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ABSTRACT 

 

Glioblastomas are highly vascular brain tumors that are characterized as 

heterogeneous, comprised of an anatomically and functionally irregular blood brain 

barrier (BBB) that contributes to variable drug distribution and possibly associated 

pharmacodynamics (PD) responses.  Standard pharmacokinetic (PK) approaches that 

are based on whole tumor homogenates and accordingly averaged drug concentrations 

are limited in their ability to depict regional variations in drug concentrations, and 

could lead to faulty assessments of drug distribution and activity. Given the paucity of 

quantitative information on intratumoral PK/PD variability of anticancer drugs, the 

goal of this project was to characterize the regional PK and PD properties of gefitinib, 

an EGFR inhibitor, in brain tumors, in the context of biological characteristics, and 

use the information to develop mechanistic PK/PD models that may be valuable to 

understand why some anticancer drugs are inactive.  

 

Towards this end, in vitro cytotoxicity assays and pilot in vivo studies were 

first conducted and identified U87VIII mutant cell line as a gefitinib sensitive 

orthotopic brain tumor model with suitable growth characteristics to allow for 

immunohistochemical (IHC) analysis of tumor biological characteristics for further 

studies. Subsequently, in vitro PD studies identified phosphorylated-ERK1/2 (pERK) 

as a PD marker for this cell line. Thereafter, to set up a framework to obtain 

intratumoral PK/PD information in vivo, a novel tumor sectioning protocol was 
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devised and sensitive and robust PK (LC-MS/MS) and PD (Meso Scale Discovery, 

MSD, electrochemiluminescence-based assay) methods were developed to enable the 

use of minimal amounts of tumor samples to  assess the intratumoral PK and PD 

characteristics of gefitinib. Mice bearing orthotopic U87VIII mutant tumors were 

administered gefitinib at doses of 150 mg/kg and 50 mg/kg orally (p.o.), followed by 

collection of plasma and tumor samples at various time points, based on a serial 

sacrifice study design. Serial tumor sections were obtained in four distinct regions 

according to the aforementioned protocol for PK, PD and IHC measurements. An IHC 

index called microvessel pericyte index (MPI), a measure of BBB integrity, reflected 

the variability in gefitinib brain tumor concentrations, and was used to bin the data to 

generate three intratumoral PK/PD data sets. These data sets were then used to 

develop a set of hybrid physiologically based PK/PD models accounting for variable 

BBB permeability within the tumor. Each model consisted of a forcing function 

describing plasma concentration profile, a tissue compartment to represent the drug 

disposition within the tumor, and target-response compartments for the PD model. The 

intratumoral variation in the PKs of gefitinib was accurately described by the MPI 

classifications and ranged about 2-fold, and was responsible for the associated PD 

variability.  

 

In summary, using a novel tumor sectioning protocol and sensitive analytical 

methods in an orthotopic glioblastoma (GBM) model, the intratumoral variability of 

gefitinib PK/PD could be binned according to BBB integrity and enabled the 
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development of a mechanistic hybrid physiologically based PK/PD models, which 

provides a means to assess the influence of tumor heterogeneity on drug response.  
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CHAPTER 1 

INTRODUCTION 

1.1 Intratumor Heterogeneity in Tumor Physiology: Potential Cause for tumor 

 Pharmacokinetic (PK) Based Failure in Drug Treatment  

Despite advances in the design of chemotherapeutic and targeted agents, most human 

cancers are resistant to therapy at presentation or become resistant after an initial response. This 

problem has been mainly attributed to cellular or pharmacodynamic (PD) mechanisms resulting 

from genetic or biochemical alterations. These cellular mechanisms, however, cannot completely 

explain clinical drug resistance, and hence treatment failures could be also due to PK-based 

failures. PK-based failures that fundamentally mean that drug concentrations within the tumor 

are suboptimal, may partially be due to tumor heterogeneity in anatomic and microenvironment 

characteristics, a research area that was pioneered by Gullino (GULLINO et al., 1965) and 

continued by Jain and his co workers (Jain, 1989). 

 

The tumor microenvironment consists of tumor cells and stromal cells, embedded in an 

abnormal extracellular matrix and nourished by a disorganized vascular network. The abnormal 

tumor vasculature fosters an environment with a number of physiological barriers to drug 

delivery within the tumor. The first barrier is due to heterogeneous angiogenesis, vascular 

density and blood flow in tumors. A second barrier is created by the heterogeneous permeability 

of tumor vessels and the third barrier is generated by an interstitial compartment or the 

extracellular matrix within the tumor. Each of these barriers shows regional variability within the 

tumor, resulting in uneven distribution of drugs (Fukumura and Jain, 2007) (Marcucci and Corti, 
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2012), and hence their response within the tumor (Simpson-Herren et al., 1988). A number of 

excellent reviews and articles have addressed the abnormal tumor microenvironment factors 

responsible for gradients of drug concentration and response within solid tumors (Au et al., 2001; 

Di Paolo and Bocci, 2007; Jang et al., 2003) (Cairns et al., 2006; Minchinton and Tannock, 2006; 

Tredan et al., 2007) and a brief overview of these abnormalities is presented below. 

 

Angiogenesis, a process of sprouting new vessels in solid tumors to support the growth of 

rapidly proliferating cells, results in the formation of structurally and functionally abnormal 

vessels (Narang and Varia, 2011) that lack the normal vessel hierarchy and are tortuous, 

elongated, dilated and have a haphazard pattern of interconnections featuring excessive loops 

and arteriolar venous shunts as shown in Figure 1 (Tredan et al., 2007; Vaupel et al., 1989), 

resulting in non uniform blood flow and blood flow stasis in some regions. Further, pressure 

from the proliferating tumor cells moves the vessels apart and collapses some of the vessels 

resulting in reduced overall vascular density. Microvessel density also tends to vary spatially 

within a tumor, with the peripheral regions of tumor generally showing higher density as 

compared to the central necrotic region (Jain, 2001). All these abnormal vasculature features 

results in compromised nutrient supply to tumor cells, creating regions of hypoxia and acidosis 

(Vaupel et al., 1989) that could also impact the uniform delivery of systemically administered 

anticancer drug. 
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Figure 1: Comparison of normal and tumor vasculature. 

A. Normal and B. tumor vasculature resulting in unique tissue architecture. 

  

  

The tumor endothelium is further characterized by large inter-endothelial gaps and 

increased numbers of fenestrations and vesicles, loosely attached or absent pericytes (cells that 

provide support for the endothelial cells) (Morikawa et al., 1989; Morikawa et al., 2002; 

Yonenaga et al., 2005), and an abnormal unusually thick basement membrane or in some cases a 

discontinuous and absent basement membrane (Baluk et al., 2003). These structural 

abnormalities tend to make the tumor vessels leaky and highly permeable and along with 

compression of vessels by the rapidly proliferating tumor mass (Padera et al., 2004), lead to the 
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leakage of plasma proteins into the tumor. In addition to the variable permeability of the 

vasculature, solid tumors lack or have fewer functional lymph vessels (Jain and Fenton, 2002) 

leading to increased interstitial fluid pressure within them, that impairs the distribution of both 

large (Heldin et al., 2004a) and small molecules (Vavra et al., 2004) by convection and may 

compress blood vessels such that blood is diverted from the center towards the tumor periphery. 

   

Once the drug extravasates from the abnormal tumor vasculature, it faces an additional 

barrier posed by the extracellular matrix (ECM) which is composed of macromolecules such as 

fibrous proteins like collagen and elastin and polysaccharides like hyaluronan and proteoglycan. 

High amounts of these macromolecules (Figure 1) offer resistance to drug diffusion in the 

interstitium (Netti et al., 2000). In addition, PDGF and TGF-β are highly upregulated in most 

tumors, which play a role in contracting the ECM, resulting in increased interstitial fluid pressure 

and hence impeding convective transport of drugs (Cairns et al., 2006). Further, non-specific 

drug binding to the ECM components also poses a barrier for effective drug penetration (Jain, 

2001). 

 

Numerous in silico computer simulations ((Sinek et al., 2009) and preclinical studies in 

various tumor models, as listed in Table 1, emphasize that the abnormal and heterogeneous 

tumor microenvironment results in heterogeneous drug distribution within the tumors.  
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Table 1. Studies Demonstrating Heterogeneous Drug Distribution Within Tumors. 

 

  Tumor model 

Method for studying 
intratumoral drug 

distribution Drug studied (tumor type) Reference 

In vitro spheroids Fluorescence 
Adriamycin (human bladder 
carcinoma) (Kerr et al., 1988) 

  
QAR 

Methotrexate (human 
osteosarcoma) (West et al., 1980) 

 
MCC 

Fluorescence/ drug effect 
as indicator of drug 
penetration 

Various anthracyclines (human 
colorectal carcinoma) (Kyle et al., 2005) 

 
Tissue histocultures QAR  

Paclitaxel (human pharynx tumor 
xenograft) 

(Jang et al., 
2001)(Kuh et al., 
1999) 

In vivo 
Xenograft cryosection/ 
patient tumor biopsies QAR 

Misonidazole (rat RT-9 orthotopic 
brain tumor) 

(Horowitz et al., 
1983) 

  

Drug effect as indicator of 
drug distribution 

Gemcitabine (colon carcinoma 
xenograft) 

(Huxham et al., 
2004) 
 

   

Cisplatin/ bleomycin combination 
(head and neck cancer biopsies) 

(Galmarini et al., 
2000) 

  

Fluorescence (auto-
fluorescence or labeled 
drug) 

Doxorubicin (mammary and 
human prostrate tumor xenograft; 
breast cancer biopsies; lung cancer 
xenograft 

(Lankelma et al., 
1999; Primeau et 
al., 2005; Tailor et 
al., 2010) 

   

FITC labeled antisense 
oligodeoxynucleotide (ASO) 
(human nasopharyngeal, cervix 
and prostrate tumor xenograft) 

(Mocanu et al., 
2007) 

    Phosphorescence 
Paclitaxel and doxorubicin (brain 
metastasis) 

(Lockman et al., 
2010) 
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Table 1 continued….. 

  Tumor model 

Method for studying 
intratumoral drug 

distribution Drug studied (tumor type) Reference 
In 
vivo 

 
Antibody against the drug 

Trastuzumab (Breast cancer 
xenograft) 

(Baker et al., 
2008a) 

 
Non invasive imaging 

Fluorescence (window 
chambers) 

Dextran as model drug carrier 
(human squamous cell tumor 
xenograft) 

(Dreher et al., 
2006)()()() 

    MRS 
TMZ (MCF-7 breast cancer 
xenograft) 

(Kato et al., 
2006) 

 

It is possible that truly effective therapeutic agents are discarded prematurely as being ineffective 

when the basis for failure was actually a PK failure due to ineffective drug concentrations. Brain 

tumors are an excellent example of tumors that are highly heterogeneous complicit with an 

abnormal tumor vasculature and ECM that could cause variable drug distribution. 

 

1.2 Glioblastomas: Variable Blood-Brain Barrier (BBB) and Drug Distribution 

Glioblastoma multiforme (GBM), also called grade 4 astrocytoma by WHO classification 

is the most aggressive and frequent of all primary brain tumors, accounting for about 54% of all 

gliomas (CBTRUS report 2011). Although the incidence rate of GBM is less than 10 to 100,000, 

these tumors are associated with a high morbidity and mortality with a median survival of less 

than 1 year from diagnosis (Iacob and Dinca, 2009; Louis et al., 2007). These tumors are 40 % 

more common in males than in females (CBTRUS report 2011). Its incidence rate increases with 

age, being much lower in children (0.13 %) and higher in adults 45 years of age and above (4-

15%) (CBTRUS report 2011; (Mahvash et al., 2011).  
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Being highly malignant and proliferative in nature, these tumors are also highly 

angiogenic (Jain et al., 2007; Tate and Aghi, 2009), resulting in newly formed tumor vessels with 

a disrupted or abnormally functional blood-brain barrier (BBB), sometimes referred to as the 

blood-tumor barrier (BTB). In normal adult brain, the BBB is a specialized endothelial system 

that forms both a physical and functional gate to control the influx and efflux of a wide variety of 

substances into the central nervous system (CNS) (Siegal and Zylber-Katz, 2002) (Deeken and 

Loscher, 2007; Engelhardt and Sorokin, 2009). As opposed to the BBB, the BTB is highly 

disorganized and tortuous (Bullitt et al., 2005) and characterized by abnormalities in endothelial 

cell proliferation, pericyte coverage and basement membrane thickness (Eberhard et al., 2000; 

Winkler et al., 2004), expression of tight junction proteins, release of vasoactive agents resulting 

in vessel opening and leakage (Shamji et al., 2009), endothelial cell fenestrations and abnormal 

extracellular matrix protein composition of the tumor vessels (Rascher et al., 2002). All these 

changes in the brain tumor vasculature result in increases in the vessel permeability, which is a 

characteristic feature of GBM and is supported by numerous MRI imaging studies showing 

highest contrast agent enhancement as compared to low grade gliomas (Law et al., 2004).  

 

This highly permeable vasculature results in fluid filtration from the tumor vessels 

leading to increased interstitial fluid pressure within the brain tumor (Boucher et al., 1997). This 

creates a pressure gradient resulting in a net flux of drug towards the surrounding tissue or 

necrotic tumor tissue regions with lower IFP, and hence less drug being available in the viable 

tumor region (Vavra et al., 2004). Further, the brain tumor neovasculature has significantly 

reduced microvessel density compromising the nutrient / drug supply to the surrounding cells 

and increased inter-microvessel distances as compared to normal brain (Schlageter et al., 1999) 
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requiring the nutrients and drugs to pass several layers of tissue to effectively reach all the cells. 

Not only is the brain tumor vasculature abnormal, but this abnormality varies regionally within 

the tumor as indicated by high intratumoral standard deviation values obtained for the 

microvessel density (Wesseling et al., 1994) and permeability (Jain et al., 2011). 

 

Another feature of the BTB is regional variability in blood flow and perfusion within the 

tumors, as seen in various animal brain tumor models (Silva et al., 2000; Sun et al., 2004) and 

supported by the human brain tumor blood flow data (Kuroda et al., 1982; Warmuth et al., 2003). 

Heterogeneous blood flow and perfusion leads to intratumoral variability in other characteristics 

like necrosis and cell proliferation and density, as determined quantitatively in numerous studies 

(Coons and Johnson, 1993; Paulus and Peiffer, 1989) (magnetic resonance spectroscopic) 

(Cheng et al., 2000a; Wagner et al., 2011). 

 

In addition to its multiforme/heterogeneous nature associated with cell morphology and 

vasculature, multiregion analysis from the same GBM sample has revealed extensive 

heterogeneity in protein expression and genetic composition (Jung et al., 1999), including 

variable expression of growth factor receptors and their mutations such as  (Bonavia et al., 2011), 

EGFR, EGFRVIII and PDGFR (Little et al., 2012). With such a scenario, generation of a 

composite genomic profile from bulk tumor sample to map the genomic landscape and prioritize 

the therapeutic targeting strategies present a challenge to personalized medicine, and could lead 

to inaccurate biomarker/target identification, and consequently, treatment failure. 
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Among various hypotheses developed to explain treatment failures in GBM, one that has 

often been overlooked is the inefficient delivery of drugs to their intracellular targets. Given the 

variable nature of the BTB, it is quite conceivable that systemically administered drugs will 

experience heterogeneous distribution within the tumor, and correspondingly drug 

concentrations. The limited amount of preclinical and clinical data available on drug 

concentration/distribution within brain tumor lends support to this hypothesis. Much of the 

preclinical data in this regard were based on the use of a radiolabeled drug, followed by 

quantitative autoradiography of the tumor tissue (Vavra et al., 2004) (Horowitz et al., 1983) 

(Lockman et al., 2010). This imaging technique, although highly sensitive, is associated with 

certain limitations that relate to cost, lack of specificity, and the inability to synthesize labeled 

moieties (Reyzer et al., 2003) (Gelderblom et al., 2002). Some studies also reported differential 

concentrations of targeted small molecule tyrosine kinase inhibitors e.g. erlotinib and dasatinib 

((Agarwal et al., 2012a) (Agarwal et al., 2012b) in mouse brain tumor models, that was attributed 

mainly to differential BBB characteristics. Clinical investigations of brain tumor concentrations 

are obviously limited by sample availability, yet there is an indication that intratumoral drug 

concentrations of various chemotherapeutic drugs (Donelli et al., 1992; Pitz et al., 2011), and 

some targeted anticancer agents like imatinib (Holdhoff et al., 2010) and gefitinib (Hofer and 

Frei, 2007)  were quite variable and the intactness of the BBB was a key factor. In addition, the 

effect of heterogeneous MVD on drug distribution within the brain has also been demonstrated 

by mathematical models (Swanson et al., 2002). All these studies lend support to the hypothesis 

that treatment failure in GBM could be due to PK-based failures, where some regions within the 

tumor might not be exposed to therapeutic concentrations. This phenomenon of variable drug 

concentrations suggests that the standard pharmacokinetic (PK) approach that is based on whole 



10 
 

tumor homogenates and provides an averaged drug concentration is misleading and leads to 

inaccurate evaluations of why some drugs might be inactive. To circumvent this limitation, new 

approaches to assess regional variations in brain tumor concentrations would provide a valuable 

step towards improving the current therapeutic treatment for GBM.  

 

Current standard treatment option for GBM includes surgery followed by adjuvant 

therapy consisting of radiotherapy (Grossman and Batara, 2004; Walker et al., 1978; Walker et 

al., 1980) combined with concomitant chemotherapy with temozolomide (Stupp et al., 2005) or a 

combination of chemotherapy with  with newer antiangiogenic agents like bevacizumab, a 

humanized monoclonal antibody against vascular endothelial growth factor (VEGF) (Desjardins 

et al., 2008; Vredenburgh et al., 2009). Despite this multimodality treatment strategy, the clinical 

outcome of GBM patients has not changed substantially over the past five decades and disease 

recurrence eventually occurs in all malignant gliomas, resulting in a median survival of 12-15 

months (Wen and Kesari, 2008). A profound understanding of molecular basis of tumorigenesis 

and tumor progression in GBM has revealed new targets and hence the use of targeted agents for 

more specific and hopefully more effective therapy. Epidermal growth factor receptor (EGFR) is 

one such target that has been identified in GBM. 

 

1.3 Epidermal Growth Factor Receptor (EGFR) Pathway in GBM 

The epidermal growth factor receptor HER 1/ EGFR belongs to the HER (human 

epidermal growth factor receptor) family of  four distinct receptors including HER1/EGFR, 

HER2, HER3 and HER4 (Perez-Soler, 2004), that play a key role in tumorigenesis and disease 

progression. The HER molecules are membrane bound proteins that consist of an extracellular 
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ligand binding domain, an intracellular domain with tyrosine kinase activity and regulatory 

functions and a region that spans the cell membrane and anchors the receptor to the cell. The 

most common ligands for HER1/EGFR are epidermal growth factor (EGF) and transforming 

growth factor-α (TGF-α) (Jones et al., 1999). Once a ligand binds to the ligand-binding site of an 

HER family receptor, homodimerization or heterodimerization with a different HER family 

member occurs activating tyrosine kinase activity through trans-phosphorylation of the receptors. 

The activated kinase results in phophorylation and activation of various downstream protein 

kinases and transcription factors. This leads to a cascade of downstrean signalling pathways such 

as the ras-raf-mitogen activated protein kinase (MAPK) or Extracellular signal regulated kinase 

(ERK) pathway, the phosphatidylinositol 3-Kinase (PI3K)/ Akt pathway and the Janus 

Kinase/signal transducer and activator of transcription (JAK/ STAT) pathway as shown in Figure 

2 below.These pathways tightly regulate various aspects of cell function like, apoptosis (Henson 

and Gibson, 2006), cell proliferation or cell cycle progression (Bromberg and Darnell, 2000; 

Calo et al., 2003; Torii et al., 2006), angiogenesis, adhesion and motility (Reddy et al., 2003). 

Dysregulation of these pathways leads to tumorigenesis, tumor progression and invasion. 
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Figure 2: Epidermal growth factor receptor (EGFR) activation and its downstream 

signalling pathways. 

  

The EGFR pathway has been found to be commomnly dysregulated in GBMs due to 

several possible mechanisms including gene amplification, causing HER1/EGFR overexpression. 

in 40-50% of the GBMs (Salomon et al., 1995), autocrine overproduction of HER1/EGFR 

ligands that leads to independent receptor activation and loss of external control of cell growth 

and finally due to EGFR mutation (Karpel-Massler et al., 2009). Various mutant receptors of 
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HER1/EGFR receptor have been identified, with EGFRVIII (variant VIII), that has a modified or 

mutant ligand binding domain, accounting for 67% of all mutants in GBMs (Frederick et al., 

2000). The EGFRVIII mutant receptor neither binds to ligand nor dimerizes, but has an intact 

tyrosine kinase domain that is constitutively activated to initiate downstream signalling (Batra et 

al., 1995). 

 

Clinical data suggests that EGFR amplification is associated with a worse prognosis and 

decreased overall survival in GBM patients (Shinojima et al., 2003). In addition, in vitro results 

show that EGFR amplification is also related to radioresistance in glioma cells and can explain 

the poor response to this treatment modality in some GBM patients (Barker et al., 2001; 

Chakravarti et al., 2002a). Experimental evindence further suggests that the human glioma 

xenograft tumors harbouring the EGFR VIII mutations show increased cell proliferation, tumor 

formation and inhibition of apoptosis (Nagane et al., 1996; Nishikawa et al., 1994) and increased 

radioresistance due to constitutively active PI3K/Akt pathway (Hatanpaa et al., 2010). Other 

studies that identified the activation of ERK1/2 and PI3K/Akt pathway as a driving force for cell 

proliferation and tumor progression in tumors with this mutant receptor, explain the worse 

outcome of patients with EGFRVIII postive GBM (Moscatello et al., 1998). 

 

In conclusion, enhanced HER1/EGFR-mediated downstream signaling due to excessive 

TK (tyrosine kinase) activity may be necessary for survival of glioma cells over expressing 

HER1/EGFR or EGFRvIII, and inhibition of this cascade may lead to apoptosis or increase the 

cellular susceptibility toward other therapies. The fact that HER1/EGFR represents the most 

often amplified gene in glioblastoma renders it an attractive target for therapeutic intervention. 
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Therefore, a number of strategies have been developed to specifically inhibit dysregulated 

HER1/EGFR-mediated signaling at various levels. Among these strategies are interference with 

extracellular ligand binding domain to reduce TK activation and targeting of intracellular  

tyrosine kinase domain of the receptor using small molecule inhibitors of tyrosine kinase activity 

(Janmaat and Giaccone, 2003; Karpel-Massler et al., 2009). 

 

1.4 Gefitinib in GBM 

Gefitinib is an anilinoquinazoline compound with the chemical name 4-quinazolinamine, 

N-(3-chloro-4-flurophenyl)-7-methoxy-6-[3-(4-morpholinyl)propoxy]. It has a molecular weight 

of 446.9 and its structural formula is represented in Figure 3. It is a free base with pKa values of 

5.4 and 7.2 and therefore ionizes progressively in solution as the pH falls.  

 

Figure 3: Structural formula of gefitinib. 

 

The preclinical pharmacokinetics and metabolisms of gefitinib in rats, based on the dose 

range from 5 mg/kg PO to 20 mg/kg IV, showed a gefitinib plasma half-life of 3-6 hr and the 

plasma clearance of 16-23.6 mL.min-1.kg-1 in female rat and 25.2-42.0 mL.min-1.kg-1 in male 
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rat, respectively. The volume of distribution was determined as 8.0-10.4 L.kg-1, indicating 

extensive gefitinib tissue penetrations. Following oral administrations, gefitinib oral 

bioavailability was identified in the range of 43.6-66%, and tmax was obtained at 1-3 hours. 

Gefitinib is cleared primarily by metabolism in the liver via P450 (CYP) 3A4, with morpholine 

ring oxidation representing the major route of metabolism. Gefitinib binding to plasma proteins 

is about 86-94%, and substantial binding occurs to both albumin and α-1 acid glycoprotein. The 

drug excretion is predominantly via bile into feces, with only 5-6% dose being eliminated in 

urine ((McKillop et al., 2004b). From phase I and II clinical trials, gefitinib showed linear 

kinetics in the dose range of 50-500 mg, oral bioavailability of 60% and terminal half-life in the 

range of 24-85 hours. Gefitinib is distributed extensively throughout the body with a mean 

steady-state volume of distribution of 1,400 liters ((Cohen et al., 2004). Following single IV dose 

of 50 mg/kg and 100 mg/kg, the total plasma clearance was determined as 0.693 and 1.02 L/min-

1, respectively (Swaisland et al., 2005). Based on daily oral dose of 500 mg, about 86% of drug 

was recovered from feces, with 4% in the urine. In human, gefitinib is cleared primarily by 

metabolism in the liver, mainly via cytochrome P450 (CYP) 3A4. Several metabolic pathways 

were identified, including O-desmethylation, dealkylation and oxidative defluorination. The O-

desmethyl derivative, a major metabolite found in plasma, demonstrated EGFR inhibition 

activities in an enzyme assay, but much less activity than the parental drug, in whole cell based 

assays and in in vivo studies (McKillop et al., 2006). Moreover, co-administration of gefitinib 

with rifampicin, a CYP3A4 inducer, significantly reduced mean gefitinib plasma AUC by 85%, 

whereas coadministration with itraconazole, a CYP3A4 inhibitor, increased the mean gefitinib 

plasma AUC by about 88% (Cohen et al., 2004). 
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Gefitinib is an orally active, selective and potent inhibitor of EGFR tyrosine kinase. It 

competitively and reversibly binds to the ATP binding site (tyrosine kinase domain) on EGFR 

with a much higher affinity than ATP itself, inhibiting the phosphorylation of tyrosine residues 

of EGFR and the subsequent downstream signaling molecules (Cohen et al., 2004; Wakeling et 

al., 2002).  

 

Although approved as a monotherapy for patients with locally advanced or metastatic 

non-small cell lung cancer (NSCLC) in 2003, gefitinib has also been tested and found to be 

effective against a wide variety of tumor types that express high level of EGFR (Anderson et al., 

2001; Penne et al., 2005), exerting its effects mainly as a cytostatic agent and in some cases 

cytotoxic (Janmaat and Giaccone, 2003).   

 

Gefitinib has also shown promising results in GBM in the preclinical studies. It has 

shown antiproliferative effects against various GBM cell lines with varied molecular signatures. 

Some studies have shown cell lines with higher EGFR expression to be more sensitive to 

gefitinib (Chu et al., 2009; Pedeboscq et al., 2008) while others show no such correlation 

(Andersson et al., 2007). Although gefitinib exhibits mostly antiproliferative or cytostatic action 

(Chu et al., 2009; Premkumar et al., 2006), it can apoptosis at higher concentrations, which is 

mainly due to its non specific inhibitory action on other proteins like HER2, ERK2 and MEK 1 

(Pedeboscq et al., 2008). Other than the antiproliferative effects, it has also shown anti-invasive 

and anti-angiogenic effects in vitro in human GBM models (Guillamo et al., 2009). It has also 

been shown to improve chemosensitivity (Pedeboscq et al., 2008; Servidei et al., 2008) and 

radiosensitivity (Mukherjee et al., 2009; Stea et al., 2003) of glioblastoma cell lines. In addition 
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to the in vitro activity, gefitinib has also show efficacy in brain tumors in mice expressing high 

levels of EGFR (Geoerger et al., 2008; Heimberger et al., 2002) or in subcutaneous xenografts 

that over express EGFR VIII (Wang et al., 2009). 

 

Despite promising results in preclinical studies, the results from various clinical trials 

investigating the role of gefitinib in GBM have been disappointing. As a monotherapy, a phase 

I/II trial of gefitinib in patients with recurrent GBM showed that gefitinib produced only partial 

responses in a small subgroup of patients (5 out of 38) (Lieberman et al., 2004), and in phase II 

trials in patients with recurrent or progressive high grade gliomas, gefitinib showed either no 

objective response, no significant improvement in the OS (overall survival) or a PFS 

(progression free survival) at 6 months of 13 -14 % (Franceschi et al., 2007; Rich et al., 2004; 

Uhm et al., 2011). One of the reasons for this lack of efficacy has been attributed to the 

heterogeneous molecular characteristics of individual gliomas, where tumors that have wild-type 

PTEN (phosphatase and tensin homologue), a tumor suppressor protein phosphatase that 

negatively regulates the anti-apoptotic PI3K/Akt pathway) in combination with an amplified or 

mutant EGFR (EGFRVIII) are more likely to be responsive to EGFR inhibitors (Guillamo et al., 

2009; Mellinghoff et al., 2005; Mellinghoff et al., 2007; Sarkaria et al., 2007). 

 

Other reasons for the lack of efficacy could be related to various primary (inherent) and 

secondary (acquired or after prolonged treatment) resistance mechanisms due to oncogenic 

mutations or co-activation and/or up regulation of alternative signaling pathways resulting in 

dissociation of EGFR inhibition from the downstream pathway inhibition (Lo, 2010; Morgillo et 

al., 2007; Wheeler et al., 2010; Wykosky et al., 2011). Examples of some of these resistance 
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mechanism include, loss or mutations in PTEN, rendering constitutive activation of the anti-

apoptotic PI3K/Akt pathway (Mellinghoff et al., 2007), activation of other receptor tyrosine 

kinases, e.g., IGF-1R (Insulin like growth factor receptor) (Chakravarti et al., 2002b), c-MET 

receptor (mesenchymal epithelial transition factor)(Huang et al., 2007) and PDGFR (platelet 

derived growth factor receptor) and their downstream oncogenic pathways, (Stommel et al., 

2007), nuclear translocation of EGFR(Brand et al., 2011) and co-activation of non-receptor 

kinases like JAK2 and transcription factor STAT3 (Lo et al., 2008). Apart from these molecular 

mechanisms, lack of delivery of gefitinib to the invasive tumor cells residing in the normal brain 

behind an intact blood brain barrier, due to active efflux by p-glycoprotein (Pgp/ ABCB1) and 

breast cancer resistance protein (BCRP/ABCG2) transporters at the BBB (Agarwal et al., 2010) 

has been postulated as another plausible explanation for the lack of efficacy seen in GBM 

clinical trials. 

 

 

Yet another potential reason for the lack of efficacy that has not been adequately explored 

could be the inability to reach therapeutic gefitinib concentrations within all the regions of the 

tumor. Given the heterogeneity in intratumoral physiology and the BTB in GBM, it is logical to 

hypothesize that gefitinib distribution within the tumor is heterogeneous as well. Limited brain 

tumor patient data has shown up to 3 fold variations in the concentration of gefitinib in the brain 

tumor samples obtained from the same patient (Hofer and Frei, 2007). Although the average drug 

concentrations may be higher in brain tumors as compared to the normal brain due to the extreme 

leakiness of the tumor vasculature (Hegi et al., 2011; Hofer and Frei, 2007; Lassman et al., 
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2005), there could still be regions of inadequate drug concentrations. Such unaffected tumor cells 

can repopulate the tumor resulting in so called PK-mediated treatment resistance.  
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CHAPTER 2 

RESEARCH OBJECTIVES 

 

Cancer chemotherapy may fail initially or after sustained exposure when tumors enact 

numerous drug resistant mechanisms. These failures are often attributed to PD or cellular 

mechanisms that have their origins in either preexisting or adaptive genetic alterations that 

manifest as biochemical networks unresponsive to the selected drugs. In addition to PD-based 

treatment failures it is also reasonable to expect that PK-based failures also contribute to poor 

drug responses. In this case, tumor concentrations in certain tumor regions would be insufficient 

to inhibit intended targets that could be accentuated by known intratumor heterogeneity in the 

biological characteristics or tumor microenvironment within various solid tumors. One example 

of a tumor with biological intratumoral heterogeneity is glioblastoma multiforme (GBM), a 

highly invasive brain tumor characterized by a highly disorganized vasculature and a 

compromised blood-brain barrier (BBB) (Jain et al., 2007). 

  

GBMs show intratumoral variability in the morphology and functioning of the 

vasculature (Schlageter et al., 1999; Weissleder et al., 1998), vessel permeability (Jain et al., 

2011) and other biological and histological features like interstitial fluid pressure (Vavra et al., 

2004), necrosis and cell proliferation and density, (Coons and Johnson, 1993; Paulus and Peiffer, 

1989)(Cheng et al., 2000b; Wagner et al., 2011), that could cause heterogeneous drug 

distribution within the tumors. A limited amount of preclinical and clinical studies on 

intratumoral drug distribution attest to variable drug concentrations within brain tumors and lend 
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support to the hypothesis that ineffective chemotherapy could be due to PK-based failures, where 

some regions within the tumor might not be exposed to therapeutic concentrations, and suggest 

that the standard pharmacokinetic (PK) approaches that are based on whole tumor homogenates 

and assume uniform drug concentrations may be inaccurate. Further, in none of the preclinical or 

clinical studies has the variability in brain tumor concentrations been simultaneously related to 

PD endpoints and intratumoral biological variability. Of course, in the clinical arena, sample 

availability is a hurdle to simultaneously characterizing PK/PD variability but this is less of a 

restriction in preclinical brain tumor models. Therefore, obtaining such information from 

preclinical tumor models will reveal a global picture of drug disposition and response, and 

questions such as, does the drug reach concentrations that inhibit the intended target in various 

parts of the tumor can be addressed in a quantitative manner. This provided a basis to perform 

comprehensive regional PK/PD/IHC investigations of gefitinib in an orthotopic brain tumor 

mouse model with EGFRVIII mutant tumor, a viable target in brain tumors. Overall, the 

progression of studies permitted an evaluation of how tumor heterogeneity affected regional drug 

disposition (PK) and dynamics (PD) and allowed intratumoral PK/PD models to be constructed 

that accounted for variable BBB permeability within the tumor. Such an evaluation can provide a 

foundation to address intratumoral heterogeneity and drug action and can proceed to assess 

alternative dosing schedules and drug combinations towards improved cancer therapeutics. 
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The specific objectives were: 

 

Objective 1: Identify an orthotopic brain tumor model sensitive to gefitinib and with 

acceptable growth characteristics for immunohistochemical analysis (IHC). 

 Thus far, the EGFR status, wild-type or the vIII mutant, and PTEN (phosphatase and 

tensin homologue) status are known to influence the activity of gefitinib in brain tumors.  

Various glioblastoma cell lines (LN229 EGFRVIII/WT PTEN, U87EGFR, U87EGFR/WT 

PTEN and U87 EGFRVIII) were screened in vitro to select the most sensitive cell line. This was 

followed by a pilot in vivo study to establish the feasibility of obtaining intratumoral PK, PD and 

IHC data. The results from objective 1 provided a proof-of-concept that intratumoral PK/PD/IHC 

investigations could be conducted in an orthotopic brain tumor model.   

 

Objective 2: Characterize the intratumoral PK and PD properties of gefitinib in the 

context of the tumor biological characteristics in an orthotopic brain tumor model. 

 Gefitinib was administered orally, as a single dose at two dose levels, to brain tumor-

bearing mice, with subsequent plasma, normal brain and tumor sampling. The tumors were 

sectioned using a novel protocol to obtain samples for regional PK, PD and IHC analysis at four 

distinct locations within the tumor and analyzed using highly sensitive and robust PK (LC-

MS/MS) and PD (MSD assay) methods. The intratumoral PK/PD/IHC data formed the basis to 

develop a set of regional hybrid physiologically-based PK/PD models. 
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Objective 3: Develop hybrid physiologically-based PK PD models that reflect intratumoral 

heterogeneity. 

 The data from objective 2 was used to develop a set of hybrid physiologically-based 

PK/PD models based on differences in the tumor vasculature. Each PK/PD model consisted of 

three parts, a forcing function based on the gefitinib plasma concentrations, a tumor 

compartment based on the regional tumor gefitinib concentrations and a target-response PD 

model showing inhibition of the PD marker.  
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CHAPTER 3  

IDENTIFICATION OF AN ORTHOTOPIC BRAIN TUMOR MODEL 

SENSITIVE TO GEFITINIB AND WITH ACCEPTABLE GROWTH 

CHARACTERISTICS FOR IMMUNOHISTOCHEMICAL (IHC) 

ANALYSIS 

 

3.1 Introduction 

The primary goal of this project was to investigate the intratumoral PK/PD of gefitinib in 

a preclinical brain tumor model in the context of selected tumor biological characteristics. To 

meet this goal, methods to obtain regional immunohistochemical (IHC), PK and PD 

measurements were developed and studies were initiated to first identify an orthotopic brain 

tumor model in which all these three (PK, PD and IHC) measurements could be obtained. 

 

Although subcutaneous xenograft model allows for easy access to tumors for 

experimental manipulations, they neither recapitulate the complex relationship between tumor 

cells and stromal microenvironment unique to each tissue, nor possess the BBB that is a variable 

in drug penetration. Thus, in contrast to subcutaneous tumor models, orthotopic models of 

gliomas, which features glioma cells growing in their natural location and possess a BBB, may 

more accurately reflect tumor host and drug transport interactions, thereby replicating human 

gliomas with high fidelity (Arosarena et al., 1994; Claes et al., 2008; Hobbs et al., 1998), and 

hence were used for all our investigations.  
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In brain tumor treatment, the co expression of EGFRVIII and wild type PTEN has been 

reported to be a determinant of gefitinib sensitivity, both in vitro and in clinical brain tumor 

samples (Guillamo et al., 2009; Mellinghoff et al., 2005; Mellinghoff et al., 2007; Sarkaria et al., 

2007). One specific example is a glioblastoma xenograft study, where xenografts developed from 

the glioblastoma cell line LN229 with EGFRVIII/wild type PTEN were more sensitive to 

gefitinib treatment than the isogenic cell line expressing wild-type EGFR (Wang et al., 2008). 

Based on these findings, LN229VIII/PTEN cell line was considered as our first choice for the 

intracerebral tumor model. 

 

Since gefitinib is administered orally to patients, we preferred to use oral dosing for the in 

vivo studies. A single oral dose of 150 mg/kg p.o. was administered to brain tumor bearing mice, 

based on a previous report that this was the close to the highest nontoxic oral dose of gefitinib in 

mice (Yan et al., 2006). A serial sacrifice design was implemented and plasma, normal brain and 

brain tumor samples were collected at predetermined time points, guided by a previous study 

(Wang et al., 2008). Brain tumors were sectioned (coronal) throughout the whole tumor volume 

to obtain multiple samples for PK analysis (about 5 mg each), followed by an adjacent section 

for IHC at each region. For this study, only one sample per tumor was obtained for PD 

measurement, due to low sensitivity limitation of the available PD assay i.e., enzyme linked 

immune sorbent assay (ELISA). The regional variability in PK was expected to be translated in 

the PD. 
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Tumor microdialysis is preferred desired method for measuring interstitial fluid tumor 

drug concentrations avoiding tedious serial sacrifice and providing PK data with many 

advantages since they represent pharmacologically relevant unbound drug concentrations, 

parallel sampling to plasma and reduced intersubject variability (Zhou and Gallo, 2005). 

However, this technique is technically difficult in mouse tumors due to physical constraints of 

the microdialysis probe and small size of the brain that cannot assure samples are collected from 

the tumor. Furthermore, since our goal was to study regional PK/PD variability, brain 

microdialysis and its one sampling site would not permit regional measurements, and thus, a 

serial sacrifice design was utilized.  

 

We used LC/MS/MS analysis for obtaining intratumoral drug measurements. This 

method is highly sensitive, specific and readily accessible.  

 

Most of the preclinical studies for intratumoral drug distribution rely on the use of a 

radiolabeled drug, followed by quantitative autoradiography of the tumor tissue. (Vavra et al., 

2004) (Horowitz et al., 1983) (Lockman et al., 2010). This imaging technique, although highly 

sensitive, is associated with limitations, including use of costly labeled drug that can have altered 

pharmacological (Reyzer et al., 2003) and pharmacokinetics properties (Gelderblom et al., 2002), 

complex and time consuming image generation and analysis and nonspecific signals generation 

from drug and its metabolite. Using a relatively conventional LC/MS/MS analysis for 

intratumoral drug distribution, as in our case, overcomes these limitations associated with 

imaging methodology and is likely to be available to a broader community. 
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Since all systemically administered drugs intended for brain delivery have to pass the 

BBB or brain vasculature, and further due previously reported intratumoral variability in the 

brain microvasculature density (MVD) and permeability in GBM patients (Jain et al., 2011) 

(Wesseling et al., 1994), we wanted to study the effect of regional MVD variability on the 

distribution of gefitinib within the tumor. Measurement of microvessel density (MVD) by IHC is 

quite common with the specific endothelial cells marker CD31. Hence, MVD analysis as 

quantitated by CD31, was used in all the frozen brain tumor sections in regions adjacent to the 

samples obtained for PK analysis. 

 

 An unforeseen hurdle with the LN229VIII/PTEN tumor model was that it grew as a very 

soft mass in mouse brains making it difficult to extract and collect frozen brain tumor sections 

for IHC analysis. Therefore, we investigated the use of other GBM models that also responded to 

gefitinib, but grew in a manner that facilitated collection of serial sections for further analysis. 

U87MG glioblastoma (malignant grade IV glioma) cell line is widely used in the cytotoxicity 

evaluation of various anticancer agents, and as in vivo tumor model due to its ability to form 

discreet tumor mass with a partial BBB breakdown and tumor blood flow and blood volume 

values similar to human GBM (Kato et al., 2010). We therefore, screened this cell line and its 

variants (WT EGFR/PTEN and EGFRVIII) to select the most gefitinib sensitive model, followed 

by a pilot in vivo study to identify its orthotopic growth characteristics.  

 

 In summary, gefitinib intratumoral PK/PD data was obtained by orally 

administering gefitinib at 150 mg/kg p.o. to LN229VIII/PTEN brain tumor bearing mice. 

However, this model was found difficult and limited our ability to obtain regional PK/PD/ IHC 
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data, and thus, other glioblastoma cell lines were screened to identify a brain tumor model 

compatible to obtain more comprehensive in vivo intratumoral PK/PD/IHC measurements. 

 

3.2 Experimental Methods 

3.2.1 Materials 

The following reagents were purchased: Gefitinib (LC laboratories, Woburn, MA); 

Dulbecco’s modified eagle’s medium (DMEM) (Cellgro, Manassas, VA ); fetal bovine serum 

(Invitrogen, Carlsbad, CA); rat anti CD31 antibody (BD Pharmingen, San Jose, CA), 

biotinylated anti-rat immunoglobulin G (Vector Laboratories, Burlingame, CA), Vectastain Elite 

ABC Kit (Vector Laboratories, Burlingame, CA) and phosho ERK ELISA kit (R&D systems, 

Minneapolis, MN). Deionized water (Nanopure deionization system, Barnstead/Thermolyne, 

Dubuque, IA, USA) was used for all aqueous solutions. All other chemicals and reagents were 

obtained from commercial suppliers. 

 

3.2.2 Cell Culture Conditions 

LN229VIII/PTEN cell line was cultured in DMEM supplemented with 10% heat-

inactivated fetal bovine serum and the U87, U87/PTEN and U87VIII cell lines were cultured in 

DMEM with 10% fetal bovine serum. Both the media were supplemented with 1x 

penicillin/streptomycin and cells were maintained in a humidified incubator at 37°C with 5% 

CO2. 
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3.2.3 Orthotopic Brain Tumor Cell Implantation 

Male NIH Swiss nude mice were supplied by Taconic Co. and maintained in the 

American Association for the Accreditation of Laboratory Animal Care–accredited University 

Laboratory Animal Resources of Temple University. All animal studies were approved by the 

Institutional Animal Care and Use Committee at Temple University. Male nude mice at the age 

of 5-7 weeks and weighing 23 to 25 g were used for all studies. 

 

Nude mice were anesthetized by an i.p. dose (0.1 ml/20 g body weight) of a 3:2:1 (v/v/v) 

mixture of ketamine hydrochloride (20 mg/ml), acepromazine maleate (2 mg/ml), and xylazine 

hydrochloride (4 mg/ml) and then secured in a stereotactic apparatus and orthotopically 

implanted with the glioma cell line according to previously reported protocol (Zhou and Gallo, 

2009). Briefly, a suspension of glioma cells (LN229-EGFRvIII or U87VIII) was prepared fresh 

from culture (105 cells/μL in phosphate-buffered saline (PBS). For tumor implantation, 3 μL of 

LN229-EGFRVIII or 5 μL of U87VIII cell suspension was injected into the caudate putamen at a 

position 0.7 mm anterior and 2.2 mm lateral from the bregma and to a depth of 3.0 mm using a 

10–μl Hamilton syringe (Hamilton Co., Reno, NV). Following recovery from anesthesia, animals 

were returned to the animal care facility and received a regular mouse diet and water ad libitum. 

After 1 week, mice were monitored once a day for symptoms related to the growth of tumor that 

include an arched back, unsteady gait and loss of body weight. Mice were entered into PK study 

when they showed a total body weight loss of 10% or more on two consecutive days. 
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3.2.4 Treatment Schedule and Pharmacokinetic (PK) Study 

When the mice showed a total body weight loss of 10% or more on two consecutive days 

(approximately after 4 weeks for LN229VIII/PTEN tumor), they were treated with a single dose 

of 150 mg/kg gefitinib by p.o. gavage. Gefitinib will be administered as a suspension of 10 

mg/ml in 1% polysorbate-80. A serial sacrifice design will be used with blood, normal brain and 

tumor samples collected before dose and at 0.5, 1, 2, 4, 8, 12 and 24 h following Gefitinib 

administration. Three animals per sampling time point will be assured. At the scheduled 

sampling times, mice will be briefly anesthetized with isofluorane, and terminal blood samples 

will be collected through the inferior vena cava. Plasma will be prepared by centrifugation of the 

heparinized blood (15000 X g for 2 min) and then stored at -80°C. After sacrificing the animals, 

brain tumors and contralateral normal brain tissues will be excised, weighed and immediately 

snap frozen on dry ice and stored at -80°C until further analysis. 

 

3.2.5 Brain Tumor Sectioning 

The frozen brain tumors were sectioned coronally using a Leica (Leica CM3050 S, Leica 

Microsystems Inc., IL, USA) microtome (with the holder and the blade temperature setting at -

20°C). All the tumors were sectioned coronally. For PK analysis by LC-MSMS, multiple (10-15) 

12 µm sections at each region were added to a pre-weighed 0.5 ml eppendorf tube to obtain a 

tumor mass of about 4-5 mg. This was followed by 12 µm section that was obtained on a 

positively charged slide (for IHC). This sampling scheme will be followed throughout the tumor 

so as to obtain multiple PK and IHC samples from the same tumor. In addition, one sample per 

tumor was collected for PD analysis, by randomly collecting the tumor sections throughout the 
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tumor in a pre-weighed eppendorf tube to obtain a tumor mass of about 15-20 mg as shown in 

Figure 4 below. 

 

 

Figure 4: LN229VIII Brain tumor sectioning scheme for regional PK/PD/IHC studies. 

  

3.2.6 LC MS/MS Analysis of Gefitinib in Plasma, Normal Brain and Brain Tumor 

Gefitinib analysis was conducted on an API 4000 triple quadrupole liquid 

chromatography/mass spectrometry/mass spectrometry (LC/MS/MS) system (Applied 

Biosystems, Foster City, CA). Gefitinib concentrations in plasma and tumor homogenate were 

measured by using a validated liquid chromatography-tandem mass spectrometry method (Wang 

et al., 2008) with a slight modification. Briefly, Plasma samples of 10 µL each were 

deproteinized with 40 µL methanol containing an internal standard (E)-N-(3-amino-4-

methoxyphenyl)-3-(2,4,6-trimethoxyphenyl)pro-2-enamide (ON27040) followed by 

centrifugation at 15,000 rpm for 5 min. To 20 µL of tumor homogenate [10% (w/w) tumor/ 

water, prepared by adding required amount of water to the tumor sample, followed by sonication 
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in a bath sonicator for 20 minutes at room temperature], 60 µL of methanol containing ON27040 

was added followed by centrifugation at 15,000 rpm for 15 min. The method for determining 

gefitinib concentrations in normal brain was developed and validated. Protein precipitation 

method was used for sample preparation.  Normal brain homogenate (10 % w/w brain/water) 

spiked standards in the concentration range 5000 ng/ml to 6.9 ng/ml  and  quality control 

samples (5000, 555.6, 20.6 and 6.9 ng/ml) were used. To 20 µL of normal brain homogenate 

[10% (w/w) brain/ water], 60 µL of methanol containing ON27040 were added followed by 

centrifugation at 15,000 rpm for 15 min. For plasma, tumor samples and normal brain samples, 

aliquots of 5 µL supernatant were injected into the liquid chromatography tandem mass 

spectrometry system. The drug concentrations in tissue homogenates were multiplied by a factor 

of ten to provide the tissue concentration, expressed as ng/g tissue weight, to account for the 

water added to prepare the homogenate. 

 

The chromatographic separation system consisted of a guard cartridge (C18, 4.0 X 2.0 

mm; Phenomenex), an analytic column (Luna C18, 3 Am particle size, 50 X 2.0 mm; 

Phenomenex), and a mobile phase of acetonitrile/10 mmol/L ammonium formate (65:35, v/v) at 

a flow rate of 0.2 mL/min.  

 

3.2.7 PD (pERK) Analysis in Brain Tumor Samples by ELISA 

The expression of pERK in tumors was be measured with an ELISA kit (R&D Systems) 

in which 15-20 mg of tumor samples were homogenized (using a probe sonicator, keeping the 

sample in ice) with 8 times volume of tumor lysis buffer containing 50 mmol/L Tris-HCl (pH 

7.5), 137 mmol/L NaCl, 10% glycerol, 1% NP40, 2 mmol/L EDTA, 25 mmol/L β-
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glycerophosphate, 50 mmol/L NaF, 10 mmol/L sodium pyrophosphate, 1 mmol/L Na3VO4, 6 

mol/L urea, and a protease inhibitor cocktail. After centrifugation (15,000 rpm, 15 min at 4°C) of 

the tumor lysate, supernatant was collected and its protein concentration determined by using the 

Bio-Rad protein assay reagent. ELISA was done on flat-bottomed, 96-well polystyrene 

microplates (Corning), according to manufacturers protocol. Briefly, each microtiter well was 

coated with 100 µL of the capture antibody (4 µg/mL in PBS) at room temperature overnight. 

The unbound capture antibody was removed with three washes with PBS containing 0.05% 

Tween 20. After 2 h of blocking with 1% bovine serum albumin in PBS and subsequent washing 

steps, 100 µL aliquots of standards or tumor lysates were added to each well for 2-h incubation 

at room temperature. Following washing steps, 100 µL of a biotinylated detection antibody (7.2 

µg/mL) was applied and incubated at room temperature for another 2 h. Subsequently, the plates 

were washed thrice followed by 100 µL of diluted streptavidin-horseradish peroxidase addition 

to each well for 20-min incubation. Finally, following washing, 100 µL of substrate solution was 

applied to each well for 20 min and the reaction was stopped by adding 50 µL of 2 mol/L H2SO4 

to each well. The absorbance was measured at 450 nm by using a SpectraMax M2 microplate 

reader. A seven-point standard curve was created by plotting the absorbance with respect to the 

corresponding standard concentration value in pg/mL. Afterwards, the pERK expression in 

tumor lysates was determined based on their absorbance values. The pERK values were 

normalized to total protein. Each normalized tumor pERK expression value was obtained by 

averaging the quadruplicate measurements obtained from two independent experiments and 

finally expressed as a fraction relative to the tumor pERK expression in the predose sample as 

shown in equation 1 below, where baseline phospho/total ERK corresponds to a value of 1. 
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Fraction of baseline pERK = phospho ERK in treated sample/total protein………………1 

    Phospho ERK in pretreated samples/total protein 

 

3.2.8 Immunohistochemistry (IHC)  

Cryosections (12 μm) from frozen tumors were allowed to air dry for 30 min followed by 

fixation in cold acetone (5 min), 1:1 acetone/chloroform (5 min) and acetone (5 min). The fixed 

sections were washed with PBS and incubated with 3% hydrogen peroxide in methanol at room 

temperature for 20 min to quench endogenous peroxidase. Sections were then incubated with an 

appropriate dilution of anti-CD31 (1:200; rat monoclonal, BD Pharmingen, San Jose, CA) 

primary antibody overnight at 4°C, followed by PBS rinse and 1 hr incubation with biotinylated 

anti-rat immunoglobulin G (1:200; Vector Laboratories, Burlingame, CA) at room temperature. 

The remaining steps were done using the Vectastain Elite ABC Kit (Vector Laboratories, 

Burlingame, CA) according to the manufacturer’s protocols. All the sections were then 

counterstained with 0.5% methyl green. Digital images (Leica DC500 camera and DM4000B 

microscope) of CD31 stained tumor cryosections were obtained at 200 X magnification.  

 

For studying the tumor growth characteristics, the frozen sections (n=4 animals) of brain 

tumor with intact normal brain were stained with haematoxylin and eosin stain (Fischer et al., 

2008). 

 

3.2.9 Cytotoxicity Assay 

The cytotoxicity of gefitinib to U87, U87PTEN and U87VIII cells was determined by a 

colorimetric SRB assay (Skehan et al., 1990). A 100 µL cell suspension containing 2 X 103 cells 
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was seeded into each well of 96 well microtiter plates. The cells were allowed to attach to the 

plate surface by growing in drug free medium for 12 hours. Afterwards, drug free medium was 

replaced by 100 µL medium containing gefitinib with a serial of concentrations ranging from 0-

50 µM. After 72 hour incubation in a humidified chamber at 37°C, cells were fixed with 100 µL 

of 10% (v/v) trichloroacetic acid (TCA) for 1 hr at 4°C, followed by 3 times washing with 1% 

(v/v) acetic acid and air drying. Next, 100 µL of SRB solution (0.4% w/v in 1% acetic acid) was 

added to each well and incubated for 10 minutes at room temperature. The unbound SRB was 

washed away by 1% acetic acid, and the plates were air dried and the bound SRB was dissolved 

in 150 µL of 10 mM Tris buffer. The optical densities of each well were read by utilizing an 

automated spectrophotometric plate reader (SpectraMax M2 microplate reader, Molecular 

devices, Sunnyvale, CA) at a wavelength of 490 nm. The IC50 of gefitinib to the cell lines was 

determined by using the sigmoid Emax PD model in Winnonlin software (Phoenix WinNonlin, 

version 6, Pharsight Corporation, Mountain View, CA) 

 

3.2.10 Pharmacokinetic (PK) Data Analysis 

Non-compartmental method using WinNonlin (Phoenix WinNonlin, version 6, Pharsight 

Corporation, Mountain View, CA) was applied to obtain PK parameters from the gefitinib 

plasma, brain and brain tumor concentration-time data at both gefitinib dose levels. Since the 

data was obtained by serial sacrifice study design, the sparse sampling option in WinNonlin was 

selected for data analysis. Pharmacokinetic parameters calculated included systemic clearance 

(CL), volume of distribution (Vd), terminal elimination rate constant (λn), terminal elimination 

half life (t1/2) and the total area under the plasma, brain and brain tumor concentration-time 

curve (AUC0-∞), calculated using linear trapezoid method. The peak plasma, brain and brain 
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tumor concentrations (Cmax) were obtained by visual inspection of the respective concentration-

time curves. 

 

3.2.11 Statistical Analysis 

Difference in the IC50 values between the three cell lines was evaluated using one way 

ANOVA (graph pad). A p-value of less than 0.05 was considered statistically significant. 

 

3.3 Results 

3.3.1 Pharmacokinetics of Gefitinib in Orthotopic Brain Tumor Bearing Animals 

Plasma, normal brain and averaged brain tumor (from all the intratumoral samples 

obtained for each tumor) gefitinib concentrations were analyzed by non-compartmental methods 

to obtain primary PK information that would assist the design of future investigations. Brain 

tumor penetration of gefitinib was found to be 15 times greater than that in normal brain based 

on the ratio of AUCBT/ AUCNB  (Figure 5, Table 2), indicating the presence of a compromised 

BBB (Blakeley et al., 2009; Zhou and Gallo, 2009). The accumulation of gefitinib in brain tumor 

tissue was almost 5 fold as that in plasma (AUCBT/ AUCP) (Figure 5, Table 2), consistent with 

previous reports that gefitinib could accumulate in solid tumor tissues to considerably higher 

concentrations than those in plasma (Hofer and Frei, 2007; Lassman et al., 2005; McKillop et al., 

2005). A rise in the drug concentration in tumor was observed from 8-12 hours post treatment. 

There was no corresponding increase in the plasma or normal brain concentration, ruling out the 

possibility of increase in tumor concentration due to any systemic effect (e.g., enterohepatic 

recycling) and could have been due to inter-animal tumor variability i.e., the tumors obtained at 
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12 hr post treatment may have been more vascular than the tumors obtained at 8 hr post 

treatment, resulting in greater drug concentration. Further, the exposure of gefitinib in normal 

brain (AUCNB ) was found to be 33% of that in plasma (AUCP) (Figure 5, Table 2), also 

consistent with previous reports of low brain penetration of gefitinib into normal brain (Fukuhara 

et al., 2008; McKillop et al., 2004a) likely due to active efflux at the BBB (Agarwal et al., 2010). 
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Figure 5: Concentration –time profiles of gefitinib in brain tumor, normal brain and plasma in 

LN229VIII/PTEN glioma bearing athymic mice receiving a single dose of 150mg/Kg gefitinib 

p.o.; data points – mean ± SD 
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Table 2. PK Parameters of Gefitinib in Brain Tumor, Normal Brain     
  and Plasma in LN229VIII/PTEN Intracerebral Tumor Bearing Athymic  
  Mice Receiving a Single Oral Dose of 150 mg/Kg Gefitinib. Parameters   
  were obtained  from Non Compartmental analysis of data (n=3 at each   
  time point). 
 

Parameters Plasma 
Normal 
Brain 

Brain 
Tumor 

Half Life (hr) 4.88 5.08 6.88 
Cmax (ng/mL or 
ng/g) 10650.00 3520.00 36560.00 

Area under the curve 
AUC (0-∞) (h*ng/mL 
or h*ng/g) 130407.50 41260.00 614517.50 
AUC (NB/P) -  0.32   
AUC (BT/P) -  -  4.71 
AUC (BT/NB) -  -  14.89 

 

 

3.3.2 Intratumoral Variability in Gefitinib PK/ PD 

The whole tumor samples collected pre-dose and after a 150 mg/kg po single dose of 

gefitinib at various time points were sectioned to obtained samples for intratumoral PK/PD and 

IHC analysis according to the sectioning protocol described in section 3.2.5. An intratumor 

variability of up to 5 fold was observed in the gefitinib concentrations at discrete times, yet over 

the complete time course the AUC(0-24 hr) was about 2-fold different in the regions with highest 

and lowest gefitinib concentrations, as shown in Figure 6. Therefore, conclusions about tumor 

drug distribution based on the classical tumor PK (Figure 5) may be misleading or inaccurate. 
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Figure 6: Variability in regional / intratumoral gefitinib PK (Mean ± SD) in LN299VIII brain 

tumors following a single dose of 150mg/Kg gefitinib p.o.; Gefitinib concentrations showed 2 

fold variability in gefitinib tumor exposure as measured by AUC(0-24hr) from the concentration 

time data corresponding to regions with highest and lowest gefitinib intra-tumor concentrations.  

 

The variability in intratumoral gefitinib concentrations  was of the same order as reported 

previously;  5-fold intratumoral variability for imatinib (Holdhoff et al., 2010) and 3-fold for 

gefitinib (Hofer et al., 2006), in brain tumor samples from patients that was mainly attributed to 

local differences in the permeability of the BBB.  

 

Unfortunately, measurement of microvessel density (MVD), as a potential determinant of 

intratumoral gefitinib concentrations, could not be obtained due to challenges faced during the 

immunohistochemical analysis of the frozen tissue sections as described in section 3.3.3.  
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PD analysis was also performed at each sampling time, where one composite sample per 

tumor was collected and quantified for the expression of pERK using an ELISA assay. 

Consistent with a previous report (Wang et al., 2008), pERK is a downstream PD marker for 

EGFR inhibition and showed time-dependent inhibition (Figure 7), with nadir of 50% inhibition 

at 2 hrs and at least 30% inhibition of pERK for up to 12 hours. Although multiple intratumoral 

PD samples were not obtained in this pilot study due to sensitivity limit of ELISA assay, under 

the assumption that the PD response is solely driven by the PK profile, the intratumoral pERK 

profile would be expected to vary about 2-fold over the 24 hour time course. This would have 

produced less than optimal pERK inhibition in some regions of the tumor. The pERK assay was 

further optimized and also compared to another PD analysis assay system (see chapter 4) in order 

to be able to measure pERK expression in small amounts of tumor tissue, and hence provide 

gefitinib intratumoral PD measurements adjacent to PK measurements. 
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Figure 7: Fraction of baseline pERK profile assessed by ELISA assay in LN229VIII/PTEN 

tumors following a single dose of 150 mg/Kg gefitinib p.o.; data points – mean ± SD. 
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3.3.3 Growth Characteristics of LN229VIII/PTEN Orthotopic Brain Tumors 

In conjunction with the intratumor PK/PD reported above, a pilot study was completed to 

evaluate orthotopic brain tumor growth characteristics of our tumor model. LN229VIII/PTEN 

brain tumors formed a well-demarcated tumor mass as seen by H & E staining of whole brain 

cryosections (Figure 8A). This permitted the tumor mass to be readily separated from the normal 

brain and subsequently sectioned. An unforeseen hurdle arose in that CD31 staining of tumor 

microvessel was poor Figure 8B, and the tissue showed poor morphology that was attributed to 

soft consistency of the tumor mass resulting in loss of tissue architecture while separating the 

tumor mass from normal brain (Watkins, S. 2001). Various approaches have been suggested to 

overcome this problem by using an alternate tissue fixation method either by infusing the tissue 

overnight with paraformaldehyde and sucrose solution prior to or after sectioning. However, 

paraformaldehyde infusion method was not a viable option for our study, that involves analysis 

of PK and PD in these tumor samples and therefore, infusing the tissue might lead to drug 

diffusion out of the tissue during the fixation step. Also, use of alternative fixatives i.e 4% 

paraformaldehyde solution, after sectioning did not result in any improvement in tissue 

morphology. We, therefore, needed to change our tumor model. Therefore, we pursued the use of 

other brain tumor models that would permit combined PK/PD/IHC measurements. To this end, 

U87MG and its isogenic variants glioma cell lines were screened for cytotoxicity to gefitinib as 

described below. 
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A: LN229VIII/PTEN (H&E)  B: LN229VIII/PTEN (CD31) 

 

Figure 8: A. H & E stain and B. CD31 staining, in frozen tumor section of LN229 VIII/PTEN 

orthotopic glioma model. H & E staining showed well marked tumor boundary and CD31 

microvessel immunostaining showing poor staining and tissue morphology.  

 

3.3.4 Gefitinib Sensitivity to the Isogenic U87 Glioblastoma Cell Lines 

Gefitinib cytotoxicity assays were performed in U87, U87/wild type PTEN and U87VIII 

cell lines to determine the most gefitinib-sensitive cell line. The gefitinib concentration-response 

curves are presented in Figure 9. The U87VIII cell line was found to be most sensitive to 

gefitinib treatment as indicated by a significantly lower IC50 value compared to the other two 

cell lines (p < 0.05) (Table 3). These results provided the basis to pursue this cell line for 

monitoring its orthotopic growth characteristics and IHC analysis feasibility. In a pilot study 

(n=4) mice were implanted with this glioma cell line in brain and monitored. After two weeks 

following implantation, tumor masses were readily separated from normal brain as previously 

reported (Nishikawa et al., 1994) . Unlike the LN229/EGFRVIII model, tumor morphology was 

retained and tumor microvessels stained for CD31 were distinct (Figure 10). 
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Figure 9: Gefitinib cytotoxicity evaluation in isogenic cell lines. U87 cell line and its variants 

were treated with gefitinib as a function of concentration for 72 hrs. The drug concentration cell 

viability curves were then by SRB assay. Each values represents mean + SD from three 

independent experiments.   

 

Table 3. IC50 of Gefitinib to Isogenic Glioblastoma Cell Lines. 

Cell line IC50 (µM) + SD  
U87 15.6 + 0.66 
U87/PTEN 14.2 + 0.68 
U87VIII 10.7 + 0.80* 
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Figure 10: CD31 microvessel immunostaining in frozen U87VIII brain tumor sections. 

 

3.4 Discussion 

Regional tumor PK in the LN229VIII/PTEN glioma model provided a proof of concept 

that heterogeneous distribution of gefitinib was possible and led to an almost 2-fold difference in 

the gefitinib intratumor AUC. Since the growth characteristics of this tumor model did not allow 

for IHC analysis, we identified another gefitinib-sensitive glioma model (U87VIII), that formed 

discreet intracerebral tumor masses and permitted characterization of tumor microvessel by IHC. 

This tumor model has an aggressive phenotype, more so than the parental U87MG tumors 

(Nishikawa et al., 1994) and hence, more likely to recapitulate the phenotype of  clinical GBM. 

This tumor model provided a framework to characterize intratumoral IHC analysis, in addition to 

PK/PD and aid in identifying the tumor biological characteristics responsible for PK/PD 

variability. Before proceeding to the regional PK/PD/IHC studies with this tumor model, it was 

screened for the pERK and used to develop more sensitive assays for better resolution of 

intratumoral PK/PD (see Chapter 4). 
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CHAPTER 4  

 IDENTIFICATION OF IN VITRO AND IN VIVO 

PHARMACODYNAMICS ENDPOINT TO GEFITINIB AND 

INTRATUMORAL PK/PD ANALYTICAL METHOD DEVELOPMENT 

4.1 Introduction 

Having identified a gefitinib sensitive orthotopic brain tumor model (U87VIII) with 

appropriate growth characteristics to allow for immunohistochemical (IHC) analysis, additional 

steps before proceeding to extensive in vivo regional PK/PD/IHC studies were, first, to identify a 

PD marker for gefitinib in this glioma model and second, develop sensitive and robust methods 

to characterize the intratumoral PK (LC/MS/MS) and PD (antibody-based assay) of gefitinib in 

small amounts of glioblastoma tumor samples (about 1mg) that will be obtained from a revised 

brain tumor sectioning scheme as described in the next chapter. To this end, in vitro studies were 

initiated first to identify a potential PD marker.  

 

Cell-based in vitro mechanistic studies of gefitinib have been extensively performed and 

reported in literature, using various cancer cell lines (Cemeus et al., 2008; Hambek et al., 2005; 

Ono et al., 2004; Wang et al., 2008). As a targeted inhibitor, gefitinib inhibits EGFR and the 

following downstream signal transduction proteins such as pERK, pAKT, pSTAT and MAPK. 

Inhibition of these proteins further controls cell proliferation and survival. Based on these 

reports, in vitro experiment was designed to study the response to gefitinib to two common 

proteins that play a role in cell proliferation and survival i.e., pERK and pAKT. For in vitro 

studies, a dose dependent change in protein expression of the above mentioned markers was 
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studied using western blots, where the U87VIII cell was treated with serial concentrations of 

gefitinib for a predefined time period.  

 

Since the potency of protein inhibition (IC50) of a by a drug can vary substantially in 

vitro and in vivo due to the context of the drug-receptor interaction (Salphati et al., 2010), the PD 

marker that showed acute dose dependent response to gefitinib (pERK), as identified in vitro, 

was also validated in vivo in a small set of intracerebral tumor bearing animals. Time and dose 

dependent changes in pERK were monitored in tumor samples following a single oral dose of 

gefitinib of 150 or 50 mg/kg. A serial sacrifice design was used at predetermined time points as 

guided by the PK/PD profile in chapter 3, i.e., predose, near tumor Tmax and a later time point 

where pERK would be expected to return to baseline levels. For PD marker quantification in 

vivo, two antibody based assays, Enzyme-linked immune sorbent assay (ELISA) and Mesoscale 

discovery (MSD) assay, were compared for sensitivity in small amounts of tumor tissues that 

would enable multiple intratumor measurements to be obtained in parallel with the PK and IHC 

measurements for the next set of studies in chapter 5. The MSD assay is a rapid and highly 

sensitive electro-chemiluminiscent protein profiling assay system (Gowan et al., 2007) that 

offers an adaptable platform for sandwich immunoassays in 96-well microplates with one to 10 

carbon electrode arrays per well, coated with the antibody of interest. This format enables 

multiplexed assays where several analytes can be measured in each well using a very small 

volume of sample. Ruthenium (Ru)-labeled secondary antibodies are used in combination with 

the co-reactant tripropylamine contained in the read buffer. An electrochemical reaction is 

initiated when current is applied to the plates. The light signal emitted from Ru label bound to 

capture electrodes is measured with a charge-coupled device camera, quantifying the Ru counts 
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on individual spots. This method has been previously used for analysis of various 

phosphoproteins in tumor xenografts, but has not been applied to small amounts of tumor 

samples required for our study. 

 

Finally, a tandem mass spectroscopy (LC-MS/MS) method was developed and validated 

to characterize intratumoral gefitinib concentrations in U87VIII brain tumor samples. Analysis of 

gefitinib in brain tumor using LC-MS/MS has been previously reported based on a tumor sample 

size of 50 mg  (Wang et al., 2008), although for our studies, a sample size of 1 mg tumor tissue 

was the limit and a key consideration in the development of the assay.   

  

In summary, in vitro studies were conducted to identify a suitable PD marker for gefitinib 

in the U87VIII glioma cell line, followed by in vivo validation. The sensitive and robust PK and 

PD methods developed herein were used to characterize the intratumoral PK and PD. 

 

4.2 Experimental Methods 

4.2.1 Materials 

 The following reagents were purchased: Gefitinib and the internal standard (IS) 

vandatinib (LC laboratories, Woburn, MA); Dulbecco’s modified eagle’s medium (DMEM) 

(Cellgro, Manassas, VA ); fetal bovine serum (Invitrogen, Carlsbad, CA); rabbit anti-

phosphorylated AKT and mouse anti-AKT antibodies (Santa cruz biotechnology, Santa Cruz, 

CA), rabbit anti-phosphorylated extra cellular signal regulated kinase (ERK), mouse anti-ERK 

antibodies (Cell signaling technology, Danvers, MA); goat-anti mouse Alexa-fluor 680 antibody  

(Invitrogen, Carlsbad, CA); goat-anti rabbit IRdye 800CW antibody (Rockland, Gilbertsville, 
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PA); multi-array phospho and total ERK detection kit (Meso Scale Discovery (MSD®), 

Gaithersburg, MD) and pERK ELISA kit (R&D systems, Minneapolis, MN). Deionized water 

(Nanopure deionization system, Barnstead/Thermolyne, Dubuque, IA) was used for all aqueous 

solutions. All other chemicals and reagents were obtained from commercial suppliers. 

 

 4.2.2 Cell Culture Conditions 

U87VIII cell line was cultured in DMEM with 10% fetal bovine serum. The media was 

supplemented with 1x penicillin/streptomycin. The cells were maintained in a humidified 

incubator at 37°C with 5% CO2. 

 

4.2.3 Western Blot Assay 

U87VIII cells were cultured in 100 mm culture dishes until 80% confluent and incubated 

with different concentrations of gefitinib for 1 hour at 37 ºC. The cells were then rinsed with ice 

cold PBS and lysed in 300 µl NP-40 lysis buffer (50 mM Tris-HCl (pH 7.5), 137 mM NaCl, 10% 

glycerol, 1% NP40, 2 mM EDTA, 25 mM β-glycerophosphate, 50 mM NaF, 10 mM sodium 

pyrophosphate, 1 mM Na3VO4, 1 mM PMSF, and a protease inhibitor cocktail of 2 µg/ml 

pepstatin, 2 µg/ml leupeptin and 2 µg/ml aprotinin). Lysis was performed using a probe sonicaor 

3 X 5sec, at lowest setting, keeping the lysate on ice at all times. Protein concentration of the 

lysates was measured using the Bio-Rad assay. 

 

A total of 50 µg of protein from cell lysates was separated by SDS/PAGE electrophoresis 

and transferred to nitrocellulose membranes. After transfer, the membranes were blocked with 
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odyssey licor blocking buffer for 1hr at room temperature and further incubated simultaneously 

with both relevant primary antibodies (anti-phospho and anti total) at 4 ºC in 5% milk in TBST-

T. After washing 3 times with 0.1% Tween 20 in 1 X TBS (TBS-T), membranes were incubated 

simultaneously with two secondary antibodies (IRDye 800CW goat anti-rabbit 1:15,000 for 

green channel and Alexa flour 680 goat anti-mouse 1:10,000 for red channel) for 1 h in 5% milk  

in TBS-T for 1 hour at room temperature followed by 3 washing steps again. Finally protein 

expression was detected and quantified using the odyssey infrared (IR) imaging system (LICOR 

Biosciences, Lincoln, NE). This method allows for the quantification of phosphorylated relative 

to the respective total protein species in the same sample by simultaneously staining the blots 

with two secondary antibodies conjugated with spectrally distinct near IR dyes as described 

before (Lal et al., 2009). 

 

4.2.4 Development and Optimization of a Sensitive PD Assay (MSD) and its 

 Comparison with ELISA 

The tumor samples used for the development and optimization of this assay were 

obtained from the LN229VIII/PTEN brain tumor gefitinib study as described in chapter 3, where 

two tumor samples were obtained and stored specifically for this assay development. The tumor 

samples were collected at pre-dose (corresponding to baseline pERK expression) and at 4 hour 

after a single oral dose of 150 mg/kg gefitinib that corresponded to the nadir in pERK 

expression. The expression of pERK and total ERK in tumors was measured with an MSD multi 

array phospho and total ERK detection kit. The tumor lysates were first prepared by 

homogenizing 15-20 mg of tumor samples (using a probe sonicator 3 X 5 sec, returning the 

samples to dry ice after each sonication) with 8 times volume of tumor lysis buffer (provided in 
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the MSD kit) containing 150 mM sodium chloride, 20 Mm Tris pH 7.5, 1 mM EDTA, 1 mM 

EGTA, 1% Triton X-100 , protease inhibitor, phosphatase inhibitor, PMSF and 0.1% SDS 

(provided in the MSD kit). Another set of lysates was prepared from the same tumor samples, 

using the NP-40 lysis buffer (as described in the western blot assay above) and adding 0.1% SDS 

during sample dilution before adding the samples to the wells. After centrifugation (15,000 rpm, 

15 min at 4°C) of the tumor lysate, the supernatant was collected and its protein concentration 

was determined by using the Bio-Rad protein assay reagent. MSD assay was done on a 96 well 

multi spot plate precoated with pERK and total ERK antibodies on spot 1 and 4 respectively, 

according to the manufacturers protocol. Briefly, the plates were blocked with a blocker solution 

for 1 hour at room temperature, with vigorous shaking. Following washing with Tris wash 

buffer, 25 µl of serially diluted tumor samples were added to the wells and incubated overnight 

at 4°C. Next day, the wells were washed again and incubated with 25 µl / well of appropriately 

diluted secondary antibody (sulfo-tag anti total ERK antibody) for 1 hour at room temperature 

with vigorous shaking. Following washing steps, 150 µl of read buffer was added to each well 

and the plates were read using the MSD sector imager (SI2400). Mean ECL 

(electrochemiluminiscence) signals for phospho and total ERK were plotted against the amount 

of protein loaded/well. 

 

ELISA assay using the same tumor samples was conducted as per manufacturer’s 

recommendations, described in chapter 3.  

 

The expression of pERK in tumors was quantified and its signal to background ratios 

compared using the two antibody-based assay systems. 
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4.2.5 Treatment Schedule for in vivo Pharmacodynamics Studies 

Nude mice (Male NIH Swiss nude mice (nu/nu, 5-7 weeks old) from Taconic Farms) 

were (n=3 per time point) orthotopically implanted with U87VIII brain tumor cell line as 

described in experimental methods in chapter 3. When the mice show a total body weight loss of 

10% or more on two consecutive days (approximately after 12-14 days after tumor implantation), 

they were treated with a single dose of either 150 mg/kg or 50 mg/kg gefitinib by p.o. gavage. 

Gefitinib was administered as a suspension of in 1% polysorbate-80 (prepared from a 0.1 gm/ml 

stock solution of Gefitinib in DMSO). A serial sacrifice design was used and tumor samples 

were collected before dose and at 1, 4, and 24 h following gefitinib administration. At the 

scheduled sampling times, mice were briefly anesthetized with isoflurane, and terminal blood 

samples were collected through heart puncture. After sacrificing the animals, brain tumors were 

excised, weighed and immediately snap frozen on dry ice and stored at -80°C until further 

analysis. 

 

4.2.6 PD Analysis in Brain Tumor Samples (pERK Analysis by MSD) 

The U87VIII tumor samples obtained as above were lysed and prepared as described in 

the development and optimization of MSD assay above. A titration of total protein was 

conducted using the baseline (high pERK) and post Gefitinib treated (low pERK) samples to 

select the minimal amount of tumor sample/protein required for running the assay. The selected 

minimal amount of protein was then used to run the assay according to manufacturer’s protocol. 

The phospho signals were normalized to the total signals in each well. The phospho/total ERK in 

post gefitinib treated samples were expressed as a fraction of baseline phospho/total ERK (as 

shown in equation 2 below). 
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Fraction of baseline pERK = phospho/total ERK ECL signal in treated sample……………2 

    Phospho/total ERK ECL signal in pretreated samples 

 

4.2.7 LC-MS/MS Method Development and Validation for Gefitinib Analysis in  

  Brain Tumor Tissue 

 4.2.7.1 Chromatographic and mass spectroscopic conditions  

Method development and validation was performed with an LC/MS/MS system 

(HPLC, Shimadzu, Kyoto, Japan; QTrap 5500, Applied Biosystems, Foster City, CA, 

USA) using an ESI interface and operated in positive ion mode. Instrument control, data 

acquisition and processing for both chromatography and mass spectrometry were 

performed using the Analyst 1.5.1 software (Applied Biosystems MDS Sciex, Ontario, 

Canada). The chromatographic separation system consisted of a guard cartridge (C18, 4.0 

X 2.0 mm; Phenomenex, Torrance, CA, USA), an analytic column (Luna C18, 3 µm 

particle size, 50 X 2.0 mm; Phenomenex, Torrance, CA, USA), and a mobile phase of 

acetonitrile/10 mmol/L ammonium formate (65:35, v/v), delivered isocratically at a flow 

rate of 0.2 mL/min.  

 

Drug quantification was performed by ESI-SRM. The column effluent was 

monitored at the following precursor-product ion transitions: m/z 447.2→100.2 for 

gefitinib and m/z 477.2→112.1 for vandatinib (internal standard) with a dwell time of 

100 ms for each ion transition. The retention time was 1.5 min for gefitinib and 1.4 min 

for vandatinib with a total run time of 3 minutes per sample. 
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4.2.7.2 Preparation of stock solution, calibration standards and quality 

control samples for gefitinib gefitinib analysis in brain tumor tissue 

by LC-MS/MS 

Stock solutions of gefitinib and vandatinib (the internal standard (IS)) were 

prepared separately in methanol at a target concentration of 200 µg/mL as free base. The 

stock solution of gefitinib was then used to prepare calibration standards and quality 

control (QC) samples in brain tumor matrix. Blank brain tumor samples were obtained 

from untreated nude mice bearing U87 human glioma xenografts. To each gram of brain 

tumor tissue was added 20 ml of deionized water (5% w/w) followed by homogenization 

at 30,000 rpm for 5 seconds. (Polytron PT2100). The blank brain tumor homogenate was 

then used for preparation of standard curves and QC samples. Calibration standards were 

prepared in the concentration range of 1.2 – 2600 ng/g by adding stock solutions of 

gefitinib obtained through serial dilutions to the blank brain tumor homogenate. Similar 

to the calibration standards, QC samples were prepared in replicates (n = 5 for the intra-

day and inter-day validation) at four concentration levels representing the entire range of 

concentrations (1.2, 16, 144 and 1300 ng/g). All the solutions were sonicated for 20 

minutes in a bath sonicator. 

 

Gefitinib was extracted from mouse brain tumor matrix by a protein precipitation 

method as reported previously (Wang et al., 2008). To 10 µL of tumor homogenate (5% 

(w/w) tumor/ water),  40 µL of methanol containing vandatinib (100 ng/ml) was added, 

vortexed for 1 minute and then centrifugation at 15,000 rpm for 5 min. Aliquots of 1 µL 
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of the resultant supernatant were injected into the liquid chromatography tandem mass 

spectrometry system. 

4.2.7.3 Method validation 

Linearity of the method was evaluated in three sets of matrix-matched (blank 

brain tumor homogenates) calibration standards. It was considered satisfactory when 

coefficients of determination (R2) were higher than 0.99.  

 

Intra-day accuracy and precision were determined in pentuplicate (N=5) by 

analyzing QC samples at four concentrations across the linear range of standard curve. 

Inter-day accuracy and precision were evaluated on three separate days. Precision was 

expressed as the relative standard deviation of the determined concentrations. Accuracy 

was calculated using the following equation 3: 

[(mean measured concentration - nominal concentration) /nominal concentration]×100...3 

Precision less than 15% and accuracy within ± 15% were accepted. 

 

Since the tumor samples from the PK study (about 1 mg each) would be prepared 

by a slightly different method (homogenization using bath sonication for 20 minutes, to 

minimize sample loss) as compared to blank standard homogenates (using probe 

sonicator), a validation study was also run to estimate the precision and accuracy 

associated with this homogenization technique. In this study, blank tumor samples (1 mg 

each) were collected in preweighed 0.5 ml plastic tubes, and an amount of water required 

to prepare 5% w/w tumor/water homogenates was then added. Subsequently, four 
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different concentrations of gefitinib (N=9, 3 blank tumor samples from 3 different mice) 

across the linear range of standard curve (1.8, 16, 144 and 1300 ng/g) were added to the 

tumor homogenates, and then sonicated in a bath sonicator for 20 minutes at room 

temperature.  At this point the samples were processed for gefitinib analysis as described 

above with intraday accuracy and precision calculated for each concentration. 

  

4.3 Results 

4.3.1 Identification of a PD Endpoint to Gefitinib In Vitro 

The U87VIII cells were treated with gefitinib at various concentrations for a short period 

of time, and pERK and pAKT protein were measured as candidates for PD endpoints. Both 

pERK and pAKT showed a dose dependent inhibition as seen in the western blot images (Figure 

11A). Quantification of the dose dependency of the two proteins (normalized to their respective 

total proteins) showed pERK (Figure 11B) to be more sensitive to inhibition by gefitinib as 

compared to pAKT. Gefitinib concentration as low as 2 µM, resulted in pERK levels of 

approximately 40 % of baseline (or 60% inhibition), whereas concentration of 25 µM was 

needed to result in the same degree of inhibition of pAKT. Based on this result, pERK was 

selected and futhur validated in vivo, as a PD endpoint. 
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Figure 11: Effect of gefitinib on phospho-AKT and ERK protein levels in U87VIII mutant cell 

line as a function of drug concentration. The phospho-ERK1/2, total ERK 1/2, phospho Akt and 

total Akt protein levels were measured in U87VIII cell line by western blot assays following 1 hr 
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gefitinib treatment at various doses. Both the markers showed a dose dependent inhibiton in 

phosphorylation (when normalized to their respective total proteins). Phospho ERK1/2 inhibiton 

was more sensitive to gefitinib treatment than phospho Akt. A. phospho and total protein 

expression as imaged by the odessey infrared imager, B. Semiquantitative measurement of pERK 

and pAKT expression using imaging software in licor (LICOR Biosciences). The results are 

presented as mean + SD from three independent experiments and expressed as fraction of 

baseline protein  

 

4.3.2 Development and Optimization of a Sensitive PD Assay (MSD) and its  

  Comparison with ELISA 

The purpose of this study was to develop the optimal conditions for MSD assay, and then 

compare the results to the ELISA assay to determine which assay is the most sensitive and can 

provide PD (pERK) measurements in minimal quantities of tumor sample. For optimizing the 

MSD assay conditions, tumor samples (one pre and one post gefitinib treatment) were lysed 

using two different lysis buffers (condition 1 using the commonly used NP-40 lysis buffer and 

condition 2 using the MSD lysis buffer). As seen in Figure 12, the tumor lysates prepared using 

the MSD lysis buffer provided much higher pERK signals (both in pretreated and post gefitinib 

treated samples). Similar results were also seen for total ERK signals as well (data not shown). 

Hence, MSD lysis buffer was used for all further studies with MSD assay. 

 

The MSD assay was able to measure pERK with as little as a total protein amount of 12.5 

µg/well in gefitinib-treated tumor samples with a sufficiently high signal/background ratio (S/B) 

of about 5. On the contrary, ELISA assay required a minimum of 60 µg/well to provide pERK 
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measurements within the standard curve range. Hence the MSD assay was found to be 

approximately 4 times more sensitive as compared to the ELISA assay (Figure 13 and Table 4) 

and would facilitate PD measurements using approximately 10 µg/well of total protein that can 

be obtained from about 1 mg of tumor tissue. This assay was therefore selected for the analysis 

of pERK in the intratumoral tissue samples as described in the next chapter, and included a 

slightly modified method to prepare tumor lysates in order to minimize sample losses. 
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Figure 12: Optimization of in vivo PD assay (MSD) conditions: Comparison of 

signal/background (S/B) ratios for pERK signals following two lysate preparation conditions in 

MSD assay. The signal/background ratios for pERK signals were compared following two 

lysates preparation conditions (condition 1: NP-40 lysis buffer and condition 2: MSD lysis 

buffer). Lysates prepared in MSD lysis buffer showed a much higher signal as compared to other 

conditions tested. 
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Figure 13: Comparison of sensitivity of MSD vs. ELISA assay for pERK determination in brain 

tumor samples. The signal/background ratio of pERK was much higher with the MSD assay, 

both in gefitinib treated and untreated samples. 

 

Table 4.  Sensitivity Comparison of the Two In Vivo PD Assays (MSD and ELISA). 

Assay system MSD  ELISA  

Total protein per 
well (ug) 12.5 60 

pERK S/B ratio in 
Untreated sample  16.4 2.8 

pERK S/B ratio in 
Gefitinib treated 
sample  5.1 1.4 
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4.3.3 Identification of a PD Endpoint to Gefitinib In Vivo 

The PD endpoint selected from in vitro studies (pERK) was validated in vivo using a 

small set of U87VIII tumor bearing animals to confirm the time- and dose-dependent pERK 

inhibition. The MSD assay was conducted as described above. A total protein titration curve, 

using pre (high pERK) and post gefitinib treated samples (lowest expected pERK), was first run 

to select the minimum amount of protein required to run the assay with this tumor model (Figure 

14), in which it was found that 6 µg of total protein yielded pERK and total ERK signals within 

the linear range of assay with a pERK signal to background (S/B) ratio of about 6 in the low 

pERK expressing tumor sample. Hence 10 µg protein that accounted for any sample loss during 

sample preparation was selected as the protein loading amount for all further studies.  

 

Analysis of pERK in brain tumor samples demonstrated that gefitinib inhibited pERK in 

a time-dependent manner following a 150 mg/kg oral single dose, with pERK levels reduced to 

36% of baseline levels at 4 hour (or 64% pERK inhibition) and returning back to 80% of 

baseline levels after 24 hours (Figure 15). In addition, a dose-dependent pERK inhibition was 

observed at both time points with pERK levels reduced to 36-46% of baseline and 50-70% of 

baseline at the 150 mg/kg and 50 mg/kg dose respectively (Figure 16). These results, therefore 

confirmed pERK as a suitable PD endpoint for further extensive regional PK/PD/IHC studies. 
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Figure 14: Total protein/ well titration curves for phospho ERK signal to background (S/B) ratio 

in gefitinib treated (150 mg/kg po single dose) and untreated U87VIII brain tumor samples, as 

determined by MSD assay. Total protein of 6 ug/well generated sufficient pERK signals with a 

S/B ratio of about 6 in the gefitinib treated sample. 
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Figure 15: Time dependent inhibiton of pERK in U87VIII orthotopic brain tumors following 

150 mg/kg p.o. single dose of gefitinib, analysed by MSD assay. Blank tumors collected from 

non drug treated animals were set as control. Values represent mean + SD from three animals 
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Figure 16: Dose dependent inhibiton of pERK in U87VIII orthotopic brain tumors following 

150 mg/kg or 50 mg/kg p.o. single dose of gefitinib, analysed by MSD assay. Blank tumors 

collected from non drug treated animals were set as control. Values represent mean + SD from 

three animals. 

 

4.3.4 LC-MS/MS Method Development and Validation for Gefitinib Analysis in  

  Brain Tumor Tissue 

  For gefitinib concentration analysis, a LC/MS/MS method was developed using 5% 

blank brain tumor homogenate as the matrix. Linear calibration curves were obtained using peak-

area ratios (peak area gefitinib/peak area IS vandatinib) and a weighting factor (1/X) over a 

concentration range of 1.2 to 2600 ng/g [r2 > 0.99].  The LLOQ was established at the lowest 

point of standard curve and was 1.2 ng/g (Table 5). The results of intra-day and inter-day 

accuracy and precision are presented in Table 6, and in all cases were within + 4% and < 8.5%, 

respectively; certainly acceptable for sample analyses. 
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Since the intra-tumor samples collected from the PK study (chapter 5) would be about 1 

mg, frequently used homogenization methods using probe sonication for whole tumor samples 

were not feasible for the small amounts of tumor from serial sections. A milder means of tissue 

disruption provided by a water bath sonicator was therefore used and proved acceptable with 

intra-day precision of less than 7.29% and accuracy of gefitinib analysis ranging from -6.79 to 

5.47% (Table 7). 

 

Based on the favorable results of the water bath sonication method for sample 

preparation, the method was applied to routine sample preparation.  

 

Table 5. Calibration Curve Results and Limit of Quantification (N = 3) for Gefitinib 
Analysis in Mouse Brain Tumor 

 

Biological 
Matrix LLOQ  Slope (mean ± SD) Y-intercept (mean ± SD) R2 (min - max) 
Brain tumor 1.2 ng/g 0.0049 ± 0.00015 0.0076 ± 0.0013 0.9989-0.9999 
 

Table 6. Intra-Day (N = 5) and Inter-day (N = 3) Precision and Accuracy for Gefitinib 
Analysis in Mouse Brain Tumor 

 

    Intra-day validation Inter-day validation 

Biological 
Matrix 

Nominal 
concentration 

(ng/g) 

Mean 
observed 

concentration 
(ng/g) 

 Precision 
(%) 

Accuracy 
(%) 

Mean 
observed 

concentration 
(ng/g) 

 Precision 
(%) 

Accuracy 
(%) 

Brain 
tumor 1.8 1.73 1.89  -4.00 1.78 2.65  -1.30 

  16 15.5 8.50  -3.13 16.57 5.73  3.54 
  144 147 2.50  2.08 146.13 4.89  1.48 
  1300 1272 2.38  -2.15 1308.67 2.43  0.67 
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Table 7. Intra-Day (N=9) Precision and Accuracy for Gefitinib Analysis in Brain Tumor 
Homogenate Samples Prepared by Bath Sonication Technique 

 

    Intra-day validation 

Biological 
Matrix 

Nominal 
concentration 

(ng/g) 

Mean 
observed 

concentration 
(ng/g) 

Precision(%) Accuracy(%) 

Brain 
tumor 1.8 1.79 7.29  -0.49 

  16 15.97 7.10  -0.21 
  144 134.22 5.66  -6.79 
  1300 1371.11 6.19  5.47 

 

 

4.4 Discussion 

 Both in vitro and in vivo studies indicated that pERK responded to gefitinib in a time- 

and dose-dependent manner in the U87VIII glioma model. In order to identify a sensitive in vivo 

PD assay required for intratumoral PK/PD studies, two antibody based assays were compared 

that demonstrated the electrochemiluminescence-based MSD assay to be 4 times more sensitive 

than ELISA. Other studies support our result. One example showed that the quantification of a 

plant based glycoprotein in various matrices was 8 times more sensitive with a MSD assay than 

an ELISA, and was much less affected by the matrix effects (Guglielmo-Viret and Thullier, 

2007). In addition to sensitivity, the MSD assay has other advantages over ELISA, including the 

ability to run multiplex assays, a greater dynamic range and required much less sample and time 

to complete the assay (Fu et al., 2010; Oh et al., 2010). The multiplex capability of the MSD 

assay would permit examination of other signaling proteins affected by gefitinib in the same 

sample. Finally, a sensitive and robust LC-MS/MS method to for the intratumoral analysis of 
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gefitinib concentrations in the brain tumor was developed and validated. This method offers an 

advantage over radiolabeled methods to study intratumoral drug distribution that also fail to 

differentiate between signals from the drug and its metabolite (Kato et al., 2006). 

 

The results from chapters 3 and 4 provided the rationale and lay the framework to 

undertake extensive regional PK, PD and IHC investigations in the U87VIII orthotopic glioma 

model. 
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CHAPTER 5  

CHARACTERIZATION OF INTRATUMORAL PK AND PD OF GEFITINIB IN BRAIN 

TUMORS ALONG WITH TUMOR BIOLOGICAL CHARACTERISTICS  

5.1 Introduction 

The development of intratumoral PK/PD models, a goal of this project, was considered to 

be most effective by linking PK/PD measurements to biological characteristics that reflect tumor 

heterogeneity. High on the list of variables to be analyzed was an assessment of blood-brain 

barrier [BBB] integrity and tumor apoptotic fraction that could be assessed using IHC markers of 

thin tumor sections. A series of PK investigations of gefitinib were performed in U87VIII 

orthotopic glioma model to evaluate these markers in conjunction with obtaining PK and PD 

measurements. The brain tumor samples were sectioned from the periphery to the center and 

samples were collected in 4 designated regions separated by about 1 mm. This sectioning 

protocol was thought to capture the tumor heterogeneity in microvessel density (MVD), BBB 

integrity, necrosis (Jain, 2001) and interstitial fluid pressure (Heldin et al., 2004b) that are known 

to vary over the tumor peripheral and central regions. A similar tumor sectioning scheme was 

used to study HER2 targeting antibody distribution in breast tumor xenografts (Baker et al., 

2008b). With our tumor sectioning protocol, each of the four regions provided a set of sections 

for PK phase (gefitinib tumor concentration analysis) were measured, PD phase (fraction of 

baseline pERK analysis) and IHC phase (biological characteristics analysis). The assays for 

gefitinib by LC/MS/MS and pERK by the MSD method were detailed in Chapter 4 and each 

used a minimum (about 1 mg) of tumor sample. Minimal quantity of tumor sample was desired 

to provide a better resolution of PK/PD variability and also ensure that the PK and PD measures 
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at each region are in closest possible proximity to each other, resulting in a better PK-PD 

correlation at each region. 

 

The IHC measurements in each of the four tumor regions were interdigitated with the PK 

and PD sections to as closely as possible match the biological characteristics to the PK and PD 

attributes. Specifically, the IHC measurements consisted of tumor biological characteristics that 

potentially play a role in drug distribution within the tumors and included MVD, microvessel 

pericyte index (MPI), Apoptotic cells per unit tissue area and microvessel Pgp transporter index 

(MTI). MPI, a measure of percentage of pericyte covered microvessel quantified from CD31 and 

alpha smooth muscle actin (α-SMA) dual staining (Eberhard et al., 2000), as shown in equation 4 

below, where CD31 is a marker for microvessels and α-SMA is a marker for pericytes. Pericytes 

are mural cells surrounding the endothelial cells and are either loosely attached or absent in the 

tumor vessels resulting in destabilized and highly permeable vasculature (Eberhard et al., 2000; 

Morikawa et al., 1989; Morikawa et al., 2002; Yonenaga et al., 2005) as compared to the vessels 

with greater pericyte coverage, that is more mature and functional. Therefore, MPI provides a 

measure of mature and functional vessels or BBB. These mature vessels, due to decreased 

permeability, result in reduction in the interstitial fluid pressure (IFP), that is implicated in 

improved efficiency in drug delivery to the tumors as observed by higher brain tumor drug 

exposures in tumors that had more functional or normalized vessels (Zhou et al., 2008; Zhou and 

Gallo, 2009) (Goel et al., 2011; Rustum et al., 2010).  

 

MPI =  Overlapping area of CD31 and SMA positive stain x 100 ………4 

    Total area of CD31 positive stain 
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Apoptotic cell fraction in the tumors has been associated with higher drug 

penetration/concentrations since these areas contain increased interstitial space and 

decompression of blood vessels as a result of decreased cell density resulting in improved 

permeability across microvessels and diffusion of drug in the interstitial space (Jang et al., 2001; 

Kuh et al., 1999). Finally, as described in the following paragraph, a subset of tumors were also 

stained for efflux transporter P-glycoprotein (Pgp), to understand the role of variability in the 

tumor microvessel Pgp expression (Fellner et al., 2002) in the gefitinib intratumoral PK. The 

percentage of Pgp covered microvessels, expressed as microvessel Pgp transporter index (MTI), 

were quantified according to the equation below  

MTI =  Overlapping area of CD31 and Pgp positive stain  X 100………5 

    Total area of CD31 positive stain 

 

The IHC measurements i.e., MVD, MPI apoptotic cells and MTI were obtained at each 

tumor region, for correlation with the corresponding PK and PD measurements.  

 

Regional PK/PD/IHC studies in U87VIII orthotopic brain tumor bearing mice were 

completed at two dose levels, 150 mg/kg and 50 mg/kg, administered orally. High dose of 150 

mg/kg p.o. was based on previously reported highest nontoxic oral dose of gefitinib in mice (Yan 

et al., 2006), while the low dose of 50 mg/kg p.o. was selected to investigate the effect of dose 

modification on the regional PK/PD within tumors. This dose was likely to produce  gefitinib  

concentrations (Cmax of 9 µM as determined from preliminary study) that would be subject to 

BBB transport by P-glycoprotein (Pgp) and breast cancer resistance protein (BCRP, ABCG2), as 
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indicated from a previously reported  in vitro study where gefitinib acts a substrate for BCRP at 

low concentrations (upto 1 µM) and  Pgp substrate at higher concentrations (upto 10  µM) 

(Ozvegy-Laczka et al., 2004). Another study in wild-type and Pgp and BCRP knock-out mice at 

25 mg/kg orally, demonstrated that Pgp played a dominant role in gefitinib efflux at the BBB 

(Agarwal et al., 2010). The brain tumor vasculature has been shown to express Pgp (Nies, 2007), 

with a reported variability in transporter expression depending on localization within the tumor 

(being higher at the periphery) (Fellner et al., 2002), so it was considered a potential determinant 

of gefitinib brain tumor distribution, especially at low dose of 50 mg/kg, gefitinib concentrations 

are within the linear range of Pgp efflux activity. We did not use the 25 mg/kg dose as reported 

in the in vivo gefitinib brain penetration study (Agarwal et al., 2010) as we might not be able to 

see the PD effect (pERK inhibition) with our tumor model at this dose level. Hence, dose level of 

50 mg/kg p.o. was selected, which was sufficient to show PD effect as determined in the 

preliminary study in chapter 4.  

 

In summary, regional PK/PD/IHC studies of gefitinib were conducted in an orthotopic 

brain tumor model at two dose levels that would provide a dynamic range of gefitinib 

concentrations and responses. The collected data formed the basis for the development of hybrid 

physiologically-based intratumoral PK/PD models accounting for the heterogeneous biological 

characteristics of the tumor as measured by IHC.  
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5.2 Experimental Methods 

5.2.1 Materials 

 The following reagents were purchased: Gefitinib and the internal standard (IS) 

vandatinib (LC laboratories, Woburn, MA); Dulbecco’s modified eagle’s medium (DMEM) 

(Cellgro, Manassas, VA ); fetal bovine serum (Invitrogen, Carlsbad, CA); rat anti CD31 antibody 

(BD Pharmingen, San Jose, CA), mouse anti-smooth muscle actin (clone 1A4)-CY3 conjugate 

antibody (Signa-Aldrich Co., St Louis, MO);  mouse anti-P-glycoprotein (clone C219) antibody 

(Calbiochem/EMD Millipore, Billerica, Massachusetts); Dead end fluorimetric TUNEL system 

kit (Promega, Fitchburg, WI); goat anti-rat Alexa fluor 647 antibody (Vector Laboratories, 

Burlingame, CA); and goat antimouse F(ab)2 Alexa fluor 568 antibody (Invitrogen, Carlsbad, 

CA); multi-array phospho and total ERK detection kit (Meso Scale Discovery (MSD®), 

Gaithersburg, MD). Prolong gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA). 

Deionized water (Nanopure deionization system, Barnstead/Thermolyne, Dubuque, IA, USA) 

was used for all aqueous solutions. All other chemicals and reagents were obtained from 

commercial suppliers. 

 

5.2.2 Cell Culture Conditions 

U87VIII cell line was cultured in DMEM with 10% fetal bovine serum. The media was 

supplemented with 1x penicillin/streptomycin. The cells were maintained in a humidified 

incubator at 37°C with 5% CO2. 
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5.2.3 Treatment Schedule and Pharmacokinetic Study 

Male NIH Swiss nude mice were supplied by Taconic Co. and maintained in the Center 

for Comparative Medicine and Surgery (CCMS) at Mount Sinai School of Medicine that is fully 

accredited by the Association for Assessment & Accreditation of Laboratory Animal Care, 

International (AAALAC). All animal studies were approved by the Institutional Animal Care 

and Use Committee at Mount Sinai School of Medicine. Male nude mice at the age of 5-7 weeks 

and weighing 23 to 25 g were used for all studies. 

 

The mice were stereotaxically implanted with U87VIII glioma cellss in the brain as 

described in chapter 3. When the mice showed a total body weight loss of 10% or more on two 

consecutive days (approximately after 12-14 days after tumor implantation), they were 

administered a single dose of either 150 mg/kg or 50 mg/kg gefitinib by oral gavage. The dose 

was prepared as a suspension in 1% polysorbate-80 (prepared from a 0.1 gm/ml stock solution of 

Gefitinib in DMSO). A serial sacrifice design was used with blood, normal brain and tumor 

samples collected pre-dose and at 0.5, 1, 2, 4, 8, 18 and 24 h following gefitinib administration 

with 3 mice per timepoint. At each scheduled time, mice were briefly anesthetized with 

isoflurane, and terminal blood samples were collected by heart puncture. Plasma was separated 

by centrifugation of the heparinized blood (15000 X g for 2 min) and then stored at -80°C. At 

sacrifice, brain tumors and contralateral normal brain were excised, weighed and immediately 

snap frozen on dry ice and stored at -80°C until further analysis. 

 

http://www.aaalac.org/
http://www.aaalac.org/
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5.2.4 Brain Tumor Sectioning 

The frozen brain tumors were sectioned using a Leica (Leica CM3050S, Leica 

Microsystems Inc., IL, USA) cryostat (with the holder and the blade temperature setting at -

20°C). All the tumors were sectioned coronally from the periphery towards the tumor center and 

samples were collected at four distinct regions (R1, R2, R3 and R4) about every 1 mm apart as 

shown in Figure 17. For each region4-5 12 µm sections (~ 1 mg) were added to a pre-weighed 

0.5 ml eppendorf tube to and designated for LC/MS/MS analysis, next, a 12 µm section was 

obtained on a positively charged slide for IHC, and finally, another set of 4-5 12 µm sections (~ 

1 mg) for the MSD pERK assay. The samples were stored at -80°C until further analysis. 

  

 

 

Figure 17: U87VIII Brain tumor sectioning scheme for regional PK, PD and IHC studies. 

 

5.2.5 LC MS/MS Analysis of Gefitinib in Plasma, Normal Brain and Brain Tumor 

Gefitinib analysis was conducted on an API 5500 triple quadrupole liquid 

chromatography/mass spectrometry/mass spectrometry (LC/MS/MS) system (Applied 

Biosystems, Foster City, CA). Gefitinib concentrations in tumor homogenate were measured 
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using validated liquid chromatography-tandem mass spectrometry method as described in the 

previous chapter.  The method for plasma was similar to our previoulsy reported method (Wang 

et al., 2008) Here, plasma samples of 10 µL each were deproteinized with 40 µL methanol 

containing an internal standard vandatinib (100 ng/ml) and the standard curve ranged from 1.2 

n/ml to 2600 ng/ml. Normal brain homogenate (5 % w/w brain/water) spiked standards in the 

concentration range 2600 ng/ml to 1.2 ng/ml  and  quality control samples (1300, 144 and 16 

ng/ml) were used. To 10 µL of normal brain homogenate [5% (w/w) brain/ water], 40 µL of 

methanol containing vandatinib (100 ng/ml) was added followed by centrifugation at 15,000 rpm 

for 5 min. For plasma, tumor samples and normal brain samples, aliquots of 1 µL supernatant 

were injected into the liquid chromatography tandem mass spectrometry system.  

 

5.2.6 PD Analysis in Brain Tumor Samples (pERK Analysis by MSD Assay) 

The U87VIII brain tumor samples were analyzed using the MSD assay as described in 

chapter 4, with a slight modification in the lysis method. The tumor lysates were prepared by 

adding 60 times the volume of MSD lysis buffer to the preweighed tumor samples in 0.5 ml 

eppendorf tubes. The eppendorf tubes were briefly vortexed followed by a brief centrifugation (5 

seconds). These lysates were then incubated on ice for 30 minutes followed by pipetting (7-8 

times) using a fine tip to break any tumor lumps. This was followed by centrifugation (15,000 

rpm, 15 min at 4°C), collecting the supernatant and determining its protein concentration using 

Bio-Rad protein assay. Total of 10 µg of protein was loaded per well (duplicate wells), as 

determined from the titration curve in chapter 4 and the assay was run according to 

manufacturer’s protocol. The phospho/total ERK in  gefitinib treated samples was expressed as a 

fraction of baseline or pre-dose phospho/total ERK (as shown in equation 2 chapter 4). 
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5.2.7 Immunohistochemistry (Immunofluorescence), Imaging and Analysis 

  Cryosections (12 μm) from frozen tumors were allowed to dry in air for 30 min 

followed by fixation in 4% methanol free paraformaldehyde (PFA) for 20 min at room 

temperature. The fixed sections were washed with PBS and blocked using diluted normal goat 

serum for 1 hour at room temperature. For anti-CD31, anti-SMA and TUNEL (apoptosis) triple 

staining, sections were first incubated with an appropriate dilution of anti-CD31 (1:200; rat 

monoclonal) primary antibody overnight at 4°C. The sections were subsequently rinsed with 

PBS and further incubated for 1 hr with goat anti-rat Alexa fluor 647 secondary antibody 

(1:200). This was followed by a washing step and incubation (1 hour/ room temperature) with 

mouse alpha-SMA (smooth muscle actin) primary antibody conjugated to CY3 (Mouse alpha 

SMA-cy3; clone 1A4). Following another washing step, the sections were stained for apoptotic 

cells using a fluorometric TUNEL (TdT mediated dUDP Nick-End Labeling) assay according to 

manufacturer’s protocol, with slight modification. Briefly, the sections were fixed in 4% 

methanol free paraformaldehyde (PFA) for 5 min at room temperature, washed with PBS, and 

then incubated with the equilibration buffer for 5-10 minutes at room temperature followed by 

incubation with the TdT incubation buffer (containing TdT and nucleotide mix) for 1 hour at 37 

°C, in a humidified chamber. The reaction was terminated with the reagent provided in the kit by 

incubating the sections in it for 15 minutes at room temperature. The sections were washed with 

PBS.  

 

For dual staining of anti-CD31 and anti-P-glycoprotein, cryosections (12 μm) from 

frozen tumors were allowed to dry in air for 30 min followed by fixation in 4% methanol free 

paraformaldehyde (PFA) for 5 min at room temperature. Following washing and blocking steps 
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as above, the sections were first incubated with an appropriate dilution of anti-P-glycoprotein 

(1:400; mouse monoclonal; clone C219) primary antibody overnight at 4°C, washed and 

incubated with antimouse F(ab)2 Alexa fluor 568 antibody (1:10,000) for 1hr at room 

temperature. This was followed by 1hr/ room temperature incubation with rat anti-CD31 (1:200) 

primary antibody and 1hr/ room temperature incubation with goat anti-rat Alexa fluor 647 

secondary antibody (1:200). 

 

Finally, antifade reagent with DAPI was added to stain the nuclei and the slides were 

cover-slipped and allowed to stay overnight in a dark chamber at room temperature, and then 

sealed the next day. The images were acquired using an automated fluorescent microscope, Zeiss 

Axioplan 2IE (Carl Zeiss Microscopy, Peabody, MA, USA) controlled by a Zeiss AxioVision 

software. It utilizes a motorized stage that automates montage acquisition and stitching for high 

resolution images of large areas. Images of entire tumor cryosections were captured at a 

resolution of 1.0 µm per pixel (10 X objective). 

 

Image analysis was carried out using the MetaMorph microscopy automation and image 

analysis software (Molecular devices, Sunnyvale, CA, USA).  For each image, a region was 

drawn (using “draw region” feature in the image analysis software) around the entire tissue 

section or several regions of interest were selected excluding the staining artifacts. The nuclear 

counterstain permitted region of interest (ROI) contour lines to be drawn around each tumor 

cryosection, and allowed for delineation and exclusion of necrotic areas based on the absence of 

cellular nuclei (Tailor et al., 2010). Each image was thresholded to identify the positive staining. 

Images were then semi quantitated for each marker in each tumor section by measuring the 
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number (for TUNEL/apoptosis staining) or pixel area (for CD31 and SMA) of the positive 

staining in the region of interest. Results of quantification were presented as follows. The 

apoptotic cells in each section were obtained by recording the number of total TUNEL positive 

cells/total area of selected region (Kim et al., 2003) and finally presented as apoptotic cells/mm2 

of tissue cryosection area. The results for microvessel staining were presented as Microvessel 

density (MVD), calculated as total CD31 positive pixel area x 100/ total pixel area of selected 

region. For dual positive staining analysis of CD31 in combination with SMA, to obtain the 

pericyte coverage index of microvessels (MPI), the two respective thresholded images were 

analyzed by using the co-localization application in metamorph software to obtain the % of 

microvessel area covered (overlapping) with pericytes (alpha SMA) as shown below 

MPI = Overlapping area of CD31  and SMA positive staining X 100 

    Total area of CD31 positive stain 

 

The microvessel transporter index (MTI) based on the expression of Pgp on microvessels was 

calculated as below 

MTI = Overlapping area of CD31 and Pgp positive staining X 100 

    Total area of CD31 positive stain 

 

  

5.2.8 Pharmacokinetic (PK) Data Analysis 

Noncompartmental method using Winnonlin (Phoenix WinNonlin, version 6.2, Pharsight 

Corporation, Mountain View, CA) was applied to obtain PK parameters from the gefitinib  

plasma, brain and brain tumor concentration-time data at both gefitinib dose levels, as described 

in chapter 3 (section 3.2).  
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5.2.9 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 5 (GraphPad software, Inc., 

CA). Comparison of means between two independent groups was made using using two-tailed 

unpaired t-test. Pearson (for large sample size) and spearman (for small sample size) correlations 

were used to describe relations between two variables. A two-sided P value of <0.05 was 

considered statistically significant. 

 

5.3 Results  

5.3.1 Intratumoral PK/PD Variability of Gefitinib 

The tumor samples collected at various time points and sectioned according to a novel 

protocol were analyzed to obtain intratumoral PK, PD and IHC measurements, following 

administration of single dose of 50 mg/kg and 150 mg/kg of gefitinib to mice bearing 

intracerebral tumors.  

 

After administration of a single dose of 150 mg/kg gefitinib to tumor bearing mice 

gefitinib intratumoral concentrations varied in the range of 1.2 to 2.4 fold over the entire 24 hr 

time course, and showed about 1.5 fold difference in the AUC(0-24 hr) in regions with highest and 

lowest gefitinib concentrations (Figure 18A). The highest intratumoral variability was observed 

at 24 hours (2.4 fold), and there was no trend in intratumoral variability in gefitinib concentration 

as a function of time. In parallel to the regional tumor PK, corresponding PD (pERK) 

measurements varied 1.2-1.4 fold over 24 hours and showed a similar area between the effect 

curves (ABEC), a measure of cumulative degree of inhibition (Figure 18B), in tumor regions 

with highest and lowest gefitinib concentrations. The observed nadir value of pERK about 0.3 
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(70% inhibition) and remained at about 40% inhibition of pERK for up to 8 hours. Although 

intratumoral variability at 150 mg/kg of gefitinib was low, gefitinib concentrations tended to 

increase moving from the tumor peripheral toward the central regions, (Figure 19A) which 

produced an expected opposite trend in pERK values (Figure 19B). 
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Figure 18: Intratumoral variability in gefitinib PK/PD in U87VIII brain tumors following a 

single oral dose of 150mg/Kg gefitinib. A. Intratumoral Gefitinib PK (Mean ± SD) and B. 

Intratumoral Gefitinib PD response (fraction of baseline pERK); Gefitinib showed a 1.5 fold 

variability in gefitinib tumor exposure as measured by AUC(0-24hr) from the concentration time 

data corresponding to regions with highest and lowest gefitinib intra-tumor concentrations. 
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Minimal variability was observed for PD response as indicated by almost overlapping PD 

response curves (ABEC).  
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Figure 19: Gradient in intratumoral gefitinib concentrations and response in U87VIII brain 

tumors following a single oral dose of 150mg/Kg gefitinib. A. Intratumoral Gefitinib 
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concentration gradient and B. Intratumoral Gefitinib PD response gradient (fraction of baseline 

pERK); Gefitinib concentrations showed a trend of increase in concentrations and a 

corresponding decrease in PD response from tumor peripheral towards central regions. 

 

Intratumoral variability in gefitinib PK/PD in mice administered 50 mg/kg of gefitinib 

was slightly greater than at the higher dose level. Over 24 hours, gefitinib intratumoral 

concentrations ranged from 1.6-to 3-fold with a 2-fold difference in the AUC(0-24 hr) in the regions 

with highest and lowest gefitinib concentrations (Figure 20A). Highest intratumoral variability 

was observed at 18 hours (3 fold), and similar to the high dose group, there was no trend in 

intratumoral variability in gefitinib concentration as a function of time. The corresponding 

intratumoral PD variability was in the range of 1.2-1.9 fold over the entire time course studied 

with a 1.4 fold difference in ABEC (Figure 20B) in tumor regions with highest and lowest 

gefitinib concentraions. The observed nadir values ranged from 0.6 to 0.7 with at least 30%-40% 

inhibition of pERK for up to 8 hours.  

 

Interestingly, opposite to the high dose trend, the gefitinib concentration gradient 

decreased (with corresponding increase in fraction of baseline pERK) in moving from the tumor 

peripheral towards the central regions (Figure 21A, B).  
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Figure 20: Intratumoral variability in gefitinib PK/PD in U87VIII brain tumors following a 

single oral dose of 50mg/Kg gefitinib. A. Intratumoral Gefitinib PK (Mean ± SD) and B. 

Intratumoral Gefitinib PD response (fraction of baseline pERK); Gefitinib concentrations 

showed a 2 fold variability in gefitinib tumor exposure as measured by AUC(0-24hr) from the 
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concentration time data corresponding to regions with highest and lowest gefitinib intra-tumor 

concentrations. Greater variability (1.4 fold) as compared to high dose, was observed for PD 

response as indicated by PD response curves (ABEC).  
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Figure 21: Gradient in intratumoral gefitinib concentrations and response in U87VIII brain 

tumors following a single oral dose of 50mg/Kg gefitinib. A. Intratumoral Gefitinib 
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concentration gradient and B. Intratumoral Gefitinib PD response gradient (fraction of baseline 

pERK); Gefitinib concentrations showed a trend of decrease in concentrations and a 

corresponding increase in PD response from tumor peripheral towards central regions. 

 

5.3.2 Intratumoral Variability in Biological Characteristics 

In order to identify biological characteristics that could explain the variability in gefitinib 

intratumoral concentrations in the high dose (150 mg/kg) animal group, microvessel density, 

microvessel pericyte index and apoptotic cells (MVD, MPI and apoptotic cells/mm2) were 

analyzed in the tumor regions adjacent to the PK and PD measurements. Each tumor cryosection 

was stained with the three relevant markers along with DAPI staining for nuclei and the image of 

entire cryosection was obtained and montaged under four different fluorescent channels (Figure 

22). There was a small but significant difference (p< 0.05) in the microvessel density (MVD) 

between the tumor peripheral and central regions, being lower at the tumor center (Figure 23A-

C), consistent with a previous report (Jain, 2001). Comparing this trend with that of the 

intratumoral PK (as in Figure 19A), it seemed counterintuitive that regions with higher MVD 

had lower gefitinib concentrations. However, this behavior was explained by the trend in the 

intratumoral MPI (index of pericyte coverage or more functional vasculature) that showed a 

significantly (p< 0.05) higher value at tumor periphery as compared to the central region (Figure 

23D-F). Therefore, although there was higher MVD at tumor periphery, there was also a greater 

number of these vessels covered by pericytes (a higher MPI value), and hence, a more functional 

intact BBB that yielded lower gefitinib concentrations in the peripheral regions. Finally, there 

was no significant difference in the intratumoral apoptotic cell measurements as a function of 

tumor region (Figure 23G-I), thus this feature was not considered to play a role in variable drug 
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distribution in this tumor model, and was not further evaluated at the lower 50 mg/kg dose. 

Therefore, the integrity of the BBB as measured by the MPI was found to be the primary 

determinant of gefitinib brain tumor distribution in the high dose group. 

 

A             B 

 

C             D 

Figure 22: Montaged images of the entire tumor cryosection, stained with the 4 relevant markers 

(A. CD31, B. α-SMA, C. TUNEL and D. DAPI), and acquired under four different fluorescent 

channels. The individual images were acquired at a resolution of 1.0 µm per pixel, resolution, 

stiched to obtain montage image of entire cryosection, and then subjected to quantification. 
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Figure 23: Intratumoral Immunohistochemical analysis of MVD, MPI and apoptotic cells in 

U87VIII tumors following a single dose of 150mg/Kg gefitinib p.o.; data points – mean + SD 
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values from various tumor regions from all the animals in the study (n=21). A. regional 

variability in MVD, showing a trend of decreasing MVD from tumor periphery to center 

(significant difference, p < 0.05), B and C. representative images of MVD (CD31 staining) at 

tumor periphery and center respectively. D. regional variability in MPI, showing a trend of 

decreasing MPI from tumor periphery to center (significant difference, p < 0.05), E and F. 

representative images of microvessel pericyte coverage (α-SMA staining) at tumor periphery and 

center respectively and G. regional variability in apoptotic cells/mm2, no trend observed from 

tumor periphery to center (no significant difference, p < 0.05), H and I. representative images of 

apoptotic cells (TUNEL staining) at tumor periphery and center respectively 

 

 Since MPI was a key determinant of gefitinib regional distribution in the high dose group 

it was further evaluated in the low dose group. The MPI values in the low dose gefitinib group 

also showed a significant (p< 0.05) intratumoral variability. Although, unlike the high dose 

group, the high MPI values were located more centrally (Figure 24A), but still showed an inverse 

correlation to the intratumoral gefitinib concentration gradient. Given the significant correlation 

between MPI and intratumoral gefitinib concentrations at both dose levels (Figure 25), we 

conclude that BBB integrity is a primary determinant of regional gefitinib tumor concentrations. 

Since gefitinib is reported to be in the linear range of  Pgp efflux activity at concentrations 

resulting from this dose, a small subset of tumors (n=4) from this dose level were stained for Pgp 

and quantified as the MTI (Microvessel Pgp Trasporter Index) to determine the role of Pgp in 

gefitinib intratumoral PK. MTI values that reflect the percentage of Pgp expressing microvessels, 

were significantly greater in the tumor center as compared to peripheral regions (Figure 24B) and 

are depicted in representative figures from tumor periphery (Figure 24C-E) and center (Figure 
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24F-H). Also the regional MTI measurement and the corresponding MPI in each of these tumor 

regions showed a significantly positive correlation (Figure 24I), reflecting that tumor 

microvessels with a more intact BBB are associated with a greater Pgp expression and could be 

an additional factor responsible for variability in gefitinib PK/PD at this dose level. This 

relationship between MPI and Pgp expression is also consistent with a previous report that found 

Pgp expression negatively correlated with endothelial proliferation/immature cerebral capillaries 

(Sawada et al., 1999). 
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Figure 24: Intratumoral Immunohistochemical analysis of MPI and MTI in U87VIII tumors 

following a single dose of 50mg/Kg gefitinib p.o.; A. Intratumoral variability in MPI showed a 

trend of increasing MPI from tumor periphery to center (significant difference, p < 0.05, data 

points – mean values + SD from various tumor regions from all the animals in the study) and B. 

Intratumoral variability in Microvessel PgP transporter Index MTI showed a trend of increasing 

MTI from tumor periphery to center (significant difference, p < 0.05, data points – mean values 

+ SD from various tumor regions, n=8), C-E. representative images of PgP transporter 

I 
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expression (PgP staining), MVD (CD31 staining) and overlaid image (MTI)  at tumor periphery, 

and F-H. at tumor center respectively, I. Relationship between regional MTI and MPI 

(significantly positive correlation, spearman correlation coefficient r=0.6, p = 0.012, n=16) 
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Figure 25: Intratumoral or regional MPI in relation to the regional gefitinib concentrations in 

U87VIII tumors following a single dose of 50mg/Kg and 150 mg/kg gefitinib p.o. MPI and brain 

tumor gefitinib concentrations showed a significantly negative correlation, Pearson correlation 

test, Pearson correlation co-efficient=-0.20, P= 0.014, n=157)       

 

5.3.3 Pharmacokinetic Characterization of Gefitinib in Orthotopic Brain   

  Tumor Bearing Mice 

In addition to the intratumoral PK of gefitinib, systemic, normal brain and brain tumor 

(using average values from the four regions in each tumor) disposition was also characterized at 

the two dose levels; 150 (Figure 26A) and 50 mg/kg p.o. (Figure 26B) in brain tumor bearing 

mice. The non-compartmental analysis of plasma, normal brain and brain tumor data from these 
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two dose levels indicated linear kinetics in plasma whereas dose-dependent pharmacokinetics 

was indicated for normal brain and brain tumor (Table 8). The greater than proportional increase 

in both the  brain and brain tumor area under the curve (AUC) over the 3-fold dose range could 

be evidence for saturation of active efflux of gefitinib at the BBB. The close to proportional 

increase in plasma AUC over the two dose levels indicates the lack of a systemic clearance effect 

and supports the changes in brain are due to regional effects, most likely at the BBB. 

 

Brain tumor penetration of gefitinib was found to be almost 8-foldgreater than that of the 

normal brain at both dose levels as represented by the AUCBT/ AUCNB (Table 8). This indicates 

that the microvessels supplying brain tumors are deformed and leaky, compromising the 

functional integrity of the BBB and hence favoring higher drug penetration within tumors (Zhou 

and Gallo, 2009). The accumulation of gefitinib in brain tumor tissue was about 190% and 114% 

of plasma at high and low dose level respectively (AUCBT/ AUCP) (Table 8). This is in line with 

the reported capacity of gefitinib to accumulate in solid tumor tissues to considerably higher 

concentrations than those in plasma (Hofer and Frei, 2007; Lassman et al., 2005; McKillop et al., 

2005), due to extensive  tissue distribution (McKillop et al., 2004a), consistent with the high 

volume of distribution characteristics of the compound (McKillop et al., 2004b). A similar trend 

was observed in the Cmax values as well i.e., gefitinib tumor Cmax was about 10 times higher 

than that in normal brain and 1.5 times higher than plasma (Table 8). The exposure of gefitinib in 

normal brain (AUCNB) was found to be 21% of that in plasma (AUCP) at high dose (Figure 26, 

Table 8), and 15% at low dose (Figure 26, Table 8), supporting the low brain penetration of 

gefitinib into normal brain (Fukuhara et al., 2008; McKillop et al., 2004a) due to the presence of 

an intact BBB , and efflux transporters. (Agarwal et al., 2010). 
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Figure 26: Time course of plasma, normal brain and brain tumor concentrations of gefitinib 

following single oral dose of A. 50 mg/kg and B. 150 mg/kg gefitinib to U87VIII mutant 

intracerebral tumor bearing mice. Each data point represents (Mean ± SD; n=3) 
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Table 8.  PK Parameters of Gefitinib in Plasma, Normal Brain and Brain Tumor in  
   U87VIII Intracerebral Tumor Bearing Athymic Mice Receiving Single  
   Oral Dose of Gefitinib of 150 mg/kg or 50 mg/kg. Parameters were  
   obtained from Non Compartmental analysis of data from all the mice (n=3 
   at each time point) at each dose level. 

 

  Dose Level 

  150 mg/kg 50 mg/kg 

Variable 
Plasma 
(P) 

Normal 
Brain 
(NB) 

Brain 
Tumor 
(BT) 

Plasma 
(P) 

Normal 
Brain 
(NB) 

Brain 
Tumor 
(BT) 

Half Life (hr) 7.61 5.40 5.12 5.61 5.32 3.90 

Tmax (hr) 0.5 2 4 0.5 1 2 
Cmax (ng/mL or 
ng/g) 12266.67 2529.33 27912.50 4190.00 417.67 3963.333 
Area under the 
curve             AUC 
(0-∞) (h*ng/mL or 
h*ng/g) 113325.56 24212.84 214833 33516.47 4929.28 38183.41 
Dose normalized 
AUC (0-∞)  755.50 161.42 1432.22 670.33 98.59 763.67 
Apparent Volume 
of distribution 
Vd/F (ml/Kg) 14540.53 - - 12080.74 - - 
Clearance Cl/F 
(ml/h/Kg) 1323.62 

  
1491.80 

  AUC (NB/P) - 0.21 - - 0.15 - 
AUC (BT/P) 

  
1.90 

  
1.14 

AUC (BT/NB) - - 8.87 - - 7.75 
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5.4 Discussion 

 

Most preclinical PK/PD studies in brain tumor models are based on measurements from 

whole tumor homogenates that rely on the assumption of homogeneous drug distribution for 

interpretation. However, it is well known that tumors are heterogeneous with regard to 

vascularity, blood flow and interstitial fluid pressure, and more recently genomic characteristics 

that impact both PK and PD variability, and ultimately, personalized medicine (Little et al., 

2012). As individualized and precision medicine move forward an accounting of  intratumoral 

PK/PD heterogeneity is necessary to not only understand why drugs may be inactive, but further 

to offer computational approaches to mitigate the effects of tumor heterogeneity. Thus an 

important aspect of the current investigation was to demonstrate the utility of such an approach 

to contrast intratumoral PK and PD characteristics of gefitinib, a model EGFR inhibitor, and in 

addition identify the potential determinants of its intratumoral distribution and response.  

 

A pivotal advance in our approach was to develop a tumor sampling scheme that was 

readily accessible and provided regional PK and PD measurements that could be related to 

biological characteristics of the tumor measured by IHC. Adjacent serial sections were assigned 

for either PK, PD or IHC analyses and in this particular investigation, samples were obtained 

from four tumor regions, 1 mm apart, starting from the periphery. Both gefitinib concentration 

and pERK measurements required about five adjacent 12 um tissue sections or about 1 mg of 

brain tumor, whereas IHC analyses could be completed on each 12 um section that was 

interdigitated between the PK and PD sections and could serve as a means to bin the PK and PD 

data according to the intratumoral biological characteristics. This procedure, by combining 
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adjacent tissue sections, does lump or average the measurements, yet much less so than whole 

tumor homogenates, and with potential improvements in assay sensitivities, minimize the extent 

of averaging. Overall, the tumor sectioning protocol permitted each animal to contribute regional 

measurements that enhanced our understanding of PK/PD/IHC heterogeneity.   

 

The intratumoral variability of gefitinib PK (AUC(0-24 hr) ) was about 2-fold with 

variability at the high dose being slightly less. These results were comparable to the 3-fold 

intratumoral variability reported for gefitinib concentrations after 5 days in a patient receiving a 

multiple-dose regimen of 500 mg/day (Hofer and Frei, 2007) that can be partially attributed to 

patient tumors being more invasive and possibly possessing even greater fluctuations in BBB 

permeability. The slightly lower intratumoral variability in gefitinib concentrations observed at 

the 150mg/kg gefitinib dose in our tumor model could be attributed to high plasma gefitinib 

concentrations resulting in saturation of the efflux transporters at the BBB. Plasma 

concentrations of gefitinib were almost 10-fold higher than the reported in vitro Km or IC50 of 

gefitinib for P-glycoprotein (Ozvegy-Laczka et al., 2004), possibly resulting in an efflux rate 

closer to Vmax. The variability in the intratumoral concentrations of gefitinib did not directly 

translate into the same degree of PD variability based on pERK measurements that were fairly 

uniform, especially after high dose administration and could reflect that gefitinib concentrations 

were sufficiently high to produce near maximal inhibition of pERK. Although a slightly greater 

variability in PD response was observed after low dose administration, but it is not established if 

this variability will translate into tumor efficacy of EGFR inhibitors. It should be appreciated that 

drugs that exhibit steep PD response-efficacy curves will be prone to greater variability in 

intratumoral efficacy as a result of minor variability in PD response. Some examples of such 
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drugs with a steep relationship between pathway modulation and antitumor effect, suggestive of 

a threshold pERK inhibition beyond which antitumor activity turns “on” include MEK inhibitor 

GDC-0973 (Wong et al., 2012), B-RAF kinase inhibitor GDC-0879 (Wong et al., 2009) and 

hedgehog signaling kinase inhibitor vismodegib (Wong et al., 2011). In such cases, it is 

extremely critical to obtain intratumoral PK/PD measurements. 

 

Regional distribution of gefitinib in the tumor was found to be heterogeneous, with lower 

concentrations found in the peripheral regions (R1) compared to the central region (R4) at high 

dose and an opposite trend prevailed at low dose. Apoptotic regions of tumors have been 

implicated in higher drug penetration/concentration due to decrease in cell density and IFP (Jang 

et al., 2001; Kuh et al., 1999) (Wong et al., 2011). Although high interstitial pressure is mainly 

considered to affect the delivery of large molecules, some evidence suggests that the effects of 

IFP on small molecules may be underestimated, especially in tumor microenvironment (Pietras 

et al., 2001). This suggests that tumor regions with greater apoptotic cell fraction could have 

higher drug concentrations. However this was not the case here, as there was no intratumoral 

variability in apoptotic cell fraction. The tumor vasculature exhibited significant intratumoral 

variability based on MPI values that are representative of vessel maturity and showed a negative 

correlation with the intratumoral gefitinib concentrations, identifying MPI or BBB integrity as 

one of the possible reasons for PK variability. Many studies have reported the role of pericytes in 

regulating vascular integrity and maturity via regulation of endothelial cell proliferation, 

formation of tight junctions, and the composition of the extracellular matrix (ECM) around 

vessels (Daneman et al., 2010; Morikawa et al., 2002; Raza et al., 2010). The negative 

correlation obtained between MPI and gefitinib concentrations indicated that a more mature or 
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functionally intact BBB (higher MPI) was a factor that impaired the delivery of gefitinib to brain 

tumors. There are reports that successful antiangiogenic therapy can normalize the tumor 

vasculature, characterized by increased pericyte coverage (high MPI), decreased permeability 

and IFP and lead to improved drug delivery to the tumors (Zhou and Gallo, 2009)(Goel et al., 

2011; Rustum et al., 2010). However, a higher MPI in fact impaired gefitinib delivery within 

tumors in our case. Other reports have shown vessel normalization to be associated with 

decreased drug delivery to tumors as a result of decrease in vessel permeability (Tailor et al., 

2010). In summary, our results showing an inverse correlation between MPI and gefitinib brain 

tumor concentrations, agree with the latter report and others that reported low gefitinib brain 

penetration (Fukuhara et al., 2008; McKillop et al., 2004a) and attest to the importance of an 

intact and functional BBB in gefitinib brain penetration. 

 

In summary, an experimental framework was devised to assess PK/PD variability of 

anticancer drugs in brain tumors. Specifically, the regional PK/PD variability of gefitinib was 

found to be modest and most dependent on changes in BBB permeability, assessed by MPI 

values. These results facilitated the development of intratumoral PK/PD models based on the 

heterogeneous tumor vasculature, as described in the next chapter.  
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CHAPTER 6  

DEVELOPMENT OF HYBRID PHYSIOLOGICALLY BASED PK /PD 

MODELS FOR BRAIN TUMOR REGIONS WITH HETEROGENEOUS 

VASCULAR CHARACTERISTICS 

 

6.1 Introduction 

With the gefitinib intratumoral PK/PD/IHC data obtained from brain tumor bearing mice 

(see chapter 5), hybrid physiologically (PB)-based PK/PD models were developed for different 

regions within the tumor characterized by heterogeneous vascular characteristics, low, medium 

and high MPI, respectively. Each model consisted of a forcing function to describe gefitinib 

plasma concentrations, a 2-compartment brain tumor model, and a target-response PD model. 

The modeling approach illustrated a means to characterize regional variations in tumors based on 

their biological properties and could ultimately serve as a tool to design more effective 

chemotherapy. 

 

Hybrid PK models combine features of traditional compartment models (each 

compartment representing organs with similar drug kinetics behavior lumped together) to 

describe the systemic or plasma drug concentration-time profile, and PB-based compartmental 

model (specific anatomic tissue volumes connected by the blood circulation) to characterize drug 

disposition in the tissue of interest (Gallo et al., 2004; Gallo JM 2001). The focus on the target 

tissue provides a logical and efficient link to the PD model, and in our case was a target-response 
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model that used phosphorylated ERK (pERK) as the response variable. This model fits the 

general features of inhibitory indirect response models previously detailed by Jusko groups, but 

uses a serial target-response configuration to account for the transit time in signaling from 

phosphorylated EGFR  (Pegfr), the target, to pERK (Derendorf and Meibohm, 1999; Wang et al., 

2008; Sharma and Jusko, 1998; Wong et al., 2012) 

 

There are two strategies to develop hybrid PK-PD models, either simultaneous or 

sequential model fitting. The simultaneous method models both, PK and PD data together while 

the sequential method first defines a PK model and then the PD model is linked afterwards. 

Although the simultaneous method may be considered less biased in the assignment of error, it 

often poses model identification problems (Gallo et al., 1991; Gallo et al., 2004). By confining 

data variability to separate PK and PD model segments model identification is more readily 

achieved, and was used for this project. 

 

The Simulation, Analysis and Modeling (SAAMII) program was used to model the data. 

This program offers a flexible graphical user interface (GUI), for developing single and 

multicompartmental models that represent complex mathematical ordinary differential equations.  

 

In summary, a set of hybrid PB- PK/PD models of gefitinib were developed for brain 

tumor regions corresponding to variable vasculature characteristics, identified by the microvessel 

pericyte index (MPI). Each model was developed in a sequential manner, by first fitting the 

plasma concentrations and using it as a forcing function to develop the tumor PK model, which 

was then linked to the PD model.  
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6.2 Experimental Methods 

 6.2.1 PK Analysis 

 PK and PD data analysis were conducted with the SAAMII software (version 2, 

University of Washington, Seattle, WA). The hybrid PBPK models consisted of a two 

compartment systemic disposition model and a two compartment (vascular/extravascular) 

permeability-limited model for the tumor that was obtained in a sequential approach; first the 2-

compartment systemic disposition model was fit to the combined gefitinib plasma concentrations 

from both dose levels which was then used as a forcing function to fit the tumor models to the 

observed gefitinib tumor concentration data, again from both dose levels. 

 

Based on the significant inverse correlation between gefitinib intratumoral concentrations 

and MPI as described in chapter 5, we developed a hybrid PK model of gefitinib corresponding 

to each brain tumor regions defined by the MPI, a measure of BBB permeability. In order to 

achieve this goal, the regional PK/PD data from both dose levels was segregated into three MPI 

groups as shown in Figure 27. The MPI values in each tumor were ranked from 1(lowest MPI) to 

4 (highest MPI). The tumor PK/PD measurements corresponding to regions with a MPI rank = 1 

from both the dose levels were grouped as the low MPI group while the PK/PD measurements 

corresponding to regions with a MPI rank = 4 formed the high MPI data group. The data from 

the intermediate MPI regions (rank = 2 and 3) were combined to obtain a medium MPI group. 

The tumor PK model was then individually fit to gefitinib intratumoral concentration data from 

each of these MPI groups, to obtain three different sets of tumor PK parameters. 
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Figure 27: Schematic representation of segregation of gefitinib intratumoral PK/PD data into 3 

groups based on variable regional BBB characteristics, as represented by MPI ranks. 

 

The rate equations for the plasma forcing function (equation 5) and the tumor 

compartments are provided as below, where the subscript p refers to plasma and v and ev refer to 

the vascular (equation 6) and extravascular compartment (equation 7) of the tumor, respectively: 

 

𝑑𝐶𝑝
𝑑𝑡

.𝑉𝑐 = 𝑄𝑡. (𝐶𝑣 − 𝐶𝑝)………………………………………………………….5 

𝑑𝐶𝑣
𝑑𝑡

.𝑉𝑣 = 𝑄𝑡. (𝐶𝑝 − 𝐶𝑣) − �𝐶𝑣. (ℎ + 𝐾𝑝)� + (𝐶𝑒𝑣
𝑅

.�ℎ + � 𝑉𝑚𝑎𝑥

𝐾𝑚+�𝐶𝑒𝑣𝑅 �
��)………..6 

𝑑𝐶𝑒𝑣
𝑑𝑡

.𝑉𝑒𝑣 = �𝐶𝑒𝑣
𝑅

.�ℎ + � 𝑉𝑚𝑎𝑥

𝐾𝑚+�𝐶𝑒𝑣𝑅 �
��� − (𝐶𝑣. (ℎ + 𝐾𝑝))……………………….7 

Other symbols in the equation represent the following: 
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Cp: Concentration in plasma (ng/ml) 

Cv: Concentration in vascular compartment of tumor (ng/ml) 

Cev: Concentration in extravascular compartment of tumor (ng/ml) 

Vc: Volume of distribution of central/plasma compartment (ml) 

Vv: Volume of vascular compartment of tumor (ml) 

Vev: Volume of extravascular compartment of tumor (ml) 

Qt: Blood flow to the tumor (ml) 

h: Tumor transcellular/vascular mass transfer co-efficient (ml/h) 

Kp: Tumor vascular to extravascular paracellular transport rate constant (ml/h) 

R: Tumor to plasma partition co-efficient 

Vmax: Maximum rate of active efflux from tumor extravascular to vascular    

  compartment (ng/h) 

Km: Michalis-Menton constant (Km) for active efflux of gefitinib by Pgp (ng/ml) 

 

The following PK parameters were fixed based on previously reported values; absorption 

rate constant (Ka), bioavailability (F) (Wang et al., 2008), tumor blood flow rate (Qt) (Sun et al., 

2004), volume of tumor vascular compartment (Vvt) and extravascular compartment (Vevt) 

(Gambarota et al., 2008; Pathak et al., 2011) and the Michalis-Menton constant (Km) for active 

efflux of gefitinib by P-glycoprotein (Pgp) expressed on BBB. Tumor to plasma partition co-

efficient was determined from the ratio of observed tumor/plasma AUC (Ri) and the volume of 

tumor (Vt) in each MPI group was fixed based on the actual sample size of each MPI region, i.e 

1mg or 0.001ml. 
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All other parameters were obtained by fitting the model to the observed gefitinib 

concentrations using maximum likelihood estimation. These included, plasma elimination rate 

constant (k10), volume of distribution in the plasma compartment (Vc), intercompartment 

transfer rate constants (k12 and k21), maximum rate of active efflux from tumor extravascular to 

vascular compartment (Vmax), tumor transcellular/vascular mass transfer co-efficient (h) and 

tumor vascular to extravascular paracellular transport rate constant (Kp). Once the hybrid PK 

model was finalized for each MPI group, the associated PK variables were set as constant and 

linked to the PD model. 

 

 6.2.2 PD Analysis 

 The fractional inhibition of pERK in tumors after gefitinib administrations was used as 

the PD response and was the measured pERK/total ERK expression normalized to the predose 

pERK /total ERK expression in tumors. The PD model consisted of a two compartment target-

response model composed of a target compartment represented by represented by pEGFR and a 

response compartment represented by pERK. The PD model was developed sequentially, by first 

defining the tumor PK model as above and then using it as a fixed forcing that was linked to the 

PD model. It was assumed that the pERK response was solely driven by the tumor PK models as 

given the degree of variability in tumor gefitinib concentrations and a mechanistic determinant 

related to BBB permeability there was no basis to examine PD-based mechanisms. It was 

necessary to segregate the PD models into low and high dose groups to obtain the best-fit 

models.  
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The rate equations for the PD models (equation 8 and 9) are provided below, in which an 

inhibitory Imax model was used as the link to the PK model via the gefitinib concentration in 

tumor (Ct); 

𝑑𝑝𝐸𝐺𝐹𝑅
𝑑𝑡

= 𝐾𝑖𝑛. (𝑝𝐸𝐺𝐹𝑅0 − (𝐼𝑚𝑎𝑥.𝐶𝑡/(𝐼𝐶50 + 𝐶𝑡))) − 𝐾𝑡𝑟.𝑝𝐸𝐺𝐹𝑅………………………..8 

𝑑𝑝𝐸𝑅𝐾
𝑑𝑡

= 𝐾𝑡𝑟. 𝑝𝐸𝐺𝐹𝑅 − 𝐾𝑜𝑢𝑡.𝑝𝐸𝑅𝐾…………………………………………………………..9 

 

The PD model variables included gefitinib tumor concentrations for 50% inhibition of 

pEGFR (IC50), the zero order rate constant for formation of pEGFR (Kin), the first order 

transfer  rate constant from the target pEGFR compartment to the response pERK compartment 

(ktr), and a first order rate constant for degradation and dephosphorylation of pERK (kout). The 

pEGFR0 i.e the baseline level of tumor pEGFR and Imax, the maximum inhibitory response of 

pEGFR were fixed as 1. The final variables to be estimated were IC50, ktr and kout and Kin. 

 

 6.2.3 Best Fit Model Evaluation 

 The best fit hybrid PK/PD models were evaluated according to the statistical criteria 

available from the SAAMII program, including the minimization of the objective function, the 

Akaike information criteria (AIC), and the precision of variables as measured by the coefficient 

of variation (CV%). 
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6.3 Results  

The graphical depiction of the final hybrid PBPK/PD models to describe the regional 

gefitinib PK/PD data is shown in Figure 28.  

 

 

 

Figure 28: Schematic representation of a physiologically based hybrid PK/PD model consisting 

of a two compartment systemic disposition model, a two compartment tumor model, and a two 

compartment target-response model. The PK model variables that were estimated from the 

model include the elimination rate constant (k10), volume of distribution in the plasma 

compartment (Vc), intercompartment transfer rate constants (k12 and k21), maximum rate of 
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active efflux from tumor extravascular to vascular compartment (Vmax), tumor 

transcellular/vascular transport rate constant (h) and tumor vascular to extravascular paracellular 

transport rate constant (Kp). Other parameters including, absorption rate constant (Ka), 

bioavailability (F), blood flow rate to tumor (Qt), Michalis Menton constant (Km), tumor to 

plasma partition co-efficient (Ri) and volume of tumor (Vt), volume of tumor vascular 

compartment (Vvt) and extravascular compartment (Vevt) were fixed either from literature 

reported or experimentally determined values. PD variables included gefitinib tumor 

concentrations for 50% inhibition of pEGFR (IC50), the zero order rate constant for formation of 

pEGFR (Kin), the transfer  rate constant from the target pEGFR compartment to the response 

pERK compartment (ktr), and a first order rate constant for degradation and dephosphorylation 

of pERK (kout). This hybrid PK/PD model was identified as the best fit model to depict gefitinib 

PK/PD characteristics in the brain tumor regions corresponding to variable BBB integrity i.e. in 

High, medium and low MPI tumor regions in U87VIII mutant intracerebral tumor bearing mice. 

 

6.3.1 PK Model Development 

The hybrid PK models were developed in a sequential manner by first defining the 

systemic disposition model (Table 9) that were then used as a forcing function to fit a 2-

compartment brain tumor model for each of the MPI data groups (low, medium and high) as 

shown in Figure 28.   
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Table 9. PK Model Variables of Gefitinib in Plasma in U87VIII Mutant Intracerebral  
  Tumor Bearing Mice Following 50 mg/kg or 150 mg/kg p.o. Single Dose. Values  
  represent mean (% coefficient of variation) of model fitted variables. * Values  
  fixed either based on literature or experimentally determined values 

 

Variables 

Values From 
Systemic 

Model 
F 0.5* 
Vc (ml) 69.41 (15%) 
K10 (1/hr) 0.31 (17%) 
Ka (1/hr) 0.88* 
K2,1 (1/hr) 0.26 (38%) 
K1,2 (1/hr) 0.30 (59%) 

 

 

These models determined that the primary determinant of the regional variation in 

gefitinib tumor concentrations, binned according to the MPI, was BBB integrity. The MPI 

consisted of two related parameters; the microvessel density and the pericyte coverage of the 

microvessel. The specific model parameters related to BBB integrity were the transcellular (h) 

and paracellular (Kp) vascular to extravascular rate constants. The incorporation of the 

paracellular transport rate term (Kp), which accounts for unidirectional mass transfer from tumor 

vascular to extravascular compartment due to the gaps between adjacent endothelial cells 

forming the BBB, was found to significantly improve the fitting of tumor model. The tumor 

model also accounted for the active efflux of gefitinib by Pgp at the BBB that was consistent 

with the more than dose proportional increase in the gefitinib brain tumor AUC (see section 

5.3.3).  Generally, the predicted gefitinib plasma (Figure 29A) and tumor concentrations profiles 

agreed well with the observed values in low, medium and high MPI data groups (Figure 29B-D). 

The goodness of fit showed a high correlation between the observed and predicted gefitinib 
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plasma (r2=0.86) (Figure 29E) and tumor concentrations values in each MPI group (r2 = 0.91-

0.96) as shown in Figure 29F-H, respectively. See appendix for enlarged figures.  
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G      H 

Figure 29: Plasma and intratumoral (Low, Medium or High MPI tumor data group) PK 

modeling of gefitinib in U87VIII tumor bearing athymic mice following 50 mg/kg or 150 mg/kg 

p.o. single dose. The model predicted (—, 50 mg/kg p.o.; ---, 150 mg/kg p.o.) and mean (n=3) 

observed (●, 50 mg/kg p.o.; ▲, 150 mg/kg p.o.) gefitinib concentrations are presented for A. 

plasma, B. tumor with low MPI, C. tumor with medium MPI and D. tumor with high MPI. Plots 

of the observed versus model predicted gefitinib concentrations in E. plasma, F. tumor with low 

MPI, G. tumor with medium MPI and H. tumor with high MPI., following the fitting exercise. 

Enlarged figures shown in appendix A.1. 

 

Several interesting findings supported our hypothesis that variable intratumoral BBB 

integrity was the primary mechanism for variability in the tumor PK (Table 10.). First, the 

predicted area under the tumor concentration-time curve (AUC) for both gefitinib dose levels 

was highest in the low MPI group followed by medium and high MPI group (low MPI AUC > 

medium MPI AUC > high MPI AUC). Second, the difference between the low and high MPI 

tumor AUC in the low dose group was greater (2 fold higher AUC in low MPI group) than in the 
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high dose group where the low and high MPI tumor AUCs were quite similar. One likely reason 

for this observation is that at the high dose of gefitinib, Pgp-mediated efflux at the BBB is 

saturated preventing any further increase in efflux at high concentrations. This phenomenon by 

allowing more gefitinib to penetrate the BBB may also have contributed to lower intratumoral 

variability. Third, the Vmax values were found to be almost 2 fold lower in the low MPI group 

as compared to the medium MPI group and 3 fold lower as compared to the high MPI group 

(high MPI Vmax > medium MPI Vmax > low MPI Vmax). This is consistent with our observed 

lower Pgp expression in the regions with low MPI (see chapter 5) and a previous report that 

found Pgp expression negatively correlated with endothelial proliferation/immature cerebral 

capillaries (Sawada et al., 1999). Finally, the transvascular diffusion coefficient, h, which is a 

product of BBB permeability and its surface area, was found to be almost 5-fold greater in low 

MPI group as compared to the medium MPI group and 8-fold greater as compared to the high 

MPI group (low MPI ‘h’ > medium MPI ‘h’ > high MPI ‘h’), consistent with the low MPI 

regions having a more permeable vasculature due to poor pericyte coverage. The paracellular 

transport rate term (Kp) was not significantly different between the three MPI groups, indicating 

that the transvascular transport is the major contributor to the intratumoral PK variability.  
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Table 10. PK Model Variables of Gefitinib in Brain Tumor Regions Corresponding To  
  Low, Medium and High MPI in U87VIII Mutant Intracerebral Tumor Bearing  
  Mice Following 50 mg/kg or 150 mg/kg p.o. Single Dose. Values represent mean  
  (% Coefficient of variation) of model fitted variables. * Values fixed either based  
  on literature or experimentally determined values. 

 

Variables 
Tumor High 
MPI group 

Tumor Medium 
MPI group 

Tumor low 
MPI group 

Kp (ml/hr) 0.0024 (23%) 0.0022 (18%) 0.0012 (68%) 
km (ng/g) 2026.65 (10%) 2048.51 (10%) 2003.35 (10%) 
Vmax (ng/hr) 20.07 (29%) 18.27 (23%) 6.47 (55%) 
h (ml/hr) 0.0006 (63%) 0.0009 (37%) 0.005 (34%) 
R 2 2 2 

AUC high 
dose(0-24) 
(hr*ng/g) 1.68E+05 1.67E+05 1.70E+05 

AUC low 
dose(0-24) 
(hr*ng/g) 2.27E+04 2.54E+04 4.91E+04 

 

 6.3.2 PD Model Development 

 Once the hybrid PBPK model for each MPI group was established they were used as 

input into the target-response PD models. The target-response PD model which is similar to the 

precursor-response drug tolerance model described previously, proved to be superior to other 

candidate PD models such as simple direct and indirect response models (Derendorf and 

Meibohm, 1999; Wang et al., 2008; Sharma and Jusko, 1998; Wong et al., 2012) and a modified 

target response model containing an intermediate signaling compartment between pEGFR and 

pERK (three-compartment model). Given our assumption that MPI-mediated differences in the 



114 
 

PBPK models drove changes in the pERK response, a separate PD model for each MPI group 

was not required. Instead, a PD model was fitted to the combined pERK data from all the MPI 

groups, yet segregated by dose (Figure 30A-F), so two sets of PD model parameters were 

obtained (see Table 11).  Attempts to fit PD models for each MPI group or or entire pERK data 

resulted in less accurate fits than that based on dose level. The baseline pEGFR0 and Imax were 

set equal to 1 based on the assumption that the phosphorylation of EGFR was not inhibited in the 

absence of gefitinib and that it could be fully inhibited at high gefitinib tumor drug 

concentrations, respectively. To reduce parameter estimation difficulties, the value of Kin, a 

variable representing the formation of pEGFR, was fixed in the low dose group to a value equal 

to that obtained from high dose PD model and indicated that the synthesis rate of pEGFR was 

not influenced by dose.  The IC50 values were found to be dose-dependent with a higher values 

(3-fold) obtained at the 150 mg/kg dose level. The transfer rate constant, ktr, a variable that 

reflects signal transduction efficiency from pEGFR to pERK showed an inverse relationship with 

dose indicative of reduced signaling efficiency at higher gefitinib concentrations. The model 

predicted area between effect curves (ABEC), which provides a measure of cumulative degree of 

inhibition (Sharma and Jusko, 1998), indicated there was a minimal difference between  the 

ABEC values in the high and low dose groups (Figure 30G, H). The difference was however, 

slightly greater at low dose (ABEC in low MPI tumor group 1.12 fold greater than in high MPI 

tumor group) than at high dose (ABEC in low MPI tumor group 1.02 fold higher than high MPI 

tumor group), supporting the observed pERK profiles and lower observed PD variability.  See 

appendix for enlarged figures. 
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Figure 30: Intratumoral PD modeling of gefitinib in athymic mice bearing intracerebral U87VIII 

tumors following either 50 mg/kg or 150 mg/kg single oral doses. The model predicted (---, 50 

mg/kg p.o.;—, 150 mg/kg p.o.) and observed (●, 50 mg/kg p.o.; ▲, 150 mg/kg p.o.) fractional 

inhibition of pERK are presented in A, D. Low, B, E. Medium and C, F. High MPI tumor group. 

G and H. Comparison of predicted intratumoral ABEC after low dose and high dose 

administration, respectively. Enlarged figures shown in appendix A.2. 
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Table 11.  PD Model Variables of Gefitinib U87VIII Intracerebral Tumor Bearing  
   Athymic Mice Following Either 50 mg/kg or 150 mg/kg p.o. Single Dose.  
   Values represent mean (% Coefficient of variation) of model fitted   
   variables. * Value fixed. 

 
Variables Value (CV%) 

 

High Dose 
Model Low Dose Model 

IC50 (ng/g) 41969.54 (44%) 16073.65 (42%) 
Kin (1/hr) 2.02 (11%) 2.02* 
Kout (1/hr) 2.58205 (10%) 2.74 (5%) 
Ktr (1/hr) 0.32554 (18%) 1.34 (16%) 
Predicted ABEC** 
(High MPI group) 9.53 7.57 

Predicted ABEC** 
(Medium MPI 
group) 9.48 7.64 
Predicted ABEC** 
(Low MPI group) 9.72 8.45 

** Units for ABEC: [Fraction of baseline pERK X time (hr)] 
 

6.4 Discussion 

Most preclinical PK/PD studies focus on tumor drug concentrations and PD markers 

obtained from whole tumor homogenates. Naturally this approach negates determining 

intratumoral variability and how such variability could affect drug efficacy and its interpretation. 

Highly variable regional tumor concentrations (i.e. PK-mediated) and/or target inhibition (PD-

mediated) could underlie mistaken inferences that drugs are inactive drawn from whole tumor 

analyses.  By examining regional tumor drug concentrations and associated responses, PK- and 

PD-mediated mechanisms related to drug activity can be delineated and allow more rational 

decisions to be made at numerous levels. In the area of drug development, regional PK and PD 

failures could be vital information as to whether new drug candidates should be developed 

further. For example, variable and limited PD responses in conjunction with adequate target 
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inhibition drug concentrations would likely curtail future development of the compound. In the 

area of designing effective combination regimens, knowledge of the intratumoral PK/PD of each 

drug could indicate the propensity of deleterious or beneficial drug-drug interactions.   

Characterizing regional PK/PD is seen as an important component in an era of personalized 

medicine that will have to address not only person-to person variability but also within subject 

variability.  

 

The negative correlation between gefitinib concentrations and MPI was used as basis to 

develop intratumoral hybrid PBPK/PD models of gefitinib; one model each for brain tumor 

regions with low, medium and high MPI. The PK characteristics of gefitinib were different, 

especially in the low and high MPI group that could be explained by different BBB permeability, 

both due to transcellular diffusion (i.e. h) and active efflux by Pgp (Vmax) Both the parameters h 

and Vmax were found to be MPI dependent which is consistent with previous reports that 

pericytes regulate vascular integrity and maturity via regulation of endothelial cell proliferation, 

formation of tight junctions, and the composition of the extracellular matrix (ECM) around 

vessels (Daneman et al., 2010; Morikawa et al., 2002; Raza et al., 2010), resulting in less 

permeable vasculature and hence a lower transcellular diffusion “h” would be expected in 

vessels with greater pericyte coverage or higher MPI. The Vmax dependence on MPI was 

consistent with our observed lower Pgp expression in the regions with low MPI (see chapter 5) 

and a previous report that found Pgp expression negatively correlated with endothelial 

proliferation/immature cerebral capillaries (Sawada et al., 1999). Paracellular transport (Kp) of 

gefitinib was found to be important but did not show the same MPI dependence as did h and 

Vmax. In addition to the changes in the tumor vessel architecture and BBB permeability caused 
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due to lack of pericyte coverage, large endothelial cell gaps have also been observed in brain 

tumor vessels, consistent with a disrupted BBB (Hashizume et al., 2000). These endothelial gaps 

are highly permeable to all water soluble compounds including large molecular weight proteins 

like albumin (Schlageter et al., 1999). The size of the endothelial gaps is much larger than the 

steric diameter of albumin and hence would be likely to be a significant source of influx for 

drugs like gefitinib that are highly bound to the plasma proteins, and hence was the basis for 

transport of gefitinib from blood to the tumor by a paracellular mechanism ( Kp) It would be 

expected that protein-bound gefitinib residing in the tumor interstitium would dissociate and 

form a dynamic equilibrium with unbound drug, and contribute to the pool of free drug able to 

traverse intracellularly and interact with its receptor. 

 

Tumor pERK profiles predicted by the model agreed with the observed results in the low 

and high dose groups in all MPI groups. Intratumoral PD model showed a dose-dependent 

increase in EC50, a phenomenon that has been observed previously (Bergeron et al., 2001; Wang 

et al., 2008), yet not always attached to a definitive mechanism. A dose-dependent change in 

EC50 has been reported when a single drug acts simultaneously on two different receptors or 

targets, resulting in a composite Emax model with two sets of PD parameters (Lundstrom et al., 

1992). In a similar context, although gefitinib is known for its highly selective and potent EGFR 

inhibition, it targets at least 20 other kinases, albeit with higher IC50 values than for EGFR. One 

such target is an intracellular kinase called cyclin G-associated kinase (GAK) that, in an in vitro 

kinase activity assay, had a 6-fold higher gefitinib IC50 value than EGFR inhibition. (Brehmer et 

al., 2005). Evidence indicates that GAK negatively regulates EGFR signaling, with GAK 

inhibition or knockdown resulting in an increase in EGFR-TK activity possibly due to changes in 
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receptor trafficking leading to increased EGFR receptor number and hence activity (Zhang et al., 

2004). Therefore, gefitinib-mediated inhibition of GAK at higher concentrations would 

antagonize the inhibitory effect of drug on EGFR signaling, resulting in increase in pEGFR IC50 

at higher dose as was observed in our dose-dependent PD model.  

 

The hybrid PBPK/PD model for gefitinib can be used to simulate changes in the 

intratumoral PK/PD profile under different conditions, and represented as being either 

physiological (i.e. blood flow, tumor volumes) or drug-dependent parameters. The drug-

dependent parameters can also be seen as dependent on the regional biological characteristics of 

the tumor, and thus, a number of simulation scenarios arise. Within the particular U87/EGFRVIII 

brain tumor model used here, changes in drug-dependent parameters could be due to duration of 

tumor growth and what fraction of the tumor might be grouped in a particular MPI group. For 

example, in a multiple-dose trial of gefitinib, model simulations could indicate how potential 

changes in BBB permeability and the fractional distribution  of the MPI groups would alter brain 

tumor concentrations and associated PD endpoints. Less responsive or drug resistant tumors may 

be attributed to a higher fraction of the tumor possessing a functional BBB (higher MPI) and 

lower gefitinib tumor concentrations.  Given any set of PBPK/PD model parameters simulations 

of different doses and multiple-dose schedules could indicate the feasibility of achieving 

therapeutic concentrations throughout the tumor and at doses that are nontoxic. The application 

of the current PK/PD intratumoral model derived in U87/EGFRvIII tumors to other tumors will 

be limited, or at least confined to those with analogous growth characteristics, since the PK/PD 

variability was modest with about a 2-fold variability in gefitinib tumor concentrations and 

slightly less for pERK. Without a greater range in biological variability and knowing the 
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associated changes in model parameters it becomes more tenuous to predict gefitinib’s behavior. 

A more invasive brain tumor with greater intratumoral biological variability could provide a 

more robust analysis of relationships between biological variability and model parameters that 

could more readily be applied to diverse tumor types. Nonetheless, the current approach of 

integrating regional biological, PK and PD measurements into a model provides a foundation to 

address intratumoral heterogeneity and drug action. Certainly, reliance on traditional PK/PD 

approaches based on whole tumor homogenates that assume uniform tumor drug concentrations 

and responses cannot offer such a foundation.  

 

In summary, the intratumoral PK/PD/IHC data from chapter 5 was used to cast a set of 

hybrid PBPK/PD models for tumor regions with variable vasculature characteristics (MPI), that 

reflected intratumoral heterogeneity in drug distribution and response. Gefitinib showed modest 

differences in tumor PK and corresponding PD (ABEC) characteristics in each tumor group 

(low, medium and high MPI). The modeling approach illustrated a means to characterize 

intratumoral variations in PK/PD based on their biological properties and could ultimately serve 

as a means to design more effective chemotherapy, hence providing an additional and providing 

an additional step towards the treatment of GBMs. 
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CHAPTER 7 

CONCLUSIONS 

 

Despite advances in multimodality treatment strategies, the clinical outcome of GBM 

patients remains dismal. A factor in these failures is the inadequate accounting of how 

intratumoral variability in genetics, biological and pharmacological characteristics can impact 

drug efficacy. Pharmacological failures may be attributed to inadequate drug concentrations 

throughout the tumor that may involve multiple mechanisms; those residing at the tumor 

vasculature or at the tumor cell membrane. Pharmacological failures also could be due to PD 

mechanisms that are more complex involving genetic and epigenetic anomalies that mitigate 

drug activity; changes that may affect direct drug targets or the associated cell signaling 

pathways. The recent appreciation of genomic and biological tumor heterogeneity, and in 

particular, intratumoral variability, has cast a light on pharmacological heterogeneity that was the 

impetus for the current project. To address pharmacological heterogeneity, a means to integrate 

regional biological, PK and PD measurements was developed for intracerebral tumors in mice. 

The method utilized designated serial frozen sections to one of the respective categories that 

were then processed by IHC, LC/MS/MS or MSD assays with the goal to obtain highly sensitive 

methods. Subsequently, comprehensive intratumoral PK/PD investigations of gefitinib were 

conducted in brain tumor bearing mice and the resultant data cast into intratumoral PK/PD 

models.  
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Prior to the comprehensive intratumoral PK/PD investigations in mouse, in vitro 

cytotoxicity and pilot in vivo studies were completed to identify a gefitinib-sensitive brain tumor 

model with suitable orthotopic growth characteristics to allow for IHC analysis. The U87 cell 

line with a mutant EGFR (EGFRVIII) proved to be a desirable model based on its growth 

characteristics and that a likely PD endpoint, phosphorylated-ERK1/2 (pERK) responded in a 

dose-dependent manner. Thereafter, a novel tumor sectioning and sampling scheme was devised 

to provide intratumoral PK/PD measurements that could be related to corresponding biological 

characteristics measured by IHC. Further, sensitive and robust PK (LC-MS/MS) and PD (Meso 

Scale Discovery, MSD, electrochemiluminescence-based assay) methods were developed that 

enabled measurements using minimal quantity of tumor samples and were reproducible. The 

LC/MS/MS assays for gefitinib concentration measurements did not require new instrumentation 

as would higher spatial resolution imaging methods, and thus, would be readily accessible for 

most research labs. 

 

The in vivo intratumoral PK/PD investigations in the U87VIII mutant orthotopic brain 

tumor bearing mice entailed single dose gefitinib administrations at 150 mg/kg or 50 mg/kg 

orally, followed by collection of plasma and brain tumor samples at various time points based on 

a serial sacrifice study design. The tumors were then sectioned to obtain samples for PK, PD and 

IHC analysis from four distinct regions. Two IHC indices, the microvessel pericyte index (MPI) 

and microvessel transporter index (MTI) reflected the variability in gefitinib brain tumor 

concentrations, with MPI, a measure of intactness of the BBB, used to segregate the intratumoral 

PK/PD data into three datasets corresponding to differential characteristics of the tumor 

vasculature. Hybrid PBPK/PD models were then developed for each MPI group to account for 
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variable BBB integrity. Each MPI-based model consisted of a forcing function describing 

gefitinib plasma concentrations, a 2-compartemet tumor model, and a target response PD model 

to characterize pERK in the tumor. Gefitinib showed different tumor PK and corresponding PD 

characteristics in each tumor group (low, medium and high MPI group), especially at low dose, 

providing a rationale to modify gefitinib dosing regimens for achieving therapeutic 

concentrations within the entire tumor. 

 

A number of directions could be pursued in the future. First, implementing a brain tumor 

efficacy study by using luciferase transfected brain tumor cell line and monitoring tumor growth 

by in vivo imaging to aid in developing an integrated PK/PD/efficacy model and obtain a 

quantitative relationship between the inhibition of pERK and tumor growth or efficacy. Second, 

a multiple-dose gefitinib efficacy study could be pursued using regimens predicted to achieve 

therapeutic brain tumor concentrations and pERK inhibition within the entire tumor. It would 

also be interesting to determine the impact of a multiple-dose regimen on intratumoral PK/PD 

variability. Finally, a more interesting direction is to consider drug combinations that either offer 

a pharmacological rationale or specifically enhance gefitinib BBB penetration. Since variability 

in intratumoral microvessel pericyte index MPI and microvessel P-glycoprotein (Pgp) transporter 

index (MTI) reflected the variability in gefitinib concentrations, gefitinib could be tested in 

combination with agents that inhibit Pgp or decrease pericyte coverage e.g. PDGFR inhibitors 

like imatinib, as a possible step towards attenuating the intratumoral PK, and hence, PD 

variability.  
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In summary, our study successfully illustrated how intratumoral heterogeneity in the 

biological characteristics of the tumor can result in variable drug exposure and PD response, 

albeit to a lesser extent in this case. Nonetheless, the ability to characterize regional PK/PD 

information from tumors, made accessible through a tumor sectioning protocol, is advantageous 

to understand potential reasons for drug inactivity that traditional PK/PD studies based on tumor 

homogenates cannot offer. By combining PK/PD/IHC measurements we were able to develop 

regional PBPK/PD models that accounted for variable BBB permeability. These models will 

provide a tool to assess alternative dosing regimens and drug combinations strategies to attain 

therapeutically relevant concentration throughout the tumor, resulting in optimal PD responses, 

and providing an additional step towards improving chemotherapy for GBMs.    
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APPENDIX A 

ENLARGED FIGURES 29 AND 30 

Appendix A.1.: Enlarged Figure 29  
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Figure A.1.: Enlarged Figure 31. Plasma and intratumoral (Low, Medium or High MPI tumor 

data group) PK modeling of gefitinib in U87VIII tumor bearing athymic mice following 50 
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mg/kg or 150 mg/kg p.o. single dose. The model predicted (—, 50 mg/kg p.o.; ---, 150 mg/kg 

p.o.) and mean (n=3) observed (●, 50 mg/kg p.o.; ▲, 150 mg/kg p.o.) gefitinib concentrations 

are presented for A. plasma, B. tumor with low MPI, C. tumor with medium MPI and D. tumor 

with high MPI. Plots of the observed versus model predicted gefitinib concentrations in E. 

plasma, F. tumor with low MPI, G. tumor with medium MPI and H. tumor with high MPI., 

following the fitting exercise.  
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Appendix A.2.: Enlarged Figure 30  
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Figure A.2.: Enlarged Figure 32. Intratumoral PD modeling of gefitinib in athymic mice 

bearing intracerebral U87VIII tumors following either 50 mg/kg or 150 mg/kg single oral doses. 

The model predicted (---, 50 mg/kg p.o.;—, 150 mg/kg p.o.) and observed (●, 50 mg/kg p.o.; ▲, 
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150 mg/kg p.o.) fractional inhibition of pERK are presented in A, D. Low, B, E. Medium and C, 

F. High MPI tumor group. G and H. Comparison of predicted intratumoral ABEC after low dose 

and high dose administration, respectively. 
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APPENDIX B 

ABBREVIATIONS 

AUC area under the curve  

Akt serine threonine kinase known as protein kinase B 

ATP adenosine tri-phosphate 

BBB blood-brain barrier  

BCRP breast cancer resistant protein 

BTB blood-tumor barrier  

CLL chronic lymphocytic leukemia  

CNS central nervous system  

CYP cytochrome P450 

DAPI 4',6-diamidino-2-phenylindole 

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

ECM extracellular matrix 

EGF epidermal growth factor  

EGFR epidermal growth factor receptor  

EGFRVIII epidermal growth factor receptor with a constitutively active mutation 

ERK extracellular signal-regulated kinase 

ELISA Enzyme linked immune sorbent assay 

ESI electrospray ionization  

GBM glioblastoma multiforme  

HER human epidermal receptor 
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HPLC high performance liquid chromatography  

IFP interstitial fluid pressure 

IGF-1 insulin-like growth factor-1 

IHC immunohistochemistry 

IP intraperitoneal  

IS internal standard  

JAK/STAT Janus kinase and Signal Transducer and Activator of Transcription  

LC/MS/MS liquid chromatography/mass spectrometry/mass spectrometry  

LLOQ lower limit of quantitation  

MAPK mitogen-activated protein kinase  

MET hepatocyte growth factor (HGF) tyrosine kinase receptor 

MPI microvessel pericyte index 

MRI Magnetic resonance imaging 

MRS Magnetic resonance spectroscopy 

MSD meso scale discovery assay 

MTI microvessel Transporter (P-gp) index 

MVD microvessel density  

OS overall survival 

pAkt phosphorylated Akt 

PB physiologically based  

PB-PK physiologically based-pharmacokinetic  

PD pharmacodynamic  

PDGFR platelet derived growth factor receptor 

http://en.wikipedia.org/wiki/Janus_kinase
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pERK phosphorylated extracellular signal-regulated kinase 

PFS progression free survival  

P-gp P-glycoprotein  

PI3K phosphatidylinositol-3-kinase  

PK Pharmacokinetic  

PTEN phosphatase and tensin homolog 

QAR quantitative autoradiography  

QC quality control  

tAkt total Akt 

TCA trichloroacetic acid  

tERK total extracellular signal-regulated kinase  

TGF-β transforming growth factor-β  

TK tyrosine kinase 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling  

ULOQ upper limit of quantitation  

VEGF vascular endothelial growth factor  

WHO World Health Organization  

α-SMA α-smooth muscle actin 
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