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The importance of the EGF receptor (EGFR) signaling pathway in the
development and progression of nonsmall cell lung carcinomas
(NSCLC) is widely recognized. Gene sequencing studies revealed that
a majority of tumors responding to EGFR kinase inhibitors harbor
activatingmutations in the EGFR kinase domain. This underscores the
need for novel biomarkers and diagnostic imaging approaches to
identify patients whomay benefit from particular therapeutic agents
and approaches with improved efficacy and safety profiles. To this
goal, we developed 4-[(3-iodophenyl)amino]-7-{2-[2-{2-(2-[2-{2-([18F]
fluoroethoxy)-ethoxy}-ethoxy]-ethoxy)-ethoxy}-ethoxy]-quinazoline-
6-yl-acrylamide ([18F]F-PEG6-IPQA), a radiotracer with increased selec-
tivity and irreversible binding to the activemutant L858R EGFR kinase.
We show that PET with [18F]F-PEG6-IPQA in tumor-bearing mice dis-
criminates H3255 NSCLC xenografts expressing L858R mutant EGFR
fromH441 and PC14 xenografts expressing EGFR orH1975 xenografts
with L858R/T790M dual mutation in EGFR kinase domain, which con-
fers resistance to EGFR inhibitors (i.e., gefitinib). The T790Mmutation
precludes the [18F]F-PEG6-IPQA from irreversible binding to EGFR.
These results suggest that PET with [18F]F-PEG6-IPQA could be used
for the selection of NSCLC patients for individualized therapy with
small molecular inhibitors of EGFR kinase that are currently used
in the clinic and have a similar structure (i.e., iressa, gefitinib, and
erlotinib).
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Lung cancer is the most common cancer in both men and
women, and it is responsible for 1.3 million deaths worldwide

annually (1). In 2009, 219,440 Americans learned they had lung
cancer. Nonsmall cell lung carcinoma (NSCLC) represents the
majority of lung cancers (2). NSCLC treatments involving non-
specific, nonselective cytotoxic chemotherapy result in only
a modest increase in survival and cause significant toxicity to the
patient (3). Therapy with EGF receptor (EGFR) kinase inhib-
itors results in dramatic antitumor activity in ∼10% of Caucasian
patients (young women and nonsmokers) with NSCLC and 30%
of patients of East Asian ethnicities (4–11). Sequencing of the
EGFR gene revealed that most tumors that respond to EGFR
kinase inhibitors harbor activating mutations in the EGFR ki-
nase domain (6, 12, 13). In patients harboring such mutations,
the overall response rate is as high as 80% compared with <10%
in patients with WT EGFR (6, 7–1230). Also, the presence of
these EGFR kinase mutations is associated with improved pro-
gression-free survival and overall survival after therapy with
EGFR kinase inhibitors compared with patients with WT EGFR
(16, 18, 20, 23, 24, 27).
The most frequently detected alterations were small deletions

in exon 19 (35–45%) that eliminate amino acids 747–750 (Leu-
Arg-Glu-Ala), located around the active site of the kinase, and
point mutations in exon 21 that result in the amino acid sub-
stitution L858R, a residue located in the activation loop (6). A

secondary T790Mmutation is present in∼50%of cases ofNSCLC
with acquired resistance to EGFR kinase inhibitors (31–34). A
recent study showed that the EGFR T790M mutation was asso-
ciated with significantly shorter progression-free survival com-
pared with patients without detectable T790M before treatment
(35). Thus, activating mutations in EGFR kinase domain and
T790M secondary mutation are useful biomarkers for identifying
patients who will benefit from or became resistant to therapy with
EGFR kinase inhibitors (i.e., gefitinib and erlotinib).
The complexity and limitations of invasive methods of analysis

of EGFR mutations prompted the development of novel radio-
labeled agents for noninvasive PET imaging, which may help in
identification of NSCLC patients who may benefit from EGFR
kinase inhibitors. The majority of the previously reported radio-
labeled agents for PET imaging of EGFR at the kinase level have
been derived from 4-(anilino) quinazoline pharmacophore (36,
37), which includes the ML series of 18F-labeled five 4-(anilino)
quinazoline derivatives (18F-ML01) (38), N-{4-[(4,5-dichloro-2-
fluorophenyl)-amino]quinazolin-6-yl}-acrylamide labeled with 11C
(11C-ML03) (39, 40), 4-dimethylamino-but-2-enoic acid [4-(phe-
nylamino)-quinazoline-6-yl]-amides (ML04) labeled with 11C (11C-
ML04) (40), 18F (18F-ML04) (41), and fluoro-4×PEG-ML04 (41,
42, as well as [124I]IPQA (43), [18F]gefinitib (44), [11C]PD153035
(45), and [11C]erlotinib (46). Recent PET imaging studies in mice
using several PEG-ylated anilinoquinazoline derivatives labeled
with 124I, 18F, and 11C failed to show the accumulation of these
radiotracers in s.c. tumor xenografts overexpressing WT EGFR
(47). Clinical PET imaging studies with [11C]PD153035 have
shown some promise for imaging EGFR expression in NSCLC
patients (48). However, none of the imaging agents reported to
date had exhibited selectivity formutant EGFR kinases that confer
sensitivity or resistance to inhibitors that are currently used in the
clinic (49).
Here, we report that the 4-[(3-iodophenyl)amino]-7-{2-[2-{2-(2-

[2-{2-([18F]fluoroethoxy)-ethoxy}-ethoxy]-ethoxy)-ethoxy}-ethoxy]-
quinazoline-6-yl-acrylamide ([18F]F-PEG6-IPQA) has increased se-
lectivity and irreversible binding to the L858R active mutant EGFR
kinase compared withWT and T790Mmutant EGFR kinases. PET/
computed tomography (CT) imaging with [18F]F-PEG6-IPQA
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allowed for noninvasive detection of NSCLC xenografts harboring
L858R activating EGFR mutations and their discrimination from
NSCLC xenografts expressing the WT or L858R/T790M dual-
mutant EGFR kinases.

Results
Differential Sensitivity of NSCLC Cell Lines to EGFR Kinase Inhibition.
In vitro cell growth of different NSCLC cell lines was differentially
inhibited by iressa in a dose-dependent manner. The most sensi-
tive to iressa were the H3255 cells expressing L858R mutant
EGFR (IC50 1.8 μm), whereas theH1975 cells expressing both the
L858R and T790M EGFR mutations were significantly more re-
sistant (IC50 24.4 μm). The H441 and PC14 cells expressing WT
EGFR exhibited significant resistance to iressa (IC50 46.0 and
46.3 μm, respectively).

Differential Expression of EGFR in NSCLC Cell Lines. The levels of
total EGFR expression, as measured by ELISA, were similar in
H3255 and H441 cells and higher than those in PC14 and H1975
cells (Fig. 1A). However, the level of phospho-EGFR expression
varied less than twofold among the tested cell lines (Fig. 1B).

Preferential Accumulation of [18F]F-PEG6-IPQA in NSCLC Cells with
L858R EGFR Mutation. All four cell lines showed a rapid uptake of
[18F]F-PEG6-IPQA during the initial phase (first 20 min).
Thereafter, the accumulation of [18F]F-PEG6-IPQA reached
a plateau in H441, H1975, and PC14 cells at about 30–40 cells/
medium concentration ratio. In contrast, in H3255 cells, the ac-
cumulation of [18F]F-PEG6-IPQA continued to increase up for to
1 h and thereafter, reached a plateau at a cells per medium con-
centration ratio of 400–600 (Fig. 1C). The magnitude of [18F]F-
PEG6-IPQA accumulation in H3255 cells was more than 10-fold
higher than in H441 cells, despite the twofold lower levels of total
EGFR and phospho-EGFR expression in H3255 cells than in
H441 cells (Fig. 1 A and B). The radiotracer washout studies
showed significant retention of [18F]F-PEG6-IPQA inH3255 cells
(cells per medium concentration ratio of about 400), which
accounted for 65% of the total accumulated radioactivity between
60 and 120 min of incubation (Fig. S1). In contrast, almost 50% of
[18F]F-PEG6-IPQA radioactivity could be washed out from H441
cells, more than 60% could be washed out from PC14 cells, and
more than 70% could be washed out from H1975 cells. After

washout in PC14 andH1975 cells, the magnitude of [18F]F-PEG6-
IPQA retention was less than 10 cells/medium concentration ra-
tio. The magnitude of [18F]F-PEG6-IPQA accumulation in all
tested cell lines was significantly decreased in the presence of
iressa (100 μM/L) in the culture medium (Fig. 1D).

Preferential and Irreversible Binding of [18F]F-PEG6-IPQA to the L858R
Mutant EGFR Kinase. The autoradiograhic and Western blot anal-
ysis of electrophorograms of protein extracts from different
NSCLC cells incubated with [18F]F-PEG6-IPQA showed prefer-
ential covalent binding of [18F]F-PEG6-IPQA to the L858R mu-
tant EGFR kinase domain, which corresponds to the 72-kDa
protein band (Fig. 2). In H441 cells, the level of irreversible
binding to the WT EGFR kinase was significantly lower than in
H3255 cells. This observation became more evident when com-
paring the intensity of radioactive bands (Fig. 2A) and corre-
sponding Western blot bands (Fig. 2B) of different dilutions of
cellular protein extracts. In particular, the 1:10 dilution of H441
extract contained significantly more EGFR protein than the 1:10
diluted extract from H3255 cells; however, the intensity of the
radioactive band corresponding to the 1:10 dilution of H3255 cells
was significantly greater (at least 1 log order) than that in the 1:10
diluted extract of H441 cells. Autoradiographic detection was
more sensitive than immunoblotting and chemoluminescent de-
tection, which was evidenced by the presence of a faint radioactive
band in 1:1,000 diluted extracts of H3255 cells, whereas the cor-
responding Western blot band was not detectable. The covalent
binding of [18F]F-PEG6-IPQA to the EGFR kinase domain was
barely detectable in undiluted extracts of PC14 cells expressing
low levels of WT EGFR and in undiluted extracts of H1975 cells
expressing L858R/T790M dual-mutant EGFR.

Fig. 1. Characterization of PC14, H441, H3255, and H1975 tumor cells lines
in vitro. The level of (A) total EGFR and (B) phospho-EGFR. Time-dependent
accumulation of [18F]F-PEG6-IPQA (C) at baseline and (D) in the presence of
100 μM/L iressa.

Fig. 2. Assessment of irreversible binding of [18F]F-PEG6-IPQA to WT and
mutant EGFR kinases. (A) The autoradiogramof aWestern blotmembrane and
(B) chemiluminescent image of the same membrane stained with anti-EGFR
kinase antibody. Individual lanes are labeled with corresponding cell lines and
dilutions of protein extracts (the H1975 and PC14 extracts were undiluted). (C)
Inhibition of substrate phosphorylation by recombinant WT (red squares),
L858R active mutant (blue triangles), and L585R/T790M dual-mutant (green
triangles) EGFR kinases in the presence of different concentrations of F-PEG6-
IPQA; the IC50 concentrations are indicated next to the enzyme labels.
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F-PEG6-IPQA Preferentially Inhibits L858R EGFR Mutant Kinase Activity.
In vitro assays with recombinant WT and mutant EGFR kinases
showed (Fig. 2C) preferential irreversible inhibitory activity of cold
(nonradiolabeled) F-PEG6-IPQA against the L858R mutant
EGFR (IC50= 92 nM) compared with theWTEGFR (IC50= 1.1
μM) and L858R/T790M mutant EGFR (IC50 = 4.4 mM).

In Vivo PET/CT Imaging with [18F]F-PEG6-IPQA Enables Discrimination
of NSCLC Expressing L858R Mutant Vs. WT and L858R/T790M Dual-
Mutant EGFR. In vivo dynamic PET/CT imaging was performed in
12mice (6per each tumorpair) before and after therapywith iressa.
PET/CT imaging showed rapid accumulation of [18F]F-PEG6-
IPQA in H3255 and to a lesser degree, in H441 s.c. tumor xeno-
grafts (Fig. S2). The [18F]F-PEG6-IPQA accumulation at 120 min
post-i.v. injection reached 2.34 ± 0.13% injected dose (ID)/g in
H3255 tumors and 1.59 ± 0.44% ID/g in H441 tumors (Fig. 3).
Tumor to muscle ratios of [18F]F-PEG6-IPQA accumulation at
120 min post-i.v. injection reached the level of 2.08 ± 0.19 in
H3255 tumors and 1.47 ± 0.08 in H441 tumors (Fig. S3A). In
contrast, the level of [18F]F-PEG6-IPQA accumulation was in-
significant in PC14 and H1975 s.c. tumors, reaching 0.90 ± 0.11%
ID/g and 1.05 ± 0.09% ID/g, respectively (Figs. 3 and 4A), which
was similar to the 0.94 ± 0.22% ID/g observed in the muscle
(reference tissue). Thus, the magnitude of [18F]F-PEG6-IPQA
accumulation in H3255 was 1.4, 6.3, and 7.6 times higher (P <
0.001) than in H441, PC14, and H1975, respectively. Tumor to

muscle ratios of [18F]F-PEG6-IPQA accumulation in PC14 and
H1975 tumor xenografts reached equilibriumof about 1 starting at
20 min post-i.v. injection (Fig. S3A). The unidirectional rate of
[18F]F-PEG6-IPQA accumulation (Ki), calculated using the Pat-
lak graphical analysis, was significantly higher in H3255 tumors
than inH441, PC14, andH1975 tumors (P< 0.05) (Fig. 4C andFig.
S4A). Logan’s graphical analysis showed a significantly increased
binding potential (BP) of [18F]F-PEG6-IPQA in H3255 tumors
comparedwith other tumor xenografts (P< 0.05) (Fig. 4D andFig.
S5A). A summary of quantitativemeasures of [18F]F-PEG6-IPQA
accumulation in different tumor xenografts at 120 min post-i.v.
injection is provided in Table 1.

Treatment with Iressa Significantly Inhibits [18F]F-PEG6-IPQA Ac-
cumulation in NSCLCs Expressing L858R EGFR Mutant. In vivo dy-
namic PET/CT imaging showed a significant reduction in [18F]F-
PEG6-IPQA accumulation in H3255 tumor xenografts after
treatment with iressa (100mg/kg 1 h before administration of [18F]
F-PEG6-IPQA) to the level of 1.38 ± 0.43% ID/g (Fig. 4B) and
a tumor to muscle ratio of 1.56± 0.36 at 120min post-i.v. injection
(Fig. S3B). In contrast, the level of [18F]F-PEG6-IPQA accumu-
lation in H441 tumor xenografts was 1.58 ± 0.01% ID/g (Fig. 4B),
and the tumor to muscle ratio was 1.77 ± 0.53 at 120 min post-i.v.
injection (Fig. S3B), which was similar to that before treatment
(Fig. 4A and Fig. S3A). In PC14 and H1975 tumor xenografts, the
magnitude and tumor to muscle ratios of [18F]F-PEG6-IPQA
accumulation further decreased (Fig. 4B and Fig. S3B). Both
Patlak and Logan graphical analyses (Figs. S4 and S5) showed
a statistically significant reduction in Ki and BP of [18F]F-PEG6-
IPQA in H3255 tumor xenografts (P < 0.05) after treatment with
iressa, whereas the reduction of [18F]F-PEG6-IPQA accumula-
tion in other tumor xenografts was not statistically significant
(Fig. 4 C and D).

Pharmacokinetics of [18F]F-PEG6-IPQA in Tumor-Bearing Mice. After
i.v. injection, [18F]F-PEG6-IPQA exhibited biexponential plasma
clearance kinetics with half-lives for the rapid and slow phases of
1.15 and 21.32 min, respectively (Fig. S3). At 30 min postinjection
(n= 3), 16.2 ± 8.6% radioactivity in blood plasma was in the form
of the parent [18F]F-PEG6-IPQA, and the remaining fraction was
[18F]F-PEG6. At 60 min postinjection (n = 3), 100% of plasma
radioactivity was caused by [18F]F-PEG6 metabolite. The initial
clearance of [18F]F-PEG6-IPQA–derived radioactivity from the
circulation was through the hepato-billiary route; the clearance
was monoexponential, with a half-life of 31.88 min (Figs. S2 and
S3 C and D). In the urine, at 30 min postinjection, only 14.6 ±
4.5% of radioactivity was in the form of [18F]F-PEG6-IPQA, and
the rest was [18F]F-PEG6; at 60 min, almost 96% of radioactivity

Fig. 3. Representative coronal and axial PET/CT images obtained 120 min
postinjection of [18F]F-PEG6-IPQA in two different mice bearing tumor
xenografts in the opposite shoulders (arrows). Color coding of the images is
set to maximize the visualization of tumors in each projection.

Fig. 4. Time-activity curves of [18F]F-PEG6-IPQA–derived radioactivity (percent ID per gram) in different tumors (A) at baseline and (B) after pretreatment of
animals with iressa. Quantification of [18F]F-PEG6-IPQA accumulation in different tumor xenografts at baseline (blue bars) and after pretreatment with iressa
(red bars). (C) The rate of unidirectional accumulation (Ki) of [

18F]F-PEG6-IPQA determined using Patlak graphical analysis and (D) binding potential (BP) of [18F]F-
PEG6-IPQA determined by Logan model-independent graphical analysis. Bars are SEs; statistically significant differences (P < 0.05) are indicated by an asterisk.
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was in the form of [18F]PEG6, and the rest was [18F]F-PEG6-
IPQA and traces of [18F]-fluoride. Therefore, increasing bladder
radioactivity during the first 30 min predominantly represents the
rate of renal clearance of [18F]F-PEG6-IPQA (29.92% ID/mL per
minute), whereas after some lag phase between 30 and 40 min
postinjection, an increase in bladder radioactivity at the rate of
24.12% ID/mL per minute is predominantly because of the renal
clearance of [18F]F-PEG6 metabolite.

Quantitative Autoradiography Confirms the Results of in Vivo PET/CT
Imaging with [18F]F-PEG6-IPQA. In a separate group of animals (n=
4 per tumor pair and n= 4 per treatment condition), quantitative
autoradiography (QAR) showed preferential accumulation of
[18F]F-PEG6-IPQA in viable portions of H3255 tumor xenografts
(Fig. S6). Also, QAR revealed intratumoral heterogeneity of [18F]
F-PEG6-IPQA. High levels of [18F]F-PEG6-IPQA–derived ra-
dioactivity accumulated in the viable portions of H3255 tumor
xenografts (3.01 ± 0.84% ID/g). In contrast, no specific [18F]F-
PEG6-IPQA accumulation was observed inside the necrotic tu-
mor areas. The accumulation of [18F]F-PEG6-IPQA in H441
tumors (2.53 ± 0.15% ID/g) was lower than that in H3255 xeno-
grafts, whereas in H1975 (1.27 ± 0.12% ID/g) and PC14 (1.54 ±
0.14% ID/g) tumors, it was significantly lower. Pretreatment with
iressa resulted in a fourfold decrease in [18F]F-PEG6-IPQA ac-
cumulation in H3255 tumors (to 0.92 ± 0.13% ID/g; P < 0.05) and
a threefold decrease in H441 tumors (to 0.78 ± 0.06% ID/g; P <
0.05). There were no statistically significant differences in [18F]F-
PEG6-IPQA accumulation in PC14 and H1975 tumor xenografts
before and after treatment with iressa (1.17 ± 0.10 and 1.05 ±
0.01% ID/g, respectively).

Discussion
Noninvasive PET/CT imaging of EGFR expression activity and
mutation status in NSCLC could aid in the selection of patients for
individualized therapy with EGFR kinase inhibitors by compli-
menting the existing gene sequencing (24), immunohistochemical
(50), and FISH analyses (51). More importantly, because repet-
itive biopsies of multiple tumor lesions in patients with advanced
NSCLC are prohibitively traumatic, whole-body noninvasive PET/
CT imaging could provide measures of EGFR expression activity
in the individual tumor lesions and estimate treatment-responsive
vs. -resistant tumor burden before the initiation of therapy with
EGFR inhibitors (i.e., gefitinib and erlotinib); potentially, it could
predict the overall outcome.
This study showed significantly increased accumulation of

[18F]F-PEG6-IPQA in H3255 cells compared with H441, PC14,
and H1975 cells in vitro. Because levels of expression of L858R
EGFR in H3255 cells and WT EGFR in H441 cells were similar,
the preferential accumulation of [18F]F-PEG6-IPQA in H3255
tumors can be explained, at least in part, by the presence of the
L585R activating mutation in the EGFR kinase domain (6, 52,
53). The L858R mutation dramatically enhances the magnitude
of EGFR signaling activity in H3255 cells compared with H441

cells that overexpress WT EGFR (6, 53) and PC14 cells that
express WT EGFR at a low level.
Our structure–activity relationship modeling studies (SI Mate-

rials andMethods and Fig. S7) indicate that the activation status of
EGFR kinase seems to be very important for the binding mode of
[18F]F-PEG6-IPQA and the formation of a covalent bond with
Cys773. Other studies with structurally similar 4-anilinoquinazo-
line–based reversible inhibitors (gefitinib and erlotinib) have also
shown that these compounds had amore than a 20-fold increase in
affinity and inhibitory activity for the L858R mutant compared
with WT EGFR kinase (54). A shift in equilibrium to the active
state in L858R mutant EGFR kinase and the much stronger al-
ternative binding of [18F]F-PEG6-IPQA to the L858Rmutant are
thought to be the reasons for the more rapid covalent bond for-
mation that leads to faster irreversible entrapment of [18F]F-
PEG6-IPQA in cells expressing the L858Rmutant EGFR. Similar
explanations apply to the interpretation of in vivo PET/CT imag-
ing studies in mice, which showed that [18F]F-PEG6-IPQA pref-
erentially accumulates in s.c. tumor xenografts established from
H3255 cells compared with moderate accumulation of [18F]F-
PEG6-IPQA inH441 tumor xenografts, low accumulation inPC14
tumors, and very low accumulation in H1975 tumors.
Although H1975 cells carry the L858R EGFR mutation, the

second T790M mutation causes resistance to reversible EGFR
inhibitors, such as gefitinib and erlotinib, by interfering with the
binding of these inhibitors to the ATP binding site of EGFR ki-
nase (32, 55). The T790 residue is located at the back of the ATP
binding site and is often called the gatekeeper residue (56). This
mechanism is analogous to that resulting from the T315L muta-
tion in Bcr-Abl, which leads to imatinib resistance (57). In the
EGFR–erlotinib structure, the side chain of T790 makes a water-
mediated hydrogen bond to N3 of the quinazoline. In the EGFR–

lapatinib structure, the threonine side chain is rotated relative to
its position in the erlotinib structure andmakes a number of direct
and water-mediated hydrogen bonds to the protein. Mutation of
this residue to methionine is predicted to sterically block inhibitor
binding, because the methionine side chain would occupy part of
the same space as the quinazoline ring for both inhibitors (58).
This also explains the lack of [18F]F-PEG6-IPQA accumulation in
H1975 cells in vitro and in H1975 tumors in vivo.
Autoradiographic and Western blot analyses of electro-

phorograms of proteins extracted from different NSCLC cells
incubated in vitro with [18F]F-PEG6-IPQA also showed prefer-
ential irreversible binding of [18F]F-PEG6-IPQA to the L858R
mutant EGFR kinase domain compared with WT EGFR kinase
and lack of irreversible binding to L858R/T790M dual-mutant
EGFR kinase. Similarly, enzyme assays using recombinant WT
and mutant EGFR kinases showed that nonradiolabeled cold F-
PEG6-IPQA has 20-fold more potent inhibitory activity against
the L858R mutant EGFR kinase compared with the WT EGFR
kinase, and more than 1 log order lower inhibitory activity
against the L858R/T790M dual-mutant EGFR. These data also
explain the lack of [18F]F-PEG6-IPQA accumulation in H1975
cells in vitro and in H1975 tumors in vivo. Although H1975 cells

Table 1. Accumulation of [18F]-PEG6-IPQA in different tumor xenografts in mice

Tumor type

Before treatment After treatment

PET/CT QAR PET/CT QAR

% ID/g T/M % ID/g T/M % ID/g T/M % ID/g T/M

H441 1.59 ± 0.06 1.47 ± 0.09 2.53 ± 0.15 2.84 ± 0.17 1.58 ± 0.04 1.77 ± 0.52 0.78 ± 0.06 0.94 ± 0.06
H3255 2.34 ± 0.13 2.08 ± 0.19 3.01 ± 0.84 3.64 ± 1.01 1.38 ± 0.43 1.55 ± 0.37 0.92 ± 0.13 1.11 ± 0.16
H1975 1.17 ± 0.18 1.05 ± 0.10 1.27 ± 0.12 1.68 ± 0.16 0.43 ± 0.17 0.46 ± 0.11 1.13 ± 0.10 1.19 ± 0.16
PC14 0.99 ± 0.18 0.9 ± 0.11 1.41 ± 0.13 1.54 ± 0.14 0.52 ± 0.19 0.33 ± 0.08 1.17 ± 0.10 1.05 ± 0.01
Muscle 0.95 ± 0.22 — 0.83 ± 0.07 — 1.10 ± 0.18 — 0.96 ± 0.10 —
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are known to be sensitive to other irreversible inhibitors, such as
EKB569 and CI1033 (55, 59), these cells exhibited significant
resistance to F-PEG6-IPQA in vitro. This also suggests a differ-
ent and unique mode of binding of F-PEG6-IPQA to the ATP
binding site of the H1975 mutant EGFR kinase compared with
EKB569 and CI1033.
Preincubation of H3255 cells in vitro with the EGFR inhibitor

iressa in biologically effective concentrations effectively blocked
the accumulation of [18F]F-PEG6-IPQA in these cells because
of the competition of iressa for binding to the same site in the
L858R EGFR mutant kinase domain. Similarly, pretreatment of
tumor-bearing mice with pharmacologically effective doses of
iressa blocked the accumulation of [18F]F-PEG6-IPQA in H3255
tumors expressing L858R EGFRmutant and to a lesser degree, in
H441 tumors overexpressing WT EGFR. Therefore, it should be
feasible to use PET imaging with [18F]F-PEG6-IPQA to assess
pharmacodynamic characteristics and determine biologically ef-
fective doses of small molecular EGFR kinase inhibitors in indi-
vidual tumors.
Compared with other small molecular agents for imaging of

EGFR at the kinase level reported by us previously, such as mor-
pholino-[124I]-IPQA (43), [18F]F-PEG6-IPQA exhibits improved
radiotracer pharmacokinetic characteristics. Notably, the biexpo-
nential clearance half-time of [18F]F-PEG6-IPQA from the blood
is shorter than that of morpholino-[124I]-IPQA (rapid and slow
phases = 1.15 and 21.32 min vs. 4.8 and 552 min, respectively).
This is partially because of the better water solubility of [18F]F-
PEG6-IPQA (LogD = 1.44) compared with morpholino-[124I]-
IPQA (LogD = 3.8). These results support the predictions made
by us and other investigators (42) that improved water solubility of
the 7-oligoPEGylated aminophenylquinazoline analogs will im-
prove the potential of this class of radiolabeled compounds to be
used as radiotracers for molecular imaging of EGFR over-
expressing tumors.
Another reason for its superior radiotracer characteristics is that

[18F]F-PEG6-IPQA is radiolabeled on the 7-(PEG6) side chain,
which, on metabolic cleavage from the quinazoline core, is rapidly
eliminated through renal clearance, as evidenced by the early
appearance of radioactivity in the bladder. On metabolic degra-
dation of [18F]F-PEG6-IPQA and similar 7-(PEG6) analogs, the
6-acrylamide aminophenyl-quinazoline pharmacophore is known
to bind to both inactive and activated EGFR kinase and does not
discriminate between the WT and active mutant EGFR kinases.
Therefore, the aminophenyl moiety of this class of compounds is
not suitable for radiolabeling, because it would render compounds
that, on metabolic cleavage of 7-(PEG6) moiety, would have much
higher lipophilicity and longer half-time circulation and would not
adequately discriminate between theWTandL858Ractivemutant
EGFR kinase. In contrast, [18F]-labeling of the 7-(PEG6) side
chain ensures that radioactivity accumulation in the tumor tissue is
caused only by the parent [18F]F-PEG6-IPQA compound, which
irreversibly and covalently binds to the activemutant EGFRkinase
domain, as was confirmed by our current in vitro studies. This is
because the cleaved [18F]F-PEG6 side chain does not cross the cell
membrane and is rapidly washed out from the extracellular space
and eliminated from circulation predominantly by the renal
clearance. The latter explains the low background levels in tissues
that are not involved in the clearance of [18F]F-PEG6-IPQA and
[18F]F-PEG6 from the body. Lower background levels of [18F]F-
PEG6-IPQA compared with morpholino-[124I]-IPQA (43) and
other previously reported agents (36–46, 48) can also be explained
in part by the lower affinity of [18F]F-PEG6-IPQA to the WT and

inactive EGFR, expressed by normal tissues, such as the lungs,
intestine, and skin.
In conclusion, PET/CT with [18F]F-PEG6-IPQA could po-

tentially be used to detect tumors expressing L858R active mu-
tant EGFR and to select patients for individualized therapy with
small molecular inhibitors of EGFR kinase that have a pharma-
cophore structure similar to [18F]F-PEG6-IPQA (i.e., gefitinib
and erlotinib). Identification of tumors with high uptake and
retention levels of [18F]F-PEG6-IPQA should predict favorable
responses to therapy with EGFR kinase inhibitors, whereas the
lack of [18F]F-PEG6-IPQA accumulation should predict re-
sistance. Because mutations in EGFR and Kirsten rat sarcoma
viral oncogene homolog (KRAS) genes are almost mutually ex-
clusive (60, 61), tumors that accumulate [18F]F-PEG6-IPQA are
less likely to be driven by KRAS mutations and therefore, will be
more likely to respond to therapy with EGFR kinase inhibitors.
Also, after the initial course of treatment with EGFR inhibitors
and before an increase in tumor growth is observed by computed
tomography, repeat imaging with [18F]F-PEG6-IPQA could po-
tentially be used to identify tumor lesions with acquired T790M
mutations in the EGFR kinase domain, which should exhibit
significantly lower accumulation of [18F]F-PEG6-IPQA, and to
justify triage to therapy with novel irreversible EGFR kinase
inhibitors that are effective against T790M mutants (62). Addi-
tional studies in NSCLC expressing other activating mutations of
EGFR kinase (i.e., exon 19 del) should be conducted to fully
assess the diagnostic potential of PET/CT imaging with [18F]F-
PEG6-IPQA. Imaging with [18F]F-PEG6-IPQA PET/CT may
add to the toolbox of molecular imaging approaches to the dif-
ferential diagnosis of molecular–genetic subtypes of NSCLC and
other EGFR-driven tumor types and for the selection and
monitoring of individualized therapies with EGFR inhibitors.

Materials and Methods
The [18F]F-PEG6-IPQA was prepared in high specific activity and high purity
following the method described elsewhere (63). Four NSCLC cell lines
expressing different levels of WT and active mutant EGFR and different
sensitivity iressa were used: (i) H441 (WT EGFR; resistant) (6, 53), (ii) PC14
(WT EGFR; resistant) (64–66), (iii) H3255 (mutant L858R EGFR; sensitive) (6,
52, 53), and (iv) H1975 (L858R, T790M double-mutant EGFR; resistant) (32,
55). In vitro radiotracer uptake and washout studies were performed in
monolayer cultures of these different tumor cell lines as previously described
(43, 67). SI Materials and Methods contains the details for methods used to
assess the sensitivity of different tumor cell lines to iressa, ELISA for meas-
urements of EGFR expression in different tumor cell lines, irreversible co-
valent binding of [18F]F-PEG6-IPQA to the WT, L858R, and T790M double-
mutant EGFR kinases, in silico docking of [18F]F-PEG6-IPQA with WT and
different EGFR kinase mutants, inhibition of EGFR kinase activity in vitro,
development of different s.c. tumor xenografts in mice, and PET imaging
protocol in mice and data analysis. Statistical analyses included ANOVA to
assess differences in the magnitude of [18F]F-PEG6-IPQA accumulation
(percent ID per gram) in different tumors established from different NSCLC
cell lines and to assess differences in [18F]F-PEG6-IPQA accumulation before
and after treatment with iressa. Mean ± SD values were calculated for each
tumor type and compared using the t test for group averages. Paired Stu-
dent t test was used to assess differences in [18F]F-PEG6-IPQA accumulation
in pairs of tumors grown in the same animal (H441 vs. H3255 and H1975 vs.
PC14); P < 0.05 was considered statistically significant.
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