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Abstract

Overexpression of epidermal growth factor receptor (EGFR) has been implicated in tumor development and malignancy. Evaluating the
degree of EGFR expression in tumors could aid in identifying patients for EGFR-targeted therapies and in monitoring treatment.
Nevertheless, no currently available assay can reliably quantify receptor content in tumors. Radiolabeled inhibitors of EGFR-TK could be
developed as bioprobes for positron emission tomography imaging. Such imaging agents would not only provide a noninvasive quantitative
measurement of EGFR content in tumors but also serve as radionuclide carriers for targeted radiotherapy.

The potency, reversibility, selectivity and specific binding characteristics of ML04, an alleged irreversible inhibitor of EGFR, were
established in vitro. The distribution of the F-18-labeled compound and the extent of EGFR-specific tumor uptake were evaluated in tumor-
bearing mice.

ML04 demonstrated potent, irreversible and selective inhibition of EGFR, combined with specific binding to the receptor in intact cells. In
vivo distribution of the radiolabeled compound revealed tumor/blood and tumor/muscle activity uptake ratios of about 7 and 5, respectively,
3 h following administration of a radiotracer. Nevertheless, only minor EGFR-specific uptake of the compound was detected in these studies,
using either EGFR-negative tumors or blocking studies as controls.

To improve the in vivo performance of MLO04, administration via prolonged intravenous infusion is proposed. Detailed pharmacokinetic
characterization of this bioprobe could assist in the development of a kinetic model that would afford accurate measurement of EGFR content
in tumors.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction transphosphorylate each other. Receptor autophosphoryla-
tion on tyrosine residues both enhances the catalytic activity
of kinases and provides docking sites for downstream signal
transduction molecules that harbor SH2 or PTB domains.
These interactions activate signal transduction pathways,
which ultimately lead to multiple cellular processes, such as
proliferation, differentiation, apoptosis, angiogenesis, cell
adhesion and movement [1-7].

Aberrant family member signaling in tumors often
involves EGFR and HER2 and is commonly caused by
gene amplification, ligand overexpression (which causes
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Epidermal growth factor receptor (EGFR/c-ErbB1/
HER1), along with HER2 (c-ErbB2/neu), HER3 (c-ErbB3)
and HER4 (c-ErbB4), is a member of Subclass I of the
receptor tyrosine kinase superfamily. The activation process
of these receptors requires their homodimerization/hetero-
dimerization, followed by juxtaposition of their cytoplasmic
parts. This active conformation makes it possible for TK
domains of the receptors both to bind ATP and to
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to ligand-binding-independent constitutive activation]
[8-10]. Overexpression of EGFR has been demonstrated
in numerous human epithelial tumors, including cancers of
the upper aerodigestive tract [non small cell lung cancer
(NSCLC), small cell carcinoma of the head and neck,
esophageal cancer and gastric cancer], as well as in gliomas
and carcinomas of the colon, pancreas, breast, ovary,
bladder and kidneys [8,11-13]. Furthermore, increasing
evidence of a correlation between EGFR overexpression
and metastasis formation, therapy resistance, poor prognosis
and short survival gave impetus to the development of
various anti-EGFR-targeted therapies. Examples of such
therapies approved by the Food and Drug Administration
include low-molecular-weight reversible EGFR TK inhib-
itors, such as gefitinib (Iressa, ZD1839; AstraZeneca,
Wilmington, PA; for the treatment of locally advanced or
metastatic chemotherapy-refractory NSCLC) and erlotinib
(Tarceva; Genentech, San Francisco, CA; for the treatment
of locally advanced or metastatic chemotherapy-refractory
NSCLC), in combination with gemcitabine, the treatment of
choice for locally advanced, inoperable or metastatic
pancreatic cancer [14,15]. The chimeric anti-EGFR mono-
clonal antibody cetuximab (Erbitux; ImClone Systems, Inc.)
has also been approved for the treatment of advanced
metastatic colorectal cancer [16]. Additional anti-EGFR-
targeted therapies, which are currently on clinical trial,
include monoclonal antibodies, such as panitumumab
(ABX-EGF) and ICR62, and low-molecular-weight com-
pounds, such as the dual EGFR/HER2 inhibitor PKI-166
and the irreversible pan-erbB inhibitor CI-1033 [17,18].

The role that EGFR overexpression plays in cancer
development is gradually unraveling. Responsiveness to
either EGF stimulation or EGFR inhibition does not
correlate well with EGFR overexpression, as shown in both
cellular and in vivo studies, and the experience gained so far
with clinical EGFR-targeted therapy trials indicates that the
level of EGFR expression in tumors is, in itself, insufficient
to account for their sensitivity to treatment [19-28]. It is
important to evaluate the factors that might affect the
success of anti-EGFR therapies. These include the phos-
phorylation status of EGFR in tumors, the role of EGFR in
the molecular development and progression of both
hormone-dependent and hormone-independent tumors, the
dependence of tumor cells on EGFR for survival and the
extent of EGFR blockade in tumors following anti-EGFR-
targeted therapies.

Although EGFR content in tumors does not suffice to
predict the success of treatments that aim to block this
receptor, its overexpression in tumors is a prerequisite for the
initiation of EGFR-targeted therapy. Thus, the ability to
noninvasively determine EGFR content in tumors would aid
in selecting patients who are likely to benefit from anti-
EGFR-targeted therapy and, even more importantly, in
monitoring such treatment. Furthermore, overexpression of
EGFR in cancerous cells could be exploited as a “Trojan
horse” for targeted therapies, regardless of tumors’ depen-

dence on signaling downstream of this receptor. Examples of
such approaches include: (a) EGF bioconjugates with toxins,
oligonucleotides or radionuclides, which induce cell death
upon receptor-mediated endocytosis; (b) cytotoxic drug
delivery via immunoliposomes that home to EGFR; and (c)
EGFR TK inhibitors and anti-EGFR antibodies, which serve
as radionuclide carriers for radiotherapy [29-36].

Imaging EGFR in tumors requires an adequate imaging
modality, coupled to a suitable specific probe. Positron
emission tomography (PET) is a noninvasive nuclear
imaging modality, which allows in vivo quantitative spatial
and temporal surveillance of radiolabeled molecular probes
(tracers). Contrary to other prevalent imaging techniques
such as computed tomography (CT) and magnetic resonance
imaging, which mostly provide information on gross
anatomy and functionality, PET imaging allows tracking
of underlying cellular and biochemical events. To this end,
either natural or synthetic molecules are labeled with
positron-emitting isotopes such as >0, *N, ''C and '*F,
which have half-lives of approximately 2, 10, 20 and
110 min, respectively. Radiolabeled probes are subsequently
introduced into subjects, after which their distribution is
quantitatively monitored by PET imaging. In addition to the
high intrinsic sensitivity and the unlimited tissue-depth
penetration that characterize this technique, modern PET/CT
scanners offer a more accurate anatomic localization of
radioactivity, thereby promoting the interpretation of PET
images and establishing this imaging methodology as the
most suitable one for the in vivo molecular imaging of
EGFR [35,37-43].

Previous reports relating to the radiosyntheses of labeled
inhibitors and their biological evaluations in preclinical
models indicated that reversible inhibitors of EGFR were
inadequate for the imaging of tumors that overexpressed this
receptor [37,42]. The competition between manifold higher
levels of intracellular ATP and radioligands resulted in rapid
washout of a labeled inhibitor from the tumor, making such
compounds ineffective as PET reporter probes. Subsequently,
attempts to develop irreversible inhibitors of EGFR as
potential imaging agents have been made [41,43]. A recent-
ly published work has pointed out derivatives of the
4-dimethylamino-but-2-enoic acid [4-(phenylamino)-quina-
zoline-6-yl]-amide group due to their favorable profile [44].
These inhibitors, characterized by remarkable inhibitory
potency toward EGFR, eclevated chemical and biological
stabilities, and sufficient selectivity with respect to other
tyrosine kinase receptors, scored high as suitable candidates
for the PET imaging of EGFR-overexpressing tumors. The
current report describes the progress of our group in this field
of research with one selected derivative, ML04 (also known
as TKS040; Fig. 1). In vitro evaluation of parameters of
interest, including inhibitory potencies in various cell lines,
selectivity towards EGFR, specific binding measurements
and interaction with the mdr-1 gene product P-glycoprotein
(P-gp), was followed by comprehensive biodistribution
studies in nude mice using established xenograft models.



G. Abourbeh et al. / Nuclear Medicine and Biology 34 (2007) 55-70 57

F. Cl
HN Cl
N
\N/\/\”/ \\ N
| ! p
N

Fig. 1. ML04, a recognized irreversible inhibitor of EGFR tyrosine kinase.

The prospects of ML04 as a candidate tracer for the PET
imaging of EGFR-overexpressing tumors are discussed.

2. Materials and methods

2.1. General

All chemicals were purchased from Sigma-Aldrich, Fisher
Scientific, Merck or J.T. Baker. Chemicals—excluding
tetrahydrofurane (THF), which was refluxed over sodium
and benzophenone and freshly distilled prior to use—were
used as supplied. Radiosyntheses were carried out on an F-18
module (GE, Munster, Germany), and specific radioactivities
were determined by reverse-phase high-performance liquid
chromatography (HPLC) columns (C-18 pBondapak
Waters), using cold mass calibration curves. AG1478, a
reversible specific inhibitor of EGFR, was synthesized
according to a previously documented procedure [45].

2.2. Radiochemistry

["®*F]Fluoride ion was produced with an IBA cyclotron
via an '®*O(p,n)'*F nuclear reaction by irradiating 97%
enriched ['"®*OJH,O with an 18-MeV proton beam. Radio-
syntheses of ['®F]1,2-Dichloro-4-fluoro-5-nitro-benzene
(["®F]1) and ['®F]4,5-Dichloro-2-fluoro-aniline (['*F]2)
(Scheme 1) were performed in two commercial automated
modules. The last four steps of ['*F]N-{4-[(4,5-dichloro-2-
fluorophenyl)amino]quinazoline-6-yl}-dimethylamine-buty-
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namide (['"®FIMLO04) synthesis were performed with a
homemade semiautomated system. Labeled compounds
were analyzed with HPLC and compared to unlabeled
standards as previously published [44].

2.2.1. ['*FJ-1 ,2-Dichloro-4-fluoro-5-nitro-benzene [2F]1
An ['|OJH,O/["®F~] (1930 mCi) mixture was trapped
and transferred to a reactor through an ion exchange column
(preactivated with 0.8 ml of EtOH and 3 ml of HPLC water)
by elution with 0.5 ml of potassium carbonate (2.5 mg/
0.5 ml). Following the addition of 1 ml of Kryptofix 222
solution (18 mg/ml CH;CN), water was removed by
azeotropic distillation with acetonitrile at 95°C under
reduced pressure for 3 min. 1,2-Dichloro-4,5-dinitro-ben-
zene (10 mg) dissolved in DMF (600 pul) was added, the
reactor temperature was increased to 115°C and the reaction
mixture was stirred for 20 min. After cooling the mixture to
30°C, 13 ml of water was added to the reactor, and the
mixture was loaded on a C-18 cartridge (Waters Sep-Pak;
preactivated with 5 ml of EtOH and 10 ml of sterile water).
The product, ['®F]1, was eluted with 2 ml of EtOH into a
collection vial after a total radiosynthesis time of 40 min and
was obtained with an 80% radiochemical yield. The product
was analyzed by a reverse-phase C-18 analytical column
and eluted with 0.1 M acetate buffer (pH 3.8)/CH;CN
(55%:45%) at flow=1 ml/min and rt=14.3 min.

2.2.2. ['8F]-4,5-Dichloro-2-fluoro-aniline ["*F]2
Hydrazine monohydrate (200 pl) was added to a reactor
containing 200 pl of EtOH/H,O (9:1) and Raney (Ra)-Ni
(400 pl), and ["®F]1 in EtOH/H,O was added dropwise to
the reactor. Synthesis continued at 60°C for 7 min to yield
["®F]2 with a 70% radiochemical yield. The product was
diluted with 10 ml of water, passed through a C-18 cartridge
and washed with water (5 ml), after which the column was
dried under argon for 5 min. The product was eluted with
i-PrOH (2.5 ml), analyzed on a reverse-phase C-18 analytical
column and eluted with 0.1 M acetate buffer (pH 3.8)/
CH;CN (55%:45%) at flow=1 ml/min and rt=11.66 min.
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Scheme 1. Radiosynthesis of ["*FIMLO04. (i) ['*F]KF, Kryptofix, DMF, 115°C, 20 min. (ii) H,NNH, - H,0, Ra—Ni, EtOH/H,O (9:1), 60°C, 7 min. (iii) i-PrOH,
100-105°C, 20 min. (iv) H,NNH,-H,0, Ra-Ni, EtOH/H,O (9:1), 65°C, 10 min. (v) Br/Cl-crotonylchloride, N,N-DIPEA, THF, 0°C, 20 min. (vi)

Dimethylamine in THF (2 M), 0°C, 15 min.
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2.2.3. ["8FJ(4,5-Dichloro-2-fluoro-phenyl)-(6-nitro-quina-
zoline-4-yl)-amine (['*FJ3)

4-Chloro-6-nitro-quinazoline (20 mg), dissolved in i-
PrOH (0.5 ml), was added to a solution of ['®F]2 in i-PrOH
(2.5 ml). The reaction mixture was refluxed at 100-105°C
for 5 min, and a second batch of 4-chloro-6-nitro-quinazo-
line (20 mg) was added. The reaction mixture was refluxed
for an additional 15 min to obtain [®*F]3 with an 80%
radiochemical yield. The product was analyzed on a reverse-
phase analytical column and eluted with 0.1 M acetate
buffer (pH 3.8)/CH;CN (55%:45%) at flow=1 ml/min and
rt=20.92 min.

2.2.4. [*F]N*-(4,5-Dichloro-2-fluoro-phenyl)-quinazoline-
4,6-diamine (J"*F]4)

The vial containing ['®F]3 was transferred to another
heating bath (65°C), and EtOH/H,O (9:1; 250 pl), hydrazine
monohydrate (450 pl) and Ra—Ni (400 pl) were added. The
reaction mixture was stirred and heated to 65°C for 10 min
to obtain ["®*F]4 with a 70% radiochemical yield. The
solution was cooled, diluted with water (10 ml) and loaded
onto C-18 Sep-Pak, and the column was dried under argon
for 10 min for the next step. The product was analyzed
on a reverse-phase analytical column and eluted with
0.1 M acetate buffer (pH 3.8)/CH;CN (55%:45%) at
flow=1 ml/min and rt=9.73 min.

2.2.5. ["8F]-N-{4-[(4,5-dichloro-2-fluorophenyl)amino]
quinazoline-6-yl }-dimethylamine-butynamide (['*F]-ML04)

['®F]4 was eluted with dry THF (2.5 ml) into a conical
vial at 0°C, followed by the addition of N,N-diisopropyle-
thylamine into THF (20 pl/ml, 250 pl) and Br/Cl-crotonyl-
chloride in THF (100 mg/ml, 0.8 ml). The reaction mixture
was stirred for 20 min at 0°C and was used for the next step
without any further treatment. The product was analyzed by
a C-18 analytical column under the same conditions
(rt=21.5 and 23.8 min on the first peak and on the second
peak, respectively). Dimethylamine (2 M) in THF (1 ml)
was added to the solution at 0°C, and the reaction continued
for 15 min. The solution was evaporated under argon
atmosphere to a volume of 700 pl, followed by the addition
of CH;CN/H,O (1:1). The product was analyzed on a
reverse-phase C-18 column (rt=11.3 min) and purified
using an HPLC reverse-phase C-18 preparative column,
generating ['"*FIMLO04 at an overall average of 14%
radiochemical yield, a specific activity of 1800 Ci/mmol
and a 98% radiochemical purity (n=10). HPLC conditions
were as follows: C-18 preparative column and 0.1 M
ammonium formate/CH3CN (53%:47%) at flow=5 ml/min
and rt=35 min.

2.3. Cell culture

The human glioma cell line U§7MG, which expresses a
moderate amount of wild-type EGFR, and its subline
U87MG.wt EGFR, which overexpresses wild-type EGFR,
were described previously [46]. These, as well as the

EGFR-negative U138MG human glioma cell line and the
EGFR-overexpressing MDA-MB-468 human breast adeno-
carcinoma cell line, were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Biological Industries, Kibbutz
Beit Ha’Emek, Israel) supplemented with 10% fetal calf
serum (FCS) and antibiotics (10° U/L penicillin and
100 mg/L streptomycin) at 37°C in 5% CO,. Similar
growth conditions were maintained for the squamous cell
lung carcinoma cell line PC10 and for the human NSCLC
cell line NCI-H1975, except for the replacement of DMEM
with RPMI 1640 (Biological Industries). NCI-H1975 cells
were also supplemented with Hepes buffer (10 mM) and
sodium pyruvate (1 mM). Lastly, porcine aortic endothelial
PAE/KDR cells, which express VEGFR-2, were cultured in
Ham’s F12 medium (Biological Industries), supplemented
with 10% FCS and antibiotics.

2.4. Irreversibility test protocol

Inhibitory potency and the extent of irreversible inhibi-
tion that MLO04 exerts on the phosphorylation of EGFR were
evaluated in A431 vulval carcinoma, MDA-MB-468 breast
carcinoma, PC10 lung carcinoma and NCI-H1975 NSCLC
cells, as previously described [41]. Briefly, A431 (1x10°
cells/well), MDA-MB-468 (3x10° cells/well), PC10
(1x10° cells/well) or NCI-H1975 cells (1.5x10° cells/well)
were grown in six-well plates for 48 h and further
maintained in a serum-free medium for an additional 18 h.
Duplicate sets of cells were incubated with ML04 at various
concentrations (0.05% DMSO, 0.1% EtOH) for 1 h, after
which the inhibitor was removed and a serum-free medium
was added to the wells. One set of cells was stimulated with
EGF immediately after removal of the inhibitor, while the
other set of cells underwent EGF stimulation only 8 h after
removal of the inhibitor from the medium and successive
rinsing with phosphate-buffered saline (PBS). Cell lysates
were prepared and loaded onto sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (8% acrylamide) for
Western blot analysis, and the extent of EGFR phosphor-
ylation was evaluated by measuring the signal intensity of
the corresponding phosphotyrosine band using a mix of
antiphosphotyrosine antibodies PY20 (Santa Cruz Biotech-
nology, Inc.) and 4G10 (produced from Su4G10 hybridoma
cells). For each cell line, three independent assays were
performed. Each assay was performed in duplicate.

2.5. ¢-Src and IGF-1 receptor kinase assays: enzyme-linked
immunosorbent assay (ELISA)

Purification of GST-Src from Escherichia coli and
purification of IGF-1 receptor from mouse embryo
fibroblasts have been described, and kinase activities have
been assessed by ELISA according to a previously
published method [47,48]. In brief, the general tyrosine
kinase substrate poly(Glu-Tyr) (4:1; Sigma) was coated
onto 96-well Maxisorp plates (Nunc). Purified GST-Src
(50 ng/well) was incubated in 20 mM Tris - HCI (pH 7.4)
and 10 mM MgCl, containing ML04 at increasing
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concentrations (0.5% DMSO) for 20 min at 37°C.
Alternatively, semipurified IGF-1 receptor (10 ng/well)
was incubated in 20 mM Tris-HCI (pH 7.4), 10 mM
MgCl, and 5 mM MnAc, containing ML04 at increasing
concentrations for 20 min at 30°C. Phosphorylation of
tyrosyl residues was initiated by the addition of 20 pM
ATP and was terminated 10 min later by the addition of an
ethylenediamine tetraacetic acid (EDTA) solution (pH 8.0)
to a final concentration of 200 mM. The plates were
washed with TBST buffer [10 mM Tris-HCl (pH 7.4),
0.2% Tween-20 and 170 mM NaCl], blocked with 5%
low-fat milk in TBST and incubated with the monoclonal
antiphosphotyrosine-peroxidase-conjugated antibody PT-66
(Sigma) for 45 min at room temperature. Detection was
carried out using a color reagent, 2,2’-azido-bis 3-ethyl-
benzthiazoline-6-sulfonic acid (ABTS) (Sigma), in citrate
phosphate buffer (pH 4.0) containing 0.004% H,0,. The
optical density at 405 nm was measured, and ICso values
were calculated using the Regression program (Blackwell
Scientific Software; Onsey Mead, Oxford, UK) based on
three independent assays, each with duplicate samples.

2.6. Inhibition of VEGFR-2 phosphorylation in
PAE/KDR cells

Subconfluent PAE/KDR cells were starved overnight in a
serum-free medium containing 0.01 mg/ml bovine serum
albumin and were incubated with MLO04 at increasing
concentrations (0.05% DMSO, 0.1% EtOH) for 1 h. Cells
were incubated with Na;VO,4 (100 pM, 5 min) to inhibit
phosphatase activity and were stimulated for 5 min at 37°C
with 50 ng/ml VEGF-A¢s (CytoLab Ltd., Israel). Follow-
ing a wash with ice-cold PBS containing 100 pM Na;VO,,
cell lysates were prepared in boiling Laemmli buffer. The
extent of VEGFR-2 phosphorylation was evaluated by
Western blot analysis, as described in Section 2.4. The
assay was repeated twice, using duplicate samples.

2.7. Interaction of ML04 with the mdr-1 gene product P-gp

The CEM wild-type human lymphoblastoid cell line and
the multidrug-resistant CEM Col1000 cell line were
generous gifts from Dr. W.D. Stein (The Hebrew University
of Jerusalem, Jerusalem, Isracl) and have been previously
described [49]. Cell lines were grown in suspension in a 5%
CO, atmosphere at 37°C using RPMI 1640 medium
supplemented with 10% FCS and antibiotics. The multi-
drug-resistant cell line CEM Coll1000 was also supple-
mented with 1 pg/ml colchicine (Sigma).

2.7.1. Inhibition of P-gp-dependent efflux of calcein AM
from cells

Cell suspensions (100 pl, 2x 10° cells/ml in PBS contain-
ing 10 mM glucose) were incubated for 10 min at 37°C in
96-well Maxisorp plates (Nunc) in the presence of either
MLO04 or verapamil (Teva Pharmaceutical Industries Ltd.,
Israel), an established P-gp modulator [50,51]. Stock
concentrations of ML04 were prepared in DMSO to achieve

a final DMSO concentration of 0.5%. The reaction was
initiated by the addition of 20 pl of calcein AM (Molecular
Probes, The Netherlands) to reach a final concentration of
500 nM. Fluorescence was recorded from the bottom of
the wells every 60 s for 90 min, with excitation of 485 nm
and emission of 530 nm, at a temperature of 37°C, using
a microplate fluorescence reader (FLUOstar; MTX Lab
Systems, Inc.). The initial rate of fluorescence increase
in the interval from 0 to 900 s was used to evaluate the
degree of P-gp inhibition, based on a previously described
method [49].

2.7.2. Modulation of ["' CIMLO04 cellular uptake
by verapamil

The radiosynthesis of [''C]MLO04 has been described
[41]. CEM cells were suspended in PBS containing 10 mM
glucose (2x10° cells/ml), divided into glass tubes (2x10°
cells/tube), and incubated for 5 min at 37°C with shaking.
Increasing concentrations of verapamil (diluted in PBS
containing 10 mM glucose) were added to the cells in a
volume of 800 pul, 10 min prior to the addition of the tracer.
[''CIML04 (104-151 mCi/pmol at the time of addition;
final concentration, 0.15% EtOH) was spiked into the tubes
in a 200-ul volume and was further incubated with cells for
1 h with gentle shaking. Cells were harvested with a cell
harvester (Brandel, Inc.) and washed thrice with PBS, and
cell-associated activity was measured by exposing oven-
dried filters (Brandel, Inc.; GF/B grade, preincubated in
0.3% polyethyleneimine for 3 days at 4°C) to a phosphor
imager plate (BAS-IP MS 2040; Fuji Photo Film Co., Ltd.).
The plates were scanned with an Image Reader Bas-1000
V1.8 scanner, and measurements were made with TINA
2.10 g software. The assay was repeated four times, with
similar results.

MLO04 was evaluated as a substrate for the P-gp efflux
pump using two expressions from the literature [50]:

Fold reversal — Maximal [“C] MLO04 uptake in CEM Col1000 cells in the presence of verapamil
(FR) [“C] MLO04 uptake in CEM Col1000 cells in the absence of verapamil

Residual resistance factor — [''C] MLO04 uptake in CEM wild type cells
(RRF) Maximal ['' CJMLO4 uptake in CEM Col1000 cells.

2.8. Specific binding studies of ["*FIMLO04 in intact
A431 cells

A431 cells were suspended in PBS (5x10° cells/ml),
divided into aliquots of 1x10° cells/tube and incubated at
4°C for 30 min with gentle shaking. To measure nonspecific
binding (NSB), one set of tubes was incubated with the
reversible EGFR TK inhibitor AG1478 (5 uM, 0.1%
DMSO, 30 min). To measure total binding, a parallel set
of tubes was incubated with 0.1% DMSO vehicle.
['"*FIML04 (30-100 mCi/umol; final concentration,
0.125% EtOH) was then added to the tubes at various
concentrations (2.5-75 nM) for 45 min. Both NSB and total
binding measurements were carried out using duplicate



60 G. Abourbeh et al. / Nuclear Medicine and Biology 34 (2007) 55-70

samples. For each concentration of ["* FIMLO04 that was
added to the cells, a corresponding control sample,
consisting of cell-free PBS, was incubated with the same
concentration of the labeled inhibitor so as to calculate the
cell-independent retention of activity by filters. Following
incubation with the labeled inhibitor, the cells were
harvested with a cell harvester (Brandel, Inc.), and the
tubes were washed three to five times with PBS. Filters
(Brandel, Inc.; GF/B grade, preincubated in 0.3% poly-
ethyleneimine for 3 days at 4°C) were dried and exposed to
a phosphor imager plate (BAS-IP MS 2040; Fuji Photo Film
Co., Ltd.). The plates were scanned with an Image Reader
Bas-1000 V1.8 scanner, and measurements were made with
TINA 2.10 g software. Signal intensities obtained for both
sets of measurements were corrected for the cell-indepen-
dent filter retention of activity by deducting the signals of
control samples (PBS only). Specific binding was calculated
by subtracting the NSB signal from the corresponding total
binding signal at each concentration of ML04, and data
analysis was performed with GraphPad Prism, version 2.01
(GraphPad Software, Inc.). B.x value was determined
empirically by converting signal intensities (in pixels)
obtained by a phosphor imager plate to inhibitor concen-
trations, using a calibration curve.

2.9. Animal studies

NUDE-Hsd athymic nude nu mice (6—8 weeks) weighing
~25 g were obtained from Harlan Industries, Inc. All animal
studies were conducted under a protocol approved by the
Research Animal Ethics Committee of The Hebrew
University of Jerusalem and in accordance with its guide-
lines. Mice were allowed to acclimate in the animal facility
for at least a week prior to their inoculation with tumor cells.
They were routinely kept in 12-h light/dark cycles and
provided with food and water ad libitum.

2.10. Xenograft models of human glioma US7MG.wt EGFR
and UI38MG tumors

Human glioma U87MG.wt EGFR and U138MG cells
were cultured in vitro as above, and subconfluent cultures
were released from flasks with trypsin, counted with a
hemocytometer using trypan blue and suspended in sterile
PBS at a volume of 1.5x10” and 2.0x10” ml™', respec-
tively. Cell suspensions were supplemented with Matrigel
(20% vol/vol; BD Biosciences, Beit-Ha’Emek, Israel)
and thoroughly mixed prior to their injection into mice.
Mice were anesthetized by intraperitoneal administration of
a mixture of ketamine (140 mg/kg) and xylazine (15 mg/kg)
and inoculated subcutaneously with either 1.5x10°
U87MG.wt EGFR cells or 2.0x10° UI38MG cells.
Due to the different growth rates of the tumors,
US7MG.wt EGFR cells were inoculated about 10 days
before UI38MG cells were inoculated. On the day of
biodistribution studies, therefore, the average age of
the US7MG.wt EGFR and U138MG tumors was 21 and
11 days, respectively.

2.11. Histology and immunohistochemistry

Histological and immunohistochemical validation of
tumor models was performed by Patho-Lab Ltd. (Rehovot,
Israel) prior to biodistribution studies. U87MG.wt EGFR
(n=7) and UI138MG (n=7) tumors were generated as
described above. Tumor specimens of 26 days (U87MG.wt
EGFR) and 14 days (U138MG) were fixed in 4% formalin
and delivered to Patho-Lab Ltd. for further treatment. Briefly,
tumor samples were paraffin-embedded, serial paraffin
sections of the tumors were deparaffinized and rehydrated,
and endogenous peroxidase activity was quenched by
immersing the sections in 3% H,0O, for 10 min, followed
by proteolytic digestion with 0.1% pronase and microwave
heating of tumor sections in citrate buffer (pH 6.0) for 10 min.
The tumor sections were incubated with primary antibodies
specific for human wild-type EGFR (clone 31G7, diluted
1:100; Zymed Laboratories, South San Francisco, CA) and
Factor VIII (rabbit anti-Factor-VIII-related antigen; Zymed
Laboratories). The sections were immunohistostained with
the Histomouse-Max Kit (Zymed Laboratories) using AEC
as chromogen (N-Histofine Simple Stain AEC Solution;
Nichirei Corporation, Tokyo, Japan). Negative control
staining was carried out by omitting primary antibodies.
Finally, tissue sections were counterstained with Mayer’s
hematoxylin and coverslipped.

2.12. [ FIML04 biodistribution studies in
tumor-bearing mice

Biodistribution studies were carried out with NUDE-Hsd
athymic nude nu mice (10-17 weeks) bearing US7MG.wt
EGFR tumors 19-25 days old and/or U138MG tumors
9-14 days old. In the first set of studies, ['*FIML04 was
injected into the animals using Intralipid 10% (Hadassah

Table 1
Inhibitory potencies of ML04 toward EGFR and related tyrosine kinases in
cell-free assays and intact cells

Investigated ICsq values in intact cells (nM)* ICsq values

tyrosine kinase Immediately 8 h after in a cell-free

(cell line) after removal removal of kinase assay
of the inhibitor the inhibitor (MM)"

EGFR (A431) 4-10° 10-50° 0.1140.08"

EGFR (MDA-MB-468) 1-5 1-5

EGFR (PC10) 10-50 10-50

EGFR (NCI-H1975) 25 ND

EGFR (DHER14) 4° ND

HER2 (CSH12) 25-50° ND ND

PDGFR (NIHPDGFR) > 1000° ND ND

VEGFR-2 (PAE/KDR) >10,000 ND ND

c-Src ND 118+26

IGF-1 receptor ND >15,000

ND, not determined.

? Median inhibitory concentrations (ICsy) were obtained from at least
three independent experiments. Where applicable, results are presented as
mean+S.D.

® Studies investigating the inhibitory potency toward the EGFR and
related tyrosine kinases were carried out using either intact cells or a cell-
free kinase assay, as previously described [44].
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Hospital, Jerusalem, Israel) as vehicle. To this end,
["*FIMLO04 was dissolved in EtOH and added to the
emulsion at a 10% (vol/vol) ratio, followed by evaporation
of EtOH at 50°C under gentle nitrogen flow for 10 min. In
subsequent studies, ["*FIML04 was injected in a 5-10%
EtOH/saline solution as vehicle.

For blocking studies, unlabeled ML04 was dissolved
in Intralipid 10% and injected intravenously at a dose of
5-8 mg/kg, 1 h prior to tracer injection.

['*FIMLO04 (45+28 uCi, 257499 mCi/umol, 100—
250 pl) was injected via the lateral tail vein. At allotted
time points, blood was drawn from the orbital sinus, mice
were sacrificed by cervical dislocation and selected organs
were excised, weighed and measured for their radioactive
content using a y-counter (1480 Wizard 3”). Distribution of
activity was calculated as the percentage of injected dose per
gram of organ (% ID/g). Activity uptake ratios of various
organs were calculated by dividing the corresponding
calculated percentages of injected dose per gram of organ.

2.13. Statistical analysis

Results are presented as mean+S.E.M., unless otherwise
stated. All statistical analyses compared both the percentages
ofinjected dose per gram of organ and the tumor/tissue activity
uptake ratios of corresponding studies. Both the comparison of

A B CEM Col1000
B CEM wt

Percent of Maximal Signal

5 10
Verapamil [uM]

B
Study No. FR* RRF**
1 2.2 1.2
2 2.9 1.2
3 2.5 1.2
4 27 1.3
Mean + SD 26+0.3 1.2+ 0.1
*Fold Reversal = Maximal ['"CJ-ML04 uptake in CEM Col1000 cells in the presence of verapamil
(FR) ["'C]-MLO4 uptake in CEM Col1000 cells in the absence of verapamil
** Residual Resistance Factor _ ["'CJ-MLO4 uptake in CEM wt cells
(RRF) Maximal [''C]-MLO4 uptake in CEM Col1000 cells

Fig. 2. ML04 is a substrate for the ATP-dependent efflux transporter P-gp.
Carbon-11-labeled ML04 was incubated with either P-gp-expressing CEM
Col1000 cells or control CEM wild-type cells in the presence of increasing
concentrations of verapamil, a modulator of the transporter. Cells were
harvested, and their radioactive content was measured with a phosphor
imager plate. (A) Cellular uptake of [''C]MLO04 into CEM Col1000 cells is
enhanced as verapamil concentration is increased (mean+S.D.; n=4). (B)
["'CIML04 uptake in CEM Col1000 cells after the reversal of the efflux
activity of P-gp is on par with uptake in CEM wild-type cells.
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Fig. 3. Fluorine-18-labeled ML04 accurately measures EGFR content in
cells. ['"®F]ML04 was incubated with A431 cells either in the presence or in
the absence of AG1478, an EGFR-specific inhibitor, signifying NSB and
total binding, respectively. Cells were harvested, washed to remove
unbound tracer and exposed to a phosphor imager plate for measurement
of radioactive signal. Specific binding at each inhibitor concentration was
calculated by subtracting the NSB signal from the corresponding total
binding signal. Calculation of EGFR content per cell, as obtained in one
demonstrative experiment, is illustrated in the insert, yielding a B, value
of 1.2x10° receptors/A431 cell. The average number of receptors per cell,
from four experiments, was (1.56+0.36)x 10°.

vehicles and the effect of blocking were evaluated using paired
t test, and the level of significance was set at P<.05.

3. Results
3.1. Radiosynthesis of ["*FIML04

The previously described radiosynthesis of ['"*F|ML04 is
depicted in Scheme 1 [52]. 1,2-Dichloro-4,5-dinitro-ben-
zene was reacted with a solution of ['*F]KF and Kryptofix
in DMF at 115°C for 20 min to obtain ["*F]1 with an 80%
radiochemical yield. Reaction of the latter with hydrazine
monohydrate and Ra—Ni at 60°C for 7 min yielded ['*F]2
with a 70% radiochemical yield. 4-Chloro-6-nitro-quinazo-
line and ['*F]2 were coupled in i-PrOH at 100°C to yield
['®F]3 with an 80% radiochemical yield. Product ['®F]3 was
reacted with hydrazine monohydrate and Ra—Ni at 65°C to
obtain the reduced ["*F]4 with a 70% radiochemical yield.
Reaction of the latter with Br/Cl-crotonylchloride and
diisopropylethyl amine at 0°C, followed by reaction with
dimethylamine, provided ["*FIML04, with an overall
decay-corrected radiochemical yield of 14%, radiochemical
purity of 98%, average specific activity of 1800 Ci/mmol
(n=10) and total radiosynthesis time of 4 h, including
purification and formulation.

3.2. ML04 is a potent selective irreversible inhibitor of
EGFR

Irreversible inhibition of EGFR by ML04 has been
previously illustrated in human epidermoid A431 cells,
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Table 2

Validation of human glioma xenografts in nude mice, by histopathology and immunohistochemistry®

Tumor model Weight (mg)  Necrosis (%)°

Mitosis per

Inflammation Vessels per EGFR staining

high-power field high-power field®
U87MG.wt EGFR (n=7) 2694113 7+9 4.0+1.1 None present 8.4+1.5 Positive (>80%)
U138MG (n=7) 221494 23+8 2.6+1.0 Mild leukocytic infiltration ~ 4.9+1.7 Negative

? Results are presented as mean+S.D.

° The percentage of necrosis is approximate, encompassing necrotic areas as well as nontumor areas, such as foci of acellular homogenous protein-like

materials.

¢ Vessels per high-power field were assessed by staining for Factor VIII. The vessels were counted in viable tumor areas, as well as in areas of
proteinaceous materials. Stained vessels were identified by their endothelial lining and by the presence of at least one red blood cell in their lumen.

which overexpress this receptor. The extent to which ML04
inhibits the phosphorylation of EGFR was further validated
using three additional human cell lines that express this
receptor: PC10 lung carcinoma, MDA-MB-468 breast
carcinoma and NCI-H1975 NSCLC cells. As indicated in
Table 1, remarkable inhibitory potency of ML04 was
demonstrated in various cell lines, with 1Cs, values ranging
from 1 to 50 nM. Similar ICs, values obtained both
immediately after and 8 h after removal of the inhibitor
from the medium suggest that ML04 binds EGFR cova-
lently and inhibits receptor activation in an irreversible
manner. Fry et al. [53] have originally introduced this cell-
based assay as an additional supporting indicator of
irreversible bonding. Since their pioneering work, this
methodology has gained recognition from the research
community as a reliable criterion of irreversible inhibition
and has been employed by various groups [44,54,55].

Selectivity to EGFR, vis-a-vis other closely related
tyrosine kinases, was tested in either cell-free or cellular
assays. Comparison of apparent ICso values (Table 1) in
cach assay category revealed at least a 250-fold higher
inhibitory potency toward EGFR compared to other tyrosine
kinases, with the exception of HER2. The ICs, towards
EGFR was only one order of magnitude lower than the ICs
towards HER2, which shares an 80% homology with EGFR
in its kinase domain.

3.3. ML04 is a substrate for the ATP-dependent efflux
pump P-gp

Two assays were carried out to study the nature of the
interaction between P-gp and ML04. The ability of ML04 to
modulate the ATP-dependent efflux of this transporter was
tested using calcein AM, a nonfluorescent dye that diffuses
through the cell membrane and is a substrate for the efflux
pump P-gp, which carries it out of the cell. Within the cell,
cytoplasmic esterases release fluorescent calcein from
calcein AM molecules that have escaped P-gp carriers.
Thus, inhibition of P-gp activity results in intracellular
accumulation of fluorescent calcein, and the kinetics of
calcein accumulation reflects the extent of P-gp inhibition
by various substances [49].

ML04 (0-500 pM) or verapamil (0-200 pM), an
established modulator of P-gp, was incubated with CEM
Col1000 cells, which express this transporter, followed by
addition of calcein AM and continuous monitoring of

fluorescence. Maximal inhibition of P-gp was attained at an
MLO04 concentration of ~125 uM and was about 50% of the
maximal inhibition obtained with 200 pM verapamil (data not
shown). Further inhibition of the efflux activity of P-gp could
not be obtained by increasing the concentration of ML04.
The second study addressed the possibility that ML04 is
extruded by P-gp. CEM wild-type or CEM Col1000 cells

Fig. 4. Immunohistochemical staining of human glioma xenografts
confirms that EGFR overexpression is confined to US87MG.wt EGFR
tumors. US7MG.wt EGFR (A) and U138MG (B) tumor models of 26 and
14 days, respectively, were generated as described under Materials and
Methods. Deparaffinized sections were stained for the expression of human
EGFR, followed by counterstaining with Mayer’s hematoxylin for
assessment of viability and proliferation.
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were treated with increasing concentrations of verapamil
and were spiked with [''CJMLO04 [41]. Following 1 h of
incubation with the tracer, cells were harvested and cell-
associated radioactivity was measured with a phosphor
imager plate. Fig. 2A summarizes the results of this assay,
demonstrating increased cellular uptake of the Cl11-labeled
compound with increased concentration of verapamil.
Enhancement of the cellular uptake of [''CJMLO04 due to
the inhibition of P-gp was evaluated with the two formulas
presented in Fig. 2B [50]. As indicated, a twofold to a
threefold increase in the cellular uptake of the tracer was
achieved when P-gp was inhibited, approaching the
maximal uptake in CEM wild-type cells.

3.4. MLO4 is capable of accurately measuring EGFR
content in intact cells

As a candidate bioprobe for tracking changes in the
content of EGFR in tumors, ML04 must offer accurate
measurement of receptor levels, with adequate levels of
specific binding. These parameters were evaluated in
binding studies, employing F-18-labeled ML04 and A431
cells, which contain approximately 1x10° to 2x10® EGFR
molecules/cell [56-58]. Briefly, 1x10° cells were spiked
with the labeled inhibitor in the presence or in the absence
of an excess of the nonradioactive EGFR-specific inhibitor
AG1478, representing NSB and total binding, respectively.
After incubation with the radiotracer, the cells were
harvested and total radioactivity within the cells was
measured. Calculation of the number of EGFRs per cell
(Bmax) Was performed by subtracting NSB values from total
binding values at each concentration of ML04, as illustrated
in Fig. 3. ML04 was capable of accurately measuring the
cellular content of EGFRs, yielding an average value of
(1.56+0.36)x 10° receptors/cell (n=4). An average maxi-
mal specific binding of 72+6% of total binding was attained
at an ML04 concentration approaching EGFR concentration

in the assay. However, as indicated by the graphic
presentation in Fig. 3, high levels of NSB were perceived
at higher inhibitor concentrations, considerably exceeding
the levels of specific binding to EGFR. Thus, at carefully
adjusted concentrations, labeled MLO04 is an appropriate tool
for measuring EGFR content in cells, displaying adequate
levels of specific binding to the target.

3.5. Validation of xenograft models by histopathology and
immunohistochemistry

Two xenograft models of human glioma cells in nude mice
were validated by histopathological and immunohistochem-
ical staining of tumor slices. Several models of U§7MG.wt
EGEFR and U138MG xenografts had been analyzed before an
established biologically reproducible model was obtained.
Assessed parameters of interest included the following:
adequate tumor size to facilitate PET imaging, tumor
viability, proliferation, indication of inflammation, blood
perfusion and EGFR expression (or lack of it). The most
favorable results, obtained with 26-day US7MG.wt EGFR
tumors and 14-day U138MG tumors, are presented in
Table 2. Both tumor models displayed acceptable prolifera-
tion rates and adequate blood perfusion, with few signs of
inflammation. The more aggressive phenotype of UI138MG
cells, clearly detected by an accelerated growth rate of the
tumors, could account for both higher percentage of necrosis
and fewer blood vessels of these tumors, as compared to
U87MG.wt EGFR xenografts. Finally, staining for human
EGFR confirmed that overexpression of this target macro-
molecule was restricted to US7MG.wt EGFR xenografts
alone (Fig. 4), endorsing the employment of both tumor
models in biodistribution studies.

3.6. Biodistribution studies in tumor-bearing nude mice

The in vivo distribution of ML04 in tumor-bearing mice
was assessed with the F-18-labeled compound. At first, the
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Fig. 5. Distribution of radioactivity at different time points after the injection of ['"®F]MLO04. Tumor-bearing mice were injected with the labeled compound and
sacrificed at various time points after injection of the tracer. Organs were excised and weighed, and their radioactivity content was measured with a y-counter.
Activity uptake is expressed as the mean percentage of injected dose per gram of organ +S.E.M. Note the break in the y-axis to facilitate the comparison of the

percentages of injected dose per gram of organ.
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Table 3

Effect of vehicle on the biodistribution of ['*FJML04 in U87MG.wt EGFR tumor-bearing mice

Tissue % ID/g (mean+S.E.M.) Tumor/tissue activity uptake ratio (mean+S.E.M.)
EtOH/saline (n=12) Intralipid (n=37)* EtOH/saline (n=10) Intralipid (n=29)*
Blood 0.17+0.02 0.16+0.01 7.07+1.11 6.29+0.45
Bone 0.40+0.05 0.40+0.02 2.42+0.12 2.334+0.13
Heart 0.33+0.02 0.49+0.09 3.07+0.20 2.28+0.23
Intestine 2.19+0.14 2.31+0.13 0.46+0.03 0.45+0.02
Kidneys 3.98+0.25 4.57+0.21 0.25+0.02 0.22+.01
Liver 1.63+.09 2.17+0.28 0.5940.02 0.5640.03
Lungs 6.11+0.50 6.71+£0.29 0.16+0.01 0.14+0.01
Muscle 0.174+0.03 0.20£0.01 6.07+0.70 4.85+0.33
Skin 0.59+0.04 0.63+0.03 1.624+0.05 1.49+0.05
Spleen 2.70+0.19 2.96+0.13 0.3740.02 0.324+0.01
Stomach 0.94+0.09 1.41+0.13 1.13+£0.09 0.73+0.10
U87MG.wt EGFR tumor 0.9940.05 0.8940.04

Biodistribution studies were carried out 3 h after the administration of ['"*F]ML04 to U87MG.wt EGFR tumor-bearing mice using either Intralipid 10% or

EtOH/saline as vehicle.

? The percentages of injected dose per gram of organ of different tissues were obtained from both U§7MG.wt EGFR and U138MG tumor-bearing mice,
whereas tumor/tissue activity uptake ratios, in particular, were obtained from U87MG.wt EGFR tumor-bearing mice alone.

distribution of radioactivity was assessed at several time
points following injection of the tracer (Fig. 5). A rapid
decline in radioactivity levels in blood was observed within
the first hour, alongside an initial increase and a subsequent
decline in radioactivity levels in other examined organs
(data not shown). Optimal in vivo imaging quality requires
elevated tumor activity concentrations and minimal levels of
activity in surrounding tissues to yield good contrast and to
facilitate tumor detection. Although activity levels in
U87MG.wt EGFR tumors appeared to peak at about
30 min after administration of the tracer, the best tumor/
tissue activity uptake ratios were obtained 3 h after
injection. Consequently, all comparative studies were
carried out at this time point. These were designed to
address two issues: (a) comparing Intralipid emulsion with
EtOH/saline as vehicle for ['"*F]MLO04, and (b) demonstrat-
ing EGFR-specific uptake of the tracer into the tumor. Thus,
the first set of studies was carried out 3 h after the
administration of ['®*F]MLO04 in either EtOH/saline or
Intralipid. Prior to biodistribution studies with Intralipid,
full entrapment of the labeled compound in emulsion drops
was confirmed. The results in Table 3, presented both as
percentages of injected dose per gram of organ and as
tumor/tissue activity uptake ratios, indicate that a more
favorable distribution profile was obtained with EtOH/saline
as vehicle, albeit no statistically significant differences
between the two carriers were revealed. The lungs, kidneys,
spleen, small intestine and liver reached the highest activity
concentrations of 6.1%, 4.0%, 2.7%, 2.2% and 1.6% ID/g,
respectively, compared to ~1% ID/g tumor. Consequently,
EtOH/saline was employed as vehicle in subsequent studies.

EGFR-specific tumor uptake of the tracer was assessed
by two approaches: (a) employing human glioma EGFR-
negative U138MG xenografts as controls, and (b) ob-
structing EGFR-specific binding by administering excess
nonlabeled ML04 prior to the injection of ["*FIML04.
Comparison of the percentages of injected dose per gram of

organ obtained for the UI38MG and US7MG.wt EGFR
tumors revealed higher activity concentrations in EGFR-
expressing tumors, which were statistically significant
throughout the various time points examined (Fig. 0).
However, whereas activity levels of wild-type tumors
slowly declined from ~1.1% to ~0.8% ID/g between 120
and 240 min after injection, the measured activity of control
tumors remained stable at around 0.65% ID/g. Considering
that all other organs demonstrated a decrease in their activity
concentrations in this time frame, the invariable levels of
activity measured in U138MG tumors were uncharacteristic.

To hamper the binding of the tracer to the receptor, an
excess of nonradiolabeled ML04 was administered 1 h
before injection of the tracer. Inspection of the data
presented in Table 4 reveals essentially higher activity
concentrations in the majority of examined tissues in
blocking versus control studies, although without statisti-
cally significant differences. In contrast, tumor/tissue
activity ratios in blocking studies were significantly lower
than those in comparative studies, indicating a relatively
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Fig. 6. Preferential uptake of ['*F]ML04 in US7MG.wt EGFR over
U138MG tumors. Tumor-bearing mice were injected with ['**FIML04 and
sacrificed at allotted time points. Tumors were excised, weighed and
measured for their radioactivity content with a y-counter. The percentage of
injected dose per gram of tumor was calculated by correcting activity
concentration in the tumor for the injected dose. Results are presented as
mean+S.D. *Statistically significant differences.
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Table 4

Biodistribution of ["*F|MLO04 in U87MG.wt EGFR tumor-bearing mice with or without preadministration of nonradiolabeled MLO04

Tissue % ID/g (mean+S.E.M.)

Tumor/tissue activity uptake ratio (mean+S.E.M.)

['"SFIMLO04 (n=54)

['*F]MLO04 after
blocking (n=12)

["* FIML04 (n=43)" ["*FIML04 after
blocking (n=10)

Blood 0.16+0.01 0.2240.02 6.97+0.52 4.26+0.49
Bone 0.40+0.02 0.49+0.03 2.37+0.09 1.90£0.15
Heart 0.43+0.06 0.3940.03 2.62+0.17 2.27+0.15
Intestine 2.31+0.10 2.79+0.28 0.44+0.02 0.31+0.03
Kidneys 4.45+0.16 5.24+0.19 0.23+0.01 0.1740.01
Liver 1.98+0.20 2.28+0.16 0.58+0.02 0.38+0.02
Lungs 6.55+0.23 7.25+0.43 0.15+0.00 0.1240.01
Muscle 0.19+0.01 0.21+0.01 5.11x£0.29 4.24+0.37
Skin 0.62+0.02 0.6240.02 1.54+0.04 1.3740.05
Spleen 2.90+0.10 3.23+0.15 0.33+0.01 0.27+0.01
Stomach 1.23+0.10 1.6740.52 0.90+0.08 0.874+0.27
U87MG.wt EGFR tumor 0.92+0.03 0.86+0.03

Biodistribution studies were carried out 3 h after the administration of ["*FIMLO04 to U§7MG.wt EGFR tumor-bearing mice. For blocking studies, unlabeled
MLO04 was intravenously administered at a dose of 5-8 mg/kg, 60 min before injection of the tracer.

* The percentages of injected dose per gram of organ of different tissues were obtained from both U§7MG.wt EGFR and U138MG tumor-bearing mice,
whereas tumor/tissue activity uptake ratios, in particular, were obtained from U87MG.wt EGFR tumor-bearing mice alone.

lower uptake of activity in tumors compared to that in other
tissues after the administration of excess unlabeled MLO04.

4. Discussion

EGFR is overexpressed in various tumors of epithelial
origin, and its overexpression is often associated with poor
prognosis, suggestive of its role in the initiation and/or
progression of cancer [11]. As a result, several approaches
to targeting EGFR in tumors as a means of specific
eradication of cancerous cells have been studied. Whether
aimed at inhibiting the signaling pathway downstream of
this receptor or merely exploiting its overexpression to
generate a targeted cytotoxic effect, these approaches
require high levels of EGFR expression in tumor cells.

Immunohistochemistry is the method most commonly
used to measure the expression level of EGFR in tissue
samples, although fluorescence in situ hybridization, ELISA
and gene microarrays are employed as alternative methods
as well. These techniques tend to be inconsistent and require
tumor biopsies, which are not always obtainable. A suitable
radiolabeled EGFR-specific agent could establish PET
molecular imaging as a noninvasive standard practice to
measure EGFR in tumors. Therefore, we investigated the
possibility of employing the EGFR tyrosine kinase inhibitor
MLO04 (Fig. 1) as a bioprobe for PET imaging. Pre-
vious reports have demonstrated that derivatives of the
4-dimethylamino-but-2-enoic acid [4-(phenylamino)-quina-
zoline-6-yl]-amide group are characterized by potent,
selective, apparently irreversible inhibition of EGFR. Given
its relatively high chemical and biological stabilities, this
group of inhibitors was designated for further evaluation,
using MLO04 as a representative derivative [44].

In the current study, the potency and selectivity of ML04
were further evaluated, using either intact cells or cell-free
kinase assays. Prolonged inhibition of EGFR was obtained in

various cell lines at low concentrations of ML04 (Table 1).
We have not performed measurements that would provide
direct evidence of the covalent bonding of the compound to
EGFR. Instead, the ability of ML04 to suppress the kinase
activity of the receptor in various cell lines 8 h after its
removal from the medium and after successive rinsing was
demonstrated. Previous reports have used this methodology
to support the conception of irreversible binding, using
similar chemically structured inhibitors of EGFR (Fig. 7)
[44,53-55]. Sustained inhibition of EGFR phosphorylation
was attained in those studies following incubation with
irreversible compounds, whereas incubation with reversible
analogues failed to do so. Furthermore, in the current study,
we demonstrated that phosphorylation of EGFR in NCI-
H1975 NSCLC cells, which harbor both L858R and T790M
mutations in the receptor, was inhibited following incubation
with MLO04 [59]. T790M mutation confers resistance to
reversible EGFR inhibitors, while irreversible inhibitors
have been reported to circumvent this resistance [60],
thereby providing another indication of covalent bonding
between ML04 and EGFR. Finally, molecular modeling
studies with a similar derivative of the 4-dimethylamino-but-
2-enoic acid [4-(phenylamino)-quinazoline-6-yl]-amide
group have been performed, suggesting that the Michael
acceptor side chain of this group of inhibitors forms a
covalent linkage with EGFR [55]. Altogether, these data
strongly support—although do not prove—the irreversible
binding of ML04 to EGFR.

The ICsy values of ML04 vis-a-vis other investigated
tyrosine kinases, namely, PDGFR, VEGFR-2, c¢-Src and
IGF-1 receptor, exceeded those obtained for EGFR by at
least two orders of magnitude, revealing adequate levels of
selectivity. Nevertheless, the ability of ML04 to distinguish
between highly homologous TK domains of EGFR and
HER2 was inconclusive, as suggested by comparable ICs
values for both tyrosine kinases (Table 1).
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Fig. 7. Selected chemical structures of reported irreversible inhibitors of EGFR [44,53-55,86,87]. Various irreversible inhibitors of EGFR have been introduced
in the literature based on the 4-(phenylamino)quinazoline core structure. Commonly, these inhibitors have an attached Michael acceptor functional group at the
6-position of the quinazoline ring. The Michael acceptor side chain of these inhibitors forms a covalent bond with the sulfhydryl group of Cys-773 within the

ATP-binding pocket of EGFR.

P-gp is a membranous ATP-dependent efflux pump
involved in the multidrug resistance of cancer cells to
various chemotherapeutic drugs. It is generally expressed on
the apical membrane of cells facing an excretory compart-
ment, such as the gastrointestinal tract, the biliary canalic-
ular front of hepatocytes and biliary ductules, the kidneys
and the blood-brain barrier, thereby affecting the disposition
of both endogenous molecules and xenobiotics [61,62]. As
such, an interaction between P-gp and the labeled com-
pound could, in general, influence the in vivo distribution of
the tracer and, in particular, reduce its availability in P-gp-
expressing tumors and consequently alter the imaging
properties of ML04.

Similar to the chemical structure of MLO04, P-gp-
interacting compounds are large (Mw>300) lipophilic
compounds that tend to be cationic at physiological pH
and to possess a relatively high number of electron-donating
groups (e.g., O, N or groups with a m-electron orbital of an
unsaturated system) [62,63]. Moreover, several anilinoqui-
nazoline-based tyrosine kinase inhibitors have been impli-
cated in the inhibition of P-gp and/or other related human
transporters [64—66]. Consequently, the interaction between
P-gp and ML04 was investigated using human lymphoblas-
toid CEM Col1000 cells, which express P-gp and control
CEM wild-type cells. When compared to the inhibitory
effect of verapamil, only 50% inhibition of the transporter
was attained at MLO04 concentrations of > 125 umol/L (data
not shown). Conversely, the uptake of [''C]ML04 into CEM
Col1000 cells almost tripled following the inhibition of P-gp
by verapamil (Fig. 2). A similar increase in uptake, caused
by the inhibition of the transporter, has been demonstrated
both in vitro and in vivo, using typical P-gp substrates such

as vinblastine and colchicine [67-70]. Thus, while ML04
does not exert a significant inhibitory effect on P-gp’s
activity at clinically relevant concentrations, it appears to be
subject to the extrusion activity of this transporter.

The development of a reliable imaging agent requires
sensitivity of the radioligand to changes in binding site
concentration [71]. Therefore, the ability of MLO04 to
accurately measure the content of EGFR was initially
evaluated in vitro with human A431 cells, which express
approximately 2 x 10° receptors/cell [56-58]. Using the F-18-
labeled compound as radiotracer, an accurate measurement of
receptor content was obtained, with a maximal specific
binding of approximately 75% (Fig. 3). Significant levels of
NSB were revealed with increasing inhibitor concentrations.
A considerable portion of NSB could also be confirmed by
applying an excess of unlabeled ML04 (rather than AG1478)
as a competitor in the binding study. If ["*F]ML04 did not
exclusively bind to EGFR, then addition of the unlabeled
compound in excess would result in displacement of the
radiotracer from both specific (EGFR) and NSB sites,
resulting in overestimation of specific binding. Indeed, the
results of this assay (not presented) generated higher derived
values of B (=4x10° receptors/cell), along with
elevated levels of apparent maximal specific binding
(87%), confirming a certain affinity of ML04 to macro-
molecules other than EGFR.

To test the feasibility of employing ML04 as an imaging
agent of EGFR-expressing tumors, biodistribution studies
were carried out in tumor-bearing nude mice using the F-18-
labeled compound. To this end, two xenograft models of
subcutaneously injected human glioma cells were estab-
lished and validated by histopathology and immunohisto-



G. Abourbeh et al. / Nuclear Medicine and Biology 34 (2007) 55-70 67

chemistry. Indicators of viability, proliferation, blood
perfusion and inflammation were similar between control
(U138MG) and EGFR-positive (U87MG.wt EGFR) tumors,
although with an overall slightly better profile of the latter
(Table 2). Most importantly, high levels of EGFR expres-
sion in U87MG.wt EGFR cells were retained in vivo,
whereas U138MG xenografts were devoid of the receptor
(Fig. 4), confirming the employment of these tumor models
in biodistribution studies. Additionally, since ML04 was
found to be a substrate for the extrusion activity of P-gp, the
expression of this transporter in both U§7MG.wt EGFR and
U138MG cell lines was negated.

The kinetics of activity distribution after the injection of
['"®FIML04 into tumor-bearing mice designated the 3-h time
point as the most favorable one vis-a-vis tumor/tissue
activity uptake ratios. At this time, the calculated activity
in US7MG.wt EGFR tumors was 0.92% ID/g (25% higher
than that in U138MG control tumors), and measured
activity in the skin, bone, heart, muscle and blood was
1.5-7 times lower than that in wild-type tumors (Figs. 5 and
6). Higher activity concentrations (twofold to sevenfold)
were measured in the lungs, kidneys, spleen small intestine
and liver. Those could be accounted for by the presence of
EGFR in these murine organs, as well as by their
involvement in the excretion and metabolism of drugs
[29,72]. As has been previously illustrated, ML04 is a
substrate for the efflux mechanism of P-gp and possibly for
other physiologically present transport proteins of the ATP-
binding cassette superfamily, such as MRP-1. Therefore,
high levels of activity uptake in the liver, intestine and
kidneys following intravenous administration of ['"*F]ML04
probably reflect, to some extent, active secretion of the
radiotracer or its conjugation derivatives.

Previous reports have indicated that ML04 is more stable
in vitro and in vivo than the formerly investigated
irreversible EGFR inhibitor ML03, as demonstrated by
diminished chemical reactivity of ML04 and higher levels
of extraction from blood [42,43]. Hence, whereas the peak
tumor/blood activity uptake ratio obtained 1 h after injection
of [''C]MLO3 into tumor-bearing rats merely approached 1,
significantly higher ratios were obtained with ["*F]MLO04
both 1 and 3 h following its administration into nude mice
(Fig. 5, Table 4). Nonetheless, to further enhance the relative
tumor uptake of ["*FIMLO04, the use of an Intralipid 10%
emulsion as vehicle was compared to that of an EtOH/saline
solution. Previous reports have demonstrated that applica-
tion of nanoparticulate systems in the delivery of drugs
conferred increased in vivo stability of the compounds
[73,74]. Nevertheless, current data revealed no advantage of
Intralipid over EtOH/saline (Table 3), leading to the
employment of an EtOH/saline solution as vehicle in
subsequent studies.

Two approaches were undertaken to evaluate EGFR-
specific tumor uptake of ['*F]MLO04: (a) using EGFR-
negative UI38MG tumors as controls, and (b) administering
an excess of nonlabeled ML04 1 h before injection of the

tracer so as to hamper the binding of the tracer to the
receptor. As previously pointed out, appreciable activity
uptake was observed in UI38MG tumors, reaching 60%,
74% and 80% of the total activity uptake in US7MG.wt
EGFR tumors at 120, 180 and 240 min after injection,
respectively (Fig. 6). While all other examined tissues
exhibited a consistent decrease in activity concentrations
over time, U138MG tumors were exceptional in their stable
levels of activity uptake, yielding increasing control/wild-
type tumor activity uptake ratios. The atypical retention of
activity observed in control tumors could be accounted for
by their relatively more necrotic phenotype, possibly
resulting in the presence of a nondisposable blood pool
within the tumor. If one were to address bone activity uptake
as an indication of defluorination, then steady levels of
UI38MG activity uptake could also reflect the entrapment
of '®F-labeled fluoride ions in this blood pool.

Blocking studies are often performed to confirm the
specific binding of a radiotracer to its target, using an excess
of either an identical nonradioactive compound or a
structurally different target-specific ligand to occupy the
receptor [75-78]. Theoretically, this strategy is likely to
reduce the specific uptake of the radioligand, resulting in
lower activity concentrations in target tissues. Nevertheless,
the administration of unlabeled ML04 in excess 1 h before
injection of the tracer resulted in higher activity concen-
trations in the majority of the organs examined (Table 4).
These elevated levels of activity could originate from the
inhibition of the elimination processes of the radiotracer
following the administration of an excess of MLO04,
demonstrated by higher blood activity levels in blocking
studies as compared to those in control studies. However, to
better address this trend, several other aspects should be
considered. The general paradigm in the evaluation of
potential bioprobes argues that, at high specific activity and
when distribution has reached steady state, the binding
potential of a radiotracer (indicative of the target/nontarget
ratio) is equal to the ratio of the binding site concentration
(Bmax) to the equilibrium dissociation constant (Kg). Tradi-
tionally, a binding potential of >10 is considered as a
reasonable goal for planar imaging, whereas lower ratios are
sufficient for tomography [79,80]. However, it is also well
recognized that too large a binding potential might result in
transport-dependent distribution, leading to measurement of
blood flow rather than of receptor concentration.

Similar to A431 cells, human glioma US§7MG.wt EGFR
cells express 1x10° to 3x10° EGFRs/cell [81]. Assuming
107 cells/ ¢ tumor would result in an estimated B, value of
2.5 nmol EGFR/g tumor. Since ML04 is assumed to bind
covalently to EGFR, it would be incorrect to refer to its
dissociation from the receptor. However, for practical
reasons, a very low K4 value could be presumed, thus
revealing an extremely high binding potential. It is most
likely that, under these conditions, the delivery of
["|*FIML04 to U87MG.wt EGFR tumors, rather than
binding to EGFR, becomes the rate-limiting step in tumor
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uptake since all the delivered radiotracer can be taken up by
tumor cells (i.e., tumor uptake of the radioligand reflects
blood flow rather than receptor concentration). Therefore,
the administration of nonradioactive ML04 in excess in the
blocking study in fact raised the input function of the
radiotracer, producing higher levels of activity concentration
in tissues. In a different blocking study, ["*F]ML04 was
coadministered with an excess of the EGFR-specific
reversible inhibitor AG1478 (2 mg/kg). Still, activity uptake
in various tissues was further enhanced compared to earlier
blocking studies using unlabeled ML04 (data not shown).
Whereas unlabeled ML04 was administered 1 h before
injection of the tracer, AG1478 was coinjected with the
radiolabeled inhibitor, most likely producing a stronger
effect upon delivery of the radiotracer.

It is likely that the flow-limited distribution of
["*FIMLO04 could be overcome by controlling the input
rate of the radiotracer by means of prolonged intravenous
infusion. Furthermore, proper chemical modifications in
anilinoquinazoline moiety could decelerate the interaction
of the inhibitor with EGFR, resulting in lower association
constant and reduced binding potential. A similar approach
has been applied to [''CJL-deprenyl and [''C]clorgyline,
which are irreversible inhibitors of monoamine oxidase
(MAO) B and MAO A, respectively. Both [''C]L-deprenyl
and [''C]clorgyline revealed a robust deuterium isotope
effect, whereby substitution of a deuterium atom for a
specific hydrogen atom on the methylene carbon of the
propagyl group produced significant reduction in the
trapping rate of radioligands and enhanced their sensitivities
to changes in MAO concentrations [82—-84]. Fowler et al.
[82,85] have employed this mechanistic tool to image MAO
A and MAO B in the human brain, as well as to assess the
binding specificity for MAO isoforms in peripheral organs
in human subjects. Likewise, minor modifications could be
introduced in the chemical structure of MLO04, such as the
substitution of a deuterium atom for the reactive hydrogen
atom at the B-position of the carbonyl. The effect of such
alterations in the chemical structure of this radiotracer upon
its imaging properties should be further elucidated.

To conclude, ML04 is a selective apparently irreversible
inhibitor of EGFR that is capable of accurately measuring
EGFR content in cell culture. Biodistribution studies were
carried out with human glioma-tumor-bearing mice, using
the F-18-labeled compound. Due to higher clearance of
activity from nontarget tissues, peak tumor/tissue activity
uptake ratios were obtained 3 h after injection, designating
this time point for further comparative studies. Despite the
remarkable in vitro performance of the inhibitor, only minor
EGFR-specific tumor uptake of the labeled compound was
demonstrated through blocking studies. Furthermore, sig-
nificant levels of activity uptake were observed in control
EGFR-negative U138MG tumors. Nevertheless, up to 4 h
after administration of the radiotracer, the levels of activity
uptake in US7MG.wt EGFR tumors were statistically
significantly higher than those in control tumors, suggesting

that the tumor uptake of the tracer is, at least in part, EGFR-
associated. The present results suggest that the distribution
of the radiotracer is flow-limited, warranting possible
modifications in chemical structure, as well as in the route
of administration. Finally, we intend to perform more
detailed pharmacokinetic characterization of this bioprobe,
which could assist in the development and validation of a
kinetic model that would accurately reflect EGFR content in
tumors.
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