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Abstract. Purpose: This study was designed as “proof of
concept” for a drug development model utilising multi-
tracer serial small animal PET imaging to characterise tu-
mour responses to molecularly targeted therapy.
Methods: Mice bearing subcutaneous A431 human squa-
mous carcinoma xenografts (n=6–8) were treated with the
pan-Erb-B inhibitor CI-1033 or vehicle and imaged seri-
ally (days 0, 3 and 6 or 7) with [18F]fluorodeoxyglucose,
[18F]fluoro-L-thymidine, [18F]fluoro-azoazomycinarabino-
side or [18F]fluoromisonidazole. Separate cohorts (n=3)
were treated identically and tumours were assessed ex
vivo for markers of glucose metabolism, proliferation and
hypoxia.
Results: During the study period, mean uptake of all PET
tracers generally increased for control tumours compared to
baseline. In contrast, tracer uptake into CI-1033-treated
tumours decreased by 20–60% during treatment. Expres-
sion of the glucose transporter Glut-1 and cell cycle mark-
ers was unchanged or increased in control tumours and
generally decreased with CI-1033 treatment, compared to
baseline. Thymidine kinase activity was reduced in all
tumours compared to baseline at day 3 but was sevenfold
higher in control versus CI-1033-treated tumours by day 6
of treatment. Uptake of the hypoxia marker pimonidazole
was stable in control tumours but was severely reduced fol-
lowing 7 days of CI-1033 treatment.
Conclusion: CI-1033 treatment significantly affects tumour
metabolism, proliferation and hypoxia as determined by

PET. The PET findings correlated well with ex vivo
biomarkers for each of the cellular processes studied. These
results confirm the utility of small animal PET for
evaluation of the effectiveness of molecularly targeted
therapies and simultaneously definition of specific cellular
processes involved in the therapeutic response.
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Introduction

Recent advances in the understanding of signalling path-
ways that regulate the growth of tumour cells have dramat-
ically increased interest in the development of molecularly
targeted anti-cancer therapeutics [1, 2]. As the results of
large-scale cancer genomic and proteomic screens become
available, the list of potential targets for such therapeutics
is expanding rapidly. However, owing to the complicated
nature of cellular networks that may be affected by a given
treatment, and the high cost of bringing new drugs to the
clinic, it is important to define the actual biological effects
of targeted therapies early in the drug development process.
While cell culture systems can be used to determine some
therapeutic parameters, definition of functional effects in
vivo is vital to predict the outcome of a novel treatment.
For this reason, animal models of human cancers are
important tools to aid development of molecularly targeted
drugs. Among technologies that can be applied to preclin-
ical studies of novel therapies, positron emission tomogra-
phy (PET) is unique in combining the ability to image
functional processes in vivo with high sensitivity and res-
olution, non-invasiveness and speed of data acquisition [3].
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These properties are particularly relevant to imaging func-
tional changes within tumours, and PET has become a
valuable adjunct to diagnosis and monitoring of a range of
human cancers [4–6]. Recent adaptation of PET for use
with small animals has created a valuable opportunity for in
vivo characterisation of new anti-cancer therapies in a cost-
effective and timely manner [7–9].

Currently, the most prominent use of PET in cancer
diagnosis and research involves visualisation of increased
glucose metabolism in tumour cells with the glucose ana-
logue [18F]fluorodeoxyglucose (FDG). A range of biolog-
ical processes can contribute to enhanced FDG uptake in
tumours and these may have varying consequences for
treatment outcome. For instance, tumour-associated pro-
cesses such as altered blood flow due to angiogenesis and/
or loss of micro-vessel organisation can have significant
metabolic effects [10, 11]. Further, tumour hypoxia has the
ability to potentiate glucose metabolism through hypoxia
inducible factor 1α (Hif-1α) initiation of glucose trans-
porter (Glut1) and hexokinase expression [12, 13]. In ad-
dition, heightened proliferation due to oncogene activation
requires energy and ribose substrates for DNA and RNA
synthesis, necessitating increased consumption of glucose.
Recently, PET tracers have been developed that offer par-
ticular utility to probe mechanisms related to therapeutic
response, including 3-deoxy-3-[18F]fluorothymidine (FLT)
to image cellular proliferation [14, 15] and 18F-azoazomy-
cin arabinoside (FAZA) [16, 17] to visualise tumour hyp-
oxia. FLT is a fluorinated analogue of thymidine that is
taken up by growing cells and phosphorylated by thymi-
dine kinase 1 (TK1), trapping it within the cell [18, 19]. As
TK1 activity increases in S phase and remains high through
mitosis [20, 21], FLT retention is a marker for cell cycle
phases other than G0/G1. FAZA is a fluorinated nitroimid-
azole retained within cells at a rate that is inversely pro-
portional to the intracellular oxygen concentration [22].
Compared to the more established PET hypoxia tracer,
fluoromisonidazole (F-MISO), FAZA has been suggested
to have superior pharmacokinetic properties for high-def-
inition imaging of tumour hypoxia [17]. Hypoxia is as-
sociated with poor prognosis in a variety of tumour types
[23] and has been implicated as a major factor in resistance
of tumours to both radiation and chemotherapy. The ability
to image processes associated with tumour proliferation and
hypoxia in vivo promises to provide much broader insights
into molecular events accompanying responses to targeted
therapies.

One group of molecules of particular interest as targets
for anti-cancer therapy is the epidermal growth factor re-
ceptor (EGFR)/Erb-B family of cell surface tyrosine kinase
receptors [24]. Deregulation and/or over-expression of EG
FR/Erb-B family members occurs in a variety of tumour
types, in some cases correlating with aggressiveness of tu-
mour phenotype [25–27]. Recently, a number of small
molecule inhibitors targeting EGFR/Erb-B kinase activity
have been identified as anti-tumour agents [28]. A newer
member of this class of therapeutic agents is the pan-Erb-B
specific tyrosine kinase inhibitor CI-1033, currently in clin-
ical development [29]. CI-1033 is a quinazoline-based ir-

reversible inhibitor that acts by alkylating a cysteine in the
kinase domain of Erb-B proteins, thereby blocking cata-
lytic activity and downstream signalling [30, 31]. CI-1033
is effective in arresting growth of a number of in vitro tu-
mour models and has shown particular promise in blocking
tumour growth when used in combination with DNA-dam-
aging agents or radiation [32, 33]. However, to date scant
information is available about the effects of CI-1033 treat-
ment on specific tumour processes in vivo.

Herein we report the results of a small animal imaging
study in which FDG, FLT and FAZA PET have been used
together with ex vivo biomarker studies to characterise mo-
lecular events during the tumour response to CI-1033. To
our knowledge, this is the first study in which the three PET
tracers have been employed to follow anti-tumour therapy
in a single biological system. As well as offering insights
into functional activities of CI-1033 in vivo, results of these
studies highlight the effectiveness of small animal PET in
defining molecular events associated with tumour responses
to targeted therapies. The combination of PET with con-
ventional molecular biological tools offers a paradigm for
translational research focussed on evaluation of the emerg-
ing class of molecularly targeted anti-cancer therapeutics.

Materials and methods

Materials

PET tracers were synthesised and labelled in a dedicated in-house
radiochemistry facility. 18FDG was purchased from Cyclotek
(Melbourne, Australia) and 18F–MISO from the Austin Hospital
PET Centre (Melbourne, Australia). 18Fluoride was produced using
an OSCAR 7 cyclotron (Oxford Instruments, Oxford, UK) by the 18O
(p,n)18F nuclear reaction. 18FLT was produced according to the
method of Machulla et al. [34] and 18FAZA according to the method
of Piert et al. [35]. Final purity and radiochemical identity of tracers
were assessed by high-performance liquid chromatography, follow-
ing standard protocols. CI-1033 was obtained from Pfizer Australia,
dissolved in H2O at a concentration of 2 mg/ml and daily aliquots
frozen at −20°C. Rabbit anti-human Glut1 antibody (DAKO Cat #
A3536) was used a concentration of 10 μg/ml, rabbit α human Ki-67
(Ab4, Neomarkers Cat # RB 1510-P1) at 10 μg/ml, affinity purified
rabbit anti-active human caspase 3 (R&D Systems Cat # AF835) at
0.2 μg/ml and anti-BrdU (B44, Becton Dickinson) at a dilution of
1:50. Hydroxyprobe-1 (MAB-1 anti-pimonidazole monoclonal an-
tibody) was from NPI (Belmont, MA, USA).

Tumour growth, drug treatment and imaging

A431 human squamous cell carcinoma cells (ATCC) were cultured in
alpha MEM supplemented with 10% FBS in 5% CO2 in air at 37°C.
Female Balb/c nude mice 8–11 weeks old were inoculated s.c. on the
right hind limb (FDG and FLT studies) or above the right forearm
(FAZA/F-MISO study) with 3×106 A431 cells in PBS. Tumours
were measured twice weekly using electronic callipers and tumour
volumes calculated using the formula [volume=length/2×width2].
Once tumour volumes had reached approximately 150 mm3, animals
were randomised into test and control groups (day 0). For FDG PET,
animals were fasted for 3 h, then anaesthetised by inhalation of 2.5%
isoflurane/50%O2 in air (flow rate 200ml/min). Anaesthetised animals
were injected via the lateral tail vein with 300–600 μCi (11–
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22 MBq) 18FDG in 100 μl saline and anaesthesia maintained for
20 min following tracer injection to minimise muscle activity during
the initial uptake period. For FLT and FAZA PET studies, non-fasted
animals were injected un-anaesthetised with 18FLT, 18FAZA or 18F-
MISO, as above.

For all scans, animals were anaesthetised as above approximately
1.5 h (FDG and FLT) or 3 h (FAZA) post tracer injection and scanned
for 5–10 min on a prototype A-PET (Phillips Mosaic) small animal
PET scanner [36]. Upon completion of PET scans on day 0, daily
treatment with CI-1033 (20 mg/kg p.o.) was commenced [31]. Tu-
mours were measured and PET scanning repeated as described above
on days 3 and 6 or 7. PET images were reconstructed using the 3-D
RAMLA algorithm [37, 38] and images displayed using standard
image software available on the A-PET scanner. Tracer uptake was
measured using region of interest (ROI) software on the A-PET
workstation. Briefly, ROIs were manually placed around the tumour
and an average background region on transaxial slice images dis-
played on the workstation. The background ROI was chosen to
represent tracer present within the blood pool and non-tumour tissue,
excluding regions of increased uptake such as heart or brown fat for
FDG and visceral regions for FLT and FAZA. Maximum, minimum
and average pixels within the ROI per slice were automatically stored
as data files. Uptake ratios were then calculated by dividing the
maximum value of pixels within a tumour ROI by the average value
of pixels within the background ROI. The resolution of the A-PET
scanner is 2.2 mm and the average tumour diameter for all groups of
animals was greater than 4 mm on all imaging days; therefore cor-
rection for partial volume effect was not required.

Ex vivo analysis of retained radioactivity

Following the final PET scan on days 6 or 7, animals were sacrificed
and blood, tumour and thigh muscle tissues removed, weighed and
placed into flat bottom tubes. Disintegrations at 511 keV±15% were
quantified in a well counter (187-950-A100 MCA, Biomedex
Medical Systems) attached to a multichannel analyser interfaced
with Atomlabs 950 software (Biomedex Medical Systems).

Ex vivo biomarker studies

Tumours were implanted, grown and treated as for the PET
experiments. Each animal was injected with BrdU (100 mg/kg
body weight) 1 h prior to sacrifice. Three baseline animals were
sacrificed on day 0, and three each from the control and test groups
were sacrificed on days 3 and 6. Immediately after sacrifice, half of
each tumour was fixed in 4% buffered formalin for immunohisto-
chemistry (IHC) and the remainder snap frozen in liquid nitrogen and
stored at −70°C for protein extraction. To assess changes in tumour
hypoxia, a separate cohort of A431 xenograft bearing mice were
treated with either CI-1033 or vehicle as for the PET studies. These
mice were sacrificed on day 7, 3 h after i.p. injection of 60 mg/kg
pimonidazole, and tumour tissues were fixed as above for anti-
pimonidazole IHC.

Immunohistochemistry

Fixed tissues were embedded, cut into 3-μm sections, de-waxed and
probed with antibodies following standard procedures. For Ki-67,
active-caspase 3 and Glut1 IHC, antigens were retrieved in 10 mM
sodium citrate buffer, pH 6.0, for 2 min in a pressure cooker. Slides
were loaded onto a DAKO Autostainer and all subsequent pro-
cedures carried out on the machine at room temperature. Endogenous
peroxidase activity was quenched in 3% H2O2 (10 min) before

incubation with rabbit primary antibody (30 min). Bound antibody
was detected using the polymer linked detection system (EnVision+,
DAKO) with DAB+ visualisation (DAKO). Sections were counter-
stained with haematoxylin and mounted in DPX.

For BrdU IHC, tissues were treated as above and the staining
procedure completed manually as previously described [39]. Briefly,
antigens were retrieved with pepsin and denatured with 2M HCl and
neutralised in 0.1 M borate buffer, pH 8.5. Endogenous peroxidase
activity was quenched in 10% methanol, 3% H2O2 in PBS before
probing with anti-BrdU antibodies (60 min at room temperature).
Bound antibody was detected using the LSAB-2 detection system
(DAKO) with DAB conversion, then sections were counterstained
and mounted as above. Pimonidazole IHC was performed using
DAKO ARK mouse antibody detection kit following the manufac-
turer’s directions.

Scoring of IHC

Stained tissue sections were examined on a Zeiss Axioskop 2 light
microscope equipped with a computer networked digital camera. For
each tumour section, six high-power (400×) fields were photo-
graphed and the resulting Tiff images printed on a colour printer with
a superimposed counting grid. Cells were scored from the printed
images as either positively stained (irrespective of staining intensity)
or unstained. A total of 18 high-power images (six fields per section,
three tumours per group) were scored for each group per time point.
The percentage of positively stained cells in the six images per
tumour was calculated and a mean percentage (n=3) for each group
graphed, with error bars representing standard deviation from the
mean. Significance values were calculated using the unpaired t test.

TK1 activity assay

Thymidine kinase activity was assayed as described by Stuart et al.
[40] with minor modifications. Briefly, snap-frozen tissue was
powdered on dry ice, homogenised in 50 mM Tris-HCl pH 7.5,
3.6 mM β-mercaptoethanol and 0.5% Nonidet P-40 and incubated
for 30 min on ice. Lysates were cleared by centrifugation (3×5 min at
12,000 g), protein concentration determined by Dc Protein Assay Kit
(Bio-Rad) and aliquots frozen in liquid nitrogen for storage at −70°C.
For assay, thawed extracts (80–100 μg protein) were adjusted to
40 μl of extraction buffer containing 15 mMNaF, 5 mMATP, 2.5 mM
MgCl2, 0.08 mM unlabelled thymidine and 50 μCi 3H-thymidine
(23 μCi/mmol). Reactions were allowed to proceed for 20 min at
37°C, stopped in boiling water (2 min) and cleared by centrifugation
(5 min at 12,000 g). Aliquots of the cleared reaction mix (20 μl) were
spotted onto Whatman DE81 anion-exchange paper discs in
duplicate and the discs washed in 1 mM ammonium formate
(2×5 min) and then 1× in MeOH before drying. Deoxythymidine
monophosphate (dTMP) was eluted from the disks into 1 ml of 0.1M
HCl, 0.2 M KCl with shaking for 30 min. Liquid scintillant (5 ml)
was added and the vials shaken for 5 h or overnight before counting.
Results are expressed in pmol deoxythymidine converted to dTMP
per minute per mg protein.

Results

The A431 human squamous cell carcinoma cell line over-
expresses EGFR and has thus been used extensively to
demonstrate the effectiveness of Erb-B family targeted
anti-cancer therapeutics [31, 41, 42]. In the present study,
multi-tracer serial PET imaging was employed to follow
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biological responses of A431 tumour xenografts to treat-
ment of mice with CI-1033. Using conventional tumour
volume measurements, CI-1033 was shown to be highly
efficacious against the A431 tumour model, with tumour
regression evident by day 3 (Table 1). Tumour volumes
averaged approximately 150 mm3 at day 0 of each imaging
study and in CI-1033-treated animals the average tumour
volume was 50–100 mm3 by the final imaging day. In
contrast, volumes of control tumours increased over the
treatment period, averaging 300–400 mm3 at day 6/7.

For PET imaging experiments, tumour uptake of each
tracer was determined from PET images by calculating the
ratio of the maximum pixel value within a tumour ROI
to the average pixel value within a background ROI repre-
senting the blood pool and non-tumour tissue (seeMaterials
and methods section). While not an absolute measure of the
tracer dose retained within the tumour, this quantification
method has several advantages for the present study. Firstly,
with the very small volumes required for lateral tail vein
injections in mice (less than 200 μl), extravasation during
injection can significantly affect the final dose of tracer that
enters the bloodstream. Such losses are extremely difficult
to eliminate in serial tail vein injections. Also, absolute
quantification of uptake from PET images requires correc-
tion for signal attenuation, and software for this parameter
was not available on the PET scanner used for this study.
Furthermore, tumour to background ratios calculated by the
described method are independent of tumour volume and
therefore suitable for comparison of tracer uptake in treated
and untreated tumours for a model in which tumour regres-
sion accompanies treatment (see Table 1). However, to
confirm the validity of the quantification method, tumour to
blood and tumour to muscle ratios were also calculated
from ex vivo counting of retained tissue radioactivity follow-
ing the FDG PET experiment.

Metabolic response of A431 tumours treated with CI-1033

The effect of CI-1033 on tumour metabolism as measured
by uptake of FDG was compared with the effect on ex-
pression of the glucose transporter, Glut1 (Fig. 1). Mice
were scanned with FDG PET on days 0, 3 and 7 and

resulting images for typical control and CI-1033-treated
mice are shown in Fig. 1a. As well as illustrating the rel-
ative decrease in FDG uptake in tumours of CI-1033-
treated versus control animals during treatment, these images
provide visual representation of the intensity of radioactive
signal in tumour versus background regions of the scanned
image. In general, the images show fairly homogeneous
FDG uptake throughout the tumour mass; however, some
reduction in signal toward the centre of larger tumours is
often observed, consistent with the development of a cen-
tral necrotic core. Typically, increased FDG uptake is also
evident in tissues with high glucose utilisation, including
heart muscle, brown fat of the upper back and the harderian
glands near the eyes. As FDG is cleared through the urinary
system, a signal of varying intensity is also visible in the
bladder.

Tumour to background ratios calculated from FDG PET
image ROI pixel values for all animals in the FDG arm of
the study averaged 5.4 at baseline (day 0). Relative ratios
for control and CI-1033-treated animals are presented in
Table 2 as the mean percentage change at days 3 and 7
compared to baseline. These data reveal a significant dif-
ference in tumoural FDG uptake between control and CI-
1033-treated animals on both scanning days. Interestingly,
despite increased volumes of control tumours over the 7-
day treatment period (Table 1), tumoural FDG uptake re-
mained reasonably constant in this group over 7 days. In
contrast, FDG uptake into tumours of CI-1033-treated
animals was reduced to approximately 60% of baseline at
day 3, thereafter falling to about 40% of baseline by day 7
(p<0.001, paired t test). As CI-1033 treatment caused a
significant reduction in tumour volume over the treatment
period (Table 1), the level of FDG uptake was confirmed by
ex vivo counting of tumour, blood and muscle tissue fol-
lowing the final PET scan on day 7 (Fig. 1b). The ex vivo
count data are expressed as ratios of radioactivity per gram
of tumour tissue (n=8) to that of either blood (T:B) or
muscle (T:M). FDG retention ratios determined by this
method are consistent with uptake ratios calculated from
PET scans showing reduced uptake per gram into tumours
of CI-1033-treated animals compared to controls.

To validate metabolic effects of CI-1033 treatment,
tumours were assayed for expression of the glucose trans-
porter, Glut1 [43, 44] at time points coinciding with PET
imaging. Examples of typical Glut1-stained tumour sections
from day 3 control and CI-1033-treated mice are shown in
Fig. 1c. In this study, most cells in baseline (not shown) and
control sections had intense staining, most prominently
associated with the cell membrane. In the CI-1033-treated
sections at both day 3 and day 6 (not shown), the majority
of cells displayed low intensity cytoplasmic staining, with
only a few isolated cells retaining higher levels of Glut1
signal. Scoring of positive cells (Fig. 1c, graph) confirmed
that greater than 95% of cells in untreated tumours ex-
pressed Glut1 throughout the study period while in CI-1033-
treated tumours the percentages of positively stained cells
dropped to 79% at day 3 (p=0.0016) and 75% at day 6
(p=0.0020), compared to baseline.

Table 1. Relative tumour volume ratiosa

Groupb FDG FLT FAZA

Day 3 Day 7 Day 3 Day 6 Day 3 Day 6

Control 1.54 1.97 1.63 2.34 1.54 2.49
CI-1033c 0.71 0.26 0.79 0.47 0.74 0.33

aMean increase or decrease in tumour volume relative to that on day 0
bFDG, n=8; FLT, n=7 for control, n=8 for CI-1033; FAZA, n=6
cCI-1033 20 mg/kg in H2O vehicle, p.o. daily [32]
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Effect of CI-1033 on tumour proliferation

To evaluate CI-1033-mediated alterations in processes as-
sociated with cellular proliferation, A431 tumour-bearing
mice were imaged during treatment with the thymidine-
based PET tracer, FLT (Fig 2). Typical FLT PET images for

control and CI-1033-treated mice (Fig. 2a) revealed a little
change in FLT uptake into tumours of control animals
during the treatment period and a concomitant decrease in
uptake into CI-1033-treated tumours.

Tumour to background ratios from FLT PET images for
all animals averaged 8.4 at baseline. Mean uptake ratios

Fig. 1. FDG PET monitoring of CI-1033 treatment. a Examples of
FDG PET images for typical control and CI-1033-treated animals
shown as planar views, ventral side upwards. Mice were given
20 mg/kg CI-1033 or H2O vehicle p.o. daily beginning on day 0 and
were scanned with FDG PET on days 0, 3 and 7. b Ex vivo counting
of retained radioactivity. Animals were sacrificed following the final
PET scan and radioactivity at 511 keV quantified per gram of
tumour, blood and muscle tissue. Ratio of counts in tumour to blood
(T:B) or muscle (T:M) are presented as mean±SEM (n=8 per group).
* Significant (P<0.05) reduction in uptake relative to that of the

control group (unpaired t test). c Anti-Glut1 IHC. Examples of day 3
tumour sections from control (left) and CI-1033-treated (right) mice
stained with anti-Glut1 antibodies. Animals (n=3) treated as for the
PET study were sacrificed on days 0, 3 and 6, and tumours were
excised and assayed by IHC with anti-Glut1 antibodies as described
in the Materials and methods section. The graph shows mean
percentages ±SD of Glut1-positive cells in control (black bars) and
CI-1033-treated (grey bars) sections at days 0, 3 (P=0.0016) and 6
(P=0.0020; unpaired t test)

Table 2. Relative PET uptake ratiosa

Groupb FDG FLT FAZA

Day 3 Day 7 Day 3 Day 6 Day 3 Day 6

Control 1.14±0.07 1.00±0.06 1.30±0.21 1.20±0.17 0.96±0.12 1.28±0.09
CI-1033 0.59±0.07 0.41±0.08 0.80±0.06 0.60±0.10 0.48±0.12 0.43±0.14
P valuec 0.003 0.001 NS NS 0.004 <0.001

aMean change in tumour to background ratio ±SEM, compared to baseline (day 0)
bFDG, n=8; FLT, n=7 for control, n=8 for CI-1033; FAZA, n=6
cSignificance value (t test) for CI-1033-treated vs control tumours; NS not significant
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calculated from PET images for the two treatment groups
(Table 2) confirmed that FLT uptake decreased during CI-
1033 treatment. The relative reduction in FLT uptake into
tumours of the CI-1033-treated group was approximately
20% compared to baseline at day 3 and 40% by day 6, both
values being significant (p<0.001). While the tumours of
control animals showed a time-dependent trend towards
increased FLT uptake, differences in uptake between
control and treated tumours were not significant on either
imaging day (Table 2). This was most likely due to var-
iability in FLT uptake among control tumours, where a
significant amount of signal heterogeneity was observed in
the quickly growing tumours of this group, particularly at
day 3. Figure 2b shows an example of heterogeneity in FLT
uptake that typified control tumours in the study, which is
highlighted in images of transaxial, sagittal and coronal
sections through the centre of the tumour region of the
image.

As thymidine kinase (TK) activity is the major deter-
minant of FLT retention in tumours [45], the effect of CI-
1033 on tumour TK activity was assayed biochemically
(Fig. 2c). CEM cells with tetracycline-inducible expression
of the cell cycle inhibitor p16 were used as a positive con-
trol in this assay. Induction of p16 expression in these cells
with doxycycline treatment induces G1 arrest and results in
a large reduction in TK activity (Fig 2c, right panel). In the
control tumour samples (left panel), TK activity was
variable, being reduced at day 3 (7.25±1.9 pmol/min/mg
protein) but increased at day 6 (22.9±2) relative to baseline
(14.9±2.64). This is in keeping with the variability in FLT
uptake observed in the PET study and may also be attrib-
utable to heterogeneity of uptake into the faster growing
control tumours. In contrast, TK activity in CI-1033-treated
tumours was reduced on both sampling days (day 3=8.2±
1.5, day 6=3.26±0.5), as compared with baseline. Thus
after 6 days of CI-1033 treatment, TK activity was sig-
nificantly reduced in CI-1033-treated tumours compared to
baseline, consistent with the data for CI-1033-treated tu-
mours in the PET study.

To further examine the relationship between FLT uptake
and cell cycle-related changes in the CI-1033–A431 model,
tumours were assayed by IHC for levels of Ki-67 ex-
pression and incorporation of BrdU. Examples of anti-Ki-
67-stained sections for control and CI-1033-treated tumours
at day 6 are shown in Fig. 2d. In control sections, a very
high percentage of cells stained positively for Ki-67. In CI-
1033-treated sections, staining was undetectable in a per-
centage of cells but many still retained some level of
staining and a few of these were very highly stained.
Overall, however, there was a clear reduction in intensity of
Ki-67 staining in the CI-1033-treated tumour sections
compared to controls (Fig. 2d, left panels). Quantification of
positively stained cells disregarding staining intensity (right
panel) showed that more than 90% of cells in control
tumours expressed Ki-67 throughout the treatment period.
By comparison, percentages of positively stained cells in
the CI-1033-treated tumours decreased to 83% at day 3 and
65% at day 6.

In the BrdU incorporation assay, striking differences
between control and CI-1033-treated tumours were noted
on both post-treatment sampling days. These differences
are clearly seen in the examples of day 3 anti-BrdU-stained
tumour sections (Fig. 2e), where the numbers of positively
stained nuclei are seen to be dramatically reduced in the CI-
1033-treated tumour compared to the control section. Quan-
tification of anti-BrdU-stained cells (right panel) revealed
that the extent of BrdU incorporation in the control tumours
remained between 40% and 50% over the time course of
treatment. In contrast, the percentage of BrdU-positive cells
in the CI-1033-treated tumours decreased to less than 20%
by day 3.

Effect of CI-1033 on uptake of the hypoxia tracers, FAZA
and F-MISO

Solid tumours are generally less well oxygenated than nor-
mal tissues, resulting in areas of hypoxia [46], particularly
within central regions of the tumour. To determine the
effect of CI-1033 treatment on tumour hypoxia, we em-
ployed the recently validated PET hypoxia tracer FAZA
[35] (Fig. 3). Typical FAZA PET images for control and
CI-1033-treated animals (Fig. 3a) revealed a degree of
heterogeneity in tumour uptake in both controls and CI-
1033-treated animals, particularly at baseline and day 3.
This is in contrast to the heterogeneity observed in FLT
uptake, which was much more prominent in tumours of
control animals compared to those of CI-1033-treated ani-
mals. By day 6, however, FAZA uptake in the CI-1033-
treated group had diminished considerably and appeared
more homogeneous. This most likely reflects the nature of
tumour hypoxia, which may be transient in any given re-
gion of a tumour depending on local blood supply. FAZA
PET-derived tumour to background ratios for the total
cohort of animals averaged 6.9 on day 0. Despite the
heterogeneity, mean FAZA PET uptake ratios (Table 2)
showed that in CI-1033-treated tumours FAZA uptake
decreased at day 3 by approximately 50% (0.48±0.12)
relative to baseline, with little further change at day 6 (0.43±
0.14). In the control tumours, FAZA uptake was stable
between days 0 and 3 but increased slightly at day 6 (1.28±
0.09). Therefore, over the 6-day treatment period, FAZA
uptake in CI-1033-treated tumours was reduced by ap-
proximately 66% compared to controls (p>0.001).

To compare FAZA as a hypoxia-imaging agent with the
currently more widely employed agent, F-MISO, mice
previously scanned with FAZA were subjected to a single
F-MISO scan on day 7. Comparison of FAZA and F-MISO
images for a typical control animal are shown in Fig. 3b. As
can be seen, background signals are fairly similar for the
two tracers, both showing a high level of signal for tracer
clearance through the GI tract. Mean uptake ratios cal-
culated from FAZA (day 6) and F-MISO (day 7) scans
(Table 3) show similar uptake of the two tracers into tu-
mours of CI-1033-treated animals. However, tumour up-
take of both tracers was low in the drug-treated group by
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Fig. 2. FLT PET monitoring of CI-1033 treatment. a Examples of FLT PET images for typical control and CI-1033-treated animals on days
0, 3 and 6. Mice treated as described for Fig. 1 (n=7 control and 8 CI-1033) were scanned with FLT PET on days 0, 3 and 6. Image display
as described for Fig. 1a b Example of heterogeneous FLT uptake in a control tumour at day 3. FLT image displayed as transaxial (TA),
sagittal (SS) and coronal (CS) sections through the tumour region. c Left panel: TK activity was assayed in proteins extracted from control
(grey bars) and CI-1033-treated (white bars) tumours at days 0, 3 and 6. Right panel: TK activity in proteins extracted from CEM cells
expressing p16 from a tetracycline-inducible plasmid in the absence (black bar) or presence (grey bar) of doxycycline. Animals treated as
described for Fig. 1c. d, e Anti-Ki-67 and anti-BrdU IHC, respectively. Left: Examples of tumour sections from control and CI-1033-treated
mice (n=3 per group), as indicated, stained with antibodies to Ki-67 (day 3) or BrdU (day 6). Right: Mean±SD percentages of Ki-67- or
BrdU-positive cells in control (black bars) and CI-1033-treated (grey bars) sections at days 0, 3 and 6. Treatment and tissue preparation are
as in the legend to Fig. 1c except that mice were sacrificed 1 h after injection of 100 mg/kg BrdU
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days 6 and 7, making comparison difficult. In the control
animals, on the other hand, higher levels of hypoxia were
observed on days 6 and 7 and in these animals the mean
uptake ratio relative to day 0 was approximately 20%
higher for FAZA than for F-MISO. This is despite the fact
that tumour volumes in the control group increased by
more than 15% between scan days 6 and 7 (mean volume
day 6=2.49, day 7=2.92), which may have been expected to
increase the degree of hypoxia on day 7. Examination of
the raw data revealed that the lower uptake ratio for F-
MISO was due to generally higher retention in mediastinal
background regions compared to that of FAZA (data not
shown).

For validation of the degree of hypoxia in the A431
tumours following 7 days of CI-1033 treatment, two ani-
mals each from control and treated groups were injected
with pimonidazole, a nitroimidazole that, like FAZA, is
retained in hypoxic cells [47]. Pimonidazole retention was
visualised with anti-pimonidazole IHC on the sectioned
tumours. As can be seen in Fig. 3c, there was a high level of
pimonidazole staining in control tumour sections while
staining was almost undetectable in CI-1033-treated tu-
mours. As there were so few positively stained cells in the
drug-treated sections, no quantification was performed; how-
ever, a large number of fields were examined and the images
presented are typical of staining patterns for central regions
of tumours from control and CI-1033-treated animals.

As tumours regressed in response to CI-1033 treatment,
the extent of apoptosis in tumours of treated and control
animals was assessed by IHC with anti-active caspase-3
antibodies. In this assay, very few cells in sections from

either control or CI-1033-treated animals were positively
stained (not shown). Scoring of these sections revealed that
1.8±0.5% of cells in baseline tumour sections were positive
for active caspase-3. While the positive fraction increased
by approximately 50% relative to baseline in the CI-1033-
treated tumours (day 3=3.6±0.7%; day 6=3.3±0.9%), there
was a similar increase in numbers of stained cells in control
tumours (day 3=2.7±0.9%; 3.0±0.7%). The increase in
positive cells in the control tumours was due mainly to the

"Fig. 3. FAZA/F-MISO PET monitoring of CI-1033 treatment.
a Examples of FAZA PET images for typical control and CI-1033-
treated animals. Mice treated as described for Fig. 1 (n=6) were
scanned with FAZA PET on days 0, 3 and 6. Images displayed as
described for Fig. 1a. b Typical PET images for a control animal.
Mice scanned with FAZA on day 6 (upper panels) were re-scanned
with F-MISO (MISO) on day 7 (lower panels). Left to right: 3D
planar view, transaxial slice through tumour region (TA), sagittal
section through tumour (SS) and coronal slice through the animal at
the level of the tumour centre (CA). c Anti-pimonidazole IHC.
Treatment and tissue preparation are as in the legend to Fig. 1 except
that animals (n=2 per group) were sacrificed on day 7 at 3 h post
injection of 60 mg/kg pimonidazole. Typical sections from control
and CI-1033-treated tumours, as indicated, probed with anti-
pimonidazole antibodies and photographed at 10× magnification

Table 3. Uptake ratios for FAZA versus F-MISOa

Groupb FAZA F-MISO

Day 6 Day 7

Control 1.28±0.09 1.02±0.17
CI-1033 0.43±0.14 0.37±0.16

aMean change in tumour to background ratio ±SEM, compared to
baseline (day 0)
bn= 6
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appearance of occasional clusters of positive cells in the
larger control tumours at days 3 and 6 while in CI-1033-
treated tumours, the few positive cells were dispersed
throughout the tumour tissue. This analysis failed to reveal
a significant level of caspase-3 activation within the 6 days
of CI-1033 treatment, suggesting that the mechanism by
which CI-1033 induces A431 tumour regression may not
involve classical caspase activation pathways.

Discussion

The aim of this study was to evaluate small animal PET
imaging to define changes in cellular metabolism, prolif-
eration and hypoxia associated with the in vivo tumour
response to molecularly targeted therapy. We chose the
pan-EGFR/Erb-B inhibitor, CI-1033, as a representative of
an important class of anti-cancer agents targeting cell sur-
face receptor tyrosine kinase proto-oncogenes. As a tumour
target we used the aggressively growing xenograft model,
A431, which highly over-expresses EGFR and responds
well to Erb-B-targeted drugs [48, 49]. Further, A431 tu-
mours demonstrate excellent uptake of a range of PET
tracers [41], making it an ideal model for a multi-tracer
PET imaging investigation of functional changes in re-
sponse to EGFR/Erb-B-targeted therapeutics.

Based on the FDG PET data, metabolic activity was
reduced in tumours of CI-1033-treated animals and this find-
ing was confirmed by ex vivo counting of retained FDG
radioactivity on the final scanning day (Fig. 1b). High FDG
uptake in many tumours compared to most normal tissues
is thought to be a consequence of up-regulation of expres-
sion and/or activity of glucose transporters, particularly
Glut1, and metabolic enzymes such as hexokinase [43, 50].
Both Glut1 expression and hexokinase activity are stim-
ulated by activation of the EGFR/Erb-B pathway [51, 52].
Consistent with tumour-specific reduction in FDG uptake
on PET, a striking reduction in Glut1 staining intensity was
observed in CI-1033-treated tumour sections compared to
controls. Together these data suggest that CI-1033-me-
diated down-regulation of EGFR/Erb-B signal transduction
in A431 cells contributes to reduction in glycolytic metab-
olism, which may be a factor in the therapeutic outcome for
anti-Erb-B targeted agents.

As glycolytic metabolism is important for maintenance
of cell growth and division, changes in FDG uptake are
likely to be accompanied by alterations in other cellular
pathways, including those regulating proliferation. PET-
derived uptake ratios revealed that by day 6 of treatment,
tumours in CI-1033 mice retained only half as much FLTas
control animals suggesting a potent anti-proliferative re-
sponse. When FDG and FLT results are compared, relative
uptake ratios for the two tracers follow similar trends on
both imaging days. However, the average tumour to back-
ground ratio for the total cohort of FLT-imaged animals at
baseline (n=15) was 8.4, compared to 5.4 for the FDG-
imaged group (n=16). This is due to generally better FLT
retention in tumour tissue, as well as slightly reduced
background signal for FLT versus FDG. Therefore, FLT

compares favourably with FDG as a viable clinical tool for
monitoring anti-tumour therapy with PET.

In a recent report, FDG and FLT were compared for
monitoring of the A431 response in mice treated with an
Erb-B1 and 2 inhibitor, PKI-166 [53]. In that case, the
mean pre-treatment tumour to background ratio was 0.83±
0.04 for FDG and 9.5±1.0 for FLT (n=4). It is not clear why
the FDG uptake ratio differs strikingly from the 5.4
observed in our study as the data sets were calculated from
PET images using similar methodology. However, com-
parison of example images shown for the two studies
suggests that the main difference may lie in a higher back-
ground signal for FDG in the Waldherr et al. report. Data
presented herein were generated in fasted Balb/c Nu/Nu
mice imaged for 5 min at 90 min post injection of 11–
22 MBq FDG. Waldherr et al. reported data generated in
SCID mice imaged for 15 min at 60 min post injection of
7.4 MBq FDG (feeding status not mentioned). It is there-
fore possible that differences in FDG tumour to back-
ground ratios in the two studies are attributable to either
variation in rates of FDG clearance from normal tissues in
the two mouse strains or technical procedures for animal
preparation and imaging. Importantly, however, FLT up-
take ratios are quite similar in the two studies, confirming
the utility of FLT as a PET imaging agent for tumour
monitoring. Furthermore, in both studies, significant re-
duction in FLT uptake into tumours was detected by PET
following anti-Erb-B targeted therapy.

FLT retention within tumour cells is thought to be tight-
ly correlated with cytosolic TK activity [54], which varies
considerably during the cell cycle. TK activity peaks in S
phase and is low in G1, due to both a tenfold reduction in
synthesis rate and decreased protein stability following cell
division [55]. Phosphorylation of TK also varies through
the cell cycle [56], providing a further regulatory mech-
anism. In the present study, TK activity in CI-1033-treated
tumours decreased to about 50% of baseline level at day 3,
with a further decline to about 20% of baseline at day 6.
These changes correlated with the observed reductions in
PET-derived FLT uptake into tumours of CI-1033-treated
animals. However, a reduction in TK activity was also
observed in tumours of control animals at day 3 and the
reason for this is not clear, as FLT uptake on PET had
increased in the control tumours at day 3 (Table 2).

One possible explanation for the discrepancy between
FLT uptake and TK activity in day 3 controls is that FLT
uptake into larger tumours is often heterogeneous, varying
considerably within different regions of the tumour mass.
In many such cases, FLT uptake is high near the rim of the
tumour but completely absent from pockets of cells within
central regions (see Fig. 2b). In the TK assay, activity is
calculated relative to weight of tumour protein assayed,
while PET derived tumour to background ratio is indepen-
dent of tumour volume. Therefore, areas transiently lacking
TK activity may have served to reduce ex vivo TK activity
without affecting FLT uptake in control tumours at day 3.
Further, it has been shown that TK activity is dependent on
several factors, including protein expression level and the
presence of co-factors for catalysis [57]. It is possible that
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the influence of these factors may vary between in vivo and
ex vivo situations. Therefore, it is possible that while TK
activity is the major influence on FLT uptake, other factors
may play a role in tumour retention of FLT in vivo.

At day 6 of the study, TK activity in tumours of the
control group had increased to approximately 150% of base-
line while in CI-1033 tumours there was a considerable
reduction in activity. Therefore, by the end of the treatment
period TK levels in tumours of control animals were about
sevenfold higher than in the CI-1033-treated group, in
agreement with significantly stronger FLT uptake in con-
trol versus CI-1033-treated tumours in the day 6 scans.
Consistent with TK activity and FLT PET data, numbers of
cells incorporating BrdU at day 6 had dropped by about
50% in the CI-1033 tumours compared to controls. Ki-67
levels in the CI-1033-treated tumours also declined;
however, approximately 75% of cells still expressed Ki-
67 at day 6. Ki-67 is expressed in all cell cycle phases
except G0 [58] while BrdU incorporation occurs during
mitosis. Taken together, data from Ki-67 and BrdU IHC
suggest that cells in CI-1033-treated tumours are not ac-
tively cycling but have not exited into G0. This is consistent
with previously reported findings that CI-1033 treatment
causes G1 arrest in colonic tumour cell lines in culture [33].

Anti-caspase 3 immunoblots of the CI-1033-treated tu-
mours did not indicate increased levels of apoptosis com-
pared to controls during a 6-day treatment period. This may
seem surprising in light of the significant volume reduction
of CI-1033-treated tumours. However, previous studies
have reported varying levels of apoptosis in different cell
lines responding to CI-1033. For instance, CI-1033 treat-
ment elicited a significant level of apoptosis in Caco-2
cells but virtually none in LoVo cells, although EGFR
phosphorylation and cellular growth were blocked in both
colonic tumour cell lines [33]. In an earlier study, Nelson
and Fry [59] also found dramatically different levels of
apoptosis upon exposure of MDA-MB-231 and MCF7
breast tumour cell lines to CI-1033. Therefore, it is possible
that the A431 response to CI-1033 may involve caspase-
independent cell death pathways such as mitotic catas-
trophe or necrosis [60]. In relation to the latter, however, in
histological examination there was no evidence of large
areas of necrosis in the CI-1033-treated tumours. It is also
possible that volume changes in the CI-1033-treated tu-
mours are due to effects on other systems such as blood
flow or fluid balance, rather than immediate cell death.

Signal transduction pathways that sense and respond to
reduced oxygen tension have been associated with regu-
lation of both cell cycle progression and glycolytic me-
tabolism [12, 61]. Therefore, monitoring tumour hypoxia
can yield important information regarding the nature of the
response to molecularly targeted therapy. Results of both
FAZA PET imaging and pimonidazole retention assays
revealed that CI-1033 treatment significantly affects A431
tumour hypoxia. This may be partially attributed to reduced
volume in the CI-0133-treated tumours, rendering central

regions more accessible to blood flow and oxygen ex-
change. Concomitantly, increased volume of control tu-
mours could serve to reduce oxygen access and increase
hypoxia. In a previous study conducted by members of
our team with other colleagues [62], treatment of A431
tumour-bearing mice with Gefitinib, a specific inhibitor of
EGFR kinase activity, was shown to reduce tumour
uptake of FAZA independently of changes in tumour
volume. Because CI-1033 has a more immediate affect on
tumour volume than Gefitinib (at the doses used for the
two studies), it was not possible in the present study to
rule out some volume effect. However, data from the
Gefitinib/FAZA imaging study clearly support the notion
that inhibition of EGFR/Erb-B activity affects A431
tumour oxygenation through means other than volume
changes alone.

A further mechanism that may play a role in the ob-
served CI-1033 hypoxia effect is blockade of EGFR/Erb-B
signalling in endothelial cells contributing to normalisation
of tumour vasculature. It has been shown that vascular
endothelial cells express Erb-B receptors [63] and that ac-
tivation of these cells with the Erb-B 3/4 ligand, heregulin,
elicits an angiogenic response. Furthermore, Petit et al. [64]
reported that injection of anti-EGFR neutralising antibody
into A431 tumour xenografts suppresses vascular endo-
thelial growth factor (VEGF) expression and causes a sig-
nificant reduction in tumour blood vessel count. These
workers suggested that effectiveness of anti-Erb-B receptor
therapy may in part be due to anti-angiogenic effects that
serve to increase therapeutic index over that expected from
cytostatic effects alone. It will therefore be of future interest
to examine the effect of CI-1033 on the expression of
molecules that are directly related to tumour vascularity
such as VEGF or its receptor.

In conclusion, we have shown that response to
therapeutic targeting of EGFR/Erb-B kinase activity in
A431 tumour xenografts can be readily assessed by PET
using tracers for metabolism, proliferation and hypoxia.
This conclusion is supported by results of ex vivo analyses
of biomarkers for related tumour-associated processes. The
results highlight the interrelatedness of signalling path-
ways regulating important aspects of tumour growth and
show that a single targeted therapeutic can have multiple
functional outcomes in tumour cells. Further, the data
presented indicate the power of PET for describing pheno-
typic changes in tumours during treatment and reinforce the
notion that pre-clinical PET can make important contribu-
tions to the development of molecularly targeted anti-cancer
therapeutics.
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