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Abstract

As PET candidate tracers for EGFr-TK, five 4-(anilino)quinazoline derivatives, each fluorinated in the aniline moiety, were prepared
Each was tested in vitro for inhibition of EGFr autophosphorylation in A431 cell line. The leading compounds were then radiolabeled witt
8F and cell binding experiments, biodistribution and PET studies in A431 tumor-bearing mice were performed. Metabolic studies wer
carried out in a mice control group. From our results, we concluded that while in vitro experiments indicates efficacy of 4-(anilino)quina-
zoline compounds, kinetic factors and rapid blood clearance make them unsuitable as tracers for nuclear medicine imaging of EGFr-T
© 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction EGFr consists of an outer membrane EGF binding site and
an inner membrane tyrosine kinase portion where, via the
Positron emission tomography (PET), a nuclear med- conversion of ATP to ADP, tyrosine residues either on
icine imaging technology which allows the three-dimen- EGFr itself or on intracellular proteins are phosphorylated,
sional, quantitative determination of the distribution of ra- activating the respective protein. A suitable radiotracer that
dioactivity within the human body, is becoming an binds EGFr would allow, through a nuclear medicine im-
increasingly important tool for the measurement of physio- aging technique such as PET, the mapping and quantifica-
logical, biochemical, and pharmacological function at a tion of this receptor-kinase. One potential application is
molecular level, both in healthy and pathological states. differential diagnosis of patients having tumors with high
PET allows accurate measurement of radioactivity concen- EGFr expression from those having tumors with low EGFr
tration in small volume elements in vivo as well as the expression. High expressers would be candidates for EGFr-
ability to follow tracer kinetics. PET requires the adminis- directed therapy, while low expressers would not.
tration to the subject of a molecule labeled with a positron-  Several markers have been described for the outer mem-
emitting nuclide such a0, **N, *'C and*®F, which have  brane portion of EGFr. In a clinical triaP®™Tc (t,,, =
half-lives of 2.037, 9.965, 20.39 and 109.8 min, respec- 6.01 h), used extensively in non-PET nuclear medicine
tively. imaging, was used to label a monoclonal antibody that binds
Epidermal growth factor receptor (EGFr) is often over EGFr [22]. Patients having tumors of epithelial origin were
expressed in cancer, and is thus a therapeutic target in thémaged successfully with this tracer. Indium-111,(t=
management of this multifaceted disease. Functionally, 67.3 h), another extensively used non-PET radionuclide,
was used by at least two groups to label EGFr-binding
antibodies for use in conventional nuclear medicine imaging
* Corresponding author. Tel.: 972-2-6777931; fax: 972-2-6421203.  [7,12]. EGF itself and certain derivatives have been labeled
E-mail addressmishani@md2.huji.ac.il (E. Mishani). for nuclear medicine imaging with gamma emitting nuclides
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99mre, [5] *in [15] and *3Y [27] (t,, = 192 h) and the  cluded quantitative PET image analysis of tracer tissue kinet-
positron-emitting nuclidé®Br (t,,, = 16.2 h) [28]. ics, specific uptake was not demonstrated in a blocking study.
4-(Anilino)- and 4-[(phenylmethyl)amino]quinazolines Further, peak tumor uptake of only about 0.3% injected tracer
have been shown to inhibit potently and selectively EGFr dose per mL tissue was observed around 7 min, a time at
kinase activity by binding reversibly to the inner membrane which, in no tumor bearing animals, the gastrointestinal tract
ATP binding domain on EGFr, the prototype for such com- and the liver had 2—2.5 times more radioactivity.
pounds being the small-molecules PD153035 [10,14] and  Another approach to small molecules as EGFr PET trac-
AG1478 [11,16] (see Fig. 1). Appropriately labeled analogs ers utilizes 4-(anilino)- and 4-[(phenylmethyl)amino]quina-
of these compounds would therefore be candidates for nu-zolines labeled witH®F on the aniline or phenyl ring [17,
clear medicine imaging of EGFr. A preliminary report of the 26]. We hypothesized that changing the labeling position
synthesis of two radioiodinated¥l (t,,, = 13.3 h) and*2 and the radionuclide could lead to a better results than those
(t;», = 59.4 d), both non-PET radionuclides) analogs of published. Considering that the demonstration of a clini-
PD153035 indicated specific binding in vitro in EGFr-TK- cally useful small molecule tracer for EGFr-TK has not
rich MDA-486 cells [20]. The same group also reported the been reported, we thought that it would be worthwhile
labeling of PD153035 itself. In this case, PD153035 was developing such a radiopharmaceutical. In this report we
labeled specifically with*'C in the 7-methoxy position.  describe the non-radioactive and radioactive syntheses and
Biodistribution experiments were performed in normal biological evaluation of 4-(fluoroanilino)quinazoline deriv-
mice, but uptake specificity could not be demonstrated asatives as potential PET biomarkers of EGFr expression.
administration of an enzyme-blocking dose of PD153035
caused an increase in tracer uptake in the tissues studied
[21]. The same abstract reported the labeling of the 7-(2- 2. Experimental
fluoroethoxy) PD153035 analog witfiF, but no biological
experiments with this tracer were described. In the most 2.1. General
complete report to datéC-labeled (nonspecifically in €i
ther the 6- or 7-methoxy position) PD153035 was evaluated  4-Chloro-6,7-dimethoxyquinazoline [16]and 3-fluoro-
using PET in rats implanted with EGFr-rich human neuro- 5-trifluoromethylaniline [19] were prepared according to
blastoma SH-SY5Y xenografts [9]. While these studies in- published methods. All other chemicals were purchased
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from Sigma-Aldrich, Fisher Scientific or Carlo Erba. Chem- 2.2. 4-[(4-Fluorophenyl)amino]-6,7-dimethoxyquinazoline
icals were used as supplied, except DMSO which was (1)

passed through silica gel and stored over activated 3 A

molecular sieves for at least one day prior to use. Micro- ~ Compounds (50 mg, 0.22 mmol) and 4-fluoroaniline (21
wave heating was performed in a conventional oven (BR KL, 0.22 mmol) were placed in a dry two-neck flask and a
740XL, Brother) operating at 500 W (full power). Mass spec- condenser was adjusted. DMF (6 mL) was added and the
troscopy was performed in El mode on an LKB 2091 gas mixture was heated (130°C, 30 min). After cooling, the pre-
chromatograph-mass spectrometer at the Hadassah-HebreWPitate was isolated by filtration, washed (EtOH) apd dried in
University mass spectroscopy facili§d-NMR spectra were & vacuum oven (50°C). The product 1 was obtained as the
obtained on a Bruker AMX 400 MHz instrument, using hydrochloride salt (70 mg, 94%fH NMR [((CD3),SO) 5
tetramethylsilane as internal standard. Elemental analysisg'i;g’ ing ggig é:; ;g(ls(slga)?I\?/I?S(mm/iHéoz*ZQi/gg;H)
}/;zzrztt—:xc::;rmed at the Hebrew University microanalysis [(M=H)"]. Anal. (C,dH,FCING,): C, H, N.

[*®F]Fluoride ion was produced by tHEO(p,n)*F nu-
clear reaction on-350—600uL enriched f?O]water (97%
isotopic purity, Rotem) as a target in the Hadassah-Hebrew
Qnive_:rsity IBA 18/9 cyclotron. R_eactive organ_i?:SF]quo- Employing the same method used for6 (113 mg, 0.5
ride ion was prepared by adding 50-1pQ iradiated 4y and 3-fluoroaniline (4@L, 0.5 mmol) afforded? as
target water to Kryptofit 2.2.2 (10 mg, 27umol) and  he hydrochloride salt in (166 mg, 98%)H NMR
K,CO; (1 mg, 14 umol potassium cation) in water-aceto [((CD,),SO) & 11.59(s, 1H), 8.85(s, 1H), 8.43(s, 1H),
nitrile. Azeotropic removal of water with acetonitrile was 7 7(m, 1H), 7.6(m, 1H), 7.5(m, 1H), 7.4(s, 1H), 7.1(s, 1H),
achieved by heating under a stream of nitrogen. The dried4.1(s, 3H), 3.96(s, 3H). MS, m/e: 300 (M 299
Kryptofix® 2.2.2-potassium ‘fFlfluoride was then dis  [(M—H)*]. Anal. (C,H,sFCIN;O,): C, H, N.
solved in 300uL anhydrous DMSO for use in radiola-
beling. 2.4. 4-{[3-Fluoro-5-(trifluoromethyl)phenyljamino}-6,7-

HPLC was performed on a Varian 9012Q pump, a Var- dimethoxyquinazoline (3)
ian 9050 variable wavelength detector operating at 254 nm,
unless otherwise noted, and a Bioscan Flow-Count radioac- Similar tol and2, 6 (113.5 mg, 0.5 mmol) and 3-fluoro-
tivity detector with a Nal crystal. Labeled compounds were 5-(trifluoromethyl)aniline [19] (93 mg, 0.52 mmol) were
purified on a normal phase system employing a silica col- reacted in EtOH (8 mL) under reflux (60 min). Isolation,
umn (5 wm, 250 X 10 mm, Primesphere, Phenomenex Washing and drying yielded the hydrochloride salt 3f
(system A) or 10um, 500 X 9 mm, partisi, Magnum9, ~ (159.5 mg, 78%).*H NMR [((CD),SO) & 8.71(s, 1H),
Whatman (system B)) and one of the following mobile 8.09(m, 1H), 7.64(s, 1H), 7.3(bs, 1H), 7.1(m, 1H), 7.0(m,
phase systems (all Viv/v): system A: hexane-dichlorometh- 1H), 4.05(s, 3H), 3.90(s, 3H). MS, m/e: 368 (! Anal.
ane-methanol, 50:48:2; at 10 min, gradient to 35:60:5 over (C1H1FCINSOy): C, H, N.

30 min; 5 mL/min; or hexane-dichloromethane-2-propanol, ) .
58:40:2; gradient to 20:70:10 over 45 min; 5 mL/min Eluent 2-2- 3.4-Dichloro-6-fluoroaniline (10)

fractions (2.5 mL) were collected on a fraction collector . .
3,4-Dichloro-6-fluoronitrobenzenell, 474 mg, 2.25

(FC205, Gilson). Analysis of formulated radiotracers was . .
performed on a reversed phase system using a C18 columnmm0|) in 9:1 EtOH-water (7 mL) was added dropwise to a

: refluxing mixture of hydrazine hydrate (5@, 10 mmol)
5 “m.' 250 .4'6 mm, Econosil, Alltech) and one of the and Rane§ nickel (60 mg, 1.4 mmol) in 7 mL EtOH-water
following mobile phase systems: water-methanol, 20:80, 1

L/mi A) bH 401 M buff hanol 9:1. After the addition was completed, reflux was main-
mL/min (system A); p ' acetate bufter-methanol, .iyqq for additional 25 min. After cooling to room temper-

20:80, 1 mL/min (system B). Radiotracer formulation was .4 ,re ‘the mixture was filtered and the solvent was removed
performed as follows: Selected eluent fractions were trans- in vacuo. Purification by silica gel flash column chromatog-
ferred to a glass flask and the solution was concentrated i”raphy afforded10 (193 mg, 48%).XH NMR [(CDCl,)

vacuo to dryness. To take the residue into solution one of7.1(d, J= 11 Hz, 1H), 6.8(d, ¥ 11 Hz, 1H). MS, m/e: 179
the following two methods was used. Method A: The resi- ([ —H]™).

due was dissolved in 0.5 mL EtOH and 0.5 mL isotonic

saline. The solution was filtered through an EtOH-wetted 2.6. 4-[(3,4-Dichloro-6-fluorophenyl)amino]-6,7-

Millex-FG filter (0.2 uwm, Millipore), and another 4 mL dimethoxyquinazoline (4)

saline was used to rinse the flask and filter, providing a 5

mL, 10% EtOH, 90% saline formulation. Method B: The Compoundb6 (128 mg, 0.56 mmol) and0 (89 mg, 0.49
residue was dissolved directly in phosphate buffered saline.mmol) were placed in a dry two-neck flask and a condenser

2.3. 4-[(3-Fluorophenyl)amino]-6,7-
dimethoxyquinazoline(4) (2)
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was adjusted. iPrOH (6 mL) was added and the mixture to block the unbound sites in the plate (25 min). An aliquot

heated to 85°C and treated with HCI (concB). Reflux
was maintained for 30 min. After cooling, the precipitate
was isolated by filtration, washed with EtOH and dried in a
vacuum oven (50°C). Compourdl was obtained as the
hydrochloride salt (168 mg, 84%fH NMR [(CDCly) &
8.91(d, J= 8Hz, 1H), 8.7(s, 1H), 7.29(d, & 10 Hz, 1H),
7.28(s, 1H), 6.9(s, 1H), 4.04(s, 3H), 4.02(s, 3H). MS, m/e:
369 (M¥). Anal. (C,gH;3FCI5NS0,): C, H, N.

2.7. 4-[(3,4-Dichloro-6-fluorophenyl)amino]-6,7-
dihydroxyquinazoline (5)

Compound4 (200 mg as the HCI salt, 0.494 mmol) and
pyridine hydrochloride (1.5 g, 13 mmol) were fused at
205°C for 1 h. After cooling to room temperature, water (10

of A431 cell lysate was thawed, diluted in PBS and added
to the plate.

After 25 min, seven different concentrations of each
inhibitor were added, and for each series, one well was left
as a zero-inhibition control (no inhibitor) and one was left as
a zero EGFr kinase control (no lysate). All inhibitors were
diluted in TBS-DMSO and the final concentration of DMSO
was 0.5% in each well. After an additional 25 min, and
without washing the plate, ATP-Mngtolution was added
to each well, the final concentration beingud/ ATP, 5
mM MnCl,. In this step the temperature was kept at 26°C
and the plate was under constant shaking. Incubation with
ATP-MnCI, continued for 5 min.

To stop the phosphorylation reaction, an EDTA solution
(pH 8, 20 mM final concentration) was added to each well

mL) was added, causing a precipitate. The mixture was thenand after 1 minute the plate was washed. Polyclonal anti-

placed on an ultrasonic bathrfa@ h and the solid product
was collected by filtration and washed with water. Recrys-
tallization from EtOH furnished as the trihydrate (35.8
mg, 18%): mp>300°C;*H NMR [(CD;),S0] & (all 1H)
>12(br s), 11.1(br s), 10.5(br s), 8.71(s), 7.92(s), 7.91(d,
J=7Hz),7.89(d, F 9.7 Hz), 7.42(s). MS, m/e: 305 (80%,
M-CI), 320 (98%, M-F), 322 (100%, M-OH), 339 (39%, M).
Anal. (C,H,ClLFN;Og): C, H; N: calcd, 10.66; found, 10.15.

2.8. Autophosphorylation inhibition experiments in A431
cell lysate EGFr source

A431 human epidermoid (vulvar squamous cell) carci-
noma cell lysate was used. A431 cells were grown in
DMEM containing 10% fetal calf serum and antibiotics
(penicillin and streptomycin). After several days, the cells
were removed from the flasks by incubation at 37°C with
PBS, 1 mM EDTA buffer for 1 hour. The pellet obtained
with centrifugation of the cell suspension (600 g, 5 min,

phosphotyrosine serum (Sugen Inc.) was added (dilution of
antibody in TBST containing 5% milk) and the wells were
incubated for 45 min.

For the colorimetric detection of phosphotyrosine in
EGFr, commercial TAGO anti-rabbit peroxidase conjugate
antibody was added to the cells as a TBST-5% milk solution
and allowed to react for 45 min. After washing, the color-
imetric reaction was initiated by adding 10QL/well
ABTS-H,O, in pH 4 citrate-phosphate buffer [1]. After
5-10 min, the plate was read on Dynaytec MR 5000 Elisa
reader at 405 nm. Analysis of the data was performed with
GraphPad Prism, version 2.01 (GraphPad Software, Inc.).

2.10. Autophosphorylation inhibition experiments in whole
A431 cells

Cells (5 X 10°) were seeded in 6-well plates (35 mm
diameter, Nalge Nunc) and grown to 60—80% confluence in
DMEM (high glucose) with 10% FCS, penstrep (penicillin

room temperature) was then resuspended in lysis buffer10° units/L, streptomycin 100 mg/L) (Biological Industries,

(0.02 M Hepes, pH 7.4, 0.125 M NacCl, 1% Triton X-100,
10% glycerol) and left on ice for 10 min. With another
centrifugation (Sorval centrifuge, rotor 5, 10,000 rpm, 10

min, 4°C), the supernatant, which contained the cell lysate,

was collected and frozen at70°C in aliquots.
2.9. ELISA assay

EGFr autophosphorylation g values were obtained by
means of an ELISA assay. All the following incubations

Kibbutz Beit Haemek, Israel) at 37°C, 5% GOrhe cells
were then exposed to serum-free medium for 18 h and
afterwards treated with varying concentrations of each in-
hibitor for 2 h. Addition of the inhibitor vehicle made the
final solution 0.05% DMSO and 0.2% EtOH. Cells were
activated with EGF (20 ng/ml) for 5 min and then washed
with PBS. Whole-cell lysates were made by scraping the
cells into the well with 0.4 mL of Leammli buffer (10%
glycerol, 3% sodium dodecyl sulfate, 5Bsmercaptoetha-
nol, 50 mM Tris pH 6.8) containing 0.001% bromophenol

were performed at room temperature and with constant blue, and then boiled for 5 min. Each sample was kept at
shaking. After each step the plate was washed with water —20°C until the protein determination assay.

(5X) and TBST buffer (X). The final volume for each well
was 150puL.

A Corning 96-well Elisa plate was coated with mono-
clonal anti EGFr antibody (mAb108) by incubating over-
night (4°C) in a solution of mAb108 diluted in PBS (pH 8.2)
[2]. After removing unbound mAb108, the plate was

The amount of protein in each lysate was determined by
a filter paper assay. Aliquots (3.) from each extract were
loaded onto a strip (X 3 cm) of Whatman blotting paper
(3 X 10 cm) and immersed into filtered dyeing solution
(0.25% comassie blue, 40% MeOH, 10% acetic acid) for 20
min at room temperature with gentle shaking. Strips were

washed, and PBS, containing 5% milk (1% fat), was added then washed (3X 15 min) with fading solution (20%
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MeOH, 7% acetic acid) and then dried. Each strip was 2.12. Radiochemistry 4-[(4*fF]Fluorophenyl)amino]-
extracted with constant shaking in sodium dodecyl sulfate 6,7-dimethoxyquinazoline*{F]1)
(3%, 500 uL, 37°C). After 1 h the eluted samples were
transferred to 96-well plates and read at 595 nm in a mi-  The KryptofiX® 2.2.2-potassium*fF]fluoride—DMSO
croplate reader (ELX 800, Biotek Instruments, Inc.). A solution described above was added to 1,4-dinitrobenzene
standard curve was made using BSA (1 mg/mL). A western (2-3 mg, 12-18umol) in a screw-top test tube (8 mL,
blot assay was performed on each sample. Identical proteinCorning). The tube was capped, shaken and heated in the
amounts from each lysate were loaded onto polyacrylamide microwave for 3.5 min. After cooling in an ambient water
gel (6% or 10%), separated by electrophoresis (Hoefer Phar-bath, the vial contents were diluted with 10 mL water and
macia Biotech Inc., San Francisco, USA) and transferred to loaded onto an activated (EtOH) and equilibrated (water)
nitrocellulose (power supply: EPS 500/400, Amersham C18 Sep-Pak (classic, short body, Waters). The cartridge
Pharmacia Biotech; nitrocellulose extra blotting mem- was washed with water (10 mL) and the desired intermedi-
branes: Sartorius AG, Goettingen, Germany). A standard ate, 4-f8F]fluoro-1-nitrobenzene, was eluted with EtOH (2
solution of high MW was loaded as reference. For visual- mL) into a small glass test tube. The reduction vessel was
ization of molecular weight bands, the membrane was im- prepared by adding to a flat-bottomed glass vial (25 mL),
mersed in Ponceau reagent (0.05% Ponceau, 5% acetic acidjequentially, a few borosilicate glass beads, 1004:1
for a few minutes, and then washed thrice with TTN (10 EtOH-water, Raney Ni (50% slurry in water,~250 uL)
mM Tris pH 7.4, 0.2% Tween 20, 170 mM NaCl) and once and hydrazine monohydrate (@, 1.2 umol). After cap-
with water. The membrane was blocked overnight in TTN ping with a septum-equipped screw cap (vented with a large
containing 5% milk (1% fat) (blocking TTN) and incubated diameter needle) the vial was shaken and placed in a 40°C
for 90 min with PY20 antiphosphotyrosine antibody (Santa heating block. The ethanolic 4§ ]fluoro-1-nitrobenzene
Cruz Biotechnology Inc., Santa Cruz, USA) diluted 1:2,000 solution was diluted with 0.5 mL water and added slowly to
in blocking TTN. The membrane was washedX3 min, the reduction vessel. After 5 min, the vessel was cooled in
TTN), incubated for 90 min with a horseradish peroxidase- an ambient water bath, and the vial contents were filtered
conjugated secondary antibody (Goat anti-mouse Ig& H  through a 0.45um filter (Puradisc, polypropylene, What-
L, Jackson Immuno Research Laboratories, Inc., diluted man) into another flat-bottomed 25 mL vial. To the filtered
1:10,000 in blocking TTN), and finally washed againX3 solution were added 8 mL water and 10 mL ether and by
5 min, TTN). The membranes were incubated in a luminol- capping and inverting several times to mix, the reduction
based solution (1 min, 0.1 M Tris pH 8.5, 2 luminol, product, 4-f8F]fluoroaniline, was extracted into the ether
400 pM p-cumaric acid, 0.033% }D,) and visualized layer. An 8 mL screw-top test tube was charged with
using chemiluminescent detection. Quantification of each 4-chloro-6,7-dimethoxyquinazoline (4—5 mg, 17—2&ol)
band was performed using Adobe Photoshop 5.0 ME andand 2-propanol (30Q.L). The ethereal radioaniline solution
NIH image 1.16/ppc programs and theg}Cralues were  was added to the tube by passing it through Mg$2g)
calculated using a nonlinear regression fit to a variable slopeand a new 0.4wm filter. The ether was removed under He,
sigmoidal dose-response curve (GraphPad Prism). Thewarming the tube in an ambient water bath. Concentrated
above assay was performed twice for each compound. HCI (1 pL, 12 umol) was added and the capped tube was
heated in a 110°C oil bath for 15 min. After cooling the tube
2.11. Cell growth assay in ambient water, the acid was neutralized and the free base
liberated with the addition of aqueous NaOH (5 M, /D,
Cells (3000/well) were seeded in 96-well plates and grown 250 umol). Dichloromethane (0.3 mL) and hexane (0.3 mL)
for 96 h in 200 uL/well DMEM/10% FCS/penstrep. The  were added to the tube and the solution was filtered through
medium was changed every 24 h for three days, adding inhib-a 0.2um filter (Acrodisc, nylon, Gelman) and injected onto
itor over a wide range of concentrations with each change. the normal phase HPLC (semi-preparative system A).
The inhibition of growth was detected by a methylene [*®F]1 eluted with a % of 33.7 min and was formulated as
blue assay. Plates corresponding to 0 (no inhibitor, control), described with a yield of 11% from potassiutiH]fluoride.
24, 48 and 72 hours were fixed by adding glutyraldehyde to The formulation was then analyzed by reversed phase
each well (0.05% final concentration), incubating for 10 min HPLC (i = 8.76 min; chemical purity= 89%; radiochem
at room temperature. After washing and drying, the plates ical purity > 95%). At formulation,[*®F]1 had a specific
were wetted with borate buffer and stained with methylene radioactivity of 363 Ci/mmol (13 GBg/mol).
blue (100uL/well, 1% in 0.1 M borate buffer pH 8.5, 60
min, room temperature). The plates were then washed thor-2.13. 4-[(3-[*®F]Fluoro-5-trifluoromethylphenyl)amino]-
oughly to remove excess dye and dried. The dye taken up by6,7-dimethoxyquinazoline ([3¥F]3)
cells was extracted in 0.1 N HCI (60 min, 37°C) and the
resulting solution was read (Dynatec MR500 ELISA The general procedure was similar to that used to syn-
Reader) at 620 nm. One experiment was performed for eachthesize['®F]1 described above, with the following excep
inhibitor and 8 wells were used for each concentration. tions: In the place of 1,4-dinitrobenzene, 3,5-dinitrobenzo-
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trifluoride (2—-3 mg, 8—13uwmol) was used in the reaction 2.17. Association experiments

with [*®F]fluoride ion to provide 33EF]fluoro-5-nitroben

zotrifluoride; in the place of a liquid-liquid extraction fol- Prior to addition of radiotracer, each dish was incubated
lowing the reduction step, a second C18 Sep-Pak extractionon ice for 1 h. For determination of nonspecific binding, in
was used, and elution of 3§ ]fluoro-5-(trifluoromethyl)a one series, unlabeled inhibitor (final concentrationpdd

niline was achieved with ether (2 mL). HPLC purification inhibitor, 0.2% DMSO, 0.2% EtOH) was added 30 min
(system A, k = 36.4 min) provided3’-*®F]3. Formulated  prior to tracer[*®F]4 (20 uL, 0.8 ug/mL average concen
[3'-*8F]3 (7% overall yield) was analyzed by reversed phase tration, 1600 Ci/mmol average specific radioactivity) was
HPLC (system A, ¢ = 11.6 min), indicating>95% radio then added to each dish and binding was stopped at the same
chemical purity,>95% chemical purity and 460 Ci/mmol time points used in the dissociation experiments. The cells

(17 GBgjumol) specific radioactivity at formulation. were washed, harvested and counted as described above.
The study was performed in duplicate and, for each repli-

2.14. 4-[(3,4-Dichloro-6-t%F]flucrophenyl)amino]-6,7- cate, four samples were used for each time point (two for

dimethoxyquinazoline 1fF]4) total binding and two for non-specific binding). The ob-

served association rate constanj,(kwas obtained using a
The general procedure was similar to that used to syn- nonlinear regression fit to a one phase exponential associa-

thesize[3'-*®F]3 described above, with the following €x  tion curve (GraphPad Prism) ang kwas calculated from
ception: In the place of 3,5-dinitrobenzotrifluoride, 1,2- kg, Ko @nd the concentration of radioligand. The equilib
dichloro-4,5-dinitrobenzene (2—3 mg, 8—&ol) was used rium dissociation constant () was calculated by dividing
in the reaction with TéF]fluoride ion to provide 1,2-di the average k& by the average k.
chloro-4-F8F]fluoro-5-nitrobenzene. Normal phase HPLC
(system B, & = 31.7 min) provided[*®F]4. Formulated 2.18. Determination of the equilibrium dissociation
[*®F]4 (4% overall yield) was analyzed by reversed phase constant (K) and the maximum number of binding sites
HPLC (system B, = 9.1 min) indicating>95% radio (Bmay in saturation studies
chemical purity and~90% chemical purity, averaging 1484

Ci/mmol (54.9 GBghmol) specific radioactivity. A431 cells (2x 10°/well) were seeded in 24-well plates
(Nalge Nunc International) for 15-30 h in 1 mL medium
2.15. In vitro studies with'fF]4 determination of (see above). After equilibrating the plates at room temper-
dissociation rate constant {§) and association rate ature (30 min)[*®F]4 was added to each well over a range
constant (k) of concentrations (5 to 80 nM, ligand non-depletion condi-

tions) for the determination of total binding. In paired wells,

A431 cells (1.0 10° — 1.5 X 10°) were seeded in 35 tracer was added in the same concentration as above but
mm petri dishes (Nalge Nunc International) in 1 mL of with unlabeled inhibitor added to a final concentration of 10
DMEM/10% FCS/penstrep for 15-30 h. The amount of uM for the determination of nonspecific binding. Incuba-
cells used for each experiment was calculated by consider-tion continued for 30 min with shaking and at room tem-
ing the multiplication rate [6] for the A431 cell line (0.0417/ perature. The monolayers were then washed and counted as
hour). The dishes were kept on ice and shaken automaticallydescribed above. This experiment was performed four
throughout the radiotracer experiments. times, each time with four samples per concentration.

2.16. Dissociation experiments 2.19. In vivo biodistribution studies witH§F]1 and

[*®F]4 tumor-bearing mouse model

Each dish was incubated on ice for 30 min, thé&fF]4

was added, incubating for an additional 30 min on ice.  All experiments on living animals were performed under
Dissociation of *¥F]4 from EGFr-TK was initiated by add the guidelines and with the permission of the Research
ing unlabeled inhibitor (final concentration LM inhibitor, Animal Ethics Committee of The Hebrew University of
0.2% DMSO, 0.2% EtOH) and it was stopped by removal of Jerusalem. A nude mouse tumor implant model was devel-
medium after 1, 2, 4, 6, 10, 15, 20, 25 or 30 min, followed oped. Balb cBy nu/nu male mice (4—10 weeks) were injected
by two washes with cold PBS. Cells were harvested by s.c. in the left or right posterior leg with A431 cells 3 10°
detaching and lysing them with NaOH (0.1 M, 2@Q, in 200 uL sterile PBS). Tumor growth was checked every 2—3
3X). Lysate and cell residue (scraped using a glass coverdays by calipers. One to two weeks after inoculation, the mice
slip) were transferred into a counting vial. The samples, were ready to be used in ex vivo or PET studies.
each including the glass cover slip, were counted in a
y-counter. The experiment was performed in duplicate with 2.20. In vivo biodistribution studies
two to three samples used for each time point. The valye k
was obtained using a nonlinear regression fit to a one-phase Tumor bearing mice were anesthetized with pentothal
exponential decay (GraphPad Prism). (85 mg/Kg, ip) and injected iv in the tail withfF-tracer in
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PBS (10—2QuCi in ~50 uL, <10% EtOH, with an average (2 g) and filtered (Whatman, Puradisc Qun, polypro-

of tracer concentration-0.121 ug/mL). Animals were sac-  pylene). The ethereal solution was concentrated under a
rificed at specific time points by means of C@sphyxia stream of helium gas to about 1@Q.. Half of this concen-
tion. Blood and certain organs and tissues were collected ortrated solution was spotted onto the preadsorbant zone of
excised, counted in g-counter and weighed. A standard one of each reversed phase (C18¢ 20 cm, 250um layer
solution was prepared for the calculation of the exact thickness, LKC18F, Whatman) and normal phase (silica, 60
amount of radioligand injected in each animal. For deter- A 5 x 20 cm, 250um layer thickness, Whatman) TLC
mination of nonspecific binding®F-tracer plus nonlabeled plates. Reversed phase development was MeOH-0.1 N
compound were coinjected in another group of animals, and N5 4:1 and normal phase was MeOH-dichloromethane

itgjeecigidms?)lit\i/\cl)irsv ;si%ficsg ?Zti it:e ;gmﬁ iT; g?\'/lrgs(‘) The1.9. Plates were read on a System 200 Imaging Scanner
v oL 0 (Bioscan). The extracted blood residue was then counted in
0 1 0, i
and<101éo ethanol, with 10/.0 g fa 52@M SOIUt'_On of4 and a y-counter for determination of unextracted residual radio-
90% of ®F-tracer, mass rati®F-tracer:4 = 1:500. e 18 . L
. - . . activity. For [-°F]4, studies were performed in kidney and
In the calculations of the binding, only those animals in liver homogenates as well. usina the aeneral procedure for
which the tail injection was certainly successful were con- v 9 S as Well, using g procedur
sidered the blood samples. Homogenates were formed in a tissue
' grinder (Fenbroek). The ;Rvalues of the standards were
221, PET studies (reversed phase/normal phase) as follows: 4 (0.32/0.65), 5
(0.34/0.11), 10 (0.44/0.70).

PET scans were performed in 2D mode on the Positron
Corporation HZL/R scanner (intrinsic spatial resolution:
in-plane 6.4 mm at 2 mm bin size, axial 6.3 mm). The mice 3. Results
were anesthetized and placed supine on a flat polystyrene
foam support, with feet taped to the support to minimize 3.1, Chemistry
likelihood of movement during the scans. Transmission

scans (duration 8 minutes), were obtained using a Ge-68  Compoundl was obtained in 94% yield as the hydro-
rotating rod.[*"F]4, with and without unlabeled compound  chjoride salt by coupling reaction of 4-chloro-6,7-dime-
(as described for ex-vivo _expenmgnts),[b?F]FDG (~15 thoxyquinazoline §) with 4-fluoroaniline (Scheme 1). Em-
nCi in 50 uL of physiological solution) were then injected ploying the same method® was obtained in 98% yield.

either into a tail vein or directly into the heart, and scan was Similar to1 and2, 3 was isolated in 78% yield. Compound

tsetl?r:;dstlgr]%ed;?ttﬂg.tiragnoiﬂ% c?i?rllssalzg csocnetir:]Sui:I]ve;gr gg 10, the precursor o4, is not commercially available and had
g ) ' g to be synthesized. Fluorination of 1,2-dichloro-4,5-dinitro-

. o . o
minutes (152 minute time framt_as, followed_ by 6 5_m|nute benzene yielded 1 in 70% yield, and10 was obtained in
frames). PET data were normalized for variations in detec- 48% vield aft duction ot 1 with hvdrazine hvdrat q
tor sensitivity, and corrected for wobble, randoms, scatter o yield after reduction with hydrazine hydrate an
Raney nickel (Scheme 2). After coupling ofO and 6,

and deadtime. Attenuation correction was applied using the i ) . _ _
measurement transmission scan data. PET images were reS0mMPOUndd was isolated in 84% yield. Fusion reaction of

constructed both by filtered back-projection using a Butter- 4 With pyridine hydrochloride for 1 hour furnishétin 18%
worth filter (cut-off 0.8 cycles/mm, order 10) and by itera- Yield (Scheme 3).

tive reconstruction (OSEM) method. Regions of interest

(ROI's) were drawn for tumor, brain and liver, and time

activity curves (TAC’s) were calculated for ROI's from the Scheme 1°
entire dynamic sequence of images. Each animal was then R"
sacrificed and conventional ex vivo radiotracer biodistribu- R™ R Compounds
tion was determined as above. - 1-4 of
igure 1
2.22. Metabolite analysis in control animals H2N R Fig
7:R,R"andR"=H;R'=F
The blood metabolic profiles of the labeled inhibitors 8:R=F;R,R"and R" = H
[*®F]1 and [8F]4 were determined by thin layer chroma 9:R=F R andR"=H; _RR,f_le3
tography (TLC). After injecting control mice witHfF-tracer 10:Rand R'=CI, R"=H;R" =
(tail vein), blood was collected~<0.5 mL) and divided into
two portions. One portion was weighed and counted in a 2 (i) 4-Chloro-6,7-dimethoxyquinazoline 6/
y-counter for determination of %ID/g. The other portion DMF/130°C/30 min or 6/EtOH/reflux/

was weighed, heparinized and extracted with ether (5 mL). 60 min or 6/iPrOH/HCI/85°C/30 min.
The ether layer was removed, dried over magnesium sulfate Scheme 1.
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Scheme 2°
F Cl . F cl
I
1T > XX
ON Cl HoN Cl
11 10

@ (i) Hydrazine hydrate/Raney Ni/EtOH-H,0
9:1/reflux/25 min.

Scheme 2.
Scheme 3?
HN Cl
MeO X )N
MeO N7
4
¢ |
HN Cl
HO N )N
HO N~
5
@ (i) Pyridinium hydrochloride/205°C/1 h.
Scheme 3.

3.2. In vitro screening

(~1%). Compoundq, 3 and4 were prepared according to
Scheme 4, following the same synthetic strategy used to
make the nonlabeled compounds. A symmetrical aryl dini-
tro derivative 12, 13 or 14 was reacted with organic
[*®F]fluoride ion in DMSO, using a conventional miero
wave oven to heat the reaction mixture, to give the corre-
sponding aryl ®F]fluoronitro derivative in estimated yields
of 60—80%. The remaining single nitro residue was reduced
to an amino residue with Ran@yickel at 40°C. From the
[*®F]fluoronitros[*®F]15, [3'-*8F]16 and [*®F]11, [*®F]flu-
oroaniline yields averaged 75%. After ether evaporation
and acidifying the reaction mixture, the reactions proceeded
to the final labeled tracer§-F]1, [3'-*¥F]3 and[*®F]4, in
overall non-decay-corrected yields of 4—-12% (from potas-
sium [*®F]fluoride kryptand). The entire process was eom
pleted within~120-150 min of radionuclide production. In
all cases, the products were radiochemically pure.

3.4. Radiotracer in vitro studies

Our labeled lead[*®F]4, was studied in vitro to deter
mine its equilibrium dissociation constantand its ab#
ity to measure B, in receptor saturation experiments in
A431 cells. In this study, a Kof 21 + 14 nM was obtained
and an average B, of 1.18 X 10° (+0.77 X 10°) binding
sites per cell was measured. In a binding kinetic study
association and dissociation rates(kk,;) constants of
2.57X 10° (+1.61 %X 10°) M~ * min~*and 0.169 +0.038)
min~* respectively were measured. The alue derived
from these kinetic studies was 65 nM.

3.5. Radiotracer in vivo studies

In vivo biodistribution experiments performed in tumor-
bearing nude mice with the two most potent labeled com-
pounds,[*®F]1 and [*®F]4, demonstrated neither high nor
specific binding in the EGFr-TK-rich tumor. Witf®F]1,
which was studied at 30 and 60 minutes, we observed tumor
uptake at levels of 1.14 and 1.34 %id/g, respectively (Table

Two different methods were used in order to measure ),

EGFr-TK autophosphorylation g values for the com

Experiments with high affinitj*®F]4 (Table 3),which

pounds and the reference inhibitors (PD 153035 and AG was studied at 5, 10 and 30 minutes indicated high levels of
1478). The first method involving cell lysate employed an ragioactivity in the kidneys and liver in all cases. Uptake of
ELISA assay, the second method employed intact A431 [18F]4 was observed in the tumors at a level somewhat

cells. The results are summarized in Table 1.

With the exception of compourts] which was not tested,
all other compoundsl{4) inhibited A431 cell growth (Ta-
ble 1). Compoundd, PD 153035 and AG 1478 were found
to be potent inhibitors of cell growth with Igs in the
range of 1-1QuM. Compoundsl-3were less potent inhib-
itors of cell growth with IGy's in the range of 10-2@.M.

3.3. Radiochemistry

Starting from N,N,N-trimethyl-3-nitroanilinium iodide,
¥ radiolabeling of2 was achieved in very low yield

higher than wit{*®F]1. Blocking was suggested only at the
10 minutes time point, although the error in the non-blocked
experiment was large. Tumor to blood ratios were below
unity in all cases.

PET scanning for the mice was carried out on a regular
whole body PET scanner. Tumor bearing mice were in-
jected either wit*®F]FDG or with [*®F]4. Fig. 2shows the
time/activity curves of the two tracers in the tumors, and
Fig. 3 presents the comparison between images obtained in
the time frames of highest tumor uptake (45-50 min for
[*®F]FDG and 8-12 min fof{*®F]4). The chosen images
demonstrate the possibility of obtaining a fairly good reso-
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Scheme 4°
R"
R'“ R'

O,N R
12: R, R" and R" = H; R' = NO,
13: R'= NO,; R and R" = H; R" = CF
14:Rand R =CI; R" = H; R" = NO,

- Rll
I
[18F]15: R’ Rll and Rlll - H; Rl = 1‘8F 3 ii Rl" Rl
[3-®F]16:R="8F;R'andR"=H;R"=CF3 { ——— 3
[®F11:RandR =CI,R"=H;R"="F | HoN R
R (["®F]7:R,R"and R" =H;R' = 6F
R" R’ i { 3-®F19: R = "°F; R'and R" = H; R" = CF3
/ ['®F110: Rand R =CI;R" = H; R" = '°F
HN R )
MeO X )N ;
MeO N7

["®F11:R,R"and R" = H; R' = "8F
[3-"%F13: R = "%F; R'and R" = H; R" = CF3
[®F4:Rand R'=CI;R" = H; R" = 1F

4 (i) Kryptofix K[1BF]F/DMSO/microwave heating/3.5 min; (ii) Hydrazine hydrate/Raney
Ni/EtOH-H,0 4:1/40°C/5 min; (jii) 4-Chloro-6,7-dimethoxyquinazoline 6/iPrOH/HCI/110°C/15
min.

Scheme 4.

lution for the tumor region. The ex vivo biodistribution that The blood metabolic analysis ¢t®F]1 and [*®F]4 in
followed the[*¥F]FDG PET study showed that the ratios control mice are summarized in Table 4, and 5 respectively.
tumor/blood and tumor/muscle were 7.76 and 6.44, respec-At 20 minutes post injection, only 0.24 %id[¢®F]1 was

tively, at the sacrifice time (65 min). non-metabolized and by 60 minutes, the amount decreased

Table 1

EGFr kinase and A431 cell growth inhibition by 4-(anilino)quinazolines

Inhibitor Lysate IG, for EGFr-TK Whole cell IG,, for EGFr-TK I1C, ratio: Approximate IG,
autophosphorylation* (nM) autophosphorylatidfi* (nM) whole cell to lysate for cell growth M)

1 75.4 (34.1-167) 3230 (1350-5100) 43 10

2 17.48 (10.8-28.0) 1180 (700-1650) 68 10-20

3 196 (73-542) 970 (500-1440) 5 =125

4 0.208 (0.032-1.37) 3.8 (2.9-4.7) 18 45

5 1117* [680] o — — i

PD153035 0.18% (0.069-0.511) 14.6 (13.3-15.9) 7 2.9

AG1478 0.719 (0.304-1.70) 3.55 (2.6-4.5) 5 1-10

* Ninety-five percent confidence interval shown in parentheses or SD shown in square brackets.
T Range shown in parentheses.

N =4

SN =3.

** |Individual curves were fit and |G, values were averaged to give this value=N5.

™ Not determined due to the high 4gvalue found in cell lysate.

N = 2.
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Table2 o _ _ measured in A431 cell lysate and intact cells, and cell
Biodistribution of[*®F]1 in tumor-bearing mice growth inhibition was measured in the same cell line. La-
%id/g* beling chemistry was then developed for three of the com-

pounds, leading to in vitro evaluation of the lead tracer, ex

Tissue 30 mif 60 mir® . o EE . . o
vivo biodistribution studies with two tracers, and in vivo

Blood 1.89 [1.64/2.14] 0.79 [0.15]  pET studies with the lead tracer.

Brain 0.21 [0.13/0.29] 0.14 [0.05]

Heart 1.94 [1.47/2.41] 0.81 [032] 41, Chemistry

Kidney 3.59 [2.69/4.48] 1.47 [0.64]

t“’er 22-3;4 [11%%’/22-9523] %%7 [%132] Compoundsl—4 were prepared by coupling 4-chloro-

Sk o6 E1.35/l'78} o 033 g 7-dimethoxyquinazoliné with the corresponding aniline

Spleen 119 [0.90/1.48] 051 .21 derivatives 7-10 in dimethylformamide (DMF), ethanol

Testes 0.66 [0.51/0.81] 0.41 [0.18]  (EtOH) or acidic 2-propanol (iPrOH) (Scheme 1). Two of

Tumor 1.14 [0.89/1.39] 1.34 [0.79]1  the anilines are not commercially available and had to be

synthesized. Compourglwas made as described [19] and

Tissue/blood . . .
10 was made in a similar fashion (see Scheme 2).

Tissue 30 min 60 min Based on a report of similar compounds, removal of one
Brain 0.11 [0.08/0.14] 0.18 [0.03] or both methyl groups from a potent 4-anilino-6,7-dime-
Heart 1.01 [0.89/1.13] 1.01 [0.26]  thoxyquinazoline results in a compound only moderately
E‘\‘/’;ey 11'27 [[1183;/’12';%] 11§§ [[(;)'fj]] less potent than the parent [23]. Thinking that we could
Lung 119 [1'_18/1'_19] 112 [0'_26] n_1a|nta|n some of the potency df while decreasing con-
Skin 0.83 [0.82/0.83] 5 _ siderably its lipophilicity, we cleaved the methyl groups on
Spleen 0.62 [0.55/0.69] 0.63 [0.16] 4 to provide5 (Scheme 2). Since the 6- anddésmethyl
Testes 0.34 [0.31/0.38] 0.52 [0.27]  derivatives have been reported to be two of four observed
Tumor 06 [0.54/0.65] 1.62 [0-68]  metabolic products of PD153035, [14] we also hoped 5hat

* Percent injected dose of radiotracer per gram of wet tissue. Means arewould have been a metabolically stable alternativd.to
given with SD for n= 3, or the range of the two values for=n2 (square

brz:ckets). 4.2. Screening for EGFr-TK inhibition potency
N =2
zN =3 Using two different methods, EGFr-TK autophosphory-
Not taken.

lation 1C5, values were measured for the compounds and the
reference inhibitors (PD153035 and AG1478) to determine

their potential as PET tracers. The results are summarized in
Table 1.

The first method, involving cell lysate and thus not re-
quiring that the compounds cross a cell membrane, em-
ployed an ELISA assay. Fat, substitution of a fluorine
atom at the para position on the aniline ring resulted in a
moderate 1G, of 75.4 nM compared to PD153035 (C=
0.187 nM) and AG1478 (Ig, = 0.719 nM). In the case of
2, [4] a fluorine atom at the meta position increased the
biological activity about 4-fold compared 1o Compound?
was still, however, less potent &= 17.4 nM) than the
reference inhibitors, each having a heavier halogen at the meta
position of the aniline ring. Compour®@] containing the tri-

4. Discussion fluoromethyl group at the'osition in addition to the fluorine
atom at the meta position, was less potent{I€ 199 nM)

In our search for®F-labeled EGFr-TK PET tracers, we than eitherl or 2. Based on the Ig; values for the EGFr-TK
prepared compounds-5 each related structurally to the autophosphorylation in A431 lysatd,was found to be the
potent inhibitors PD153035 and AG1478, as candidates for most potent inhibitor of the four fluorinated dimethoxy com-
future *8F-labeling (Fig. 1). We chose the aniline ring for pounds with an IG, of 0.21 nM, reflecting the importance of
structural modification to suit our radiolabeling strategy, the chlorine atom (i.e. a heavier halogen, see above) at the meta
and, in addition to fluorine, we selected the electron with- position. The addition of a chlorine atom at the para position
drawing groups CEand Cl for substitution on the ring. To  and fluorine at the ‘Gposition contributed to the potency 4f
identify the lead compounds for PET imaging, and to eval- resulting in an 1G, value lower than that of AG1478. Unfor
uate their potential for use as drugs, we performed a seriestunately, after methyl group cleavage, a near complete loss of
of in vitro studies. EGFr autophosphorylation inhibition was potency was observed fér(ICs, = 1117 nM).

8-fold; at 10 minutes post injection, 0.60 %idAJf]4 was
non-metabolized. In the case[0fF]4, since we studied the
blood, kidney and liver all at 10 minutes both in tumor-
bearing mouse biodistribution experiments and in metabolic
analysis, we can describe the amount of radiotracer left
unaltered in relation to the total radioactivity found in the
respective tissue. Assuming the distribution of the tracer is
similar in both models, only 14% of blood radioactivity,
14% of kidney radioactivity and 10% of liver radioactivity
found in the biodistribution experiments is intd¢tF)4.
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Table 3
Biodistribution of[*®F]4 in tumor-bearing mice

%id/g*
tissue 5 mif 10 mir* 10 min blocked 30 min** 30 min blocked®
Bladder 1.28* — 1.61 [0.84] 1.98 [1.41/2.56] 19.55 [15.89] 40.40 [1.90/78.90]
Blood 3.44 [0.89] 434  [1.66] 3.22 [2.45/3.99] 4.83 [1.36] 5.88 [4.08/7.69]
Brain 4.37 [1.01] 405  [0.68] 4.36 [3.25/5.48] 2.02 [0.38] 2.75 [1.65/3.84]
Heart 6.51 [1.77] 595  [1.12] 6.73 [5.40/8.06] 425 [0.22] 5.01 [3.35/6.67]
Kidney 11.20 [2.77] 1481  [5.47] 10.95 [8.43/13.48] 20.49 [7.64] 22.68 [10.34/35.03]
Liver 14.87 [3.15] 17.60  [4.48] 15.18 [17.71/12.66] 15.30 [1.50] 17.84 [14.10/21.58]
Lung 5.44 [1.01] 549  [1.59] 5.80 [4.29/7.31] 4.94 [0.63] 5.59 [4.01/7.17]
Muscle 4.40 [2.50] 341  [1.81] 2.65 [2.54/2.76] 2.35 [1.02] 3.83 [3.61/4.05]
Skin 4.37 [2.05] 437  [1.61] 3.10 [2.75/3.44] 3.57 [0.62] 7.50 [6.14/8.85]
Testes 3.07 [0.60] 354  [1.02] 2.71 [2.48/2.94] 2.34 [0.42] 3.97 [2.04/5.91]
Tumor 2.90 [1.67] 2.83  [3.07] 0.91 [0.68/1.14] 1.95 [0.80] 3.47 [3.29/3.65]

Tissue/blood

Tissue 5 min 10 min 10 min blocked 30 min 30 min blocked
Bladder 0.29 — 032  [0.21] 0.49 [0.35/0.64] 5.44 [5.45] 9.79 [0.25/19.33]
Brain 1.28 [0.09] 1.03  [0.38] 1.08 [0.80/1.37] 0.46 [0.24] 0.45 [0.41/0.50]
Heart 1.91 [0.32] 1.48  [0.45] 1.67 [1.32/2.02] 0.95 [0.36] 0.84 [0.82/0.87]
Kidney 3.28 [0.39] 3.45  [0.66] 2.72 [2.07/3.38] 4.16 [0.46] 3.54 [2.53/4.56]
Liver 4.45 [1.14] 428  [0.99] 3.77 [3.10/4.44] 3.30 [0.71] 3.13 [2.81/3.45]
Lung 1.62 [0.30] 132 [0.26] 1.44 [1.05/1.83] 1.06 [0.19] 0.96 [0.93/0.98]
Muscle 1.31 [0.78] 077 [0.21] 0.66 [0.62/0.69] 0.47 [0.09] 0.71 [0.53/0.88]
Skin 1.25 [0.37] 1.04  [0.31] 0.77 [0.67/0.86] 0.76 [0.11] 1.33 [1.15/1.51]
Testes 0.90 [0.11] 091  [0.45] 0.67 [0.61/0.74] 0.50 [0.07] 0.63 [0.50/0.77]
Tumor 0.89 [0.63] 055  [0.37] 0.23 [0.17/0.29] 0.39 [0.06] 0.64 [0.47/0.81]

* Percent injected dose of radiotracer per gram of wet tissue. Means are given with SB fdrand the range of the 2 values forn2 (square brackets).
Tn=3.

*n=-5.

Sn=2

**n = 3.

Th=2

Hn=1.

The second method of measuring each compound’s po-cell membrane. Evaluation d& in whole cells was not
tency to inhibit EGFr-TK autophosphorylation employed warranted since it was shown to be a very weak inhibitor in
intact A431 cells thus requiring that the compounds cross alysate. Compound§—4 were 5- to 68-fold less potent in
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Fig. 3. PET images (coronal slices) of mice: Left: 45-50 minutes post

Flig- 2. Activity concentratioln in tumor of tumor bearing mice injected with  [*%F]FDG heart injection, tumor in the right leg. Right: 8—12 minutes post
[*®FIFDG by the heart and*®F]4 by the tail vein. [*®F]4 tail injection, tumor in the left leg. Arrows indicate the tumor areas.
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Table 4

Results of{*®F]1 blood metabolite analysis in control mice. Means are given with SD fer & and with the range of the two values for=n2 (in
square brackets).

A. 1-(post-extraction blood counts/pre-extraction blood counts).

B. Value in column A multiplied by blood %id/g at the specified time.

C. Average of reverse and normal phase TLC results.

D. Value in column B multiplied by value in column C.

A B C D
Time (min) Extracted fraction of Extracted fraction Non-metabolized fraction Extracted non-
blood radioactivity normalized to %id/g of [*®F]1 from TLC metabolized *#F]1
normalized to %id/g
20* 0.16 [0.02] 0.31 [0.03] 0.75 [0.13] 0.24 [0.02]
40 0.18 — 0.21 — 0.92 — 0.19 —
60* 0.09 [0.08/0.1] 0.05 [0.03/0.07] 0.57 [0.50/063] 0.03 [0.02/0.04]
*n = 3.
Tn=1
n=2

intact cells than they were in cell lysate (Table 1) and a iments indicated thdt*®F]4 bound with high affinity to a
similar trend was seen with the reference compounds. Insingle site in A431 cells with the number of binding sites
intact cells, compound remained the most potent of the in the range of published values (see Radiotracer in vitro
dimethoxy fluorinated derivatives, with andgon par with studies in this section).

the most potent reference compound, AG1478.

4.4. Radiochemistry

4.3. A431 cell growth inhibition

Starting from N,N,N-trimethyl-3-nitroanilinium iodide,

With the exception of compourf which was not tested,  following the general strategy outlined in Scheme'%;

all other compounds1f4) inhibited A431 cell growth. radiolabeling of2 was achieved in very low yield~1%).
Considering all compounds tested, a less potent inhibitor The main problem in the synthesis was the first step, which
of intact cell EGFr-TK autophosphorylatiol{3 970— provided only 10—-30% of the desired S¥]fluoronitroben
3230 nM IG,,) was also a less potent inhibitor of cell zene. Thus work with this compound will not be discussed
growth (10-20uM ICg). In accordance, more potent further as we are exploring alternate approaches to radiola-
inhibitors of EGFr-TK autophosphorylation in intact cells beling it.
(4, PD153035 and AG1478; 3.55-14.6 nM gL were The radiolabeling ofl, 3 and4 proved more successful:
also more potent inhibitors of cell growth (1-10M each compound could be prepared in a yield suitable to
IC50). Whereas the inhibition of EGFr-TK autophosphor  allow future use in biological experiments. In the reduction
ylation clearly measures a specific effect of inhibitor on of the nitro groups to amino derivatives, moderate temper-
the receptor, we cannot assume that each compound in-ature and short reaction time were critical, as higher tem-
hibited cell growth exclusively through EGFr-TK inhibi-  peratures and longer times resulted in apparent over reduc-
tion, despite its high expression on A431 cells. By infer- tion of the [-8F]fluoroaniline and loss of radioactivity on the
ence, however, we can assume that 4 inhibits growth by Raney nickel. Before continuing with the coupling reac-
acting only on EGFr-TK since radiotracer binding exper- tion, ether had to be removed from the reaction mixture.

Table 5
Results of {?F]4 blood, kidney and liver metabolite analysis in control. Mice at 10 min post-injection 8. Means are given with SD in square
brackets.

A B C D
Tissue Extracted fraction of Extracted fraction Non-metabolized fraction Extracted non-metabolized
blood radioactivity normalized to %id/g of [*¥F]4 from TLC [*®F]4 normalized to %id/g
Blood 0.36 [0.04] 1.08 [0.32] 0.56 [0.11] 0.60 [0.16]
Kidney 0.39 [0.13] 3.27 [1.19] 0.67 [0.11] 2.14 [0.47]
Liver 0.27 [0.14] 2.58 [1.40] 0.68 [0.26] 1.82 [1.28]

A. 1-(post-extraction blood counts/pre-extraction blood counts)

B. Value in column A multiplied by blood %id/g at the specified time.
C. Average of reverse and normal phase TLC results.

D. Value in column B multiplied by value in column C.
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Performing the ether evaporation in the presence of iPrOH ments, which lead to an independent determination f K
was critical, as evaporation of the ether-radioaniline solu- Binding kinetics demonstrated an association rate constant
tion alone either in vacuo (using a rotary evaporator) or (ko) of 2.57 X 10° (+1.61 X 10°) Mt min"* and a
under helium gas, either with or without heating, resulted in dissociation rate constant 9 of 0.169 ¢-0.038) min *.
significant or complete co-volatilization of the radioaniline. The K, value derived from these kinetic studies, 65 nM, was
somewhat higher than the value found in the saturation
4.5, Radiotracer in vitro studies experiments (i§ = 21 = 14 nM).
Study of a radiotracer’s binding properties in vitro can 4.6. Radiotracer in vivo studies
indicate whether the tracer has potential in PET. Generally,
receptor- and enzyme-binding radiotracers should bind to a
single site with high affinity. Additionally, the in vivo bind-
ing potential (bound radiotracer to free radiotracer, or the-
oretically maximal target-to-nontarget ratio) of a radiotracer
can be calculated from the concentration of target receptors
in a tumor and the compound’s binding affinity [8]. Our
labeled lead[*®F]4, was studied in vitro to determine its
equilibrium dissociation constant (K and its ability to
measure B, in receptor saturation experiments in A431
cells. A reliable in vitro method for the measurement of the
maximum number of binding sites (B,) could conceivably
be used clinically to determine the EGFr concentration in
tumor biopsies, allowing differential diagnosis without a
PET procedure. The ifound in the saturation experiments,
21 = 14 nM, while approximately 5.5 times higher than the
compound’s whole cell I, values, indicated a high affinity
radioligand for EGFr-TK. The saturation curves also indi-
cated an average,B, of 1.18x 10° (+0.77 X 10°) binding
sites per cell, in accord with published values for this cell
line [12,13]. The experiments suggested that the tracer binds
to a single site, indicating that the tracer is selective for
EGFr-TK. By using a reported cell density of 1:2 10’
A431 cells/mL of experimental A431-derived tumor [3], we
calculated the binding potential $f¥F]4 as follows:

In vivo biodistribution experiments performed in tumor-
bearing nude mice with the two most potent labeled com-
pounds,[*®F]1 and [*®F]4, demonstrated neither high nor
specific binding in the EGFr-TK-rich tumor. Witf®F]1,
which was studied at 30 and 60 min, we observed tumor
uptake at levels of 1.14 and 1.34 %id/g, respectively (Table
2). Tumor to blood ratios, which should suggest specificity
for EGFr-TK and potential for in vivo imaging, were below
unity at 30 min and increased to only 1.62 at 60 min.
Experiments with high affinit§*®F]4 (Table 3), which was
studied at 5, 10 and 30 min indicated high levels of radio-
activity in the kidneys and liver in all cases. Since the
amount of radioactivity in these EGFr-TK-expressing or-
gans was not decreased in the blocking studies (at 10 and 30
min), it was presumed to be due to rapid metabolism and
pre-excretion processing of the tracer and not specific bind-
ing to the target receptor-kinase. Uptake [6fF]4 was
observed in the tumors at a level somewhat higher than with
[*®F]1. Blocking was suggested only at the 10 min time
point, although the error in the non-blocked experiment was
large. Tumor to blood ratios were below unity in all cases.
The high standard deviation shown in the experiments hin-
dered any solid conclusions about tracer specificity in vivo.
The large error was probably due to the different aspect of
the tumors. When each animal was sacrificed the general

o ) Bmax morphological conditions were checked and nothing abnor-
Binding Potential (BP)= - — mal was noticed in all tissues, but the tumor itself was
¢ certainly different from one animal to another, in the con-
~1.18X 10° EGFr molecules L tumor sistency, growth and vascularization. However we could not
B A431 cell X 21 nmol assess the histological aspect and the vascularization level
of each tumor, limiting our analysis to the measurement of
10° nmol volume and weight.
6.022x 10°® EGFr molecules PET scanning for the mice was carried out on a regular

1.2% 107 A431 cells whole body_PET scanner with an in—plane_ resolution of 6.3
: mm and axial resolution of 6.4 mm. In view of the small
10" L tumor size of the mice, the purpose of the PET scans was not to
_ map the biodistribution of the tracer, which would only have
BP=1.1 ) . e .
been possible with a scanner with finer resolution, but rather
The value of 1.1 obtained from the above calculation reveals to provide an in vivo reality check for the ex-vivo biodis-
a low ratio, meaning that®F]4 might not be a suitable tribution studies. The relatively poor resolution of the PET
tracer for PET. In general, a lowergkand higher B, scanner would lead to underestimates of activity in any
resulting in aratic= 10 is considered a reasonable value for small focal area due to the partial volume effect. PET
achieving a high target-to-nontarget ratio, hence successfulstudies with[*®F]4 were as discouraging as the ex-vivo
imaging in vivo [8]. results. In order to verify that the low resolution of the PET
Specific binding site association and dissociation rates camera did not contribute to the weak tumor images in the
(ko and k) were measured fdr*®F]4 in kinetics experi animals injected witf*®F]4, a tumor bearing mouse was
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injected with[*®F]FDG. In the [*®F]FDG injected mouse  [*®F]1 and[*®F]4 in control mice (Tables 4 and 5, respec
the tumor is consistently visible and defined in every frame tively), we were able to surmise that one reason for the
from 24 to 60 min, while for the animal injected witHF]4, compounds’ poor performance in vivo could be rapid deg-
no one area of consistently enhanced is observed on theradation. We assume that only the non-metabolized tracer is
tumor bearing leg, except briefly from 8-12 min (Fig. 3). available for tumor cell uptake and receptor-kinase binding.
The [*®F]FDG uptake curve (Fig. 2) clearly demonstrates In regard to the identity of the metabolites observed, we had
the accumulation of the tracer in the tumor, while the cor- only one standard fof'®F]1, the aniline9. The labeled
responding curve fof*®F]4 confirms the rapid washout of  equivalent['®F]9, was clearly not a blood metabolite at any
the compound from the tumor region. Note that since no time point studied for[*®F]1. Interestingly, [*®F]5 was
blocking compound was administered, {A&]4 uptake, as  found as a metabolite df®F]4 in both the liver and the
demonstrated in the images and time-activity curves, in- kidney extracts, but not the blood. The reported PD153035
cludes activity concentration due to both specific and non- metabolite study indicated the presence of both 6- and
specific binding during the scan. The mice were permitted to 7-desmethyl analogs, but not the 6,7-desmethyl analog,
continue eating until shortly before the scans; it is possible in blood [14]. We assume that, fdr®F]4, the 6- and
that in the fasted state, the quality of tH€FJFDG images 7-desmethyl analogs are both intermediates in its transfor-
would have been better, with a more favorable ratio of mation to[*®F]5 (see Scheme 5Y.he radioaniling*¥F]10,
uptake in tumor to other structures and clearer visualization was not a metabolite in any of the samples analyzed with
of the tumor, as a result of less competition with unlabeled [*®F]4.
plasma glucose, and lower plasma insulin levels.

The ex vivo biodistribution that followed thé®F]JFDG
PET study showed that the ratios tumor/blood and tumor/ 5. Conclusion
muscle were 7.76 and 6.44, respectively, at the sacrifice

time (65 min). Ratios of*®F]4 biodistribution at 10 min In this study we show that high affinity®F labeled
were 0.55 tumor/blood and 0.83 tumor/muscle. These low reversible inhibitors of EGFr-TK might not be a suitable
values support the high non-specific binding[8iF]4 ob- imaging agents. While some in vitro experiments may in-
served in the PET images. dicate efficacy of 4-(anilino)quinazoline compounds such as

Through studies of the blood metabolic analysis of those described in this report, kinetic factors suchgsikd
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ko and rapid blood clearance apparently make them-inef
fective as tracers for nuclear medicine imaging of EGFr-TK.

Whether the discrepancy between encouraging in vitro re-
sults and discouraging in vivo results can be explained by

ATP competition at the compounds’ binding site or by an

int

rinsic phenomenon of compound interaction at the bind-

ing site remains to be revealed.

Our study shows that in order to achieve better imaging

results one would have to eliminate the non-speciffe
distribution. Labeled derivatives of the recently reported 15
irreversible inhibitors [24,25] may prove more promising as
diagnostic radiotracers.
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