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ABSTRACT 

Primary and metastatic brain tumors have limited treatment options and long 

term survival is rare. Cyclin-dependent kinases (CDKs) are major regulators of 

the cell cycle and are commonly altered in tumors. The CDK4/6 pathway 

regulates the checkpoint between G1 and S phase of the cell cycle. When 

altered, cells are able to proliferate rapidly and independent of this checkpoint. 

The blood-brain barrier (BBB) is a network of cells and proteins that prevent the 

paracellular and transcellular passage of many therapeutic agents from systemic 

circulation into the brain. The efflux transporters P-glycoprotein (P-gp) and breast 

cancer resistance protein (BCRP) actively transport substrates back into 

systemic circulation. Previous studies have demonstrated that numerous 

molecularly-targeted agents are substrates of P-gp and/or BCRP and that these 

transporters are responsible for the limited brain delivery. The objective of this 

work was to evaluate the role of efflux transport at the BBB in the brain delivery 

of CDK4/6 inhibitors and assess the relationship between brain delivery and 

efficacy in a glioblastoma (GBM) patient-derived xenograft. There are three 

CDK4/6 inhibitors, palbociclib, ribociclib and abemaciclib, currently in clinical 

development for the treatment of a variety of solid tumors. We show that 

palbociclib has limited brain delivery to active efflux transport by P-gp and BCRP 

at the BBB. Furthermore, we demonstrate that the concentrations of palbociclib 

reaching the brain are also subtherapeutic in the treatment of a subcutaneous 

GBM tumor. We then used a pharmacological inhibitor of efflux transport and 
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improved the brain delivery of palbociclib in tumor-naïve and tumor-bearing mice. 

We demonstrated that chronic use of this combination therapy was well tolerated 

and significantly improved the brain delivery of palbociclib in an intracranial tumor 

model to the same levels that were achieved in the subcutaneous GBM model. 

Despite improving the brain delivery of palbociclib, there was no improvement in 

efficacy. Using the in situ brain perfusion technique, we compared the brain 

delivery of palbociclib, ribociclib and abemaciclib and the data suggest that 

abemaciclib may saturate efflux at lower concentrations that palbociclib or 

ribociclib and have improved brain delivery. These studies show that improving 

the brain delivery of palbociclib alone is not sufficient to improve survival in the 

intracranial GBM model. Future studies that reveal other factors besides delivery 

that are altered in subcutaneous models of brain tumors will be essential in 

understanding the use of preclinical models to study experimental GBM 

therapies. 
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Abstract 

Brain tumor diagnosis has an extremely poor prognosis, due in part to the blood-

brain barrier (BBB) that prevents both early diagnosis and effective drug delivery. 

The infiltrative nature of primary brain tumors and the presence of micro-

metastases lead to tumor cells that reside behind an intact BBB. Recent genomic 

technologies have identified many genetic mutations present in glioma and other 

CNS tumors, and this information has been instrumental in guiding the 

development of molecularly-targeted therapies. However, the majority of these 

agents are unable to penetrate an intact BBB, leading to one mechanism by 

which the invasive brain tumor cells effectively escape treatment. The diagnosis 

and treatment of a brain tumor remains a serious challenge and new therapeutic 

agents that either penetrate the BBB or disrupt mechanisms that limit brain 

penetration, such as endothelial efflux transporters or tight junctions, are required 

in order to improve patient outcomes in this devastating disease. 
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1.1 INTRODUCTION TO DISEASE  

In the United States over 10,000 patients are expected to be diagnosed with 

glioblastoma multiforme in the year 2015 and over ten times that number will be 

diagnosed with metastatic brain tumors (Ostrom et al., 2014). Brain tumor 

diagnosis is devastating to patients and their families with median survival after 

diagnosis between 4 and 15 months (Stupp et al., 2005; Maher et al., 2009). 

Promising experimental agents continue to fail in clinical trials and the incidence 

of primary and metastatic brain tumors continues to rise. The vast majority of 

available therapeutic agents are unable to reach tumor cells that reside behind 

an intact blood-brain barrier (BBB), and this failure to treat these invasive tumor 

cells significantly contributes to the abysmal prognosis for brain tumor patients. 

As systemic therapy continues to improve peripheral tumor treatment, the 

number of patients affected by brain tumors will continue to increase (Gállego 

Pérez-Larraya and Hildebrand, 2014). Thus, it is imperative that future therapies 

developed for brain tumors are specifically designed to penetrate an intact BBB 

in order to treat the tumor cells that are invariably “left behind” after surgical 

resection (Berens and Giese, 1999).  

1.1.1 PRIMARY BRAIN TUMORS 

Glioblastoma multiforme (GBM) is the most common primary brain tumor in 

adults (81% of malignant CNS tumors) with a five-year survival rate of less than 
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5% (Ostrom et al., 2014). As a grade IV astrocytoma, GBM is a rapidly growing 

tumor that typically forms in the cerebral hemisphere (Figure 1.1.A). Primary 

brain tumors are often only diagnosed following symptoms that may include 

headache, seizure or altered mentation (Gállego Pérez-Larraya and Hildebrand, 

2014). The incidence rate for GBM is 3.19 per 100,000 with a median age at 

diagnosis of 65 (Ostrom et al., 2014). Since 2005, the standard therapy for 

patients with newly diagnosed GBM is surgery followed by radiation and 

treatment with the alkylating agent temozolomide (Stupp et al., 2005). Large-

scale sequencing studies have defined signature molecular alterations in GBM 

including mutations and/or copy number alterations in multiple genes including 

those coding for CDKN2A (50%), TP53 (40%), EGFR (37%) and PTEN (30%) 

(Parsons et al., 2008). These detailed studies have helped define promising 

molecular targets that could be beneficial in the treatment of GBM by not only 

guiding drug discovery efforts, but also in determining subpopulations of patients 

that will be sensitive to a given therapy (Vitucci et al., 2011). Despite the 

discovery of these common alterations in GBM, small molecule inhibitors of 

pathways such as EGFR have not demonstrated significant therapeutic efficacy 

in the clinic (Roth and Weller, 2014).   

1.1.2 BRAIN METASTASES 

Brain metastases remain a devastating complication of systemic cancer that is 

becoming more prevalent as detection methods continue to improve and 
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treatment of systemic disease extends survival (Fokas et al., 2013). The 

mechanism by which brain metastases occur is not well understood, but 

undoubtedly metastases are present for a variable duration of time before they 

are detectable by modern imaging methods. The cancers with the highest 

propensity to metastasize to the brain are lung (50%), breast (15%) and 

melanoma (5-10%), which account for nearly 80% of all brain metastases 

(Gállego Pérez-Larraya and Hildebrand, 2014). Non-small cell lung cancer 

(NSCLC) is the most common systemic cancer to metastasize to the brain and 

nearly one-third of NSCLC patients will develop brain metastases without 

evidence of metastasis to any other organ (Nayak et al., 2012). Although only 

10% of breast cancer patients are found to have brain metastasis, breast cancer 

is the second most common cancer to metastasize to the brain due to the large 

patient population. It has been suggested that the incidence of breast cancer is 

increasing, and this will likely lead to a further increase in breast cancer patients 

with brain metastases (Stemmler and Heinemann, 2008). Finally, while 

melanoma is not as prevalent as lung and breast cancer, its propensity to 

metastasize to the brain is extremely high (Gállego Pérez-Larraya and 

Hildebrand, 2014). Given that over 100,000 brain metastases are diagnosed 

each year, the efficacy of brain tumor treatment is critical to improving patient 

care (Gállego Pérez-Larraya and Hildebrand, 2014). 
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The incidence of brain metastases is increasing and the number of patients 

affected by metastatic disease has risen. However, due to complications that are 

associated with brain tumor treatment and the poor survival rates, this patient 

population is often excluded from clinical trials and is left with few options 

(Gállego Pérez-Larraya and Hildebrand, 2014). In addition, after initial detection 

of a brain metastasis, there is a very high likelihood of other undetectable micro-

metastases that may be ‘protected’ from most therapies by a relatively intact BBB 

in these regions. These smaller brain metastases have been referred to as 

“subclinical” since they are not detectable by current methods. Despite this, the 

effective treatment of micro-metastases is critical for durable responses in brain 

tumor patients.  

1.1.3 CURRENT PRIMARY BRAIN TUMOR TREATMENT 

Clinical trials for primary and metastatic brain tumor treatment have only 

marginally improved overall survival in the last thirty years. Since the landmark 

2005 study defining the benefit of TMZ for newly diagnosed GBM patients, there 

have been no treatments that have improved primary brain tumor patient 

progression free survival other than bevacizumab (Stupp et al., 2005). 

Importantly, in the past decade, during which dozens of new targets have been 

discovered and provided significant gains for patients with peripheral tumors, 

none of these new targeted therapies have provided any significant improvement 

in overall patient survival (Cloughesy et al., 2014).  
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Without any treatment, the average patient survival following diagnosis is three 

months. Even with the standard of care, median survival is only 12-15 months 

following diagnosis (Wen and Kesari, 2008). Patients with unresectable tumors 

(approximately 35-40% of GBM patients) due to tumor location or medical 

comorbidities have an even worse prognosis with a median survival of 31 weeks 

(Fazeny-Dörner et al., 2003). Optimal surgical resection is an important 

component of therapy, and the extent of tumor resection has a direct, positive 

correlation to patient outcome (Keles et al., 1999; Fazeny-Dörner et al., 2003). 

Despite this relationship, even historical experience with hemispherectomy was 

associated with tumor recurrence, demonstrating the remarkable invasive nature 

of these tumor cells and the lack of a cure with surgery alone (Zollinger, 1935). 

The standard care of newly diagnosed GBM patients in 2014 is surgery, followed 

by adjuvant radiation therapy (2 Gy for 5 days per week for 6 weeks) and 

temozolomide (Stupp et al., 2005). Irrespective of the treatment received, it is 

clear that every patient with GBM will have infiltrative tumor cells that are not 

removed by surgery, and are protected from chemotherapy behind an intact 

BBB.  

 

After surgical de-bulking, some patients receive BCNU through the implantable 

wafers called Gliadel(R). These were approved by the FDA in 1996 for recurrent 

GBM, and, although the therapy does not provide an increase in overall survival, 
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in 2004 they were approved for primary GBM treatment as well (Bregy et al., 

2013). The reasons for failure of this local delivery method are related to the 

permeability of the compound across the BBB, such that the drug can readily 

diffuse back into the blood as it is released from the wafer, creating a “sink” effect 

that limits effective delivery to tumor cells at any distance from the implanted 

wafer (described below). 

 

Bevacizumab is a monoclonal antibody that targets vascular endothelial growth 

factor (VEGF). This growth factor is hyperactivated in GBM and is associated 

with the highly angiogenic nature of these tumors (a hallmark of GBM is the 

formation of new vasculature) (Chamberlain, 2011). Through targeting VEGF, 

bevacizumab leads to a rapid reduction in the appearance of tumor volume, as 

assessed by contrast accumulation within the tumor by conventional magnetic 

resonance imaging techniques (Chamberlain, 2011). This “reduction” in tumor is 

not believed to be a physical reduction in tumor size, but rather a normalization of 

the vasculature preventing the distribution of imaging contrast agents to the 

tumor (Thompson et al., 2011). Therefore, the use of bevacizumab in the 

treatment of GBM has been controversial since it difficult to tease out the 

difference between reduction in tumor burden and normalization of the vascular 

such that the tumor appears to have reduced in size (Thompson et al., 2011). 

Bevacizumab was approved for recurrent GBM in 2009, but two recent 

randomized, double-blind, placebo-controlled trials with radiation therapy and 
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temozolomide were done to determine if the addition of bevacizumab would 

improve survival in newly diagnosed patients. In both studies, although 

progression free survival was extended in the bevacizumab group (10.7 vs. 7.3 

months), the primary endpoint of improving overall survival was not met (15.7 vs. 

16.1 months) (Gilbert et al., 2014). In addition, neurocognitive decline, symptom 

severity and decreased quality of life were greater in the bevacizumab treatment 

group (Gilbert et al., 2014). These studies, taken together, indicate unanswered 

questions with the use of bevacizumab for primary and secondary brain tumors. 

 

Given the remarkable lack of efficacy of current treatments for primary brain 

tumors (especially GBM) and the discovery of new targets, there has been a 

concerted effort to develop molecularly targeted small molecule kinase inhibitors 

that target commonly mutated genes in brain tumors. These agents have 

repeatedly shown promise against xenograft models in in vitro or in vivo systems 

only to fail in the patient. The failure of these experimental therapies has left 

patients with few options and demonstrates the tremendous unmet need for 

effective treatments for GBM.  

1.1.4 CURRENT TREATMENTS FOR METASTATIC BRAIN TUMORS 

The treatment for metastatic brain tumors closely mirrors the treatment of primary 

brain tumors. Surgery or gamma knife radiosurgery is typically explored as a first 

option when there are only a few metastases present. In many cases, due to the 
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number, location, or size of tumors, focal surgery or gamma knife are not options, 

and in these cases patients are treated with whole brain radiation therapy. While 

the first pharmacological treatment of GBM is usually temozolomide, there are no 

proven chemotherapeutic options specifically effective for brain metastasis 

therapy. 

 

Even in the face of aggressive treatment, metastatic brain tumor growth and 

recurrence is unavoidable due in part to ineffective delivery of therapeutic agents 

across the BBB to the invasive tumor cells. In addition to ineffective brain delivery 

of chemotherapeutics, metastatic brain tumors can be invasive, aggressive, and 

can possibly mutate leading to the development of resistance, a common 

characteristic of peripheral metastases. An example of rapid development of 

resistance has been studied in the peripheral treatment of melanoma. In the last 

three years, four new therapies have been approved for the treatment of 

metastatic melanoma (vemurafenib and dabrafenib, BRAF inhibitors, trametinib, 

a MEK inhibitor, and ipilimumab, an anti-CTLA4 antibody). Despite this recent 

progress in the treatment of peripheral metastatic melanoma, the standard of 

care for patients with brain tumor metastasis remains radiation and surgery. 

Tumor recurrence, however, was inevitable after 4-8 months of treatment with 

vemurafenib and the development of resistance led to newly altered signaling 

pathways (Trunzer et al., 2013). Furthermore, the use of these small molecule 

inhibitors has demonstrated conflicting results in the clinic for its impact on brain 
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metastases (Rochet et al., 2012). In one study that followed 86 patients from 

2010-2013 receiving 960 mg of vemurafenib twice daily, 59% developed brain 

metastases while their peripheral tumors were under control (Peuvrel et al., 

2014). Patients treated with systemically delivered treatments for peripheral 

metastatic disease that have limited brain distribution, such as vemurafenib for 

melanoma and trastuzumab for HER2-positive breast cancer, have an increase 

in the incidence of brain metastases (Mittapalli et al., 2012; O'Sullivan and Smith, 

2014; Peuvrel et al., 2014). In order to better treat systemic cancers, new 

molecular targets are being identified and more drugs are being developed that 

target these specific mutations. However, as these drugs extend patient survival 

by controlling peripheral disease, the limited brain penetration for many of these 

drugs will result in a pharmacological sanctuary in the brain that should lead to 

an increase in the incidences of brain tumors. Thus, new therapeutic modalities 

that either penetrate the BBB or attack the mechanisms that limit brain 

penetration are required in order to improve patient outcomes.  

1.2 INTRODUCTION TO THE PROBLEM - THE BLOOD-BRAIN BARRIER 

The failure of novel drug therapy trials for brain tumors may be at least partially 

due to the presence of tumor cells that escape treatment behind an intact BBB. 

The BBB plays an important role in regulating the environment of the brain by 

both protecting the neurons from toxic substances in the systemic circulation as 

well as providing the brain with a delicate balance of ions, glucose, and other 
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nutrients necessary for normal brain function (Abbott, 2013). The endothelial 

cells that form the brain capillaries are held together by a complex network of 

proteins (tight junctions) to generate a physical blood-brain barrier that prevents 

paracellular transport of molecules, including many xenobiotics, into the brain 

(Figure 1.1.B) (Abbott, 2013). In addition to the tight-junction proteins, the 

endothelial cells express active efflux proteins that have wide substrate 

specificity to provide a biochemical blood-brain barrier by preventing transcellular 

transport of xenobiotics into the brain. ATP-binding cassette (ABC) transporters 

such as P-glycoprotein (P-gp), multidrug resistance-associated proteins (MRPs) 

and breast cancer resistance protein (Bcrp) are efflux transporters that are highly 

expressed at the BBB (Uchida et al., 2011). These efflux transporters actively 

transport xenobiotics back into the systemic circulation, preventing these 

molecules from reaching the brain (Agarwal et al., 2010). The expression of 

these transporters on the luminal side of the endothelial cells of the brain 

microvasculature limits substrates in the systemic circulation from accumulating 

within the brain, thus providing the infiltrative tumor with a protected 

microenvironment.  

 

The BBB has long been thought to be compromised in brain tumors to such a 

degree that drug delivery to the tumor was believed to be uninhibited. A key 

reason for this misconception is that contrast-enhanced magnetic resonance 

imaging (MRI) is used as a diagnostic tool for brain tumors. In contrast-enhanced 
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MRIs, brain regions that have a leaky BBB allow the contrast agent (frequently 

gadolinium-DTPA, a 938 MW contrast agent unable to cross an intact BBB) to 

diffuse into the brain parenchyma, indicating “tumor” location. While this 

technique can indicate location of the brain tumor central mass, or tumor core, it 

does not describe the invasiveness of the tumor since it is unable to indicate the 

highly infiltrative tumor cells behind an intact BBB (Figure 1.2). Figure 1.2 

compares three imaging techniques used to diagnose patients with brain tumors 

and to determine tumor location. On each image, the tumor area, as determined 

by a particular imaging technique, is outlined: T1-GAD in red, T2-FLAIR in blue, 

and F-DOPA positron emission tomography (PET) in yellow. T1-GAD (red) 

images indicate the necrotic tumor core (i.e., where the BBB is leaky) and 

describe the area that is typically resected during surgery (Pafundi et al., 2013). 

Bright regions on T2-FLAIR images (blue) indicate increased water (i.e., edema, 

inflammation, etc.) and while it is known that there are tumor cells in this region, 

there is also a high density of normal brain tissue and therefore the entire area 

described by T2-FLAIR is not typically removed at surgery but is targeted with 

radiation. The tumor volume determined by the labelled F-DOPA (yellow) 

describes the area of the tumor that has LAT1-mediated uptake of the F-DOPA 

ligand (Pafundi et al., 2013; Youland et al., 2013). Initial studies demonstrate that 

F-DOPA PET may identify regions of high-density tumor in patients and, while 

not routinely used in clinic, studies at Mayo Clinic and elsewhere are evaluating 

whether F-DOPA PET may be useful for defining the extent of surgical resections 
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or radiation therapy fields (Pafundi et al., 2013). These data highlight the 

potentially large regions of tumor with an intact BBB that must be effectively 

targeted. As such, the success of a treatment will be closely related to its ability 

to target the tumor cells “left behind” (Berens and Giese, 1999). This requires 

effectively delivering therapy to all the remaining tumor cells, many of which are 

behind an intact BBB (Agarwal et al., 2011).  

 

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 consider the invasive nature of brain tumors and these studies use “tumor 

core” concentrations to indicate effective drug delivery to the tumor (Blakeley et 

al., 2009; Grossman et al., 2013). Clinical studies in the last decade have 

measured brain and tumor concentrations of small molecules such as gefitinib 

and methotrexate in brain tumor patients (Hofer and Frei, 2007; Blakeley et al., 

2009). Intratumoral gefitinib concentrations in seven GBM patients were found to 

be about ten times higher than plasma concentrations, however drug 

accumulation was measured in the resected brain tumor ”core” (Hofer and Frei, 

2007). The assumption made was that the BBB is leaky in the region measured, 

the tumor core and, therefore, drug delivery to brain tumors is unrestricted. This 

same group used microdialysis to measure methotrexate concentration in 

regions adjacent to the tumor core (Blakeley et al., 2009). As is often the case, 

the authors found the concentration of methotrexate in the contrast enhancing 
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region, or tumor core, was significantly higher than the noncontrast-enhancing 

tumor regions (Blakeley et al., 2009). 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. These few clinical studies, 

as well as numerous studies in animal models, indicate that concentrations in the 

tumor core are inadequate to predict a useful concentration-response 

relationship, and that the concentration achieved around the invasive cells is 

critical for improved response. 

 

Extensive work has been done to recapitulate human brain tumor development in 

animal models used for preclinical studies. Although preclinical brain tumor 

models have been studied for decades, the translation into the clinic has been 

poor. While there are many potential reasons for the poor preclinical-to-clinical 

translatability, one problem is the heterogeneity of tumors both in the model and 

in patients. Efficacy in one model will not necessarily correlate to efficacy in a 

large patient population due to tumor heterogeneity. Using inadequate models to 

study brain tumors will result in misguided drug development (de Vries et al., 

2009). For example, a commonly used xenograft derived from long-term cell 

culture GBM cell line, U87, exhibits features that are not reflective of human 

GBM such as homogeneously leaky tumor vasculature, and a non-invasive 

growth pattern in the brain (de Vries et al., 2009). In addition to GBM 

heterogeneity, the murine BBB has notable differences from the human BBB. 
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The variable expression of transporters at the mouse and human BBB has been 

analyzed through quantitative targeted absolute proteomics. P-gp and MRP4 

expression were found to be higher at the BBB in mice than in human whereas 

Bcrp is expressed at higher levels at the human BBB (Uchida et al., 2011). 

Information about the differences in activity of these transporters at the BBB 

remains unknown. The best GBM model for preclinical studies will be not only 

reproducible, but also display human-like pathology, genetic lesions and an 

aggressive growth pattern. Such a model will be able to help select the right drug 

for the target as well as a drug that can be effectively delivered to the invasive 

tumor cells. Patient-derived xenografts (PDX) maintain the same genetic 

characteristics (methylation status, mutations, resistance to therapy, etc.) 

observed in the patient from whom they were derived (Carlson et al., 2011). 

Tumor cells derived from PDX models can be implanted into the cerebral 

hemisphere of immunodeficient mice in order to study the efficacy of small 

molecule therapies. However, since they must be established in 

immunocompromised mice, they are not suitable for studying immunotherapies. 

Genetically engineered mice (GEM) that harbor mutations common to GBM are 

another tool used to study GBM development that enables preclinical studies to 

be completed in immunocompetent mice (Wiesner et al., 2009). In either case, 

these models display key characteristics of GBM including a highly invasive 

nature of the disease, that results in tumor cells migrating from initial site of tumor 

development. These improved GBM models that are more similar in growth 
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patterns to human disease, should provide a better platform to study the efficacy 

of new treatments, including the influence of drug delivery.   

1.3 SYSTEMIC TREATMENTS 

In the treatment of brain tumor patients, there are two options for drug delivery to 

tumor cells. The first option is systemic therapy (Figure 1.1.C) in which the 

therapeutic agent is delivered either orally or intravenously and able to travel 

from the systemic circulation into the brain. The other option is local delivery 

(Figure 1.1.D-G), where the treatment is delivered directly to the brain 

parenchyma and the agent needs to diffuse through the brain tissue in order to 

treat invasive tumor cells throughout the brain. Both local and systemic therapies 

have advantages as well as challenges to overcome. 

 

Extensive genetic screening of tumors has identified genetic mutations and both 

large and small molecule drugs have been synthesized to target these mutations 

that lead to unregulated proliferation. Nearly all large molecules are unable to 

accumulate within the brain and the majority of small molecules are unable to 

penetrate the BBB. Effectively treating a primary brain tumor with systemic 

therapy requires therapeutic concentrations of drug to reach the brain before off-

site toxicity becomes dose-limiting. Achieving an adequate “targeted 

bioavailability” to the brain is essential in the treatment of brain tumors. Currently, 

there are two types of drugs that can reach the brain from the systemic 
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circulation: (1) small, highly lipophilic drugs, such as diazepam, are able to 

passively diffuse across the endothelial cells; and (2) drugs, such as L-DOPA, 

are able to utilize an active influx transport system at the BBB to reach the brain 

(del Amo et al., 2008). Unfortunately, the majority of cancer therapies do not 

achieve therapeutic levels in brain tissue leading to ineffective therapy. Molecular 

mutations causing unregulated tumor proliferation and growth are often 

conserved across many tumors. This leads to target-based clinical trials that are 

conducted without first adequately understanding the brain delivery of a 

molecularly-targeted agent. The hypothesis tested time and again is that drugs 

targeting mutations in other cancers as well as GBM that provide a therapeutic 

benefit in peripheral cancer should work in brain tumors. The clinical results, 

however, have been disappointing.  This shows that in vitro efficacy against 

tumor lines, and even in vivo efficacy against tumors in inappropriate animal 

models, is insufficient to guide the use of experimental therapies in clinical trials. 

This is due to, in part, to the fact that, for many drugs, only 1-10% of the 

concentration in the plasma reaches the brain. Given this, it is unlikely that 

therapeutic brain concentrations will be achieved before off-site toxicity in the 

periphery limits dose escalation. One reason for lack of brain delivery for many 

candidate treatments is that these compounds are actively effluxed at the BBB by 

P-gp, Bcrp and MRPs.  

1.3.1 MAJORITY OF SMALL MOLECULE DRUGS ARE EFFLUXED 
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Five of the most commonly mutated pathways in GBM are Cdk 4/6, epidermal 

growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), 

phosphoinositide 3-kinase (PI3K), and tumor protein p53 (TP53) (Parsons et al., 

2008). Of these five pathways, four have small molecular inhibitors that are either 

undergoing clinical trials or have already been tested in the clinic for efficacy 

against GBM. Gefitinib, erlotinib, dasatinib, and imatinib are all examples of 

tyrosine kinase inhibitors (TKIs) that target some component of the EGFR or 

PDGFR pathway, which are commonly amplified together in patient tumors in 

different tumor subpopulations (Szerlip et al., 2012). In preclinical studies, these 

TKIs showed promising results that have not been translated into the clinic 

(Franceschi et al., 2012; Reardon et al., 2012). The majority of TKIs are actively 

effluxed by P-gp and Bcrp on the luminal side of endothelial cells, and never 

reach therapeutic levels in the brain (Agarwal et al., 2011). Erlotinib failed in a 

Phase II trial testing the efficacy of temozolomide, radiation and erlotinib and was 

discontinued due to toxicity (Peereboom et al., 2010). In a Phase II trial testing 

gefitinib efficacy in nearly 100 recently diagnosed GBM patients, gefitinib did not 

provide a therapeutic benefit (Uhm et al., 2011). Since efflux is a problem in the 

treatment of brain tumors, effective therapies could be improved by reducing 

efflux. Recently, there has been a study in a genetically-engineered mouse 

model of gliomas showing that the genetic deletion of both P-gp and Bcrp 

significantly improved the efficacy of dasatinib (Agarwal et al., 2012). There are 

two methods to overcome the efflux transporters: modifying the structure of the 
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drug such that there is reduced efflux liability, as was done in the in silico-guided 

design of a brain penetrant phophoinositide 3-kinase (PI3K) inhibitor, or 

pharmacologically inhibiting the efflux transporters (Heffron et al., 2012). The 

clinical efficacy of pharmacological inhibition of efflux transporters to increase 

brain distribution remains unknown. If very potent inhibitors are used to improve 

CNS delivery of toxic compounds, a careful assessment of CNS toxicity due to 

the increase in brain delivery will be required (Kalvass et al., 2013). 

1.3.2 CHEMICAL MODIFICATION TO REDUCE EFFLUX LIABILITY 

There has been significant interest in testing PI3K inhibitors in GBM, given the 

dysregulation of PTEN/PI3K pathway. Unfortunately, most PI3K inhibitors are 

robust substrates for efflux and have limited brain penetration. Given this, 

specific attempts have been made to design a brain penetration PI3Ki through 

SAR studies to reduce efflux liability (Heffron et al., 2012). In preclinical efficacy 

studies, pictilisib (an efflux substrate) demonstrated efficacy only in a non-

invasive model with a broken-down BBB, whereas GNE-317 (engineered to lack 

efflux substrate activity) was efficacious in both a preclinical model with an intact 

BBB and the non-invasive model. Matrix-assisted laser desorption ionization 

(MALDI-TOF) was used to examine relative accumulation of two inhibitors, 

pictilisib and GNE-317, throughout a brain slice and correlate brain distribution 

with efficacy (Salphati et al., 2014). As a P-gp and Bcrp substrate, pictilisib was 

only detectable in the region of tumor core of the non-invasive tumor model with 
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a disrupted BBB and was not detectable in the invasive preclinical model with an 

intact BBB. In contrast, GNE-317 was uniformly distributed throughout tumor and 

normal brain regions (Salphati et al., 2014). These results support the hypothesis 

that effective drug delivery to the whole brain is required to improve patient 

survival. This also serves as an example for the clinical development of other 

small molecule inhibitors that could be used in the treatment of brain tumors.  

1.3.3 INFLUX TRANSPORT SYSTEMS 

An alternative to overcoming efflux transporters is designing drugs to take 

advantage of innate influx transporter systems already expressed at the BBB. 

Carrier-mediated transport of amino acids from the systemic circulation into the 

brain is necessary to maintain the correct balance of nutrients for the brain 

microenvironment. Endogenous ligands for LAT1 (large-neutral amino acid 

transporter) are phenylalanine, leucine, isoleucine, valine, tryptophan, histidine 

and methionine. Targeting a transport system at the BBB for drug development 

and improved delivery has been used for other diseases. For example, dopamine 

was discovered as a potential therapy for Parkinson’s but was unable to reach 

the brain. A prodrug of dopamine, L-DOPA, was synthesized and reaches the 

brain through LAT1 and is activated into dopamine in the brain parenchyma 

(Gomes and Soares-da-Silva, 1999). The LAT1 influx transport system also 

improves the brain delivery of the anti-epileptic, gabapentin (Dickens et al., 

2013). In addition to amino acid transport systems, glucose is transported into 
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the brain via glucose transporter (GLUT1). GLUT1 (SLC2A1) is expressed on 

brain capillary endothelial cells and has the potential to transport sugar-like 

molecules into the brain. To date, this method has not been successful in 

achieving therapeutic levels of chemotherapeutics, but can increase the brain 

uptake of ketoprofen and indomethacin in rats (Gynther et al., 2009). These 

studies illustrate that taking advantage of guided drug design in an intentional 

drug development scheme can lead to molecularly-targeted small molecule drugs 

that do not suffer from drug delivery limitations.  If this is done early in the 

process, finding a drug that is effective against its target, with the ability to reach 

that target at invasive brain tumor sites, is much more likely.   

 

The number of large molecule drugs such as peptides and antibodies developed 

is increasing, especially in the oncology field. Half of the approved cancer 

therapeutics in 2014 were large molecules (2014). One example of large 

molecule drugs that has shown promising clinical results are the angiopeps, a 

family of peptides related to aprotinin (Demeule et al., 2008). These have been 

identified as potential peptides that can be conjugated to a drug of interest that 

will allow for transport into the brain via low-density lipoprotein receptor-related 

protein (LRP1). LRP1 is a receptor that is involved in the transcytosis of aprotinin 

relatives across the BBB. It has received attention recently for its abluminal 

expression and involvement in the clearance of amyloid beta in the development 

of Alzheimer’s disease. In the context of cancer treatment, angiopep-2 was 
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selected from 96 peptides as the most promising candidate for increasing brain 

delivery (Demeule et al., 2008). ANG1005 is a 19 amino acid long peptide 

(angiopep-2) conjugated to paclitaxel, a mitotic inhibitor that prevents the 

stabilization of microtubules. ANG1005 is currently in a Phase 2 clinical trial for 

recurrent GBM.  

 

Another potential brain uptake mechanism used for targeted brain delivery is the 

transferrin receptor (TfR). TfRs are highly expressed on the BBB and transport 

transferrin, a glycoprotein which binds iron, through receptor-mediated 

transcytosis. Iron transport mediated by transferrin provide neurons with the 

majority of the iron needed for function and a significant proportion of transferrin-

conjugated iron is provided from the systemic circulation and delivered through 

the BBB by receptor-mediated transcytosis. To exploit this system, several 

groups have developed agents which use this innate influx system. In the 

treatment of Alzheimer’s Disease, the TfR has gained attention due to the 

development of therapeutic antibodies which are transported into the brain via 

the TfR (Yu et al., 2011). Interestingly, in the development of a bispecific anti-

BACE1/transferrin antibody, it was discovered that the affinity for the TfR 

mediates the extent of brain delivery. In particular, antibodies with high affinity for 

the TfR were unable to be released on the brain side, whereas antibodies with 

moderate affinity were transported across the BBB more efficiently (Yu et al., 

2011). In addition to Alzheimer’s Disease where a bispecific antibody was found 
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to cross the BBB, the brain delivery of drugs conjugated to transferrin has been 

studied. When methotrexate was conjugated to transferrin, significantly higher 

methotrexate brain delivery was achieved (Friden et al., 1991). In addition to 

methotrexate, transferrin-modified paclitaxel conjugates penetrated the BBB 

significantly better than paclitaxel alone or paclitaxel loaded micelle in preclinical 

models (Zhang et al., 2012). A Phase II clinical studies testing the efficacy of Tf-

CRM107 (transferrin conjugated to diphtheria toxin that contains a point 

mutation) delivered locally (microinfusion in the parenchyma) showed promise, 

but a Phase III trial was not conducted (Yoon et al., 2010).  Given these results, 

the clinical utility of transferrin-conjugated drugs for brain tumors remains to be 

seen.  

1.3.4 CHANGING FORMULATIONS TO IMPROVE DRUG DELIVERY TO 

BRAIN 

Nanoparticles, such as liposomes, have shown some promise in increasing brain 

delivery of drug molecules. One example is doxorubicin, which is a cytotoxic 

chemotherapy that prevents tumor cell replication by intercalation into DNA base 

pairs and prevents protein synthesis. Doxorubicin is used in the treatment of 

breast cancer and, due to high rates of brain metastases in this type of cancer, 

the brain delivery of doxorubicin has been studied. PEGylated liposomal-

doxorubicin has higher and prolonged brain concentrations that resulted in higher 

brain concentrations than nonliposomal-doxorubicin formulations and a survival 
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increase was observed in a preclinical intracranial model of breast cancer brain 

metastasis (Anders et al., 2013). In the context of liposomal delivery, addition of 

a targeting ligand, such as glutathione, can improve brain delivery (Gaillard et al., 

2014). In preliminary results from a Phase 1/2a clinical study, a glutathione 

pegylated liposomal doxorubicin formulation (2B3-101) has shown promising 

results in breast cancer brain metastasis patients with no disease progression for 

3 months in 58% of patients treated (Brandsma et al., 2014). Readers are 

directed to a comprehensive review (Kreuter, 2014) of the use of nanoparticles to 

enhance brain drug delivery. These early results indicate that large-scale clinical 

trials testing brain-targeted nanoparticles can shape the future use of these 

formulations in the clinic. 

1.4 LOCAL DELIVERY METHODS 

In the systemic treatment of brain tumors, there is a dynamic relationship 

between the concentration of drug in the blood and the concentration of drug in 

the microenvironment of the tumor core, as well as the invasive tumor cells. This 

relationship is determined in large part by the permeability of the BBB in each of 

these locations. If a drug has poor BBB permeability in the regions that have an 

intact barrier, such as the infiltrative GBM cells, then inadequate delivery can be 

expected.  Because of this fact, and to improve targeting of the drug to all of the 

tumor cells, direct administration to the brain parenchyma has been studied.  

This method has been explored for decades, and has the potential benefit of both 
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decreasing systemic toxicities and overcoming the lack of permeability through 

the BBB. In contrast to systemic therapies, local treatment options are often more 

invasive since the drugs are delivered directly to the tumor and the surrounding 

brain tissue.  

1.4.1 CONVECTION ENHANCED DELIVERY 

Convection Enhanced Delivery (CED) allows for continuous drug delivery 

through infusion catheters that are implanted during surgery and relies on a 

hydrostatic pressure gradient for the drug to reach the all tumor cells via 

convective flow through the parenchyma (Figure 1.1.E). The theoretical basis for 

this approach is that drug will disperse via bulk flow leading to an extensive 

distribution of drug throughout the brain (Figure 1.3) (Morrison et al., 1994). In 

the clinic, the issue with this invasive method is that the tissue directly around the 

catheter may receive effective delivery, but, depending of the drug, 

concentrations further away from the catheter tip may diminish rapidly.  The 

distribution pattern following CED depends on competing forces of convective 

flow through the parenchyma and the capillary diffusion of the drug from the 

extracellular fluid into the blood. After local delivery, if a drug molecule readily 

diffuses, or is actively effluxed, into the blood, it is effectively “swept away” from 

the brain.  This is known as the “sink effect” of the brain circulation and can 

influence the volume of brain captured by any local delivery technique, including 

CED.  Drugs with high passive permeability, or are avidly transported by active 
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efflux into the blood, will be severely limited in the volume of distribution of the 

compound in the brain.  This will certainly limit efficacy at those invasive sites 

that are distant from the site of administration. Recent advances in this method 

include the co-administration of contrast agents to track the volume captured 

upon manipulation of the infusion parameters, including catheter design and flow 

rates (Sampson et al., 2010). Many of the advantages and limitations of the use 

of CED for brain tumors have been discussed in a recent review by Lonser et al 

(Lonser et al., 2014).  Importantly, there have been no reported studies using 

CED that have resulted in a positive effect on patient outcomes.  In a recent 

phase III trial, the use of CED to deliver IL-13 conjugated to a Pseudomonas 

endotoxin was tested in GBM patients, and no significant effect was seen 

compared to Gliadel wafers (Kunwar et al., 2010).  This trial was done without 

the benefit of co-administered contrast agents, and therefore an estimate of the 

targeted volumes could not be correlated to effect (Lonser et al., 2014).  CED 

may find a role in the treatment of brain tumors if the right compounds are 

chosen, i.e., those that are not subject to the sink effect, and the infusate 

parameters are carefully worked out to capture an adequate volume of the brain.  

1.4.2 GLIADEL WAFERS 

Approved in 1995 for the treatment of recurrent glibolastoma and in 2002 for the 

treatment of newly diagnosed GBM, Gliadel wafers are dime-sized implantable 

polymer wafers than encase carmustine. These drug-loaded wafers are placed at 
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the site of tumor resection and slowly release carmustine over 2-3 weeks. 

Although these have been approved for nearly 20 years, they are not routinely 

used by most surgeons due, in part, to complications and high cost of therapy 

(Bregy et al., 2013). In a trial studying 240 patients, median survival was 13.9 

and 11.6 months for patients treated with Gliadel wafers or placebo, respectively 

(Westphal et al., 2003). While other studies have observed an increase in 

adverse events, the slight increase in survival in this study was not accompanied 

by an increase in adverse events such as seizures, brain edema, healing 

abnormalities and intracranial infections (Brem et al., 1995; Westphal et al., 

2003). The effectiveness of this therapy relies on the diffusion of carmustine from 

the Gliadel wafer, into the brain parenchyma (Figure 1.1.D). As a lipophilic drug, 

carmustine is able to diffuse through membranes with relative ease, but this also 

means that carmustine diffuses rapidly into systemic circulation. The average 

distance between adjacent capillaries in the brain is approximately 40 microns 

which means that at any given time, a drug molecule is a maximum of 20 

microns from a capillary (Pardridge, 2012). Gliadel wafer efficacy requires that 

carmustine rapidly diffuses to all areas with tumor, while not diffusing from 

parenchyma and into a capillary. Therefore, as seen with CED, Gliadel wafers 

also face the “sink effect” problem where the drug is washed away in systemic 

circulation, creating a steep concentration-distance gradient a few microns from 

the wafer.  
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1.4.3 OSMOTIC BLOOD-BRAIN BARRIER DISRUPTION 

In 1972, the first observation of Evans Blue penetrating CNS tissue due to intra-

arterial infusion of hypertonic arabinose was observed (Rapoport et al., 1972). 

This led to the concept of osmotic blood-brain barrier disruption (BBBD) which 

has since been used clinically to open the tight junctions between the endothelial 

cells by causing shrinkage of the endothelial cells to disrupt the tight junctions 

and broadening of the paracellular space (Figure 1.1.G). This technique was 

brought to the clinic by Dr. Ed Neuwelt in 1979 when mannitol was infused via a 

catheter in the carotid artery (Bellavance et al., 2008). Following the 

hyperosmolar mannitol infusion, chemotherapy is administered to increase the 

concentration in the brain relative to systemic delivery. Preclinical studies in dogs 

demonstrated that osmotic BBBD could increase the brain distribution 50- to 100-

fold (Neuwelt et al., 1981). In the treatment of primary CNS lymphoma (PCNSL), 

a chemosensitive brain tumor, this technique has shown promising results. 149 

recently diagnosed PCNSL patients were treated with osmotic BBBD followed by 

intra-arterial methotrexate chemotherapy between 1982 and 2005. The results 

from this multi-center clinical trial were positive, demonstrating a durable 

response without the use of radiation (Angelov et al., 2009). BBBD is an invasive 

technique and requires a highly trained team of neurosurgeons to have the 
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greatest chance of therapeutic benefit. For this reason, it is not a widely used 

treatment, although there are centers where this method is routinely used.  

 

1.4.4 ULTRASOUND-INDUCED BLOOD-BRAIN BARRIER OPENING 

For decades, the majority of oncology drugs in clinical development were small 

molecule inhibitors. Over the last ten years, there has been a shift to incorporate 

large molecules in the form of antibodies and antibody-drug conjugates into 

treatments for brain tumors. Given this, it is critical to examine delivery 

techniques that may improve the penetration of large molecule drugs into the 

brain.  One possibility is a recent method of BBBD that uses an ultrasound-

induced approach in which the BBB is opened transiently and can be monitored 

via MRI (Figure 1.1.F) (Fan et al., 2014). In animal models, ultrasound-induced 

BBBD is able to produce consistent opening while avoiding damage to tissues. In 

ultrasound-induced BBBD, preformed microbubbles (2-6 um in diameter) are 

injected intravenously prior to ultrasound exposure. The underlying mechanism 

that causes BBBD is not well understood, but studies have shown that focused-

ultrasound causes cavitation of the microbubbles. This cavitation can either be 

inertial (leading to microbubble collapse and shockwave release causing 

mechanical stress on surrounding vessels) or stable (leading to oscillating 

microbubbles causing shear stress on surrounding vessels). Either mechanism 

would lead an increase in BBB permeability (Mitragotri, 2005; Liu et al., 2014). 
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Focused ultrasound-induced BBBD is able to provide local BBB opening in a 

selected region of the brain. In a study to determine the optimal focused 

ultrasound to disrupt the BBB that would allow an antibody-sized molecule to 

cross into the brain, a 155kDa-dextran was used and the dextran distribution 

100-200 µm below the pia mater was monitored (Shi et al., 2014). As a control, 

neither microbubble injection nor focused ultrasound alone proved to increase 

BBB permeability; however when microbubbles were administered prior to 

focused ultrasound, a 14-fold increase in BBB permeability was observed. 

Currently, BBBD by ultrasound should be considered a potential method to effect 

a transient, local and noninvasive improvement in drug delivery to the brain, 

although there are still important challenges to overcome in translating this 

method to the clinic.  

1.5 CONCLUSIONS AND FUTURE DIRECTIONS 

Although there have been marked improvements in the treatment of peripheral 

cancers, the treatment of glioblastoma multiforme, the most common primary 

brain tumor in adults, has not changed over the last decade and effective 

treatments for metastatic brain tumors are limited. Diagnosis with either a primary 

or metastatic brain tumor is associated with abysmal prognosis and current 

therapies are unable to provide a long-lasting therapeutic benefit. The infiltrative 

and aggressive nature of these tumors makes complete surgical resection 

impossible and the BBB prevents the majority of therapies from reaching the 
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tumor cells “left behind” following resection. Molecularly targeted agents that 

target a specific pathway mutated in the tumor have continued to fail in clinical 

trials. There can be multiple reasons for this failure and lack of adequate delivery 

to the invasive cells behind an intact BBB may be an important shortcoming of 

these new therapies. As systemic treatment continues to prolong survival in 

patients with peripheral cancers, the population of patients with brain tumors will 

increase. In order to effectively treat these patients, therapies which penetrate an 

intact BBB are required to treat micro-metastases and tumor cells left behind 

after surgery.  

 

There are two broad categories of treatments for brain tumors: systemic therapy 

and local delivery. Each of these broad approaches has their advantages and 

disadvantages.  In systemic therapy, drugs are delivered either orally or 

intravenously and adequate delivery to the brain relies on BBB penetration. This 

type of therapy is less invasive and the recently developed molecularly targeted 

compounds are often delivered orally. However, the systemic route is often 

plagued by offsite toxicity and the concentration reaching the brain often falls to 

sub-therapeutic levels. The targeted brain bioavailability is often less than ten 

percent of the systemic exposure due to the BBB. Currently, there are two ways 

systemically administered drugs can overcome the BBB: (1) small lipophilic drugs 

which are not substrates for efflux transporters (or concurrent inhibition of efflux); 
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or (2) drugs which are able to utilize an influx transport system to gain access to 

the brain.  

 

In local delivery, drugs are placed directly into the brain in order to achieve higher 

concentrations in the brain and to avoid the dose-limiting toxicities in peripheral 

organs. This route of administration relies on the diffusion of drugs through the 

brain parenchyma in order to reach tumor cells throughout the brain. Gliadel 

wafer and convection-enhanced delivery have high drug concentrations near the 

wafer or catheter implantation site, but the sink effect can cause the 

concentration to rapidly decline, and be insufficient at sites away from 

implantation if the drug is highly BBB penetrable. Blood-brain barrier disruption 

techniques such as osmotic or focused-ultrasound BBBD transiently open the 

BBB in either one hemisphere (osmotic BBBD) or a region (focused-ultrasound 

BBBD). While osmotic BBBD has been around for decades, and has shown 

promising results in the treatment of chemosensitive brain tumors such as 

primary CNS lymphoma, it has yet to become standard of care at most 

institutions. The potential clinical use of focused-ultrasound BBBD remains to be 

tested in large clinical trials.  

 

In conclusion, the treatment of brain tumor patients requires new therapies that: 

1) avoid active efflux by transporters such as P-gp and Bcrp, 2) have high 

passive permeability that overcomes the efflux liability, 3) take advantage of an 
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influx transport system, or 4) can be delivered using effective local delivery 

methods. In order to improve brain tumor patient outcomes, it is critical that new 

drugs and delivery methods be developed that allow adequate drug 

concentrations to reach all invasive tumor cells left behind following resection, 

especially those residing behind an intact BBB. 
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Figure Legends 

Figure 1.1: Schematic representation of brain tumors and delivery 

strategies.  

(A) Primary brain tumors are infiltrative in nature and typically occur in the 

parenchyma. Metastatic brain tumors are often variable in size and brain micro-

metastases, the spread of cancer from original location to the brain before they 

reach a detectable size, are a significant problem in the treatment of patients. (B) 

Brain delivery of most systemically administered molecularly-targeted agents is 

limited due to the blood-brain barrier (BBB). The neurovascular unit regulates the 

brain microenvironment. Astrocytes, pericytes, endothelial cells, basal lamina 

and neurons all play critical roles in the BBB. Through the expression of tight 

junctions and transport proteins, such as P-gp and Bcrp, many therapeutic 

agents are excluded from the brain and unable to reach infilitrative tumor cells. 

The BBB prevents drugs from entering brain tissue behind an intact BBB. (C) 

Systemic delivery to brain tumors results in a higher drug delivery to tumor core 

lower concentrations reaching the edge of the tumor due to the presence of an 

intact BBB. Local delivery relies on diffusion through brain parenchyma in order 

to reach tumor cells. (D) Gliadel wafer are implantable polymer discs which 

release drug into surrounding tissue. (E) Convection-enhanced delivery (CED) 

infuses drug through a catheter and relies on the hydrostatic pressure gradient to 

diffuse drug into the tumor tissue. (F) Focused ultrasound microbubble disruption 

breaks the tight junctions and transiently opens the paracellular space.  
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(G) Osmotic blood-brain barrier disruption uses an osmotic agent (mannitol) via 

intracarotic injection in order to shrink the endothelial cells and allow drug to pass 

into the brain through the paracellular space. 
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Figure 1.2: Current diagnostic tools fail to adequately describe entire tumor 

location.  

(A) T2-FLAIR image of GBM patient with tumor area outlined in BLUE; (B) T1-

GAD image of patient tumor with GBM (outlined in RED). Contour includes post-

operative cavity (not just enhancement); (C) PET image with active tumor 

outlined in YELLOW. Tumor volume comparison of T1-GAD, T2-FLAIR and PET. 
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Figure 1.3: Relationship between extracellular concentration and distance 

from cannula.  

Convection-enhanced delivery allows for a broader distribution of therapeutic 

agent than a bolus injection because of the sink effect. 
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CHAPTER II 

 

 

 

THE ROLE OF CYCLIN-DEPENDENT 

KINASE INHIBITORS IN CANCER 
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2.1 INTRODUCTION 

A hallmark of cancer is uncontrolled cell growth. Pathways involved in the cell 

cycle become dysregulated and often drive tumor cell proliferation (Hanahan and 

Weinberg, 2000). In recent years, there has been a shift from using non-targeted 

chemotherapeutics that attempt to nonspecifically kill any rapidly proliferating cell 

to using molecularly-targeted agents that target a specific mutation involved in 

tumor growth (Cloughesy et al., 2014; Prados et al., 2015a). This change has led 

to the identification of numerous abnormal pathways that can be specifically 

targeted with molecularly-targeted agents. Despite identifying dysregulated 

pathways that drive tumor growth, tumor resistance remains a major challenge 

for the targeted therapies (Taylor et al., 2012; Yadav et al., 2014a; Yadav et al., 

2014b). One potential way to overcome resistance is the use of multiple targeted 

therapies (Dickson, 2014; Jhanwar-Uniyal et al., 2015). This chapter will briefly 

summarize the challenges in treating brain tumors stated in Chapter 1 and 

review the most commonly dysregulated pathways in primary and metastatic 

brain tumors with a focus on the cyclin-dependent kinases (CDKs), which play a 

major role in regulating the cell cycle and are often involved in tumor cell 

proliferation. 

2.2 TREATMENT OF BRAIN TUMORS 

2.2.1 BLOOD-BRAIN BARRIER 
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The blood-brain barrier (BBB) is highly involved in regulating the distribution of 

therapeutic agents into the brain (Abbott, 2013). In the treatment of brain tumors, 

the BBB often limits the brain distribution of therapeutic agents through the efflux 

activity of P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) 

(Agarwal et al., 2011). These two transporters have broad substrate specificity 

and are able to actively transport substrates back into systemic circulation, 

preventing these molecules from reaching tumor tissue in the brain. As discussed 

in detail in Chapter 1, the BBB integrity is variable in the tumor regions of 

patients with glioblastoma (GBM) (Parrish et al., 2015). In the clinic, tumors are 

visualized by regions of BBB disruption where a gadolinium contrast agent is 

able to be seen by magnetic resonance imaging (MRI). Gadolinium is only able 

to diffuse into the brain in regions where the BBB is disrupted and this  does not 

adequately describe the entire tumor (van Tellingen et al., 2015). Importantly, 

gadolinium-based MRI fails to provide a visual representation of the tumor 

regions that reside behind an intact BBB (Dhermain et al., 2010). Since these 

regions are left behind following surgical resection, it is paramount to target these 

invasive tumor cells in the treatment of GBM (Berens and Giese, 1999).The goal 

of this thesis project is to study the brain delivery of anti-cancer agents and aims 

to improve the brain delivery of these agents to tumors that reside behind an 

intact BBB. 

2.2.2 GENETIC HETEROGENEITY OF GLIOBLASTOMA 
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GBM, the most common primary brain tumor in adults, was one of the first 

tumors characterized as part of The Cancer Genome Atlas (TCGA) project 

(2008). This characterization confirmed that GBM is a particularly difficult type of 

tumor to treat because of its highly heterogeneous nature. Large-scale genomic 

analyses like TCGA have led to the discovery of subclasses of GBM as well as 

genetic alterations that have the potential to be targeted through molecularly-

targeted therapies (Cloughesy et al., 2014). Current treatment of GBM is surgery 

followed by nonspecific chemotherapy (temozolomide) followed by radiation 

therapy (Stupp et al., 2005). While this treatment targets cells that are rapidly 

dividing, it fails to target tumor-specific mutations. The identification of specific 

mutations common among GBM has provided opportunities in the treatment of 

GBM, and has the potential to allow for precision medicine to be applied to the 

treatment of GBM patients (Jhanwar-Uniyal et al., 2015).  

Precision medicine is a relatively new approach that personalizes treatments to 

patients based on genetic information (Reardon et al., 2015). Current therapy for 

nearly all newly diagnosed GBM patients in surgery followed by radiations which 

is nonspecific treatment of the disease. GBM is a complex tumor with genetic 

aberrations that subdivide the patient population into different subgroups that 

may benefit from different treatment regimens (Reardon et al., 2015). As 

treatment of GBM moves towards precision medicine, the number of clinical trials 

that combine therapeutic agents will grow and the selected treatment regimen 

will become patient-specific (Prados et al., 2015a) .   
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2.3 COMBINATION THERAPY IN TREATMENT OF CENTRAL NERVOUS 

SYSTEM TUMORS 

Effectively selecting specific molecularly-targeted agents will be critical in 

improving the treatment of heterogeneous tumors such as GBM. It is unlikely that 

one targeted agent will be sufficient to provide a durable response and therefore 

the development of rational combination therapies will likely be critical in the 

treatment of GBM (Alifieris and Trafalis, 2015; Prados et al., 2015a). Precision 

medicine is driving the development of combination therapies and it is likely that 

small molecule inhibitors will be used in combination with other therapies in order 

to better target the tumor and slow or prevent the development of resistance 

(Asghar et al., 2015). Numerous genetic alterations are commonly observed in 

GBM and a few of the most frequently altered pathways in GBM are described 

below (Figure 2.1).  

One characteristic of GBM is the formation of new blood vessels, which is critical 

for tumor growth beyond 0.125 mm (Chamberlain, 2011). GBM is one of the most 

highly vascularized type of tumors and numerous tumor growth factors are 

upregulated in GBM (Reardon et al., 2008b). This angiogenesis is regulated by 

growth factors, such as vascular endothelial growth factor (VEGF), that are 

released and taken up by tumor and endothelial cells (Takano et al., 2010). 

Studies have demonstrated that the level of VEGF in the tumor is 200- to 300-

fold higher than in normal brain regions in order to provide new vasculature that 
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will supply the tumor with the nutrients necessary for continued growth (Takano 

et al., 1996). Bevacizumab (Avastin) is a monoclonal antibody that targets VEGF 

and has been approved for the treatment of recurrent GBM and, although 

bevacizumab is an approved therapy, it showed no improvement in overall 

survival (Vredenburgh et al., 2007; Cohen et al., 2009). Bevacizumab inhibits 

VEGF from activating VEGF receptor and slows the formation of new vasculature 

that is central to GBM.  This leads to normalization of the vasculature and 

appears to rapidly reduce the tumor burden as monitored by MRI. The use of 

bevacizumab has been controversial because although the tumor burden 

appears to be reduced, the imagine methods that are currently used are unable 

to monitor true tumor growth and bevaciumab does not improve overall survival 

(Reardon et al., 2008a).   

The phosphatidylinositol 3-kinase/mammalian target of rapamycing (PI3K/mTOR) 

pathway is mutated across many tumor types and in GBM, approximately 80% of 

tumors have an alteration in this pathway (2008; Akhavan et al., 2010; Duzgun et 

al., 2016). The binding of VEGF to its receptors triggers a signaling cascade via 

phosphorylation events. This pathway is critical in GBM because it interferes with 

apoptosis of endothelial cells and is involved in a feedback process to further 

release VEGF (Karar and Maity, 2011; Onishi et al., 2011). Preclinical studies 

have demonstrated that inhibition of this pathway markedly improves survival. 

Furthermore, preclinical studies have shown that a brain penetrant PI3K/mTOR 

is more efficacious than a molecule with poor brain penetration (Salphati et al., 
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2012; Salphati et al., 2014). Ongoing clinical trials are examining that use of 

PI3K/mTOR inhibitors in GBM patients.  

The majority of GBMs have alterations in receptor tyrosine kinases such as the 

epidermal growth factor receptor (EGFR), which is altered in 40-50% of GBMs 

(Taylor et al., 2012). In normal cells, EGFR is activated in response to growth 

factors, but in tumors such as GBM, this cell-surface receptor is constitutively 

activated and drives tumor growth. The aggressive nature of GBM is attributed in 

part to EGFR variant EGFRvIII (Brennan et al., 2013; Prados et al., 2015a). 

Numerous small molecule EGFR inhibitors have failed to provide a therapeutic 

benefit in the clinical treatment of GBM and these same inhibitors have been 

shown to be substrates of efflux transporters at the BBB (Agarwal et al., 2010; 

Kodaira et al., 2010; Agarwal et al., 2013).  

The mitogen-activated protein kinase (MAPK) pathway has been reported to be 

frequently altered in GBM and a variety of other tumors (Pandey et al., 2015). 

Alterations, such as constitutive activation of MAPK, have been shown in the 

majority of gliomas and therefore has potential as a therapeutic target (Jhanwar-

Uniyal et al., 2011). Poor tumor progression and the development of resistance 

have both been linked to MAPK expression and this indicates that this pathway is 

involved in the invasive or aggressive nature of GBM (Wong et al., 2009; Pandey 

et al., 2015). Inhibitors of the MAPK pathway have not provided a breakthrough 

in GBM treatment, but it is possible that a more in depth understanding of other 
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activation pathways may lead to combinations of therapies with MAPK inhibitors 

playing an important part in these treatment regimens, preventing a possible 

pathway for resistance.  

VEGF, PI3K/mTOR, EGFR, and MAPK are four pathways that are currently 

being explored as therapeutic targets in the treatment of cancers. As cancer 

treatment focuses on precision medicine, combination therapies that are patient 

specific will become increasingly common to try and eradicate the entire tumor 

while avoiding the development of resistance (Prados et al., 2015f). Effective 

treatment of GBM will require all therapeutic agents administered to effectively 

reach the invasive tumor cells residing behind an intact BBB. Although there are 

numerous molecularly-targeted therapies currently being explored in the 

treatment of GBM, the focus of this dissertation will be the brain delivery and 

efficacy of CDK4/6 inhibitors in the treatment of GBM.  

2.4 CYCLIN-DEPENDENT KINASES 

CDKs are serine/threonine kinases that are dependent on the binding of cyclin in 

order to activate, and this heterodimeric complex is involved in a diverse set of 

functions (Cicenas et al., 2014). Throughout the cell cycle, upregulation and 

downregulation of specific CDKs control cellular proliferation. CDK2 is involved in 

DNA replication and starting histone synthesis, whileCDK1 is involved in 

regulating G2-M phase cell cycle progression (Sánchez-Martínez et al., 2015). 
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Basal transcriptional processes for RNA processing are, in part, controlled by 

CDK7, 8, 9, and 11. CDK4/6 are major regulators of G1-S phase cell cycle 

progression (Malumbres et al., 2009; Malumbres, 2014) and will be the focus of 

this thesis project. 

2.4.1 CYCLIN-DEPDENT KINASE 4/6 

CDK4 and 6 are major regulators of the transition from G1 to S phase in the cell 

cycle and this pathway is commonly altered in tumors (Brower, 2014). Single 

deletion of either CDK4 or CDK6 is not lethal, however simultaneous deletion of 

both CDK4 and CDK6 is embryonic lethal, showing that these two proteins share 

cell cycle functions. More recently, some differences between CDK4 and CDK6 

have been noted, but are outside the scope of this review. CDK4/6 activity is 

controlled by association with D-type cyclins and tumor suppressor proteins 

(Sherr and Roberts, 2004). Cyclin D1 is the most researched D-type cyclin and 

forms a complex with CDK4 or CDK6 in response to mitogenic signals (Sherr and 

Roberts, 1999). This CDK4/6-cyclin D1 complex phosphorylates the tumor 

suppressor protein retinoblastoma (RB1), releasing the E2F family of 

transcription factors (Sherr and Roberts, 2004). This family of transcription 

factors activates synthesis of the proteins that are necessary for the S phase of 

the cell cycle. CDK4/6 activity is also controlled by cyclin-dependent kinase 

inhibitors, such as p16 and p18 (Ruas and Peters, 1998).   
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2.5 CYCLIN-DEPENDENT KINASE ACTIVITY IN CANCER 

The p16-CDK4-RB1 axis is commonly dysregulated in many types of cancers 

(Schmidt et al., 1994; Zuo et al., 1996; Malumbres and Barbacid, 2005), but the 

predominant mechanism of altered cell cycle regulation is not uniform across this 

pathway. For example, RB1 loss is commonly observed in small cell lung cancer 

(50-60% of tumors), but amplification of cyclin D1 is more common in breast 

cancer (15-20% of tumors) (Peyressatre et al., 2015). In glioblastoma, 

homozygous deletion of CDKN2A, the gene that encodes for p16, is the most 

common alteration observed (approximately 70% of tumors) (Peyressatre et al., 

2015). 

The most common tumors to metastasize to the brain (lung, breast and 

melanoma) frequently have alterations in CDK4/6, making it an attractive 

therapeutic target (Zuo et al., 1996; Yu et al., 2006; Puyol et al., 2010). 

Glioblastoma, the most common brain tumor in adults, commonly has loss of p16 

(Schmidt et al., 1994). Therefore, studying the brain delivery of CDK4/6 inhibitors 

is critical in assessing the potential clinical efficacy of these therapeutic agents.  

2.6 CDK4/6 INHIBITORS  

Three CDK4/6 inhibitors palbociclib, abemaciclib, and ribociclib are currently 

undergoing clinical trials for their potential use in multiple tumor types such as 
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breast cancer, melanoma and childhood GBM (Vidula and Rugo, 2015). Specific 

details about published results and ongoing clinical trials are described below. 

2.6.1 PALBOCICLIB 

Palbociclib (PD-0332991) is a potent CDK4/6 inhibitor and is currently the only 

CDK4/6 inhibitor that is FDA approved (Table 2.1). Palbociclib was approved in 

early 2015 for the treatment of hormone receptor positive breast cancer in 

combination with letrozole (Dhillon, 2015). In vitro palbociclib has been shown to 

cause cell cycle arrest in the G1 phase of the cell cycle by preventing the cyclin 

D-CDK4/6 complex from phosphorylating RB (Michaud et al., 2010; Rivadeneira 

et al., 2010). The induction of in vitro cell cycle arrest by palbociclib treatment 

has been demonstrated in numerous breast cancer cell lines as well as in GBM 

and melanoma cell lines (Michaud et al., 2010; Young et al., 2014). Initial 

preclinical reports have shown that palbociclib has great potential to be used in 

the treatment of a variety of tumors from breast cancer to brainstem glioma 

(Barton et al., 2013). Previous studies have demonstrated that P-gp and BCRP 

are involved in the brain delivery of palbociclib and that these efflux transporters 

restrict the brain exposure (de Gooijer et al., 2015; Raub et al., 2015). The 

potential clinical use of palbociclib for the treatment of GBM remains to be seen 

(Schröder and McDonald, 2015). Palbociclib is dosed at 125 mg daily for three of 

four weeks and the most common toxicities are anemia, neutropenia and 

thrombocytopenia (Cadoo et al., 2014). 
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2.6.2 ABEMACICLIB 

Abemaciclib (LY2835219) is another selective CDK4/6 inhibitor that is currently in 

clinical trials for the treatment of breast cancer and lung cancer (Table 2.2). 

Previous reports have demonstrated that abemaciclib is a substrate for P-gp and 

BCRP efflux transport at the BBB, but the ability of P-gp to efflux abemaciclib 

was found to be saturable at physiologically relevant concentrations (Raub et al., 

2015). This suggests that the brain distribution of abemaciclib could improve its 

own delivery and potentially provide a greater therapeutic benefit than 

compounds that do not have this characteristic. Abemaciclib is dosed at 150 mg 

or 200 mg twice daily and can be dosed continuously for 28 days (Vidula and 

Rugo, 2015). The most common toxicities observed are neutropenia, 

thrombocytopenia leukopenia, diarrhea, and nausea (Cicenas et al., 2014).  

2.6.3 RIBOCICLIB 

The third CDK4/6 inhibitor is ribociclib (LEE-011) which is currently being 

evaluated in the clinic for the treatment of breast cancer as well as advanced 

solid tumors (Table 2.3, ClinicalTrials.gov). The brain delivery of palbociclib and 

abemaciclib has been previously explored in the literature, but little is known 

about the brain delivery of ribociclib. Ribociclib is dosed at 600 mg daily (three 

out of four weeks) in the clinic and the main toxicities were neutropenia, anemia, 

diarrhea, and nausea (Asghar et al., 2015).  
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CDK4/6 inhibitors have great potential in the treatment of both primary and 

metastatic brain tumors because of the high frequency of alteration in this 

pathway in GBM, breast cancer, non-small cell lung cancer, and melanoma 

(Peyressatre et al., 2015). Precision medicine has the potential to vastly change 

treatment of cancer patients by understanding the underlying genetic lesions that 

drive cancer growth (Prados et al., 2015a). Since most tumors have multiple 

lesions, combination therapies are becoming increasingly common and may 

change the way cancers are treated. The brain delivery of drugs to regions of 

tumor that reside behind an intact BBB will be necessary in the treatment of brain 

tumors. Therefore, the brain delivery of small molecule drugs needs to be 

understood in order to develop therapeutic regimens that have the greatest 

potential to improve brain tumor patient outcomes (Parrish et al., 2015). 

Understanding the role of the BBB in the brain delivery of CDK4/6 inhibitors and 

the relationship between delivery and efficacy will be critical in designing rational 

clinical trials with the highest probability of improving brain tumor patient 

prognosis.   
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Table 2.1: Physicochemical properties summary of palbociclib. 

Drug Palbociclib 

Company Pfizer 

Molecular Weight 447.53 

IC50 CDK4: 11 nM; CDK6: 16 nM 

LogP 2.8 

Clinical Dose 125 mg daily 

Aqueous 
Solubility 

50 mg/mL 

Clinical Trials 

 Childhood CNS tumors 
 Carcinoma of the head and neck 

 Breast cancer 
 KRAS mutant and ALK-positive NSCLC 
 Solid tumors (BRAF wild-type melanoma) 

Structure 

 
 

 
 
 

References (Flaherty et al., 2012; Raub et al., 2015; VanArsdale et al., 2015) 
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Table 2.2: Physicochemical properties summary of abemaciclib. 

Drug Abemaciclib 

Company Eli Lilly 

Molecular Weight 506.59 

IC50 CDK4: 2 nM; CDK6: 10 nM 

LogP 4.3 

Clinical Dose 150 or 200 mg twice daily 

Aqueous 
Solubility 

100 mg/mL 

Clinical Trials 

 Non-small cell lung cancer 
 Brain metastases of breast cancer, non-small cell lung cancer, or 

melanoma 
 Breast cancer 

 ALK-positive non-small cell lung cancer 

Structure 

 

 
 

References (Raub et al., 2015; VanArsdale et al., 2015) 
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Table 2.3: Physicochemical properties summary of ribociclib. 

Drug Ribociclib 

Company Novartis 

Molecular Weight 434.54 

IC50 CDK4: 10 nM; CDK6: 39 nM 

LogP 2.2 

Clinical Dose 600 mg daily 

Aqueous 
Solubility 

<1 mg/mL 

Clinical Trials  Breast cancer 
 ALK-positive non-small cell lung cancer 

Structure 

 

 
 

References 
(Mariaule and Belmont, 2014; Sánchez-Martínez et al., 2015; 

VanArsdale et al., 2015) 
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Figure 2.1: Commonly altered pathways in glioblastoma and corresponding molecularly-targeted therapies.  

VEGFR, vascular endothelial growth factor receptor; PDGFR, platelet-derived growth factor receptor; EGFR, epidermal 

growth factor receptor; RTKs, receptor tyrosine kinases. 
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Figure 2.2: Schematic of CDK4/6 inhibition.  

CDK4/6 inhibitors prevent CDK4/6 from dimerizing with Cyclin D, which inhibits 

the phosphorylation of RB. This sequence of events prevents G1-S phase cell 

cycle progression and causes cell cycle arrest. 
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Figure 2.3: Schematic of CDK4/6 pathway regulation.  

(A) Regulation of G1-S phase cell cycle progression in normal cells. p16 inhibits the dimerization of CDK4/6 with Cyclin D 

which prevents the E2F family of transcription factors.  
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Figure 2.3: Schematic of CDK4/6 pathway regulation.  

(B) Deregulation of G1-S phase cell cycle progression in tumor cells. Deletion of the gene encoding for p16 is a common 

alteration that prevents G1-S phase regulation. Amplification of CDK4, CDK6, and/or Cyclin D is also commonly observed. 
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2.7 STATEMENT OF THE PROBLEM 

Glioblastoma (GBM) is the most common primary brain tumor in adults and there 

is a great need for the development of new therapies to treat this devastating 

disease. Following diagnosis, patients are left with limited treatment options and, 

even with aggressive treatment, survival is approximately one year (Stupp et al., 

2005). Clinical trials targeting GBM patients continue to provide little to no 

therapeutic benefit due, in part, to the presence of the blood-brain barrier (BBB) 

(Oberoi et al., 2015). Magnetic resonance imaging (MRI) visualizes tumor 

regions that are near a disrupted BBB, but the MRI described region does not 

adequately describe the tumor burden as there are tumor cells residing outside of 

the MRI enhancing region (Pafundi et al., 2013). Therefore, it is crucial to deliver 

drugs to tumor cells that reside behind an intact BBB in order to effectively treat 

brain tumor patients.   

GBMs have a number of unique genetic lesions that are present only in tumor 

tissue and absent in surrounding normal brain tissue. The discovery of these 

characteristics has led to the development of molecularly-targeted therapies that 

target a specific alteration in GBM. One such mutation is the p16-CDK4/6-RB 

pathway that is mutated in over 75% of GBM patients (2008).  

The CDK4/6 pathway is an attractive target in GBM because it is commonly 

altered in patients and has the potential to be used in combination with other 
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therapies. Palbociclib, abemaciclib and ribociclib are three CDK4/6 inhibitors that 

prevent G1-to-S phase cell cycle progression (VanArsdale et al., 2015).  

Efflux transporters at the BBB are one possible reason for the failure of many 

molecularly-targeted agents in clinical trials for the treatment of GBM (Parrish et 

al., 2015). P-gp and BCRP are two efflux transporters with wide substrate 

specificity that actively transport drug substrates into systemic circulations, 

preventing these drugs from reaching the tumor site (Agarwal et al., 2011). Brain 

tumor diagnosis is devastating and prognosis is poor due to genetic 

heterogeneity of tumor cells, rapidly mutating cells that become resistant to 

therapy and the BBB preventing adequate delivery. The studies presented will 

address the issue of drug delivery to tumor cells that reside behind an intact 

BBB.  
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2.8 RESEARCH OBJECTIVE 

The overall research objective of this thesis is to explore the role of P-

glycoprotein and breast cancer resistance protein, two active efflux transporters 

at the blood-brain barrier (BBB), in the brain distribution, and hence efficacy, of 

CDK4/6 inhibitors in the treatment of glioblastoma (GBM). To achieve this 

research objective, the following studies were conducted: 

1) To study the time-course of plasma and brain distribution of the CDK4/6 

inhibitor palbociclib and assess the relationship between drug distribution and 

efficacy using a patient-derived xenograft model of GBM (Chapter 3). 

2) To evaluate the pharmacokinetics and pharmacodynamics of enhancing the 

brain distribution of palbociclib using elacridar, a pharmacological inhibitor of 

active efflux at the BBB (Chapter 4).  

3) To compare the relative brain distribution of palbociclib, ribociclib and 

abemaciclib using the in situ brain perfusion technique and evaluate the role 

of efflux transport in the relative brain distribution (Chapter 5). 

These objectives are driven by the hypothesis that efflux transporters at the BBB 

prevent CDK4/6 inhibitors from reaching the tumor cells residing behind an intact 
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BBB, and that enhancing the brain delivery of CDK4/6 inhibitors to these 

“protected” tumor regions will improve efficacy.   
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2.9 RESEARCH PLAN 

The focus of Chapter 3 is to understand the brain delivery of palbociclib and the 

mechanisms involved in limiting the brain distribution. Transgenic knockout mice 

were used to study the role of active efflux at the blood-brain barrier (BBB) by P-

glycoprotein (P-gp) and breast cancer resistance protein (bcrp) in the brain 

delivery of palbociclib. Patient-derived xenograft cells were used to study the 

effect of tumor location on efficacy and it was found that lack of delivery to the 

brain is responsible, at least in part, for the lack of efficacy. Importantly, flank 

tumor concentrations made to mimic brain concentrations are also 

subtherapeutic indicating that limited delivery could be solely responsible for the 

lack of efficacy observed in an orthotopic (intracranial) model of glioblastoma. 

In Chapter 4, the limited brain delivery of palbociclib is  further studied. 

Escalating doses of elacridar, a pharmacological inhibitor of P-gp and bcrp at the 

BBB, were used to increase the brain delivery of palbociclib and understand the 

concentrations of elacridar necessary to enhance delivery. An optimized dosing 

regimen was used to study efficacy and pharmacodynamic effect of palbociclib 

alone and in combination with elacridar.    

Chapter 5 compares the brain delivery of the three CDK4/6 inhibitors, 

palbociclib, ribociclib and abemaciclib. The role of active efflux transport in the 

brain distribution of abemaciclib and ribociclib was examined after a 48 hour 
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constant rate infusion, showing that P-gp and/or bcrp are also involved in the 

brain delivery of these two CDK4/6 inhibitors. In this chapter, in situ brain 

perfusion is used to study the differences in the interaction of P-gp and bcrp with 

abemaciclib, palbociclib and ribociclib. Interestingly, palbociclib and ribociclib are 

unable to saturate efflux transport at the BBB at any of the concentrations 

studied, however abemaciclib is able to saturate efflux activity, thereby 

enhancing its own brain delivery. Furthermore, these studies indicate that at 

lower concentrations, there may be an influx transporter system that actively 

transports these CDK4/6 inhibitors into the brain. 

To summarize, these studies establish that palbociclib, abemaciclib and ribociclib 

have limited brain distribution due to active efflux at the BBB by P-gp and bcrp. 

Furthermore, these studies demonstrate that the limited brain distribution of 

palbociclib is related to the observed efficacy in the preclinical patient-derived 

xenograft model of GBM. Both the use of the pharmacological inhibitor of BBB 

efflux transport (elacridar) and the differential interaction of abemaciclib with 

efflux transport at the BBB give potential therapeutic strategies to improve the 

brain delivery of a CDK4/6 inhibitor. Taken together, these studies provide a 

clear rationale for the need to study the brain delivery of anti-cancer agents prior 

to use in the clinical treatment of brain tumors. 
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CHAPTER III 

 

 

EFFLUX TRANSPORTERS AT THE 

BLOOD-BRAIN BARRIER LIMIT 

DELIVERY AND EFFICACY OF 

CDK4/6 INHIBITOR PALBOCICLIB 

(PD-0332991) IN AN ORTHOTOPIC 

BRAIN TUMOR MODEL 

 

This chapter has been published as a manuscript in the Journal of Pharmacology 

and Experimental Therapeutics. November 2015 355:264-271. 

Reprinted with permission of the American Society for Pharmacology 
and Experimental Therapeutics. All rights reserved. 

(http://www.jpet.aspetjournals.org/) 
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ABSTRACT  

Palbociclib is a cyclin-dependent kinase (CDK) 4/6 inhibitor approved for the 

treatment of metastatic breast cancer and is currently undergoing clinical trials for 

many solid tumors. Glioblastoma (GBM) is the most common primary brain tumor 

in adults and has limited treatment options. The CDK4/6 pathway is commonly 

dysregulated in GBM and is a promising target in treating this devastating 

disease. The blood-brain barrier (BBB) limits delivery of drugs to invasive regions 

of GBM, where efflux transporters P-glycoprotein (P-gp) and breast cancer 

resistance protein (BCRP) can prevent treatments from reaching the tumor. The 

purpose of this study was to examine the mechanisms limiting the effectiveness 

of palbociclib therapy in an orthotopic xenograft model. In vitro intracellular 

accumulation results demonstrated that palbociclib is a substrate for both P-gp 

and BCRP. In vivo studies in transgenic mice confirmed that efflux transport is 

responsible for the limited brain distribution of palbociclib. There was a ~115-fold 

increase in brain exposure at steady-state in the Mdr1a/b−/−Bcrp1−/− mice when 

compared with wild-type and the efflux inhibitor elacridar significantly increased 

palbociclib brain distribution. Efficacy studies demonstrated that palbociclib is an 

effective therapy when GBM22 tumor cells are implanted in the flank, but 

ineffective in an orthotopic (intracranial) model.  Moreover, doses designed to 

mimic brain exposure were ineffective in treating flank tumors. These results 

demonstrate that efflux transport in the BBB is involved in limiting the brain 
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distribution of palbociclib and this has critical implications in determining effective 

dosing regimens of palbociclib therapy in the treatment of brain tumors. 
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3.1 INTRODUCTION 

The cyclin-dependent kinase (CDK) 4/6 pathway is a major regulator of 

G1-to-S phase transition in the cell cycle (Peyressatre et al., 2015). The p16-

CDK4-cyclinD-Rb axis is commonly dysregulated in many cancers and this 

pathway is a promising target for cancer therapy. During normal cell cycle 

progression CDK4 complexes with Cyclin D and phosphorylates retinoblastoma 

(Rb) (VanArsdale et al., 2015). This phosphorylation event leads to downstream 

signaling to continue via the E2F family of transcription factors and is linked to 

G1/S phase cell cycle progression (Fry et al., 2004; Baughn et al., 2006; Barton 

et al., 2013). This pathway is hyperactive in many types of cancers, and inhibitors 

of this pathway, such as palbociclib, have the potential to be widely used across 

many solid tumors (Finn et al., 2014). Tumor suppressor proteins, such as p16, 

regulate the cell cycle by preventing CDK4 from forming a complex with Cyclin D. 

Amplification of CDK4, CDK6 or Cyclin D as well as the deletion of CDKN2A (the 

gene that encodes for p16) is commonly observed in glioblastoma (GBM). Any 

one of these alterations leads to dysregulation of this critical pathway in cell cycle 

progression (Thangavel et al., 2013).  

Palbociclib (PD0332991) is a promising CDK4/6 inhibitor for malignancies 

with alterations in this pathway. Palbociclib was approved for the treatment of 

metastatic breast cancer in early 2015 for patients with estrogen-receptor 

positive, Her2 negative tumors (Turner et al., 2015). Although palbociclib is 
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currently approved for breast cancer, the potential use of palbociclib in other 

indications is under investigation. This p16-Cyclin D-CDK4/6-Rb pathway is 

commonly dysregulated in breast cancer (hormone-receptor positive), melanoma 

(90%), and GBM (78%) tumors, making it an attractive therapeutic target (Cancer 

Genome Atlas Research, 2008; Peyressatre et al., 2015; Turner et al., 2015). 

Previous studies have examined the effectiveness of palbociclib therapy against 

GBM xenograft cell lines (Michaud et al., 2010). Michaud et al. determined that of 

the 21 GBM xenografts they examined, 16 (76%) were sensitive to palbociclib 

treatment in vitro. The five tumor lines that were resistant to palbociclib therapy 

all had mutations in Rb, which is downstream of CDK4/6. These data indicate 

there is a clear rationale to consider palbociclib and other CDK 4/6 inhibitors to 

treat brain tumors.   

A critical factor in the use of palbociclib in the treatment of brain tumors is 

achieving effective drug delivery to all tumor cells, including those invasive cells 

which reside behind an intact blood-brain barrier (BBB) (Agarwal et al., 2011b). 

The BBB acts as both a physical and biochemical barrier, limiting the brain 

delivery of numerous treatments (Abbott, 2013). Tight junction proteins, such as 

occludin and claudin, prevent the paracellular transport of compounds from the 

blood into the brain and efflux transporters actively prevent compounds from 

reaching the brain via the transcellular route (Abbott, 2013). P-glycoprotein (P-

gp) and breast cancer resistant protein (BCRP) are two efflux transporters that 

are highly expressed at the BBB (Uchida et al., 2011) and can prevent potentially 
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effective agents from reaching the brain. GBM is the most common primary brain 

tumor in adults and survival following diagnosis, even after aggressive treatment, 

is about 1 year (Stupp et al., 2005). Therefore, the purpose of this study was to 

determine the mechanisms that limit the delivery, and hence efficacy, of 

palbociclib therapy in an orthotopic xenograft model of a patient-derived GBM.  
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3.2 MATERIALS AND METHODS: 

3.2.1 CHEMICALS: Palbociclib (PD-0332991) was purchased from Chemietek 

(Indianapolis, IN). [3H]-prazosin and [3H]-vinblastine were purchased from Perkin 

Elmer Life and Analytical Sciences (Waltham, MA) and Moravek Biochemicals 

(La Brea, CA), respectively. Ko143 was purchased from Tocris Bioscience 

(Ellisville, MO) and zosuquidar (LY335979) was kindly provided Eli Lilly and 

Co.(Indianapolis, IN). Cell culture reagents were purchased from Invitrogen 

(Carlsbad, CA), and all other chemicals were from Sigma-Aldrich (St. Louis, MO). 

 

3.2.2 IN VITRO STUDIES: In vitro studies were conducted using Madin-Darby 

canine kidney II (MDCKII) cells. Vector control and Bcrp1-transfected MDCKII 

cells were gifts from Dr. Alfred Schinkel (The Netherlands Cancer Institute) and 

vector control and MDR1-transfected (MDCKII-MDR1) cell lines were provided by 

Dr. Piet Borst (The Netherlands Cancer Institute). Cell lines were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% (v/v) fetal bovine serum 

and penicillin (100 U/mL), streptomycin (100 μg/mL), and amphotericin B (250 

ng/mL). MDCKII-MDR1 cells were cultured in media with colchicine (80 ng/mL) to 

maintain positive selection pressure for P-gp expression. Cells were maintained 

in 25 mL tissue culture flasks at 37º C in a humidified incubator with 5% CO2.  

 

Intracellular accumulation studies: 
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Palbociclib intracellular accumulation studies were performed as previously 

described (Mittapalli et al., 2012). Briefly, the cells were preincubated for 30 

minutes with blank cell assay buffer or cell assay buffer containing 200 nM 

Ko143 or 1 

added to each well for 60 minutes at 37º C. 1% Triton-X was used to lyse the 

cells and the lysate was analyzed via LC-MS/MS for drug concentration and 

protein concentration (BCA protein assay) to normalize accumulation. 

 

3.2.3 IN VIVO STUDIES 

3.2.3.1 Animals:  

Concentration-time profile studies were conducted in Friend leukemia virus strain 

B (FVB) male and female wild type, Mdr1a/b-/- (P-gp knockout), Bcrp1-/- (Bcrp 

knockout), and Mdr1a/b-/-Bcrp1-/- (triple knockout) mice (Taconic Farms, 

Germantown, NY). Animals were maintained in a 12 hour light/dark cycle with 

unlimited access to food and water and were 8 to 12 weeks old at the time of the 

experiment. In vivo studies were approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Minnesota. 

 

3.2.3.2 Brain distribution of palbociclib after a single oral dose: 

Wild type, Mdr1a/b-/-, Bcrp1-/-, and Mdr1a/b-/-Bcrp1-/- mice received an oral dose 

(10 mg/kg) of palbociclib (vehicle: 1% CMC and 1% Tween-80). Following 

euthanasia in a CO2 chamber, brain and blood samples were collected at 0.5, 1, 
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2, 4, 8, 12, and 24 hours post dose (n=4 per time point). Plasma was isolated 

from whole blood via centrifugation (3500 rpm for 15 minutes at 4 ºC), whole 

brain was removed and washed with ice cold water and superficial meninges 

were removed by blotting with tissue paper. Samples were stored at -80 ºC until 

analysis via LC-MS/MS. 

  

3.2.3.3 Steady-state brain distribution of palbociclib: 

Alzet osmotic mini-pumps (1003D, Durect Corporation, Cupertino, CA) were 

implanted in the peritoneal cavity of wild type, Mdr1a/b-/- , Bcrp1-/- , and Mdr1a/b-/-

Bcrp1-/-  as a constant infusion in order to determine the 

steady-state brain and plasma concentrations of palbociclib (n=4). Palbociclib (10 

mg/mL in DMSO) was loaded into the pumps and primed at 37º C overnight in 

sterile saline. Pumps were implanted into the peritoneal cavity as described 

previously (Agarwal et al., 2010). Briefly, isoflurane was used to anesthetize mice 

and the hair was removed from the abdominal cavity. A small incision was made 

in the lower right abdominal wall and the peritoneal membrane was exposed then 

a small incision was made in the peritoneal membrane and the primed pump was 

inserted into the cavity. The peritoneal membrane was sutured and the skin 

incision was closed with surgical clips. The surgical procedure was conducted on 

a heating pad until the animals were fully recovered. 48 hours following pump 

implantation, the mice were sacrificed and blood and brain samples were 

isolated. Samples were stored at -80 ºC until analysis via LC-MS/MS. 
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3.2.3.4 Palbociclib efficacy in GBM22 xenograft: 

Tumor-bearing studies were conducted in female athymic nude mice (Harlan 

Sprague Dawley Athymic Nude-Foxn1nu mice) as described in detail previously 

(Carlson et al., 2011; Pokorny et al., 2015). The patient-derived xenografts (PDX) 

were derived from individual primary human GBM at the Mayo Clinic, Rochester, 

Minnesota, and maintained through serial passages in the flank (Carlson et al., 

2011). Short term explant cultures were maintained exclusively in the Sarkaria 

laboratory in DMEM containing 10% FBS and 1% penicillin/streptomycin media 

prior to intracranial or flank implantation. Mice were anesthetized using ketamine 

(100 mg/kg) and xylazine (10 mg/kg) and intracranial tumors were implanted 

1mm anterior and 2 mm lateral from the bregma. GBM22 is a PDX that has 

homozygous deletion of CDKN2A/B, hemizygous deletion of CDK4, gain of 

CDK6 and loss of CDKN2C, CCND1, CCND2 and RB1 (Cen et al., 2012). 

GBM22 tumor cells were implanted either in the flank or intracranially. Eleven 

days following intracranial tumor implantation, palbociclib was dosed at 150 

mg/kg until mice became moribund (n=10). Fourteen days following flank tumor 

implantation, palbociclib was dosed at either 150 or 10 mg/kg until tumors 

reached 1500 mm3 (n=8-10). Mice were euthanized by CO2. 

 

3.2.3.5 In vivo pharmacological inhibition of efflux transporters:  
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A microemulsion formulation of elacridar, a dual inhibitor of P-gp and BCRP, was 

prepared as described previously (Sane et al., 2013). Cremophor EL, Carbitol 

and Captex 355 were formulated in a 6:3:1 ratio. On the day of the experiment, 

elacridar was added to this mixture and sonicated to form a 3 mg/mL solution 

that was then diluted with water to form a 1 mg/mL microemulsion for injection. 

Wild-type mice received blank microemulsion or 10 mg/kg elacridar via 

intraperitoneal injection and a single oral dose of palbociclib (10 mg/kg). Two 

hours following the administration of elacridar and palbociclib, blood and brain 

samples were collected and analyzed via LC-MS/MS. 

 

3.2.4 LC-MS/MS ANALYSIS OF PALBOCICLIB 

The concentration of palbociclib in cell lysate, plasma, tumor and brain 

homogenate samples was determined using a sensitive liquid chromatography 

coupled with tandem mass spectrometry (LC-MS/MS) assay. Brain and tumor 

homogenate samples were prepared by adding three volumes of 5% bovine 

serum albumin before homogenizing using a tissue homogenizer (PowerGen 

125, Thermo Fisher Scientific). Samples were spiked with 25 ng dasatinib as 

internal standard and extracted by the addition of 1-2 volumes of pH 11 buffer 

and 5-10 volumes of ethyl acetate followed by vigorous shaking for 5 minutes, 

then 5 minutes of centrifugation at 7500 rpm. The organic layer was transferred 

to microcentrifuge tubes and dried under nitrogen. Samples were reconstituted in 

100 µL of mobile phase and transferred to HPLC vials for analysis. An AQUITY 
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UPLC® system (Milford, MA, USA) was used with a Phenomenex Synergi Polar 4 

µ polar-RP 80A column (75 x 2 m, Torrance, CA). The ionization was conducted 

in positive mode and the m/z transitions were 448.34 – 379.95 and 488.21 – 

400.88 for palbociclib and dasatinib, respectively. The retention time was 2.8 

minutes for palbociclib and 4.8 minutes for dasatinib. The mobile phase (73:27::1 

mM ammonium formate with 0.1% formic acid: acetonitrile) was delivered at a 

constant flow rate of 0.25 mL/min. 

 

3.2.5 PHARMACOKINETIC CALCULATIONS 

Parameters from the concentration-time profiles in plasma and brain samples 

were obtained by non-compartmental analysis (NCA) performed using Phoenix 

WinNonlin 6.2 (Pharsight, Mountain View, CA). The area-under-the-curve for 

plasma (AUCplasma) and brain (AUCbrain) were calculated using the log-linear 

trapezoidal approximation (AUC0-tlast). The standard error around the mean of 

AUCs was estimated using the sparse sampling module in WinNonlin. Relative 

brain exposure comparisons between wild type, Mdr1a/b-/- , Bcrp1-/- , and 

Mdr1a/b-/-Bcrp1-/- mice were made using the drug targeting index (DTI = 

(AUCbrain/AUCplasma)knockout / (AUCbrain/AUCplasma)wild-type).  
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3.2.6 STATISTICAL ANALYSIS 

GraphPad Prism 6.04 (GraphPad, San Diego, CA, USA) software was used for 

statistical analysis. The sample sizes used were based on previous work and 

determined based on approximately 80% power to detect differences greater 

than ten-fold in distribution studies or two-fold in efficacy studies. Data in all 

experiments are represented as mean ± SD. Comparisons between two groups 

were made using an unpaired t-test. Multiple comparisons were made using one-

way ANOVA, followed by Bonferonni’s multiple comparisons test. A significance 

level of p<0.05 was used for all studies.   
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3.3 RESULTS 

3.3.1 INTRACELLULAR ACCUMULATION OF PALBOCICLIB 

MDCKII vector control and P-gp or Bcrp transfected cell lines were used to study 

the intracellular accumulation of the CDK4/6 inhibitor palbociclib. Functionality of 

efflux in the cell lines was validated using [3H]-vinblastine as a positive control for 

P-gp mediated transport and [3H]-prazosin as positive control for Bcrp mediated 

transport. The accumulation of [3H]-vinblastine was 90% lower in the P-gp 

overexpressing cell line than vector control cells (Figure 3.1.A, Vector Control 

(normalized): 100 ± 6.7%; P-gp: 9.4 ± 0.8%, p<0.0001). This effect was 

abolished when P-gp was inhibited by 1 µM LY335979.  Intracellular 

accumulation of palbociclib was 25% lower in the P-gp overexpressing cells than 

in vector-control cells (Figure 3.1.A, Vector Control: 100 ± 12.3%; P-gp: 74.8 ± 

6.0%, p=0.0333) and the efflux was again reversed by LY335979. In the Bcrp 

overexpressing cells, the accumulation of [3H]-prazosin was 73% lower than 

vector control cells (Figure 3.1.B, Vector Control: 100 ± 6.1%; Bcrp: 27.0 ± 2.4%, 

p<0.0001) and reversed by Ko143. Intracellular accumulation of palbociclib was 

significantly diminished in the Bcrp overexpressing cells vs. the vector control 

cells (Figure 3.1.B, Vector Control: 100 ± 7.9%; Bcrp: 23.7 ± 2.8%, p<0.0001). 

The reduced intracellular accumulation of palbociclib was reversed in the 

presence of a P-gp specific inhibitor, LY335979 (P-gp: 77.5 ± 6.0%; P-gp with 

LY3359779: 143.6 ± 13.8%, p<0.0001). Similarly, the difference in intracellular 
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accumulation of palbociclib was abolished in the presence of a Bcrp specific 

inhibitor, Ko143 (Bcrp: 23.7 ± 2.8%; Bcrp with Ko143: 85.6 ± 1.3%, p<0.0001). 

Taken together, these in vitro data demonstrate that palbociclib is a substrate of 

both P-gp and Bcrp, and the active efflux of palbociclib by each transporter can 

be inhibited by transporter-specific inhibitors. 

 

3.3.2 CONCENTRATION-TIME PROFILES IN FOUR GENOTYPES 

The brain and plasma concentration-time profiles were determined in FVB wild-

type, Bcrp1-/-, Mdr1a/b-/- and Mdr1a/b-/-Bcrp1-/- mice following a single oral dose 

(10 mg/kg) of palbociclib. The plasma concentrations are elevated in the 

Mdr1a/b-/- and Mdr1a/b-/-Bcrp1-/- mice and the brain concentrations are vary 

widely amongst the four genotypes with wild-type mice having the lowest brain 

exposure, followed by Bcrp1-/-, Mdr1a/b-/- and Mdr1a/b-/-Bcrp1-/- mice (Figure 

3.2). The brain-to-plasma area-under-the-curve (AUC) ratios in the wild-type, 

Bcrp1-/-, Mdr1a/b-/- and Mdr1a/b-/-Bcrp1-/- mice were 0.064, 0.14, 1.42, and 7.36, 

respectively. The Mdr1a/b-/-Bcrp1-/- mice have a 115-fold increase in the brain 

exposure of palbociclib when compared to wild-type (i.e., drug targeting index, 

DTI, (AUCbrain/AUCplasma)knockout / (AUCbrain/AUCplasma)wild-type (Table 3.1)).  

 

3.3.3 BRAIN DISTRIBUTION OF PALBOCICLIB AT STEADY-STATE 
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The brain distribution of palbociclib at steady-state was determined after a 

constant rate infusion into the intraperitoneal cavity using AlzetTM osmotic pumps 

for 48 hrs at 10 µg/hr. The steady-state brain-to-plasma ratios were 0.2 ± 0.07, 

0.4 ± 0.1, 2.5 ± 0.1, 27.8 ± 5.9 for wild-type, Bcrp1-/-, Mdr1a/b-/- and Mdr1a/b-/-

Bcrp1-/- mice, respectively (Figure 3.3, Table 3.2). The brain-to-plasma ratio was 

~ 140-fold higher in the Mdr1a/b-/-Bcrp1-/- mice when compared to the wild-type 

mice. 

 

3.3.4 FLANK VS. IC SURVIVAL STUDIES 

GBM 22 tumor cells were implanted in either the flank or intracranially in athymic 

nude mice to assess the effect of the BBB on the efficacy of palbociclib 

treatment. Mice with established subcutaneous tumors (flank) were randomized 

to therapy (150 mg/kg/day) or vehicle control and the time to exceed 1500 mm3 

was measured. Palbociclib therapy provided a significant prolongation in the time 

to reach 1500 mm3 (Figure 3.4, Figure 3.5.A, p<0.0001,). In stark contrast to 

what was seen in the subcutaneous model, the time to reach moribund in the 

treatment group was no different as compared to vehicle treated group in the 

intracranial tumor model (Figure 3.5.B, p=0.55).  

The concentration of palbociclib in the brain following a 150 mg/kg dose was not 

significantly different than the concentration in the subcutaneous tumor following 

a 10 mg/kg dose (Figure 3.6.A). Following this study, mice with subcutaneous 
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tumors were randomized to two groups, palbociclib (10 mg/kg/day) or vehicle 

control. There was no effect on subcutaneous tumor growth in the 10mg/kg 

palbociclib treated group compared with the vehicle control (Figure 3.6.B, 

p=0.57). This informative study demonstrates that the concentrations reaching 

invasive tumor cells at the growing edge of a brain tumor were subtherapeutic. 

These results show the relationship between site-specific drug delivery and 

efficacy. 

3.3.5 PHARMACOLOGICAL INHIBITION OF EFFLUX TRANSPORTERS 

IMPROVES PALBOCICLIB BRAIN DELIVERY 

The effect of pharmacological inhibition of the efflux transporters on the brain 

exposure of palbociclib was studied in order to determine the feasibility of this 

strategy to enhance the brain delivery of palbociclib and possibly improve 

efficacy. Elacridar, a dual inhibitor of P-gp and Bcrp, was administered in a 

microemulsion formulation simultaneously with an oral dose of palbociclib. Two 

hours following dosing, plasma concentrations were no different in the wild-type 

plus elacridar microemulsion vehicle treated and wild-type plus elacridar 

treatment groups (Figure 3.7.A, vehicle: 867.7 ± 1187 nM; treatment: 363.1 ± 

261.9 nM). The elacridar vehicle treatment provided no improved delivery when 

compared with the wild-type mice, however elacridar treatment significantly 

(p=0.0062) improved the brain delivery of palbociclib (Figure 3.7.B, wild-type + 

vehicle: 0.123 ± 0.072; WT + elacridar: 2.73 ± 1.56). These data indicate that 
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pharmacological inhibition of both BCRP and P-gp may be useful in enhancing 

the brain delivery, and hence the treatment efficacy of palbociclib in brain tumors.   
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3.4 DISCUSSION  

GBM remains a lethal disease and there is a serious unmet need for 

better therapeutic options for these patients. Alterations in the p16-CDK4-

cyclinD-Rb pathway are commonly found (~ 78%) in GBM and therefore CDK4/6 

inhibitors, such as palbociclib, provide a promising targeted therapy in the 

treatment of GBM. In order to use palbociclib effectively in the treatment of brain 

tumors, it is critical to understand the mechanisms that may limit the brain 

distribution of palbociclib and the relationship between delivery and efficacy.  

Efflux transport in the BBB restricts the brain delivery of numerous 

therapeutic agents (Agarwal et al., 2010; Agarwal et al., 2011d; Wang et al., 

2012; Parrish et al., 2015). P-gp and BCRP actively transport substrate drugs 

back into systemic circulation and can especially prevent potentially effective 

drugs from reaching invasive tumor cells that reside behind an intact BBB. In 

vitro intracellular accumulation in MDCK-II transfected cells indicate that 

palbociclib is a dual substrate of both P-gp and BCRP. Consistent with this 

substrate status, in vivo studies characterizing the brain exposure of palbociclib 

in wild-type, Mdr1a/b−/−, Bcrp1−/−, and Mdr1a/b−/−Bcrp1−/− mice demonstrate that 

both transporters are involved in limiting the brain delivery of palbociclib. Both P-

gp and BCRP are also expressed in the intestine, and therefore the slight 

increase in systemic exposure after oral dose in the knockout mice may be 
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related to a decrease in efflux at the intestinal level leading to an increase in drug 

absorbed.  

At steady state, no significant difference was observed in the brain 

distribution between the wild-type and Bcrp1-/- mice, likely because of P-gp 

mediated compensation for the lack of BCRP efflux (Agarwal et al., 2011a), 

however in Mdr1a/b-/- mice there is an approximately 10-fold increase in brain 

exposure. The largest increase in brain exposure was observed in the Mdr1a/b-/-

Bcrp1-/- mice with a ~115-fold increase in brain distribution, again showing that 

both transporters are critical in limiting delivery. Consistent with recent reports 

(de Gooijer et al., 2015; Raub et al., 2015), we have shown that the efflux 

transporters P-gp and BCRP play a significant role in the brain delivery of 

palbociclib. Furthermore, our data in the current study indicate that the limited 

brain delivery of palbociclib may be the reason behind the lack of efficacy of 

palbociclib in the orthotopic GBM22 model.   

The subcutaneous GBM22 model, that has homozygous deletion of  

CDKN2A/B as well as other alterations in the p16-CDK4-Rb pathway, 

demonstrated that palbociclib therapy is highly effective in prolonging time to 

reach 1500 mm3, however using the same GBM22 cell line, there was no survival 

benefit in an orthotopic (intracranial) mouse model. Using these two different 

models to study the efficacy of therapy on the same patient-derived GBM cells, 

we observed two radically different outcomes based on tumor location. In the 

subcutaneous model, where there is no efflux barrier to impede delivery, 
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palbociclib therapy significantly hindered tumor growth. However these same 

GBM22 cells were insensitive to palbociclib therapy in the intracranial model, 

where efflux in the BBB is limiting delivery. The disconnect between the observed 

flank and intracranial efficacy demonstrates the essential role of the BBB in the 

treatment of brain tumors. There is a need for new treatment options for patients 

with primary and metastatic brain tumors and caution is needed when examining 

efficacy without recognizing the issue of delivery to invasive tumor cells behind 

an intact BBB. 

We determined the dose that would expose a subcutaneous tumor to 

“brain-like” concentrations of palbociclib in order to understand the relationship 

between delivery and efficacy. In this study, a low dose of palbociclib (10 

mg/kg/day) replicated concentrations in the subcutaneous tumor that were 

observed in the brain following a high dose (150 mg/kg/day) of palbociclib. This 

low dose of palbociclib, that mimicked the brain exposure of palbociclib, provided 

no therapeutic benefit in the flank tumor model of GBM. This demonstrates that 

the concentrations of a possibly effective drug, palbociclib, that reach the 

invasive edge of the tumor protected by an intact BBB, are subtherapeutic and, 

therefore, fail to provide therapeutic benefit.  

The experimental paradigm of examining both delivery and efficacy in the 

heterotopic and orthotopic tumors results in powerful insights as to why a drug 

may fail in treating a tumor in the brain.  On the one hand, if a drug at a 

maximally tolerated dose is ineffective in the flank tumor, then it is possible that 
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drug should no longer be considered as a treatment option for that tumor type.  

However, if a drug at the maximally tolerated dose is ineffective in treating a 

tumor in the brain, but effective in the flank, it is then important to recognize that 

the lack of efficacy in the brain may be due to inadequate delivery. These 

insights should guide the preclinical screening of compounds for GBM. 

There may also be some inherent differences between brain tumors and 

subcutaneous tumors in addition to the BBB preventing adequate drug delivery to 

brain tumors. The possible changes in microenvironment between a 

subcutaneous tumor and an intracranial tumor have not yet been determined. 

These differences have not been explored in this paper, but are important to 

understand and may provide yet another reason to be cautious when using 

subcutaneous tumors for preclinical screening of compounds for GBM and other 

brain tumors. In this preclinical model, we show that inadequate brain drug 

delivery due to efflux at the BBB could be solely responsible for failure of 

palbociclib therapy.  

Michaud et al. demonstrated the efficacy of palbociclib in both in vivo and 

in vitro models (Michaud et al., 2010). They proposed that since palbociclib was 

effective in their in vivo U87MG tumor model and GBM39 xenograft, the BBB 

was not a barrier for this molecule. In the U87MG model, the drug delivery to the 

tumor core was significantly greater than the delivery to the other regions of the 

brain (including brain around tumor and other hemisphere). It should be noted 

that U87MG model is a less invasive and more circumscribed tumor than many 
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PDX and genetically-engineered models, and as such serves as a poor model to 

study the invasive nature of glioma (de Vries et al., 2009). It is important to 

recognize that GBM is a disease of the whole brain, with invasive cells moving 

from the original tumor site to other areas of the brain (Agarwal et al., 2011b). 

Previous studies have demonstrated the importance of the BBB by MALDI-MS 

imaging where a drug that is a substrate for BBB efflux transporters is 

homogeneously distributed throughout the tumor for the U87 model, but that 

same drug is not distributed homogeneously in a GS2 model, a model which 

shares the invasive characteristics observed in human GBM (Salphati et al., 

2014). For this reason, it is crucial to deliver therapies to the whole brain, not just 

the tumor core. This will require therapies that cross an intact BBB and overcome 

the liability of efflux transport. 

Coadministration of elacridar with palbociclib significantly improves the 

brain delivery of palbociclib and provides a potential therapeutic strategy to 

overcome efflux transport in the BBB and achieve adequate brain delivery. These 

findings have important implications in the use of palbociclib in the treatment of 

GBM, as it may be necessary to employ adjuvant therapies that improve delivery 

to invasive tumor.  

In addition to primary brain tumors such as GBM, metastatic brain tumors 

are associated with poor prognosis with limited treatment options (Maher et al., 

2009). Lung, breast and melanoma are the three cancers with the highest 

propensity to metastasize to the brain and breast and melanoma often have 
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mutations in the CDK 4/6 pathway (Musgrove et al., 2011; Gállego Pérez-Larraya 

and Hildebrand, 2014). The clinical utility of CDK4/6 inhibitors in the treatment of 

cancer has been most extensively studied in the treatment of breast cancers 

(Turner et al., 2015). Since breast cancer is the second most common cause of 

brain metastasis, it is paramount that treatment modalities are able to penetrate 

the BBB. In melanoma, 38% of patients have genetic deletion of p16INK4a leading 

to unrestricted tumor growth via this pathway. Since well over half of melanoma 

patients are found to have brain tumors at autopsy (Fife et al., 2004), effectively 

delivering treatments to tumor cells behind an intact BBB, even at the stage of 

micrometastases, is critical. Furthermore, there have been studies which indicate 

that the incidence of brain metastasis can increase when treating cancers that 

have a high propensity to metastasize to the brain with agents that are unable to 

penetrate a BBB (O'Sullivan and Smith, 2014; Peuvrel et al., 2014). 

Understanding the delivery issues associated with using palbociclib therapy in 

the treatment of brain metastases will be essential in effectively treating this 

patient population. 

Taken together, these results clearly demonstrate that the BBB plays a 

major role in limiting the brain delivery of palbociclib and limits the delivery of 

palbociclib to invasive tumor cells residing behind an intact BBB. Future work 

remains to determine the effect of palbociclib in combination with BBB efflux 

inhibition in tumor-bearing mice. Brain distribution studies comparing palbociclib 



91 
 

with other CDK4/6 inhibitors (such as ribociclib (LEE-011) and abemaciclib 

(LY2835219)) are also of significant importance.  
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LEGENDS FOR FIGURES 

Figure 3.1.A: Intracellular accumulation of palbociclib in vector controlled 

and MDR1 overexpressing MDCKII cells.  

(A) The intracellular accumulation of vinblastine (positive control) and 2 µM 

palbociclib in MDCKII-vector controlled and MDR1 cells. *,***  represent p<0.05 

and p<0.001, respectively, when compared to wild-type control and # represents 

p<0.001 when compared to transfected cells without inhibitor (n=3-6). 
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Figure 3.1.B: Intracellular accumulation of palbociclib in vector controlled 

and Bcrp1 overexpressing MDCKII cells.  

(B) The intracellular accumulation of prazosin (positive control) and 2 µM 

palbociclib in MDCKII-vector controlled and Bcrp1 cells. *,***  represent p<0.05 

and p<0.001, respectively, when compared to wild-type control and # represents 

p<0.001 when compared to transfected cells without inhibitor (n=3-6). 
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Figure 3.2.A: Concentration-time profiles in FVB wild-type mice.  

Brain and plasma concentration-time profile in (A) wild-type mice (n=4 per time 

point). 
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Figure 3.2.B: Concentration-time profiles in FVB Bcrp1-/- mice.  

Brain and plasma concentration-time profile in (B) Bcrp1-/- mice (n=4 per time 

point). 
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Figure 3.2.C: Concentration-time profiles in FVB Mdr1a/b-/- mice.  

Brain and plasma concentration-time profile in (C) Mdr1a/b-/- mice (n=4 per time 

point). 
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Figure 3.2.D: Concentration-time profiles in FVB Mdr1a/b-/-Bcrp1-/- mice.  

Brain and plasma concentration-time profile in (D) Mdr1a/b-/-Bcrp1-/- mice (n=4 

per time point). 
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Figure 3.3.A: Steady-state distribution of palbociclib in FVB wild-type, 

Bcrp1-/-, Mdr1a/b-/-, and Mdr1a/b-/-Bcrp1-/- mice.  

**,*** represent p<0.01 and p<0.001, respectively (n=4). 
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Figure 3.3.B: Steady-state brain-to-plasma ratio of palbociclib in FVB wild-

type, Bcrp1-/-, Mdr1a/b-/-, and Mdr1a/b-/-Bcrp1-/- mice.  

(B) Brain-to-plasma ratio. **,*** represent p<0.01 and p<0.001, respectively 

(n=4). 
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Figure 3.4: Xenograft (GBM22) tumor volume in subcutaneous tumor 

bearing mice following continuous treatment with 150 mg/kg/day 

palbociclib or vehicle (n=8-9). 
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Figure 3.5.A: Efficacy of palbociclib therapy (150 mg/kg/day) in 

subcutaneous patient-derived xenograft (GBM22).  

(A) Efficacy in subcutaneous GBM22 tumor bearing mice (n=8-9) based on time 

to exceed tumor size of 1500 mm3. 
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Figure 3.5.B: Efficacy of palbociclib therapy (150 mg/kg/day) in intracranial 

patient-derived xenograft (GBM22).  

(B) Survival in GBM22 xenograft intracranial tumor model (n=10). 
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Figure 3.6.A: Flank tumor exposure to mimic brain delivery.  

(A) Brain and flank tumor concentrations following either 10 (subcutaneous 

tumor) or 150 (brain) mg/kg oral dose (n=4);  
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Figure 3.6.B: Flank tumor exposure to mimic brain delivery efficacy.  

(B) Efficacy in GBM22 xenograft subcutaneous tumor with daily dosing of 10 

mg/kg (n=8-10). 
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Figure 3.7.A: Effect of co-administration of elacridar, a dual inhibitor of P-

gp and Bcrp, on the brain distribution of palbociclib.  
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Figure 3.7.B: Effect of co-administration of elacridar, a dual inhibitor of P-

gp and Bcrp, on the brain-to-plasma ratio of palbociclib. 

(B) Brain-to-plasma ratio of palbociclib two hours post dose. (n=4-5). 

  

0

1

2

3

4

5

W ild -ty p e W ild -ty p e  +

E la c r id a r  M ic r o e m u ls io n

B
r
a

in
 t

o
 P

la
s

m
a

 R
a

ti
o

 o
f 

P
a

lb
o

c
ic

li
b

p = 0 .0 0 6 2

B



109 
 

Table 3.1. Summary parameters from concentration-time profiles following 10 mg/kg oral dose.  

Drug targeting index (DTI) = (AUCbrain/AUCplasma)knockout/(AUCbrain/AUCplasma)wild-type. 

Strain 
Plasma 
 t1/2 (hr) 

Tissue 
Cmax 
(µM) 

AUC 
(µM*hr) 

𝐀𝐔𝐂𝐛𝐫𝐚𝐢𝐧

𝐀𝐔𝐂𝐩𝐥𝐚𝐬𝐦𝐚
 

 

DTI 

Wild-type 1.5 

Plasma 0.69 ± 0.3 4.5 ± 0.7 

0.064 1.0 

Brain 0.047 ± 0.03 0.29 ± 0.05 

Bcrp1-/- 1.7 

Plasma 1.27 ± 0.4 7.1 ± 0.9 

0.14 2.2 

Brain 0.13 ± 0.02 0.99 ± 0.1 

Mdr1a/b-/- 2.4 

Plasma 4.21 ± 2.4 11.9 ± 2.1 

1.42 22 

Brain 1.91 ± 0.9 16.9 ± 1.7 

Mdr1a/b-/-Bcrp1-/- 2.1 

Plasma 2.39 ± 1.3 11.4 ± 1.2 

7.36 115 

Brain 8.9 ± 0.5 84.0 ± 6.1 
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Table 3.2. Summary of steady-state concentrations.  

Drug Targeting Index (DTI) = (Brain-to-plasma ratio)knockout/(Brain-to-plasma ratio)wild-type. 

Strain 
Css Plasma 

(nM) 

Css Brain 

(nM) 

Brain-to-

Plasma 

Ratio 

DTI 

Wild-type 53.8 ± 63 3.82 ± 1.1 0.2 ± 0.07 1.0 

Bcrp1-/- 103 ± 57 32.3 ± 11 0.4 ± 0.1 2.0 

Mdr1a/b-/- 139 ± 35 315 ± 86 2.5 ± 0.1 12.5 

Mdr1a/b-/-Bcrp1-/- 92.3 ± 49 2510 ± 1400 28 ± 6 140 
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CHAPTER IV 

 

 

 

PHARMACOLOGICAL INHIBITION OF 

EFFLUX TRANSPORT AT THE BLOOD-

BRAIN BARRIER IMPROVES DELIVERY 

OF PALBOCICLIB  
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ABSTRACT 

Cyclin-dependent kinases (CDKs) are major regulators of the cell cycle and 

CDK4/6 play particularly important roles in G1-to-S phase cell cycle progression. 

Palbociclib is a potent CDK4/6 inhibitor that is currently approved for the 

treatment of breast cancer. Glioblastoma (GBM) is the most common primary 

brain tumor in adults and patients have limited treatment options following 

diagnosis. The CDK4/6 pathway is altered in over 75% of GBMs and is therefore 

an attractive target in the treatment of this devastating disease. Previous studies 

have demonstrated that palbociclib is effective in the treatment of GBM patient 

derived xenograft peripheral (non-brain) tumors, but ineffective in the treatment 

of orthotopic (intracranial) tumors, due in part to active efflux of palbociclib at the 

blood-brain barrier (BBB). The purpose of this study is to establish the 

relationship between pharmacological inhibition of BBB efflux transport and the 

brain delivery of palbociclib, monitor the tolerability of chronic pharmacological 

inhibition of BBB efflux transport, and evaluate the relationship between 

improved brain delivery and efficacy. Elacridar, a dual inhibitor of P-glycoprotein 

and breast cancer resistance protein, significantly improved the brain delivery of 

palbociclib. The brain-to-plasma ratio increased approximately 7-fold to 1.3 in the 

combination treatment group when compared with palbociclib monotherapy. 

Elacridar is well tolerated and had no adverse effect on body weight or ataxia as 

measured by rotarod. Furthermore, elacridar improved the brain delivery of 

palbociclib to the same concentrations previously observed in the flank tumor 
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model. Despite improved delivery, the palbociclib and elacridar combination 

therapy did not improve survival and did not provide a further reduction in 

phosphorylated-RB when compared with palbociclib monotherapy indicating that 

limited delivery is not the sole reason for the observed lack of efficacy in the 

intracranial GBM model.  
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4.1 INTRODUCTION 

Cyclin-dependent kinases (CDKs) are major regulators of cell cycle control and 

CDK4 and CDK6 control G1-S phase cell-cycle progression (Asghar et al., 2015). 

This pathway is commonly altered in many solid tumors including breast cancer, 

melanoma and glioblastoma (GBM). Palbociclib is a potent CDK4/6 inhibitor that 

is approved for the treatment of metastatic breast cancer and is currently in 

clinical trials for other indications (Dickson, 2014; Finn et al., 2014; Dhillon, 

2015). Previous reports by our group and others have demonstrated that 

palbociclib has limited brain delivery (de Gooijer et al., 2015; Parrish et al., 

2015b). Furthermore, despite reducing tumor growth in a subcutaneous model of 

GBM, we have previously shown that this limited brain delivery resulted in limited 

efficacy in an orthotopic model of GBM (Parrish et al., 2015b). Importantly, the 

lack of efficacy observed in the model of GBM could be entirely explained by the 

limited delivery because the concentrations that were achieved in the brain also 

failed to provide a therapeutic response in the subcutaneous model (Parrish et 

al., 2015b). 

GBM is the most common primary brain tumor in adults and the two-year survival 

is 30% following diagnosis (Ostrom et al., 2014). GBM is a particularly 

challenging type of cancer to treat because the tumor is able to grow in a 

protected environment behind the blood-brain barrier (BBB) (Parrish et al., 

2015a). The BBB acts as both a physical and biochemical barrier to drug delivery 
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through tight junction proteins that prevent paracellular drug delivery and through 

efflux transporters that prevent transcellular drug delivery (Agarwal et al., 2011; 

Abbott, 2013). Numerous studies have demonstrated that following surgery, 

there are tumor cells that are “left behind” and in order to effectively treat GBM, it 

is crucial to deliver drugs to these tumor cells that are left behind, many of which 

reside behind an intact BBB (Berens and Giese, 1999).  

Given that the limited brain delivery results in subtherapeutic palbociclib 

concentrations (Parrish et al., 2015b), strategies to improve the brain delivery are 

needed. Elacridar, a dual pharmacological inhibitor of P-gp and BCRP, may be 

used as a method to improve the treatment of GBM and overcome the limited 

brain delivery of palbociclib. The purpose of this study was to understand the 

relationship between delivery and efficacy of palbociclib treatment in a patient-

derived xenograft model of GBM.  
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4.2 MATERIALS AND METHODS 

All animal studies were approved by the Institutional Animal Care and Use 

Committees at either the University of Minnesota or the Mayo Clinic.  

4.2.1 PALBOCICLIB AND ELACRIDAR COADMINISTRATION 

Palbociclib was dosed at 150 mg/kg (PO; vehicle: pH 4 50 mmol/L sodium 

lactate) and elacridar was dosed in both male and female Friend leukemia virus 

strain B (FVB) mice at 1, 5, 10 and 20 mg/kg in a microemulsion formulation (IP; 

Cremophor EL, CaRBitol, and Captex 355::6:3:1, (Sane et al., 2013)). Two hours 

post dose, brain and whole blood samples were harvested (n=4). Plasma was 

isolated from whole blood by centrifugation (3500 rpm, 15 minutes) and samples 

were stored at -80˚C until analysis. 

4.2.2 ELACRIDAR AND PALBOCICLIB TOLERABILITY FOLLOWING 

CHRONIC ADMINISTRATION 

The tolerability of chronic administration of elacridar was evaluated in mice for 14 

days at 5, 10 and 20 mg/kg (IP) in the microemulstion formulation. Prior to study 

initiation, mice were trained on the accelerating rotarod for three days before the 

baseline was recorded (Fairbanks et al., 2009). The benchmark for adequate 

performance on the rotarod was 300 seconds (Fairbanks et al., 2009; Stone et 
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al., 2014) and tested on days 4, 5, 9, 10, 15, and 16. In addition to rotarod 

performance, body weight was measured daily.  

𝐿𝑎𝑡𝑒𝑛𝑐𝑦 𝑡𝑜 𝐹𝑎𝑙𝑙 (𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑡𝑜 % 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒) =  
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
× 100 

Following the chronic administration of elacridar, tolerability of the 

coadministration of elacridar and palbociclib was tested. Elacridar (PO; 10 

mg/kg/day) was administered six hours before palbociclib (PO; 150 mg/kg/day). 

Two hours after the fifth dose of palbociclib, brain and whole blood samples were 

collected. Plasma was isolated from whole blood as described above and 

samples were stored at -80˚C until analysis. 

4.2.3 PALBOCICLIB AND ELACRIDAR EFFICACY IN GBM22 XENOGRAFT  

 

Survival studies in female athymic nude mice were conducted as described 

previously (Carlson et al., 2011; Pokorny et al., 2015). The patient-derived 

xenograft (PDX) GBM22 line was intracranially implanted from serial passages in 

the flank. Mice were anesthetized using ketamine (100 mg/kg) and xylazine (10 

mg/kg) prior to tumor implantation (1 mm anterior and 2 mm lateral from the 

bregma). As previously described, GBM22 is sensitive to palbociclib both in vitro 

and in a subcutaneous model. Eight days following intracranial tumor 

implantation, mice were randomly assigned to one of four dosing regimens until 

moribund: vehicle control, palbociclib (150 mg/kg/day), elacridar (15 mg/kg/day), 
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or the combination of palbociclib and elacridar (n=10). Simultaneously, a 

separate group of mice were randomized to the same four treatment groups and 

dosed for nine days starting on day seventeen following tumor implantation. 

These mice were sacrificed two hours post the ninth dose of palbociclib and/or 

elacridar and samples were collected for LC-MS/MS or immunohistochemistry 

(IHC).  

4.2.4 IMMUNOHISTOCHEMISTRY  

Brain samples from mice with intracranial tumors were resected, placed in 

formalin, transferred to 70% ethanol, and then embedded in paraffin. Samples 

were sectioned at 5 µm thickness onto charged glass slides. Following 

rehydration, an unmasking solution (Vector Laboratories) was used to expose 

antigen epitopes. Hydrogen peroxide (3%) was used to remove peroxidase 

activity and blocking was conducted with 3% bovine serum albumin (BSA) 

overnight. Phospho-RB staining was performed with rabbit monoclonal antibody 

(dilution 1:150 in 1% BSA, Ser807/811, Cell Signaling Technologies) overnight. 

Following primary incubation, slides were washed with PBS before incubation 

with biotinylated goat anti-rabbit secondary antibody (1:200, Vector Laboratories) 

for 1 hour at room temperature. Slides were again washed with PBS and 

avidin/biotinylated enzyme complex conjugated to horseradish peroxidase 

(Vectastain Elite ABC kit, Vector Laboratories) was added for 30 minutes at room 

temperature. Following 2 washes with PBS, slides were treated with 3,3′-
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diaminobenzidine (DAB) substrate (Vector Laboratories) and allowed to develop 

for 45 seconds. The slides were placed in water to stop the reaction and sections 

were counterstained with hematoxylin, dehydrated and mounted (Permount, 

Fisher Scientific). Images of each tumor-bearing animal (n=3-4) were taken on a 

Nikon AZ100M microscope (Melville, NY). Quantification of phosphorylated-RB 

was conducted in ImageJ. The IHC toolkit was used to locate positive DAB sites 

and six samples per tumor were quantified on the growing edge of the tumor.  

4.2.5 LC-MS/MS  

Elacridar plasma samples and palbociclib plasma and brain samples from FVB 

mice were analyzed as described previously (Sane et al., 2012; Parrish et al., 

2015b). Brain samples from tumor-bearing athymic nude mice were sliced on a 

cryostat (Leica CM3050 S). Cresyl violet staining on 30 µm sections was used to 

determine tumor location in each sample. Brain samples were then sectioned at 

300 µm and punch biopsies were used to sample regions of tumor core, tumor 

rim and normal brain tissue. Palbociclib was extracted from brain and tumor 

pooled punch biopsies through the addition of pH 11 buffer and ethyl acetate. 

Samples were vortexed and centrifuged (7500 rpm) and the supernatant was 

isolated and dried. Samples were then reconstituted in mobile phase and 

analyzed as described previously. A Phenomenex Synergi Polar 4 µ polar-RP 80 

Å column (75 x 2 mm; Torrance, CA) with an AQUITY ultra performance liquid 

chromatography system (Waters, Milford, MA) was used for sample analysis. 
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The ionization was conducted in positive mode and the m/z transitions for 

palbociclib and dasatinib were 448.34-379.95 and 488.21-400.88, respectively. 

The mobile phase was 73:27::1 mM ammonium formate with 0.1% formic acid: 

acetonitrile was delivered at 0.25 mL/min.  

4.2.6 STATISTICAL ANALYSIS 

GraphPad Prism 6.04 (San Diego, CA) was used for statistical analysis and data 

is represented as the mean ± SD. Comparisons between two groups were made 

using an unpaired t test, and multiple comparisons were made using one-way 

analysis of variance using Bonferonni’s multiple comparison test.   
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4.3 RESULTS 

4.3.1 ELACRIDAR IMPROVES THE BRAIN DELIVERY OF PALBOCICLIB 

Elacridar was delivered in increasing doses with palbociclib and brain samples 

were collected two hours post dose. Although there was no significant increase in 

brain delivery when elacridar was dosed at 1, 5, or 10 mg/kg IP, due in part to 

variability in the plasma concentrations of elacridar, elacridar at 20 mg/kg IP 

significantly improved the brain-to-plasma ratio of palbociclib two hours post dose 

(Figure 4.1.A). The brain-to-plasma ratio of palbociclib increased as a function of 

the plasma concentration of elacridar; the brain delivery of palbociclib reached a 

maximal brain-to-plasma ratio of 1.3 that was achieved when the plasma 

concentration was 1 µg/mL or higher (Figure 4.1.B). This is a five-fold increase 

in the brain-to-plasma ratio in the palbociclib monotherapy treatment group. Two 

hours following palbociclib administration (150 mg/kg), flank tumor 

concentrations were approximately 50 µM which is comparable to the 

concentrations achieved in the elacridar treated group. 

4.3.2 CHRONIC ADMINISTRATION OF ELACRIDAR IS WELL TOLERATED 

Chronic alteration of the BBB may have adverse side effects and elacridar, a 

dual inhibitor of P-gp and BCRP at the BBB, could alter BBB transport in such a 

way that the side effects are detrimental to the therapy and/or the patient. Since 
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chronic administration of elacridar would affect transport at the BBB, the effect of 

daily elacridar doses was examined by rotarod and changes in body weight. 

Elacridar was dosed at 5, 10 and 20 mg/kg/day for two weeks in FVB mice. 

There were no outward signs of toxicity and no significant changes in body 

weight over the two weeks of dosing (Figure 4.2.A). Rotarod was used to 

measure ataxia and 300 seconds was used as the baseline. There were no 

observable changes in ataxia as measured by rotarod at any dose of elacridar 

examined (Figure 4.2.B) indicating that elacridar is well tolerated for chronic 

administration. 

The combination of elacridar and palbociclib for five days was examined in FVB 

mice. There were no significant changes in body weight over the five days of 

dosing (Figure 4.3.A) and the average plasma concentration two hours following 

the fifth dose of palbociclib was 17.8 ± 8.7 µM in the palbociclib alone group and 

12.2 ± 2.0 µM in the combination group (Figure 4.3.B, p=0.25). The brain 

concentration of palbociclib increased approximately five-fold in the elacridar 

treated group and resulted in a six-fold increase in the brain-to-plasma ratio 

(Figure 4.3.C, p=0.0495).  

4.3.3 ELACRIDAR AND PALBOCICLIB COMBINATION THERAPY IN 

TUMOR-BEARING MICE 
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In athymic nude mice, elacridar was dosed at 15 mg/kg to ensure that the plasma 

concentrations were sufficient to significantly increase the brain delivery of 

palbociclib. The dosing levels of palbociclib and elacridar were the maximum 

tolerated doses in order to maximize the effect. The body weight did not 

significantly change over the nine days of dosing (Figure 4.4.A). Brain and 

plasma samples were removed two hour after the ninth dose of palbociclib and 

elacridar. Half of the brain samples were flash frozen for LC-MS/MS analysis and 

half were paraffin embedded for IHC. Flash frozen samples were sliced on the 

cryostat at 30 µm for cresyl violet staining to determine tumor location and 300 

µm for punch biopsies (2.5 mm diameter) (Figure 4.5). Regional samples were 

taken from the tumor core, normal brain (Figure 4.5.C), and tumor rim samples 

which were adjacent to the tumor core region. These samples were pooled 

together across 300 µm slices and analyzed via LC-MS/MS. The tumor rim and 

tumor core had significantly higher levels of palbociclib than the normal brain in 

both the palbociclib monotherapy and combination treatment groups (Figure 

4.4.B-C). Elacridar significantly improved the brain delivery of palbociclib to these 

regions and palbociclib levels are comparable to the levels achieved in the flank 

tumor that provided a therapeutic benefit (Figure 4.4.B). IHC analysis from this 

study demonstrated a significant reduction in phospho-RB in both palbociclib and 

the combination treatment groups (Figure 4.6). Although there was a reduction in 

phospho-RB in the palbociclib treated group, there was no further effect in the 

combination treatment group (Figure 4.7). The improved brain delivery of 
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palbociclib through pharmacological inhibition of efflux transport did not 

correspond to improved survival (Figure 4.8). 
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4.4 DISCUSSION 

The CDK4/6 pathway is frequently altered in GBM and it is an attractive 

therapeutic target in the treatment of this devastating disease (2008; Peyressatre 

et al., 2015). Previous studies have demonstrated that palbociclib, a potent 

CDK4/6 inhibitor, has limited brain delivery due to active efflux transport at the 

BBB (de Gooijer et al., 2015; Parrish et al., 2015b; Raub et al., 2015). 

Furthermore, we have previously reported that the palbociclib concentration 

achieved in the brain is subtherapeutic in the treatment of a GBM subcutaneous 

tumor (Parrish et al., 2015b). Therefore, there is a clear rationale for developing 

treatment modalities that increase the delivery of palbociclib to the brain in order 

to explore the relationship between delivery and efficacy in an orthotopic 

(intracranial) model of GBM. Pharmacological inhibition of BBB efflux 

transporters is one method to enhance the brain delivery of therapeutic agents 

(Sane et al., 2013). 

Elacridar improved the brain delivery of palbociclib and this was a saturable 

effect, where the maximum brain-to-plasma ratio of palbociclib was 1.3. Since 

elacridar affects the BBB, which is fundamentally important in protecting the 

brain, the effect of elacridar on balance, coordination and motor status over a 

chronic dosing regimen was explored. Elacridar caused no observable changes 

in body weight or ataxia, indicating that elacridar is tolerated in long-term dosing. 

Furthermore, coadministration of elacridar and palbociclib also caused no 
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significant changes in body weight and significantly improved the brain delivery of 

palbociclib when compared to palbociclib monotherapy. The concentrations of 

palbociclib achieved in the brain following elacridar and palbociclib 

coadministration were similar to the concentrations of palbociclib achieved in a 

flank tumor model. These concentrations of palbociclib provided a therapeutic 

benefit in the flank tumor model. Therefore, a study was designed that would look 

at palbociclib concentration, pharmacodynamic effect (phospho-RB), and 

survival. 

As anticipated, the regional distribution of palbociclib was higher in the core of 

the tumor than in the normal brain, indicating that the integrity of the BBB is 

compromised in the tumor core (Agarwal et al., 2013; Vartanian et al., 2014). 

Furthermore, the brain delivery was significantly improved in the elacridar treated 

group in all regions of the brain. The brain concentrations achieved in this study 

mimicked the flank tumor concentrations of palbociclib that provided a 

therapeutic benefit. The phospho-RB was reduced on in both groups treated with 

palbociclib (combination and monotherapy), however there was no further 

reduction in phospho-RB in the combination treated group when compared with 

the palbociclib monotherapy. Palbociclib did provide a modest improvement in 

survival GBM6, another patient-derived xenograft that is sensitive to palbociclib 

therapy (Cen et al., 2012). In this model, phospho-RB was reduced to 

approximately 20% of the vehicle control (Cen et al., 2012), compared with 

approximately 50% in this study. Consequently, despite the improved delivery, 
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there was no increase in the measured pharmacodynamic effect or overall 

survival in the palbociclib and elacridar combination therapy group. 

A few potential reasons for the observed disconnect between the flank and 

intracranial efficacy were not looked at in the present study. One possible 

explanation is that the delivery of palbociclib to the specific target site within the 

tumor cells may be inadequate. While we do see a reduction in phospho-RB, it 

was not correlated to palbociclib delivery. In order to look at this question, we 

would need to look at the reduction in phospho-RB in flank tumor samples to 

determine if the extent of phospho-RB reduction is different even if the palbociclib 

concentrations are similar. Another possible reason for the lack of efficacy in the 

intracranial model is that the drivers of tumor growth may be different depending 

upon tumor location. It may be that the differences between the conditions in the 

flank tumor and brain tumor will need to be better understood. This study 

demonstrates that a flank tumor comprised of GBM cells is not the same as the 

same GBM cells in the brain. This study indicates that subcutaneously implanting 

GBM cells may not be a good screening technique. The lack of a BBB has been 

discussed previously (de Vries et al., 2009), but the idea that a tumor comprised 

of GBM cells may respond differently to similar concentrations of a therapeutic 

agent depending on tumor location  has not yet been explored.  

This study demonstrates that GBM cells implanted into the flank do not 

adequately represent a brain tumor without a BBB. Studies have shown that in 
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metastatic disease, there can be changes that occur and the tumor cells found in 

the brain are not identical to the tumor cells in the periphery (Da Silva et al., 

2010; Svokos et al., 2014). Breast cancer brain metastases, for example, were 

found to have increased expression of enzymes that are involved in glycolysis 

and oxidative phosphorylation pathways (Chen et al., 2007). These results 

indicate that tumor cells in the brain have either adapted or been selected for 

their ability to use glucose oxidation for energy. It is possible that subcutaneous 

implantation of GBM xenograft cells has the opposite effect; rather than selecting 

or adapting for brain growth, the tumor cells may be selecting and adapting for 

non-brain growth. The other possibility is that the tumor cells have not adapted 

for non-brain growth and that is one of the reasons that the subcutaneous tumor 

was more sensitive to palbociclib therapy. It is possible that either of these 

changes could have caused the lack of efficacy of palbociclib therapy despite 

improved delivery.  

Another reason for the differences in efficacy in the subcutaneous and 

intracranial tumor models could be tumor size. The primary endpoint in flank 

studies is time to reach a specific tumor volume, for example 1500 mm3. This 

volume is about three times the size of a mouse brain and well over six times 

larger than the largest brain tumor observed in this study. Therefore, the 

differences in efficacy in the flank and intracranial studies could be due to tumor 

size. Previous studies have demonstrated that hypoxia is correlated to both 

subcutaneous and intracranial tumor size and larger tumors have lower oxygen 
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levels (Wang et al., 2003). In addition to the relationship between tumor size and 

oxygen levels, the microenvironment also plays a role. The hypoxia-responsive 

transcription factor HIF-1α is the major regulator of growth in response to hypoxic 

conditions and has been shown to be altered in GBM (Mayer et al., 2012). 

Previous studies have reported that the loss of HIF-1α slows tumor growth and 

progression in various tumors, mainly by reducing vascular density (Maxwell et 

al., 1997; Ryan et al., 1998). A study that explored HIF-1α changes in 

astrocytomas found that HIF-1α response was dependent on the 

microenvironment (Blouw et al., 2003). These studies found that the effect of the 

loss of HIF-1α was dependent on tumor location. In the brain, tumors that lacked 

HIF-1α were more invasive, but these same tumors were less invasive in the 

flank (Blouw et al., 2003). This demonstrates that the invasive nature of tumors 

can be dependent on the microenvironment and reinforces the need for an 

accurate preclinical model when assessing treatment regimens. In another study, 

the expression of antigens was found to be affected by the tumor location 

(Alonso-Camino et al., 2014). These studies indicate that the cellular pathways 

that drive tumor growth are likely dependent on tumor location. Taken together, 

there is growing evidence that subcutaneous tumor growth may not replicate 

intracranial tumor growth. In studying brain tumors, it will be important to find 

models that replicate the tumor growth pattern that is observed in the human 

disease.  
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Drug delivery is a major challenge in the treatment of brain tumors, however 

these studies suggest that delivery may not be the entire problem. These results, 

along with literature reports, demonstrate the importance of having adequate 

models to examine efficacy of experimental therapeutics in the treatment of brain 

tumors. Subcutaneous models are likely missing important components that 

preclude efficacy and improving the understanding of the complex nature of brain 

tumors will be essential in developing preclinical and clinical trials that improve 

efficacy.   
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Figure 4.1.A: Elacridar improves the brain delivery of palbociclib.  

(A) Brain-to-plasma ratio of palbociclib (150 mg/kg) two hours following p.o. dose 

of palbociclib and i.p. dose of elacridar (1, 5, 10 or 20 mg/kg), ** indicates 

p<0.01.  
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Figure 4.1.B: Palbociclib brain-to-plasma ratio as a function of elacridar 

plasma concentration.  
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Figure 4.2.A: Body weight to measure tolerability of chronic elacridar 

treatment.  

(A) Body weight measurements during two weeks of elacridar administration 

(i.p.), n=4-5 per group. 
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Figure 4.2.B: Latency to fall as a measure of tolerability of chronic elacridar 

treatment.  

(B) Latency to fall measurements by rotorod (300 seconds was used as 

baseline), n=4-5 per group. 
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Figure 4.3.A: Chronic administration of elacridar (10 mg/kg and palbociclib 

(150 mg/kg) is tolerated in FVB mice.  

(A) Body weight measurements during 5 days of palbociclib and elacridar 

administration in FVB mice, n=5.  
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Figure 4.3.B: Chronic administration of elacridar (10 mg/kg and palbociclib 

(150 mg/kg) is tolerated in FVB mice - brain distribution.  

(B) Brain and plasma concentrations two hours following the fifth dose of 

palbociclib, ns=not significant, n=5.  
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Figure 4.3.C: Chronic administration of elacridar (10 mg/kg and palbociclib 

(150 mg/kg) is tolerated in FVB mice – brain-to-plasma ratio.  

(C) Brain-to-plasma ratio of palbociclib, n=5.  
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Figure 4.4.A: Tolerability and regional brain and tumor delivery of 

palbociclib – body weight.  

(A) Body weight was measured during treatment to monitor tolerability of therapy 

in athymic nude mice, n=8-10. 
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Figure 4.4.B: Tolerability and regional brain and tumor delivery of 

palbociclib – palbociclib concentrations.  

(B) Palbociclib concentrations in normal brain, tumor rim, tumor core and plasma, 

* and **** indicate p<0.05 and p<0.0001, respectively, n=4-10. 
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Figure 4.4.C: Tolerability and regional brain and tumor delivery of 

palbociclib – brain-to-plasma or tumor-to-plasma ratio.  

(C) Palbociclib brain-to-plasma ratio or tumor-to-plasma ratio, *, **, and *** 

indicate p<0.05, p<0.01 and p<0.001, respectively, n=4-5. 
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Figure 4.5: Punch biopsies to evaluate regional distribution of palbociclib.  

Cresyl violet was used to determine tumor location (A, B) and 2.5 mm diameter 

punch biopsies were used to sample tumor core, tumor rim, and normal brain 

(C). 
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Figure 4.6: Immunohistochemistry to evaluate changes in phospho-RB in treatment groups.  

Phospho-RB in vehicle control, elacridar (15 mg/kg/day), palbociclib (150 mg/kg/day) and combination treatment groups. 
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Figure 4.7: Quantification of phospho-RB from IHC analysis  

Phospho-RB from IHC samples was quantified using ImageJ and normalized to 

vehicle control, n=2-4. 
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Figure 4.8: Efficacy of palbociclib (150 mg/kg/day) and elacridar (15 mg/kg/day) in patient derived xenograft 

(GBM22) intracranial model,  n=10. 
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CHAPTER V 
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ABSTRACT 

Preclinical studies were conducted to compare the brain delivery of three CKD4/6 

inhibitors that are currently undergoing clinical trials for various solid tumors. 

Palbociclib, ribociclib and abemaciclib all inhibit CDK4 and CDK6 with nanomolar 

affinities and have great potential for clinical use in the treatment of cancers such 

as breast, glioblastoma (GBM), and melanoma. Plasma and brain concentrations 

following a 48 hour infusion (10 µg/hr) demonstrate that P-glycoprotein (P-gp) 

and/or breast cancer resistance protein (BCRP) are involved in limiting the brain 

delivery of all three CDK4/6 inhibitors. Additional in situ brain perfusion studies 

indicate that transporters are involved in the brain distribution of palbociclib, 

ribociclib and abemaciclib. For all three CDK4/6 inhibitors, there is a suggestion 

that an uptake transporter may be involved in enhancing the brain delivery when 

the perfusate concentration is at 100 nM. The uptake process may be saturated 

at higher concentrations and efflux transporters reduce the transfer coefficient 

(Kin) for brain uptake. Both ribociclib and palbociclib show no evidence of efflux 

transporter saturation, however the results suggest that abemaciclib may be able 

to saturate efflux and has an increased Kin when the perfusate concentration 

increases. A simple pharmacokinetic model was developed to demonstrate that 

an uptake transporter and changes in efflux transport affinity could be 

responsible for the observed experimental distribution profiles. 
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5.1 INTRODUCTION 

Treatment options for primary and secondary brain tumors remain limited and, 

due the aggressive nature of most brain tumors, diagnosis is almost always lethal 

(Ostrom et al., 2014). Current treatment of primary and metastatic disease often 

entails a combination of local or whole-brain radiation, steroids, surgery, and 

chemotherapy; however these treatments have provided only a modest 

improvement in survival (Cloughesy et al., 2014). Lung, breast, and melanoma 

are the three cancers with the highest likelihood to metastasize to the brain and 

all three cancers commonly have mutations in the cyclin-dependent kinase 

(CDK) 4/6 pathway (Asghar et al., 2015; Lin and DeAngelis, 2015). Clinical trials 

are currently examining the CDK4/6 inhibitors abemaciclib, ribociclib and 

palbociclib for the treatment of non-small cell lung cancer (NSCLC), melanoma, 

breast cancer, glioblastoma and a variety of other solid tumors (Sánchez-

Martínez et al., 2015). One problem in the treatment of brain tumors is that the 

tumors remain both unseen and untreated at early stages of tumor development 

(Parrish et al., 2015a). 

One reason for the limited efficacy of current therapeutic options in the treatment 

of brain tumors is the lack of delivery to tumor cells that reside behind an intact 

blood-brain barrier (BBB) (Agarwal et al., 2011). At early stages of tumor 

metastasis as well as at the leading edge of invasive glioblastomas, tumor cells 

are protected from therapy by the BBB (Oberoi et al., 2015). The BBB provides 
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both a physical and function barrier to brain delivery and P-glycoprotein (P-gp) 

and breast cancer resistance protein (BCRP) are two transporters at the BBB 

that actively transport compounds back into systemic circulation (Sasongko et al., 

2005; Uchida et al., 2011; Agarwal et al., 2012). In addition to these two efflux 

transporters, there are a variety of other transporters that are involved in 

maintaining the highly regulated environment necessary for efficient neuron 

function (Abbott, 2013). Influx transporters, for example, are important in the 

transport of glucose (GLUT1), amino acids (large-neutral amino acid transporter; 

LAT1), short-chain fatty acids such as lactic acid (monocarboxylate transporters, 

MCT), organic anions (organic anion transporters, OAT) and cations (organic 

cation transporters, OCT) (Tamai and Tsuji, 2000; Stenehjem et al., 2009). The 

in situ brain perfusion technique is one approach to understand the role of 

transport at the BBB in the brain delivery of compounds. In this technique, the 

brain is perfused with a known concentration of drug over a set interval and 

transport at the BBB can be evaluated (Smith, 1996; Smith and Allen, 2003; 

Thomas et al., 2009).  

Previous studies have shown that palbociclib has limited brain delivery due to the 

efflux activity of P-gp and BCRP at the BBB (de Gooijer et al., 2015; Parrish et 

al., 2015b; Raub et al., 2015) and that abemaciclib, although it is a substrate for 

efflux transport, has been shown to have enhanced brain delivery due to 

saturation of BBB efflux transport (Raub et al., 2015). Currently, there are no 

literature reports about the brain delivery of ribociclib. With this in mind, the 
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purpose of this study is to understand the role of BBB transporters in the brain 

delivery of palbociclib, ribociclib and abemaciclib, three CDK4/6 inhibitors that 

are currently undergoing clinical trials for the treatment of cancers with a high 

propensity to metastasize to the brain. These studies are intended to provide a 

means to compare the brain distribution of palbociclib, ribociclib and abemaciclib. 

Increasing the understanding of the relative brain delivery of these three CDK4/6 

inhibitors may guide the clinical development of these compounds for the 

treatment of primary and metastatic brain tumors.  
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5.2 METHODS 

5.2.1 CHEMICALS AND REAGENTS 

Palbociclib (PD-332991) was purchased from ChemieTek (Indianapolis, IN), 

ribociclib (LEE-011) was purchased from ActiveBiochem (Maplewood, NJ), and 

abemaciclib (LY2835219) was purchased from Selleckchem (Houston, TX). 

Dasatinib was purchased from LC Laboratories (Woburn, MA). All other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO).  

5.2.2 ANIMALS 

All animal studies were conducted in Friend leukemia virus B (FVB) male and 

female mice that were 8-12 weeks old at the time of the experiment. Wild-type 

(WT) and Mdr1a/b-/-Bcrp1-/- (triple knockout; TKO) mice (Taconic Farms, 

Germantown, NY) were maintained in a 12-hour light/dark cycle with unlimited 

access to food and water. All studies were approved by the Institutional Animal 

Care and Use Committee at the University of Minnesota.  

5.2.3 CONSTANT RATE INFUSION (48 HOUR) BRAIN DISTRIBUTION  

Alzet osmotic mini pumps (1003D; Durect Corporation, Cupertino, CA) were 

implanted in the peritoneal cavity of wild-type and Mdr1a/b-/-Bcrp1-/- mice (n=4) 

as described previously (Parrish et al., 2015b). Palbociclib is included in this 
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chapter for comparison and a more detailed description can be found in Chapter 

3). Ribociclib and abemaciclib were prepared in DMSO and delivered at a rate of 

10 µg/hr for forty-eight hours. Mini osmotic pumps were primed overnight at 37ºC 

in saline. The surgical procedure has been described in detail previously 

(Agarwal et al., 2010; Wang et al., 2012). Briefly, isoflurane was used to 

anesthetize the mice and the hair was removed from the surgical site. Mice 

remained on a heating pad for the duration of the surgical procedure until mice 

were fully recovered. A small incision was made in the lower right abdomen 

followed by an incision in the peritoneal membrane and the primed pump was 

inserted. The peritoneal membrane was sutured closed and the abdomen was 

closed with surgical clips. Following the infusion, brain and whole blood samples 

were collected. Plasma was isolated from whole blood by centrifugation (3500 

rpm for 15 minutes) and brain and plasma samples were stored in -80ºC until 

analysis via LC-MS/MS.  

5.2.4 IN SITU BRAIN PERFUSION TECHNIQUE 

In situ brain perfusion allows for the study of BBB transport. In this technique, the 

brain is perfused with a known concentration of drug and the BBB transport is 

evaluated without the confounding factor of systemic disposition (Smith, 1996; 

Dagenais et al., 2000; Smith and Allen, 2003; Zhao et al., 2009a) . Mice were 

anesthetized with isoflurane throughout the experiment. Oxygenated perfusion 

fluid (128 mM sodium chloride, 24 mM sodium bicarbonate, 4.2 mM potassium 
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chloride, 2.4 mM sodium dihydrogen phosphate, 1.5 mM calcium chloride, 0.9 

mM magnesium chloride) was prepared with glucose (9 mM) on the day of the 

experiment. CDK4/6 inhibitor concentrations were 0.1 – 50 µM in the perfusion 

fluid. Perfusion fluid was warmed to 37ºC and a syringe warmer was used to 

maintain temperature.  An intracardiac perfusion was conducted at 5 mL/min for 

two minutes and following the perfusion, the brain was isolated and stored at -

80ºC until analysis by LC-MS/MS. The amount of drug in the brain vasculature 

was assumed to be 1.4% for all calculations of brain distribution. The transfer 

coefficient for brain uptake (Kin) was calculated by the following equation: 

𝐾𝑖𝑛 =
𝑄𝑡𝑜𝑡𝑎𝑙 − 𝑉𝑣𝐶𝑝𝑓

𝐶𝑝𝑓𝑇𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛
 

where Qtotal is the measured quantity of drug in the brain at the end of the 

perfusion, Vv is the brain vascular volume, Cpf is the concentration of drug in the 

perfusion fluid, and Tperfusion is the time of the perfusion (two minutes). Kin 

represents the total amount of drug that has entered the brain. This technique is 

an ideal way to examine transport at the BBB because the compounds of interest 

are delivered to the brain at a known concentration over a defined period of time 

(Golden and Pollack, 2003). The in situ brain perfusion technique has 

traditionally been used to examine only uptake into the brain, however there are 

ways to use this technique to examine efflux. One way to examine efflux is 

through the use of efflux inhibitors in the perfusate (Deguchi et al., 1997). 

Previous reports have shown that P-gp efflux is active during 10 second 
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perfusions (Drion et al., 1996) and therefore we can expect that efflux activity is 

incorporated into the calculated brain uptake value. Efflux transport can also be 

examined when the concentration of the drug of interest is varied in the perfusate 

(Drion et al., 1997). Varying the concentration of the compound of interest in the 

perfusate allows nonlinear brain distribution to be studied and can reveal insights 

into the role of BBB efflux transport in the brain distribution of these agents. 

Previous studies have used the in situ brain perfusion technique to show that 

efflux is saturated in the brain delivery of itraconazole and imatinib (Miyama et 

al., 1998; Bihorel et al., 2007). 

5.2.5 LC-MS/MS ANALYSIS 

Palbociclib liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

analysis was conducted as previously described (Parrish et al., 2015b). 

Ribociclib and abemaciclib LC-MS/MS sample preparation was identical to 

palbociclib. Briefly, brain samples were prepared by adding three volumes of 5% 

bovine serum albumin prior to homogenizing using a tissue homogenizer 

(PowerGen 125; Thermo Fisher Scientific, Waltham, MA). Brain homogenate 

samples were spiked with internal standard (25 ng dasatinib) and extracted by 

the addition of 1 volume pH 11 buffer followed by 5 volumes of ethyl acetate. 

Plasma and perfusate samples were spiked with internal standard and extracted 

by the addition of 2 volumes pH 11 buffer followed by 10 volumes of ethyl 

acetate. Samples were then vortexed followed by centrifugation (7500 rpm, 5 
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minutes) and the supernatant was dried under nitrogen. Samples were 

reconstituted in mobile phase (abemaciclib – 70:30 :: 1 mM ammonium format 

with 0.1% formic acid:acetonitrile; ribociclib – 68:32 :: 1 mM ammonium format 

with 0.1% formic acid:acetonitrile). An AQUITY ultra high performance liquid 

chromatography system (Waters, Milford, MA) was used with a Phenomenex 

Synergi Polar 4 micron polar-RP 80Å column (75 x 2 mm; Torrance, CA). All 

ionization was conducted in positive mode and the m/z transitions were 507.1-

392.98, 435.07-321.87, 448.34-379.95, and 488.21-400.88 for abemaciclib, 

ribociclib, palbociclib, and dasatinib, respectively. The mobile phase was 

delivered at a constant flow rate of 0.25 mL/min for palbociclib and abemaciclib 

detection (isocratic) and 0.5 mL/min for ribociclib detection (gradient). 

5.2.6 EFFLUX SATURATION ANALYSIS 

A simple model was used to evaluate the relationship between changes in affinity 

and saturation in STELLA (10.0.6, isee systems, Lebanon, NH). The active efflux 

from the brain was modeled as an active clearance process that was saturable: 

𝐶𝐿𝑒𝑓𝑓𝑙𝑢𝑥 =
𝑉𝑚𝑎𝑥,𝑃−𝑔𝑝

𝐾𝑚,𝑃−𝑔𝑝 + 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑏𝑟𝑎𝑖𝑛
+

𝑉𝑚𝑎𝑥,𝐵𝐶𝑅𝑃

𝐾𝑚,𝐵𝐶𝑅𝑃 + 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑏𝑟𝑎𝑖𝑛
 

When Km is significantly less than the concentration in the brain, the rate of active 

efflux approaches Vmax and when Km is significantly greater than the 

concentration in the brain, the active clearance process is pseudo-linear with a 
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slope of Vmax/Km. Two efflux process were modeled that could be P-gp and 

BCRP, two BBB efflux transporters. 

Similarly, an active uptake process was modeled as a saturable process: 

𝐶𝐿𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑉𝑚𝑎𝑥,   𝑢𝑝𝑡𝑎𝑘𝑒

𝐾𝑚,   𝑢𝑝𝑡𝑎𝑘𝑒 + 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑠𝑚𝑎
 

A constant rate infusion was used to examine the possibility of efflux saturation at 

the BBB. The concentration in the central (plasma) compartment was described 

by the following equation. 

𝑉𝑝𝑙𝑎𝑠𝑚𝑎 ×
𝑑𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑠𝑚𝑎

𝑑𝑡
=

𝐼𝑛𝑓𝑢𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 − 𝐶𝐿𝑠𝑦𝑠𝑡𝑒𝑚𝑖𝑐 × (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑠𝑚𝑎) − 𝐶𝐿𝑢𝑝𝑡𝑎𝑘𝑒 × ) + 𝐶𝐿𝑝𝑎𝑠𝑠𝑖𝑣𝑒 ×

(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑏𝑟𝑎𝑖𝑛 − 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑠𝑚𝑎) + 𝐶𝐿𝑒𝑓𝑓𝑙𝑢𝑥 × (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑏𝑟𝑎𝑖𝑛)  

The concentration in the brain was described by the following equation. 

𝑉𝑏𝑟𝑎𝑖𝑛 ×
𝑑𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑏𝑟𝑎𝑖𝑛

𝑑𝑡

= 𝐶𝐿𝑝𝑎𝑠𝑠𝑖𝑣𝑒 × (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑠𝑚𝑎 − 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑏𝑟𝑎𝑖𝑛)

+ 𝐶𝐿𝑢𝑝𝑡𝑎𝑘𝑒 × (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑠𝑚𝑎)

− 𝐶𝐿𝑒𝑓𝑓𝑙𝑢𝑥 × (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑏𝑟𝑎𝑖𝑛) 

The volumes were fixed to 100 volume units in the central compartment and 1 

volume unit in the peripheral (brain) compartment The systemic clearance was 

fixed to be 20 volume/time. In simulating saturation of efflux transport at the BBB, 
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six scenarios were evaluated. In the first three scenarios, active uptake was a 

high affinity, low Vmax process compared to active efflux, which was a lower 

affinity, higher Vmax process. Vmax,uptake and Km,uptake were kept constant and fixed 

to 0.1 and 0.00001, respectively for all six simulations. Scenarios 1-3 are 

described below and the Vmax parameters used for efflux relate to the relative 

transporter expression in FVB mice (Agarwal et al., 2012; Sane et al., 2013): 

(1) Infusion rate: 1; Vmax, P-gp = 150; Km, P-gp = 0.1; Vmax, BCRP = 50; Km, BCRP =0.1 

(2) Infusion rate: 1000; Vmax, P-gp = 150; Km, P-gp = 0.1; Vmax, BCRP = 50; Km, BCRP 

=0.1 

(3) Infusion rate: 25000; Vmax, P-gp = 150; Km, P-gp = 0.1; Vmax, BCRP = 50; Km, BCRP 

=0.1 

In scenarios 4-6, active uptake was kept constant and Vmax and Km for P-gp 

clearance were both decreased, simulating an efflux process that would be 

saturated at lower concentrations than scenarios 1-3. 

(4) Infusion rate: 1; Vmax, P-gp = 50; Km, P-gp = 0.0001; Vmax, BCRP = 50; Km, BCRP 

=0.1 

(5) Infusion rate: 1000; Vmax, P-gp = 50; Km, P-gp = 0.0001; Vmax, BCRP = 50; Km, 

BCRP =0.1 

(6) Infusion rate: 25000; Vmax, P-gp = 50; Km, P-gp = 0.0001; Vmax, BCRP = 50; Km, 

BCRP =0.1 

5.2.7 STATISTICAL ANALYSIS 
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All statistical analyses were conducted using GraphPad Prism 6.04 (San Diego, 

CA). Data are represented as the mean ± standard deviation and comparisons 

between two groups were made using an unpaired t-test. One-way analysis of 

variance followed by Bonferonni’s multiple comparisons test was used for 

multiple comparisons. For all studies, a significance level of P < 0.05 was used. 
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5.3 RESULTS 

5.3.1 48 HOUR INFUSION BRAIN DISTRIBUTION 

The brain distribution of palbociclib was published in Chapter 3 of this thesis, but 

the steady-state results are summarized here for comparison (Parrish et al., 

2015b). Palbociclib has limited brain distribution in wild-type mice (Figure 5.1.A, 

Table 5.1; 3.82 ± 1.1 nM) and this is significantly increased in the Mdr1a/b-/-

Bcrp1-/- mice (Figure 5.1.A; 2514 ± 1420 nM; p=0.123). The brain-to-plasma ratio 

of palbociclib is also significantly increased in the transporter knockout mice 

(Figure 5.1.B; WT: 0.2 ± 0.07 vs. TKO 27.8 ± 5.9; p<0.0001). The efflux 

transporters P-gp and Bcrp are also involved in the brain delivery of ribociclib 

following a 48 hour infusion (Figure 5.2.A; WT: 51.4 ± 15.1 nM vs. TKO: 2976 ± 

1220 nM; p=0.003) that is also reflected in the brain-to-plasma ratio of ribociclib 

(Figure 5.2.B; WT: 0.22 ± 0.1 vs. TKO: 8.74 ± 1.4; p<0.0001). Similarly, efflux 

transport is involved in the brain delivery of abemaciclib (Figure 5.3.A; WT: 96.9 

± 83.7 nM vs. TKO: 7739 ± 7677 nM; p=0.0468) and this results in over a 

seventy-fold increase in brain-to-plasma in the transporter knockout mice (Figure 

5.3.B; WT: 0.14 ± 0.12 vs. TKO: 10.1 ± 5.5; p=0.011).  

5.3.2 IN SITU PERFUSION 
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The in situ brain perfusion technique was used to examine the brain uptake of 

palbociclib, ribociclib and abemaciclib. Palbociclib uptake (Kin) was examined in 

wild-type and Mdr1a/b-/-Bcrp1-/- mice following a two minute intracardiac 

perfusion at 5 mL/min. The apparent Kin for palbociclib was found to range from 

1.1 x 10-3 mL/s/g to 34.6 x 10-3 mL/s/g (Figure 5.4). The perfusate concentration 

was examined from 0.1 to 50 µM and the highest Kin was observed when the 

perfusate concentration was 0.1 µM. Similarly, the Kin for ribociclib ranged from 

0.4 x 10-3 mL/s/g to 4.8 mL/s/g and the highest Kin was observed when the 

perfusate concentration was 0.1 µM (Figure 5.5). In contrast to palbociclib and 

ribociclib, in situ brain perfusion experiments demonstrated that while 

abemaciclib has the highest apparent Kin at 100 µM in the Mdr1a/b-/-Bcrp1-/- mice, 

the highest Kin value was observed at 50 µM in the wild-type mice (Figure 5.6). 

5.3.3 MODELING AND SIMULATION 

A model was explored to describe the changes in transporter affinity that were 

observed in the in situ perfusion studies (Figure 5.7). The model was designed 

so that efflux transport was not saturated in the first three simulations. The 

simulated steady-state plasma concentrations were 0.05, 50 and 1250 for 

infusion rates of 1, 1000, and 25000. The brain concentrations were 0.03, 2.1 

and 51.6 (Table 5.2). The brain-to-plasma ratio was 0.04 when the infusion rate 

was 1000 or 25000 and 0.54 when the infusion rate was 1, demonstrating that 

uptake transport was saturated at the higher infusion rates. The Km and Vmax for 
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P-gp transport were both lowered in simulations 4-6, while the Km and Vmax for 

uptake and BCRP transport were held constant. The simulated plasma 

concentrations did not change from 0.05, 50 and 1250, however the simulated 

brain concentration was 642 instead of 51.6 when the infusion rate was 25000, 

indicating that P-gp efflux transport was saturated (Table 5.2). These results 

suggest that the results observed from the in situ perfusion studies can be 

explained by a high affinity, low Vmax uptake system and a saturable, lower Vmax, 

efflux process.  
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5.4 DISCUSSION 

The treatment of primary and secondary brain tumors has not provided 

substantial improvement in patient outcomes despite significant advances in the 

treatment of peripheral tumors in many types of cancers (Davies, 2012; Fidler, 

2015). For example, seven new therapies have been approved for metastatic 

melanoma since 2011, but the median survival following detection of a brain 

tumor remains six months (Fidler, 2015). In comparison to the treatment of 

primary brain tumors, the treatment of metastatic brain tumors poses a 

particularly daunting problem because it is disadvantageous to deliver toxic drugs 

into the brain under most circumstances, however once brain tumors are found, 

the diagnosis is almost always lethal. Current imaging techniques are unable to 

detect brain tumors at the earliest stage and therefore brain tumors grow while 

unseen and untreated. The development of compounds for the treatment of 

metastatic disease has somewhat been slowed by the desire to keep these toxic 

drugs out of the brain and protect the precious nerve cells from damage. This, 

however, has had major consequences because this has provided a sanctuary 

site for metastasis with tumor cells residing behind the BBB. 

The purpose of this study was to determine the potential problems in the use of 

CDK4/6 inhibitors in the treatment of primary and metastatic brain tumors. The 

CDK4/6 pathway is frequently altered in primary brain tumors as well as tumors 

that have a high propensity to metastasize to the brain (VanArsdale et al., 2015). 
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Because of this, it is important to understand the mechanisms involved in the 

delivery of CDK4/6 inhibitors to the brain. Furthermore, there are three CDK4/6 

inhibitors currently undergoing clinical development and it is important to 

understand the potential differences in brain distribution in selecting the best 

candidate in the treatment of primary and metastatic brain tumors.  

Constant rate infusion (48 hours) brain distribution studies revealed that 

palbociclib, abemaciclib and ribociclib all have limited brain delivery due to the 

efflux transport activity of P-glycoprotein and/or breast cancer resistance protein. 

The brain delivery of all three compounds was significantly improved following a 

48-hour constant rate (10 µg/hr) infusion in the Mdr1a/b-/-Bcrp1-/- mice 

(palbociclib, 140-fold (Parrish et al., 2015b); abemaciclib, 70-fold; ribociclib, 40-

fold) . In addition, all three CDK4/6 inhibitors have nanomolar IC50 values and 

somewhat similar physicochemical properties. From this information alone, it is 

impossible to distinguish between these three CDK4/6 inhibitors and in order to 

understand potential differences in efflux transport and brain distribution, the in 

situ brain perfusion technique was used. 

To give context to the apparent Kin values observed, diazepam, which is often 

used as a marker of permeability because it’s uptake is perfusion rate limited, 

has been shown to have an apparent Kin of approximately 50 x 10-3 mL/s/g (Zhao 

et al., 2009a). On the other side of the spectrum, fexofenadine, which has a 

brain-to-plasma ratio of 0.0056, has an apparent Kin of 0.083 x 10-3 mL/s/g (Zhao 
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et al., 2009a; Zhao et al., 2009d).  The Kin values for palbociclib, ribociclib and 

abemaciclib are in between the reported literature values for fexofenadine and 

diazepam and were similar at low micromolar concentrations. Interestingly, when 

the perfusate concentration was 0.1 µM, all three inhibitors had higher apparent 

Kin values than when the perfusate concentration was 1 µM. This could be 

explained by an influx transporter that is rapidly saturated, but was not further 

examined in this study. The apparent Kin values for ribociclib and palbociclib 

remained relatively constant when the perfusate concentration increased from 1 

µM to 50 µM. This indicates that efflux transport at the BBB is not saturated over 

this concentration range. Abemaciclib, however, has increasing apparent Kin 

values after 1 µM that could be explained by saturation of BBB efflux 

transporters. While these results are preliminary, this reaffirms the findings by 

Raub et al. and indicates that abemaciclib may be a better candidate in the 

treatment of primary and metastatic brain tumors because it has the potential to 

saturate BBB efflux transport and have improved brain delivery (Raub et al., 

2015).  

A steady-state model was used to describe the in situ brain perfusion 

observations. Since abemaciclib may be able to saturate efflux transport at the 

BBB at lower concentrations than palbociclib and ribociclib, the affinity of 

abemaciclib is likely higher (lower Km) than palbociclib or ribociclib. If permeability 

and Vmax remain constant and affinity, or Km, is the only parameter that is variable 

between the three CDK4/6 inhibitors, then the active clearance of abemaciclib 
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would be higher than or equal to the active clearance of palbociclib or ribociclib at 

all concentrations. Therefore, we know that the Vmax of abemaciclib must 

decrease in order to saturate efflux transport and increase the brain 

accumulation. Abemaciclib and palbociclib are known substrates of both P-gp 

and BCRP (Parrish et al., 2015b; Raub et al., 2015). P-gp efflux is expressed at 

higher levels than BCRP at the murine BBB (Agarwal et al., 2012) and therefore 

is more sensitive to changes in Km and Vmax. The model was able to simulate the 

observations seen in the in situ perfusion studies by reducing the Km and Vmax of 

P-gp. This saturated efflux at the highest simulated infusion rate and increased 

the brain accumulation. Further in vitro and in vivo studies are necessary to 

confirm this preliminary result.  

It is important to note here that this saturation of efflux transport by abemaciclib 

starts to occur when the perfusate concentration is between 10 and 25 µM and 

that this is the unbound concentration. Literature reports that abemaciclib is 

approximately 95% bound in mouse plasma (Raub et al., 2015) and therefore 

that must be taken into consideration when determining whether saturation of 

efflux transport at the BBB is possible.  

The likelihood of saturation at the human BBB is important to understand when 

comparing compounds and the relative brain distribution. The potential for 

saturation or drug-drug interactions (DDIs) at the BBB has been explored in a 

recent white paper (Kalvass et al., 2013). In this paper, the authors argue that 
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DDIs at the human BBB are unlikely because the unbound concentrations of 

transporter substrates are seldom at relevant concentrations. On the other hand, 

the expression of P-gp at the human BBB is 2.5-fold lower than the expression at 

the murine BBB (although the expression of BCRP is 2.5-fold higher at the 

human BBB) (Uchida et al., 2011; Agarwal et al., 2012). Therefore it will be 

important for future studies to use techniques that are able to simulate and 

predict the potential for DDIs to occur at the human BBB in order to understand if 

saturation of efflux transporters by abemaciclib is probable. 

In summary, these studies demonstrate that P-gp and/or Bcrp are involved in 

limiting the brain delivery of palbociclib, ribociclib and abemaciclib. These are 

important findings when designing rational clinical trials that examine the use of 

these CDK4/6 inhibitors in the treatment of primary brain tumors or tumors with a 

high propensity to metastasize to the brain. Similar to previously published 

results, abemaciclib demonstrated the ability to saturate efflux transport at 

concentrations where palbociclib or ribociclib were unable to saturate transport. 

These preliminary results indicate that abemaciclib may have a greater potential 

for therapeutic benefit in the treatment of primary or metastatic brain tumors than 

palbociclib or ribociclib. As expected, the saturation was not seen following a 

constant rate infusion for 48 hours because the plasma concentrations were 

approximately 1 µM. Further studies that examine the potential for in vivo 

saturation of efflux transport may provide insight into selecting the best CDK4/6 

inhibitor for clinical trials in brain tumor patients.  
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Figure 5.1.A: Palbociclib brain and plasma distribution.  

(A) Palbociclib brain and plasma concentration following 48 hour constant rate 

infusion (10 µg/hr), ** indicates p<0.01, n=4. 
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Figure 5.1.B: Palbociclib brain-to-plasma ratio.  

(B) Palbociclib brain-to-plasma ratio in wild-type and Mdr1a/b-/-Bcrp1-/- mice 

following 48 hour constant rate infusion (10 µg/hr), *** indicates p<0.001 n=4. 
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Figure 5.2.A: Ribociclib brain and plasma distribution.  

(A) Ribociclib brain and plasma concentration following 48 hour constant rate 

infusion (10 µg/hr), ** indicates p<0.01, n=4. 
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Figure 5.2.B: Ribociclib brain-to-plasma ratio. 

(B) Ribociclib brain-to-plasma ratio in wild-type and Mdr1a/b-/-Bcrp1-/- mice 

following 48 hour constant rate infusion (10 µg/hr), **** indicates p<0.0001, n=4. 
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Figure 5.3.A: Abemaciclib brain and plasma distribution.  

(A) Abemaciclib brain and plasma concentration following 48 hour constant rate 

infusion (10 µg/hr), n=4. 
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Figure 5.3.B: Abemaciclib brain-to-plasma ratio.  

(B) Abemaciclib brain-to-plasma ratio in wild-type and Mdr1a/b-/-Bcrp1-/- mice 

following 48 hour constant rate infusion (10 µg/hr), * indicates p<0.05, n=4. 
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Table 5.1: Summary of constant rate infusion concentrations.  

Drug Targeting Index, DTI = (Css,brain/Css,plasma)knockout / (Css,brain/Css,plasma)wild-type 

Compound Strain Plasma Concentration Brain Concentration Brain-to-plasma ratio 
Drug 

Targeting 
Index 

Palbociclib 
Wild-type 53.8 ± 63 3.82 ± 1.1 0.2 ± 0.07 1 

Mdr1a/b-/-Bcrp1-/- 92.3 ± 49 2514 ± 1420 28 ± 6 140 

Ribociclib 
Wild-type 283 ± 194 51.4 ± 15.1 0.22 ± 0.1 1 

Mdr1a/b-/-Bcrp1-/- 361 ± 184 2976 ± 1220 8.74 ± 1.4 40 

Abemaciclib 
Wild-type 1103 ± 745 96.9 ± 83.7 0.14 ± 0.12 1 

Mdr1a/b-/-Bcrp1-/- 874 ± 707 7739 ± 7677 10.1 ± 5.5 70 
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Figure 5.4: Palbociclib uptake in wild-type and Mdr1a/b-/-Bcrp1-/- mice.  

* indicates p<0.05 when compared with 1 µM (wild-type), n=4 per group. 
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Figure 5.5: Ribociclib uptake in wild-type and Mdr1a/b-/-Bcrp1-/- mice.  

* indicates p<0.05 when compared with 1 µM (wild-type), # indicates p<0.05 

when comparing between equivalent concentrations in wild-type and Mdr1a/b-/-

Bcrp1-/-, n=4 per group. 
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Figure 5.6: Abemaciclib uptake in wild-type and Mdr1a/b-/-Bcrp1-/- mice.  

* indicates p<0.05 when compared with 1 µM (wild-type), n=4 per group. 
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Figure 5.7: Schematic of the constant rate infusion model to evaluate saturation of efflux transport at the BBB.   
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Table 5.2: Steady-state (SS) plasma and brain concentrations and resulting brain-to-plasma ratio following a 

simulated 48 hour infusion.  

Vmax BCRP was held constant at 50 and Vmax P-gp was 150 for simulations 1-3 and 50 for simulations 4-6.  

Simulation 
# 

Infusion 
Rate 

Km, uptake Km, BCRP Km, P-gp 
Plasma 

Concentrationss 
Brain 

Concentrationss 

Brain-to-
plasma 

ratio 

1 1 0.00001 0.1 0.1 0.05 0.03 0.54 

2 1000 0.00001 0.1 0.1 50.0 2.1 0.04 

3 25000 0.00001 0.1 0.1 1250 51.6 0.04 

4 1 0.00001 0.1 0.0001 0.05 0.03 0.54 

5 1000 0.00001 0.1 0.0001 50.0 2.1 0.04 

6 25000 0.00001 0.1 0.0001 1250 642 0.51 
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CHAPTER VI 
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Brain tumor treatment options for both primary and metastatic brain tumors are 

limited. Glioblastoma (GBM) is the most common primary brain tumor in adults 

and new, more effective treatments are needed to address this devastating 

disease. Survival is approximately one year following diagnosis and clinical trials 

continue to fail in patients. The number of patients with metastatic brain tumors is 

even higher, and this number continues to rise as the treatment of peripheral 

disease improves. Breast, melanoma and lung cancer are the three most 

common types of metastatic brain tumors and have extremely poor prognosis 

and limited treatment options. The treatment of brain tumors is challenging for 

three main reasons. First, the brain is a delicate organ that is vulnerable to 

damage by current therapies leading to dose-limiting toxicities. Second, the 

tumor is comprised of different cell types and this tremendous genetic 

heterogeneity in tumor drivers makes finding therapies exceedingly difficult. 

Finally, due to the aggressive and/or infiltrative nature of brain tumors, there are 

tumor cells that remain untreated behind an intact blood-brain barrier (BBB). The 

challenges associated with treating primary and metastatic brain tumors are 

explored in Chapter 1. 

The BBB serves as a physical barrier to drug delivery as a result of the complex 

network of tight junctions, and a functional barrier to drug delivery since there are 

efflux transport proteins that actively prevent drugs from reaching the brain. 

Although tumors are diagnosed in part by the presence of a disrupted BBB, there 

are invasive tumor cells that reside behind an intact BBB and this is critical to 
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understand to achieve the effective treatment of the disease. Compounds that 

are unable to cross an intact BBB will be unable to reach invasive tumor cells 

that have migrated into “normal” brain tissue that is adjacent to the tumor core. 

Therefore, it is paramount to understand the delivery of compounds across an 

intact BBB to fully explore new treatment options for this difficult disease.  

Cyclin-dependent kinases (CDKs) are major regulators of the cell cycle and 

control cell cycle progression (reviewed in Chapter 2). CDK4 and CDK6 are 

involved in G1-to-S phase cell cycle progression and parts of this pathway are 

frequently altered in many tumor types. Palbociclib is a potent CDK4/6 inhibitor 

that was approved in early 2015 by the FDA for the treatment of metastatic 

breast cancer. Ribociclib and abemaciclib are two other potent CDK4/6 inhibitors 

that are currently in late-stage clinical trials for a variety of solid tumors such as 

breast cancer, melanoma and non-small cell lung cancer. This dissertation 

focuses on studying the brain distribution of CDK4/6 inhibitors across the BBB 

and the mechanisms that may limit the brain delivery of these agents in 

preclinical models. 

 The first part of this project examined the brain delivery of palbociclib and the 

role of efflux transport at the BBB in limiting brain delivery (Chapter 3). P-

glycoprotein (P-gp) and breast cancer resistance protein (BCRP) are two ATP-

binding cassette (ABC) efflux transporters that are expressed at the BBB and 

actively transport substrates into systemic circulation, preventing these 

molecules from reaching the brain. Palbociclib was shown to be a P-gp and 
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BCRP substrate using both in vitro and in vivo assays. This experimental 

paradigm has been reported in the literature from our group and others for a 

variety of compounds that have been explored for the treatment of GBM. In this 

part of the project, we examined the brain distribution of palbociclib in FVB wild-

type, Mdr1a/b-/-, Bcrp1-/-, and Mdr1a/b-/-Bcrp1-/- mice by determining the plasma-

concentration profiles in both the plasma and the brain over twenty-four hours. 

We determined that the normalized brain exposure (AUC ratios) was more than 

100-fold higher in the Mdr1a/b-/-Bcrp1-/- mice than the wild-type mice, 

demonstrating that P-gp and BCRP play a major role in the brain delivery of 

palbociclib. In athymic nude mice we demonstrated that palbociclib is an effective 

therapy in a subcutaneously implanted GBM patient-derived xenograft (GBM22) 

that has homozygous deletion of CDKN2A/B, but does not provide therapeutic 

benefit in an orthotopic (intracranial) model of GBM.   

Chapter 4 builds on these findings and aimed to establish the relationship 

between P-gp and BCRP efflux inhibition and the brain delivery of palbociclib, by 

evaluating the link between improved brain delivery and efficacy. We found that 

elacridar, a dual inhibitor of P-gp and BCRP, significantly improves the brain 

delivery of palbociclib and that this process is saturable. The effect of chronic 

administration of elacridar was also assessed by a rotarod assay to measure 

ataxia. There were no adverse effects of chronic elacridar administration on body 

weight or ataxia indicating that chronic administration of elacridar is well tolerated 

up to 20 mg/kg. In order to study the regional delivery of palbociclib in athymic 
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nude tumor-bearing mice, cresyl violet was used to indicate tumor location and 

punch biopsies were taken in normal brain, tumor rim and tumor core regions. As 

was hypothesized, there was enhanced drug delivery in the tumor core, an 

indication that the BBB was compromised. Elacridar coadministration significantly 

enhanced palbociclib delivery to the normal brain, tumor rim and tumor core 

regions. Furthermore, palbociclib concentrations achieved in the critically 

important tumor rim (brain around tumor that contains invasive glioma cells) and 

tumor core of the elacridar treated group were comparable to the concentrations 

achieved in a flank tumor study that significantly delayed GBM22 tumor growth. 

Despite this improved delivery, there was no further reduction in phosphorylated-

RB in the elacridar and palbociclib combination treatment group than in the 

palbociclib monotherapy group. There was also no improvement in survival with 

palbociclib monotherapy nor the palbociclib and elacridar combination therapy, 

indicating that a measure of gross delivery does not entirely explain the lack of 

efficacy. 

Palbociclib is one of three CDK4/6 inhibitors that are currently in clinical trials for 

a variety of solid tumors. Alterations to the CDK4/6 pathway are commonly 

observed in GBM, as well as in breast cancer, lung cancer and melanoma, three 

of the most common cancers to metastasize to the brain. Since CDK4/6 inhibitors 

are being tested in these types of cancer that have a high rate of brain 

metastasis, it is important to understand the brain delivery of all three CDK4/6 

inhibitors (Chapter 5). Brain and plasma concentrations following a 48 hour 



 
 

183 
 

constant rate infusion demonstrated that P-gp and BCRP mediated efflux 

transport is involved in limiting the brain delivery of abemaciclib and ribociclib. 

The in situ brain perfusion technique was used to compare the relative transport 

activity of P-gp and BCRP in palbociclib, ribociclib and abemaciclib brain 

distribution. The data suggest that there may be an influx transporter involved in 

the brain uptake of all three CDK4/6 inhibitors at the lowest concentration tested. 

Furthermore, these studies suggest that abemaciclib may be able to enhance its 

own delivery through the saturation of efflux transport at higher concentrations. 

These preliminary results indicate that abemaciclib may have the greatest 

potential for use in the treatment of brain tumors or tumors with a propensity to 

metastasize to the brain, however future studies in models of primary and 

secondary brain tumors are needed to better understand the differences in the 

brain delivery, and the ensuing effects on efficacy, of these three CDK4/6 

inhibitors. 

Taken together, the studies in this dissertation indicate the important role of the 

BBB in the treatment of brain tumors and demonstrate that active efflux at the 

BBB limits the brain delivery of ribociclib, palbociclib and abemaciclib. In the 

treatment of brain tumors there are many interconnected, critical elements: an 

effective drug (or drugs), heterogeneous targets that drive tumor growth, location 

and invasion of the heterogeneous tumor cells, and adequate drug delivery of the 

effective drug(s) to those specific locations that are protected by an intact BBB. 

These studies have indicated that the selection of the right drug or combination 
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of drugs may not be as simple as using an in vitro (cell lines) or even in vivo 

(subcutaneous) assay. Chapters 3 and 4 show that palbociclib was effective in 

inhibiting tumor growth in a subcutaneous tumor model, but provided no 

therapeutic benefit in the treatment of an intracranial model of GBM despite 

achieving comparable palbociclib concentrations using elacridar-mediated 

inhibition of efflux transport. In developing effective therapies for the treatment of 

brain tumors, it will be essential to deliver the correct drug(s) at adequate 

concentrations to all tumor cells, some of which reside behind an intact BBB.  

Future work on this project will examine the relative distribution of CDK4/6 

inhibitors and determine if abemaciclib, through its potential ability to saturate 

efflux transport, is more effective in the treatment of brain metastases. Additional 

work that examines combination therapies that include CDK4/6 inhibitors in the 

treatment of primary or metastatic tumors will also be important. In addition to 

these studies, it will also be necessary to understand the differences in 

subcutaneous and intracranial tumor growth in the patient-derived xenografts of 

GBM. Chapter 4 reveals that there are significant differences in sensitivity to 

palbociclib therapy between the flank and intracranial models, and it will be 

necessary to expand on this finding in order to understand the best preclinical 

model to test potential therapeutic options. In summary, these current 

discoveries, and the future answers to the questions they raise, will be important 

in translating any preclinical findings into the clinic. It will be essential to 

understand these specific concepts as they are related to the problem of treating 
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brain tumors in order to conduct preclinical studies that will be therapeutically 

relevant to patients.  
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