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ABSTRACT 

The treatment of both primary and secondary brain tumors is a serious unmet 

medical need in the field of neuro-oncology.  Despite advances in developing 

molecularly-targeted anti-cancer therapeutics in treating peripheral tumors, there 

is no effective therapeutic for brain tumors that demonstrated dramatic 

improvement in patient survival.  One of the major reasons of having lack of 

efficacy in central nervous system may be related to the delivery of therapeutic 

agents across the blood-brain barrier (BBB).  The BBB expresses various 

transporters as well as unique junctional proteins that selectively permeate 

molecules into the brain from systemic circulation.  Many molecularly-targeted 

therapeutic agents are found to be substrates of these efflux transporters at the 

BBB including P-glycoprotein (P-gp) and Breast cancer resistance protein (Bcrp).  

The current dissertation examined the multiple challenges in the treatment of 

brain tumors including non-specific protein binding, brain distributional kinetics, 

and role of efflux transporters on the distribution of various molecules such as 

molecularly-targeted anti-cancer drugs and tumor imaging agents.    
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1.1 GLIOBLASTOMA 

 Glioblastoma (GBM) is the most common malignant brain tumor, which is 

reported to be 47.1% of malignant primary brain and CNS tumors and 16% of all 

primary brain and central nervous system neoplasm (Thakkar et al., 2014). GBM 

is an aggressive tumor with poor survival outcome (Minniti et al., 2009).  A 

median survival of GBM is approximately 14 to 15 months from the diagnosis 

((Thakkar et al., 2014).  According to the classification system by World Health 

Organization (WHO), glioma is classified in to grade I to IV based on the level of 

malignancy determined by histopathological criteria (Furnari et al., 2007; 

Jovcevska et al., 2013).  Grade I gliomas are low proliferative and can be 

curable, whereas, grade II to grade IV are highly malignant and invasive.  GBM is 

the most aggressive and invasive tumor, which is categorized as grade IV glioma 

(Jovcevska et al., 2013). 

 

 

1.2 STATEMENT OF PROBLEM 

 Brain delivery of exogenous compounds, including the therapeutics and 

imaging agents, is challenging due to a highly selective barrier, the blood-brain 

barrier (BBB).  Many of molecularly-targeted agents have failed to demonstrate 

significant efficacy in patients with the tumors located in the brain including 

primary and metastatic tumors, despite of their success in other non-brain 

tumors.  There are two critical challenges related to the problem; First, the limited 

drug delivery to the brain across the blood-brain barrier (BBB), and Second, the 
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drug potency challenges to have a proper target for the treatment.  Therefore, 

there are critical needs of discovering a potent target for the brain tumors and 

developing brain penetrant therapeutics.  MDM2 inhibitors are recently 

developed as a potent molecularly-targeted anticancer agents in various solid 

tumors, but their efficacy in brain tumors has not been investigated.  In addition, 

the understanding of brain distribution and pharmacokinetics of the common 

imaging agents in preclinical cancer research, luciferase substrates can elucidate 

the importance of selecting right imaging agents considering their tissue 

distribution. 

1.3 RESEARCH OBJECTIVES 

 The main research objective of this dissertation is to investigate the drug 

delivery challenges of exogenous compounds including the treatments of brain 

tumors and the imaging agents in preclinical research.  Novel molecularly-

targeted therapeutics, including MDM2 inhibitors and epidermal growth factor 

receptor (EGFR) inhibitors, are examined focusing on their potential efficacy in 

GBM and their brain penetrability.  The bioluminescent imaging agents for brain 

tumors in preclinical research, firefly luciferase substrates, are studied to 

understand their biodistribution for better interpretation of the results and to 

select a proper imaging agent for cancer research.  The long-term goal of this 

dissertation is to improve the outcome of patients with brain tumors through 

understanding drug delivery-potency challenges and our understanding on the 

brain imaging agents to choose a right drug for the treatment of brain tumors.  

The research objectives of this dissertation are the following:  
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CHAPTER 2. Review on the challenges of treating the metastatic brain tumors 

focusing on the role of efflux transporters 

CHAPTER 3. Determine the relationship between the preclinical efficacy and the 

drug delivery in a patient-derived xenograft (PDX) animal model 

CHAPTER 4. Quantitative understanding of the role of efflux transporters on 

brain penetration of a novel MDM2 inhibitor, SAR405838 

CHAPTER 5. Examine the brain distributional kinetics of EGFR inhibitors by 

using cassette dosing approach and the prediction of brain distribution based on 

the physicochemical properties of compounds 

CHAPTER 6. Investigate the factors influencing luciferase-based bioluminescent 

imaging in preclinical models of brain tumors focusing on the brain distribution 

and pharmacokinetic properties of luciferase substrates 

 

 

1.4 RESEARCH APPROACHES 

Central hypothesis 

The central hypothesis of this dissertation is that both delivery and 

potency of compounds need to be integrated to properly understand the efficacy 

of molecularly-targeted therapeutics (including MDM2 inhibitors and EGFR 

inhibitors) and tumor imaging agents (including luciferase substrates). 
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1.5 SPECIFIC AIMS 

Specific Aim 1. (CHAPTER 3 and 4) 

Determine the relationship between the preclinical efficacy and the drug 

delivery in a patient-derived xenograft (PDX) animal model 

 

• Rationale: Delivery is a major barrier in the treatment of brain tumors. The 

assumption is that preclinical efficacy of a novel MDM2 inhibitor, 

SAR405838, is dependent on the drug distribution at the target in the 

brain.  

• Working hypothesis: The working hypothesis for this specific aim is that 

drug distribution would contribute to efficacy in the PDX model of 

glioblstoma.  The limited delivery of SAR405838 to the brain would be due 

to efflux transporters at the blood-brain barrier. 

• Approach: This hypothesis will be tested through creation of tumors that 

have different blood-brain barrier integrity by using the expression of 

vascular endothelial growth factor A (VEGFA).  In vivo efficacy and a 

spatial distribution of SAR405838 will be examined in the intracranial 

GBM108 tumors with or without the expression of VEGFA.  To understand 

the role of efflux transporters on the limited brain delivery of SAR405838, 

pharmacokinetics and a brain distributional kinetics will be examined in 

wild-type and transporter knockout FVB mice.  
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Specific Aim 2. (CHAPTER 5) 

Examine the brain distributional kinetics of EGFR inhibitors by using 

cassette dosing approach and the prediction of brain distribution based on 

the physicochemical properties of compounds 

 

• Rationale: Cassette dosing approach could be useful tool to determine 

the brain distributional kinetics of multiple compounds with reduced 

number of animal usage.  The prediction of brain distribution of 

compounds based on the physicochemical properties would have a 

limitation to rely on.  

• Working hypothesis: The working hypothesis of this specific aim is that a 

cassette dosing approach can be useful tool to understand the brain 

distributional kinetics of a panel of therapeutics that share the same target 

and prioritize a compound in a drug discovery.  

• Approach: This hypothesis will be tested by obtaining the brain partition 

coefficients of a panel of EGFR inhibitors selected to have a range of brain 

distribution by using a cassette dosing strategy.  To validate the cassette 

dosing method, the results from a cassette dosing will be compared with 

the results from a discrete dosing.  Correlation between the prediction 

based on the physicochemical properties of compounds and the brain 

partition coefficients will be examined. 
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Specific Aim 3. (CHAPTER 6) 

Investigate the factors influencing luciferase-based bioluminescent 

imaging in preclinical models of brain tumors focusing on the brain 

distribution and pharmacokinetic properties of luciferase substrates 

 

• Rationale: The concentration of luciferase substrate and the expression 

level of luciferase are not only factors that determine the signal intensity of 

bioluminescent light that is commonly used to measure the tumor size in 

orthotopic model.  It has been reported that a synthetic luciferase 

substrate, CycLuc1, produces much stronger and more stable light signal 

from intracranial tumor when compared to D-luciferin, possibly due to its 

better brain penetration. 

• Working hypothesis: The working hypothesis of this specific aim is that 

CycLuc1 would have favorable pharmacokinetic and distributional 

properties over D-luciferin, especially when it is used for bioluminescent 

imaging of intracranial tumor. 

• Approach: This hypothesis will be tested by quantification of luciferase 

substrate, D-luciferin and CycLuc1, by LC-MS. Pharmacokinetic properties 

and brain distributional kinetics will be examined following different routes 

of administration of both compounds. To investigate the role of efflux 

transporter, Bcrp, on the distribution and pharmacokinetics of D-luciferin 

and CycLuc1, in vitro experiments using MDCKII-Bcrp overexpressing 
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cells and in vivo animal experiments using Bcrp knockout FVB mice will be 

performed. 
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2.1 INTRODUCTION 

 Metastatic spread of tumor cells from primary lesions to distant 

organs is a significant concern in the management of patients suffering from 

cancer (Gaspar et al., 1997; Sperduto et al., 2012).  The formation of tumor 

metastases in vital organs, particularly the brain, can lead to a dismal quality of 

life and ultimately organ failure and death.  Brain metastases are difficult to 

detect and diagnose, especially early in the disease course (Bruzzone et al., 

2012).  Even after diagnosis, metastases to the brain are difficult to effectively 

treat due to various challenges associated with their treatment.  While limited 

numbers of discrete metastases can be effectively treated with focal radiation 

and/or surgery, these patients have a high risk of subsequent metastases 

developing from pre-existing sub-clinical ‘micrometastases’ that are not 

detectable at the time of focal therapy. Patients with advanced brain disease 

(>10 metastases), or otherwise at high risk for micrometastases, are typically 

treated with whole brain irradiation, which is associated with an adverse effect on 

neuro-cognitive function (Brown et al., 2003; Brown et al., 2013).  Thus, in light of 

the significant morbidity associated with radiation, efficacious small molecules 

that could effectively replace whole brain radiation therapy could have a 

significant positive impact on patients requiring treatment for brain metastases.  

There has been important progress in the development of anti-cancer 

therapeutics, including molecularly-targeted agents (Druker, 2002; Becker et al., 

2006; Reungwetwattana et al., 2012; Bayraktar and Gluck, 2013) and novel 

immunotherapies (Scott et al., 2012).  Both of these modalities are clearly 
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efficacious towards tumors at the primary site (Druker, 2002; Becker et al., 2006; 

Reungwetwattana et al., 2012; Scott et al., 2012; Bayraktar and Gluck, 2013), 

however, it remains a struggle to deliver these therapeutics across an intact BBB 

to many metastatic sites in the brain (Lockman et al., 2010).  The capillaries and 

associated cellular components in the brain have a highly specialized structure 

called the blood-brain-barrier (BBB) or neurovascular unit (NVU) that keeps many 

solutes, especially water-soluble solutes and large molecules, out of the brain 

(Abbott, 2013).  The tight junctions between the endothelial cells in the BBB in 

conjunction with multiple transport systems, both influx and efflux, regulate 

selective movement of molecules across the BBB into the brain (Abbott, 2013) 

(Figure 1 - a depiction of the NVU with transporters).  Such mechanisms prevent 

the entry of various drugs, intended for the treatment of CNS diseases, into the 

brain.  Specifically, many small molecule anti-cancer targeted agents have been 

shown to be substrates of active efflux transporters at the BBB, resulting in limited 

brain penetration of such therapies (Table 2, 3, 4) (Agarwal et al., 2011b; Gampa 

et al., 2017). 

Another key issue for the treatment of brain metastases is the difference in 

gene expression profiles in tumor cells growing in the brain microenvironment 

compared to the peripheral (non-brain) lesions (Brastianos et al., 2015).  The local 

tumor microenvironment between the brain and peripheral tumor lesions can 

potentially dictate that such differences will ultimately result in the development of 

resistance to therapies.  This is a critical issue that needs to be tackled along with 

brain drug delivery to effectively treat tumors in the brain. While we recognize the 
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importance of microenvironment in the context of resistance, the main focus of this 

review is to discuss aspects related to the delivery of targeted agents to the brain.  

We will give a brief overview on the clinical presentation of brain metastases as 

well as the currently available therapeutic options, before describing the difficulties 

encountered in the treatment of brain metastases.  

 Clinical presentation of Brain Metastases 

Brain metastases, a devastating complication of systemic malignancies, 

substantially raise the burden of cancer morbidity and mortality (Gaspar et al., 

1997; Sperduto et al., 2012).  They typically stem from hematogenous spread that 

seed at the distal fields of the main cerebral arteries (the “anatomic watershed 

areas”) (Delattre et al., 1988).  Consequently, approximately 80% of brain 

metastases are localized in the cerebral hemispheres (Delattre et al., 1988).  Initial 

symptoms at diagnosis range from headaches and seizures to focal neurological 

deficits and cognitive dysfunction; however asymptomatic brain metastases are 

also commonly found during initial staging exams. The symptoms presented by 

the patients often depend on the location of lesions and extent of metastatic 

disease burden (Delattre et al., 1988). 

Population studies underestimate the true incidence rates of brain 

metastases because of issues related to diagnosis and underreporting.  The 

incidence of brain metastases, observed in 8.5-9.6% of cancer patients, is 

estimated to be approximately ten times higher compared to primary brain tumors 

that represent 1.4% of cancer patients (Schouten et al., 2002; Barnholtz-Sloan et 
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al., 2004; Siegel et al., 2016; Kromer et al., 2017).  Lung cancer, breast cancer, 

melanoma and renal cancer have a high propensity to metastasize to the brain 

and account for up to 80% of brain metastases (Table 1 and Figure 2) (Nayak et 

al., 2012).  Patients with lung cancer are likely to develop brain metastases during 

the course of the disease (reported to be 16.3-19.9% of lung cancer patients 

(Schouten et al., 2002; Barnholtz-Sloan et al., 2004)). This incidence can be as 

much as 50-60% in other reports, depending on individual study methods and 

analyses (Newman and Hansen, 1974; Chamberlain et al., 2017).  Small cell lung 

cancer (SCLC) is known to be associated with a slightly higher occurrence of brain 

metastases than non-small cell lung cancer (NSCLC) at 5 years after the 

diagnosis, but the incidence rates of brain metastases for both subtypes tend 

increase over the course of the disease (Newman and Hansen, 1974; Chamberlain 

et al., 2017).  The treatment of SCLC patients with prophylactic intracranial 

radiation following completion of definitive radio/chemotherapy markedly reduces 

subsequent risk of brain metastases and is associated with a survival benefit 

(Auperin et al., 1999; Zhang et al., 2014).  Incidence of brain metastases from 

breast cancer is second to that of lung, even though only 5% breast cancer patients 

develop brain metastases, due to the high overall incidence of breast cancer (Lin 

et al., 2004; Weil et al., 2005; Nayak et al., 2012).  Autopsy series reveal brain 

metastases in about 30% of patients dying from breast cancer (Rostami et al., 

2016).  Melanoma accounts for 6-11% of all metastatic brain lesions, and is the 

third most frequent cause of brain metastases.  The observations from clinical and 

autopsy series estimate that the incidence of brain metastases in patients with 
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malignant melanoma ranges from 10-70% (Sampson et al., 1998; McWilliams et 

al., 2003; Zakrzewski et al., 2011; Gorantla et al., 2013).  While lung cancer is 

reported to have the largest proportion of incidence of brain metastases, 

melanoma has the highest predilection to metastasize to the brain (Nayak et al., 

2012). 

Several reasons contribute to the rising incidence of brain metastases.  

Advanced imaging techniques have improved the detection of occult brain 

metastases.  Preliminary MRI screening for brain lesions is now routinely practiced 

for patients with newly diagnosis advanced lung cancer even in the absence of 

neurologic symptoms (Auperin et al., 1999; Nayak et al., 2012).  Another possible 

reason for the increased incidence of brain metastases is that the median survival 

of patients with peripheral (non-brain) tumors is prolonged due to the novel 

therapeutic agents, that introduces the time it can take for the peripheral tumor 

cells to spread to the brain and thus, cause metastatic lesions in the brain (Davis 

et al., 2012; Kromer et al., 2017).  The restricted entry of systemically active 

therapeutic agents into the brain is another contributor to the increasing incidence 

of brain metastases because it creates pharmacological sanctuary that nurtures 

and protects the tumor cells to thrive in the brain (Agarwal et al., 2011b; Gampa et 

al., 2017).  Thus, to advance drug therapies that are effective for controlling brain 

metastases, the field needs to consider that the BBB is likely intact in some regions 

of the tumor, especially in early non-contrast enhancing micrometastases, and can 

compromise the penetration of anti-cancer agents across the BBB (Essig et al., 

2006; Osswald et al., 2016; Gampa et al., 2017). 
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 Current therapy for brain metastases 

The initial treatment of brain metastases involves the management of acute 

symptoms. For instance, the use of glucocorticoids to alleviate symptoms 

secondary to brain edema, and anti-epileptic drugs (AEDs) to treat seizures.  

However, co-administration of AEDs and anti-cancer agents can increase the 

potential risk of clinically significant drug-drug interactions because of the shared 

metabolic pathways or transport systems across these different drug regimen (Yap 

et al., 2008; Cheung et al., 2010).  Some AEDs can modulate the hepatic 

cytochrome (P450) enzymes and/or expression of drug transporters, causing an 

increase or decrease of systemic drug exposures, each of which can have 

consequences on resulting efficacy or toxicity. Such a complex interplay between 

transporters and drug-metabolizing enzymes (Pang et al., 2009; Shi and Li, 2014), 

along with reduced drug delivery to the brain, can result in undesirable therapeutic 

outcomes in patients with brain metastases. 

Surgical resection is the preferred treatment option, in part because as yet 

only surgery can drastically reduce the tumor mass in the brain (Patchell et al., 

1990) and improve survival outcome (Figure 3. Treatment options). In cases where 

surgical resection is not feasible due to multiple low-volume metastases or 

inaccessible or eloquent locations where tumor cannot be surgically resected, 

alternative approaches such as stereotactic radiosurgery (SRS) and whole brain 

radiation therapy (WBRT) are considered. SRS delivers high-dose of radiation to 

a specific region, whereas WBRT delivers to the whole brain.  While surgery or 

SRS can provide a high rate of durable local tumor control, both of these strategies 
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do not reduce the significant risk of developing additional brain metastases. In 

contrast, WBRT can reduce the risk of intracranial relapses, but the lower dose 

applied to the entire brain associated with this treatment failed to improve overall 

survival and is associated with a risk of neuro-cognitive impairment (Kocher et al., 

2011).  

Systemic therapies have historically been considered ineffective against 

brain metastases.  However, examples of limited success with systemic therapies 

have been reported in patients with brain metastases.  For example, in patients 

with chemotherapy-naive brain metastases, the combination of cisplatin and 

etoposide achieved an overall objective response rate of 38% in breast cancer and 

30% in NSCLC (Franciosi et al., 1999).  Also, treatment with a combination of 

carboplatin and pemetrexed exhibited an overall response rate of 40% in patients 

with chemotherapy-naive brain metastases from NSCLC (Bailon et al., 2012).  In 

addition to these studies, several clinical trials also report limited efficacy from 

using a combination therapeutic approach in order to treat various types of cancer.  

The phase II LANDSCAPE trial, a combination therapy with lapatinib and 

capecitabine resulted in an objective partial response rate of 66% in patients with 

brain metastases from HER2-positive breast cancer (Bachelot et al., 2013).  The 

phase II BREAK-MB study showed that in patients with V600E BRAF mutant 

melanoma metastatic to the brain, dabrafenib had an overall objective response 

rate of 39% in treatment naive patients, and 31% in patients that were previously 

treated (Long et al., 2012).  An open-label pilot study with vemurafenib reported 

an objective response rate of 42% in patients with non-resectable, symptomatic 
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brain metastases from BRAFV600 mutation-positive melanoma that were 

previously treated (Dummer et al., 2014).  However, there were no overall survial 

benefit with these therapeutics, even though there have been partial responses.  

Lapatinib, dabrafenib and vemurafenib, are all substrates for both P-glycoprotein 

(P-gp) and breast cancer resistance protein (BCRP), and the observed limited 

therapeutic responses might be in part due to transporter-mediated efflux and 

consequential restricted drug delivery to the brain metastases (table 2, 3, and 4). 

Transporter-mediated efflux and the consequential poor brain penetration across 

an intact BBB can severely limit the effectiveness of targeted therapies used in the 

treatment of brain tumors (Agarwal et al., 2011b; Gampa et al., 2017).   Also, a 

heterogeneous brain-tumor barrier permeability can lead to non-uniform drug 

distribution in various sites of brain metastases adding another level of complexity 

in the treatment of brain metastases (Fidler et al., 2002; Kienast et al., 2010; 

Lockman et al., 2010). 

 Barriers to effective treatment 

Limitations in diagnostic imaging for early brain metastases are an 

obstacle for early detection and diagnosis of the disease.  Magnetic resonance 

imaging (MRI), the most commonly used imaging method, utilizes a hydrophilic 

contrast dye, gadolinium diethylene-triamine-pentaacetate (Gd-DTPA).  

However, Gd-DTPA was reported to fail to visualize early-stage brain metastases 

that have little angiogenesis and BBB disruption, which will be problematic for 

early diagnosis of brain metastases (On et al., 2013), due to its poor distribution 

to the brain across an intact BBB.  Moreover, a recent study has shown that 
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repeated exposure to gadolinium-based contrast agents can lead to an increase 

in gadolinium deposition in the endothelium and neuropil even in the absence of 

intracranial abnormalities, that can significantly interfere with the MR signal 

(McDonald et al., 2015; McDonald et al., 2017).  Therefore, it is difficult to rely on 

Gd-DTPA contrast enhancement to identify brain metastases, especially small-

volume lesions, or “micro-metastases” (Preusser et al., 2012).   

The exclusion of brain tumor patients from clinical trials is yet another 

barrier to develop effective treatments for brain metastases. Since metastatic 

brain lesions may be difficult to control, associated with significant morbidity, and 

are associated with a dire prognosis, clinical trials often specifically exclude 

patients with known brain metastases.  In a meta-analysis of 413 NSCLC clinical 

trials, only 31% of the industry-sponsored and 16% of university/investigator-

sponsored trials allowed inclusion of patients with diagnosed brain metastases 

(McCoach et al., 2016).  For cancer other than NSCLC, the majority of oncology 

clinical trials have excluded patients with brain metastases.  Even those trials 

that enrolled this patient population, the outcome criteria have not always been 

clinically relevant.  The recent review article by the Neuro-Oncology Brain 

Metastases (RANO-BM) working group reported in Lancet Oncology that many 

clinical trials for brain metastases utilized inconsistent endpoint criteria across 

trials that can limit interpretation across these studies (Lin et al., 2015).  As a 

result, patients with brain metastases are often left with limited novel treatment 

options and are unable to participate in clinical trials testing potentially useful 

therapeutic treatments.  The question that arises is: why are drugs that prove to 
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be effective against peripheral metastases not as effective against brain 

metastases? 

An important problem with regard to the pharmacological treatment of 

brain metastases is that many chemotherapeutic agents do not efficiently cross 

the blood-brain barrier (BBB) and blood-tumor barrier (BTB), and are unable to 

mount a pharmacodynamic impact on their target of interest (Fidler et al., 2002; 

Pafundi et al., 2013).  The structure of BTB is basically the BBB where the tumor 

exists, and can have “normal” BBB structure and function, especially in case of 

brain metastases that grow from small lesion at multiple locations, although the 

integrity of the barrier, i.e., the BTB, can be variable depending on the size and 

characteristics of tumor (Fidler et al., 2002; Lockman et al., 2010; Taskar et al., 

2012).  The desired pharmacodynamic impact (efficacy) cannot be achieved 

without appropriate pharmacokinetic considerations (exposure).  Inaccessibility of 

potentially effective anti-cancer agents to the parenchymal brain metastases can 

create a pharmacologic sanctuary where drugs that are otherwise effective 

against peripheral metastases fail to control brain metastases.  Both the BBB and 

BTB in brain metastases have a unique anatomical barrier comprised of 

endothelial cells that establish robust tight junction between cells and express a 

variety of efflux transporters, which are absent in the peripheral 

microvasculature.  P-glycoprotein (P-gp) and Breast cancer resistant protein 

(BCRP), the two most highly expressed efflux transporters at the BBB, can efflux 

a wide range of drug molecules and restrict drug delivery to the brain.  Numerous 

studies have shown that many compounds tested in clinical trials are substrates 
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of P-gp and/or BCRP that have often failed to show clinical efficacy against brain 

metastases.  As this discussion indicates, a thorough knowledge of the BBB and 

BTB in brain metastases, and how selected agents interact with these barriers, is 

critical in understanding the success or failure of pharmacological treatments that 

employ one or more of these targeted therapies.   

Heterogeneous BBB and/or BTB integrity is a drug-delivery related challenge in 

terms of optimizing efficacy of targeted agents for the treatment of brain 

metastases.  Several studies report variable intra-tumoral BBB permeability that 

results in non-uniform drug distribution and compromised drug efficacy (Pafundi 

et al., 2013).  The study by Lockman et al. evaluated the pharmacodynamic 

effect resulting from heterogeneous intratumoral drug distribution of doxorubicin 

or paclitaxel in an experimental brain metastases of breast cancer (Lockman et 

al., 2010; Taskar et al., 2012). Each of these drugs reached a cytotoxic 

concentration (i.e., cleaved caspase-3 staining) in the “leaky” BTB regions, but 

significantly sub-therapeutic concentrations in the areas of intact BTB.  In these 

models, there was no hindrance of drug delivery to the peripheral (non-brain) 

metastases with drug concentration more than 10-fold higher than the brain 

metastases.  The overall outcome of non-uniform intratumoral distribution in the 

brain metastases was that each of these drugs failed to reduce tumor burden in 

in vivo animal studies (Lockman et al., 2010).  

Besides an anatomical barrier that is unique to the brain, treatment of 

brain metastases may be further complicated by the oncogenic footprints that are 
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distinctive to the brain.  Brain metastases, sharing a common ancestor with the 

primary tumor of origin, have evolved independently after reaching the brain, in 

part, because the brain has a different microenvironment than the rest of the 

body (Brastianos et al., 2015).  A whole exome sequencing study by Brastianos 

et al. identified mutational signatures that are distinctive to brain metastases 

compared to their corresponding primary tumors, and 53% of the examined 

cases displayed such a phenomenon (Brastianos et al., 2015).  In this context, 

analysis of peripheral tumor tissue biopsies could misguide the choice of 

molecularly-targeted therapies for the treatment of brain metastases.  Moreover, 

a suboptimal drug concentration in the brain metastases could promote 

emergence of drug resistance, adding to the challenge of treating brain 

metastases. (Figure 4) 

Determination of brain drug exposure, especially in patients, is also 

challenging when choosing proper therapeutics for the treatment of brain 

metastases.  Cerebral spinal fluid (CSF) is frequently thought to be surrogate of a 

concentration in the brain drug exposure.  However, CSF concentration may not 

represent brain concentration for many molecularly-targeted agents that are 

substrates of efflux transporters, such as P-gp and/or BCRP.  The CSF 

concentration is influenced by CSF turnover, extracellular fluid (ECF) bulk flow, 

and drug transporters at the  blood-CSF barrier (BCSFB) (Figure 5) (de Lange 

and Danhof, 2002; Shen et al., 2004; Liu et al., 2009; de Lange, 2013b).  

Specifically in contrast to the BBB, drug delivery across the BCSFB is 

unhindered by P-gp and BCRP, because the blood side of choroid epithelial cells 
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lack P-gp and BCRP expression (Zhuang et al., 2006; Kodaira et al., 2011).  For 

lipophilic compounds that readily diffuse across the choroid epithelial cells, the 

CSF concentration can overestimate the actual brain exposure (Kodaira et al., 

2011).  The study by Kodaira et al. showed that unbound CSF-to-brain 

concentration ratios of many compounds that are substrates of P-gp and BCRP 

were lower in Mdr1a/1b(-/-)Bcrp (-/-) mice compared to the wild-type, indicating 

that there can be discrepancies between the unbound CSF concentration and the 

unbound brain concentration (Cu,brain) for P-gp and Bcrp substrates (Kodaira et 

al., 2011).  Considering the structural and functional differences in the 

blood/brain versus the blood/CSF interface, CSF concentrations are often a poor 

predictor of brain drug exposure.  

Microdialysis, a standard method to directly measure unbound brain 

interstitial fluid concentration (Cu,brain), currently has limited applications in 

patients (Ederoth et al., 2004; Hillered et al., 2006; Liu et al., 2009; de Lange, 

2013a).  Many anticancer agents are often lipophilic, so that practical problems 

can rise with using microdialysis due to high nonspecific binding (Liu et al., 2009) 

and poor drug recovery (Liu et al., 2009).  In an attempt to bypass such 

challenges, the brain homogenate and brain slice techniques have been 

developed to estimate the fraction unbound of drug in the brain.  Each of these 

methods, used in combination with total brain concentrations, has demonstrated 

to be useful in obtaining surrogates of microdialysis Cu,brain.  The study by Friden 

et al. showed that brain homogenate method predicted the Cu,brain from 

microdialysis measurements within a 3-fold error for 10 out of 15 compounds 
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(Friden et al., 2007).  In the same study, the brain slice method predicted Cu,brain 

for 14 out of 15 compounds within a 3-fold error.  These findings indicate that, for 

some compounds, either the brain slice or homogenate method can reasonably 

estimate the Cu,brain.  Recently there was a development in expanding the 

analysis of the homogenate equilibrium dialysis method to determine unbound 

fraction of compounds, that might be useful for drug compounds with high protein 

binding (Kalvass et al., 2018).  These techniques can allow determination of 

“active” free concentrations in different regions of the brain, including important 

regions of a growing brain tumor, such as the core of the tumor and the growing 

edge (Laramy et al., 2017). 

The application of the brain homogenate method has been readily 

employed in order to evaluate brain drug distribution in the CNS drug 

development.  Traditionally, the brain-to-plasma ratio (Kp), which is the ratio of 

total brain concentration to total plasma concentration, has been considered to 

represent the degree of brain drug distribution.  However, Kp,uu, the ratio of free 

brain concentration to free plasma concentration, has recently been introduced 

as a measurement of brain drug delivery that allows assessment of BBB 

transport mechanisms, separate from the influence of nonspecific binding in the 

brain (Liu et al., 2008). According to free drug hypothesis, only unbound drug 

concentration is considered to be a “pharmacologically active” concentration.  

The studies that examined brain penetration of molecularly-targeted agents have 

utilized both Kp and Kp,uu parameters (Mittapalli et al., 2013; Vaidhyanathan et 

al., 2014), and are useful in assessing the effect of efflux transporters in brain 
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drug delivery, but the latter allows differentiation of bound vs. unbound drug and 

may correlate better with efficacy. This has been recently discussed in the 

context of brain tumors by Heffron (Heffron, 2016; Heffron, 2018). 

The evaluation of brain drug penetration has no single Kp or Kp,uu value 

that represents “optimal” brain penetration (Liu et al., 2008).  The articles by 

Doran et al (2005) reported that a set of 32 commonly prescribed CNS drugs 

have a wide range of Kp (0.1 to 24), indicative that a compound having Kp of 0.1 

can be still efficacious (Liu et al., 2008).  This 240-fold difference in Kp indicates 

that Kp alone is inadequate to characterize brain drug delivery (Liu et al., 2008).  

On other hand, for the same set of CNS drugs, there is a 34-fold difference for 

Kp,uu (Maurer et al., 2005), indicating that nonspecific tissue binding can affect 

assessment of Kp and brain drug penetration (Liu et al., 2008).  Even though 

there are limited studies that explore a direct relationship between Kp,uu and 

pharmacodynamic effect for the treatment of brain metastases, higher values of 

Kp and/or Kpuu often serve as parameters to indicate more advantageous 

delivery of drug across the blood-brain barrier (Heffron, 2016; Heffron, 2018).  

 Mechanisms that limit drug delivery across the BBB 

The blood-brain barrier (BBB) is a specialized structure of the cerebral 

microvasculature (Figure 1), comprised of a complex network of cells, 

extracellular matrix, and proteins that regulate solute and xenobiotic transport 

into and out of the brain.  Given this complexity, and the fact that the BBB is 

dependent on signaling from the neuronal environment, the BBB is now 
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frequently referred to as the neurovascular unit (Figure 1).  The NVU contains 

numerous cell types, including vascular endothelial cells, pericytes, glial cells, 

and neurons (Abbott et al., 2010; Sweeney et al., 2016).  Pericytes mainly 

provide both structural and regulatory support of BBB and also contribute to the 

regulation of angiogenesis, neuroinflammation and stem cell activity (Sweeney et 

al., 2016).  Astrocytes are cells that play an important role in regulation of BBB 

tight junctions, expression and localization of transporters and formation of 

specialized enzymes (Haseloff et al., 2005; Abbott et al., 2006).  Unlike the 

endothelium of many peripheral organs, the endothelial cells forming the 

capillaries of the brain are held together by tight junctions and adherens junctions 

that prevent the paracellular transport of most blood-borne substances to the 

brain (Tietz and Engelhardt, 2015).  Adherens junctions are formed between 

vascular endothelial cadherins and initiate the contact between adjacent 

endothelial cells (Tietz and Engelhardt, 2015).  Tight junctions are consisted of 

transmembrane proteins such as occludin, claudin, and junctional adhesion 

molecule (JAM) that interact with cytoskeletal proteins and recruit membrane-

associated cytoplasmic proteins (Abbott, 2013).  Transporters at the BBB are 

important in maintaining the brain homeostasis and providing the brain with the 

necessary nutrients for normal function, while protecting the brain from toxic 

substances that may be in the systemic circulation (Agarwal et al., 2011a).  

Solute carriers (SLCs) and ATP-binding cassette transporters (ABC transporters) 

are two major families of transporters at the BBB (Uchida et al., 2011).  These 

transporters play a crucial role in selectively moving specific substances 
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(substrates) into or out of the brain depending on their physicochemical and 

structural properties, and often coordinate (Agarwal et al., 2011a) with each other 

to efflux potentially toxic compounds out of the brain (Schinkel et al., 1994; 

Schinkel et al., 1996; Begley, 2004). 

The SLC transporters are known to transport many polar compounds, 

including glucose and amino acids, that are essential nutrients for cell survival. 

However, this group of transporters is also involved in transporting organic 

anions (Steeg et al., 2011).  Organic anion transporters (OAT) and organic anion 

transporting polypeptides (OATP) are some members of this family, and are 

known to be present at the BBB (Uchida et al., 2011).  Transporters in this group 

can be unidirectional or bidirectional and are located in abluminal or luminal side 

of endothelial cells. Most of them have broad substrate specificity and some of 

substrates overlap with those of ABC transporters, which may indicate their 

coordinate function (Miller et al., 2000; Cisternino et al., 2004; Kis et al., 2010).  

ABC transporters play a major role as active efflux pumps, consuming 

ATP, to limit the distribution of toxic substances in the CNS (Schinkel et al., 1996; 

Begley, 2004; de Lange, 2004).  P-gp and BCRP are the examples of efflux 

pumps which have broad substrate specificity and are able to actively transport 

substrates back into systemic circulation (Agarwal et al., 2011a).  In addition to 

P-gp and BCRP, multidrug resistance-associate proteins (MRPs) can also be 

involved in actively limiting the brain delivery of certain drugs (Eilers et al., 2008; 

Lingineni et al., 2017).  In the treatment of brain tumors, the BBB often limits the 
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brain distribution of therapeutic agents through the efflux activity of ATP binding 

cassette (ABC) transport proteins (de Vries et al., 2007; Polli et al., 2008; 

Agarwal et al., 2011a; Elmeliegy et al., 2011; de Vries et al., 2012; Mittapalli et 

al., 2013; Oberoi et al., 2013; Lin et al., 2014; Tang et al., 2014; Parrish et al., 

2015a; Parrish et al., 2015b).  

 Impact of transporters on the treatment of brain metastases 

The transport of a drug from the systemic circulation to the brain 

parenchyma is often depicted as a multi-step process. Initially, cerebral blood 

flow carries a drug compound to the brain and the drug is considered to be in 

equilibrium between the bound and unbound state in plasma, and the unbound 

drug is available to penetrate across the plasma-tissue barriers.  Drug distribution 

to the brain at the blood-brain interface is regulated by the blood-brain barrier 

(BBB), blood-cerebrospinal fluid barrier (BCSFB), and other physiological 

systems in the brain (de Lange, 2013a; Westerhout et al., 2013).  Upon 

successful drug delivery across the relevant anatomical barrier, the unbound 

(free) drug in the brain interacts with the target site and elicits pharmacological 

activities (Liu et al., 2009; Kodaira et al., 2011; de Lange, 2013a).  Such unbound 

drug concentration in the brain interstitial fluid (Cu,brain) is assumed to represent a 

pharmacologically active concentration.  However, if a drug compound has an 

affinity for efflux transporters, the drug can be “pumped” back into the 

vasculature before interacting with its intended target (Figure 5) (de Lange, 

2013a).   
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Many molecularly-targeted agents examined in clinical trials for brain 

cancer have been reported to be substrates of P-gp and/or BCRP (see Table 2) 

(Agarwal et al., 2011a; Mittapalli et al., 2013; Oberoi et al., 2013; Becker et al., 

2015b; Parrish et al., 2015a; Parrish et al., 2015b; Mittapalli et al., 2016).  Even 

though there has been some discussion that class I compounds in the 

Biopharmaceutics Drug Disposition Classification System (BDDCS) that have 

high solubility and high permeability may be less affected by efflux transporters 

(Broccatelli et al., 2012).  These active efflux transporters at the BBB are known 

to prevent anticancer therapeutics from reaching parenchymal tumor cells, 

especially those from micro-metastases that may reside behind an intact BBB 

(Heffron, 2016).  Genetic knockout mice lacking transporters and transfected cell 

lines overexpressing transporters (MDCK-II cell line, or Madin-Darby Canine 

Kidney Epithelial cell line) are widely utilized in vivo and in vitro models to 

evaluate the substrate status of an investigational compound for P-gp and BCRP 

in the preclinical setting (Mittapalli et al., 2013; Oberoi et al., 2013; Parrish et al., 

2015a; Parrish et al., 2015b).  

2.2 COMMON TYPES OF BRAIN METASTASES 

 Lung cancer 

Lung cancer, a prevalent tumor with about 222,500 new cases in 2017 in 

US, according to the American Cancer society’s estimate, is the leading cause of 

brain metastases.  Approximately 20% of lung cancer patients will eventually 

develop brain metastases (Barnholtz-Sloan et al., 2004).  The epidermal growth 

factor receptor (EGFR) and the anaplastic lymphoma kinase (ALK) are the most 
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well-known and well-developed drug targets to treat lung cancer, especially in 

non-small cell lung cancer (NSCLC) patients (Doroshow, 2005; Kwak et al., 

2010).  Over 45% of the patients with EGFR+ or ALK+ have brain metastases at 

some stage of disease (Rangachari et al., 2015).  The three most commonly-

used and studied EGFR tyrosine kinase inhibitors (TKIs) are gefitinib, erlotinib, 

and afatinib. Gefitinib and erlotinib are first-generation EGFR TKIs and their CNS 

delivery is reported to be very limited (1.07-3.58% for gefitinib and 2.77% for 

erlotinib, see Table 2) (Togashi et al., 2010), mainly due to the efflux 

transporters, P-gp and BCRP (Agarwal et al., 2010; de Vries et al., 2012; 

Agarwal et al., 2013; Chen et al., 2013).  However, despite this low brain 

penetration, these first-line TKIs seem to modestly reduce the risk of CNS 

progression when compared to standard chemotherapy (Heon et al., 2012).  

Therefore, erlotinib and gefitinib may have a prophylactic effect on brain 

metastases.  Afatinib is a second-generation inhibitor, which irreversibly blocks 

signaling from EGFR, HER2, ErbB3, and ErbB4 (Solca et al., 2012).  While the 

CSF to plasma ratio of afatinib was reported to be extremely low in patients, less 

than 1%, due to active efflux by P-gp (Hoffknecht et al., 2015), a study showed 

that response rate to afatinib in the patients with or without CNS metastases 

were similarly efficacious, possibly due to the high potency of the compound 

(Hoffknecht et al., 2015).  Osimertinib (AZD9291) is a recently approved drug to 

treat patients with T790M resistant mutant NSCLC showed pre-clinical evidence 

that it can penetrate the BBB (Ballard et al., 2016).  Moreover, in a clinical trial, 

osimertinib has shown efficacy in patients with EGFR-driven NSCLC lung 
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metastases in the CNS (Mok et al., 2017).  Another EGFR inhibitor, AZD3759, 

has been specifically designed to penetrate the BBB (Zeng et al., 2015), and 

efficacy in patients with NSCLC with brain metastases is under current clinical 

investigation (Yang et al., 2016).    

ALK is another potent target that is constitutively active due to gene 

rearrangements in approximately 2% to 7% of lung cancer patients (Koivunen et 

al., 2008; Rodig et al., 2009; Wong et al., 2009).  Crizotinib, the first ALK targeted 

TKI, has been reported to have poor brain penetration based on a low CSF-to-

plasma ratio (0.26%) in humans (Costa et al., 2011), mainly due to P-gp (Tang et 

al., 2014).  It has been reported that the efficacy of crizotinib in the CNS seems 

to be limited, even though the overall objective response rate and the median 

duration of response were significantly improved with crizotinib treatment when 

compared to standard chemotherapy (2014; Solomon et al., 2014; Costa et al., 

2015).  

 Alectinib and ceritinib are the second generation of ALK inhibitors that 

demonstrate their activity in crizotinib-resistant patients. Alectinib also inhibits 

RET, an oncogene involved in the development of several human cancers, 

including NSCLC (Kodama et al., 2014b).  Several clinical studies that include 

patients with brain metastases at baseline have shown that alectinib has some 

efficacy in CNS tumors (Gadgeel et al., 2014; Metro et al., 2016), possibly due to 

the fact that it is not a substrate of major efflux transporters (Kodama et al., 

2014a).  These efficacy results are in line with its high brain penetration in pre-



 

52 

 

clinical rat model (63-94%, Table 2).  However, the mean ratio of CSF 

concentration to the plasma concentration in patients was approximately 0.3% 

(Metro et al., 2016), which again suggests that concentration measured in CSF 

may not represent the concentration in brain or at the target site. (Figure 5) 

Ceritinib is another potent ALK inhibitor that showed some efficacy with 

intracranial metastases in a preclinical rat model with a brain to plasma ratio of 

15% (Corporation; Friboulet et al., 2014).  This brain penetration may seem 

higher than expected considering ceritinib is a substrate of both P-gp and Bcrp.  

Nevertheless, the ASCEND study for advanced ALK-positive NSCLC has shown 

that ceritinib has efficacy against brain metastases, based on both the response 

and disease control rates (Kim et al., 2016). 

Several other therapeutic agents are under clinical investigation to 

examine their efficacy in lung cancer patients with CNS metastases, including 

brigatinib, lorlatinib, entrectinib, cabozantinib, and tesevatinib.  Brigatinib, a 

second generation ALK inhibitor, potently inhibits both ALK and EGFR.  

According to a recently reported phase I/II clinical trial that included patients with 

CNS metastases, brigatinib has shown efficacy against brain disease (response 

rate 53% and PFS of 97 weeks).  

  Recently developed as third generation ALK inhibitors, lorlatinib and 

entrectinib are specifically designed to improve brain penetration, and a clinical 

trial is currently recruiting lung cancer patients for their first efficacy evaluation in 

patients.  Lorlatinib is structurally designed to have a low affinity for P-gp 
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(Johnson et al., 2014).  Based on an analysis to examine the influence of 

physicochemical properties on p-glycoprotein affinity, lorlatinib was intentionally 

designed to have logD range of 2-3 and minimal introduction of hydrogen bond 

donors (Johnson et al., 2014).  To minimize the hydrogen bond donors, 

intramolecular hydrogen bonds are introduced in the adjacent ether oxygen in the 

molecule.  This chemical design aimed to have enhanced intrinsic permeability 

and to avoid efflux transporter liability, allowing lorlatinib to target brain 

metastases (Johnson et al., 2014).  Entrectinib has also been shown to have 

high brain penetration in nude mice (43% brain concentration to plasma 

concentration ratio) (Menichincheri et al., 2016).  While we await results from the 

clinical trials regarding improved efficacy, the fact that intentional structure-

delivery efforts are being made bodes well for the development of compounds 

that will be efficacious against brain tumor cells that are behind an intact BBB. 

 

 Melanoma 

Melanoma is a lethal form of skin cancer with a projected diagnosis of 

87,110 patients in the United States for the year 2017, with close to 9,730 deaths 

expected in the US (American Cancer Society 2017). The most common 

peripheral sites of melanoma metastases are lung, liver, bones and brain. 

Melanoma has the second highest prevalence of brain metastasis followed by 

lung cancer with an overall incidence of 5%-8% (Gavrilovic and Posner, 2005). 

Metastases in the brain have been identified in 55-75% of melanoma patients at 

autopsy, indicating a high tropism of melanoma to metastasize to the brain 
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(McWilliams et al., 2003; Gorantla et al., 2013). Melanoma patients with 

metastatic disease that has spread to the brain are associated with a poor 

median overall survival of less than 6 months (Sloan et al., 2009; Damsky et al., 

2014). Approximately 40-60% of melanoma patients have a mutation in the 

serine threonine kinase v-RAF murine sarcoma viral oncogene homolog B1 

(BRAF-mu) (Davies et al., 2002). This oncogenic mutation results in sustained 

activation of the mitogen-activated protein kinase (MAPK) oncogenic signaling 

pathway (Figure 10) (Flaherty et al., 2010; Capper et al., 2012; Durmus et al., 

2012). Therefore, the development of inhibitors specifically targeting BRAF-mu 

isoform was of significant interest in the treatment of melanoma. Vemurafenib, a 

FDA approved BRAF-mu inhibitor for the treatment of late-stage melanoma, 

showed an improvement in the 6-month overall survival rate by 20% when 

compared to dacarbazine chemotherapy with a response rate of approximately 

50% (Luke and Hodi, 2012; Kim and Cohen, 2016). However, the results of 

preclinical studies show that the brain penetration of vemurafenib is limited due 

to active efflux by P-glycoprotein and Bcrp (Durmus et al., 2012; Mittapalli et al., 

2012). A few patient case studies show that vemurafenib may have a potential 

efficacy to induce remission of brain metastases (Dummer et al., 2014). This 

partial efficacy may be related to factors such as the size of the tumor and the 

degree of disruption of the BBB(Gerstner and Fine, 2007; Narayana et al., 2013). 

A review of the clinical studies and case reports related to vemurafenib suggests 

that the effectiveness of vemurafenib seems to be limited in intracranial tumors, 

but it may provide successful therapeutic outcomes in a subset of patients 
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depending on the tumor characteristics, the stage of tumor progression and other 

unknown factors (Rochet et al., 2011; Dummer et al., 2014) (NCT01378975, 

NCT01781026).  

Another BRAF-mu inhibitor, dabrafenib, showed notable benefits in a 

phase 1 dose-escalation study in V600E BRAF-melanoma patients with 

untreated brain metastases (Falchook et al., 2012). Nine out of 26 patients with 

brain metastases showed intracranial tumor size reduction, and four of them had 

complete tumor regression (Falchook et al., 2012). Another study performed with 

a total of 23 patients from a single institution has reported that the response rate 

in intracranial disease was 78% and that in extracranial disease was 90% in 

BRAF-mutant melanoma patients with brain metastases (Azer et al., 2014). 

According to the study results, both intracranial and extracranial disease appear 

to respond similarly to dabrafenib. However, importantly, dabrafenib is known to 

be a substrate of both P-gp and Bcrp, with a brain to plasma ratio in normal 

mouse brain of 2%. (Mittapalli et al., 2013). Currently, several clinical studies are 

ongoing to examine the efficacy of dabrafenib in combination with stereotactic 

radiosurgery and other therapeutics (www.clinicaltrials.gov). As data from these 

trials become available, it will be critical to establish if the responses are durable 

and to examine reasons for relapse.  Insufficient drug distribution to areas of 

brain metastases that have an intact BBB replete with efflux transporters, may be 

related to disease progression. 
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Another target in the MAPK pathway that is important in metastatic 

melanoma is MEK (Jiang et al., 2007). Since MEK is a signaling molecule that is 

downstream of BRAF (Figure 6), MEK inhibitors can overcome the resistance 

developed against BRAF inhibitors (Flaherty et al., 2012a; Flaherty et al., 2012b). 

Trametinib and cobimetinib are FDA approved MEK inhibitors for the treatment of 

melanoma. Combinations of dabrafenib/trametinib and vemurafenib/cobimetinib 

have also received FDA approval. Dabrafenib/trametinib combination therapy 

showed an improvement in progression free survival compared to monotherapy 

in melanoma patients (Flaherty et al., 2012a). Cobimetinib/vemurafenib 

combination also showed a significant improvement in progression free survival 

in patients with BRAF V600-mutant metastatic melanoma (Larkin et al., 2014). 

However, both trametinib and cobimetinib are substrates of p-glycoprotein (Choo 

et al., 2014; Vaidhyanathan et al., 2014). There are reports that suggest that 

MEK inhibitors in combination with BRAF inhibitors or RT may improve survival 

rates in patients with brain metastases, despite the fact that the brain delivery of 

both trametinib and cobimetinib can be limited due to active drug efflux in areas 

of metastases with an intact BBB (Patel et al., 2016; Planchard et al., 2016). 

Currently, clinical trials recruiting patients with brain metastases to examine their 

clinical efficacy in combination with BRAF inhibitor or RT are underway 

(NCT02039947, NCT02015117, NCT02537600). Preliminary data from the study 

in patients with melanoma brain metastases implies that a combination of 

dabrafenib and trametinib with SRS may show improvements in survival 

compared to treatment with dabrafenib alone (Long et al., 2016). As stated above 
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for dabrafenib, durable responses may be limited by progression of tumor in 

areas with an intact BBB, and if disease progression occurs, it will be important 

to investigate why. 

Immune modulation using monoclonal antibodies (mAbs) directed towards 

cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) (e.g, ipilimumab) and 

programmed cell death receptor (PD-1) (e.g., nivolumab) is an emerging strategy 

to manage tumors, especially in melanoma. Immune checkpoint inhibitors can 

cause activation and proliferation of T lymphocytes, which can then attack tumor 

cells. The rationale for using immune checkpoint inhibitors for the treatment of 

brain tumors is that the activated T cells are able to gain access to the CNS and 

show responses (Engelhardt and Coisne, 2011; Di Giacomo and Margolin, 

2015). Their efficacy in the treatment of melanoma that has metastasized to the 

brain is critical to investigate, but there is limited evidence available to prove it in 

patients with brain metastases, due to the exclusion of patients with brain 

metastases in many clinical trials. In an open-label phase 2 clinical trial with 

melanoma and brain metastases study, ipilimumab proved its potency against 

small and asymptomatic brain metastases (Margolin et al., 2012). In a different 

clinical study with asymptomatic brain metastases patients, ipilimumab has 

shown benefits in patients, who had failed or did not tolerate previous treatments 

(Queirolo et al., 2014). Lately, there are ongoing clinical trials using immune 

modulation as a single agent or in combination with RT or radiosurgery against 

brain metastases (NCT01703507, NCT02374242, NCT02696993).  
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As we noted in the therapeutic agents for other tumors, many treatments 

for melanoma have limited access to the brain across the BBB due to efflux 

transporters. (Table 3).   

 

 Breast cancer 

The incidence rate of brain metastases from breast cancer is different 

depending on the subtype.  It is about 20% in triple-negative tumors, i.e., those 

that do not express hormone receptors, including estrogen and progesterone, 

and HER2, and increases to 25%-50% in HER2 positive tumors (Aversa et al., 

2014). Molecularly targeted therapeutics for HER2 positive breast cancer 

patients have been significantly improved over the last 2 decades, but the 

efficacy of these agents in patients with breast cancer brain metastases seems to 

be limited. 

The most frequently prescribed therapeutic agent for HER2 positive breast 

cancer patients is trastuzumab, an anti-HER2 antibody (Kodack et al., 2015).  

Trastuzumab has shown to be efficacious for systemic HER2 positive breast 

cancer, however patients receiving trastuzumab tend to have higher incidence of 

brain metastases (Clayton et al., 2004).  The brain penetration of trastuzumab 

across an intact BBB is very low, as expected for an antibody drug due to its 

large molecular weight (Leyland-Jones, 2009).  Retrospective research has 

shown that 50% of patients with CNS metastases responded to the trastuzumab, 

even though it is difficult to distinguish the systemic efficacy from CNS 
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metastases specific efficacy, due to the limitations in a retrospective study that 

simply reports the overall objective response rates (Bendell et al., 2003). 

Lapatinib is a small molecule dual tyrosine kinase inhibitor of EGFR and 

HER2, and interestingly, its percentage brain penetration across the BBB is as 

low as trastuzumab. The ratio between the patient drug concentration in CSF and 

plasma averaging 0.11% (see Table 4) (Gori et al., 2014).  Preclinical studies in 

mice have shown that P-gp and Bcrp coordinate with each other to limit the 

delivery of lapatinib across the BBB (Polli et al., 2008).  Consistent with the 

heterogeneous integrity of the BBB in breast cancer brain metastases,  the 

distribution of lapatinib is highly variable in breast cancer brain metastases 

(Taskar et al., 2012; Morikawa et al., 2015).  The efficacy of lapatinib as a single 

agent in brain metastases is modest (overall response rate: 21.4%) (Cameron et 

al., 2008; Lin et al., 2008), but lapatinib in combination with capecitabine showed 

increased response rate toward CNS metastases (29.2%) (Lin et al., 2009).    

The triple negative subtype is also prone to develop brain metastases and 

there are not many treatment options available for this subtype.  Few molecularly 

targeted drugs are currently being tested for their efficacy in patients with triple 

negative tumors (Dawood et al., 2009).  One possible druggable target for this 

subtype is poly-adenosine diphosphate ribose polymerase (PARP).  There are 

several PARP inhibitors already approved and additional compounds are being 

tested in clinical trials, including niraparib, rucaparib, olaparib, veliparib (ABT-

888), and talazoparib (BMN 673).  Of these, niraparib showed good brain 
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penetration in an in vivo rat model with brain to plasma ratio of 0.85-0.99 (Mikule 

and Wilcoxen, 2015).  On the other hand, the distribution of rucaparib to the brain 

is low, due to the effect of the major efflux transporters, P-gp and Bcrp (Parrish et 

al., 2015a).  Veliparib showed significantly improved overall median survival in a 

phase I study when it was used in conjunction with WBRT (Mehta et al., 2015), 

even though its brain penetration is reported to be low (less than 5%), due to 

both P-gp and Bcrp (see Table 4) (Lin et al., 2014).   

Vorinostat is the first targeted drug specifically approved to inhibit histone 

deacetylase (HDAC), a novel target to treat breast cancer, and this compound 

showed some efficacy in preventing brain metastases in a mouse model with 

triple negative breast cancer (Palmieri et al., 2009). However the brain delivery of 

Vorinostat seems to be limited by efflux transport (Hanson et al., 2013).  

Because of the limited success in treating breast cancer brain metastases 

with molecularly targeted agents that have limited delivery across the BBB, there 

has been an emphasis on developing new brain-penetrant therapies. TPI-287 is 

a new brain permeable taxane that stabilizes microtubules (Fitzgerald et al., 

2012) that is under clinical investigation as a treatment of breast cancer brain 

metastases and primary brain tumor (NCT01332630, NCT01933815, 

NCT01582152). There are also several clinical trials evaluating novel compounds 

for brain metastases including 4-demethyl-4-cholesteryloxycarbonylpenclome 

(DM-CHOC-PEN) (NCT02038218), eribulin mesylate (NCT02581839), 

cabozantinib (NCT02260531), abemaciclib (NCT03130439, NCT03220646, 
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NCT02308020). Neratinib, a recently approved tyrosine kinase inhibitor, has 

shown some efficacy against breast cancer brain metastases (Freedman et al., 

2017).  

Even though there were several successful developments of molecularly 

targeted agents to treat breast cancer, the incidence of patients with brain 

metastases has increased and have a poor prognosis (Anders et al., 2011), 

mainly due to resistance development and poor brain penetration of therapeutic 

agents.  Several brain penetrant therapeutics have shown to have promising 

efficacy on brain metastases in preclinical studies.  
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 Renal cell carcinoma 

The incidence rate of renal cell carcinoma (RCC) in adults is 2-3%, and 

metastases occur in about 50% of these patients. About 8-10% of metastatic 

renal cell carcinoma (mRCC) patients are known to develop brain metastases 

(Bianchi et al., 2012).  The median overall survival is reported to be less than 

13.3 months in the presence of brain metastases when using whole-brain 

radiotherapy (Bennani et al., 2014).  The treatment regimen with molecularly 

targeted therapeutics has not been established or evaluated for brain 

metastases, and standard therapy for mRCC has been applied to patients with 

brain metastases.  Several tyrosine kinase inhibitors are approved by FDA for 

treatment of mRCC, including sorafenib, sunitinib, and axitinib, and have 

improved survival (Table 4).  Sunitinib has some clinical benefit towards brain 

metastases as a single agent by stabilizing the disease by more than 3 months, 

but objective response rate was only 12% among 213 patients enrolled (Gore et 

al., 2011; Dudek et al., 2013).  Brain distribution of sunitinib is reported to be high 

(42%) in a preclinical study, even though sunitinib is found to be substrates of 

both P-gp and BCRP (Oberoi et al., 2013).  According to a few case reports, a 

newer generation TKI, pazopanib, seems to have good response rate or increase 

overall survival as a single agent (Roberto et al., 2015). The efficacy of sorafenib 

has been studied in advanced metastatic renal cell carcinoma, but most of these 

studies excluded the patients with diagnosed bran metastases.  Brain penetration 

of sorafenib is reported to be modest (9.4%) in mice, probably due to the efflux of 

both P-gp and BCRP.  Recently, novel tyrosine kinase inhibitors, including 
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cabozantinib and lenvatinib, received FDA approval for mRCC.  However, the 

brain delivery of these agents across the BBB as well as their efficacy against 

brain metastases have not been reported. Since brain metastases are distinct 

from other organ metastases, especially in drug delivery, more clinical studies 

that examine the efficacy of a treatment specifically against brain metastases 

should be performed. 

2.3 CONCLUSION 

Several instructive observations can be made from the experience with 

the use of targeted agents in the context of brain metastases (Box 1.).  There is 

an overall correlation of brain penetration and substrate status of efflux 

transporters at the BBB, especially P-gp and BCRP (see table 2, 3, and 4).  

Many molecularly targeted agents are substrates of these efflux transporters, and 

their accessibility to the brain has been shown to be extremely low when the BBB 

is intact.  This could be one reason why the incidence rate of metastases to the 

brain has been rising, despite of development of numerous molecularly targeted 

drugs.  Tumors that reside in the brain can be protected from exposure to 

anticancer therapeutics by the BBB, resulting in limited delivery (Figure 7).  

Therefore, delivery of therapeutic agents to the brain is critical concern in treating 

metastatic tumors.   

There have been many previous reviews on various methods to improve 

drug delivery to the brain for the treatment of brain tumors by enhancing the brain 

penetration of drugs that are systemically available.  These methods include 
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changing formulations of existing compounds by using nanoparticles (Anders et 

al., 2013; Kreuter, 2014) and using concomitant therapy that inhibits efflux 

transporters at the BBB to improve brain delivery of substrates (Sandler et al., 

2004; Fox and Bates, 2007; Morschhauser et al., 2007). However, it will be even 

more critical to assess the efflux transporter liability when developing and 

designing therapeutics, and consider a brain delivery as a key factor in the early 

phase of discovery and development, especially for the anticancer therapeutics 

that are often subject to efflux transporters at the BBB.  There are examples of 

using in silico-guided drug design to make a brain penetrant anticancer drug by 

reducing efflux liability, including GNE-317 and lorlatinib (Heffron et al., 2012; 

Johnson et al., 2014; Salphati et al., 2014). 

Another important consideration is that the integrity of BBB in and around 

the tumor in the brain is heterogeneous (Lockman et al., 2010).  The BBB around 

the tumor core can be relatively permeable to therapeutics, since its structure 

tends to be disrupted.  However, the tumor rim and micro-metastases may have 

an intact BBB, replete with efflux transporter systems, making these regions 

more likely to be resistant to therapeutics.  Previously, several papers have 

shown that concentration of drugs in tumor is high enough to result in desirable 

efficacy in the tumor cells, based on the concentration measured in tumors 

resected from patients, due to disrupted BBB around tumor (Figures 7).  

However, since the integrity of BBB is heterogeneous depending on the region, 

and even within a region, the concentration of drug measured in a resected 

tumor specimen does represent the concentration throughout the entirety of the 



 

65 

 

tumor.  Given this, it is feasible that variable efficacy of many agents between 

patients or even amongst metastatic sites is related to inconsistent delivery. 

There are some drugs that have been shown to have some efficacy against brain 

metastases, despite of their limited delivery to the brain.  In case of erlotinib for 

lung cancer, even though it has low brain penetration due to P-gp and BCRP, its 

efficacy against brain metastases patients carrying a specific EGFR mutation 

was demonstrated (response rate of 82.4%, Table 2).  This can be explained by 

not only improved delivery of a drug through perturbed BBB around tumor core, 

but also the selectivity and potency of a drug for a particular tumor.  Drug may be 

able to induce desirable efficacy in the brain, if it has sufficient selectivity and 

potency against its target so that the concentration of a drug required at the site 

of action can be achieved.  This observation indicates that both potency and 

delivery need to be considered hand-in-hand when evaluating and deciding upon 

a course of therapy for brain metastases.  The potency of a drug against its 

target is often represented by an inhibitory concentration or efficacious 

concentration when measured using in vitro experiments.  However, that in vitro 

concentration may not be the same as the efficacious concentration needed at 

the site of action in patients.  Therefore, it is important to consider the 

concentration of a drug needed at the target, because potency can help 

overcome limited delivery, when potency is high enough.  Since a lack of efficacy 

of systemic anticancer agents in CNS disease can lead to higher incidence rates 

of brain metastases (Steeg et al., 2011), the BBB penetration, subsequent 

distribution into the brain metastatic site, and the potency against a particular 
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CNS target, of molecularly-targeted agents need to be considered in the early 

phases of drug development. 
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Figure 2.1 The expression and localization of transporters in the brain 

endothelial cell in the context of the overall composition and structure of 

the neurovascular unit (NVU).   Important drug transporters include: SLC, 

solute carrier; MRP, multidrug resistance protein; LAT, L-type amino acid 

transporter; OATP, organic anion transporting polypeptide; MCT, 

monocarboxylate transporter; ENT, equilibrative nucleoside transporter. 
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Figure 2.2 Primary tumors that preferentially metastasize to the brain and 

the occurrence of brain metastases from each of these primary tumors.  

Examples of key tumor driving oncogenes are represented for each tumor 

type. 
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Figure 2.3 Depiction of the most common treatment options for brain 

metastases. 
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Figure 2.4 Mechanisms of resistance development against drug in brain 

metastases due to inherent tumor heterogeneity or acquired resistance. 
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Figure 2.5 Multiple equilibria in different compartments in the brain, blood, 

and cerebrospinal fluid. 
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Figure 2.6 Signaling pathways and oncogenic targets of molecularly-

targeted therapeutics for melanoma. 
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Figure 2.7 Heterogeneity of blood-brain barrier disruption and drug concentration in the experimental model 

(mice) of breast cancer brain metastases (from reference (Taskar et al., 2012)). 14C-lapatinib was measured in 

normal brain and different brain metastases by quantitative autoradiography at 2 hours (a-c) and 12 hours (d-f) 

following the oral administration of 100 mg/kg 14C-lapatinib. Signal from metastatic cells labelled with EGFP (a,d), 

Texas Red 3kD dextran (b,e), and 14C-lapatinib (c,f) indicate the location of tumor cells, the integrity of the BBB, 

and the concentration of drug, respectively. The concentrations of lapatinib, as well as disruption of BBB, were 

highly variable within and between the metastatic breast cancer lesions in the brain.  

  

.  
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Figure 2.7 continued 
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Table 2.1 Incidence rate of brain metastases 

Primary site Incidence Rates References 

Lung (overall) 16.3 - 19.9% (Schouten et al., 2002; Barnholtz-Sloan et al., 2004) 

      SCLC* 29.7% (at 5 years) (Schouten et al., 2002; Barnholtz-Sloan et al., 2004) 

      NSCLC* 12.6% (at 5 years) (Schouten et al., 2002; Barnholtz-Sloan et al., 2004) 

Breast 10-15% (Schouten et al., 2002; Barnholtz-Sloan et al., 2004) 

      HER2 positive 25-50% (Aversa et al., 2014) 

      Triple negative 20% (Aversa et al., 2014) 

Melanoma 6.9 - 7.4% (Barnholtz-Sloan et al., 2004) 

Renal 6.5 - 9.8% (Barnholtz-Sloan et al., 2004) 

Colorectal 3.0% (Barnholtz-Sloan et al., 2004) 

* can be up to 50-60% depending on study and disease duration (Newman and Hansen, 1974; Chamberlain et al., 2017) 
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Table 2.2 Brain and transporter related features of molecularly targeted therapy for lung cancer. (ND, not 

determined; NA, not available.) 

                
Compound Molecular 

Target 
Dose in 
patients 
(mg/day) 

Brain penetration 
(% of CSF to 
plasma levels) in 
patient* 

 Brain penetration (% 
of brain to plasma 
ratio) in pre-clinical 
model* 

Response 
rate  
in BM 
patients (%) 

Transporter 
effect 

Reference 

Gefitinib EGFR-TKI 750-1000 1.07-3.58 27 27% 
P-gp 
substrate 

(Ceresoli et 
al., 2004; 
Chen et al., 
2013)  

Erlotinib EGFR-TKI 150 2.77- 5.1 13.7 
82.4% 
(EGFR 
mutation) 

P-gp and 
Bcrp 
substrate 

(Togashi et 
al., 2010; 
Porta et al., 
2011; de 
Vries et al., 
2012) 

Afatinib EGFR-TKI 50 0.7 ND 35% 
P-gp 
substrate 

(Wind et al., 
2014; 
Hoffknecht et 
al., 2015) 

Osimertinib EGFR-TKI 80 NA 180 ND 
P-gp and 
Bcrp 
substrate 

(Ballard et al., 
2016) 

AZD3759 EGFR-TKI 100-1000 111 282 83% ND 
(Zeng et al., 
2015) 

Crizotinib ALK-TKI 500 0.26 23 18-33 % 
P-gp 
substrate but 
not Bcrp 

(Tang et al., 
2014) 

Alectinib ALK-TKI 1200 0.3 63-94 52% 
Not a P-gp 
substrate 

(Gadgeel et 
al., 2014; 
Kodama et 
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al., 2014a; 
Metro et al., 
2016) 

Ceritinib ALK-TKI 400 ND 15 34.5-58.8 % 
P-gp and 
Bcrp 
substrate 

(Crino et al., 
2016; 
Katayama et 
al., 2016; Kim 
et al., 2016) 

Brigatinib 
ALK and 
EGFR TKI 

300 ND ND 53% ND 
(Rosell et al., 
2016) 

Lorlatinib 
(PF-06463922) 

ALK-TKI 100 ND 64 ND 
Not a P-gp 
substrate 

(Johnson et 
al., 2014) 

Entrectinib ALK-TKI ND ND 43  ND ND 

 (Ardini et al., 
2016; 
Menichincheri 
et al., 2016) 

* Total drug concentrations are reported 
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Table 2.3 Brain and transporter related features of molecularly targeted therapy for melanoma. (ND, not 

determined; NA, not available.) 

                
Compound Molecular 

Target 
Dose in 
patients 
(mg/day) 

Brain penetration 
(% of CSF to 
plasma levels) in 
patient* 

 Brain penetration 
( % of brain to 
plasma ratio) in 
pre-clinical 
model* 

Response rate  
in BM patients 
(%) 

Transporter 
effect 

Reference 

Vemurafenib 
BRAF 
inhibitor 

960 (b.i.d.) 0.98 0.012  NA 
P-gp and 
Bcrp 
substrate 

(Mittapalli et 
al., 2012; Sakji-
Dupre et al., 
2015) 

Dabrafenib 
BRAF 
inhibitor 

150 x 2 
(b.i.d.) 

ND 4.4 71-78 
P-gp and 
Bcrp 
substrate 

(Mittapalli et 
al., 2013; Azer 
et al., 2014) 

Cobimetinib MEK inhibitor 60  ND 8 
Under 
investigation 
(NCT02537600) 

P-gp 
substrate 
(Not Bcrp) 

(Choo et al., 
2014) 

Trametinib MEK inhibitor 2 ND 0.28  NA 
P-gp 
substrate, but 
not Bcrp 

(Vaidhyanatha
n et al., 2014) 

E6201 MEK inhibitor    ND 270  NA 
 Minimal 
effect with P-
gp and Bcrp 

(Gampa et al., 
2018) 

* Total drug concentrations are reported 
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Table 2.4 Brain and transporter related features of molecularly targeted therapy for breast cancer and renal cancer cell 

(Continued in the next page) 
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Compound Molecular 

Target 
Dose in 
patients 
(mg/day) 

Brain penetration 
(% of CSF to 
plasma levels) in 
patient* 

 Brain penetration (% 
of brain to plasma 
ratio) in pre-clinical 
model* 

Response 
rate in BM 
patients (%) 

Transporter 
effect 

Reference 

Lapatinib 
EGFR and 
HER2 

1250 0.11 3 6% 
P-gp and Bcrp 
substrate 

(Polli et al., 
2008; Lin et al., 
2009; Gori et 
al., 2014) 

Trastuzumab HER2 NA 0.24 ND 0.5 NA 
(Stemmler et 
al., 2007) 

Rucaparib 
PARP 
inhibitor 

40 ND 11 ND 
P-gp and Bcrp 
substrate 

(Parrish et al., 
2015a)  

Olaparib 
PARP 
inhibitor 

400 x 2 
(b.i.d.) 

ND 1.1# ND P-gp substrate 
(Lawlor et al., 
2014) 

Veliparib 
(ABT-888) 

PARP 
inhibitor 

400 x 2 
(b.i.d.) 

ND less than 5% ND 
P-gp and Bcrp 
substrate 

(Lin et al., 2014) 

Talazoparib 
(BMN-673) 

PARP 
inhibitor 

1 ND 2 ND 
P-gp 
substrate, but 
not Bcrp 

(Kizilbash et al., 
2017) 

Niraparib 
PARP 
inhibitor 

300 10-52+ 85-99 ND NA 
(Mikule and 
Wilcoxen, 2015) 

Vorinostat 
HDAC 
inhibitor 

360 ND 4 ND 
P-gp and Bcrp 
substrate 

(Hanson et al., 
2013) 

Sunitinib TKI 50 ND 42 12 
P-gp and Bcrp 
substrate 

(Gore et al., 
2011; Oberoi et 
al., 2013) 

Sorafenib 
Multi-kinase 
inhibitor 

400 x 2 
(b.i.d.) 

0.02-3.4+ 9.4 ND 
P-gp and Bcrp 
substrate 

(Agarwal et al., 
2011c) 

Axitinib 
VEGFR 
inhibitor 

5mg x 2 
(b.i.d.) 

 ND  Less than 10% ND 
 P-gp and 
Bcrp substrate 

 (Poller et al., 
2011) 

* Total drug concentrations are reported  #Unpublished data  + in non-human primate 
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3.1 INTRODUCTION 

Individualized medicine approaches based on next-generation sequencing (NGS) 

could significantly improve the dismal outcome for the most common and 

aggressive primary brain tumor, glioblastoma (GBM).(Vitucci et al., 2011) 

However, the majority of targeted agents exhibit limited partitioning into the brain, 

which could limit efficacy, especially given the invasive nature of GBM.(Deeken 

and Loscher, 2007; Doolittle et al., 2007; Gerstner and Fine, 2007; Agarwal et al., 

2011c; Parrish et al., 2015c) While essentially all GBM exhibit some accumulation 

of radiographic contrast on clinical imaging, whether contrast enhancement 

translates into meaningful drug accumulation remains uncertain.(Iqbal et al., 2011) 

Furthermore, image-guided surgical biopsy studies also demonstrate that most 

patients have significant tumor burden outside of contrast-enhancing 

regions.(Pafundi et al., 2013) Therefore, the focus of this study was to evaluate the 

influence of BBB integrity on the efficacy of a molecularly-targeted agent with 

limited brain penetration.  

Disruption of the p53 tumor suppressor pathway occurs in the majority of GBM and 

is driven by amplification of the murine double minute 2 (MDM2) locus in 

approximately 14% of patients.(2008) MDM2 is known to be a major regulator of 

p53, by targeting p53 for degradation mainly through its intrinsic E3 ubiquitin 

ligase. As a result, high MDM2 expression can effectively suppress p53 expression 

and activity.(Wade et al., 2013) Reactivation of p53 can be achieved through 

diverse pharmacologic strategies, including: suppression of MDM2 expression, 

inhibition of E3 ubiquitin ligase activity, or inhibition of the p53-MDM2-proteasome 
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interaction, with the latter approach favored by the current generation of MDM2 

inhibitors.(Hu et al., 2007; Liu et al., 2010; Villalonga-Planells et al., 2011) Among 

small molecule MDM2 inhibitors, SAR405838 is clinically advanced in that it is in 

phase one clinical trials. SAR405838 has a high MDM2 selectivity, with a Ki of 0.88 

nM, and evidence of anti-tumor activity in a variety of tumor types.(Wang et al., 

2014) The studies reported herein were designed to assess the potential use of 

SAR405838 in MDM2-amplified GBM to further the clinical development of a 

precision medicine strategy. 

3.2 MATERIALS AND METHODS 

 Cell culture, drugs, and apoptosis  

Short-term explant cultures were obtained from a primary, patient derived 

glioblastoma panel and were grown in neurobasal media (Life Technologies) as 

previously described.(Kitange et al., 2012; Nadkarni et al., 2012) Cell 

authentication was performed using STR profiling last performed on 4/5/2015.  

Neurosphere formation and Cyquant proliferation assays were performed as 

previously described.(Kitange et al., 2012) SAR405838 was obtained from Sanofi 

(Vitry-sur-Seine, France). Annexin-V assays were performed as previously 

described.(Maddika et al., 2011) 

 TP53 gene Sequencing  

Purified genomic DNA (50 ng) was PCR amplified in a 25 l PCR reaction 

using primers that were designed to flank exons 4-8 of TP53 gene.  Primer 

sequences are available in Supplemental Materials.  The products were then 
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submitted to Mayo Clinic Sequencing facility for Sanger sequencing. Mutations 

were detected using Mutation Surveyor software V4.0.9 (Softgenetics, State 

College, PA). 

 MDM2 Amplification and RNA expression 

DNA and RNA was extracted from 20 mg of frozen flank tumor using the 

Qiagen Puregene Core Kit A (Cat# 158667) and the Qiagen RNeasy Mini Kit 

(Cat# 74106), then quantitated on a Nanodrop 2000. Three tumor samples were 

used per GBM line. Primer sequences are available in Supplemental Materials. 

 Real-Time PCR assays  

Total RNA was extracted with the RNeasy kit (Qiagen) according to 

manufacturer’s instructions and cDNA was synthesized using the High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems). TaqMan gene expression 

assays were performed by using MDM2 (Hs99999008-m1), p21 (Hs00355782-

m1), PUMA (Hs00248075) gene-specific primer/probe sets (Applied Biosystems) 

for real-time PCR amplification in an Applied Biosystems 7900 thermocycler. 

RPL37a was used for normalization using probes and primers from Applied 

Biosystems. Relative quantification of mRNA was calculated by comparative cycle 

threshold (Ct) method. 

 Efficacy studies in vivo  

 All animal studies were approved by the Mayo Institutional Animal Care 

and Use Committee. Subcutaneous xenografts were established by injecting the 

flank of athymic nude mice with 1 × 106 cells suspended in Matrigel/PBS. When 
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established tumors reached 150-250 mm3 in size, mice were randomized and 

treated by oral gavage with placebo vehicle (98% PEG200 : 2% TPGS) or 

SAR405838 (50 mg/kg per day). Tumor volume was measured thrice weekly until 

euthanasia. To prepare cells for orthotopic models, flank tumor xenografts were 

harvested, mechanically disaggregated, and grown in short-term cell culture (5-

14 days) in DMEM supplemented with 2.5% fetal bovine serum, 1% penicillin, 

and 1% streptomycin. Cells were harvested by trypsinization and injected (3×105 

or 1×106 cells per mouse, suspended in 10 μL) into the right basal ganglia of 

anesthetized athymic nude mice (athymic Ncr-nu/nu, National Cancer Institute, 

Frederick, MD) using a small animal stereotactic frame (ASI Instruments, 

Houston, TX) as previously described.(Gupta et al., 2014) Mice were observed 

daily and euthanized upon reaching a moribund state. For pharmacodynamic 

assessment, tumors were harvested at 24 hours after the last drug dose.    

 Brain-to-plasma ratio for SAR405838.  

In vivo brain-to-plasma ratios were determined in Friend leukemia virus strain B 

(FVB) wild-type mice of either sex from an FVB genetic background (Taconic 

Farms, Germantown, NY). Five mice in each genotype were orally dosed with 25 

mg/kg SAR405838 using the same vehicle as was used in the efficacy studies. 

Animals were euthanized using a CO2 chamber 1 hr after dosing. Blood was 

collected by cardiac puncture in heparinized tubes and plasma was separated after 

centrifugation at 3500 rpm for 15 min at 4°C. Whole brain was harvested at the 

same time as the blood collection. Samples were analyzed by a Micromass 
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Quattro Ultima mass spectrometer coupled with AQUITY UPLC system (Waters, 

Milford, MA). 

 VEGFA over-expression  

GBM108 cells were transduced with either an empty vector (LV197, 

Genecopoeia Inc, Cat# EX-NEG-Lv197) or a vector containing VEGFA transcript 

variant 4 (NM_001171626.1, Cat# EX-Z0781-Lv197) as previously 

described.(Cen et al., 2012) 

 VEGFA ELISA  

Cell lysates from GBM108 parental, GBM108 empty vector, and GBM108 

VEGFA transfected cells were harvested with 1% Triton X in DPBS (Hyclone® , 

GE Life Sciences, Logan, Utah) after rinsing with ice cold DPBS. Total cell 

protein was quantified by the Pierce®  BCA protein assay kit (Thermo Scientific). 

A human VEGF Quantikine ELISA kit (R&D Systems, Minneapolis, MN) was 

used to quantify VEGFA expression in the culture supernatant. Levels of VEGFA 

expression were normalized to total cell protein in corresponding wells. The three 

lines were compared using one-way ANOVA followed by Bonferroni’s test for 

multiple comparisons. 

 TUNEL Staining 

Apoptosis was analyzed by using an ApopTag®  Plus peroxidase in situ 

apoptosis detection kit (S7101, Millipore). GBM108 cells were injected to the 

mouse flank (n=10). Mice were randomized into 2 groups of 5 mice when the 

tumor reached 250-400 mm3. The placebo group was dosed daily with vehicle, 
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and treatment group was dosed daily with SAR405838, 50 mg/kg, for 5 days. 

Tumors were harvested on the fifth day 2 hours after last dose of drug and flash 

frozen. Tumors were formalin-fixed, paraffin embedded, and sliced at a thickness 

of 5 µm for staining. Bright field images were acquired using a Leica DMI6000B 

inverted microscope at 40X. Six images were taken for each tumor and apoptotic 

cells/bodies were counted blinded with respect to the treatment groups. 

 Texas Red Imaging to Evaluate BBB Integrity  

Tumor-bearing mice were injected with 3kD dextran conjugated with 

Texas Red (Molecular Probes® , Thermo Fisher Scientific) in the tail vein 10 min 

before CO2 euthanasia. Whole brain was harvested after cardiac perfusion with 

room temperature 4% PFA in saline. The brain was frozen on dry ice and stored 

at -80ºC. Cryostat sections of 20 μm were obtained at −21°C (Leica 3050S), 

mounted on glass slides and stored at -20ºC before imaging. Whole brain slices 

were imaged using a Nikon AZ100M macroscope at 16X and Nikon software 

compiled individual images.   All slides were imaged on the same day using 400 

ms exposure and cresyl violet staining was done to locate the tumor for 

comparison.  

 Preclinical MRI acquisition and analysis 

MRI was performed using a Bruker DRX-300 (300 MHz 1H) 7 Tesla vertical-

bore small animal imaging system (Bruker Biospin, Billerica, MA) according to 

published protocols.(Renner et al., 2015; Renner et al., 2016)  Throughout 

imaging, mice were anesthetized by inhalation of 3–4% isofluorane in air and their 

respiratory rate monitored. For T1 weighted imaging, mice were administered 
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gadolinium contrast (Gadavist 1mM, Bayer, Whippany NJ) intraperitoneally (i.p.) 

at a dose of 100 mg/kg and imaged after a 15-minute delay.  

 MALDI MSI 

Mass spectra of mouse brain tissue sections were acquired using a 

SolariX XR Fourier transform ion cyclotron resonance mass spectrometer (FT-

ICR) (12 T) (Bruker Daltonics, Billerica, USA).  MALDI MSI experiments were 

acquired with a pixel step size for the surface raster set to 80 µm in FlexImaging 

4.0 software (Bruker Daltonics, Billerica, USA).  The analyses were performed in 

positive ion mode by continuous accumulation of selected ions (CASI) in a mass 

range comprised between m/z 440-620 and a laser intensity set to 40%.  Each 

mass spectrum is the sum of 250 laser shots randomized over 10 positions within 

the same spot (25 shots/position) at a laser frequency of 1000 Hz.  The MALDI 

images were displayed using FlexImaging 4.0.  The permeability of SAR405838 

through the blood vessel was visualized following the signal of the drug (m/z 

562.2034 ± 0.001) and a biomarker of vasculature (heme at m/z 616.1768 ± 

0.001), as previously described.(Liu et al., 2013)  Gadavist was visualized 

following the signal of one of the isotopologue peaks of the contrast agent at m/z 

606.1409 ± 0.001. 

 Immunohistochemistry and quantitative analysis 

Staining for human p21 was performed using a rabbit monoclonal antibody 

12D1 (Cell Signaling Technology, Danvers, MA) followed by hematoxylin 

counterstaining. p21 positivity was determined by adapting the Aperio IHC Nuclear 
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Image Analysis algorithm, which uses color de-convolution to separate the DAB 

(positive) from hematoxylin (negative) signals, to the nuclei staining patterns and 

shapes present in these samples. The percent of all stained nuclei that were 

positive for the DAB chromogen as a marker of p21 was quantitated. 

 Statistical analyses 

  In vitro data presented are the mean ± SE from three or more experiments. Two-

tailed Student t tests and one-way ANOVA were used to measure statistical 

differences. P-values <0.05 were considered statistically significant. Statistical 

analysis of animal survival and tumor progression was performed using the log-

rank test. 
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3.3 RESULTS 

3.3.1 In vitro efficacy of SAR405838 

The Mayo Clinic has developed a large panel of GBM patient-derived 

xenograft (PDX) models, and to identify the most relevant models for studying an 

MDM2 inhibitor, a series of studies were used to select models for further analysis. 

Initially, 55 PDX models were evaluated for MDM2 amplification by qPCR, MDM2 

transcript expression by qRT-PCR, and then selected models were evaluated for 

p53 mutation status by Sanger sequencing (Fig. S1). From these studies, 5 lines 

were selected for subsequent in vitro testing (Fig. 1A): two without MDM2 transcript 

over-expression (GBM10, p53 wild-type; GBM12, p53 mutant), one with MDM2 

amplification but without over-expression (GBM102), and two with MDM2 

amplification and over-expression (GBM108, GBM143). The dose response 

curves for SAR405838 in these tumor lines were obtained by in vitro neurosphere 

formation and CyQuant assay to determine potency. SAR405838 had the best 

potency in GBM108 (figure S5). Treatment with 100 nM SAR405838 significantly 

reduced neurosphere formation in all 4 wild-type p53 tumor lines, but the reduction 

in neurosphere formation was significantly more profound in the MDM2 

amplified/over-expressing GBM108 (5.8±1.2% relative to control) and GBM143 

(6.4±6.1%) lines as compared with GBM10 (44.6±6.2%) and GBM102 

(33.6±17.1%) lines without MDM2 transcript over-expression (Fig. 1B). In an 

evaluation of apoptosis induction, SAR405838 treatment was associated with a 

significantly increased fraction of Annexin V-positive cells, relative to control, only 

in GBM108 (41.5±9.4% vs 9.4±2.3% p<0.0001) and GBM143 (23.9±9.8% vs 
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9.8±2.0% p=0.003) cells (Fig. 1C). Consistent with robust disruption of MDM2 

activity, 24 hour exposure to 100 nM SAR405838 resulted in marked induction of 

p53 transcriptional targets PUMA and p21 (Fig. 1D). In conjunction with previously 

published studies, these data support a model in which SAR405838 achieves 

cytotoxicity in MDM2 over-expressing tumors through restored p53 function and 

subsequent apoptosis.(Hoffman-Luca et al., 2015) 

 In vivo efficacy of SAR405838 

The efficacy of SAR405838 was evaluated in a series of flank and intra-

cranial in vivo studies. Consistent with the in vitro results, SAR405838 induced 

tumor regression and uniformly suppressed growth of GBM108 flank tumors for 

over 6 weeks of therapy (50 mg/kg p.o. qd until euthanasia, Fig. 2A), while drug 

treatment was ineffective in GBM102 flank tumors (Fig. 2B). This regimen was 

well-tolerated for the entire treatment course. The average weight of the mice at 

the end of treatment was 106±4% of the beginning weight. In the sensitive 

GBM108 model, SAR405838 treatment for 5 days resulted in a 21-fold increase in 

p21 transcript expression and a 7-fold increase in PUMA expression 24 hours after 

drug treatment (Fig. 2C) and a three-fold increase in apoptosis relative to placebo 

treatment, as measured by TUNEL-positivity (Fig. S2).  In contrast to the profound 

efficacy observed in flank models, the same SAR405838 dosing regimen was 

completely ineffective in GBM108 grown as orthotopic tumors (Fig. 2D), which 

were established at the same time as the GBM108 flank study. Drug delivery to 

orthotopic tumors might be limited by a partially intact BBB, and consistent with 

this concept, limited intratumoral accumulation of a BBB-impenetrant Texas Red-
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3 kD dextran conjugate was observed in orthotopic GBM108 tumors (Fig. S3). 

Moreover, measurement of SAR405838 drug distribution into the brain 

demonstrated the brain-to-plasma ratio for SAR405838 was 0.01 ± 0.003 post 1 hr 

after single oral dosing in non-tumor bearing mice. Overall, these data suggest that 

restricted partitioning across a partially intact BBB in orthotopic tumors might limit 

SAR405838 efficacy in an otherwise highly responsive tumor model. 

 Imaging of BBB integrity 

The influence of limited drug delivery across the BBB on treatment efficacy 

was tested by manipulating the integrity of the tumoral BBB. VEGFA is a pro-

angiogenic cytokine that drives the development of an immature, leaky vasculature 

within GBM, and previous studies have used exogenous delivery of VEGFA to 

disrupt the BBB.(Dobrogowska et al., 1998; Proescholdt et al., 1999; Argaw et al., 

2012) Therefore, we used a lentiviral expression system to over-express VEGFA 

in GBM108 (GBM108-VEGFA; Fig. S4). Importantly, VEGFA over-expression did 

not meaningfully change the in vitro SAR405838 sensitivity of GBM108-VEGFA 

cells as compared to empty vector transduced GBM108-Vector cells (Fig. S5). 

Using these two GBM108 sub-lines, the impact of VEGFA over-expression on BBB 

integrity was evaluated by injecting mice 10 minutes prior to euthanasia with a 

TexasRed-3 kD dextran conjugate that only accumulates in brain regions with a 

physically disrupted BBB. Following sectioning and subsequent processing for 

fluorescence microscopy, this allows a visual evaluation of BBB integrity that is 

inversely related to red fluorescent intensity. Consistent with limited disruption of 

the BBB in the parental PDX model (Fig. S3), faint and heterogeneous red 
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fluorescence is apparent in GBM108-Vector orthotopic tumors (Fig. 3A). In 

contrast, the BBB within GBM108-VEGFA tumors was markedly disrupted with 

brighter and homogeneous red fluorescence across the intra-cranial tumors. 

Magnetic resonance imaging (MRI) also provides a sensitive measure of BBB 

deregulation in brain tumors. Even minimal disruptions of the BBB can result in 

increased fluid accumulation within tissues that can be readily detected on T2-

weighted image sequences, and T1-weighted imaging sequences are highly 

sensitive for detecting accumulation of paramagnetic gadolinium contrast agents, 

which do not cross an intact BBB. In this context, mice with orthotopic tumors with 

either GBM108 sub-lines were subjected to MR imaging (Fig. 3B). Consistent with 

clinical imaging of GBM, orthotopic GBM108-Vector tumors were evident on T2- 

and T1-post contrast MR images, and consistent with greater disruption of the 

BBB, the tumor-associated T2- and T1-signals were more evident in the GBM108-

VEGFA tumors. Collectively, these data demonstrate that GBM108 tumors have a 

partially intact BBB that is markedly more disrupted in association with VEGFA 

over-expression.  

The marked disruption of the BBB in GBM108-VEGFA, as compared to the 

isogenic GBM108-Vector model, provides a platform for evaluating the potential 

impact of the BBB on imaging, drug delivery, and efficacy in GBM. Accordingly, 

gadolinium-based contrast (Gadavist) and SAR405838 distribution into orthotopic 

tumors were evaluated using matrix-assisted laser desorption/ionization mass 

spectrometric imaging (MALDI MSI) (Fig. 3C). Mice with established GBM108-

VEGFA (n=3) or GBM108-Vector (n=3) orthotopic tumors were euthanized after a 
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single Gadavist and SAR405838 dose and processed for histologic sectioning and 

MALDI MSI. As suggested by T1-post contrast imaging, both GBM108-Vector and 

GBM108-VEGFA demonstrated intratumoral Gadavist distribution on MALDI MSI 

with Gadavist distribution in GBM108-VEGFA being appreciably higher. 

Consistent with the limited efficacy of SAR405838 in parental GBM108 orthotopic 

tumors, SAR405838 accumulation within GBM108-Vector was relatively low and 

highly heterogeneous (Figs. 3C and S6). In contrast, accumulation of SAR405838 

in orthotopic GBM108-VEGFA was much higher and more homogeneous 

throughout the tumor.  

 Effect of SAR405838 brain penetration on efficacy 

Effective suppression of MDM2-p53 interaction should promote p53 

signaling, and consistent with this expected pharmacodynamic effect on the p53 

transcriptional target p21, daily SAR405838 dosing for 4 days in orthotopic 

GBM108-VEGFA resulted in an 11.3-fold increase in the fraction of p21-positve 

nuclei (Fig. 4A, p21-positive nuclei: 3.2±0.2% with placebo versus 34.8±3.9% 

with SAR405838 treatment; p=0.0002). In comparison, SAR405838 dosing in 

orthotopic GBM108-Vector only resulted in a 2-fold increase in p21 staining (Fig. 

4B, 13.2±0.6% versus 26.1±6.7%; p=0.006, respectively). Finally, the influence of 

enhanced drug delivery on treatment efficacy was evaluated in both GBM108 

sub-lines. SAR405838 treatment had limited impact, even though it was 

statistically significant (p=0.002), on survival in GBM108-Vector tumors with a 7.5 

day increase in median survival prolongation when compared to placebo (Figure 

4C). In contrast, SAR405838 treatment was markedly more effective in GBM108-
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VEGFA tumors with a 45 day prolongation in median survival as compared to 

placebo treatment (p<0.0001) (Figure 4D). This observed increase in efficacy in 

the VEGFA-secreting tumors was even more remarkable in light of the fact that 

the VEGFA tumors had a more aggressive growth pattern (the median survival of 

GBM108-VEGFA placebo group and GBM108-Vector placebo group were 32 

and 45 days, respectively), undoubtedly due to the stimulation of angiogenesis in 

the tumor.(Claffey and Robinson, 1996; Weathers and de Groot, 2015) While 

differences in the micro-environment associated with VEGFA expression cannot 

be completely discounted, these data strongly suggest that limited drug 

distribution across a relatively intact BBB in the parental GBM108 patient-derived 

xenograft model critically limits the efficacy of SAR405838
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3.4 DISCUSSION  

The vital role of MDM2 in regulating p53 function makes MDM2 inhibitors 

an attractive drug class for further exploration and clinical development.  MDM2 

inhibitors demonstrate efficacy in a variety of cell types and at least seven novel 

agents are currently undergoing phase I investigation for several solid tumors.(Bill 

et al., 2015; Deben et al., 2015; Hai et al., 2015) This study joins a growing body 

of literature suggesting that MDM2 inhibition also represents a promising 

therapeutic strategy for a sub-population of GBM.(Chen et al., 2015; Verreault et 

al., 2015; Daniele et al., 2016) Here we demonstrate that the MDM2 inhibitor 

SAR405838 can induce the expression of downstream p53 targets PUMA and p21 

in p53 wild-type/MDM2 over-expressed GBM lines.  SAR405838 treatment results 

in increased apoptosis and a reduction in neurosphere formation in sensitive lines.  

In vivo flank experiments demonstrate both increased apoptosis and profound 

suppression of tumor volume with SAR405838 treatment in a sensitive line 

(GBM108), suggesting a cytotoxic mechanism.  However, little efficacy was seen 

in an MDM2-amplifed, p53 wild-type line without MDM2 over-expression 

(GBM102), suggesting that MDM2 amplification is an insufficient biomarker for 

treatment sensitivity.  Further work is required to define biomarkers for treatment 

sensitivity as this study and others show that the p53 wild-type / MDM2 amplified 

genotype can have heterogeneity in MDM2 inhibitor sensitivity.(Zhang et al., 2016) 

This study also highlights the critical role of drug delivery in the successful 

application of targeted therapy for GBM.  We demonstrate that MDM2 inhibition 

can have profound efficacy in appropriately selected GBM, but limited drug delivery 
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across the BBB may severely restrict the intracranial efficacy of SAR405838. 

Disruption of the BBB through VEGFA overexpression results in both markedly 

increased intra-tumoral accumulation of SAR405838 and increased p21 expression 

when compared with the empty vector control.  Mice with BBB-disrupted tumors also 

experienced a survival benefit with SAR405838 treatment while mice with mostly BBB-

intact tumors derived no benefit from treatment.  Considering the fact that G108-VEGFA 

tumors are intrinsically more virulent compared to G108-Vector due to the effect of 

VEGFA expression on angiogenesis and hence on glioblastoma growth, the survival 

benefit that we have seen here is even more pronounced with SAR405838 

treatment.(Claffey and Robinson, 1996; Weathers and de Groot, 2015) These data suggest 

that small-molecule MDM2 inhibitors may have profound efficacy in appropriately 

selected patients only if a sufficiently brain-penetrant agent can be identified. 

Similar correlations with limited brain penetration for otherwise highly effective 

drugs suggest that this may be a generalizable phenomenon.(Vaidhyanathan et 

al., 2014; Becker et al., 2015a; Parrish et al., 2015a; Parrish et al., 2015b; Pokorny 

et al., 2015) 

Interestingly, relatively BBB-intact tumors in our study maintained visible levels of 

contrast enhancement on T1-weighted MR imaging despite the lack of significant 

drug accumulation on MALDI MSI. Though contrast enhancement does indicate a 

certain degree of BBB disruption, patient biopsy studies of contrast enhancing 

brain regions following repeated MR scans demonstrate that elemental 

concentrations of gadolinium as small as 0.3 µg/mg (1.9 nM) are sufficient to 

generate T1 signal changes.(McDonald et al., 2015; Radbruch et al., 2015; 
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Ramalho et al., 2015; Robert et al., 2015; Weberling et al., 2015) Making the 

assumption that targeted agents have similar CNS distribution characteristics as 

gadolinium, such low concentrations are often below the threshold required for 

clinical activity. This work seriously calls into question the likely misguided notion 

that contrast enhancement as seen on clinical imaging equates with 

pharmacologically meaningful drug accumulation of brain impenetrant agents, 

such as SAR405838, in GBM.(Boult et al., 2016) Even in regions of contrast 

enhancement, drug delivery into GBM may be limited by a heterogeneously intact 

BBB, significantly limiting the efficacy of drug treatment.  

Issues with brain-penetration for targeted therapies also extend to therapy for brain 

metastases. Individualized medicine approaches based upon targeted therapies 

have improved systemic disease control in appropriately selected cancer types 

including melanomas with BRAF V600E mutations, non-small cell lung cancer 

(NSCLC) with EML4-ALK fusions, and colon cancer with wild-type KRAS.  Despite 

these successes in controlling peripheral disease, CNS metastases remain a 

substantial problem.  Upwards to 60% of NSCLC patients develop CNS 

metastases while on crizotinib treatment, while treatment with trastuzumab in 

HER2+ breast cancer is associated with a 35% increase in relative risk of CNS 

metastases.(Olson et al., 2013; Rangachari et al., 2015)  The likely cause of such 

isolated CNS failure is poor penetration of the BBB by these targeted agents.(Shi 

and Dicker, 2016)  As peripheral disease control improves with new therapies, 

strategies for decreasing CNS disease burden may become the primary driver for 

overall survival. 
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Thus far, no phase III clinical trials utilizing targeted agents in GBM have resulted 

in improved overall survival.  Given that many of these agents have limited BBB 

permeability(Agarwal et al., 2011b), our results suggest that selection of a drug 

with optimal brain distribution is a critical consideration in designing and 

implementing future trials using targeted agents in the context of precision 

medicine strategies for GBM. 
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Figure 3.1 Characteristics of selected PDX GBM lines 

A)  Summary of MDM2 amplification, expression, and p53 status for select xenograft lines. B) Relative values of tumor 

growth with the treatment of SAR405838 (100 nM) compared to controls are measured either neurosphere formation or 

CyQuant (CyQuant measurement for GBM108). SAR405838 (100 nM) has higher inhibition in MDM2 over-expressed, p53 

WT lines (GBM108, GBM143) when compared to MDM2-low lines (GBM10, 12, 102). GBM102 has MDM2-amplification 

but not over-expression. C) SAR405838 (0 nM black, 100 nM grey) induces more apoptosis by Annexin V at 72 hrs in 

MDM2 over-expressed lines (GBM108, GBM143) when compared to MDM2-low lines (GBM10, GBM102). D) Relative 

transcript expression of p21 and PUMA. Short-term explant cultures were treated with vehicle or 100 nM SAR405838 and 

then processed for qRT-PCR. Results represent the mean ± SE with p-values for p21 (top) and PUMA (bottom). * P<0.05, 

** P<0.01, *** P<0.001. 
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Figure 3.2 In vivo efficacy of SAR405838 in heterotopic and orthotopic models of GBM108 

A, B) Average flank tumor volume of surviving mice in placebo (black, n=7) vs. SAR405838 at 50 mg/kg p.o. qd until 

euthanasia (grey, n=8). Solid arrows at treatment start date. Mice were euthanized once tumor exceeded 1800 mm3. C) In 

vivo (flank) expression of p21 and PUMA is increased at 24 h after SAR405838 (50 mg/kg) in GBM108 but not GBM102. 

D) SAR405838 at the same dosing regimen does not demonstrate efficacy in an orthotopic model of GBM108. (Placebo : 

black (n=12), Treated : grey (n=11)) * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 3.3 BBB permeability and distribution of SAR405838 in GBM108-Vector and GBM108-VEGFA 

A) Comparison of BBB permeability to Texas Red Dextran in GBM108-Vector and GBM108-VEGFA (scale bar = 1000 

um) B) Contrast enhancement on MRI for GBM108-Vector and GBM108-VEGFA C) Comparison of H&E staining in 

GBM108-Vector and GBM108-VEGFA with MALDI mass spectrometry imaging for Gadavist and SAR405838. 

Dotted lines on the H&E stained section images delineate GBM108-Vector and GBM108-VEGFA tumors. 

 

 

 

 

 

 

 



 

105 

 

Figure 3.3 continued 
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Figure 3.4 Improved pharmacodynamic response and orthotopic survival in GBM108-VEGFA  

A) p21 expression in GBM108-Vector and GBM108-VEGFA after SAR405838 treatment in orthotopic tumors (scale bar = 

200 um). B) Quantitation of SAR405838 effect on p53 signaling. Mice with established orthotopic tumors were treated with 

SAR405838 or placebo and then processed for p21 IHC. The percentage of p21-positive nuclei per high powered field in 

GBM108-Vector versus GBM108-VEGFA after placebo or SAR405838 (5 mice per group) are presented as mean ± 

standard deviation. C, D) Orthotopic survival, GBM108-Vector (n=10 per group) vs GBM108-VEGFA (n=9 for placebo and 

n=10 for the treatment group). SAR405838 was dosed at 50 mg/kg p.o. qd until moribund. * P<0.05, ** P<0.01, *** 

P<0.001. 
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BRAIN DISTRIBUTIONAL KINETICS OF A NOVEL MDM2 

INHIBITOR SAR405838: IMPLICATIONS FOR USE IN 

BRAIN TUMOR THERAPY 
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4.1 INTRODUCTION 

The tumor suppressor p53 has been an attractive target in cancer 

therapeutics due to its crucial role in tumorigenesis (Hainaut and Hollstein, 2000; 

Vogelstein et al., 2000).  The signaling pathway of p53 is found to be inactivated 

in various types of human cancers, often without a gene mutation in p53 itself 

(Wade et al., 2013).  Therefore, it was a challenge to find ways to reactivate this 

protein in tumor cells for therapeutic purposes, until the role of the oncoprotein 

murine double minute 2 (MDM2) was discovered (Momand et al., 1992; Finlay, 

1993).  MDM2 has been identified as a major negative regulator of p53 by either 

direct binding or ubiquitination leading to degradation (Momand et al., 2000; 

Wade et al., 2013).  MDM2 is often amplified or overexpressed in various tumors, 

which leads to cancer development by downregulating p53 (Wade et al., 2013). 

Therefore, reactivation of p53 in tumors by the use of small molecule antagonists 

that target the interaction between MDM2 and p53 has been investigated as a 

novel molecularly-targeted therapy for various cancers.   

Currently there are several small molecule MDM2 antagonists under 

clinical investigation for various solid tumors. One of these, SAR405838 (Figure 

1), is a potent inhibitor that has high selectivity and affinity to MDM2 (Ki = 0.88 

nM) (Wang et al., 2014). A previous study from our group has shown that 

SAR405838 was highly efficacious in a patient-derived xenograft (PDX) model of 

glioblastoma (GBM) both in vitro and in heterotopic tumor implanted 

subcutaneously in the flank (Kim et al., 2018b). However, SAR405838 showed a 

lack of efficacy against an orthotopic tumor model, where the tumor was 
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implanted intracerebrally. We conclude that this is likely due to limited delivery of 

SAR405838 to the tumor in the brain (Kim et al., 2018b). Interestingly, the in vivo 

orthotopic efficacy of SAR405838 was shown to be significantly increased in a 

tumor line where the BBB was disrupted by the overexpression of vascular 

endothelial growth factor A (VEGFA) (Kim et al., 2018b).  These data indicate 

that the brain distribution of this MDM2 inhibitor is a crucial factor in limiting 

treatment efficacy for infiltrative brain tumors, such as GBM (Sarkaria et al., 

2018). Therefore, it is critical to understand the mechanisms that limit 

SAR405838 entry into the brain at an intact BBB. Clearly, adequate SAR405838 

exposure in the brain depends on both systemic pharmacokinetic properties and 

distribution across the BBB, exemplified by SAR405838 efficacy in the PDX 

model of GBM dependence on the brain delivery of the compound (Kim et al., 

2018b). 

 Brain distribution of many agents is often limited by the blood-brain barrier 

(BBB), which is characterized by tight and adherens junctions, that blocks the 

intercellular pathway for small molecules, and by expression of efflux 

transporters, that limit transcellular transport.  Many of the molecularly targeted 

anti-cancer therapeutics are not able to penetrate the BBB, and are subject to 

these active efflux transporters, including P-glycoprotein (P-gp) and breast 

cancer resistance protein (Bcrp).  P-gp and Bcrp are highly expressed active 

efflux transporters at the BBB of the mouse (Agarwal et al., 2012) and human 

(Uchida et al., 2011). How these transporters influence the brain delivery of 

SAR405838 is critical in understanding the delivery and efficacy in the context of 
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tumors in the brain, whether they be primary tumors, such as GBM (Cancer 

Genome Atlas Research, 2008), or metastatic brain tumors that may overexpress 

MDM2 and have areas with an intact BBB (Wade et al., 2013). 

The objective of current study was to examine the role of major efflux 

transporters, P-gp and Bcrp, on the brain distribution of SAR405838 using in vitro 

and in vivo methods.  Moreover, a compartmental model was developed for 

quantitative and mechanistic understanding of the distributional kinetics of 

SAR405838 into and out of the brain in the presence and the absence of the 

major active efflux transporters at the BBB.  These studies provide insights on 

the use of SAR405838 in brain tumor therapy.   
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4.2     MATERIALS AND METHODS 

 Chemicals and reagents  

(2'S,3'R,4'S,5'R)-6-Chloro-4'-(3-chloro-2-fluoro-phenyl)-2'-(2,2-dimethyl-

propyl)-2-oxo-1,2-dihydro-spiro (indole-3,3'-pyrrolidine)-5'-carboxylic acid (trans-

4-hydroxy-cyclohexyl)-amide (SAR405838, Figure 1) was obtained from Sanofi 

Pharmaceutical (Vitry-sur-Seine, France). N-(3-(5-chloro-1H-pyrrolo[2,3-

b]pyridine-3-carbonyl)-2,4-difluorophenyl)propane-1-sulfonamide (PLX-4720) 

was purchased from Chemietek. N-[4-[2-(3,4-dihydro-6,7-dimethoxy-

2(1H)isoquinolinyl)ethyl]phenyl]-9,10-dihydro-5-methoxy-9-oxo-4-

acridinecarboxamide (elacridar) was purchased from Toronto Research 

Chemicals (Toronto, ON, Canada). [3H]-Prazosin was purchased from Perkin 

Elmer Life and Analytical Sciences (Waltham, MA). [3H]-Vinblastine was 

purchased from Moravek Biochemicals (La Brea, CA). 

(3S,6S,12aS)1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-1,4-

dioxopyrazino(19,29:1,6)pyrido(3,4-b)indole-3-propanoic acid 1,1-dimethylethyl 

ester (Ko143) was purchased from Tocris Bioscience (Ellisville, MO) and 

LY335979 (zosuquidar), (R)-4-((1aR,6R,10bS)-1,2-difluoro-1,1a,6,10b-

tetrahydrodibenzo-(a,e)cyclopropa(c)cycloheptan-6-yl)-((5-quinoloyloxy)methyl)-

1-piperazine ethanol, trihydrochloride (zosuquidar) was kindly provided Eli Lilly 

and Co. (Indianapolis, IN). All other chemicals and reagents used were high-

performance liquid chromatography grade from Thermo Fisher Scientific 

(Waltham, MA). The rapid equilibrium dialysis (RED) base plate and membrane 
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inserts (8 kDa molecular weight cut-off cellulose membrane) were purchased 

from Thermo Fisher Scientific (Waltham, MA).  

 Animals  

An equal number of female and male Friend Leukemia Virus strain B (FVB) wild-

type and transgenic mice lacking either or both efflux transporters, Mdr1 or/and 

Bcrp1 including Bcrp1(–/–), Mdr1a/b(–/–), and Mdr1a/b(–/–)Bcrp1(–/–) mice 

(Taconic Biosciences, Inc., Germantown, NY) at the age of 8-14 weeks were 

used for the experiments. Animal colonies were maintained and housed in 

Research Animal Resources (RAR) facility located at the Academic Health 

Center, University of Minnesota, following an established breeding protocol. 

Animal genotypes were routinely verified by conducting tail snip (TransnetYX, 

Cordova, TN). All protocols for the animal experiments were approved by 

University of Minnesota Institutional Animal Care and Use Committee (IACUC) 

and performed in accordance with the Guide for the Care and Use of Laboratory 

Animals established by the U.S. National Institutes of Health (Bethesda, MD). 

 In vitro cell accumulation  

Cell accumulation experiments were performed with Madin-Darby canine 

kidney II (MDCKII) cells that overexpress either human multidrug resistance 

protein 1 (P-glycoprotein, MDR1) or murine breast cancer resistance protein 

(Bcrp1) or vector-controlled cells. Bcrp1 transfected (MDCKII-BCRP1) and P-gp 

transfected (MDCKII-MDR1) cell lines were kindly provided by Dr. Alfred Schinkel 

and Dr. Piet Borst (The Netherlands Cancer Institute), respectively. Cells were 

cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) 
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fetal bovine serum and antibiotics (penicillin, 100 U/ml; streptomycin, 100 mg/ml; 

amphotericin B, 250 ng/ml). Cells were seeded in 12-well polystyrene plates with 

a density of 4 x 105 cells/well one day prior to the experiment (over 80% 

confluent). Cells were washed with serum free cell assay buffer containing 10 

mM HEPES and then pre-incubated with either buffer alone or with a selective 

inhibitor for P-gp (1 μM of LY335979) or Bcrp1 (0.2 μM of Ko-143) for 30 

minutes. Cells were incubated with 2 μM of SAR405838 with or without the 

selective transporter inhibitor for 60 minutes at 37 °C with 60 rpm of agitation in 

an orbital shaker. At the end of incubation, cells were washed with ice-cold 

phosphate-buffered saline (PBS) twice to quench transport prior to cell lysis with 

1% Triton X-100. The activities of efflux transporters expressed in the cell were 

validated using positive controls, [3H]-vinblastine for P-gp and [3H]-prazosin for 

Bcrp.  The lysates were stored in -80 °C freezer until the analysis with liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS), and 

intracellular concentration was normalized to the cellular protein content 

measured by the BCA assay. 

 

 Free fraction in mouse plasma and brain homogenate 

The free fractions of SAR405838 in mouse plasma and brain homogenate 

were determined by using a rapid equilibrium dialysis (RED) device according to 

the manufacturer’s protocol. Briefly, the brain homogenate was prepared by 

adding 2 volumes (w/v) of phosphate buffer saline (PBS; pH 7.4) followed by 
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mechanical homogenization. SAR405838 was added to mouse plasma or brain 

homogenate to a final concentration of 5 M containing 0.3% DMSO. The matrix 

with the drug was loaded into the sample chamber (300 l) of the inserts first, 

and then 500 l of blank PBS was added into the corresponding buffer chamber. 

The base plate was sealed with an adhesive lid and incubated at 37 °C for 4 

hours in an orbital shaker with a 300 rpm of agitation. At the end of incubation, 

samples were collected from both chambers, and stored in -80°C freezer until 

LC-MS/MS analysis. Undiluted free fraction in the brain was calculated with the 

equation below reported previously (Kalvass and Maurer, 2002): 

Free fraction (fu) = 
1/D

((
1

fu,diluted
)-1)+1/D

       (1) 

The dilution factor (D) was 3 in the experiment described above. 

 The unbound (free) concentration partitioning to the brain was determined as 

shown below: 

Free brain partition coefficient (Kp,uu) = 
free brain concentration 

free plasma concentration
 = Kp, brain x 

fu,brain

fu,plasma

       

(2), 

 where K,p brain is the ratio of brain-to-plasma areas under the total concentration 

time profile. 

 Systemic and distributional pharmacokinetics Concentration-time 

profile after a single oral or intravenous administration of SAR405838 
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A single dose of SAR405838 was administered by oral gavage (25 mg/kg) or tail 

vein injection (5 mg/kg) in a solution to wild-type and genetic knockout FVB mice. 

The dosing solution was prepared with 98% of PEG200 (v/v) and 2% of TPGS 

(v/v) for the oral administration, or 10% of PEG400 (v/v), 3% of Cremophor (v/v), 

and 87% of PBS (v/v) for the intravenous study. Blood and brain samples were 

collected at the pre-determined time points ranging from 0.5 to 24 hours after oral 

administration or from 0.167 to 10 hours after intravenous administration (N=4 at 

each time point). Mouse whole blood was collected via cardiac puncture using 

heparinized syringes after euthanizing in a carbon dioxide chamber. Plasma was 

separated by centrifuge at 3500 rpm at 4 °C for 20 minutes. Plasma and brain 

samples were stored at -80 °C until LC-MS/MS analysis.  

 Pharmacological inhibition of efflux transporters 

Elacridar (a dual inhibitor of P-glycoprotein and Bcrp) and LY335979 

(zosuquidar, a selective P-gp inhibitor) were prepared in a microemulsion 

formulation as described previously (Sane et al., 2013). Both inhibitors 

formulated in the microemulsion were diluted with 2 volumes of sterile water to a 

final concentration of 1 mg/ml. Vehicle control was formulated in the same 

manner, including all components of the microemulsion, but without any inhibitor. 

Wild-type FVB mice received either vehicle control or 5 mg/kg of inhibitor, either 

elacridar or LY335979 (zosuquidar) by tail vein injection. A dose of 25 mg/kg of 

SAR405838 was administered orally one hour after the administration of either 

vehicle control or inhibitors. Blood and brain samples were collected as 
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described in pharmacokinetic experiment, 2 hours following the administration of 

SAR405838, and stored at -80 °C until LC-MS/MS analysis. 

 LC-MS/MS bioanalysis 

An LC-MS/MS method was developed by using reverse-phase liquid 

chromatography (Waters AQUITY ultra performance liquid chromatography 

system, Waters, Milford, MA) interfaced with a Waters Micromass Quattro Ultima 

triple quadruple mass spectrometer (Waters, Milford, MA) with an electrospray 

interface in negative ion mode. Chromatographic separation was performed by 

injecting 5 μl of reconstituted sample onto an ZORBAX Eclipse XDB-C18 column 

(Rapid Resolution HT 4.6x50mm 1.8 μm, Agilent, Santa Clara, CA). Mobile 

phase was composed of aqueous phase (A) of 55% distilled and filtered water 

with 0.1% formic acid and organic phase (B) of 45% acetonitrile with 0.1% formic 

acid using an isocratic method. The total assay run time was 8 minutes, while the 

retention time for SAR405838 and internal standard (PLX-4720) were 1.95 and 

5.45 minutes, respectively. SAR405838 and internal standard were detected with 

the mass transition of 560>305.9 and 411.9>304.86, respectively. These 

methods were sensitive and linear over the range of 1 – 5000 ng/mL with 

coefficient of variation of less than 15% (weighting factor of 1/Y2). All the 

specimen concentrations measured were within the range of calibration curve. 

 

 Pharmacokinetic data analysis 

1) Non-compartmental analysis (NCA) 
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Concentration-time profiles in plasma and brain after a single oral or intravenous 

dose of SAR405838 were analyzed by using Phoenix WinNonlin version 6.4 

(Certara USA Inc., Princeton, NJ). Pharmacokinetic parameters and metrics were 

calculated by non-compartmental analysis (NCA). Areas under the curve (AUCs) 

from time 0 to infinity for plasma and brain were calculated by log-linear 

trapezoidal integration, and the extrapolation for AUC from last time point to 

infinite time was calculated by dividing the last concentration measured by the 

terminal elimination rate constant, determined from the last three to four points in 

the concentration-time profiles.  Other pharmacokinetic parameters, including 

systemic clearance (CL), volume of distribution (Vd), and t1/2 (half-life), were 

calculated by using NCA.  The brain-to-plasma partition coefficient (Kp,brain) 

was calculated as below: 

Brain partition coefficient (Kp, brain) = 
AUCbrain 

AUCplasma

     (3) 

Where AUCbrain is an area under the curve from time zero to infinity of brain 

concentration-time profile ([AUC0→∞, brain]) and AUCplasma is an area under the 

curve plasma concentration-time profile ([AUC0→∞, plasma]).   

The brain partition coefficient of free drug was calculated as described above in 

methods for free fraction.  The distribution advantage (DA) to the brain resulting 

from lack of P-gp and/or Bcrp mediated efflux at the BBB was determined by the 

ratio of Kp,knockout to Kp,wild-type to understand the magnitude of the role 
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efflux transporters play in the brain distribution of SAR405838.  The oral 

bioavailability of SAR405838 was calculated by the following equation: 

 

Oral bioavailability (F) = {
[AUC (0→∞), plasma] 

oral

  [AUC(0→∞), plasma] 
IV

   
} {

DoseIV

  Dose oral   
}     (4) 

Where the [AUC (0→∞), plasma] 
oral

is the area under the curve from time zero to 

infinity of plasma concentration-time profile following a single oral dose and 

[AUC(0→∞), plasma] 
IV

   is the area under the curve from time zero to infinity of 

plasma concentration-time profile following a single intravenous dose. 

2) Compartmental analysis with a BBB model 

A compartmental model that includes a brain compartment (BBB model) was 

used to quantitatively assess the rate and extent of SAR405838 distribution into 

and out of the mouse brain (Liu et al., 2005; Laramy et al., 2018).  The model 

was fit to the data in two steps.  First, a one-compartment model was fit to WT 

and TKO mean pooled plasma concentration-time data from a single intravenous 

bolus (Figure 2A), given that there was no difference between WT and TKO 

plasma concentration profiles and individual model fits yielded the same 

disposition parameters for each genotype.  These systemic disposition 

parameters, i.e., clearance (CL), the volume of distribution (Vc), and elimination 

rate constant from the central compartment (Ke) for wild-type and triple-knockout 

FVB mice were determined using the one-compartment model fit to the data 
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obtained following a single intravenous administration.  Then, absorption rate 

constants (Ka) for each genotype were estimated from the model fitted to the 

observed plasma data following a single oral administration.  In the second step, 

a compartmental model that includes a brain compartment was fit to the 

observed brain concentration-time profile data either from an intravenous bolus 

or an oral administration (Figure 2B).  A forcing function, comprised of the 

systemic disposition parameters obtained in step 1, including the absorption rate 

constant when appropriate, was implemented to describe the plasma 

concentration in the central compartment and used as an input function into the 

compartmental BBB model.  Simulation and model fitting for systemic disposition 

and brain distribution were performed by using SAAM II (version 2.3; The Epsilon 

Group, Charlottesville, VA). 

The changes in total brain concentration with respect to time were described by 

using the following differential equation: 

Vbrain ∗
dCbrain

dt
 = Kin* (Vc * Cplasma) -  Kout* (Vbrain

 * Cbrain)   ,    (5) 

where Vbrain is the apparent volume of distribution in the brain, Kin and Kout are the 

first-order rate constants that describe the rates into and out of the brain, and Vc 

is the volume of distribution of total drug in the central compartment.  In this 

model, Cplasma is the predicted total drug concentration in plasma under the 

model from step 1 and Cbrain is the observed total drug concentrations in brain.  

Given that the total concentration of drug was measured in the brain as the 

reference concentration to relate to the total amount in brain, the Vbrain for 
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SAR405838 was estimated to be the same as the anatomical volume of mouse 

brain that was obtained from the overall average of our in vivo experiments, i.e., 

0.42 ± 0.034 mL/g brain. 

The clearances into and out of the brain were calculated with the model 

estimated Kin and Kout of the brain by using following equation: 

CLin = Kin × Vc      (6) 

CLout = Kout × Vbrain      (7). 

The exposure of brain tissue to SAR405838 was also quantified by the mean 

transit time (MTT) using following equation (Kong and Jusko, 1988): 

Mean transit time in the brain (MTTbrain) =
1

Kout
      (8) 

 Statistical analysis 

All data are presented as mean ± standard deviation (S.D.) or mean ± standard 

error of the estimate (S.E.).  Comparison between two groups was tested by 

using an unpaired two sample t-test with GraphPad Prism version 6.04 

(GraphPad, La Jolla, CA) software. A significance level of P < 0.05 was used for 

the test. 

 

4.3      RESULTS 

 In vitro cell accumulation assay 
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The role of the two efflux transporters that are highly expressed on the luminal 

membrane in endothelial cell of brain microvasculature, P-glycoprotein (P-gp, 

ABCB1) and breast cancer resistance protein (Bcrp, ABCG2), on the brain 

distribution of SAR405838, was initially examined using an in vitro cell 

accumulation assay in MDCKII wild-type, MDCKII-MDR1 overexpressing, and 

MDCKII-BCRP1 overexpressing cell lines.  [3H]-Vinblastine and [3H]-prazosin 

were used as positive controls to check the functionality of P-gp and Bcrp, 

respectively, in the transfected cell lines.  The intracellular accumulation of these 

positive control substrates was significantly lower in transporter-overexpressing 

cells when compared to their normalized vector-controlled wild-type cells (Figure 

3) [wild-type (MDR1-vector control): 100% ± 32.18, Mdr1: 36.7% ± 12.26, P < 

0.05; wild-type (BCRP-vector control): 100% ± 11.0, Bcrp1: 29.83% ± 9.91, P < 

0.01].  When LY335979, a selective inhibitor of P-gp, and Ko-143, a selective 

inhibitor of Bcrp, were co-incubated with their respective substrates, the 

intracellular accumulation was similar to the vector control due to inhibition of the 

respective efflux transporter (Figure 3) [wild-type (MDR1) + LY335979: 130% ± 

12.2, MDR1 + LY335979: 158.3% ± 21.81, (N.S.); wild-type (BCRP1) + Ko-143: 

103.1% ± 13.7, BCRP1 + Ko-143: 90.8% ± 19.9, (N.S.)].  The accumulation of 

SAR405838 in MDCKII-MDR1 cells was only 35.2% of the corresponding vector-

controlled cells, and this difference was abolished in the presence of the P-gp 

selective inhibitor, LY335979 (Fig. 3A) [ 139.8% ± 22.4, P < 0.0001].  However, 

no significant difference was observed in the accumulation of SAR405838 

between Bcrp vector control and Bcrp overexpressing cells (Fig. 3B) [Bcrp1: 
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121.5% ± 26.6, (N.S.)]. These in vitro results indicate that SAR405838 is a 

substrate of P-gp, but not of Bcrp, suggesting that P-gp may play a significant 

role in limiting the brain distribution of SAR405838.  The use of a selective and 

potent P-gp inhibitor, such as LY335979, was able to significantly diminish the 

function of P-gp, and increase the intracellular accumulation of SAR405838 in 

these in vitro experiments.  

 SAR405838 disposition following IV dose 

The brain and plasma concentration-time profiles were examined at multiple time 

points up to 10 hours after a single intravenous administration of SAR405838 in 

wild-type (WT) and triple knockout FVB mice (Mdr1a/1b-/-Bcrp1-/-) that lack both 

Mdr1a/b and Bcrp (Figure 4A and 4B).  Concentrations of SAR405838 in plasma 

and brain were measured in the specimens that were collected at the pre-

determined time points after administration of 5 mg/kg SAR405838 by tail vein 

injection.  The plasma concentrations over time (AUC(0→tlast)) of SAR405838 in 

Mdr1a/1b-/-Bcrp1-/- were not significantly different than in wild-type FVB mice 

(Table 1, plasma AUC WT = 15851+542, plasma AUC Mdr1a/1b-/-Bcrp1-/- = 

15033+761, N.S.).  Importantly, this was not the case in the distribution of 

SAR405838 to the brain, where concentrations of SAR405838 in the brain were 

significantly higher in Mdr1a/1b-/-Bcrp1-/- mice when compared to wild-type mice 

at all time points (P < 0.05).  Both plasma and brain concentrations exhibit a 

mono-exponential decline with respect to time for both wild-type and Mdr1a/1b-/-

Bcrp1-/- mice. Brain-to-plasma ratios of SAR405838 were significantly higher in 

Mdr1a/1b-/-Bcrp1-/- than wild-type, and increased over time in the Mdr1a/1b-/-
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Bcrp1-/- genotype (p < 0.05) but did not increase after the second measurement 

(30 minutes) in the wild-type (N.S.) (Figure 4C).  Correspondingly, a plateau in 

the brain-to-plasma ratio was observed early post dose (30 minutes) in wild-type, 

but it was not reached in Mdr1a/1b-/-Bcrp1-/- even after 10 hours after the dose.  

Plasma pharmacokinetic parameters and metrics were calculated in both wild-

type and Mdr1a/1b-/-Bcrp1-/- (Table 1).  The wild-type and Mdr1a/1b-/-Bcrp1-/- mice 

had a terminal elimination half-life of 2.25 and 2.76 hours, volume of distribution 

(Vd) of 973 and 1227 mL/kg, and systemic clearance of 300 and 308 mL/hr/kg, 

respectively, indicating that there are no differences in the systemic elimination of 

SAR405838 between these two transporter genotypes.  Also, the brain partition 

coefficient, calculated using AUC(0→∞), plasma and AUC(0→∞), brain, was over 45-fold 

higher in Mdr1a/1b-/-Bcrp1-/- than wild-type [0.0275 in wild-type and 1.29 in 

Mdr1a/1b-/-Bcrp1-/-] (Table 1), indicating that P-gp (Mdr1) is critical in limiting the 

BBB permeability and brain distribution of SAR405838.  

 SAR405838 absorption and disposition following single oral dose 

The brain and plasma concentration-time profiles were determined after a single 

oral dose of SAR405838 (25 mg/kg) in four different genotypes of mice, including 

wild-type, Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– (Figure 5). The plasma 

concentration-time profiles of SAR405838 were very similar amongst the different 

genotypes (Figure 5A), even though there was some variability in AUC (0→∞), 

plasma.  The brain concentrations of SAR405838 in Mdr1a/b–/– and Mdr1a/b–/–

Bcrp1–/– were higher compared to wild-type and Bcrp1–/– at all time points (Figure 

5B, P < 0.05). The brain to plasma ratios, shown in Figure 4C, were consistently 
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greater in Mdr1a/b–/– and Mdr1a/b–/–Bcrp1–/– than wild-type and Bcrp1–/– 

(significantly different at all time points in Mdr1a/b–/– and Mdr1a/b–/–Bcrp1–/– 

compared to wild-type and Bcrp1–/–, P < 0.05). In all four genotypes, the brain to 

plasma ratio increased over time and reached an early plateau in wild-type and 

Bcrp1-/-mice, but the distributional equilibrium plateau was observed at much 

later times in Mdr1a/b–/– and Mdr1a/b–/–Bcrp1–/– mice. The Kp values calculated 

from the brain and plasma AUCs after oral administration were much greater in 

Mdr1a/b–/– and Mdr1a/b–/–Bcrp1–/– mice (2.35 and 1.53, respectively) than in wild-

type and Bcrp1-/- (0.0218 and 0.0285, respectively), suggesting the dominant 

influence of P-gp on the brain exposure of SAR405838. The corresponding brain 

distribution advantage achieved by eliminating the efflux mechanism was 

calculated in Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– mice compared to wild-

type mice, and were 1.31, 108, and 70.1, respectively, after a single oral dose 

(Table 2).  

The systemic oral bioavailability was calculated in both wild-type and Mdr1a/b–/–

Bcrp1–/–, and were 73.2% and 81%, respectively (Table 2). These similar values 

in bioavailability in these genotypes indicate that P-gp and Bcrp do not have a 

profound influence on the bioavailability of SAR405838, even though efflux 

transport significantly changes the brain exposure. 

 Plasma and brain unbound fraction 

The unbound fraction (fu) of SAR405838 in plasma and brain homogenate was 

determined by using rapid equilibrium dialysis after a 4-hour incubation, that was 
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shown to be adequate time to reach equilibrium in pilot experiments. The fu of 

SAR405838 in the plasma was extremely low, (0.059% + 0.034, N=9); however, 

it was approximately 3 times higher (P < 0.01) than that in the brain (0.015% + 

0.0035, N=9) (Table 3). The free (unbound) brain-to-plasma ratio (Kp,uu) values 

were calculated based on these fu values, and are summarized in Table 3. The 

Kpuu, brain values are 0.006 and 0.007 in wild-type and Bcrp1–/– after a single oral 

administration, respectively, indicating that efflux mechanisms play a highly 

significant role in the brain penetration of SAR405838 in these genotypes. The 

Kpuu, brain values in Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– (0.598 and 0.389, 

respectively), were higher than those in wild-type and Bcrp1–/– due to lack of the 

dominant efflux transporter, P-gp, at the blood-brain barrier. Even though both P-

gp and Bcrp were genetically deleted, the values of Kpuu, brain still did not reach 

unity, suggesting the possibility that other efflux transporters may be involved in 

the brain penetration of SAR405838 or other elimination processes may exist in 

the brain, such as enzymatic degradation or metabolism as well as possible 

mechanisms of clearance involving bulk flow (Hammarlund-Udenaes et al., 

2008).       

 Pharmacological inhibition of efflux on the brain distribution of 

SAR405838 

We examined the effect of elacridar, a dual inhibitor of both P-gp and Bcrp, and 

LY335979, a selective inhibitor of P-gp, on the brain distribution of SAR405838 in 

mice following co-dosing of inhibitors and SAR405838.   Concentrations of 

SAR405838 in plasma with vehicle control were not different from the inhibitor 
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group at both 2 and 6-hours after the administration of SAR405838 (Figure 6A). 

However, brain concentrations of SAR405838 were 8.7 times higher at 2-hour 

and 3.8 times higher at 6-hour with elacridar (P < 0.01 for both) when compared 

to the corresponding vehicle control at each time point (Figure 6A). Interestingly, 

brain concentrations of SAR405838 with LY335979 were not different from 

vehicle control group at 2 and 6 hours after the dosing.  The brain to plasma ratio 

(Kp, brain) at 2-hour post SAR405838 dosing, was also significantly higher (P < 

0.005) than vehicle control with elacridar (dual inhibitor), but there was no 

difference with LY335979 (selective P-gp inhibitor) (Figure 6B). 

 Brain distributional kinetics of SAR405838 using BBB modeling 

A one-compartment model was fit to mean pooled total plasma concentrations to 

describe the plasma concentration-time profile following a single intravenous 

administration and to yield systemic disposition parameters to use as a forcing 

function in the BBB model.  The model predicted plasma concentration-time 

profiles and the observed plasma concentrations from the experiments for 

intravenous administration are shown in Figure 7.  The systemic volume of 

distribution was estimated to be 1166 mL/kg, and the elimination rate constant 

(Ke) from the central compartment was estimated to be 0.269 hr-1 in Mdr1a/b–/–

Bcrp1–/– animals.  Initial models for both wild-type and triple knockout animals 

were separately fit to the data obtained from each genotype and there were no 

differences in these systemic parameters between wild-type and triple-knockouts.  

Therefore, systemic parameters obtained from the mean pooled data were used 

for all genotypes, and are summarized in Table 4.  All parameter estimates were 
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precisely estimated and had a coefficient of variation (CV) of less than 10%.  

Using these parameter estimates, the systemic clearance of SAR405838 (314 

mL/hr/kg), half-life (t1/2) (2.57 hours), and plasma concentration at time zero (Cp0) 

(4288 ng/mL) were calculated (Table 4). These parameter estimates were then 

used in the plasma concentration-time forcing function to then estimate 

distribution parameters across the BBB. 

One-compartment models for oral administration were individually fit to the total 

plasma concentration-time data of each genotype following an oral administration 

of SAR405838 to compare the absorption rate constants in wild-type and 

transgenic mice.  For the models of oral administration, the volume of distribution 

for the central compartment and the systemic clearance from the central 

compartment were fixed as described in Table 5.  The model predicted plasma 

concentration-time profiles for each genotype and the observed plasma 

concentration-time profiles are presented in Figure 8.  The absorption rate 

constants for each genotype were estimated to be 0.265 hr-1 in wild-type, 0.290 

hr-1 in Bcrp1–/–, 0.240 hr-1 in Mdr1a/b–/–, and 0.258 hr-1 in Mdr1a/b–/–Bcrp1–/– mice 

(Table 5).  All absorption rate constant parameter estimates had a coefficient of 

variation (CV) of less than 20%.  Overall, the model predicted plasma 

concentration-time profiles for each genotype visually matched well with the 

observed plasma concentration-time data after both intravenous bolus and oral 

administration (Figures 7 and 8).   
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As indicated above, to improve the estimation of the brain distribution 

parameters, estimated systemic disposition parameters from the one-

compartment model were used in a forcing function to create a plasma 

concentration-time profile in the central compartment for the implementation of a 

BBB model. The model was fit to the concentration-time data by using the 

equation 5.  The initial results using the BBB model confirmed that the tissue 

transfer rate constants into the brain (Kin) of each genotype are not different from 

one another. Therefore, given the initial results regarding Kin values, and to 

simplify the model by reducing the number of estimated parameters to improve 

precision, Kin values were fixed for all four genotypes using the value estimated 

in Mdr1a/b–/–Bcrp1–/– animals.  The results from the BBB model were presented 

in Table 6. The tissue transfer rate constants into the brain (Kin) were estimated 

by the BBB model to be 1.12 x 10-4 hr-1 following intravenous bolus 

administration and 1.18 x 10-4 hr-1 following oral administration, and these values 

were not significantly different (P > 0.05).  The estimated tissue transfer rate 

constants out of the brain (Kout) were much greater, ranging from 0.282 (PKO) to 

0.300 (TKO) hr-1 in the P-gp deficient genotypes, and the transfer rate constants 

out of brain from wild-type and Bcrp knockout mice were 16.8 and 11.3 hr-1, 

respectively, about 40 to 60 times higher than the P-gp deficient mice (Table 6).  

The resulting clearances into the brain (CLin) were estimated by equation (6) to 

be 0.131 mL/hr/kg in i.v. study and 0.138 mL/hr/kg in p.o. study.  The resulting 

clearances out of the brain (CLout), estimated using equation (7), in p-gp deficient 

mice (PKO and TKO) were similar to the clearance into the brain, however, that 
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in wild-type and Bcrp knockout mice were much higher than the clearance into 

the brain, as expected, mainly due to the efflux by P-gp (see Table 6).   

The mean transit time in the brain (MTT) was calculated by equation (8) to 

quantify the exposure time of brain to SAR405838.  As expected, the brain 

exposure to SAR405838, as quantified by MTT was significantly longer in 

Mdr1a/b–/– and Mdr1a/b–/–Bcrp1–/– genotype following both an intravenous bolus 

(2.32 hours in Mdr1a/b–/–Bcrp1–/–) and an oral administration (3.55 and 3.33 

hours, respectively) than in wild-type and Bcrp1–/– (0.082 hours after an i.v. 

bolus; 0.060 and 0.089 hours after an oral dose) as summarized in Table 6 and 

7.  In conclusion, the total drug exposure time in the brain is significantly 

increased in the absence of P-gp (Mdr1), the efflux system that plays a leading 

role at the BBB in preventing SAR405838 access to the brain.   

Based on the pharmacokinetic parameters and metrics estimated from the 

compartmental BBB model; the predicted partition coefficient of the brain 

(Kp,pred), distribution advantage (DA,pred), and the ratio of clearance into the 

brain to clearance out of the brain were calculated and summarized in Table 7.  

The Kp,pred and the ratio of clearances were closely matched with the observed 

Kp values calculated with the results from NCA (Table 1 and 2).  The ratios of the 

clearance into and out of the brain were calculated and compared with Kp 

values, and clearance ratios and predicted Kp from the models closely matched 

with each other in all genotypes.  The agreement of the model-based predicted 
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values to the observed values support the assumptions in the compartmental 

models and the model described the data well. 
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4.4     DISCUSSION 

Challenges in the successful treatment of primary and metastatic brain 

tumors include insufficient and heterogeneous distribution of therapeutics across 

an intact BBB, which can lead to lack of efficacy, as well as acquired drug 

resistance due to exposure to subtherapeutic concentrations (Lockman et al., 

2010; Pafundi et al., 2013).  Therefore, it is important when examining innovative 

therapeutic agents that target novel signaling pathways in brain tumors to 

understand the pharmacokinetic properties and distributional kinetics of these 

agents to the brain.  SAR405838 has been recently developed to target the p53 

and MDM2 interaction, and it has advanced to clinical testing for the treatment of 

various solid tumors (Wang et al., 2014), but its efficacy in brain tumors has only 

recently been addressed (Kim et al., 2018b).  Given the general mechanism of 

action of p53 enhancement, and the fact that some glioblastoma and other 

tumors of the brain overexpress MDM2, there is a great interest in exploring this 

target in brain tumors.  Importantly, the distributional kinetics of this compound to, 

from and in the brain is critical to its rational use in preclinical efficacy studies, 

and in eventually informing the clinical use for brain tumors. 

Recent studies from our group examined the potential efficacy of 

SAR405838 in a patient-derived xenograft model of primary brain tumor, 

glioblastoma (GBM).  The overall conclusion of that study was that the limited 

brain distribution of SAR405838 diminishes its value as an effective treatment for 

brain tumor (Kim et al., 2018b).  However, the specific mechanisms that influence 

the adequate delivery of an active concentration of SAR405838 to the brain or 
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brain tumor were not examined.  The current study shows that, of the most highly 

expressed efflux transporters in the BBB, SAR405838 is an avid substrate of p-

glycoprotein (P-gp).  P-gp and Bcrp are highly expressed in brain endothelial 

cells of human and mouse (Uchida et al., 2011; Agarwal et al., 2012), therefore it 

can be expected that P-gp may limit the distribution, hence the efficacy of 

SAR405838 in both the preclinical and clinical settings of both primary (e.g., 

GBM) and secondary tumors in the CNS. 

In vitro cell accumulation experiments using MDCKII cells transfected with 

efflux transporter genes have confirmed that SAR405838 is a substrate of human 

P-gp, but it may not be a substrate of mouse Bcrp.  LY335979 (zosuquidar), a 

selective competitive inhibitor of P-gp, increased the intracellular accumulation of 

SAR405838.  Consistent with the in vitro study results, in vivo studies with wild-

type and transporter knockout mice have confirmed that P-gp plays a crucial role 

in brain distribution of SAR405838.  It is valuable to describe the distributional 

kinetics after an oral administration of SAR405838, because this drug is given by 

mouth in both preclinical efficacy studies, and in clinical trials.  Mdr1a/b–/–Bcrp1–/– 

FVB mice, after a single intravenous and oral administration of SAR405838, 

showed enhanced SAR405838 distribution to the brain. The AUCs in the plasma 

analyzed by NCA in wildtype and Mdr1a/b–/–Bcrp1–/– FVB mice were similar, even 

though the AUCs in the brain analyzed by NCA were over 30-fold higher in 

Mdr1a/b–/–Bcrp1–/– when compared to wild-type mice after a tail vein injection. 

The results from oral dosing were consistent with the IV studies, where 

SAR405838 achieved significantly high brain distribution in Mdr1a/b–/– and 
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Mdr1a/b–/–Bcrp1–/– when compared to wild-type and Bcrp1–/– mice.  Due to the 

expression of efflux transporters in the intestine, oral absorption and 

bioavailability can be influenced by the presence or absence of efflux 

transporters (Kruijtzer et al., 2002). In this regard, it is important to note that 

plasma concentration-time profile following the oral administration of SAR405838 

in Mdr1a/b–/–Bcrp1–/–  were no different than those of wild-type and Bcrp1–/–.  The 

oral bioavailability calculated in wild-type and Mdr1a/b–/–Bcrp1–/– mice also 

confirms that the role of efflux transporters, in the case of SAR405838, does not 

influence drug absorption in the intestine, unlike the brain.  One of the reasons 

for a lack of effect in the intestine may be that concentrations (especially “free” 

concentrations that may interact with the transporters) of drug achieved in the 

intestinal lumen after an oral administration are much higher than in plasma that 

influence brain distribution, therefore, saturating intestinal transporters (Lin and 

Yamazaki, 2003).  As such, the overall permeability of a drug in the intestine will 

be governed primarily by passive permeability for drugs that have a favorable 

intrinsic permeability due to its physicochemical properties, such as SAR405838 

(Wang et al., 2014).  The AUCbrain of SAR405838 in Mdr1a/b–/–Bcrp1–/– mice was 

comparable to that in Mdr1a/b–/– mice, indicative of, in this case, a lack of 

“compensation” of one efflux system (Bcrp) for the other (P-gp) (Kodaira et al., 

2010; Agarwal et al., 2011a).  

The results from compartmental BBB modeling agreed with the results from 

NCA, which indicated that the results were consistent regardless of the data 

analysis method.  The transporter-mediated SAR405838 efflux at the BBB was 
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characterized by the fact that the tissue transfer rate constant out of the brain 

(Kout) was considerably decreased in transgenic mice that lack P-gp.  The 

simplified compartmental BBB model also gave an additional insight into brain 

distributional kinetics by calculating mean transit times (MTTs) and mean 

residence times (MRTs) of SAR405838 in the brain for in wild-type and 

transgenic mice, that can be translated into a therapeutic exposure time in the 

brain.  The mean residence time in the brain compartment is defined as the 

average number of times drug molecules visit the brain compartment (N) 

multiplied by the average time the molecule spends in the brain on one visit, the 

mean transit time (MTT) (Kong and Jusko, 1988).  N is determined by the ratio of 

Kin and Ke, or CLin to CLsys, that are assumed to be the same across genotypes 

(Kong and Jusko, 1988).  Therefore, the exposure of brain to drug, as 

exemplified by the mean residence time, will be much higher in the P-gp deficient 

genotypes than the P-gp intact genotypes.   

Nonspecific drug binding to proteins in plasma and tissue is a critical 

factor to consider for CNS pharmacodynamics as well as distributional kinetics 

according to the ‘free drug hypothesis’ (Trainor, 2007).  This is especially true for 

the drugs targeting the CNS, where it is the unbound drug concentrations and 

unbound AUCs in the brain and plasma that indicate involvement of active efflux 

processes in CNS delivery of drugs (Kalvass and Maurer, 2002; Hammarlund-

Udenaes et al., 2008).  With the assumption that the free drug concentrations in 

the brain and in the plasma are in equilibrium, unbound (free) drug partition 

coefficient of brain (Kpuu, brain) is an informative parameter indicating the 
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contribution of active transport (either influx or efflux) or metabolism in CNS drug 

distribution (Hammarlund-Udenaes et al., 2008). 

There are several ways to experimentally determine the unbound drug 

concentration in the brain.  Recently, the brain homogenate method using rapid 

equilibrium dialysis (RED) has been suggested as a valid way of determining 

brain unbound concentration (Waters et al., 2008; Liu et al., 2009).  Even though 

the use of unbound fraction from equilibrium dialysis needs to be carefully 

evaluated, especially for lipophilic drugs that tend to be highly bound, the RED 

method is generally accepted as an efficient and practical way to understand 

tissue binding characteristics (Waters et al., 2008).  Therefore, RED was used 

with brain homogenate and plasma to determine unbound brain and plasma 

concentrations in the current study.  The results show that SAR405838 is more 

highly bound to components in the brain homogenate than in plasma, consistent 

with the current understanding about the correlation between lipophilicity and 

protein binding (Summerfield et al., 2007).  As such, the Kpuu, brain was calculated 

as ‘low”, i.e., less than unity, in wild-type and Bcrp1–/– due to the presence of 

active efflux transporter, and these values increased in Mdr1a/b–/– and Mdr1a/b–/–

Bcrp1–/– mice to 0.5 and 0.3, respectively, when two major efflux transporters are 

absent.  Interestingly, Kpuu, brain does not reach unity even without the major efflux 

transporter systems, which leads to the possibility of the presence of other efflux 

transporters that prevent SAR405838 from entering across the BBB.     
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The concomitant use of elacridar, a potent dual inhibitor of P-gp and Bcrp, 

with SAR405838 significantly improves the drug exposure in the brain without 

increasing the plasma concentration. There have been concerns about using 

transporter inhibitors with anticancer agents due to possible toxicity related to 

increased drug systemic exposure, due to drug-drug interactions at the level of 

the systemic clearance. However, for drugs that do not rely on transporters for 

their systemic clearance, such as SAR405838, combination therapy with efflux 

transporter inhibitors may be considered as a potential therapeutic strategy to 

overcome the BBB, especially with molecularly targeted agents in the treatment 

of glioblastoma, where only limited therapeutic regimens are available.  The 

dosage and the interlaced schedule of dosing of the two interacting compounds 

need to be carefully assessed when using such a therapeutic drug-drug 

interaction strategy in clinical setting.  Interestingly, co-administration of 

LY335979 (zosuquidar), a selective P-gp inhibitor, with SAR405838 did not 

change the brain delivery of SAR405838 in mice.  The inhibitory potencies of 

elacridar and LY335979 against P-gp are reported to be similar (Jabeen et al., 

2012), so the similar in vivo inhibitory efficacy might be expected with the same 

dose (5 mg/kg) of inhibitors, given similar concentrations.  The discrepancies in 

the results between elacridar and LY335979 might be explained in several ways.  

One possibility is that the availability of a drug at the site of action, BBB in this 

case, can be lower with LY335979, so LY335979 may need higher dose to have 

the similar efficacy as elacridar.  Another interesting possibility is that the binding 

site of SAR405838 to P-gp is different from that of LY335979 in mice, since 
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LY335979 has been shown to inhibit human P-gp potently in the in vitro study 

with MDCKII cells transfected with human MDR1 in this study (Fig. 3). 

In conclusion, this study has showed that P-glycoprotein, of the major 

efflux transporters at the blood-brain barrier (P-gp and Bcrp), plays a key role in 

limiting the brain distribution of a novel MDM2 inhibitor, SAR405838.  The 

distribution to the brain has been shown to be increased significantly in mice that 

are lacking P-glycoprotein compared to mice that have an intact P-gp at the BBB.  

Lack of P-gp did not influence the systemic disposition (clearance or volume of 

distribution) of SAR405838.  Both NCA and compartmental analysis resulted in 

similar estimates of systemic pharmacokinetic parameters and metrics, and the 

compartmental BBB model provided additional insights into the rate and extent of 

the delivery of SAR405838 to the brain.  The model-estimated tissue transfer 

rates out of the brain were significantly higher in the presence of P-gp than in the 

absence of P-gp, even though the tissue transfer rates into the brain were 

unchanged amongst genotypes.  Based on our findings, it may still be of interest 

to examine the efficacy of brain penetrant MDM2 inhibitors in the GBM patient, 

as long as the limitations in delivery across an intact BBB can be overcome.  

Treatments for CNS tumors need to be able to penetrate the intact BBB to have 

maximal therapeutic efficacy especially for the treatment of infiltrative CNS 

tumors, such as GBM (Agarwal et al., 2011b).  Even though targeting MDM2 is 

promising for the treatment of GBM (Wade et al., 2013), the ability of therapeutic 

agents to reach adequate concentration in CNS will limit the potential efficacy 

due to lack of BBB permeability (Kim et al., 2018b).  Moreover, subtherapeutic 
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concentrations in CNS due to heterogeneous BBB permeability may result in 

acquired drug resistance (Sacher et al., 2014; Jung et al., 2016; Kim et al., 

2018a).  Therefore, it is critical to understand the delivery of these agents to the 

brain and to either find a novel MDM2 inhibitor which can penetrate the intact 

BBB, modify the structure of SAR405838 to avoid the active efflux by P-gp, or 

find an additional novel means to improve the delivery of MDM2 inhibitors 

through the BBB.   
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Figure 4.1 Chemical structure of SAR405838. 
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Figure 4.2 A compartmental blood-brain barrier (BBB) model in order to describe a concentration-time profile in 

the central (plasma) and brain compartment after a single intravenous bolus or oral dose. (A) A one compartment 

model to describe the total concentration-time profile in plasma and to get systemic parameters for a forcing 

function. (B) A compartmental BBB model to describe the total concentration-time profile in brain. Cp, 

concentration in plasma; Vc, the volume of distribution in central compartment; Ke, the elimination rate constant 

from the central compartment; Ka, absorption rate constant; Kin, tissue transfer rate constant into the brain; Kout, 

tissue transfer rate constant out of the brain; Cb, concentration in brain; Vb, the apparent volume of distribution 

in brain. 
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Figure 4.3 Cell accumulation of SAR405838. (A) The intracellular accumulation of vinblastine (positive control) 

and SAR405838 in MDCKII vector control and MDR1-transfected cells in the presence and absence of P-gp 

inhibitor, LY335979 (1 μM). (B) The intracellular accumulation of prazosin (positive control) and SAR405838 in 

MDCKII vector control and Bcrp-transfected cells in the presence and absence of Bcrp inhibitor, Ko-143 (0.2 μM). 

Data presented as mean + standard deviation (S.D.) where N = 3 for all groups. *P < 0.05, **P < 0.01, ***P < 0.005, 

****P < 0.001 
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Figure 4.4 Pharmacokinetic profile of SAR405838 following a single intravenous administration. (A) 

Concentration-over-time in plasma, (B) concentration-over-time in brain, and (C) brain-to-plasma ratio over time 

in wild-type and Mdr1a/b–/–Bcrp1–/– mice. Data presented as mean + standard deviation (S.D.) where N = 3 to 5 for 

each time point. 
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Figure 4.5 Pharmacokinetic profile of SAR405838 following a single oral administration. (A) Concentration-over-

time in plasma, (B) concentration-over-time in brain, and (C) brain-to-plasma ratio over time in wild-type, Mdr1a/b–

/–, Bcrp1–/–, and Mdr1a/b–/–Bcrp1–/– FVB mice. Data presented as mean + standard deviation (S.D.) where N = 3 to 5 

for each time point. 
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Figure 4.6 The effect of a pharmacological inhibitor of efflux transport, elacridar, on the plasma and brain 

concentration of SAR405838. (A) Concentrations in plasma and brain at 2-hr and 6-hr post dose with co-

administration of either vehicle control or inhibitor, either LY335979 or elacridar. (B) Brain-to-plasma ratio at 2-hr 

and 6-hr post dose. Data presented as mean + standard deviation (S.D.) where N = 3 to 5 for each group. **P < 

0.01, ***P < 0.005 
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Figure 4.7 Observed (squares and circles) and model predicted (solid line and dotted line) plasma (red) and brain 

(blank) concentrations of SAR405838 following a single intravenous bolus administration (5 mg/kg) in wild-type 

(A) and Mdr1a/b–/–Bcrp1–/– (B) FVB mice.  The observed data are presented as the mean standard deviation (S.D.) 

where N = 3 to 4 for each time point.  
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Figure 4.8 Observed (squares and circles) and model predicted (solid line and dotted line) plasma (red) and brain 

(blank) concentrations of SAR405838 following a single oral administration (25 mg/kg) in wild-type (A), Bcrp1–/– 

(B), Mdr1a/b–/– (C), and Mdr1a/b–/–Bcrp1–/– (D) FVB mice.  The observed data are presented as the mean standard 

deviation (S.D.) where N = 3 to 4 for each time point. 
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Table 4.1 Pharmacokinetic/metric parameters and brain partition coefficients determined by non-compartmental 

analysis following a single intravenous dose of SAR405838 (5 mg/kg) in wild-type and Mdr1a/b–/–Bcrp1–/– FVB 

mice. 

  

Plasma Brain 

Wild-type 
Mdr1a/b-/- 

Bcrp1-/- 
Wild-type 

Mdr1a/b-/- 

Bcrp1-/- 

t1/2 (hour) 2.25 2.76 3.10 7.71* 

AUC0→tlast (hr*ng/mL) 
15851 + 

542.0 
15033 + 

761.3 
414 + 11.9 11925 + 609 

AUC0→∞ (hr*ng/mL) 16715 16280 460 20973 

Vd (mL/kg) 973 1227 - - 

CL (mL/hr/kg) 300 308 - - 

Kp,brain - - 0.0275 1.29 

Distribution Advantage 
(DA) 

- - 1 46.8 

t1/2 , half-life     

AUC0-tlast,area under the curve from zero to the time of last measured concentration     

AUC0-∞, area under the curve from zero to time infinity        

CL, clearance         

Vd, volume of distribution         

Kp,brain (AUC ratio), the ratio of AUC(0-∞,brain) to AUC(0-∞,plasma) using total drug concentrations    

DA (Distribution advantage), the ratio of Kpknockout to Kpwild-type        
* half-life was determined by the slope of last four time points in concentration-time profile.  
In TKO, equilibrium between plasma and brain has not been reached until the last time point (10 hours) 
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Table 4.2 Pharmacokinetic/metric parameters determined by non-compartmental analysis following a single oral 

dose of SAR405838 (25 mg/kg) in wild-type, Mdr1a/b–/–, Bcrp1–/–, and Mdr1a/b–/–Bcrp1–/– FVB mice. 

 

 

Wild-type Mdr1a/b
-/-

Bcrp1
-/- Mdr1a/b

-/- 

Bcrp1
-/- Wild-type Mdr1a/b

-/-
Bcrp1

-/- Mdr1a/b
-/- 

Bcrp1
-/-

t1/2 (hour) 3.26 4.18 3.02 5.08 4.03 10.1 3.36 12.1

Tmax (hour) 8 8 4 2 8 16 4 8

Cmax (ng/mL) 4651 3582 7209 6164 161 4176 159 4554

AUC0→tlast 

(hr*ng/mL)
60425 + 3584 40490 + 2559 68107 + 9193 62490 + 7253 1995 + 132 74213 + 5908 1925 + 249 75281 + 9392

AUC0→∞ (hr*ng/mL) 61195 41382 68681 65867 1335 97283 1956 100663

F oral 0.732 NA NA 0.809 - - - -

Vd/F (mL/kg) 1922 3642 1585 2778 - - - -

CL/F (mL/kg) 409 604 364 379 - - - -

Kp,brain - - - - 0.0218 2.35 0.0285 1.53

Distribution 

Advantage (DA)
- - - - 1 108 1.31 70.1

Cmax, observed maximum concentration

Tmax, time to reach the maximum concentration

AUC0-tlast, area under the curve from zero to the time of last measured concentration

AUC0-∞, area under the curve from zero to time infinity 

F (absolute bioavailability), ratio of the dose corrected AUC(0-∞) following po administration to dose corrected AUC(0-∞) following iv administration

CL/F, apparent clearance

Vd/F, apparent volume of distribution

Kp,brain (AUC ratio), the ratio of AUC(0-∞,brain) to AUC(0-∞,plasma) using total drug concentrations 

DA (Distribution advantage), the ratio of Kpknockout to Kpwild-type 

Plasma Brain
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Table 4.3 Free fraction (fu) values, partition coefficient of brain (Kp, brain and Kpuu, brain), and distribution 

advantage.  Data presented as mean + standard deviation (S.D.). 

  
I.V. 

P.O. 

  Wild-type 
Mdr1a/1b-/- 

Bcrp1-/- 
Wild-type Mdr1a/1b-/- Bcrp1-/- 

Mdr1a/1b-/- 

Bcrp1-/- 

Kp,brain 0.0275 1.29 0.0218 2.35 0.0285 1.53 

fu, plasma 0.00059 + 0.00034 

fu, brain 0.00015 + 0.000035 

Kpuu, brain 0.007 0.328 0.006 0.598 0.007 0.389 

DAtotal 1 46.8 1 108 1.31 70.1 
Kp (AUC ratio), the ratio of AUC(0-∞,brain) to AUC(0-∞,plasma)  using total drug concentrations    
fu,plasma, free fraction of SAR405038 in plasma determined by rapid equilibrium dialysis (N = 9)   
fu,brain, free fraction of SAR405838 in brain homogenate determined by rapid equilibrium dialysis (N = 9)   
Kp,uu (AUC ratio), the ratio of AUC(0-∞,brain) to AUC(0-∞,plasma)  using free drug concentrations   
DA (Distribution advantage), the ratio of Kpknockout to Kpwild-type        
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Table 4.4 Pharmacokinetic parameters estimated from one-compartment model that describes the total 

concentration-time profile from each genotype following a single intravenous bolus (5 mg/kg) administration.  

 

 

 

Estimated parameters Mean CV (%) 95% Confidence Interval (CI)

Vc (mL/kg) 1166 6.07 (984.1, 1348.1)

Ke (hr
-1

) 0.269 4.40 (0.239, 0.300)

Calculated parameters Mean CV (%) 95% Confidence Interval (CI)

CLsystem (mL/hr/kg) 314 4.24 (279.8, 348.2)

t1/2 (hr) 2.57 4.4 (2.28, 2.86)

Cp0 4288 6.07 (3619, 4957)

Vc, volume of distribution of a drug in the central compartment

Ke, elimination rate constant from the central compartment

CLsystem, clearance from the systemic circulation

t1/2, half-life

Cp0, initial concentration of SAR405838 in the central compartment at time 0
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Table 4.5 Pharmacokinetic parameters estimated from one-compartment model that describes the total 

concentration-time profile from each genotype following a single oral (25 mg/kg) administration.  

 

 

 

Estimated parameters Mean CV (%) 95% Confidence Interval (CI)

Vc (mL/kg)* 1166

Ke (hr
-1

)
* 0.269

Ka, WT (hr
-1

) 0.265 6.1 (0.225, 0.304)

Ka, BKO (hr-1) 0.290 15.7 (0.179, 0.401)

Ka, PKO (hr-1) 0.240 10.1 (0.177, 0.302)

Ka, TKO (hr
-1

) 0.258 14.3 (0.221, 0.460)

Vc, volume of distribution of a drug in the central compartment (obtained value from mean pooled analysis of all genotypes)

Ke, elimination rate constant from the central compartment (obtained value from mean pooled analysis of all genotypes)

Ka, absorption rate constant after oral dosing in different genotypes

WT, wild-type

BKO, Bcrp1
-/-

PKO, Mdr1a/b
-/-

TKO, Mdr1a/b-/-Bcrp1-/-

** fixed **

** fixed **
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Table 4.6 The changes in tissue transfer rate and clearance values with the total concentration model. 

 

Wild-type
Mdr1a/b

-/-

Bcrp1
-/- Wild-type Bcrp1-/- Mdr1a/b-/- Mdr1a/b

-/-

Bcrp1
-/-

Mean 1.12E-04 1.12E-04 1.18E-04 1.18E-04 1.18E-04 1.18E-04

CV (%) - 16.5 - - - 18.5

Mean 12.3 0.432 16.8 11.3 0.282 0.300

CV (%) 7.14 19.0 14.1 10.9 8.25 18.5

Mean 0.131 0.131 0.138 0.138 0.138 0.138

CV (%) - 16.5 - - - 17.5

Mean 5.1 0.181 7.1 4.73 0.118 0.126

CV (%) 7.14 19.0 14.1 10.9 8.25 18.5

0.082 2.315 0.060 0.089 3.55 3.33

0.026 0.72 0.019 0.029 1.17 1.10

Kin, tissue transfer rate constant into the brain

Kout, tissue transfer rate constant out of the brain

CLin, total drug clearance into the brain

CLout, total drug clearance out of the brain

MTT, mean transit time in the brain: calculated by 1/Kout

I.V.

CLin/CLout

Route of Administration

Genotype

P.O.

CLin (mL/hr/kg)

CLout (mL/hr/kg)

Kin (hr
-1

)

Kout (hr-1)

MTT (hr)
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Table 4.7 The Kp and Kp,uu values predicted from the compartmental BBB model describing the brain and 

plasma concentration-time profile following either intravenous or oral administration of SAR405838.  

 

 

Route of Administration

Wild-type
Mdr1a/b

-/-

Bcrp1-/- Wild-type Bcrp1
-/-

Mdr1a/b
-/- Mdr1a/b

-/-

Bcrp1-/-

AUC0→∞, plasma 15915 15915 63748 63955 63503 64165

AUC0→∞, brain 404 11462 1243 1859 71308 68317

Kp,preda 0.025 0.72 0.019 0.029 1.12 1.06

DA,pred
b - 28 - 1.5 58 55

CLin 0.131 0.131 0.138 0.138 0.138 0.138

CLout 5.1 0.181 7.1 4.7 0.118 0.126

CLin/Clout
c 0.026 0.72 0.019 0.029 1.17 1.10

DA,predd - 28 - 1.5 60 56
a
Kp,pred, the ratio of model predicted AUC0→∞, bra in to model predicted AUC0→∞, plasma

b
DA,pred (distribution advantage), the ratio of Kpknockout to Kpwild-type

cthe ratio of model predicted clearance into the brain to model predicted clearance out of the brain compartment
d
DA,pred (distribution advantage), the ratio of brain clearance ratio in wild-type to brain clearance ratio in transgenic mice

I.V. P.O.
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5.1 INTRODUCTION 

The epidermal growth factor receptor (EGFR) has been a useful biomarker and 

an attractive drug target in the treatment of various tumors (Doroshow, 2005; 

Seshacharyulu et al., 2012).  EGFR is often found to be constitutively activated 

due to gene mutation and/or amplification, leading to typical oncogenic behavior, 

including, increased cell survival, proliferation, and invasion (Bertotti et al., 2009; 

Seshacharyulu et al., 2012).  EGFR-tyrosine kinase inhibitors (TKIs) have been 

developed for use as first-line therapies for patients, especially those with non-

small cell lung cancer (NSCLC), and they have shown promising efficacy in 

patient populations that overexpress EGFR (Doroshow, 2005).  Patients with 

NSCLC have a substantial risk of developing metastases in central nervous 

system (CNS) (Rangachari et al., 2015; McCoach et al., 2016). CNS metastases 

often develop even when extracranial disease sites are controlled using standard 

regimens.  First generation of EGFR inhibitors, erlotinib and gefitinib, have shown 

some success in treating NSCLS patients with peripheral lesions, but these 

drugs have had limited success in treating brain metastases of NSCLC, 

potentially due to limited delivery to the CNS (Kawamura et al., 2009; Agarwal et 

al., 2010; Weber et al., 2011; de Vries et al., 2012; Agarwal et al., 2013).  

Therefore, there has been a great interest in developing brain penetrant EGFR 

inhibitors for treating brain metastases.   

While there is a clear rationale to use EGFR inhibitors in treating brain 

metastases, there has also been great interest in treating primary brain tumors 

with EGFR inhibitors.  Approximately 60% of glioblastoma, the most common 
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and aggressive type of primary brain tumor, is often found to have EGFR 

overexpression (approximately 60%) (Ohgaki and Kleihues, 2007; Huang et al., 

2009; Brennan et al., 2013).  Moreover, overexpression of EGFR is closely 

related to a more aggressive glioblastoma phenotype (Shinojima et al., 2003).  In 

spite of that, EGFR inhibitors have shown no significant benefit in glioblastoma 

patients (Rich et al., 2004; van den Bent et al., 2009), and have not led to 

regulatory approval of any EGFR inhibitor for the treatment of glioblastoma.  One 

important factor to consider in examining reasons for the limited efficacy of these 

drugs in the CNS is that the delivery of many early EGFR inhibitors has shown to 

be insufficient to elicit a response at the target site in the CNS. Moreover, many 

of the early generation inhibitors are substrates of the major efflux transporters, 

p-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp), that at the 

blood-brain barrier (BBB), may lead to limited brain penetration, especially in 

intra-tumoral regions that have an intact BBB in metastases (Lockman et al., 

2010) and primary tumor (Sarkaria et al., 2018).   

In the current study, we examined the distribution to the brain of a set of EGFR 

inhibitors, including early generation inhibitors, erlotinib, gefitinib and afatinib, and 

more recently developed inhibitors, osimertinib, vandetanib, AZD3759, 

dacomitinib, and AEE877 (Figure 1 and Table 1).  These eight EGFR inhibitors 

were chosen based on previous and possible future use in patients with brain 

tumors. In addition, based on the few preclinical studies with these drugs, this 

series of EGFR inhibitors was chosen with the intention of having a wide range of 

BBB permeability.   
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Brain distributional kinetics were examined by using a cassette-dosing strategy.  

Cassette-dosing studies are typically performed by co-administering a low dose 

of multiple compounds to a single animal to calculate pharmacokinetic 

parameters and metrics of individual compounds from the concentration-time 

pharmacokinetic profile (Manitpisitkul and White, 2004). As such, multiple 

concentration-time profiles of individual drugs can be obtained in a single animal.  

One of the benefits of using cassette dosing strategy is that throughput of the 

study is significantly increased and the number of animals that are used for the 

study is significantly reduced.  This is especially true in pharmacokinetic and 

brain distribution studies with mice that are often conducted using a destructive 

sampling strategy, and may require numerous animals for a single study with a 

single agent.  Another interesting aspect of using cassette dosing to determine 

the CNS distribution of a series of compounds is that the brain penetration of 

different compounds can be examined within a single animal under the identical 

physiological conditions, including blood flow, BBB surface area, tight junction 

integrity, transporter expression and function.  The most common concern with 

cassette dosing strategy is regarding the possibility of drug-drug interactions due 

to coadministration of multiple drugs at the same time.  However, several studies 

have reported that drug-drug interactions at the BBB are unlikely to happen in 

cassette dosing, due to low dosages used in the study (1-2 mg/kg) (Manitpisitkul 

and White, 2004; Liu et al., 2012) relative to the capacity of the transport systems 

(Cordon-Cardo et al., 1989; Cooray et al., 2002).   
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We examined the extent of brain penetration of these 8 EGFR inhibitors by 

calculating AUC ratios in brain and plasma following cassette dosing.  To ensure 

there were no drug-drug interactions at the BBB, we also performed discrete 

dosing studies for individual drugs and compared the brain-to-plasma ratios at 

two time points (1-hr and 8-hr post dose) with the results from the cassette 

dosing study.  Pharmacokinetic parameters and metrics were calculated from 

concentration-time profiles of each drug from cassette dosing studies.  The 

correlation between the CNS multiparameter optimization (MPO) score (Wager et 

al., 2010; Wager et al., 2016) and the measured brain penetration of these 

compounds was examined in order to determine the relationship between various 

physicochemical properties taken together in a series of EGFR inhibitors. 

5.2 MATERIALS AND METHODS 

 Chemicals and reagents 

6-[4-[(4-ethylpiperazin-1-yl)methyl]phenyl]-N-(1-phenylethyl)-7H-pyrrolo[2,3-

d]pyrimidin-4-amine (AEE788) and [4-(3-chloro-2-fluoroanilino)-7-

methoxyquinazolin-6-yl] (2R)-2,4-dimethylpiperazine-1-carboxylate (AZD3759) 

were purchased from Selleck Chemicals (Houston, TX).  N-[2-[2-

(dimethylamino)ethyl-methylamino]-4-methoxy-5-[[4-(1-methylindol-3-

yl)pyrimidin-2-yl]amino]phenyl]prop-2-enamide (osimertinib), N-(3-chloro-4-

fluorophenyl)-7-methoxy-6-(3-morpholin-4-ylpropoxy)quinazolin-4-amine 

(gefitinib), N-(4-bromo-2-fluorophenyl)-6-methoxy-7-[(1-methylpiperidin-4-

yl)methoxy]quinazolin-4-amine (vandetanib), N-(3-ethynylphenyl)-6,7-bis(2-

methoxyethoxy)quinazolin-4-amine;hydrochloride (erlotinib hydrochloride), and 
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(E)-N-[4-(3-chloro-4-fluoroanilino)-7-methoxyquinazolin-6-yl]-4-piperidin-1-ylbut-

2-enamide (dacomitinib) were purchased from LC laboratories (Woburn, MA).  

(E)-N-[4-(3-chloro-4-fluoroanilino)-7-[(3S)-oxolan-3-yl]oxyquinazolin-6-yl]-4-

(dimethylamino)but-2-enamide (Afatinib), [13C, 2H3]-osimertinib, [2H6]-gefitinib, 

[13C, 2H6]-vandetanib, [2H6]-erlotinib HCL, and [2H6]-afatinib were purchased 

from Alsachim SAS (Illkirch, France).  Analytic-grade reagents were purchased 

from Fisher Scientific (Waltham, MA). The rapid equilibrium dialysis (RED) 

device, including a 96-well base plate and membrane inserts (8 kDa molecular 

weight cut-off cellulose dialysis membrane), was purchased from Thermo Fisher 

Scientific Inc. (Waltham, MA). 

 Animals 

Animals for pharmacokinetic studies and in vitro binding assays utilized both 

female and male Friend leukemia virus strain B (FVB) wild-type and Mdr1a/b–/–

Bcrp1–/– mice (Taconic Biosciences, Inc., Germantown, NY) at the age of 8-14 

weeks. Animals were bred and maintained in the accredited research animal 

housing facility at the University of Minnesota. Transgenic mouse colonies were 

routinely validated by conducting tail snip followed by genotyping (TransnetYX, 

Cordova, TN). All protocols for the animal experiments were approved by 

University of Minnesota Institutional Animal Care and Use Committee (IACUC) 

and performed in accordance with the Guide for the Care and Use of Laboratory 

Animals by the U.S. National Institutes of Health (Bethesda, MD). 

 Discrete Dosing Pharmacokinetic Study 
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The dosing suspensions for subcutaneous injection were prepared in 10 % 

DMSO and 0.25% hydroxypropyl methylcellulose (w/v) in order to achieve a dose 

of 1 mg/kg for each EGFR inhibitor. A single dose of each EGFR inhibitor was 

individually dosed in wild-type and triple knockout (Mdr1a/b–/–Bcrp1–/–) FVB mice.  

Blood and brain samples from mice were harvested at 1-hour and 8-hour after 

discrete drug administration (N=3-4 at each time point).  Blood was collected by 

cardiac puncture using heparinized syringes after euthanizing in a carbon dioxide 

chamber. Plasma was separated by centrifuge at 6500 rpm at 4 °C for 20 

minutes.  Both plasma and brain samples were stored at -80 °C until LC-MS/MS 

analysis.  

 Cassette Dosing Pharmacokinetic Study 

The dosing suspension for cassette dosing was prepared in the final strength of 

10% DMSO and 0.25% hydroxypropyl methylcellulose (w/v) the same way for 

discrete dosing to make the mixture of 8 EGFR inhibitors in the final dosing 

suspension of 1 mg/kg.  A single cocktail of 8 EGFR inhibitors was administered 

by subcutaneous injection in wild-type and triple knockout (Mdr1a/b–/–Bcrp1–/–) 

FVB mice.  Blood and brain samples were harvested at pre-determined time 

points, including 0.5, 1, 2, 4, 8, and 16 hours after dosing (N=3-4 at each time 

point).  Blood and plasma were collected and separated as described in the 

discrete dosing study. 

 Protein Binding Study in Plasma and Brain Homogenate 
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The free fractions of EGFR inhibitors were determined by using a rapid 

equilibrium dialysis (RED) device.  Mouse plasma was obtained from FVB mice 

by cardiac puncture. The brain homogenate was prepared from FVB mouse by 

adding 2 volumes (w/v) of phosphate buffered saline (PBS; pH 7.4) followed by 

mechanical homogenization.  EGFR inhibitor stock solutions are prepared in 

DMSO, and added to either mouse plasma or brain homogenate to make a final 

concentration of 5 μM containing 0.3% DMSO.  Either mouse plasma or brain 

homogenate containing compounds was loaded to the sample chamber (300 μl) 

of the inserts first, and then blank PBS was loaded to the corresponding buffer 

chamber (500 μl) according to the manufacturer’s instruction (N=4). The plate 

was sealed with an adhesive lid and incubated at 37 °C for 4 hours in an orbital 

shaker at 300 rpm.  Samples were collected from both chambers after the 

incubation, and stored in -80°C freezer until LC-MS/MS analysis. 

Unbound free fractions in the brain were calculated according to the following 

equation:  

Free fraction (fu) = 
1/D

((
1

fu,diluted
)-1)+1/D

        (1). 

The dilution factor (D) was 3 in the experiment described above. 

 The unbound (free) concentration partitioning to the brain was determined as 

below: 



 

166 

 

Free brain partition coefficient (Kp,uu) = 
free brain concentration 

free plasma concentration
 = Kp, brain x 

fu,brain

fu,plasma

         

(2), 

 where K,p brain is the ratio of brain-to-plasma areas under the total concentration 

time profile as below:   

Brain partition coefficient (Kp, brain) = 
AUC brain 

AUC plasma

        (3). 

The distribution advantage (DA) due to the lack of efflux transporters was 

calculated as below: 

Distribution advantage (DA) = 
Kp brain, transporter knockout mice 

Kp brain, wild-type mice
        (4) 

 Analytical LC-MS/MS analysis to determine drug concentrations 

Concentrations of the 8 EGFR inhibitors in specimens were measured using 

reverse-phase liquid chromatography (Agilent model 1200 separation system; 

Agilent Technologies, Santa Clara, CA) coupled with TSQ Quantum triple 

quadruple mass spectrometer (Thermo Finnigan, San Jose, CA) by operating 

electrospray in the positive ion mode.  For liquid chromatographic separation, 

either gradient or isocratic elution was performed using Phenomenex Synergi 

Polar-RP column (75 X 2 mm, 4 μm; Phenomenex) depending on the 

compounds.  The initial composition of mobile phase for AEE788, AZD3759, 

afatinib, and gefitinib was comprised of 75% distilled water with 0.1% formic acid 

(A) and 25% acetonitrile with 0.1% formic acid (B) with a 0.35 ml/min flow rate.  

The total run time was 7.5 minutes. The retention times for AEE788, AZD3759, 
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afatinib, and gefitinib were 1.01, 1.30, 1.00, and 1.43 minutes, respectively.  The 

initial mobile phase composition for osimertinib, erlotinib, and vandetanib was 

comprised of 70% distilled water with 0.1% formic acid (A) and 30% acetonitrile 

with 0.1% formic acid (B) with a 0.35 ml/min flow rate.  The total run time was 8.5 

minutes. The retention times for osimertinib, erlotinib, and vandetanib were 1.06, 

3.54, and 0.73 minutes, respectively.  An isocratic separation was performed to 

separate dacomitinib with the initial condition of 70% aqueous phase (A) and 

30% organic phase (B) for 4 minutes.  The retention time for dacomitinib was 

0.85 minutes.  Mass-to-charge ratio (m/z) transitions were as follows: 500.14 > 

72.15 for osimertinib, 504.14 > 72.14 for [13C, 2H3]-osimertinib, 460.1 > 141.16 for 

AZD3759, 447.1 > 128.2 for gefitinib, 455.1 > 136.2 for [2H8]-gefitinib, 475.1 > 

112.1 for vandetanib, 481 > 112.1 for [13C, 2H6]-vandetanib, 394.1 > 278 for 

erlotinib, 400.1 > 284 for [13C]-erlotinib, 486.1 > 371.1 for afatinib, 492.1 > 377.1 

for [2H6]-afatinib, 441.27 > 223.05 for AEE788, and 470.2 > 385.0 for dacomitinib.  

 Pharmacokinetic Calculations 

Plasma and brain concentration-time data were analyzed with non-

compartmental analysis (NCA) using Phoenix WinNonlin version 8.0 (Certara 

USA, Inc., Princeton, NJ).  Areas under the curve (AUCs) for each compound 

were calculated by the trapezoidal rule to the last time point (AUC(0→tlast)).  Other 

pharmacokinetic parameters/metrics, including clearance (CL), volume of 

distribution (Vd), and half-life were determined by NCA.  Brain-to-plasma ratios 

(Kp) of each EGFR inhibitor were calculated by the ratio of AUC(0→tlast) of brain 

concentration-time profile (AUC(0→tlast), brain) to that of plasma concentration-time 
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profile (AUC(0→tlast), plasma).  Free partition coefficients of brain (Kp,uu) were 

calculated by multiplying the Kp with the ratio of free fraction in brain 

homogenate to plasma (fu,brain/fu,plasma).  A brain distribution advantage (DA) in 

triple knock-out mice, that are lacking both P-gp and Bcrp (Mdr1a/b–/–Bcrp1–/–), 

compared to wild-type mice was obtained by calculating the ratio of Kp in triple 

knock-out to wild-type mice.   

 Statistical Testing 

All data are presented as mean + standard deviation (S.D) or standard error of 

an estimate (S.E.). To compare the brain to plasma ratio in cassette dosing to 

that in discrete dosing, a parametric analysis unpaired t-test was performed by 

using GraphPad Prism (version 6; GraphPad Software, La Jolla California USA).  

A significance level at P < 0.05 was considered as a statistical difference in all 

statistical testing. 

5.3 RESULTS 

 Comparison of brain-to-plasma ratios from cassette and discrete 

dosing studies. 

The brain-to-plasma ratios of each drug at a 1-hour and 8-hour following cassette 

dosing studies were compared with the results from discrete dosing studies at 

the same times post dose in both wild-type and TKO mice (Figure 2).  Figure 2A 

shows the brain-to-plasma ratios of the 8 EGFR inhibitors from cassette dosing 

are within two-fold of the ratios from discrete dosing in wild-type mice at 1-hour 

after dosing, except AEE788, which shows higher brain-to-plasma ratio following 
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discrete dosing than in cassette dosing (* P<0.05).  Likewise, at 8-hour after 

dosing in wild-type mice, 5 out of 7 compounds are within two-fold difference in 

cassette dosing study when compared to discrete dosing study (Figure 2B).  The 

two exceptions, afatinib and osimertinib, show a slightly higher brain-to-plasma 

ratio in cassette dosing study than in discrete dosing study (afatinib: * P<0.05, 

osimertinib: N.S.).  In TKO mice, brain-to-plasma ratios of these drugs from 

cassette dosing study matched well with the results from discrete dosing study, 

except AEE788 at 8-hour post dose (Figure 2C and 2D, * P<0.05).  Overall, the 

results from cassette dosing study show good correlation with those from 

discrete dosing studies. Even though there were some values that are out of the 

two-fold range, possibly due to random biological variability, the brain to plasma 

ratios from cassette and discrete dosing strategy were comparable and support 

the use of the cassette dosing as a valid strategy to compare brain partition 

coefficients across the series of compounds.   

 Pharmacokinetic parameters and metrics of 8 EGFR inhibitors 

following cassette dosing in wild-type and Mdr1a/b–/–Bcrp1–/– FVB mice. 

The concentration-time profiles of 8 EGFR inhibitors following a single cassette 

dosing by subcutaneous injection were used to calculate pharmacokinetic 

parameters and metrics by using non-compartmental analysis (NCA) in WT and 

TKO (Table 2 and Table 3).  Half-life of inhibitors in plasma were calculated 

based on the concentrations of plasma at the last three or four time points in the 

concentration-time profile where the drugs were in elimination phase.  Half-life of 

these drug are ranging from 50 minutes with erlotinib to 13.7 hours with 
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vandetanib in wild-type FVB mice, and from 50 minutes with erlotinib to 17.6 

hours with AEE788 in triple-knockout (Mdr1a/b–/–Bcrp1–/–) FVB mice.  When 

the half-life of each drug in wild-type FVB mice is compared to the values in 

knockout animals, 7 out of 8 inhibitors have shown similar values within a 2-fold 

difference. Vandetanib showed differences over 2-fold in triple-knockout (TKO) 

FVB mice (5.74) when compared to wild-type mice (13.7), and the AUC in wild-

type FVB mice was significantly higher than that in TKO mice (2230 + 61.3 (WT) 

vs. 1442 + 98.7 (TKO), *P < 0.05).  Based on the non-compartmental analysis for 

vandetanib, the apparent volume of distribution (Vd/F) in WT was comparable to 

TKO (4947 mL/kg (WT) vs. 5085 mL/kg (TKO)), but the apparent clearance 

(CL/F) in TKO was about 2.5-fold higher than the value in WT (250 mL/hr/kg 

(WT) vs. 614 mL/hr/kg (TKO)).  Except vandetanib, all other inhibitors have 

shown similar plasma AUCs in wild-type when compared to TKO mice.  Overall, 

half-lives of these inhibitors in the brain were close to half-lives observed in 

plasma.  Gefitinib and Afatinib in wild-type mice, and vandetanib in TKO, were 

the exceptions that showed longer half-life in brain than in plasma.  Overall, 

systemic pharmacokinetic parameters and metrics in WT were similar to the 

values in TKO, but the AUC in brain were markedly different in WT and TKO 

across all compounds, following a cassette dosing of a set of EGFR inhibitors 

(concentration-time profiles of each drug is available in supplemental figure 1 and 

2).   

 Brain penetration of EGFR inhibitors within an individual animal  
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The brain penetration of each EGFR inhibitor following cassette dosing was 

examined by calculating the brain-to-plasma ratio of each compound at each 

time point, within individual animal subjects.  This allowed these compounds to 

be rank ordered from the highest penetration (high brain-to-plasma ratio) to the 

lowest penetration (low brain-to-plasma ratio) within a single animal subject.  

Ranked values within the same subjects were color-coded depending on their 

brain penetration in Figure 3, where dark blue was used for a compound with the 

highest brain penetration and dark red was used for the drugs with the lowest 

brain penetration.  When the measured concentration was lower than the lowest 

limit of quantitation, the “penetration” color was greyed and marked as LLOQ.  

This “visual heat-map” of the rank order of the brain penetration of inhibitors was 

consistent across different subjects at different time points in both wild-type and 

triple-knockout mice.  The overall classification of brain penetration, defined with 

color, either in the blue group or the red group, was consistent especially at the 

same time point after dosing.  Interestingly, these rank orders within a mouse are 

more consistent across mice at early time points, until approximately 2 hours 

after cassette dosing, and less consistent at later time points in both WT and 

TKO animals.    

 Determination of Kp and Kpuu for brain  

The partition coefficients (Kp) of brain for this set of EGFR inhibitors were 

determined in both wild-type and TKO FVB mice from the cassette dosing study 

(Table 3).  The brain partition coefficients were calculated by the ratios of AUC of 

brain total concentration-time profile to AUC of plasma concentration-time profile 
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from time zero to the last time point of measured concentrations (16-hour).  In 

wild-type mice that have intact efflux transporters in the BBB, the brain Kp was 

the highest for AZD3759 (1.7) and the lowest for erlotinib and AEE788 (0.062 

and 0.066, respectively).  These Kp values were increased in TKO mice for all 

studied compounds when compared to wild-type mice.  However, the relative 

magnitude of increase in Kp was highly variable, from 1.6-fold for AZD3759 up to 

28-fold for AEE788, as quantified by distribution advantage (DA) with equation 

(4) as shown in Table 3.  The free fractions of these compounds were 

determined in mouse plasma and brain homogenate using rapid equilibrium 

dialysis. The free partition coefficients of brain (Kp,uu) are presented in Table 3.  

Kp and Kp,uu values were the highest with AZD3759 in wild-type mice. Kp was 

the lowest with erlotinib in wild-type, while, Kp,uu was the lowest with AEE788 in 

wild-type mice.  Importantly, in the wild-type mice, most of the Kp,uu values were 

well below unity, indicating that efflux system(s) play a significant role in limiting 

the brain penetration of these EGFR inhibitors. AZD3759 was the only compound 

that showed Kp,uu higher than unity (i.e., 2.96), indicative of a possible 

involvement of an influx system on modulating the delivery of this compound 

across the BBB.  The rank orders of Kp and Kp,uu values showed that 

osimertinib has the highest Kp in TKO mice (15.7), which is about 16-fold higher 

than in wild-type mice.  Although the rank orders of these values were changing 

depending on not only the degree of binding in plasma and brain but also the 

presence and the absence of efflux transporters, AZD3759, osimertinib, 

vandetanib, and dacomitinib consistently ranked with a comparatively high brain 
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penetration. On the other hand, the other four compounds in this cassette of 

eight EGFR inhibitors, including erlotinib, AEE788, afatinib, and gefitinib, 

categorized in the low brain penetration group. 

 Correlation between physicochemical properties and the brain 

partition coefficients  

Correlations between physicochemical properties and the brain penetration of 

this set of EGFR inhibitors were examined.  A calculated CNS multiparameter 

optimization (MPO) score (Wager et al., 2010) and the ratios of cLogD to square 

root of molecular weight (clogD/sqrt(MW)) (Levin, 1980) were compared to Kp 

brain and Kp,uu in wild-type and TKO mice (Table 5 and Figure 4).  The 

suggested CNS MPO scores are typically higher than 4 to predict good CNS 

penetration (Wager et al., 2016), and the MPO scores for the series of EGFR 

inhibitors were calculated by the most recent version of MPO score calculation 

tool (Wager et al., 2016).  Importantly, using this tool, dacomitinib, vandetanib, 

and osimertinib were classified as low brain penetrants according to their MPO 

scores, but erlotinib and gefitinib as high brain penetrants.  On the other hand, 

the method of predicting brain penetration of compounds by using the ratios of 

cLogD to square root of molecular weight predicted dacomitinib, vandetanib, and 

AEE788 as high brain penetrants, and erlotinib as a low brain penetrant.  Based 

on the experimentally-determined brain partition coefficients (Kps) reported 

above from our cassette dosing studies, osimertinib, dacomitinib, and vandetanib 

were consistently classified as high brain penetrants in wild-type FVB mice, and 

erlotinib and gefitinib as low brain penetrants.  Moreover, compounds with similar 
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MPO scores, for example, AEE788 (3.3) and vandetanib (3.3), have widely 

different Kp values in wild-type mice, ranging from 0.635 for vandetanib, 

classified as highly brain penetrant, to 0.066 for AEE788, classified as a low 

brain penetrant (Table 5 and Figure 4C).  A similar pattern was observed with 

cLogD/sqrt(MW) in AEE788, dacomitinib, and erlotinib, that each have close 

cLogD/sqrt(MW) values, but Kp values that are considerably different from one 

another.  The free partition coefficients of brain (Kp,uu) were plotted against 

either cLogD/sqrt(MW) or MPO scores to understand the influence of binding in 

these correlations, however, no improved correlation was seen in these 

parameters (Figure 4).  When the effect of major transporters, P-gp and Bcrp, 

was absent using TKO mice, the Kp,brain seemed to have a modest correlation 

with cLogD/sqrt(MW), but no correlation with MPO scores (Figure 4B and 4D).  In 

conclusion, both cLogD/sqrt(MW) and MPO score fail to show a clear predictive 

correlation with either Kp,brain or Kp,uu,brain. About half of compounds show a 

weak correlation between their physicochemical properties and brain distribution, 

whereas the other half showed no correlation.   

5.4 DISCUSSION 

Epidermal growth factor receptor (EGFR) has been an attractive target for 

treatment of primary brain tumors including glioblastoma (GBM), in which EGFR 

is over-expressed in about 60% of patients (Ohgaki and Kleihues, 2007; Huang 

et al., 2009; Brennan et al., 2013), as well as brain metastases from various 

cancers.  However, one of the major challenges in developing an efficacious 

anticancer drug for tumors located in the brain is “delivery” of these agents to the 
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site of action, the brain tumor across an often intact blood-brain barrier (BBB).  A 

brain-to-blood partition coefficient (Kp,brain) is commonly used to experimentally 

determine and describe the brain distribution of a drug, requiring animal 

experiments.  Recently, other methods, including a cassette dosing strategy (N-

in-1 dosing), as well as prediction methods based on various physicochemical 

properties of a compound, have been suggested to determine or predict the brain 

distribution of therapeutics, which can possibly replace the experimental 

processes, especially in discovery and development of brain penetrant 

compounds.  The present study shows that the cassette dosing approach can be 

useful to determine brain penetration of a series of compounds with the same 

pharmacological target, and to understand a role of efflux transporters at the BBB 

on the brain distribution of these small molecule therapeutics.   

In the current study, we chose 8 EGFR inhibitors that are in different stages of 

clinical development and varying in their known brain penetration.  5 out of 8 

EGFR inhibitors, including afatinib, erlotinib, gefitinib, osimertinib, and 

vandetanib, are approved anticancer drugs for various solid tumors, including 

non-small cell lung cancer (NSCLC), a tumor that often metatasizes to the brain.  

However, none of these approved first and second generation of EGFR inhibitors 

are effective in patients with primary brain tumors, and have onlymodest efficacy 

in patients with metastatic brain tumors (Table 6).  Dacomitinib and AZD3759 are 

third generation of EGFR inhibitors.  AZD3759 and osimertinib are reported to be 

CNS penetrating EGFR inhibitors that are under clinical investigation for the 

treatment of advanced NSCLC.  Clinical studies with AZD3759 demonstrate an 
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objective response rate in over 80% of patients with NSCLC brain metastases 

(Ahn et al., 2017).  Osimertinib has also shown promise in treating brain 

metatases (Goss et al., 2018). Dacomitinib has some limited efficacy in patients 

with metastatic NSCLC brain tumors harboring the T790M mutation 

(NCT01858389), and its efficacy in GBM is currently under clinical investigation 

(NSC01112527). 

It is possible that irreversible inhibitors, including dacomitinib, afatinib, and 

osimertinib, may not need as high brain partitioning as for reversible inhibitors in 

order to achieve the same pharmacodynamic effect. This is predicated on the 

turnover of the drug-receptor complex.  If an EGFR-inhibitor – receptor complex 

is rapidly turned over, the benefit of being an irreversile inhibitor can be lost.  As 

such, it is still valuable to assess the ability of CNS penetration of all of these 

drugs, both reversible and irreversible inhibitors, to predict potential efficacy in 

brain tumor.   

The comparison of brain to plasma ratios determined by both cassette and 

discrete dosing confirms the absence of drug-drug interactions at the BBB in this 

series of compounds similar to that reported previously by Liu et al (Liu et al., 

2012).  In the current study, brain to plasma ratios of a series of EGFR inhibitors 

obtained at 1 and 8 hours after dosing as a cassette were within a 2-fold range of 

the results from discrete dosing in both wild-type and transgenic mice that are 

lacking both P-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp) 

(TKO).  The greatest difference in brain to plasma ratio between cassette and 
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discrete dosing was observed with afatinib at 8 hour after dosing in wild-type 

mice, where the brain to plasma ratio estimate from the cassette study was about 

5 times overestimated than the value from discrete dosing.  On the other hand, 

brain to plasma ratios of AEE788 after cassette dosing underestimated the 

values after discrete dosing at 1 hour post dose in wild-type mice and at 8 hour 

post dose in TKO mice.  There were no consistent trends between these outliers, 

and therefore this may represent experimental variability rather than a systematic 

trend related to the dosing strategies. Although both afatinib and AEE788 seem 

to be substrates of both P-gp and Bcrp, recognized from the values of the 

distribution advantage (DA) for these compounds, other compounds that are 

substrates of P-gp and Bcrp do not show any discrepancy between the results 

from cassette and discrete studies.  In conclusion, overall the results from 

cassette dosing match well with the results from discrete dosing.  Thus, the close 

correlation between cassette and discrete dosing results confirm that there are 

no significant drug-drug interactions occurring at the BBB, with the dose of 1 

mg/kg, regardless of the efflux transporter liability. 

The partition coefficients of brain (Kp,brain) for each EGFR inhibitor were 

calculated from the AUC ratios of brain to plasma.  In the current study, AUCs 

from time zero to the last time point were used for both plasma and brain without 

the extrapolation of AUC from the last time point to infinity, because the complete 

elimination phase was not reached until 16 hours after the dosing for some 

compounds.  Therefore, AUCs from time zero to the last time point that 

concentrations were measured (i.e., 4 hours after the dosing for erlotinib, 16 
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hours after the dosing for all other compounds) were used for both plasma and 

brain to calculate the Kp,brain for each EGFR inhibitors.  When the calculated 

Kp,brain from this study were compared with previously reported Kp,brain (Table 

5), values were within 2-fold, except for vandetanib.  Based on a Kp,brain in wild-

type mice over 0.5, AZD3759, dacomitinib, osimertinib, and vandetanib can be 

classified as brain penetrant EGFR inhibitors.  

Previous research on the efflux transporter liability of these EGFR inhibitors have 

shown that afatinib, erlotinib, gefitinib, osimertinib, and vandetanib are substrates 

of both P-gp and Bcrp (Agarwal et al., 2010; Minocha et al., 2012; Agarwal et al., 

2013; Ballard et al., 2016).  On the other hand, AZD3759 has been reported to 

not be a substrate of both P-gp and Bcrp. The Kp,brain calculated in the current 

study agree with the previous results in that the compounds known to be 

substrates of efflux transporters showed much higher brain partition coefficient 

values in Mdr1a/b–/–Bcrp1–/– mice (TKO) when compared to wild-type mice.  

AEE788 and dacomitinib, which have no previous reports regarding their efflux 

transporter liability, are shown in this study to be substrates of both/either P-gp 

and/or Bcrp (see the DA values, Table 4).  The Kp,brain in TKO for AZD3759 

was similar to the value in wild-type with the distribution advantage (DA) of 1.56, 

that indicates neither P-gp nor Bcrp play a major role in the brain distribution of 

AZD3759, as has been previously reported (Zeng et al., 2015; Yang et al., 2016).   

The brain penetration of each EGFR inhibitor was examined within a single 

animal to assess the brain penetrability of each drug under the same 
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physiological conditions by using a “visual heatmap”.  Rank orders of brain-to-

plasma ratios at a single time point were consistent until 2 hours after dosing in 

both wild-type and TKO mice.  There can be several reasons of having less 

consistent rank orders after 2 hours.  One explanation is that the systemic 

clearances and the brain distributional clearances, or the combination of the two, 

that influence the brain-to-plasma ratios may be different in individual animals, 

and this difference would be eccentuated at late times.  Another reason can be 

that some compounds are somewhat excluded from the rank calculation due to 

low concentration measured near the lowest limit of quantitation.  Importantly, the 

ability of each of these inhibitors to distribute into the brain within a single animal 

seems to be consistent between animals, even though some physiological 

conditions may be slightly different in each animal.    

The brain distribution, including the BBB permeability of a drug, can be related to 

the physicochemical properties of a compound when passive diffusion dominates 

drug transport processes.  Importantly, molecular weight, lipophilicity (logP or 

logD), hydrogen bond donor and acceptor count (HBD), and topological polar 

surface area (TPSA) of a molecule are considered to be crucial properties to 

determine the intrinsic permeability and brain distribution (Rankovic, 2015; 

Heffron, 2016).  Among these crucial characteristics of a molecule, clogD and 

molecular size (weight) were believed to be two key factors that determine the 

ability to cross the BBB (Oldendorf, 1974; Levin, 1980).  It has been shown that 

there is a reasonable correlation between the calculated ratios of clogD and 

square root of molecular weight and the permeability in the brain capillaries, 
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using in situ perfusion as a measure of permeability (Levin, 1980).  Recently, the 

central nervous system multiparameter optimization (CNS MPO) desirability tool 

has been proposed to predict the CNS penetration and understand the 

relationship between physicochemical properties and the drug distribution in CNS 

(Wager et al., 2010; Wager et al., 2016).  In the current study, we found that 

there was a lack of correlation between the brain distribution of a compound 

defined by Kp,brain, and the physicochemical properties of a set of EGFR 

inhibitors.  Even if non-specific protein binding or the effect of major transporters, 

P-gp and Bcrp, were considered by using free partition coefficient (Kpuu) or 

transporter deficient mice, no predictive correlation between brain penetrability 

and physicochemical properties of these compounds was found (Figure 4).   

In conclusion, the current study indicates that cassette dosing can be a useful 

method to determine the brain distribution of a set of molecularly targeted 

anticancer therapeutics that share the same target, in this case, EGFR.  The 

concordance of the brain to plasma ratios at a single time point following either 

cassette dosing or discrete dosing has validated that both methods are 

comparable, especially for rank order screening.  A cassette dosing strategy is 

useful, not only because of cost and time efficiency, but also because of the 

ability to directly compare drug brain penetrability among a set of compounds 

within a single animal.  The rank orders of the brain to plasma ratios in a single 

animal were consistent with the rank orders of Kp,brain calculated by AUC ratios 

of brain to plasma.  Therefore, cassette dosing strategy can be useful for 

candidate selection with respect to brain distribution.  Among this set of EGFR 
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inhibitors examined in the current study, AZD3759, osimertinib, vandetanib, and 

dacomitinib have superior brain penetration (over 50% of corresponding plasma 

concentration). These brain penetrant EGFR inhibitors may have value for the 

treatment of tumors located in the brain and should be considered for future 

clinical trials. 
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Figure 5.1 Structures of EGFR inhibitors used in the current study. 
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Figure 5.2 Comparison of brain-to=plasma ratios between cassette and discrete dosing in wild-type and triple-

knockout (Mdr1a/b-/-Bcrp-/-) FVB mice. (A) Brain-to-plasma ratios at 1-hour post dose in wild-type FVB mice. (B) 

Brain-to-plasma ratios at 8-hour post dose in wild-type FVB mice. (C) Brain-to-plasma ratios at 1-hour post dose 

in triple-knockout (Mdr1a/b-/-Bcrp-/-) FVB mice. (D) Brain-to-plasma ratios at 8-hour post dose in Mdr1a/b-/-Bcrp-/- 

FVB mice. 
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Figure 5.2 Continued. 
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Figure 5.3 Rank order of the brain distribution of EGFR inhibitors in a single animal. Rank order was based on the 

brain-to-plasma ratio at a single time point after dosing in individual animal. 

 

A. Rank order in wild-type  (WT) mice

Animal ID
Time of 

Collection
Erlotinib AEE788 Afatinib Gefitinib Dacomitinib Vandetanib Osimertinib AZD3759

1 0.5h 0.031 0.030 0.121 0.135 0.491 0.302 0.789 0.357 1

2 0.5h 0.027 0.061 0.038 0.130 0.266 0.424 0.566 1.97 2

3 0.5h 0.029 0.031 0.070 0.119 0.174 0.302 0.716 1.67 3

4 0.5h 0.027 0.031 0.032 0.115 0.209 0.295 0.239 1.48 4

5 1h 0.016 0.021 0.022 0.071 0.399 0.355 0.597 1.09 5

6 1h 0.022 0.028 0.059 0.129 0.494 0.333 1.06 1.32 6

7 1h 0.028 0.044 0.070 0.167 0.243 0.607 1.44 2.04 7

8 1h 0.018 0.016 0.044 0.104 0.139 0.314 1.00 1.35 8

9 2h 0.015 0.060 0.147 0.166 1.76 0.347 1.59 1.45

10 2h 0.028 0.094 0.207 0.216 1.43 0.337 1.73 1.53

11 2h 0.018 0.046 0.055 0.104 ND 0.739 1.23 1.77

12 2h 0.017 0.046 0.078 0.128 ND 0.494 0.950 1.08

13 4h 0.020 0.084 0.165 0.229 0.593 0.816 1.95 1.37

14 4h 0.027 0.092 0.417 0.195 0.359 0.570 1.80 1.97

15 4h 2.68 0.084 0.483 0.359 0.435 1.34 1.44 1.95

16 4h LLOQ 0.098 0.481 0.658 0.623 1.16 1.14 2.00

17 8h LLOQ 0.074 1.03 LLOQ 1.12 0.538 0.485 2.32

18 8h LLOQ 0.081 0.970 1.30 1.17 0.509 0.798 1.94

19 8h LLOQ 0.070 1.07 0.677 0.361 0.606 1.25 1.54

20 8h LLOQ 0.082 1.32 0.498 0.946 0.588 1.10 1.15

21 16h LLOQ 0.073 1.11 LLOQ LLOQ 0.571 0.159 5.45

22 16h LLOQ 0.071 LLOQ 3.78 1.01 LLOQ LLOQ LLOQ

23 16h LLOQ 0.084 1.08 3.97 0.586 0.732 0.050 2.17

24 16h LLOQ 0.077 1.34 2.47 0.193 0.793 0.104 21.2
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Figure 5.3 Continued. 

 

 

B. Rank order in Mdr1a/b–/–Bcrp1–/–  (Triple knockout, TKO) mice

Animal ID
Time of 

Collection
Erlotinib Afatinib AEE788 Gefitinib AZD3759 Vandetanib Dacomitinib Osimertinib

1 0.5h 0.423 0.562 1.85 0.897 1.33 1.74 3.09 5.71 1

2 0.5h 0.167 0.468 0.574 1.00 2.90 1.64 4.05 5.84 2

3 0.5h 0.159 0.193 0.658 0.661 2.18 2.45 14.2 8.27 3

4 0.5h 0.131 0.583 0.621 0.92 2.97 1.81 11.3 3.06 4

5 1h 0.258 1.14 1.21 1.39 3.10 3.70 ND 17.7 5

6 1h 0.179 1.15 1.08 1.38 3.04 2.72 5.88 5.55 6

7 1h 0.217 0.272 1.43 2.01 5.94 3.03 4.19 20.0 7

8 1h 0.147 0.875 1.45 1.50 2.59 2.37 21.6 3.67 8

9 2h 0.354 1.94 2.63 2.52 4.39 3.10 12.4 7.66

10 2h 0.164 1.10 4.65 4.73 5.66 7.15 16.4 23.1

11 2h 0.278 1.86 1.53 1.49 2.45 4.66 10.5 3.58

12 2h 0.201 1.16 0.943 1.33 2.11 4.57 4.93 20.0

13 4h 4.18 3.11 2.69 2.39 2.66 8.01 24.1 52.3

14 4h 0.150 3.43 4.20 2.77 2.43 8.29 19.3 19.9

15 4h 0.057 2.55 3.42 3.25 3.48 5.83 23.7 16.3

16 4h 0.915 7.97 2.20 6.65 19.2 7.19 17.1 10.3

17 8h LLOQ 0.944 1.22 0.96 0.42 13.5 18.5 LLOQ

18 8h LLOQ 2.11 1.99 2.22 2.28 6.04 11.3 46.7

19 8h LLOQ 6.71 3.07 3.30 2.65 41.8 28.2 64.5

20 8h LLOQ 6.51 2.46 3.22 2.67 5.30 12.0 25.3

21 16h LLOQ 3.21 0.773 2.23 0.766 23.3 6.24 5.18

22 16h LLOQ 6.41 0.921 3.69 11.4 LLOQ LLOQ LLOQ

23 16h LLOQ 8.59 0.713 11.3 LLOQ LLOQ LLOQ LLOQ
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Figure 5.4 Correlation between Kp and clogD/sqrt(MW) or MPO (multiparameter optimization) scores. (A) 

Correlation between Kp or Kpuu in wild-type FVB mice and clogD/sqrt(MW) (R square for Kp = 0.04895, R square 

for Kpuu = 0.224). (B) Correlation between Kp or Kpuu in triple-knockout (Mdr1a/b-/-Bcrp-/-) FVB mice and 

clogD/sqrt(MW) (R square for Kp = 0.137, R square for Kpuu = 0.0386). (C) Correlation between Kp or Kpuu in 

wild-type FVB mice and MPO score (R square for Kp = 0.108, R square for Kpuu = 0.0000911). (D) Correlation 

between Kp or Kpuu in triple-knockout (Mdr1a/b-/-Bcrp-/-) FVB mice and MPO score (R square for Kp = 0.557, R 

square for Kpuu = 0.433). 
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Figure 5.4 Continued. 
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Table 5.1 Physicochemical properties of EGFR inhibitors used in the study 

Compound Type MWb clogPa clogDa TPSAb HBDb pKaa efflux liability 

AEE788 Reversiblec 441 4.44 3.49 60 2 8.24 Not reported 

Afatinib Irreversibled 486 3.76 2.34 89 2 8.81 P-gp and Bcrph 

AZD3759 NA 460 4.03 3.86 80 1 7.10 Not a substratel 

Dacomitinib Irreversiblee 470 4.71 3.53 79 2 8.55 Not reported 

Erlotinib Reversiblef 393 3.20 3.20 75 1 4.62 P-gp and Bcrpi 

Gefitinib Reversiblef 447 3.75 3.64 69 1 6.85 P-gp and Bcrpj 

Osimertinib Irreversibleg 500 4.49 3.01 88 2 8.87 P-gp and Bcrph 

Vandetanib NA 475 4.54 2.81 60 1 9.13 P-gp and Bcrpk 
a obtained from ChemAxon (https://chemicalize.com/) 

b obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) 

c (Reardon et al., 2012) d (Solca et al., 2012) e (Engelman et al., 2007) f (Krawczyk et al., 2017) 

g (Cross et al., 2014) h (Ballard et al., 2016) i (Agarwal et al., 2013) j (Agarwal et al., 2010) k (Minocha et al., 2012) 

l (Zeng et al., 2015) 

https://chemicalize.com/
https://pubchem.ncbi.nlm.nih.gov/
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Table 5.2 PK parameters in wild-type mice 

 

unit AEE788 Afatinib AZD3759 Dacomitinib Erlotinib Gefitinib Osimertinib Vandetanib

thalf hr 12.4 7.20 2.37 8.45 0.827 2.66 2.77 13.7

Apparent CL mL/hr/kg 582 1196 1915 881 961 1706 1407 250

Apparent Vd mL/kg 10377 12389 6539 10723 1146 6542 5632 4947

thalf, brain hr 13.9 25.7* 2.69 10.5 0.75 14.2* 2.27 10.6

AUClast, plasma hr*ng/mL 985 734 486 826 1001 576 645 2230

SE_AUClast, plasma hr*ng/mL 23.3 80.6 27.7 79.2 39.6 54.6 43.7 61.3

AUClast, brain hr*ng/mL 65.3 186 828 505 62.4 206 638 1416

SE_AUClast, brain hr*ng/mL 2.20 3.35 60.8 24.0 8.21 3.85 31.9 95.0

thalf,  half-life of a drug in plasma

Apparent CL,  apparent clearance CL/F

Apparent Vd,  Apparent volume of distribution, Vd/F

thalf, brain,   half-life of a drug in brain

AUClast, plasma,  area under the curve from zero to the time of last measured concentration in plasma 

SE_AUClast, plasma,  standard error of an estimate of area under the curve in plasma

AUClast, brain,  area under the curve from zero to the time of last measured concentration in brain

SE_AUClast, brain,  standard error of an estimate of area under the curve in brain

* the half-life was determined by the slope of last three time points in concentration-time profile. 

The values were larger than the half-life in plasma because complete elimination phase has not been captured in the experiments.
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Table 5.3 PK parameters in TKO mice 

 

 

unit AEE788 Afatinib AZD3759 Dacomitinib Erlotinib Gefitinib Osimertinib Vandetanib

thalf hr 17.6 5.95 2.75 8.99 0.846 4.20 2.24 5.74

Apparent CL mL/hr/kg 531 679 1598 822 1570 1431 1657 614

Apparent Vd mL/kg 13502 5827 6349 10667 1916 8680 5353 5085

thalf,brain hr 5.1 10.5 2.32 16.6 0.95 4.76 3.59 41.8*

AUClast, plasma hr*ng/mL 858 1279 617 877 609 658 566 1442

SE_AUClast, plasma hr*ng/mL 61.8 234 95.9 135 49.7 95.3 81.6 98.7

AUClast, brain hr*ng/mL 1599 3082 1633 8572 124 1449 8913 10773

SE_AUClast, brain hr*ng/mL 89.1 174 72.0 307 6.12 57.0 1584 563

thalf,  half-life of a drug in plasma

Apparent CL,  apparent clearance CL/F

Apparent Vd,  Apparent volume of distribution, Vd/F

thalf, brain,   half-life of a drug in brain

AUClast, plasma,  area under the curve from zero to the time of last measured concentration in plasma 

SE_AUClast, plasma,  standard error of an estimate of area under the curve in plasma

AUClast, brain,  area under the curve from zero to the time of last measured concentration in brain

SE_AUClast, brain,  standard error of an estimate of area under the curve in brain

* the half-life was determined by the slope of last three time points in concentration-time profile. 

The values were larger than the half-life in plasma because complete elimination phase has not been captured in the experiments.
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Table 5.4 The partition coefficients and free partition coefficients of brain for EGFR inhibitors. 

 

 

 

AEE788 Afatinib AZD3759 Dacomitinib Erlotinib Gefitinib Osimertinib Vandetanib

Kp,brain, wild-type 0.066 0.254 1.70 0.612 0.062 0.358 0.988 0.635

Kp,brain, TKO 1.86 2.41 2.65 9.77 0.204 2.20 15.7 7.47

fu,p 0.068 0.080 0.058 0.008 0.045 0.041 0.005 0.055

fu,b 0.029 0.014 0.101 0.007 0.096 0.012 0.001 0.012

Kp,uu, wild-type 0.029 0.046 2.96 0.493 0.134 0.103 0.289 0.138

Kp,uu, TKO 0.804 0.433 4.61 7.88 0.438 0.631 4.61 2.65

DA 28.1 9.49 1.56 16.0 3.27 6.16 15.9 19.1

Kp (AUC ratio), the ratio of AUClast, brain to AUClast, plasma using total drug concentrations 

Kp,uu (AUC ratio), the ratio of AUClast, brain to AUClast, plasma using free drug concentrations

fu,p, free fraction in plasma measured by rapid equilibrium dialysis (n=4)

fu,b, free fraction in brain homogenate measured by rapid equilibrium dialysis (n=4)

DA, distribution advantage calculated by the ratios of Kp,brain in trangenic to Kp,brain in wild-type
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Table 5.5 The calculated scores based on physicochemical properties and the partition coefficients of brain  

Compound 
CNS MPO 

Scorea 
cLogD/ 

sqrt(MW) 
Kpbrain in 

publication 
Kpbrain in 
wild-type 

Kpuu, brain in 
wild-type 

Kpbrain in 
TKO 

Kpuu, brain 
in TKO 

DA 

AEE788 3.3 0.166 NA 0.066 0.029 1.86 0.80 28 

Afatinib 3.6 0.106 0.35d 0.268 0.048 2.41 0.43 9 

AZD3759 3.7 0.180 0.89e 1.70 2.96 2.65 4.61 2 

Dacomitinib 2.8 0.163 NA 0.612 0.493 9.77 7.88 16 

Erlotinib 4.9 0.161 0.02f/0.14g 0.060 0.130 0.20 0.44 3 

Gefitinib 4.0 0.172 0.21h/0.3i 0.358 0.103 2.20 0.63 6 

Osimertinib 2.8 0.135 1.78j 0.988 0.289 15.7 4.61 16 

Vandetanib 3.3 0.129 0.21k 0.635 0.138 12.2 2.65 19 

 

a MPO, multiparameter optimization score calculated by using the method from (Wager et al., 2016) 
d reported from (van Hoppe et al., 2017) 
e reported from (Xiong et al., 2017) 
f in rat. Reported from (Agarwal et al., 2013) 
g in mouse. Reported from (de Vries et al., 2012) 
h in nude mice. Reported from (Ballard et al., 2016) 
i in FVB mice. Reported from (Agarwal et al., 2010) 
j in nude mice. Reported from (Ballard et al., 2016) 
k in FVB mice. Reported from (Minocha et al., 2012) 
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Table 5.6 Summary of clinical information on the studied 8 EGFR inhibitors 

Compound 
Clinical 
status 

Dose in 
patients 
(mg/day) 

Brain 
penetration 
(% of CSF to 

plasma 
levels) in 
patient 

 Brain 
penetration (% 

of brain to 
plasma ratio) in 

pre-clinical 
model 

Response rate in 
patients with 
primary brain 
tumor (%) 

Response rate in 
patients with 

brain metastases 
(%) 

References 

AEE788 Terminated 50 - 800 ND ND 
GBM, stable 
disease (17%) 

ND 
 (Reardon et al., 
2012) 

Afatinib Giotrif 50 0.7 ND 
GBM, stable 
disease (14%) 

35% 

 (Wind et al., 
2014; Hoffknecht 
et al., 2015; 
Reardon et al., 
2015) 

AZD3759 
Phase I (fast 
review) 

100-
1000 

111 282 ND 83% 

 (Zeng et al., 
2015; Ahn et al., 
2017; Xiong et 
al., 2017) 

Dacomitinib Phase 2-3 45/60 NA NA ND 6.3 %a   

Erlotinib Tarceva 150 2.77- 5.1 13.7 
GBM, PFS6 (3%) 
first-relapse 
GBM, OR (6.3%) 

82.4 (EGFR 
mutation) 

 (Raizer et al., 
2010; Togashi et 
al., 2010; Yung et 
al., 2010; Porta 
et al., 2011; de 
Vries et al., 2012) 
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Gefitinib Iressa 
750-
1000 

1.07-3.58 27 

astrocytoma, 
overall disease-
control rate 
(17.9%) 
GBM, overall 
disease-control 
rate (12.5%) 

27% 
 (Ceresoli et al., 
2004; Franceschi 
et al., 2007; 
Chen et al., 
2013) 

Osimertinib Tagrisso 80 NA 180 ND 54% (T790M+) 
(Ballard et al., 
2016; Goss et al., 
2018) 

Vandetanib Caprelsa 300 1.2 - 2.4 21 
GBM, objective 
response rate 
(12.5%) 

ND  (Kreisl et al., 
2012) 

a from clinicaltrials.gov (identifier: NCT01858389) 

GBM (glioblastoma); ND (not determined); NA (not available); PFS6 (progression-free survival at 6 months); OR 

(objective rate) 
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6.1 INTRODUCTION 

Bioluminescent imaging (BLI) is commonly used to visualize gene expression in 

biomedical research and to measure tumor burden in preclinical cancer research 

(Thorne et al., 2010).  The most common reporter used is firefly luciferase (fLuc) 

combined with D-luciferin, a natural substrate of firefly luciferase.  D-luciferin is 

oxidized by firefly luciferase in the presence of adenosine triphosphate (ATP) and 

magnesium cofactors (Kaskova et al., 2016).  This enzymatic reaction happens 

in multiple steps.  First, D-luciferin is transformed to luciferyl adenylate, and this 

central intermediate is then converted through a series of intermediates to 

ultimately form oxyluciferin in a reaction that releases a photon 

(bioluminescence).  Beyond the fLuc/D-luciferin pair, there are numerous native 

or sequence-optimized bioluminescent enzymes that can be coupled with natural 

or synthetic substrates to provide a spectrum of light emission characteristics that 

are optimized for various uses. 

Bioluminescent imaging has various advantages in biomedical research.  Light 

produced by this enzymatic reaction enables various high-throughput screening 

strategies in multi-well format plates.  In addition, substrates of luciferase are 

non-toxic to animals, so there are no anticipated adverse toxicities associated 

standard dosing of animal.  Moreover, this non-invasive method to evaluate 

growth or response to therapy of orthotopic tumors that are not readily 

measurable by other techniques. Finally, coupled with relevant gene promotors, 

various luciferase expression constructs can be used to monitor gene expression 

in real-time without terminal processing of cell culture or animal samples. 
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Because in all of these use scenarios, the concentration of luciferin substrate 

ultimately can affect the photon flux associated with luciferase-mediated 

metabolism, definition of the physical and biological factors that influence luciferin 

concentrations at the site of action inside cells is critically important.    

There are several factors that affect the light signal measurements (Figure 1) 

when whole animal BLI is performed.  (1) Pharmacokinetics and biodistribution of 

luciferase substrates are crucial in the eventual production of the light signal in 

animal.  Luciferase substrates, often given to the animal by intraperitoneal 

injection, need to be adequately delivered to the tissue where the luciferase 

enzyme is expressed.  (2) Even though these substrates may be extensively 

distributed to a specific tissue, they need proper membrane permeability to 

diffuse into the cell where the luciferase enzyme is present.  (3) The physico-

chemical parameters, such as enzyme affinity for the substrate, Km, and activity 

of the enzyme at the location critically affect the rate of reaction (light signal 

intensity) according to Michaelis-Menten kinetics.  (4) Attenuation of light 

intensity between the location of photon production and the photon detection 

device, such a CCD camera. This is especially important for in vivo imaging 

where photon wavelength can dramatically affect attenuation in biological 

tissues; longer or red-shifted wavelengths penetrate tissue better with less 

attenuation.  (Dawson et al., 1980; Weissleder and Ntziachristos, 2003; Jathoul 

et al., 2014).  (5) The sensitivity of a detector or camera to measure the light 

signal can also be closely related to signal intensities.  In this context, significant 

research is devoted to identifying novel synthetic or natural luciferase/luciferin 
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pairings that produce intense, red-shifted photon emissions that maximize utility 

for in vivo imaging. 

D-luciferin have been used extensively as a substrate for non-invasive imaging in 

neuroscience research despite limitations on distribution across the blood-brain 

barrier (Berger et al., 2008). This limited distribution to the brain is possibly due 

to activity of the breast cancer resistance protein (Bcrp) efflux transporter in the 

luminal membrane of brain capillary endothelial cells (Zhang et al., 2007; 

Bakhsheshian et al., 2013).  BCRP is one of several efflux transporters that 

translocate xenobiotics from the intracellular compartment of endothelial cells 

back into the capillary lumen, and previous mouse studies demonstrated 

enhanced bioluminescent signal from the brain when mice were co-dosed with a 

pharmacologic Bcrp inhibitor (Bakhsheshian et al., 2013).  Recently, a synthetic 

analogue of D-luciferin, CycLuc1, was reported  as an alternative substrate for 

firefly luciferase that may be more suitable for use in neuroscience (Evans et al., 

2014).  The structure and physicochemical properties of CycLuc1 are similar to 

D-luciferin and are summarized in Supplementary Table 1 with the main 

difference being higher lipophilicity of CycLuc1 (XLogP 2.6) as compared to D-

luciferin (XLogP 0.9).  Another distinctive and important characteristic of CycLuc1 

is the much lower Km with firefly luciferase (Km for D-luciferin and CycLuc1, 6.76 

μM and 0.1 μM, respectively) (Harwood et al., 2011).  Consistent with these 

metrics, CycLuc1 provided a much brighter signal at a significantly lower dose 

than D-luciferin in a mouse imaging model in which an fLuc-expressing virus was 

injected into a deep brain structure. In light of the known limitations of D-luciferin 
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distribution into brain and enhanced lipophilicity of CycLuc1, these results were 

interpreted as consistent with superior distribution of CycLuc1 across the BBB. 

The focus of the present study is to critically evaluate this hypothesis or 

otherwise explain the superior neuro-imaging characteristics of CycLuc1.  

The distributional and pharmacokinetic properties of these luciferase substrates 

were compared by directly measuring the concentrations of both D-luciferin and 

CycLuc1 by liquid chromatography coupled with mass spectrometry (LC-MS) in 

brain and plasma.  This is a novel approach, since concentrations of luciferase 

substrates have been predicted in many previous publications solely based on 

their bioluminescent light signal intensities.  However, the signal intensity of light 

can be influenced by various factors (Figure 1) other than the concentration or 

the amount of substrates at the site of action, as previously described.  

Therefore, the direct determination of substrate concentrations by using LC-MS 

provides a more robust and direct determination of the biodistribution and 

pharmacokinetics of luciferase substrates, which then critically informs their use 

as reporter systems in neuroscience.  

In the current study, several specific questions were examined to 

understand the role of efflux transporters on the distribution of luciferase 

substrates and the possible reasons for the enhanced light signal from CycLuc1.  

First, the intensity of bioluminescent signal with D-luciferin and CycLuc1 were 

compared in heterotopic and orthotopic models of patient-derived glioblastoma 

(GBM).  Second, the permeability of substrates across a cell monolayer and 
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substrate liabilities of both compounds with respect to Bcrp-mediated transport 

were examined by using in vitro experiments in Bcrp-transfected cells.  Third, the 

role of Bcrp on the brain distribution of D-luciferin and CycLuc1 was studied in 

vivo using Bcrp knockout mice.  Fourth, the influence of efflux transporter 

inhibitors was investigated in both in vitro and in vivo GBM models to examine 

the role of transporters on D-luciferin and CycLuc1 biodistribution.  The answers 

to these specific questions, as discussed in the current study, provide a better 

understanding and interpretation of the use of bioluminescent markers and give 

more general guidance when choosing substrate for luciferase-based reporter 

systems for in vivo imaging. 

 

6.2 MATERIALS AND METHODS 

 Chemicals and reagents 

(S)-2-(6-Hydroxy-2-benzothiazolyl)-2-thiazoline-4-carboxylic acid, 4,5-

Dihydro-2-(6-hydroxy-2-benzothiazolyl)-4-thiazolecarboxylic acid (D-luciferin) 

was purchased from Thermo Fisher Scientific (Waltham, MA). (4R)-2-(6,7-

dihydro-5H-pyrrolo[3,2-f][1,3]benzothiazol-2-yl)-4,5-dihydro-1,3-thiazole-4-

carboxylic acid (CycLuc1) was purchased from Millipore (Burlington, MA). 17-

(Cyclopropylmethyl)-6,7-dehydro-4,5α-epoxy-3,14-dihydroxy-6,7-2',3'-

indolomorphinan hydrochloride (Naltrindole) was purchased from Tocris 

Bioscience (Ellisville, MO). All other chemicals and reagents used were high-

performance liquid chromatography grade from Thermo Fisher Scientific 
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(Waltham, MA). The rapid equilibrium dialysis (RED) base plate and membrane 

inserts (8 kDa molecular weight cut-off cellulose membrane) were purchased 

from Thermo Fisher Scientific (Waltham, MA). 

 Lentiviral vector and cell transduction 

A modified lentivirus vector, pGIPZ-Luc2 5 tdT, was developed by replacing turbo 

green fluorescent protein tag of pGIPZ with a fusion of firefly luciferase (Luc2) 

and tandem tomato (tdT) red fluorescent protein excised from 

pcDNA3.1(+)/Luc2-tdT.   Lentiviral particles were packaged in HEK293T cells, 

and transduction to primary GBM6 cells was performed in the presence of 5 

mg/ml polybrene (MilliporeSigma, Jaffrey, NH) as previously described (Laramy 

et al., 2017). Stable transduction expressing Luc2-tdT fusion gene (GBM6-Luc2-

tdT) were selected in 5 mg/ml puromycin, and subsequently propagated as flank 

tumors. 

 In vivo tumor xenograft mouse model  

All animals were approved by the Mayo Institutional Animal Care and Use 

Committee. For subcutaneous xenograft model, GBM6-Luc2=tdTomato cells 

were suspended in Matrigel/PBS and injected on the flank of athymic nude mice 

with 2 x 106 cells. For orthotopic models, flank tumor xenografts were harvested 

and cultured for 5-14 days for intracranial injection. Tumor cells were harvested 

and injected 3 x 105 cells to the right basal ganglia of anesthetized athymic nude 

mice (athymic Ncr-nu/nu, National Cancer Institute, Frederick, MD) using a small 

animal stereotactic frame (ASI Instruments, Houston, TX).  
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 In vivo bioluminescent tumor imaging 

GBM12 fLUC2-tdTomato cells from explant cultures were injected orthotopically 

as described above. Animals were anesthetized by isoflurane inhalation and 

maintained under anesthesia by continuous inhalation of isoflurane until imaging 

was complete. Bioluminescent signal from the tumor was measured twice weekly 

with either D-luciferin or CycLuc1 (Glixx Laboratories, Hopkinton, MA), ten 

minutes after a single i.p. injection of these substrates by IVIS Spectrum. The 

conditions for BLI acquisition were open emission filter, exposure time 60 

seconds, binning medium for 8, field of view 12.9 cm, and f/stop as 1. Images 

were analyzed with Living Image 4.3 software (PerkinElmer). 

 Pharmacokinetic studies in vivo 

Animals 

Friend leukemia virus strain B (FVB) wild-type (WT) and Bcrp knockout (Bcrp1-/-, 

BKO) mice were used for in vivo studies (Taconic Farms, Germantown, NY).  

Mice used for the experiments were in between 8 to 16 week-old with 

approximate weight of 15 to 35 g at the time of experiments and balanced for 

sex.  For all animals for pharmacokinetic and inhibitor studies were maintained 

and housed in Research Animal Resources (RAR) facility located at the 

Academic Health Center, University of Minnesota, following an approved 

breeding protocol.     

 Full time course pharmacokinetic studies 
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A single dose of either D-luciferin or CycLuc1 was administered by either 

intraperitoneal injection or tail vein injection with designated dose in wild-type and 

Bcrp knockout FVB mice.  The dosing solutions for both compounds were 

prepared in sterile water with 1% DMSO.  Blood and brain samples were 

collected at the pre-determined time points ranging from 2 minutes to 180 

minutes after either a single intraperitoneal or intravenous injection (N=3-5 at 

each time point). Mouse whole blood was collected by cardiac puncture using 

heparinized syringes.  Plasma was separated by centrifuge at 6500 rpm at 4 °C 

for 20 minutes.  Plasma and brain were stored at -80 °C until LC-MS/MS 

analysis.    

 Transporter inhibitor studies 

Transporter inhibitors, either Ko-143 or probenecid, were dosed by 

intravenous bolus injection either 10 minutes for Ko-143 or 30 minutes for 

probenecid prior to the administration of D-luciferin or CycLuc1.   Doses used for 

the inhibitor studies were as follows; 16 mg/kg for Ko-143, 150 mg/kg for 

probenecid, 50 mg/kg for D-luciferin, and 10 mg/kg for CycLuc1.  Blood and brain 

samples were collected at 10 minutes and 60 minutes after the dose of D-

luciferin and CycLuc1.  Mouse whole blood was collected by cardiac puncture 

using heparinized syringes.  Plasma was separated by centrifuge at 6500 rpm at 

4 °C for 20 minutes.  Plasma and brain were stored at -80 °C until LC-MS/MS 

analysis. 

 In vitro trans-well permeability assay 
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In vitro bi-directional flux assay was performed with Madin-Darby Canine 

Kidney II (MDCKII) cells that overexpress murine breast cancer resistance 

protein (Bcrp1) or vector-controlled cells.  Both cell lines were kindly provided by 

Dr. Alfred Schinkel. Cells were cultured by using Dulbecco’s modified Eagle’s 

medium supplemented with 10% (v/v) fetal bovine serum and antibiotics 

(penicillin, 100 U/ml; streptomycin, 100 mg/ml; amphotericin B, 250 ng/ml).  Cells 

were seeded on the permeable polyester membrane inserts in 12-well plate 

(CorningTM , Corning, NY) with a density of 1 x 105 cells/well, and cultured for 7 

days. The average values of transepithelial electrical resistance (TEER) on day 7 

were about 280 Ω/cm2.  On the day of experiment, cells were washed with serum 

free cell assay buffer twice and pre-incubated with or without inhibitor, ko-143, for 

30 minutes.  Buffer with specified concentrations of either D-luciferin or CycLuc1 

was added to a donor compartment.  For apical to basolateral transport, 0.4 ml of 

drug containing buffers were added to the apical (top) compartment, and for 

basolateral to apical transport, 1.2 ml of drug containing buffers were added to 

the basolateral (bottom) compartment.  Drug free buffers were added to the 

receiver compartments.  Immediately after the incubation starts, 10 μl of buffer 

were collected from the donor compartments. Plates were incubated in orbital 

shaker at 37°C, and 50 μl of buffer samples were collected from the receiver 

compartments at 60, 90, 120 minutes after incubation, and drug free buffer was 

added to the receiver compartments at each time point.  After 120 minutes, the 

integrity of cell monolayer has been confirmed with lucifer yellow.  All samples 

were store at -80°C until the analyses by using LC-MS/MS. 
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Apparent permeabilities of D-luciferin and CycLuc1 were determined by the 

following equation; 

Apparent permeability (Papp) = 
dQ/dt

C0 × A
         (Equation 1) 

where dQ/dt is mass transported across the cell monolayer over time, C0 is a 

concentration in the donor compartment at time zero, and A is a surface area for 

the cell monolayer.  

Efflux ratios of D-luciferin and CycLuc1 were calculated by the following 

equation; 

Efflux ratio (ER) = 
Papp from basolateral to apical compartment

Papp from apical to basolateral compartment
          (Equation 2) 

 Free fraction in mouse plasma and brain homogenate 

The free fractions of D-luciferin and CycLuc1 in mouse plasma and mouse 

brain homogenate were examined by using a rapid equilibrium dialysis (RED).   

 

The free fractions of D-luciferin and CycLuc1 in mouse plasma and mouse brain 

homogenate were examined by using a rapid equilibrium dialysis (RED).  The 

brain homogenate was prepared by using mechanical homogenization after 

adding 2 volumes (w/v) of phosphate buffer saline (PBS; pH 7.4).  Either mouse 

plasma or brain homogenate with 5 μM of either D-luciferin or CycLuc1 was 

loaded into the samples chamber of the cellulose membrane inserts that has 

8000 Da cut off, and then drug free PBS was loaded into the corresponding 
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chamber (N=5).  The apparatus was sealed and incubated at 37°C for 4 hours in 

an orbital shaker with a 300 rpm agitation. Samples were collected at the end of 

incubation from both chambers. All samples were stored at at -80°C until LC-

MS/MS analysis.  Undiluted free fraction in the brain was extrapolated with the 

equation below reported previously (Kalvass and Maurer, 2002): 

Free fraction (fu) = 
1/D

((
1

fu,diluted
)-1)+1/D

       (Equation 3) 

The dilution factor (D) was 3 in the current experiment. 

 The unbound (free) concentration partitioning to the brain was determined by the 

equation below: 

Free brain partition coefficient (Kp,uu) = 
free brain concentration 

free plasma concentration
 = Kp, brain x 

fu,brain

fu,plasma

     

(Equation 4), 

 where K,p brain is the ratio of brain-to-plasma areas under the total 

concentration time profile. 

The brain homogenate was prepared by using mechanical 

homogenization after adding 2 volumes (w/v) of phosphate buffer saline (PBS; 

pH 7.4).  Either mouse plasma or brain homogenate with 5 μM of either D-

luciferin or CycLuc1 was loaded into the samples chamber of the cellulose 

membrane inserts that has 8000 Da cut off, and then drug free PBS was loaded 

into the corresponding chamber (N=5).  The apparatus was sealed and incubated 

at 37°C for 4 hours in an orbital shaker with a 300 rpm agitation. Samples were 



 

208 

 

collected at the end of incubation from both chambers. All samples were stored 

at at -80°C until LC-MS/MS analysis.  Undiluted free fraction in the brain was 

extrapolated with the equation below reported previously (Kalvass and Maurer, 

2002): 

Free fraction (fu) = 
1/D

((
1

fu,diluted
)-1)+1/D

       (Equation 3) 

The dilution factor (D) was 3 in the current experiment. 

 The unbound (free) concentration partitioning to the brain was determined by the 

equation below: 

Free brain partition coefficient (Kp,uu) = 
free brain concentration 

free plasma concentration
 = Kp, brain x 

fu,brain

fu,plasma

       

(Equation 4), 

 where K,p brain is the ratio of brain-to-plasma areas under the total concentration 

time profile.  

 Analytical LC-MS/MS bioanalysis 

Total concentrations of both D-luciferin and CycLuc1 in samples were 

determined by using high performance liquid chromatography (Agilent model 

1200 separation system; Agilent Technologies, Santa Clara, CA) coupled with 

TSQ Quantum triple quadrupole mass spectrometer (Thermo Finnigan, San 

Jose, CA).  For liquid chromatographic separation, gradient elution was 

implemented using Phenomenex Synergi Polar-RP column (75 X 2 mm, 4 μm).  

The initial composition of mobile phase was comprised of 75% distilled water with 
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0.1% formic acid (A) and 25% acetonitrile with 0.1% formic acid (B) with a 0.2 

ml/min flow rate. The total run time was 11 minutes, and retentions times for D-

luciferin, CycLuc1, and naltrindole (internal standards) were 1.5, 1.8, and 4.62, 

respectively.  Mass-to-charge (m/z) transitions were as follows: 281.0 > 234.91 

(D-luciferin), 306.03 > 259.98 (CycLuc1), 415.097 > 254.10 (Naltrindole).  All 

compounds were extracted from biological samples by using protein precipitation 

method with ice cold acetonitrile.  All samples were stored in the dark and 

sample preparations were done with the minimal exposure to the light, because 

D-luciferin and CycLuc1 are unstable with a light exposure.   

 Pharmacokinetic data analysis 

Concentration-time profiles of D-luciferin and CycLuc1 were analyzed by using 

Phoenix WinNonlin version 6.4 (Certara USA Inc., Princeton, NJ), and 

pharmacokinetic parameters and metrics were calculated by non-compartmental 

analysis (NCA).  The terminal elimination rate constants were determined by 

using the last three to four points in the concentration-time profiles.  The brain-to-

plasma partition coefficients (Kp,brain) were calculated as below: 

Brain partition coefficient (Kp,brain) = 
AUCbrain 

AUCplasma

      (Equation 5), 

where AUCbrain is an area under the curve from time zero to infinity of brain 

concentration-time profile ([AUC (0→∞), brain]) and AUCplasma is an area under 

the curve plasma concentration-time profile ([AUC (0→∞), plasma]).  The 

distribution advantages (DA) of brain in Bcrp knockout mice were determined by 

the ratio of brain partition coefficients in knockout mice to that in wild-type mice.  
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The bioavailability of D-luciferin and CycLuc1 following an intraperitoneal 

injection was calculated as below: 

Intraperitoneal bioavailability (F) = {
[AUC (0→∞), plasma] 

IP

  [AUC(0→∞), plasma] 
IV

   
}           (Equation 6) 

where the [AUC (0→∞), plasma] 
IP

 is the area under the curve from time zero to 

infinity of plasma concentration-time profile following a single intraperitoneal dose 

and [AUC(0→∞), plasma] 
IV

   is the area under the curve from time zero to infinity of 

plasma concentration-time profile following a single intravenous dose. 

 Statistical analysis 

Data were presented as mean ± standard deviation (S.D.) or mean ± 

standard error of the estimate (S.E.) for the area under the curves. An unpaired 

two sample t-test was used to compare two groups in GraphPad Prism version 

6.04 (GraphPad, La Jolla, CA) software with a significance level of P < 0.05. 

 

6.3 RESULTS 

 Comparisons of bioluminescence imaging with D-luciferin and 

CycLuc1 in flank and intracranial tumors 

Total flux of bioluminescent light was compared using D-luciferin and 

CycLuc1 in the tumors implanted either on the flank (heterotopic model) or in the 

brain (orthotopic model) (Figure 2).  GBM6, a GBM patient-derived xenograft 

(PDX), was stably transduced with a lentivirus expressing both Td-tomato and a 
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sequence optimized fLuc2 firefly luciferase gene.  To enable a direct comparison 

between D-luciferin and CycLuc1, cross-over imaging was performed in the 

same mice on consecutive days for the flank and two-day intervals for the brain.  

In the preliminary experiments, the order of imaging, i.e., either D-luciferin first or 

CycLuc1 first, was found not to affect the intensities of bioluminescence signal for 

either compound, likely due to their short half-lives (less than 1 hour) 

(Supplementary Figure 1).  Therefore, cross-over imaging was done on days 15, 

21, and 28 for D-luciferin and on days 16, 22, and 29 for CycLuc1 after flank 

tumor implantation (N=5).  In intracranial tumor models, bioluminescence imaging 

was performed on days 13, 19, and 26 for D-luciferin and on days 15, 21, and 28 

for CycLuc1 after intracranial tumor injection (N=4).  Two different doses of 

substrates were used for imaging: 30 and 150 mg/kg for D-luciferin and 5 and 25 

mg/kg for CycLuc1.  Bioluminescence images taken approximately 2 weeks after 

tumor implantation are presented in Figure 2A and 2B.  Overall intensities of the 

bioluminescence signal were stronger in flank tumors when compared to 

intracranial tumors.  When the signal intensity from CycLuc1 was compared to D-

luciferin in the flank model, there was no significant difference between 

substrates when compared after low-dose administration or high-dose 

administration, respectively (Figure 2C and 2D).  However, the signal intensity 

from CycLuc1 was significantly higher than D-luciferin in intracranial tumor model 

at either dose level (Figure 2E and 2F). To determine if these differences in 

signal intensity are because of differences in D-luciferin and CycLuc1 distribution 

in and around intracranial tumors, the concentrations of these compounds were 
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determined in different regions in the brain (Supplementary Figure 2).  The 

concentrations of both D-luciferin and CycLuc1 in the tumor core, defined by 

robust Td-tomato signal, were more variable and higher compared to those in 

brain around tumor (BAT) and in normal brain (NB), even though the average 

tissue to plasma ratios in all regions were below 2% of their plasma 

concentrations for both D-luciferin and CycLuc1 (Supplementary Figure 2).  

Therefore, there is a potential advantage of using CycLuc1 compared to D-

luciferin for intracranial tumor imaging with a higher photon flux, even though 

there is no such advantage with CycLuc1 for flank tumor imaging. In the context 

of factors that can affect in vivo bioluminescence signal intensity (see Figure 1), 

these data, all based on light production, would initially suggest that distribution 

across the BBB into the brain may be a critical factor affecting the superiority of 

CycLuc1 imaging. 

 Apparent permeability and efflux ratios of D-luciferin and CycLuc1 

Previous data suggest that D-luciferin is an efflux substrate for Bcrp, and 

therefore the efflux liability for D-luciferin was compared to CycLuc1 in a standard 

bi-directional flux assay. Apparent permeabilities (Papp) of both D-luciferin and 

CycLuc1 were measured in both apical-to-basolateral (A-to-B) and basolateral-

to-apical (B-to-A) directions using MDCKII wild-type vector control cells and 

MDCKII-Bcrp overexpressing cells in a TranswellTM plate (Figure 3A).  With wild-

type vector control cells, there were no significant differences in the apparent 

permeabilities from apical to basolateral compartment when compared to those 

from basolateral to apical compartment with either D-luciferin or CycLuc1 (N.S., 
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P > 0.05).  However, the Papp from basolateral to apical compartments for both 

D-luciferin and CycLuc1 were significantly higher in Bcrp-overexpressing MDCKII 

cells than those from apical to basolateral compartments, indicative of a possible 

role of Bcrp on the biodistribution of these compounds (P < 0.05).  The efflux 

ratios calculated for D-luciferin and CycLuc1 were 2.74 and 2.48, respectively, 

which demonstrated that both compounds were relatively low affinity substrates 

of the BBB efflux transporter, Bcrp.  The effect of using Bcrp inhibitor, Ko-143, 

was examined in MDCKII-Bcrp overexpressing cells. The apparent permeability 

coefficients (Papp) from basolateral to apical compartments were measured in 

the presence of varying concentrations of Ko-143 from 0 to 100 μM.  The results 

show that the B-to-A Papp of both D-luciferin and CycLuc1 were decreased with 

increasing concentrations of the selective Bcrp inhibitor, Ko-143 (Figure 3B).  

The B-to-A Papp were significantly less in the presence of an inhibitor from that 

in the absence of an inhibitor (*P < 0.05). 

 Comparisons of pharmacokinetic parameters and metrics of D-

luciferin and CycLuc1 in wild-type and Bcrp1–/– FVB mice following a single 

intravenous dose 

The plasma and brain concentration-time profiles of D-luciferin and 

CycLuc1 were obtained in both wild-type (WT) and Bcrp1-/- knockout (BKO) FVB 

mice following a single intravenous bolus administration (Figure 4A and 4B).  

Blood and brain were collected by serial sacrifice at 5 time points up to 60 

minutes for D-luciferin, and 7 time points up to 180 minutes for CycLuc1, based 

on their previously-determined plasma half-lives.  The concentrations of both D-
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luciferin and CycLuc1 in the BKO mice were higher at all time points when 

compared to the concentrations in WT for both plasma and brain.  The 

pharmacokinetic parameters and metrics of both D-luciferin and CycLuc1 were 

calculated by non-compartmental analysis and are summarized in Table 1.  The 

half-lives of D-luciferin in WT and BKO were 9.0 and 9.6 minutes, respectively. 

The half-lives of CycLuc1 in WT and BKO were 29.0 and 21.1 minutes, 

respectively; 2-3 times longer when compared to D-luciferin in both genotypes.  

The volumes of distribution of D-luciferin in both WT and BKO were much smaller 

(348 and 261 mL/kg in WT and BKO, respectively) than those of CycLuc1 (3430 

and 2684 mL/kg in WT and BKO, respectively).  The clearance of D-luciferin in 

WT (26.7 mL/min/kg) was higher than that in BKO (18.8 mL/min/kg), which 

possibly could be due to lack of efflux transporter in the elimination process of D-

luciferin.  Similarly, the clearance of CycLuc1 in WT (82 mL/min/kg) was higher 

than that in BKO (61.3 mL/min/kg).  As expected from the concentration-time 

profiles, the areas under the curve (AUCs) from time zero to the last time point of 

D-luciferin in the BKO plasma and BKO brain were significantly higher than those 

in WT (plasma: 1860 min*μg/mL in WT and 2608 min* μg/mL in BKO, *P < 0.05; 

brain: 9.19 min*μg/mL in WT and 19.2 min* μg/mL in BKO, *P < 0.05).  CycLuc1 

also showed the similar results as D-luciferin, where the areas under the curve 

(AUCs) of both plasma and brain in WT were significantly higher than those in 

BKO (plasma: 607 min*μg/mL in WT and 810 min* μg/mL in BKO, *P < 0.05; 

brain: 1.87 min*μg/mL in WT and 2.80 min* μg/mL in BKO, *P < 0.05).  The 

partition coefficients of brain to plasma for both luciferase substrates were 
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calculated by the ratios of AUCs from time zero to infinity in the brain to that in 

the plasma.  For both D-luciferin and Cycluc1, the partition coefficients in BKO 

were slightly higher when compared to WT, but both values were extremely low; 

i.e., about 0.5 % for D-luciferin and 0.3% for CycLuc1.  The free brain partition 

coefficients values were determined from the free fraction obtained by using 

rapid equilibrium dialysis (RED).  The free brain partition coefficients of D-

luciferin and CycLuc1 in both WT and BKO were also lower than unity.  The 

calculated distribution advantages in BKO were less than 1.5 for both D-luciferin 

and CycLuc1, suggesting that the role of efflux transporter, Bcrp, in the brain 

distribution of these compounds is limited. 

 Pharmacokinetic parameters and metrics of D-luciferin and CycLuc1 

following a single intraperitoneal dose 

Because most laboratories use intraperitoneal administration of luciferin 

substrates, the concentrations in brain and plasma over time were examined 

following a single intraperitoneal administration of either 150 mg/kg of D-luciferin 

or 20 mg/kg of CycLuc1 in wild-type (WT) FVB mice (Figure 4C and 4D).  The 

elimination phase of D-luciferin has a mono-exponential decline, while the 

elimination phase of CycLuc1 has more of a bi-exponential decline. 

Pharmacokinetic parameters and metrics for both compounds were calculated by 

non-compartmental analysis (Table 2).  Similar to the results from intravenous 

administration, the half-lives of CycLuc1 in the plasma and the brain were about 

3 times higher (31.4 minutes in the plasma and 38.8 minutes in the brain) than 

those of D-luciferin (10.9 minutes in plasma and 12.6 minutes in brain).  The 
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apparent volumes of distribution (Vd/F) were 240 and 334 mL/min/kg for D-

luciferin and CycLuc1, respectively. The apparent clearances (CL/F) of D-

luciferin and CycLuc1 seem to be similar, 15.3 and 18.9 mL/min/kg, respectively.  

The brain partition coefficients of D-luciferin and CycLuc1 were calculated by 

using the ratio of AUCs from time zero to infinity, and those were 0.5% for D-

luciferin and 1.1% for CycLuc1.  Similar to the results following an intravenous 

bolus dosing, the free brain partition coefficients were much lower than unity for 

both D-luciferin and CycLuc1.  In conclusion, the brain distribution of both D-

luciferin and CycLuc1 is similarly limited following an intraperitoneal 

administration in wild-type mice. 

 Tissue distribution of D-luciferin and CycLuc1 following a single 

intraperitoneal dose 

Distributions of D-luciferin and CycLuc1 in different tissues were examined 

following an intraperitoneal injection with either substrate, 150 mg/kg for D-

luciferin and 25 mg/kg for CycLuc1 (Figure 4E and 4F).  Each tissue was 

harvested at six pre-determined time points to obtain the concentration-time 

profiles for each tissue. The tissue partition coefficients (Kps) were calculated 

using the AUCs of each tissue obtained from non-compartmental analysis of the 

concentration-time profiles (Figure 4E and 4F).  The partition coefficient was the 

highest in liver (10.3) for D-luciferin. On the contrary, for CycLuc1, the kidney has 

the highest tissue partition coefficient (7.5) (Table 3).  The partition coefficient of 

brain for both D-luciferin and CycLuc1 were the lowest among these tissues and 

different from other Kps.  Most of Kps for D-luciferin and CycLuc1 were higher 



 

217 

 

than or close to 1 except the partition coefficients of brain for both D-luciferin and 

CycLuc1 and the partition coefficient of heart for CycLuc1.  Therefore, the 

distribution of both D-luciferin and CycLuc1 was not restricted in most tissues, 

except for the brain. 

  

 Influence of co-administration of transporter inhibitors on the 

systemic clearance and the brain partition coefficients of D-luciferin and 

CycLuc1 

Efflux transporter inhibitors, either Ko-143 (Bcrp selective) or probenecid 

(organic acid transporters), were co-administered with D-luciferin and CycLuc1 in 

wild-type FVB mice to understand the role of selected efflux transporters on the 

brain distribution of these compounds.  Plasma and brain concentrations and 

brain-to-plasma ratios of D-luciferin and CycLuc1 following a co-administration of 

either Ko-143 or probenecid are presented in Figure 5.  The concentrations of D-

luciferin and CycLuc1 in both plasma and brain with the co-administration of Ko-

143 were significantly increased at 60 minutes after dosing when compared to a 

vehicle control group (Figure 5A, 5B, and 5C).  However, there were no 

significant changes at a more typical experimental imaging time-frame of 10 

minutes after dosing, with or without an inhibitor (Figure 5A and 5B).  Importantly, 

ratio of substrate in brain relative to plasma is not altered with or without Ko-143 

at either time point (Figure 5C).  Similarly, the co-administration of probenecid, 

the inhibitor of organic anion transporters, with either D-luciferin or CycLuc1 
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significantly increased the concentrations of both compounds in the plasma at 60 

minutes, but not 10 minutes, after the dosing (Figure 5D, 5E, and 5F), while brain 

concentrations were unaffected at either time-point. As a result, the brain to 

plasma ratios of D-luciferin and CycLuc1 were significantly decreased with a co-

administration of probenecid due to significant increases in plasma 

concentrations at 60 minutes after the dosing.  In conclusion, co-administration of 

the Bcrp inhibitor and the inhibitor of organic anion transporters with either D-

luciferin or CycLuc1 influenced the systemic clearance of these luciferase 

substrates. 

 

6.4 DISCUSSION 

Bioluminescent imaging (BLI) is a powerful noninvasive tool to determine 

the longitudinal growth of a tumor located in deep tissues or organs in preclinical 

cancer research (Lewis et al., 2002; Mook et al., 2003; Zeamari et al., 2004; 

Lyons, 2005).  It is the most common method of measuring tumor size in 

orthotopic models, and often used as a guide to determine a drug efficacy 

(Vassileva et al., 2008; Xi et al., 2012; Textor et al., 2014; Li et al., 2018).  

However, there have been concerns and difficulties of using BLI in brain tumor 

models, due to the limited brain delivery of luciferase substrate, D-luciferin 

(Genevois et al., 2016).  A synthetic luciferase substrate, CycLuc1, has recently 

been described and has shown to produce a much stronger signal than D-

luciferin from the brain at a dramatically lower dose (Evans et al., 2014).   This 
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novel BL imaging agent, CycLuc1, has been reported to have a greater potency 

than D-luciferin, based on its low Km for firefly luciferase (about 70-fold higher 

than D-luciferin), but the brain distribution and pharmacokinetic properties of 

CycLuc1 have not been investigated (Harwood et al., 2011).  The main goal of 

current study is to compare the bio-distribution of D-luciferin and CycLuc1 and 

understand the role of efflux transporters on the distribution and 

pharmacokinetics, and resultant efficacy as BLI agents in the brain.  The current 

study shows that both D-luciferin and CycLuc1 are weak substrates of Bcrp. 

However, the role of Bcrp on the brain distribution of both substrates is limited 

based on our findings in both in vitro and in vivo experiments using transporter 

transfected cell lines and transporter knockout mice.  In particular, this conclusion 

was drawn based on concentrations of both D-luciferin and CycLuc1 that were 

not inferred from the intensity of BL signal, but rather by a stability-indicating 

highly quantitative LC-MS assay, to avoid possible additional confounding factors 

affecting the light signal (see Figure 1).   

Comparison of BL signal with D-luciferin and CycLuc1 showed that the 

light signal from luciferase transfected brain tumors from CycLuc1 was 

significantly stronger (at practical and routine IP doses) than the signal given by 

D-luciferin from tumors growing in the brain. This difference between substrates 

was particularly important and highlighted by the fact there was no significant 

difference when the same tumors were growing in the flank, according to the 

cross-over imaging results.  The stronger light signal with CycLuc1 from the brain 

has been reported in luciferase expressing mice by Evans et al.  However, this 
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study did not elucidate the reason for the stronger BL signal from CycLuc1 

(Evans et al., 2014).  It is possible that CycLuc1, as speculated by Evans et al., 

may have better accessibility or distribution to the brain than D-luciferin.  No 

significant changes in the BLI signal with CycLuc1 in flank tumors implies that the 

distributional barrier for D-luciferin and CycLuc1 is less in the flank tumor as 

compared to tumors placed in the brain.  It is possible that the higher affinity of 

firefly luciferase for CycLuc1, i.e., a lower Km, is the main reason that leads to a 

stronger BLI signal, even if there is no distributional advantage to the brain with 

CycLuc1 as compared to D-luciferin.  To understand the mechanism of the more 

intense BLI signal with CycLuc1 in the brain, the current study examined the 

possibility that CycLuc1 has a higher brain distribution coefficient as compared to 

D-luciferin, possibly due to a different substrate affinity to efflux transporters at 

the BBB, resulting in an enhanced permeability across the BBB.   

Apparent permeabilities of both D-luciferin and CycLuc1 were determined 

to be lower than 1 x 10-6 cm/s, a common lower limit that indicates low intrinsic 

permeability (Artursson et al., 2001; Hubatsch et al., 2007), from apical to 

basolateral direction by using in vitro experiments with MDCKII wild-type and 

Bcrp overexpressing cell lines.  Efflux ratios of D-luciferin and CycLuc1 using 

MDCKII Bcrp overexpressing cells indicate that Bcrp plays a role in the 

permeabilities of these compounds, even though the change in permeability was 

minor when compared to the underlying intrinsic permeability.  Consistent with 

the conclusion from the efflux ratios, the inhibition of Bcrp by Ko143 decreases 

apparent permeabilities of both D-luciferin and CycLuc1 from basolateral to 
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apical compartment.  However, even though the same concentration of Ko-143 

decreases the permeability of D-luciferin more than that of CycLuc1 (1.7-fold 

decrease in D-luciferin, 1.1-fold decrease in CycLuc1 with 0.01 uM of Ko143 

compared to the absence of an inhibitor), both reductions were minor, yet 

statistically significant (* P < 0.05).  Interestingly, the transcellular permeabilities 

of both D-luciferin and CycLuc1 were found to be extremely low based on the 

results from in vitro cell uptake assay (results not shown), consistent with a 

previous report with D-luciferin (Lee et al., 2003).  Therefore, the major 

distributional mechanism of D-luciferin and CycLuc1 to the organs and tissues is 

likely through a paracellular pathway of transport, similar to other hydrophilic 

compounds, and not a transcellular pathway affected by active transport.  This is 

likely a primary reason why these compounds lack significant distribution into the 

brain and not peripheral organs and tissues (Figure 4E, 4F and Table 3), 

because the paracellular pathway of molecular transport is extremely limited at 

the blood-brain barrier, mainly due to the high expression of tight and adherens 

junctions that is confirmed by a high electrical resistance (Butt et al., 1990).  

Bcrp, expressed on the luminal side of brain endothelial cell, transports 

compounds from inside the brain capillary endothelial cells or from within the lipid 

bilayer of luminal cell membrane (Kubo et al., 2015).  These findings may explain 

why Bcrp has a limited role in the distribution of both D-luciferin and CycLuc1 to 

the brain.  Moreover, since polar compounds like D-luciferin and CycLuc1 have a 

low intrinsic permeability, the substrate concentration accessible to the 

transporter will be limited, and in conjunction with a low transporter affinity for 
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each compound, the Bcrp-mediated transport rate could be low irrespective of 

the transport capacity at the BBB. 

In vivo experiments using wild-type (WT) and Bcrp knockout (BKO) FVB 

mice showed the limited role of Bcrp at the BBB on the brain distribution of D-

luciferin and CycLuc1.  The brain partition coefficients of D-luciferin and CycLuc1 

in BKO did not show significant changes from those in WT.  However, the areas 

under the curve (AUCs) of both plasma and brain concentrations for D-luciferin 

and CycLuc1 were significantly higher in BKO when compared to WT.  The 

genetic deletion of Bcrp changed the overall systemic exposure to D-luciferin and 

CycLuc1 by decreasing the systemic clearances (Table 1).  It has been reported 

that D-luciferin is eliminated mainly by both kidney and hepato-biliary system, 

based on the biodistribution of radiolabeled D-luciferin (Lee et al., 2003; Berger 

et al., 2008).  Therefore, the results from BKO and WT indicate that Bcrp plays a 

significant role in how the kidney and liver eliminate luciferin, likely through active 

secretory processes at the kidney tubule and bile canaliculus, but not in the 

distribution to the brain.  There can be several possible reasons to explain why 

the lack of Bcrp does not change the brain partition coefficient in mice.  First, 

there may be some other efflux transporters besides Bcrp, possibly multidrug 

resistance-associated proteins (Mrps) or organic anion transporters (Oats) known 

to transport organic anions. It has been reported that D-luciferin is a substrate of 

MRP4 (Cheung et al., 2015).  Considering that both D-luciferin and CycLyc1 

have a carboxylic acid group, which has an anionic charge at physiological pH, 

these organic anion transporters may be involved in the brain distribution of 
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these luciferase substrates at the BBB.  Either Mrps and/or Oats, given the 

results of the probenecid inhibition studies (Figure 5D-5F), are involved in the 

transport of both D-luciferin and CycLuc1, even though inhibition of organic anion 

transport by probenecid does not lead to an increase in brain partition 

coefficients.  Second, the role of Bcrp may be limited in this case, especially at 

the BBB, due to low intrinsic permeability of the substrates to cross the BBB, as 

outlined above by the in vitro permeability experiments.  Intrinsic permeability, 

driven by diffusion, may consist of a transcellular pathway and a paracellular 

pathway of molecular transport.  As previously mentioned, the transcellular 

diffusive pathway minimally contributes to the overall molecular transport for the 

polar substrates, D-luciferin and CycLuc1. Due to lack of paracellular transport, 

limited by intact tight junctions, across the BBB, transport of polar molecules 

such as D-luciferin and CycLuc1 into the brain is limited.  Therefore, overall 

permeabilities of D-luciferin and CycLuc1 across the BBB are extremely low 

regardless of the activity of Bcrp.  This is consistent with the general 

understanding that substrates of active efflux transporters are mostly lipophilic 

compounds (Golden and Pollack, 2003).  Hydrophilic compounds like D-luciferin 

and CycLuc1 are reported to be much less influenced by active efflux 

transporters (Abbott, 2013).  On the other hand, the activity of Bcrp becomes 

more pronounced in other tissues, such as the eliminating organs (kidney and 

liver), because permeabilities are great enough to allow the substrates ready 

access to the transporter, and as such the efflux activity of Bcrp is important.  

Moreover, the activity of Bcrp is reported to be dependent upon the pH by 



 

224 

 

changing the effective ionization state of its substrates (Li et al., 2011).  The 

ionization of carboxylic acid on D-luciferin and CycLuc1 at physiological pH 

influences the activity of Bcrp on these substrates.  Similar phenomena have 

been observed with methotrexate, pemetrexed, and fluorescein, which are all 

hydrophilic compounds with low permeabilities (Sun et al., 2001; Li et al., 2013; 

Sane et al., 2014).  Methotrexate is a hydrophilic compound with low XLogP of -

1.8 and a substrate of Bcrp (Sane et al., 2014), and its apparent permeability is 

reported to be 1.2 X 106 cm/sec in Caco-2 cells, that is similar to D-luciferin and 

CycLuc1 (Yee, 1997).  According to Sane et al., the absence of Bcrp in Abcg2-/- 

mice increases both the plasma and brain exposure of methotrexate, which 

results in minor (statistically not significant) increase in brain to plasma ratios.  

Interestingly, methotrexate is a substrate of both Bcrp and Mrp4, so there was a 

statistically significant increase in Kp,brain with double knockout mice that are 

lacking both Bcrp and Mrp4, even though it was still only 2-fold higher.  

Therefore, it is also possible that other efflux transporters are involved in the 

brain distribution of D-luciferin and CycLuc1, as an example of methotrexate.   

D-luciferin has been previously reported to be a substrate of Bcrp (Zhang 

et al., 2007; Bakhsheshian et al., 2013).  Bakhsheshian et al., have shown that 

co-administration of the Bcrp inhibitor, Ko-143, increased the bioluminescence 

light output from the brain in mice without significant changes in the 

concentration of D-luciferin in plasma at 10-minutes after dosing (Bakhsheshian 

et al., 2013).  The results from the current study are not fully consistent with the 

conclusions of Bakhsheshain et al., since the co-administration of Ko-143 was 
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not able to significantly increase the concentration of D-luciferin in the brain at 

10-minute after the dosing with the same dose and dosing schedule as used by 

Bakhsheshian et al.  However, there was a significant increase in both plasma 

and brain concentrations of D-luciferin at 60-minute after the dosing, even though 

the brain to plasma ratios of the inhibitor treated group were not significantly 

different from the ones of vehicle control group (Figure 5).  These results 

prompted us to ask what would be the reasons that may lead to a discrepancy 

between these two experiments.  The only difference between these experiments 

is the method of “estimating” the D-luciferin concentrations in the brain and 

plasma specimens.  The concentrations of both D-luciferin and CycLuc1 were 

determined by mass spectrometry coupled with high performance liquid 

chromatography (LC-MS) in the current study.  In Bakhsheshian et al., the 

concentrations of D-luciferin in the brain and plasma were assumed to be directly 

proportional to the measured bioluminescence light intensity (Bakhsheshian et 

al., 2013).  As discussed earlier, the intensity of light signal can be affected by 

several factors other than the concentration of substrate itself (Figure 1).  

Moreover, the intensity of bioluminescent light signal that is the product of 

enzyme reaction does not always have a direct linear correlation with the 

concentration of substrates.  According to the Michaelis-Menten kinetics on the 

enzyme reaction, small changes in the substrate concentration can be resulted in 

large changes in the response depending on the affinity of enzyme to a 

substrate.  Therefore, it is not possible to make a direct correlation between the 

light signal intensity and the concentration of D-luciferin.  Even though there is no 
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question that both D-luciferin and CycLuc1 are substrates of Bcrp, the question 

arises if the activity of Bcrp influences the brain distribution of these compounds.   

Consistent with the results from BKO mice, the role of efflux transporter, Bcrp, at 

the BBB is limited, due to their low intrinsic permeability across BBB at the 

beginning.  Therefore, the inhibition of Bcrp increased the systemic exposure, 

and as such, increased the driving force for distribution to the brain of these 

compounds, a result not necessarily due to the role of efflux transporters, such 

as Bcrp, at the BBB. 

Unlike D-luciferin, there are limited data available regarding the 

biodistribution and substrate status of CycLuc1 to understand the mechanism of 

enhanced bioluminescent light signal (Evans et al., 2014).  There was 

speculation on the brain distribution and intrinsic permeability of CycLuc1 to be 

better than D-luciferin, based on the higher XLogP value of CycLuc1 when 

compared to D-luciferin.  However, the current study has clarified that the 

biodistribution, especially the brain distribution, of both D-luciferin and CycLuc1 

are similar. Moreover, both compounds are weak substrates of Bcrp.  The reason 

that CycLuc1 does not have any advantage on the permeability and brain 

distribution over D-luciferin is likely due to a free carboxylate of both compounds 

which is ionized at physiological pH, thus resulting in the similar cLogD.  The 

presence of ionized carboxylate is required to be a substrate of firefly luciferase, 

but it is a major limiting factor for their cell permeability and brain penetration.  

There has been an interesting study of making a pro-drug of luciferin to avoid the 

problem with carboxylic acid (Mofford and Miller, 2015).  Mofford et al. have 
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reported that luciferin amides improve brain bioluminescence in live mice over 

their parent luciferins (Mofford and Miller, 2015).  The current study, combined 

with the previous findings, yields answers to a series questions that includes why 

CycLuc1 has a more robust bioluminescent signal and how it can be further 

improved. 

In summary, the present study examined the pharmacokinetics, brain 

distribution, and the role of active efflux transporters on luciferase substrates, D-

luciferin and CycLuc1, to understand the factors influencing the bioluminescent 

light signal.   D-luciferin and CycLuc1 have similar physicochemical properties as 

well as similar chemical structure.  In conclusion, CycLuc1 would be a better 

substrate of firefly luciferase for an intracranial tumor imaging, mainly due to its 

superior affinity to firefly luciferase.  Even though further investigation is needed 

to find the involvement of other transporters on the biodistribution of D-luciferin 

and CycLuc1, the current paper suggests that the role of Bcrp is limited on the 

brain distribution of both D-luciferin and CycLuc1.  Not only substrate status of 

compounds for efflux transporters but also intrinsic permeability needs to be 

considered to understand the influence of various transporters on the tissue 

distribution. 
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Figure 6.1 Schematic depiction of factors influencing bioluminescence light signal. 
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Figure 6.2 Bioluminescent imaging of GBM6 in flank tumor (A) and intracranial tumor (B) models. Cross-

over imaging was performed for both substrate D-luciferin and CycLuc1 on different days. 
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Figure 6.3 In vitro trans-well experiment results to examine the apparent permeability of D-luciferin and 

CycLuc1 with MDCKII-wildtype vector control and Bcrp overexpressing cell lines in the absence of Ko-143 

(A) or in the presence of Ko-143 (B). 
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Figure 6.4 Concentration-time profiles of D-luciferin and CycLuc1 in plasma and brain following a single 

intravenous dose in wild-type and Bcrp knockout FVB mice (A and B) or following a single intraperitoneal 

dose in wild-type FVB mice (C and D). Concentration-time profiles of D-luciferin and CycLuc1 in different 

tissues following an intraperitoneal injection (E and F). 
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Figure 6.5 Plasma and brain concentrations and brain-to-plasma ratios of D-luciferin and CycLuc1 at two 

time points with a co-administration of either Ko-143 (A-C) or probenecid (D-F). 
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Table 6.1 Summary of pharmacokinetic parameters and metrics following a single intravenous dose of 

either D-luciferin or CycLuc1 in wild-type and Bcrp knockout FVB mice. 
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Table 6.2 Summary of pharmacokinetic parameters and metrics following a single intraperitoneal dose of 

either D-luciferin or CycLuc1 in wild-type FVB mice. 
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Table 6.3 The areas under the curve (AUCs) and calculated partition coefficients (Kp) of tissues following a 

single intraperitoneal dose of D-luciferin and CycLuc1. 
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Supplementary Figure 1.  The intensity of bioluminescent light signal from D-luciferin and CycLuc1 with 

different orders of cross-over imaging with GBM6 implanted on the different locations, flank and brain. 
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Supplementary Figure 2.  The concentration of D-luciferin and CycLuc1 measured by LC-MS in and around 

the brain tumor. 
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Supplementary table 1. Summary of physicochemical properties of D-luciferin and CycLuc1 

D-luciferin CycLuc1

Structure

Molecular Weight1 280.32 305.37

XLogP
1 0.9 2.6

Hydrogen bond 

donor count1 2 2

Hydrogen bond 

acceptor count
1 7 7

Polar surface area 

(A2)1 129 128

Emission 

wavelength (nm)2 553 603

Km (uM)
2 6.76 + 0.3 0.1 + 0.01

1Pubchem (https://pubchem.ncbi.nlm.nih.gov/)
2Harwood, Katryn R., et al. "Identification of mutant firefly luciferases that efficiently 

utilize aminoluciferins." Chemistry & biology 18.12 (2011): 1649-1657.



 

240 

 

 

 

 

 

 

 

 

 

RECAPITULATION 

 

 

 

 

 

 

 

 

 

 



 

241 

 

Chapter 1 provides a literature overview of glioblastoma (GBM) and unresolved 

challenges for the treatment of GBM.  This dissertation aimed to gain insight on 

the manifold drug delivery challenges of a tyrosine kinase inhibitor, through a 

case example of ponatinib, a multi-kinase inhibitor, which was selected based on 

the proteomic profile (oncogenic target expression) of a drug-resistant GBM line 

(GBM6).   

 

Chapter 2 provides a literature overview of metastatic brain tumors and role of 

efflux transporters on the treatment of them. The treatment of metastatic lesions 

in the brain represents a serious unmet medical need in the field of neuro-

oncology.  Even though many effective compounds have demonstrated success 

in treating peripheral (non-CNS) tumors with targeted agents, one aspect of this 

lack of success in the brain may be related to poor delivery of otherwise effective 

compounds.  Many factors can influence the brain delivery of these agents, but 

one key barrier is a heterogeneously “leaky” BBB that expresses efflux 

transporters that limit the BBB permeability for many targeted agents.  Future 

success in therapeutics for brain metastases must take into account the 

adequate delivery of “active, free drug” to the target, and may include 

combinations of targeted drugs that are appropriate to address each individual 

patient’s tumor type.  This review discusses some issues that are pertinent to 

precision medicine for brain metastases, using specific examples of tumor types 

that have a high incidence of brain metastases. 
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In Chapter 3, Controversy exists surrounding whether heterogeneous disruption 

of the blood-brain barrier (BBB), as seen in glioblastoma (GBM), leads to 

adequate drug delivery sufficient for efficacy in GBM.  This question is especially 

important when using potent, targeted agents that have a poor penetration 

across an intact BBB. Efficacy of the murine double minute-2 (MDM2) inhibitor 

SAR405838 was tested in patient-derived xenograft (PDX) models of GBM. In 

vitro efficacy of SAR405838 was evaluated in PDX models with varying MDM2-

expression and those with high (GBM108) and low (GBM102) expression were 

evaluated for flank and orthotopic efficacy. BBB permeability, evaluated using 

TexasRed-3kDa dextran, was significantly increased in GBM108 through VEGFA 

over-expression. Drug delivery, magnetic resonance imaging (MRI), and 

orthotopic survival were compared between BBB-intact (GBM108-vector) and 

BBB-disrupted (GBM108-VEGFA) models. MDM2-amplified PDX lines with high 

MDM2 expression were sensitive to SAR405838 in comparison to MDM2 control 

lines in both in vitro and heterotopic models. In contrast to profound efficacy 

observed in flank xenografts, SAR405838 was ineffective in orthotopic tumors. 

Although both GBM108-vector and GBM108-VEGFA readily imaged on MRI 

following gadolinium contrast administration, GBM108-VEGFA tumors had a 

significantly enhanced drug and gadolinium accumulation, as determined by 

MALDI-MSI. Enhanced drug delivery in GBM108-VEGFA translated into a 

marked improvement in orthotopic efficacy. This study clearly shows that limited 

drug distribution across a partially intact BBB may limit the efficacy of targeted 
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agents in GBM. Brain penetration of targeted agents is a critical consideration in 

any precision medicine strategy for GBM. 

 

Chapter 4 examine the mechanism of the limited brain delivery of a novel MDM2 

inhibitor, SAR405838, by using in vitro, in vivo, and in silico methods. Achieving 

an effective drug concentration in the brain is as important as targeting the right 

pathway when developing targeted agents for brain tumors.  SAR405838 is a 

novel molecularly-targeted agent that is in clinical trials for various solid tumors.  

Its application for tumors in the brain has not yet been examined, even though 

the target, the MDM2-p53 interaction, is attractive for tumors that could occur in 

the brain, including glioblastoma (GBM) and brain metastases.  In vitro and in 

vivo studies indicate that SAR405838 is an avid substrate of P-glycoprotein (P-

gp).   P-gp mediated active efflux at the blood-brain barrier plays a dominant role 

in limiting SAR405838 brain distribution.  Even though the absence of P-gp 

significantly increases the drug exposure in the brain; the systemic exposure, 

including absorption and clearance processes, were unaffected by P-gp deletion.  

Model-based parameters of SAR405838 distribution across the BBB indicate the 

CLout of the brain was approximately 40-fold greater than the CLin.  The free 

fraction of SAR405838 in plasma and brain were found to be low, and 

subsequent Kp,uu values were less than unity, even in P-gp/Bcrp knockout mice. 

These results indicate additional efflux transporters other than P-gp and Bcrp 

may be limiting distribution of SAR405838 to the brain.  Concomitant 

administration of elacridar significantly increased brain exposure, also without 
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affecting the systemic exposure.  This study characterized the brain distributional 

kinetics of SAR405838, a novel MDM2 inhibitor, to evaluate its potential in the 

treatment of primary and metastatic brain tumors.  

 

Chapter 5 investigated the brain distributional kinetics of 8 EGFR inhibitors by 

using cassette-dosing in wild-type and efflux transporter deficient mice. Tyrosine 

kinase inhibitors that target the epidermal growth factor receptor (EGFR) have 

had success in treating EGFR positive tumors, including non-small cell lung 

cancer (NSCLC).  However, developing EGFR inhibitors that can be delivered to 

the brain remains a challenge.  To identify optimal compounds for brain delivery, 

a panel of EGFR inhibitors was evaluated for distributional kinetics using 

cassette dosing with the ultimate goal of understanding the brain penetrability of 

compounds that share the same molecular target in an important oncogenic 

signaling pathway for both primary brain tumors (glioblastoma) and brain 

metastases (e.g., NSCLC).  Cassette dosing was validated by comparing the 

brain-to-plasma ratios obtained from cassette dosing to discrete dosing studies.  

The brain to blood partition coefficients (Kp,brain) were calculated following 

cassette dosing of the 8 EGFR inhibitors.  The comparison of Kp,brain in wild-

type and transporter-deficient mice confirmed that two major efflux transporters 

at the BBB, p-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp), 

play a crucial role in the brain distribution of 7 out of 8 EGFR inhibitors.  Results 

show that the prediction of brain distribution based on physicochemical 

properties of a drug can be misleading, especially for compounds subject to 
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extensive efflux transport.  Moreover, this study informs the choice of EGFR 

inhibitors, i.e., determining BBB permeability combined with a known target 

potency, that may be effective in future clinical trials for brain tumors.   

 

Chapter 6 examine the factors influencing the bioluminescent imaging signal and 

the mechanism of limited brain delivery of luciferase substrates. The partition 

coefficients of brain for D-luciferin and CycLuc1 were extremely low in both wild-

type and Bcrp knockout FVB mice when compared to other tissues. In the 

absence of Bcrp, both the systemic and brain exposure to D-luciferin and 

CycLuc1 were significantly increased. However, the brain partition coefficients 

did not show significant changes. In vitro trans-well assay results showed that the 

apparent permeabilities of both D-luciferin and CycLuc1 were extremely low, and 

both compounds were weak substrates of Bcrp. The stronger light signal with 

CycLuc1 from intracranial tumor is likely to be due to its low Km to firefly 

luciferase but not due to its better brain penetration when compared to D-

luciferin.     
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