Gliadel has also been used
in patients with brain metastases where patients with single brain metastases under-
went surgical resection followed by Gliadel implantation and whole brain radiation
treatment (Ewend et al. 2007). In an effort by Domb et al., co-loading of BCNU and
TMZ within poly(lactic acid-glycolic acid) (PLGA) wafers in rat glioma models led
to a 25% enhancement in survival (Shapira-Furman et al. 2019). Lee et al. devel-
oped a novel material and device technology consisting of a flexible, sticky, and
biodegradable wireless device loaded with doxorubicin for controlled intracranial
delivery using mild-thermal actuation. In mouse and canine models of GBM, this
device showed tumor volume suppression and improved survival indicating its
potential to be translated to humans utilizing a variety of other potent anticancer
agents for intracranial delivery (Lee et al. 2019). A major challenge for this technol-
ogy is to ensure biocompatibility and biodegradation in a reasonable time period, as
incompletely biodegraded material can lead to inflammatory responses in patients.
The success of these therapies is limited due to their inability to reach to the invasive
and dense tumor cells due to poor diffusion characteristics (Wolinsky et al. 2012).



24 Drug Delivery to Primary and Metastatic Brain Tumors... 745

24.7.9.2 Convection-Enhanced Delivery

Convection-enhanced delivery (CED) is a bulk-flow (hydrostatic pressure
differential)-driven invasive technique that affords the continuous delivery of small
and large molecular weight compounds into the brain parenchymal tissue through
infusion catheters implanted during surgery (Debinski and Tatter 2009). It was first
proposed by Bobo et al. in 1994 for the delivery of macromolecules to the brain
(Bobo et al. 1994). Two phase III trials were initiated in participants with GBM. One
trial utilizing Tf-CRM107 was aborted, with data available from a phase II trial
(Weaver and Laske 2003). The other phase III trial, the PRECISE trial, compared
the infusion of citredekin besudotox (PE38QQR) with recombinant human interleu-
kin-13 delivered by CED. The study did not reveal statistically significant improve-
ment in survival for patients with recurrent GBM (Kunwar et al. 2010). CED is
being widely studied in preclinical and clinical studies for GBM as well as diffuse
intrinsic pontine glioma (DIPG) (Vogelbaum and Aghi 2015; Zhou et al. 2016).
Limitations of CED include limited area of distribution, requirement of surgery, and
increased risk of neurotoxicity due to elevated intracranial pressure (Blakeley 2008).
The brain tissue near the catheter may receive effective drug delivery, but the con-
centrations can decrease steeply as the distance from the catheter tip increases due
to competing forces of convective flow through brain parenchyma and drug diffu-
sion into capillaries. One problem with any local drug delivery technique is that
molecules with a high permeability or active efflux liability efficiently clear from
the brain tissue into blood capillaries following local brain delivery. This phenom-
enon, the “sink effect,” can influence the volume of brain tissue captured for drug
distribution. The brain, a highly perfused organ, has a dense capillary network;
therefore, the probability of drug diffusion into the capillary bed can be high,
depending on the physicochemical characteristics of the compound (Lonser et al.
2015). Thus, the selection of a suitable drug candidate that has minimal liability for
the sink effect and optimization of delivery parameters (such as infusion parameters
for CED) to capture the required brain tissue volume (e.g., brain tumor) are critical
to achieve beneficial responses with local delivery methods.

24.7.9.3 Intrathecal Delivery

Intrathecal (IT) administration typically refers to the infusion of drug into the sub-
arachnoid space in the lumbar region. Intrathecal chemotherapy is administered
directly into the lumbar thecal sac via lumbar puncture or infused into the lateral
ventricle through a subcutaneous reservoir and a ventricular catheter (Ommaya res-
ervoir), thus allowing the drug to distribute into the target sites via diffusion. A
phase I trial using implanted ventricular catheter has been reported where chloro-
toxin was coupled with the radioisotope '*'T (!*'I-TM-601) infusing radioactive
therapy into the tumor resection cavity via an Ommaya reservoir in patients with
recurrent malignant glioma (Mamelak et al. 2006). In cases of breast cancer brain
metastases, studies employing intrathecal administration of rituximab, trastuzumab



746 S. Talele et al.

alone, and with other cytotoxic agents like methotrexate and cytarabine have been
reported (Perissinotti and Reeves 2010; Oliveira et al. 2011; Niwinska et al. 2015;
Mack et al. 2016). IT administration suffers from a variety of drawbacks, like lim-
ited drug delivery to tumors despite high CSF concentrations, slow rate of drug
diffusion, and rapid CSF turnover compared to rate of diffusion leading to rapid
clearance of drugs. In addition, the idea that high CSF concentrations correspond to
high drug levels in the brain and tumor have led to an impediment in the advance-
ment of IT therapies (Pardridge 2016).

24.8 How Much Is Enough? Drug
Pharmacokinetic-Pharmacodynamic (PK-PD)
Relationships in Brain Tumors

The intricate architecture of the CNS as well as the complex tumor microenviron-
ment necessitates careful application of pharmacokinetic principles in the determi-
nation of drug distribution to brain tumors and, hence, understanding the
PK—PD—Efficacy relationship. A schematic depicting the relationship between
PK—PD—Efficacy of novel drug molecules to be used for clinical translation is
depicted in Fig. 24.6.

24.8.1 Drug in Plasma Versus Drug in the Brain Versus Drug
in Tumor

The drug concentrations in blood or plasma are routinely measured as surrogates for
concentrations at the site of action due to ease of sampling. While drug concentra-
tion in the systemic circulation may somewhat reflect the concentration at the site of
action when the target is in a peripheral, more accessible tissue, their use as a sur-
rogate for brain drug concentrations can be misleading and even more so for tumor
drug concentrations. This is particularly important in the context of the brain when
compared to other organs due to the presence of the BBB, which can severely
restrict drug distribution to the target site in the brain (Hawkins et al. 2010). The
misconception that drug delivery to brain tumors is not impeded by the BBB due to
disruption of the tumor vasculature has been furthered by studies that fail to con-
sider the invasive nature of brain tumors. These studies use the “tumor core” con-
centrations to indicate effective drug delivery to the tumor (Blakeley et al. 2009;
Grossman et al. 2013; Sarkaria et al. 2018). The BBB in the tumor core is often
leaky, and therefore delivery to the tumor core alone is insufficient to improve
patient outcomes, since the invasive cells remain untreated (Sarkaria et al. 2018).
These differences in BBB integrity at the tumor core, tumor rim (area of tumor
infiltration adjacent to the core), and in the normal brain have been depicted in
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used for clinical translation

Fig. 24.7. Concentrations in the tumor core can be inadequate to predict a useful
concentration—response relationship, and an ‘“adequate” concentration achieved
around the invasive cells is critical for improved response. Accepting the impor-
tance of drug delivery across an intact BBB into the brain is the first critical step to
develop novel therapies for brain tumors (Agarwal et al. 2012; Sarkaria et al. 2018).

The current standard of care for the treatment of brain tumors involves radiation
(a highly BBB penetrant treatment) that can have serious long-term side effects that
range from cognitive decline to other serious effects like blindness, local tumor
recurrence, and radiation-associated tumor (Amelio and Amichetti 2012). Therefore,
understanding the importance of spatial differences in BBB permeability on drug
levels, particularly those drugs that are radiation sensitizers, in various regions of
the CNS, and the periphery, is a critical factor in the assessment of novel therapies.

24.8.2 Utilizing Appropriate Preclinical Models to Determine
Effective Drug Concentration

Slow progress in the approval of novel therapeutics for the treatment of brain tumors
can be attributed to two major factors: (1) inadequate, that is, non-predictive, in vitro
systems and (2) the use of preclinical models that fail to address critical aspects of
the tumor in the patient (Aldape et al. 2019). A useful in vivo system should include
the heterogeneity of BBB permeability and genetic makeup of the tumors. For
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Fig. 24.7 Differences in blood capillaries and BBB in normal brain and brain tumor. (a) Figure
representing normal brain, (b) tumor rim, (¢) tumor core, (d) blood-brain barrier in normal brain,
and (e) blood-tumor barrier in brain tumor

instance, many patient-derived xenograft (PDXs) orthotopic models of brain tumors
can recapitulate genetic drivers and invasive growth leading to vast differences in
BBB permeability to drug treatment and as such will enable a more predictive
assessment of the benefit of new treatments. Development of PDXs and genetically
engineered mouse models (GEMMs) are often suitable for this use. Defining the
preclinical spectrum of response for novel agents/therapies across a representative
panel of genetically diverse brain tumors with the necessary complexity in the
tumor microenvironment including the condition of the BBB can provide important
information and guide optimal clinical drug development.

24.8.3 Impact of Drug Binding in Brain Tumor Treatment

Crucial to the efficacy of any antitumor agent is adequate exposure of target cells to
effective concentrations of active drug. However, reducing toxicity to normal cells
often depends on limiting exposure to active drug. Many drugs are highly bound in
both plasma and in brain tissue. The free drug hypothesis states that the driving
force concentration for distribution into tissues is the free concentration in the blood
(Dubey et al. 1989; Hammarlund-Udenaes et al. 2008). Therefore, in addition to
determining the total brain-to-plasma ratio (Kp, a tissue partition coefficient) of
drug molecules, their binding in plasma, brain, and tumor tissues must be evaluated
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in order to determine tumor exposure to free drug. New therapies will only be effec-
tive if they are able to penetrate the BBB and elicit their effects in the tumor cells.
Therefore, in addition to a pharmacokinetic assessment of total drug (bound plus
unbound) delivery to the brain and the tumor regions, free brain partitioning of the
drugs, defined as Kp,,, must also be determined (Fridén et al. 2009, 2011; Loryan
et al. 2013). The reader is directed at the review article by Hammarlund-Udenaes
et al. for an extensive description of factors to be considered for the rate and extent
of delivery to the brain (Hammarlund-Udenaes et al. 2008). Knowledge of drug
pharmacokinetics combined with drug binding in plasma and brain, as well as tumor
tissues, can help explain the concentration effect relationship with respect to bind-
ing as a determinant of an effective drug concentration.

24.8.4 Dosage Regimen Design for Achieving Target Drug
Concentration and Desired Pharmacodynamic
(PD) Effect

A comprehensive understanding of drug distribution into tumor and normal tissues,
and associated pharmacodynamic effects, is critical for defining which drugs to
move forward into phase I dose-seeking studies. It is therefore important for novel
treatment options to define key parameters, such as the determinants of free- and
bound-drug exposure in plasma, normal brain, and brain tumor as described above,
and to relate these metrics to a dose range associated with an effective endpoint, that
is, tumor growth reduction, progression free survival, and overall survival. Although
new combination drug regimens have generated excitement in the field and initial
positive responses, they ultimately fail to demonstrate efficacy due to drug resis-
tance mechanisms and limited brain delivery (Gottesman 2002; Trédan et al. 2007;
Van Den Bent et al. 2009; Chamberlain et al. 2014; Sarkaria et al. 2018). These
failures can be attributed to not only pharmacokinetic and drug delivery aspects but
also pharmacodynamic or cellular mechanism responses within the tumor cells that
can compensate for targeted antitumor mechanisms (Wang et al. 2008). These
PD-based treatment failures can also be attributed to inadequate drug levels within
the brain tumors that in turn lead to poor efficacy. Brain metastases as well as GBM
have been shown to have extensive intra- and intertumoral heterogeneity in terms of
genetic composition and protein expression. This genetic heterogeneity as well as
the heterogeneity in drug distribution contribute to wide ranging responses to drug
therapy (Perus and Walsh 2019). Therefore, as mentioned above, the determination
of free drug levels within the tumor as well as normal brain is essential to under-
stand if exposures associated with efficacious pharmacodynamic responses can be
achieved in and around the tumor where invasive cancer cells are present (Laramy
etal. 2017). All these considerations lead to the establishment of a therapeutic win-
dow, a key consideration when developing novel treatments for brain tumors. Time-
dependent responses of pharmacodynamic biomarkers in response to a dosage
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regimen are critical and can drive the design of monotherapy and combination treat-
ments. Therefore, PK-PD modeling efforts for novel agents using the predictive
preclinical models are being explored to guide dosage regimen selection in humans
(Sharma et al. 2012, 2013; Li et al. 2017). Optimizing dose as well as timing is
necessary in predicting pharmacodynamic effects, and decisions to move forward
with efficacy testing in phase II/III trials then can be made by a combined under-
standing of drug potency, mechanism of action, PD effects, and drug distribution to
invasive tumor.

24.9 Conclusions

Despite improvements in the management of cancers over the last decade, treat-
ments for brain tumors have not seen significant advances. A diagnosis of either
primary or metastatic brain tumor is associated with a grim prognosis and none of
the currently available therapies have long-term efficacy. The diffuse and infiltrative
nature of these tumors, their location within the brain, and the highly heterogenetic
makeup with a variety of mutations make it even more difficult to design effective
therapeutics. In this chapter, we describe different drug delivery approaches for the
treatment of brain tumor. These drug delivery approaches include both systemic and
local delivery options. Key considerations in the PK—PD—Efficacy relationships
have been included to inform the development of effective treatments for brain
tumors. It is clear that consideration of drug delivery to the brain tumor needs to be
incorporated at all levels of research and development in an effort to discover effec-
tive treatments.

24.10 Points for Discussion

*  What factors may be limiting successful clinical translation of therapies demon-
strating positive preclinical results in animal models of primary and metastatic
brain cancer?

e Contrast similarities and differences in the standard of care for primary and met-
astatic brain cancer?

e List at least four hurdles to developing new drug delivery strategies for chemo-
therapeutics targeted to brain cancers.

* Describe at least two ways in which P-gp/BCRP expression is upregulated in
brain cancer and at least two ways in which P-gp/BCRP expression may be phar-
macologically downregulated.

e List several reasons why small molecule inhibitors of P-gp/BCRP have not yet
been successfully applied for the clinical enhancement of chemotherapeutic
brain exposure.
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* Describe at least three methods where brain endothelial cell tight junction integ-
rity can be altered to deliver circulating drugs to brain tumors and describe how
they are thought to work. Also discuss limitations, safety issues, and drawbacks
associated with each method.

e Describe at least three methods for local delivery of drugs to brain tumors and
describe how they are thought to work. Also discuss limitations, safety issues,
and drawbacks associated with each method.

* Discuss the following concepts and their impact on our understanding of
PK—PD—efficacy relationships with respect to the effective treatment of
brain tumors:

 differences in BBB integrity at the tumor core, tumor rim, and in the nor-
mal brain

* major factors associated with preclinical models that have limited develop-
ment and approval of novel therapeutics for the treatment of brain tumors

* drug binding in plasma and brain and the difference between Kp and Kp,,

e common reasons behind PD-based treatment failures
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