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a b s t r a c t

The tyrphostin 4-(3-chloroanilino)-6,7-dimethoxyquinazoline (AG1478) is a potent and

specific inhibitor of EGFR tyrosine kinase whose favourable preclinical profile supports

progression towards clinical trials. Microphysiometric evaluation revealed a short (<24 min)

effective inhibition of cellular receptor response to EGF challenge in BaF/ERX cells indicating

a need to maintain sustained levels of inhibitor. Initial pharmacokinetic evaluation in mice

of novel AG1478 formulations in a beta-cyclodextrin (Captisol1) showed monoexponential

elimination from plasma (half-life 30 min) following subcutaneous administration. A two-

fold dose escalation gave a 2.4-fold increase in the total AUC. Bolus i.v. and 6 h continuous

infusion were investigated in rats to mimic a more clinically relevant administration

regimen. Drug elimination following bolus i.v. administration was biphasic (terminal

elimination half-life 30–48 min). The linear relationship between dose and AUC0!1

(r2 = 0.979) enabled the prediction of infusion rates and doses for sustained delivery using

continuous 6 h infusions, where steady state was reached in 120 min. Plasma levels of

AG1478 >10 mM were achieved over the duration of the infusion. At the lowest dose, plasma

drug levels after the cessation of infusion declined with a half-life of approximately 43 min.

EGFR activity, measured both by autophosphorylation and downstream signalling, was

inhibited in a dose-dependent manner by injection of AG1478 in mice bearing xenografts of

the human glioblastoma cell line U87MG.D2-7, which expresses a constitutively active

variant of the EGF receptor. Taken together, these experiments provide essential data to

assess the anti-tumour efficacy of AG1478 and will assist in the rational design of dose

regimens for clinical studies.
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1. Introduction

The EGFR family (EGFR (erbB1), erbB2 (HER2) erbB3 and erbB4)

are a family of receptors that regulate a wide range of cellular

processes including proliferation, differentiation, motility,

survival, angiogenesis and invasion [1–3]. Increased, or

constitutive EGFR signalling due to mutations of the receptor,

gene amplification, receptor over-expression or autocrine

stimulation by specific ligands has been observed in approxi-

mately one third of all human tumours including brain, head

and neck, colon, lung and pancreas [3,4]. Such aberrant

signalling is often associated with poor clinical prognosis

including non-responsiveness to chemotherapy and

decreased survival [5]. The EGFR family therefore represents

an important target for pharmacological intervention using

specific potent inhibitors of these signalling pathways [6].

This has led to the design of a range of inhibitors that target

discreet regions of the receptor. Various inhibitors are directed

towards the extracellular binding or dimerisation domains

and include monoclonal antibodies [7,8], immunotoxins [9,10]

and ligand-binding cytotoxic agents [11,12]. However, the

group termed ‘small molecule inhibitors’ target the intracel-

lular tyrosine kinase region, and interfere with the signalling

pathways that modulate the cancer-promoting response (see

[6,12,13] for reviews).

While there are many classes of small molecule tyrosine

kinase inhibitors [14], the quinazolines appear to be among

the most promising and the most advanced in clinical

development. Clinical trials of two orally administered small

molecule reversible inhibitors of ErBb1: gefitinib (ZD1839 or

Iressa1, Astra Zeneca) for non-small cell lung cancer, and

erlotinib (OSI774 or Tarceva1, OSI Pharmaceuticals) for

breast, pancreatic and non-small cell lung cancer have

demonstrated significant activity, leading to the former being

approved for use in this indication [6,12,15–20]. Other

inhibitors also in clinical trial include EKB569 (Wyeth-Ayerst)
Fig. 1 – The structure of AG1478 (4-(3-chloroanilino)-6,7-dimeth

dimethoxyquinazoline), OSI744 (erlotonib) (N-(3-ethynylphenyl)

and ZD1839 (gefitinib) (4-(3-chloro-4-flurophenylamine)-7-meth
and CI1033 (Pfizer) however these agents irreversibly inhibit

ErbB1 and in the case of CI1033 inhibit all ErbB receptors

[12,15,17,18]. The utility of irreversible over reversible

inhibitors is yet to be substantiated [21].

There is also mounting evidence to suggest that EGFR

tyrosine kinase inhibitors will have synergistic effects with

other anti-tumour treatments [22–24] especially in the setting

of combined radiation and chemotherapy [25,26]. However,

randomised Phase III trials of gefitinib in combination with

chemotherapy regimens have shown no survival advantage

over the use of chemotherapy alone [27]. An association of

response to EGFR kinase inhibitors with mutation status of the

tyrosine kinase domain [28,29] has been reported and is the

subject of ongoing research.

The tyrphostin (tyrosine phosphorylation inhibitor) 4-(3-

chloroanilino)-6,7-dimethoxyquinazoline (AG1478, Fig. 1) [30],

which is a competitive inhibitor of the ATP binding site in the

kinase domain [31,32] is a highly potent and specific small

molecule inhibitor of EGFR (ErbB1) tyrosine kinase [15,33]. The

important chemical features for activity against EGFR include:

the presence of electron-donating groups at positions 6 and 7

on the quinazoline; the presence of small lipophilic groups at

position 3 of the aniline; the orientation of the quinazoline ring

nitrogens [14]. The chemical structures of the orally active

quinazoline compounds currently in clinical trial differ to

AG1478 due to the presence of hydrophilic side chains at

positions 6 and/or 7 [14] (Fig. 1).

AG1478 is active both in vitro in cell lines such as colon

cancer, non-small cell lung cancer and glioblastoma cell

models and in vivo in mice xenograft models. In cell culture

experiments it has significant anti-proliferative effects [32–36],

and enhances the sensitivity to cytotoxic drugs like cisplatin

and doxorubicin [37,38]. In tumour xenograft models AG1478

inhibits the growth of A431 tumours [39] and human

glioblastomas [23,24,40] which over-express a mutant EGFR

(D2-7 EGFR) [41]. AG1478 also sensitises these tumours to the
oxyquinazoline), AG1557 (4-(3-iodoanilino)-6,7-

-6,7-bis(2-methoxyethoxy)-4-quinazolinamine�HCl)

oxy-6(3-(4-morpholinyl)quinazoline)).
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cytotoxic action of cisplatin [23] and temozolomide or the

monoclonal antibody mAb 806, an anti-EGFR antibody that

was raised against the D2-7 EGFR but unexpectedly also binds

a subset of the EGFR expressed in cells exhibiting amplification

of the EGFR gene [24,40].

In this study different salts forms of AG1478 have been

combined with sulfo-butylether beta-cyclodextrin (Captisol1,

CyDex Inc., Lenexa, KS, USA), which has demonstrated

efficacy in improving the aqueous solubility of hydrophobic

drugs [42–45]. The Captisol1 has permitted aqueous formula-

tions of appropriately high AG1478 concentration (>90 mM)

for the assessment of tissue distribution and pharmacoki-

netics of AG1478 in mice and rats. Mice were used to assess

distribution, initial pharmacokinetics and the feasibility of the

various formulations and administration routes (subcuta-

neous and oral). Use of the rat model allowed the determina-

tion of individual plasma profiles through multiple blood

sampling. Steady state infusion studies, where drug levels

could be maintained at predetermined levels, were chosen for

the initial determination of pharmacodynamic endpoints.

These experiments provide essential data for the design of

future experiments to assess the anti-tumour efficacy of

AG1478 and will assist in the rational design of dose regimens

for the clinical studies.
2. Methods

2.1. Chemicals/reagents

AG1478 (4-(3-chloroanilino)-6,7-dimethoxyquinazoline) as the

free base, the chloride, tartrate, citrate or mesylate salts and

the internal standard AG1557 (4-(3-iodoanilino)-6,7-dimethox-

yquinazoline, Fig. 1) [30], used in the HPLC monitoring, were

synthesised by IDT (Institute of Drug Technology, Boronia,

Australia). 3H-AG1478 (4.4 Ci/mmol) was prepared by Amer-

sham Biosciences (Cardiff, Wales) and 99mTc-labelled human

serum albumin (99mTc-HSA) was generated on site (Radio-

pharmacy Department, Peter MacCallum Cancer Centre,

Melbourne, Australia) from commercially available Albumex20

(CSL, Parkville, Vic., Australia) with a specific activity of

0.5 mCi/mg (17 Ci/mmol). Captisol1 (sulfo-butylether beta-

cyclodextrin) was purchased from CyDex Inc. (Lenexa, KS,

USA). Dimethylsulfoxide (DMSO), analytical reagent was

purchased from Sigma–Aldrich (Castle Hill, NSW, Australia).

2.2. Formulations

2.2.1. Solubility studies

Solubilities were calculated by preparing saturated solutions

of the drug in the appropriate buffer. This was achieved by

sonication using a sonifier (Branson Consonic, Danbury, USA)

(output 5, cycle 50% for 1 min), and then leaving the sample

overnight at 25 8C. Samples were then centrifuged for 10 min

at 10,000 � g and the soluble supernatant carefully removed.

The absorbance at 330 nm was read using a spectrophot-

ometer (Carey 50, Varian, Australia) and compared with a

standard curve prepared by serial dilutions of AG1478 free

base dissolved in DMSO and quantitated using an extinction

coefficient at 330 nm of 13,231 mol�1 cm�1.
2.2.2. Formulation for animal studies
(a) M
ouse studies. In initial experiments formulations of either

AG1478 tartrate or citrate salts dissolved in water at

concentrations well below the maximum solubility were

used. Higher concentrations of AG1478 were achieved

using Captisol1-containing solutions and were used to

deliver doses listed in Table 2. To make these solutions

Captisol1 was dissolved with stirring in 5% glucose

solution, after which the AG1478 salt was added to the

solution (0.5 molar ratio to Captisol1) and stirring

continued until complete dissolution. For all formulations

the final solution of AG1478 mesylate/Captisol1 was

filtered under aseptic conditions using a Fluorodyne II

filter cartridge (Pall Corporation), and dispensed in 5 ml

aliquots into 10 ml type II soda glass vials (Kimble Kontes,

Vineland, NJ, USA). The vials were sealed with Fluorotec

stoppers and aluminium crimp seals (West Pharmaceu-

tical Services, Brookvale, Australia) and stored at 2–8 8C.

The identity of AG1478 in the vial contents was confirmed

by RP-HPLC analysis and mass spectral analysis, and the

concentration confirmed spectrophotometrically at

330 nm prior to administration. Biological activity was

determined using the mitogenic assays described below.
(b) R
at studies. AG1478 mesylate (49 mM) in Captisol1 (98 mM)

was prepared as described above.

2.3. Mitogenic assays

Mitogenic assays were performed using the EGF-dependent

BaF/ERX [46] and LIM1215 [47] human colon cancer cell lines.

The BaF/ERX cell line is an EGF-dependent cell line derived

from BaF/wtEGFR [46] by continuous selection in EGF (F.

Walker et al., in preparation). These cells display approxi-

mately 50,000 EGF receptors per cell but no other EGFR family

member [46]. They respond mitogenically to EGF and there-

fore offer an assay system which is totally specific for the

EGFR. They also respond mitogenically to IL3, allowing this

signalling pathway to be used as a control for inhibitor

specificity and toxicity.

The LIM1215 cell line [47] was originally derived from a

patient with inherited non-polyposis colon cancer. These

cells express approximately 40,000 EGF receptors per cell, but

also low levels of ErbB2. They are therefore representative of

the receptor heterogeneity likely to be encountered in the

clinical situation.

The BaF/ERX cells were routinely cultured in RPMI 1640

supplemented with 10% fetal calf serum and 1% WEHI3

conditioned media (as a source of IL3). Prior to assay, the cells

were washed three times and resuspended in RPMI 1640

supplemented with 10% FCS. Using an automated workstation

(Biomek 2000, Beckman) cells were seeded into 96 well

microtitre plates (Nunc) at 2 � 104 cells per 200 ml and

incubated for 3 h at 37 8C, 5% CO2. AG1478 samples were then

added to the plates at a starting concentration of 5 mM and

titrated two-fold. Mitogenic stimuli (5 ng/ml EGF or 1% IL3)

were added to the AG1478-exposed and control cells. Cells

were pulsed with 1 mCi/well 3H-thymidine for 18 h at 37 8C, 5%

CO2 then harvested onto plates (Unifilter 96GF/C, Perkin-

Elmer). The filter plates were dried and 20 ml of scintillation
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cocktail (Microscint 20, Perkin-Elmer) was added per well and

the plates counted in a 96 well plate counter (TopCount NXT,

Perkin-Elmer). 3H-thymidine incorporation was determined in

counts per minute (cpm).

Assays using LIM 1215 cells were performed as above

except that the cells were initially grown to confluence,

trypsinised and resuspended in RPMI 1640 with ATG supple-

ment (bovine serum albumin, iron saturated transferrin and L-

glutamine). The cells were then seeded into 96 well microtitre

plates at 5 � 104 cells per well using the automated workstation.

2.4. Cytosensor microphysiometry

Adherent LIM1215 [47] or non-adherent BaF/ERX cells [46] were

embedded in 0.2% low gelling temperature agarose (5 � 105

cells) and seeded onto the polycarbonate membranes of each

Cytosensor transwell capsule cup (Corning Transwell; 3 mm

pore size, 12 mm diameter). Upon setting, a low buffering

capacity running medium (DMEM with 5.5 mM glucose, 0.01%

BSA containing the antibiotics penicillin and streptomycin)

was added to the centre and outside of each capsule cup. A

spacer was placed in the buffer directly over the cells and

sandwiched by the transwell insert. The completed cell

capsule assemblies were then transferred to the sensor

chambers of the microphysiometer (Cytosensor, Molecular

Devices, USA) which had been warmed to 37 8C and flushed

with running buffer. Cells were equilibrated until a steady

state extracellular acidification (ECAR) was obtained before

exposure to reagents.

A 2 min pump cycle was established consisting of a 90 s

pumping phase to equilibrate the system followed by a pump-

off period of 30 s during which time the extra-cellular

acidification rate (ECAR) was measured. The flow during the

pump-on phase was 100 ml/min. The rate data were normal-

ised to a percentage figure to account for slight channel to

channel variations in cell number. The ECAR was determined

from the slope of a linear-least squares fit to the plot of

millivolts versus time during the pump-off cycle. The

percentage change above or below basal rate is plotted against

time and gives a quantitative measurement of the response of

applied reagents. AG1478 was dissolved in DMSO and then

diluted into tissue culture medium prior to perfusion for either

the duration of the experiment or for a 30 min period prior to

challenge with EGF. All EGF perfusions were a single pulse

lasting three pump cycles (total 6 min).

2.5. RP-HPLC analysis

AG1478 levels in plasma were quantitated using a validated

RP-HPLC method [48]. Briefly, plasma samples (90 ml) were

extracted with acetonitrile-containing 50 mM internal stan-

dard (AG1557) and, following centrifugation, the supernatant

was evaporated to dryness, reconstituted in 50% (v/v)

acetonitrile:water and separated by HPLC (model 2690,

Waters Australia) using a Symmetry C8 column

(150 � 3 mm i.d., 5 mm, Waters Australia). A linear 38 min

gradient of 10–90% acetonitrile in 0.1 M ammonium acetate

buffer pH 6.0 over 38 min at a flow rate of 0.2 ml/min was

used to elute the column. The column temperature was 25 8C

and detection was at 330 nm. Inter- and intra-assay accuracy
and precision were better than �10% and the limit of

quantitation was 0.2 mM.

For the chromatographic determination of levels of

AG1478 in tissues, animals were humanely killed by cervical

dislocation at 60 min following subcutaneous injection, and

tissue removed and immediately frozen in liquid nitrogen

and stored at �70 8C. Prior to extraction, tissue was thawed

and weighed. Approximately 200–300 mg of sample was

chopped and homogenised in 2 ml phosphate buffered saline

before 2 ml of dichloromethane (Aldrich, MI, USA) was added

and the sample vortexed and then centrifuged (5 min at

3000 � g). The organic phase was removed and the extraction

repeated with a further 2 ml of dichloromethane, and the

organic phases pooled and dried under helium and recon-

stituted in 50 ml DMSO for HPLC analysis. AG1478 was

analysed using the RP-HPLC method described above with

the following exceptions: an Aquapore RP 300 column

(100 � 2.1 mm i.d., Perkin-Elmer, Australia) was installed in

a Agilent Model 1100 HPLC (Agilent Technologies, Melbourne,

Australia) and a linear 40 min gradient from 10% to 95%

acetonitrile in 0.1 M ammonium acetate buffer pH 6.0 at a flow

rate of 0.1 ml/min was used.

2.6. Tissue distribution studies

All animal studies were approved by the appropriate institu-

tional Ethics Committees. To estimate tissue distribution,

female BALB/c mice (20 g) were administered 3H-AG1478

(5 mCi) in a carrier solution of 10 mM AG1478 tartrate in

Captisol1 (300 ml) by subcutaneous injection. At 25 min, 100 ml

of technetium 99-labelled human serum albumin solution

(99mTc-HSA) was injected via the tail vein. At 30 min, under

Penthrane1 anaesthesia, blood, tissue and organs were

harvested, including liver, kidney, spleen, lung, heart, brain,

muscle, stomach, small intestine, large intestine and skin.

Tissues were trimmed of excess fat and connective tissue

(intestine contents were emptied), rinsed briefly in 0.9% saline

and blotted dry. Samples (100–300 mg) were homogenised in

300 ml of saline per 100 mg of sample. One 100 ml aliquot was

counted immediately for 99mTc activity using a multi-detector

gamma counter (Wizard 1470, Wallac, Finland). A second

100 ml aliquot (or 50 ml of blood) was solubilised with 0.5 ml of

tissue solubiliser (NCS, Amersham, IL, USA) by heating at 60 8C

for 1 h. The soluble homogenate was cooled to room

temperature and following addition of 6 ml of scintillation

cocktail (Optiphase HiSafe3, LKB, Leics, UK) was counted for

beta activity (Tricarb 2100TR, Packard, CT, USA) immediately

and then recounted after 60 h (greater than 10 times the half-

life of 99mTc) to ensure that any weak beta emission from the
99mTc isotope did not contribute to the assessment of activity

of the 3H label of AG1478. Injected solutions were also counted

to calculate the total dose.

The volume of blood in each tissue homogenate was

calculated by relating the gamma activity (99mTc-HSA) for a

known volume of blood to the gamma activity for the

homogenate. The 99mTc-HSA is retained within the vascula-

ture during the deliberately short (5 min) distribution time.

The 3H-AG1478 content of each tissue was calculated by

subtracting the beta activity for the blood component from

that for the complete homogenate.
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Table 1 – Prototype formulations used

Formulation Dose
administered

MICE: s.c. and p.o. bolus

AG1478 tartrate in Captisol1 (mmol/kg) 136 and 272

AG1478 citrate in Captisol1 (mmol/kg) 780

RATS: intravenous

AG1478 mesylate in Captisol1

Bolus (mmol/kg) 9.5, 19.0, 47.5

and 95.0

Steady state infusion (1 ml/h)

(mmol/kg/h)

24, 111 and 161
2.7. Pharmacokinetic studies

2.7.1. Mice: subcutaneous and oral bolus studies
AG1478 was delivered as a single subcutaneous (s.c) or oral

(p.o.) dose in less than 30 s at a volume of 15 ml/kg to female

BALB/c mice. Doses were 136 and 272 mmol/kg as the tartrate

salt and 780 mmol/kg as the citrate salt, in Captisol1 formula-

tion (Table 1). Blood was sampled at selected times from 5 to

480 min by axillary dissection under terminal Penthrane1

anaesthesia. Plasma was obtained by centrifugation and

aliquots were stored at �70 8C prior to RP-HPLC analysis.

2.7.2. Rats: intravenous pharmacokinetics and steady state

infusion studies
Under isofluorane anaesthesia, the carotid artery (for blood

samples) and jugular vein (for drug dosing) of male Sprague-

Dawley rats (280–320 g) were cannulated using polyethylene

tubing (0.96 mm o.d., 0.58 mm i.d.) [49]. The cannulae were left

subcutaneously until being exteriorised just prior to dosing on

the following day. Rats returned to normal grooming, drinking

and sleeping behaviour within 1 h of surgery. On the day of

dosing rats were housed in cages fitted with swivel attachments

to enable free movement while protecting the cannulae.

AG1478 was administered over 5 min (bolus dose, 2 ml), or

infused over 6 h at 1 ml/h using a syringe driver (Model MS 16A,

Graseby Medical) using the formulations described in Table 1.

Control animals received Captisol1 vehicle only. Heparinised

blood samples (0.2 ml) were collected predose and at multiple

times. A 150 ml aliquot of plasma was stored at�20 8C until RP-

HPLC analysis, which was conducted within 2 weeks.

2.8. Pharmacokinetic calculations

The area under concentration time curves (AUC0!1) was

calculated using the linear trapezoidal rule up to the last

measurable concentration. The extrapolated terminal elim-

ination area was determined by dividing the last measured

concentration by the terminal elimination rate constant. The

following equations were employed to calculate the apparent

volume of distribution (Vd), half-life (t1/2) and the total

clearance (Cl), respectively:

Vd ¼ doseðmgÞ=ðelim: rate constantðmin�1Þ

� AUC0!1ðmg min=mlÞÞ=weightðkgÞ;

t1=2 ¼ ln 2=elim: rate constant;

Cl ¼ fdoseðmgÞ=AUC ðmg min=mlÞg=weightðkgÞ
0!1
2.9. Inhibition of EGFR activity in mouse tumour
xenografts

U87MG.D2-7 glioblastoma cells (23, 24) in 100 ml of PBS (3 � 106

cells) were injected s.c. into both flanks of 4–6-week-old,

female nude mice (Animal Research Centre, Perth, Australia).

All studies were conducted using established tumour models.

Treatment commenced once tumours had reached a mean

volume of approximately 70 mm3. Mice bearing xenografts

were injected intraperitoneally with AG1478 at 50 or 125 mmol/

kg on days 1, 3, 5, 7, 9 and 11. The mice were monitored to day

24. They were then given one final injection of AG1478 30 min

prior to sacrifice. The tumours were harvested and snap-

frozen in dry ice for the determination of EGFR activation and

signalling. Frozen tumour samples were thawed, chopped

manually and resuspended in RIPA buffer-containing protease

and phosphatase inhibitors. Tissues were disrupted by

sonication, and lysates cleared of insoluble material by

high-speed centrifugation. The protein content of the solubi-

lised samples was determined by the BCA method (Pierce

Biotechnology, Rockford, IL). Equivalent amounts of each

sample were separated by SDS-PAGE and transferred to

Immobilon membranes (Millipore, Billerica, MA). EGFR activa-

tion was assessed by probing the membranes with anti-

phosphotyrosine antibody 4G10 (Upstate, Waltham, MA) and

anti-EGFR antibody 806 [40,50]. For the determination of EGFR

downstream signalling to the MAPK pathway, membranes

were probed with anti-phospho MAPK antibody (Cell Signaling

Technology Beverly, MA) and re-probed with a pan-ERK

antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Reactive

bands were visualized using HRP-coupled secondary anti-

bodies (BioRad, Hercules, CA) followed by enhanced chemi-

luminescence (ECL: Amersham Bioscience, Piscataway, NJ).

Densitometric analysis of the reactive bands was performed

using a Molecular Dynamics computing densitometer and

ImageQuant software (Molecular Dynamics, Sunnyvale, CA).

Specific EGFR phosphorylation is defined as the ratio of

phospho-EGFR to total EGFR protein; similarly, MAPK activa-

tion is defined as the ratio of phosphorylated MAPK to total

MAPK protein. AG1478 levels in blood and tumours were

determined by RP-HPLC as described above.
3. Results

3.1. Formulation

The maximum concentrations obtained for AG1478 free base

and salts in both water and Captisol1 are reported in Table 2.

The formation of the chloride, citrate, tartrate or mesylate

salts of AG1478 gave significant increases in the aqueous

solubility (225, 440 mM, 1 and 37 mM, respectively). The

maximum concentration of AG1478 free base in DMSO was

200 mM whereas in de-ionised water at ambient temperature

(25 8C) the maximum solubility is reduced by a factor of 104.

Captisol1 increased the aqueous solubility approximately 200-

fold (to 400 mM) over water alone (Table 2). Similarly, the use of

Captisol1 resulted in further increases in solubility for the salt

forms of AG1478 (to 35, 50, 50 and 90 mM, respectively:

Table 2). The AG1478 mesylate salt at 49 mM in Captisol1
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Table 2 – Concentrations achieved using A1478 salts compared to free base

Solvent Concentrations of AG1478 (mM) achieved

Base Chloride Citrate Tartrate Mesylate

Water 0.00195 0.225 0.440 1 37

Captisol1 0.4 35 50 50 90

DMSO 200
(98 mM) was chosen as the final formulation. Typically,

cyclodextrins have been found to form 1:1 or 1:2 inclusion

complexes [45]. Whilst preliminary experiments showed that

a 1:1 formulation gave effective solubilisation, long term

solubility was improved if a 1:2 mixture was used.

3.2. Mitogenic analysis

The potency of the AG1478 preparations was calculated from

the inhibition of tritiated thymidine uptake by either the Baf/

ERX cell line (generated by transfection of the murine pre-B

BaF/3 cell line, which has no endogenous members of the EGFR

family, with EGFR [46]) or LIM1215 colon carcinoma cells [47]

following challenge with a dose of EGF (0.8 nM) which caused
Fig. 2 – Inhibition of EGF-dependent 3H-thymidine

incorporation by AG1478. BaF/ERX (panel A) or LIM1215

cells (panel B) were incubated with AG1478 at the doses

indicated prior to stimulation with EGF (0.8 nM) in the

presence of 3H-thymidine as described in Section 2. The

IC50 was calculated by fitting the incorporated counts

recovered (solid symbols) to a sigmoid function (—) using

Origin (OriginLab Corporation, Northampton, MA, USA).
maximal stimulation. The observed IC50 using the BaF/ERX

cells was approximately 0.07 mM (Fig. 2A). The potency for the

LIM 1215 human colon cancer cell line [47] (IC50 = 0.2 mM,

Fig. 2B) was slightly reduced.

3.3. Microphysiometer analyses

The microphysiometer (Cytosensor, Molecular Devices, USA)

uses a silico-based light addressable potentiometric sensor to

make rapid (<30 s), sensitive (>0.01 pH units) and precise

measurements of extracellular pH following cell stimulation

[51]. Cells are maintained in a transwell assembly above the

detector. Measurements are made of the rate at which the cells

secrete acidic by-products (extracellular acidification rate,

ECAR) due to metabolic and regulatory events within the cell.

This instrument has been used previously to monitor EGF/

EGFR family interactions [52–55].

A rapid increase in extracellular acidification was observed

following stimulation of BaF/ERX cells with a pulse of EGF

(6 min duration), which decayed back to baseline over the next

2–3 h (Fig. 3A). Re-stimulation at this time (data not shown)

gave a similar response. If the cells were treated with AG1478,

the response was inhibited in a dose-dependent manner

(Fig. 3A). The IC50 was approximately 0.3 mM in this assay. The

LIM1215 colonic carcinoma cell lines showed a similar

response to EGF (Fig. 3B, EGF control) and gave similar

inhibition with the AG1478 (data not shown).

The microphysiometer was also used to determine the

duration of inhibition following exposure to AG1478 using the

LIM1215 cells (Fig. 3B). The cells were pre-treated with AG1478

(5 mM) for 30 min, a dose which caused maximal inhibition

(Fig. 3A). The inhibitor was then removed and the cells

challenged at various time intervals with EGF (100 ng/ml).

Cells exposed to EGF at 0, 12 and 18 min post-removal of the

inhibitor did not respond instantaneously to EGF challenge.

However, a significant delayed response was seen in all cells

around 24 min. Cells challenged 24 min after removal of the

inhibitor showed immediate response.

3.4. Tissue distribution

Tissue distribution of AG1478 was determined following

subcutaneous injection of 3H-AG1478. Results were corrected

for blood pool contamination using 99mTc-HSA injected just

5 min prior to sacrifice. 99mTc-HSA has a short half-life and

will be retained within the vasculature because of the short

time between the injection of this tracer and sacrifice of the

animal. Tissue levels of 3H-AG1478, assessed 30 min after

injection, were highest in the liver, kidney and muscle at 6.3%,

3.9% and 4.1% of the dose, respectively (Fig. 4). Approximately

4.1% of the dose was retained in the blood at this time. The
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Fig. 3 – Analysis of AG1478 inhibition of EGF-induced

cell stimulation using a Cytosensor Microphysiometer.

(A) Dose-dependent inhibition by AG1478. BaF/ERX

cells were inhibited with AG1478 as indicated and the

extracellular acidification rate (ECAR) measured, as

described in Section 2, following stimulation with EGF

(16 nM). (B) Duration of AG1478 inhibition. LIM1215 cells

were pre-incubated with AG1478 (5 mM) for 30 min. The

inhibitor was then removed and the cells challenged with

EGF (16 nM) at the times indicated.

Fig. 5 – Semilogarithmic plot of plasma AG1478 elimination

in mice following subcutaneous (A) and oral (B) doses of

136 mmol/kg (circle) and 280 mmol/kg (triangle) AG1478-

citrate or 780 mmol/kg (square) AG1478-tartrate using

Captisol1/aqueous formulations. Each time point

corresponds to one individual mouse.

Fig. 4 – Tissue distribution of 3H-AG1478 in a mouse at

30 min after subcutaneous bolus dose. Tissue levels of 3H-

AG1478, expressed as percent of the dose administered,

were corrected for blood content that was measured using
99Tc-labelled human serum albumin.
other tissues, including brain, showed levels between 0.1%

and 0.5% of the dose. The total recovery of the administered

dose was 34%. Bile, faeces, urine or intestinal contents were

not collected for analysis. Similar tissue distribution was

observed when tissue AG1478 levels were measured by RP-

HPLC following a comparable dose of non-radiolabelled

AG1478 (data not shown), allowance being made for blood

pool volumes.

3.5. Pharmacokinetics

3.5.1. Mice: subcutaneous and oral studies
A subcutaneous (s.c.) dose of 780 mmol/kg AG1478 resulted in

signs of mild toxicity (hunched posture and shallow breath-

ing). Examination of the corresponding plasma concentrations

indicated sustained, elevated AG1478 levels of around 100 mM

over the 4 h period measured (Fig. 5). This high plasma level

suggested that much lower doses would be sufficient to give

AG1478 plasma levels that were capable of blocking the EGFR

signalling pathways. Doses of 136–272 mmol/kg were therefore

investigated. These doses resulted in initial serum plasma
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Fig. 7 – Semilogarithmic plot of plasma AG1478 levels

during and post 6 h intravenous infusions of AG1478-

mesylate in Captisol1 24 (triangle up) 111 (circles) and 161

(squares) mmol/kg/h. The data presented is from two rats

per dose level. The time of attainment of theoretical steady

state (120 min) is indicated by an arrow. Blood samples

were not taken post-infusion in the 111 or 161 mmol/kg/h

experiments.

Fig. 6 – Semilogarithmic plot of mean (WS.E.M., n � 3)

plasma AG1478 elimination in rats after intravenous dose

of 9.5 (circle), 19.0 (triangle down), 47.5 (triangle up) or 95.0

(square) mmol/kg AG1478 administered over 5 min.
levels of >20 mM (Fig. 5). The two-fold dose escalation resulted

in a 2.4-fold increase in the total AUC (from 32.6 to 80.8 mmol h/

ml). The elimination from plasma was monoexponential with

a half-life of 30 min (Fig. 5A).

Oral administration of the 780 mmol/kg AG1478 dose also

resulted in mild toxicity with sustained plasma concentra-

tions of AG1478 >40 mM (Fig. 5B). Following oral administra-

tion relatively high plasma concentrations were reached by

the first sample time (5 min) suggesting rapid absorption.

Oral administration resulted in similar AG1478 elimination

from plasma with generally lower peak plasma concentra-

tions for each dose compared to subcutaneous administra-

tion (Fig. 5).

3.5.2. Rats: intravenous studies
(i) B
T
C

Ta
(m

M

olus i.v. The use of rats as an experimental model

facilitated studies using an intravenous route of admin-

istration, which is more akin to the proposed clinical

situation, and permitted pharmacokinetic sampling with-

out requiring the sacrifice of an animal for each time point.

There were no adverse effects evident following bolus i.v.

administration of AG1478 to rats at any of the four doses

examined (between 9.5 and 95.0 mmol/kg). High plasma

levels (10–60 mM) were evident at the first measured time

point (2.5 min) which then declined in a biphasic manner

with a terminal elimination half-life of 30–48 min (Fig. 6,
able 3 – Pharmacokinetic parameters after intravenous adminis
aptisol1

rget dose
mol/kg)

Actual dose
(mmol/kg)

n AUC0!1
(nmol h/ml)

9.5 9.5 � 0.3 3 3.6 � 0.3

19.0 18.7 � 0.6 3 9.2 � 2.1

47.5 48.4 � 1.2 4 14.3 � 1.1

95.0 93.1 � 3.8 3 38.5 � 4.9

ean � S.D. and n � 3.
Table 3). There were no significant differences between t1/2,

Vd or Cl. A linear relationship between dose and AUC0!1

(r2 = 0.979) indicated non-saturable conditions thereby

allowing prediction of an infusion rate and dose for

continuous infusions.
(ii) S
teady state infusion. The data obtained with the bolus

injections suggested that 120 min (approximately four

elimination half-lives) should be allowed for the attain-

ment of steady state. A total infusion time of 6 h was

chosen using doses of 24, 111 and 161 mmol/kg/h. Steady

state appeared to be reached by 120 min as predicted,

although there was a further gradual increase in plasma

concentrations with time in each rat at all doses used

(Fig. 7). The sustained AG1478 plasma concentrations

ranged from approximately 10–100 mM, depending on the

dosage administered. Following infusion at the lowest

dose, plasma drug levels declined with a half-lives of

approximately 43 min (rat 1 = 42.6 min; rat 2 = 44.5 min). At

both of the higher infusion concentrations (111 and

161 mmol/kg/h), the experiments were terminated at

360 min due to adverse effects (lethargy accompanied by

the inability of the rat to support its own weight) relative to

a ‘‘control’’ rat that received an infusion of the Captisol1

vehicle only.
tration over 5 min in rats dosed with AG1478 in

t1/2

(min)
Vol. dist.

(l/kg)
Clearance

(ml/min/kg)

30.9 � 8.6 2.6 � 0.9 58.3 � 5.9

28.9 � 2.2 2.3 � 0.7 55.1 � 17.0

43.1 � 7.7 3.6 � 0.8 56.9 � 5.5

48.2 � 28.5 2.8 � 1.4 40.8 � 3.6
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Fig. 8 – U87MG.D2-7 xenografts from three untreated mice

(controls) or three mice treated with AG1478 at 125 mmol/

kg (as described in Section 2) were harvested 30 min after

the last injection of AG1478. Tumours were processed as

described in Section 2, and equal amounts of protein were

analysed by SDS/PAGE. Total D2-7 EGFR protein (upper

panel) and tyrosine-phosphorylated protein (lower panel)

were detected by immunoblotting with specific antibodies

as described in Section 2.
3.6. Inhibition of EGFR activation and downstream
signalling in tumours from AG1478-treated mice

Mice bearing xenografts of the human glioblastoma cell

line U87MG.D2-7, which expresses a constitutively active

variant of the EGF receptor [23], were injected with AG1478 in

Captisol1, at either 50 mmol/kg (n = 4) or 125 mmol/kg (n = 4)

(six doses over 11 days as described in Section 2). Tumour

growth was monitored to day 24. Mice were sacrificed 30 min

after the last injection. Tumour samples, as well as blood

samples, were collected for parallel determination of inhibi-

tion of EGFR signalling and of AG1478 levels in the samples

(Fig. 8, Table 4). EGFR activation status in tumour samples was

monitored by measuring both the specific tyrosine phosphor-

ylation of the EGFR (Fig. 8), and the Ser/Thr phosphorylation of

MAPK proteins. MAPK phosphorylation is a more sensitive

readout of EGFR activation than EGF phosphorylation itself

and parallels more directly the cellular effects of EGFR

activation [56]. Inhibition of EGFR signalling was dose-

dependent (Table 4): administration of 125 mmol/kg AG1478

resulted in tumour levels of 0.042 mmol AG1478 per g of tissue,

which was sufficient to virtually totally abolish EGFR

activation (Fig. 8 and Table 4).
Table 4 – Inhibition of EGFR signalling and AG1478 levels in xe

Assay Vehicle control

Specific MAPK activation 0.041 � 0.021

Specific EGFR phosphorylation 1.73 � 0.62

AG1478 in tumours (mmol/g) 0

AG1478 in blood (mM) 0

Mice carrying U87MG.D2-7 xenografts were injected IP with AG1478 at the

analysed for EGFR activation and MAPK activation. Phosphorylate

immunoblotting with specific antibodies as described in Section 2. Re

and blood samples collected at this time were also analysed for levels of A

deviations of four independent samples.
4. Discussion

The EGFR family is abnormally activated in many epithelial

cancers. The development of specific potent inhibitors of this

signalling pathway as a target for anticancer therapy is

therefore an active and ongoing area of research. The

quinazoline AG1478 [30,31,48] is a highly potent and specific

small molecule inhibitor of the EGFR (ErbB1), inhibiting EGF-

induced mitogenesis of the BaF/ERX or LIM1215 cell lines with

an IC50 of 0.07 or 0.2 mM, respectively (Fig. 2).

The duration of effective inhibition by AG1478 of EGF-

induced response was assessed in the Cytosensor micro-

physiometer [51–55]. A delayed cell signalling of up to 18 min

following withdrawal of the inhibitor if challenged with EGF

was observed (Fig. 3). HPLC analysis (data not shown) had

indicated that AG1478 was stable in culture over this time

period. The delayed signalling is therefore most probably due

to diffusion of the inhibitor from the ATP binding site while

EGF is still bound to, and activating, the receptor. Cells showed

an immediate response if challenged with EGF 24 min after

withdrawal of the inhibitor. This suggested that in vivo the

AG1478 levels would need to be maintained at constant

effective levels over a period of time.

The rational design of dose regimens for administration of

AG1478 in clinical trials must be underpinned by an under-

standing of its pharmacokinetic behaviour in animal models.

For such studies, an appropriate safe pharmaceutical for-

mulation must be available in order to study the compound at

relevant concentrations. However, to date the use of AG1478

has been limited by its limited aqueous solubility. In previous

in vivo studies [23,39], AG1478 was delivered using 20–50 ml of

dimethylsulfoxide (DMSO) as the vehicle for each injection.

Although this is below the dose of DMSO known to cause

toxicity with a repeat injection regime in mice [57], there is

clearly a need to find an alternative formulation if AG1478 is to

be useful as a clinical agent: currently DMSO is only approved

by the FDA for palliative treatment of interstitial cystitis and

for limited veterinary use, and has been reported to have a

number of unpleasant side effects including excretion as

dimethyl sulfide which has an unpleasant odour.

Drugs of low water solubility intended for parenteral

administration are typically solubilised by pH-control, use

of pharmaceutical salts, co-solvency or emulsification. Solu-

bilisation attempts using non-aqueous co-solvents (propylene

glycol, ethanol and water) resulted in unstable formulations

(data not shown). Complexation between the drug and the
nografts from mice injected with different doses of AG1478

AG1478 (50 mmol/kg) AG1478 (125 mmol/kg)

0.022 � 0.018 0.011 � 0.006

1.09 � 0.08 0.71 � 0.16

0.013 � 0.005 0.0421 � 0.016

22.5 � 5 60.1 � 12

doses indicated. Tumours were harvested 30 min after injection and

d and total protein levels were determined by SDS/PAGE and

active bands were quantitated by scanning densitometry. Tumour

G1478 as described in Section 2. Data represent means and standard
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Captisol1 excipient is a feasible alternative where the increase

in solubility of the drug is a result of an inclusion complex

formed between the guest molecule (drug) and the host

(Captisol1). Although the entire cyclodextrin molecule is

water soluble, the interior of the molecule is relatively apolar,

and creates a hydrophobic microenvironment with the ability

to encapsulate hydrophobic, insoluble molecules [45]. Capti-

sol1 has been approved for clinical use by the US Food and

Drug Administration as the excipient for at least two injectable

drugs: an antipsychotic agent (Geodon, Pfizer) and an anti-

fungal agent (Vfend, Pfizer).

A combination of the mesylate salt of AG1478 with

formulation in Captisol1 allowed concentrations of up to

90 mM to be achieved (Table 1). Vehicle control experiments in

mice, where Captisol1 was administered alone, confirmed no

evidence of toxicity at the doses used. This formulation was

well tolerated and not only avoided the potential toxicity

problems of solvent-based excipients such as dimethylsulf-

oxide or ethanol, but also overcame the problem of drug

precipitation observed with non-Captisol1 aqueous-based

excipients.

Preliminary in vivo pharmacokinetic characterisation of

AG1478 was performed using mice and rats following bolus

administration. These studies revealed little difference

between mice and rats in the elimination of AG1478 from

the plasma. In rats the peak plasma concentration was

attained rapidly, in the sample taken immediately following

the end of the 5 min ‘bolus’ infusion, and in mice, at doses

below 780 mmol/kg, the peak plasma concentration was

achieved at the first sample point. For bolus doses below

780 mmol/kg, the plasma profile of AG1478 in both rat and

mouse showed typical log-linear elimination. An exception

was noted following oral administration to mice where

plasma levels although variable, appeared to decrease rapidly.

This could however have resulted from differences in

absorption or first pass effects between the two routes. The

rapid elimination from plasma was consistent with the low

tissue and plasma levels observed when tissue distribution of

bolus radiolabelled AG1478 was assessed. The elimination of

AG1478 from the plasma of rodents would appear to be more

rapid than for gefitinib which, albeit at lower doses (Cmax of

5.6–6.9 mM), displays an apparent plasma elimination half-life

of approximately 3.2 h in mice following a prolonged oral

dosing regimen of 50 mg/kg (112 mmol/kg) daily for 4 days [58].

The more rapid elimination of AG1478 suggested that the use

of continuous i.v. infusion over an oral dosing regimen was

required to rapidly achieve and maintain high plasma levels.

The observed constant plasma level of AG1478 following the

highest dose of 780 mmol/kg using either oral or subcutaneous

routes may indicate a failure of elimination mechanisms

when considered in conjunction with the occasionally

observed behavioural signs of toxicity at this dose. Intrave-

nous bolus administration in rats achieved high (>10 mM)

initial plasma levels of AG1478 that were similar to those seen

in the mice but were achieved using lower doses (9.5–

95.0 mmol/kg compared to 136–272 mmol/kg).

Demonstration of a drug effect on the proposed molecular

target (in this case the EGFR) is highly desirable but is often

impractical due to inaccessibility of the tumour tissue. In the

mouse, tritiated AG1478 was widely distributed at low levels
throughout the sampled tissues 30 min after a bolus sub-

cutaneous dose. The large proportion of the administered dose

of 3H-AG1478 that was not recovered in tissues or blood was

considered likely to have resulted from hepatic and or renal

excretion (not assessed in this study).

Fredriksson et al. [59] have studied the biodistribution of
11C-labelled 4-(3-bromoanilino)-6,7-dimethoxyquinazoline

(PD153035, the bromoanilino analogue of AG1478) in rats

using positron emission tomography. These data indicated

that the radiotracer was rapidly cleared from plasma with

subsequent uptake in the brain, heart, liver, gastrointestinal

tract and bladder. McKillop et al. reported gefitinib tissue

distribution to be similarly extensive in both mice and rats

following oral administration, with the levels of gefitinib in

tissues generally higher than in blood when measured

between 2 and 8 h after prolonged oral dosing (50 mg/kg

(112 mmol/kg) per day for 4 days) [58]. The tissue distribution

and levels of AG1478 achieved within 30 min of a single bolus

dose in our studies was generally consistent with the above

data: differences in the dose regimens and drug metabolism

pathways may account for the slight differences such as the

distribution to brain and the lower total recovery seen with

AG1478. The metabolic fate of AG1478 in rats and mice is

currently under investigation (E. Nice et al., unpublished data).

The pharmacokinetic data obtained from the bolus dose

studies in rats enabled the rational design of infusion

experiments, enabled the rational design of infusion experi-

ments, in concordance with the microphysiometry data to

achieve steady state plasma levels of around 10 mM. This level

was chosen since it was significantly above the IC50 levels

determined in our mitogenic and cytosensor assays, and, most

importantly because experiments on skin and brain samples

obtained from mice post-administration of AG1478, where the

serum concentration had been analysed by RP-HPLC, had

shown that these levels were capable of totally inhibiting EGFR

and MAPK phosphorylation (data not shown). The levels

achieved during infusion were consistent at each of the doses

used although a slight trend for increasing concentration over

time was observed. Experiments were ceased at the end of

infusion with the two higher doses due to occasionally

observed behavioural signs of toxicity. At the lowest dose, a

level of approximately 10 mM could be maintained in the

absence of any observed behavioural effects. Intravenous

delivery can avoid the variability associated with altered oral

bioavailability. Indeed clinically the mean oral bioavailability

of erlotinib following a 150 mg (349 mmol) oral dose has been

reported to increase from 59% to almost 100% by taking it with

food [60]. Furthermore the plasma concentrations of gefitinib

can be reduced by co-medications such as ranitidine and

cimetidine that can cause significant sustained elevation of

gastric pH [60].

To further confirm the ability of the circulating serum

levels of AG1478 to reach the tumour target, and shut down the

relevant signalling pathways, we have tested the efficacy of

AG1478 administered ‘‘in vivo’’ against U87MG.D2-7 glioblas-

toma xenografts. The D2-7 EGFR variant, which is expressed in

a high proportion of human glioblastomas [23,35,38], is

constitutively activated, albeit at a low level, resulting in

increased proliferation and survival of the tumour cells and

therefore represents a useful model of EGFR-dependent
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tumour development. Bolus administration of AG1478 at

relatively low doses resulted in significant uptake by the

tumours, which was accompanied by profound inhibition of

EGFR-mediated activation and signalling (Fig. 8 and Table 4).

The plasma levels of AG1478 in mice bearing tumour

xenografts taken at 30 min post-dose were consistent with

the plasma elimination profiles exhibited in the initial

experiments in tumour free mice. The levels of AG1478 in

tumour tissue at 30 min post 50 or 125 mmol/kg dose were

0.013 � 0.005 and 0.0421 � 0.016 mmol/g, respectively (Table 4).

This was consistent with the reported tumour levels of

gefitinib (0.025 � 0.002 mmol/g) achieved in mice receiving

112 mmol/kg daily for 4 days [58]. Interestingly in that study, for

both the plasma and tumour tissue levels of gefitinib taken 2–

8 h after dosing of mice and measured by either radioactivity

or HPLC-MS/MS there was no difference between single or

multiple (daily for 4 days) oral dosing regimes.

When trialled as monotherapy, and assessed by survival

advantage compared to placebo in non-small cell lung cancer,

gefitinib and erlotinib had different outcomes [61,62]: gefitinib

showed no survival advantage [61] whilst erlotinib showed

improved survival of 2 months compared with patients

receiving a placebo [62]. AG1478, whilst sharing the same

structural quinazoline backbone as gefitinib and erlotinib (see

Fig. 1), lacks the hydrophilic side chains which may confer

significantly different properties. The availability of alterna-

tive inhibitors in novel formulations provides the opportunity

to evaluate further the therapeutic potential of this important

class of compounds.
5. Conclusions

These results confirmed the therapeutic potential of AG1478

and the feasibility of administering efficacious doses of the

inhibitor by continuous infusion of aqueous formulations

using Capitisol as an excipient. We have evaluated the

pharmacokinetics in rodents, successfully achieving sus-

tained plasma concentrations of >10 mM over 6 h. This

represents a novel approach to the delivery of a specific

reversible inhibitor of EGFR tyrosine kinase at levels which

should be clinically relevant.
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