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ABSTRACT: In this study, we applied multiplexed positron
emission tomography (PET) probes to monitor glucose
metabolism, cellular proliferation, tumor hypoxia and angio-
genesis during VEGF121/rGel therapy of breast cancer. Two
doses of 12 mg/kg VEGF121/rGel, administered intraperito-
neally, resulted in initial delay of tumor growth, but the
growth resumed 4 days after tumor treatment was stopped.
The average tumor growth rate expressed as V/V0, were 1.11
( 0.07, 1.21( 0.10, 1.58( 0.36 and 2.64( 0.72 at days 1, 3,
7 and 14, respectively. Meanwhile, the VEGF121/rGel treat-
ment group showed V/V0 ratios of 1.04 ( 0.06, 1.05 ( 0.11,
1.09 ( 0.17 and 1.86 ( 0.36 at days 1, 3, 7 and 14,
respectively. VEGF121/rGel treatment led to significantly
decreased uptake of 18F-FPPRGD2 at day 1 (24.0 ( 8.8%, p < 0.05) and day 3 (36.3 ( 9.2%, p < 0.01), relative to the baseline,
which slowly recovered to the baseline at day 14. 18F-FMISO uptake was increased in the treated tumors at day 1 (23.9( 15.7%, p <
0.05) and day 3 (51.4( 29.4%, p < 0.01), as compared to the control group. At days 7 and 14, 18F-FMISO uptake restored to the
baseline level. The relative reductions in FLT uptake in treated tumors were approximately 13.0( 4.5% at day 1 and 25.0( 4.4% (p
< 0.01) at day 3. No significant change of 18F-FDG uptake was observed in VEGF121/rGel treated tumors, compared with the
control group. The imaging findings were supported by ex vivo analysis of related biomarkers. Overall, longitudinal imaging studies
with 4 PET tracers demonstrated the feasibility and usefulness of multiplexed probes for quantitative measurement of antitumor
effects of VEGF121/rGel at the early stage of treatment. This preclinical study should be helpful in accelerating anticancer drug
development and promoting the clinical translation of molecular imaging.
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’ INTRODUCTION

Monitoring of tumor early response to therapy is important in
clinical oncology to reduce side effects and save costs, especially
with the growing number of alternative treatment regimens that
are only effective in select subgroups of patients.1 The traditional
approach to monitoring treatment through imaging has relied on
assessing the change of tumor size before and after treatment
using refined criteria defined by the World Health Organization
(WHO) criteria and more recently by the Response Evaluation
Criteria in Solid Tumors (RECIST).2,3 However, many new
antiangiogenic drugs are principally cytostatic and do not
necessarily cause large reductions in tumor volume on a short
time scale, even when they are effective, which reduces the

usefulness of anatomic measures in monitoring response to such
agents.4 Thus, new imaging biomarkers of tumor response that
correlate better with therapeutic outcomes are urgently needed.1

VEGF121/rGel fusion protein is a vascular disruptive agent
composed of the VEGF-A isoform VEGF121 and recombinant
plant toxin gelonin (rGel).5 This novel vasculature-targeting
fusion protein has high specificity and cytotoxicity for both
quiescent and dividing porcine aortic endothelial (PAE) cells
expressing VEGFR-2 (PAE/KDR), but not for PAE cells
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expressing VEGFR-1 (PAE/FLT-1).5 VEGF121/rGel has been
shown to completely suppress ocular neovascularization6 and
inhibit the growth of melanoma and glioblastoma, as well as
prostate, breast, and bladder tumor models with low systemic
toxicity.5,7,8 A critical step in future clinical application of
VEGF121/rGel and other antiangiogenic therapies is to develop
effective noninvasive in vivo imaging techniques to monitor
treatment efficacy. In a previous study, we evaluated the anti-
angiogenic and antitumor effects of VEGF121/rGel in an ortho-
topic glioblastoma mouse model by using bioluminescence
imaging (BLI), MRI, and PET.8 Indeed, PET with 18F-FLT
revealed significant decreases in tumor proliferation in VEGF121/
rGel-treated mice compared with the control mice.

Tumor response to therapeutics is an extremely complicated
process, even though therapy might aim at a particular target or
specific pathway. PET with the glucose analogue 18F-FDG is
currently more clinically advanced than several other functional/
molecular imaging approaches for treatment monitoring, includ-
ing dynamic contrast-enhanced MRI, diffusion-weighted MRI,
MR spectroscopy, optical imaging, and contrast-enhanced
ultrasound.9 However, FDG PET reflects metabolic changes,
and, in addition to the effects of treatment, it is also affected by
other factors including inflammation, hypoxia and serum glucose
level.4 Consequently, imaging probes targeting DNA synthesis,
hypoxia, and angiogenesis are expected to complement 18F-FDG
in treatment monitoring by providing more specific information
on the biological effects of therapeutic agents. In this study, using
18F-FDG, 18F-FLT, 18F-FMISO, and 18F-FPPRGD2 as imaging
probes, we applied multiplexed PET imaging to evaluate tumor
response to VEGF121/rGel treatment in an orthotopic MDA-
MB-435 breast cancer model.

’EXPERIMENTAL SECTION

General Materials. Unless otherwise specified, all reagents
were of analytical grade and were obtained from commercial
sources. VEGF121/rGel was obtained as previously described.8
18F-F- radionuclide was obtained from the NIH Clinical
Center’s cyclotron facility by proton irradiation of 18O-enriched
water. 18F-FDG was purchased from the Nuclear Pharmacy of
Cardinal Health and reconstituted with sterile saline. Reversed-
phase extraction C18 Sep-Pak cartridges were obtained from
Waters Inc. and pretreated with ethanol and water before use.
The syringe filter and polyethersulfone membranes (pore size,
0.22 mm; diameter, 13 mm) were obtained from Nalge Nunc
International. Analytical as well as semipreparative reversed-
phase high-performance liquid chromatography (RP-HPLC)
was performed on a Waters 600 chromatography system with a
Waters 996 photodiode array detector and Beckman170 radio-
isotope detector. The recorded data were processed using
Empower software.
Synthesis of 18F-FLT, 18F-FMISO and 18F-FPPRGD2. 18F-

FLT, 18F-FMISO and 18F-FPPRGD2 were prepared manually
according to previous reports.10-12 For purification of 18F-FLT
or 18F-FMISO, a semipreparative C18 HPLC column
(Phenomenex Nucleosil C18 column, 108005; 5 mm, 300 �
10mm)was eluted with 8% ethanol/H2O (4mL/min). The total
synthesis time was about 40 min for each tracer. Radiochemical
yields (decay uncorrected) for 18F-FLT and 18F-FMISO were
64.6 ( 8.3%, 70.5 ( 5.9%, respectively (n = 4).
For 18F-FPPRGD2, the first step was to prepare purified and

dried 18F-NFP (radiochemical yield was 46.1 ( 6.9%, n = 4).

Then 18F-NFP and PRGD2 (0.1 μmol) were mixed at 105 �C for
10 min. The mixture was purified by semipreparative HPLC
(218TP510, Vydac). The desired 18F-FPPRGD2 fractions were
combined and evaporated to dryness.
The three 18F-labeled tracers were formulated in normal saline

and passed through a 0.22 μmMillipore filter for animal use. The
radiochemical purity was greater than 99% and specific activity
was greater than 50 TBq/mmol at the end of synthesis for each
tracer.
Tumor Growth, Drug Treatment and PET Imaging. The

MDA-MB-435 cell line was purchased from the American Type
Culture Collection (ATCC) and grown in Leibovitz’s L-15
medium supplemented with 10% (v/v) fetal bovine serum
(FBS) under a 100% air atmosphere at 37 �C. The tumor model
was developed in 5-6 week old female athymic nude mice
(Harlan Laboratories) by orthotopic injection of 5� 106 cells in
the left mammary fat pad of each mouse. Tumor growth was
followed by perpendicular measures of the tumor using a caliper.
The tumor volumewas estimated by the formula tumor volume =
ab2/2, where a and b were the tumor length and width,
respectively, in millimeters. Once the tumor volumes reached
approximately 200 mm3, mice were randomized into treatment
(n = 20) and control groups (n = 20). Amaximum tolerated dose
(MTD) of 45 mg/kg for VEGF121/rGel was previously
reported,13 and 25% of the MTD was used in this study
(12 mg/kg administered every other day for a total of 2 doses).
PBS was used as the control vehicle. All procedures of this
animal study were conducted under a protocol approved
by the NIH Clinical Center Animal Care and Use Committee.
All mice were maintained in a specific pathogen-free facility
in accordance with the Institutional Animal Care and Use
Committee of NIH.
Detailed therapy and longitudinal scan schedules are shown in

Table 1. The animal numbers for each imaging protocol were 10,
9, 8, 7, 6 at days 0, 1, 3, 7, and 14 after treatment due to the loss
from tumor tissue sampling. PET scans and image analysis were
performed using an InveonmicroPET scanner (SiemensMedical
Solutions). Each MDA-MB-435 tumor-bearing mouse, under
isoflurane anesthesia, was injected via tail vein with 1.11 MBq

Table 1. Experimental Design for Longitudinal, Multiplexed
PET Imaging of VEGF121/rGel Treatment Efficacy, and ex
Vivo Histopathologya

day 0 day 1 day 3 day 7 day 14

18F-FPPRGD2 control # þ # þ # # #

VEGF121/rGel # þ # þ # # #
18F-FDG control # þ # þ # # #

VEGF121/rGel # þ # þ# # #
18F-FMISO control # þ # þ # # #

VEGF121/rGel # þ # þ # # #

18F-FLT control # þ # þ # # #

VEGF121/rGel # þ # þ # # #

histology - - - - -
a #, microPET imaging;þ, control vehicle or VEGF121/rGel treatment;
-, tumor tissue sampling; 18F-FPPRGD2 and 18F-FDG PET imaging
studies were performed on the same day with the same group of animals
at 8 h interval (18F-FPPRGD2 PET first and 18F-FDG PET 8 h later);
18F-FMISO and 18F-FLT PET images were performed on the same day
with the same group of animals (18F-FMISOPET first and 18F-FLT PET
8 h later).
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(30 μCi) of the first tracer (18F-FPPRGD2 or 18F-FMISO), and
then after an 8 h interval with 1.85 MBq (50 μCi) of the second
tracer (18F-FDG or 18F-FLT). Five minute static scans were
acquired at 1 h (18F-FPPRGD2, 18F-FDG), 1.5 h (18F-FLT) or
2.5 h (18F-FMISO) after injection based on previous experi-
ence.14-16 For the 18F-FDG scan, mice were fasted for 6 h before
tracer injection and were then maintained under isoflurane
anesthesia during the injection, accumulation, and scanning
periods.
The images were reconstructed using a two-dimensional

ordered-subset expectation maximum (OSEM) algorithm, and
no correction was applied for attenuation or scatter. For each
microPET scan, regions of interest (ROIs) were drawn over the
tumor using vendor software ASI Pro 5.2.4.0 on decay-corrected
whole-body coronal images. The maximum radioactivity con-
centrations (accumulation) within a tumor were obtained from
mean pixel values within the multiple ROI volume and then
converted to megabecquerels (MBq) per milliliter per minute
using a conversion factor. These values were then divided
by the administered activity to obtain (assuming a tissue density
of 1 g/mL) an image-ROI-derived percent injected dose
per gram (ID%/g). The resolution of the Inveon microPET
scanner was 1.4 mm and the average tumor diameter for all
groups of animals was greater than 4 mm on all imaging
days; therefore correction for partial volume effect was not
required.
Fluorescence Staining and Image Analysis. Tumor sam-

ples were collected at different time points as shown in Table 1.
Frozen tumor tissue slices (5 μm) were fixed with cold acetone
for 20 min and dried in the air for 30 min at room temperature.
After blocking with 2% BSA for 30 min, the sections were
incubated with primary antibody for 2 h at room temperature
and then visualized with dye-conjugated secondary antibodies
(1:400; Jackson ImmunoResearch Laboratories, West Grove,
PA). The following primary antibodies against different target
antigens were used: humanized anti-human integrin Rvβ3
antibody (Abegrin, 1:200); rat anti-mouse CD31 antibody
(1:300; BD Biosciences), hamster anti-mouse β3 CD61 anti-
body (1:200; BD Biosciences); rabbit anti-human Ki76 anti-
body (1:100; BD Biosciences); rabbit anti-human GLUT-1
antibody (1:300; Abcam, Inc.); rat anti-mouse F4/80 antibody
(1:300; Abcam, Inc.). After washing 3 � 5 min with PBS, the
whole slides were mounted with 40,6-diamidino-2-phenylin-
dole (DAPI)-containing mounting medium. Fluorescence
images were acquired with an epifluorescence microscope
(Olympus, X81).
Image-Pro Plus (v6.0) software was used to assess the total

DAPI-positive number of nuclei, Ki67-positive number of nuclei,
macrophage infiltrated area, human Rvβ3 fluorescence intensity,
murine β3 fluorescence intensity and human GLUT-1. The Ki67
staining index (SI) was defined as the percentage of positive
nuclei within the total number of nuclei. Human Rvβ3 fluores-
cence intensity, murine β3 fluorescence intensity, human GLUT-1,
and macrophage infiltration intensity were calculated by measur-
ing the integrated optical density (IOD) of images that were of
equivalent area (mm2). Tumor vasculature was evaluated by
calculating the percentage of CD31 positive area divided by the
total area of view. For each tumor section, ten random high-
power images (20�) were analyzed.
Statistical Analysis. Quantitative data were expressed as

means ( SD. Means were compared using a Student’s t test. P
values <0.05 were considered statistically significant.

’RESULTS

VEGF121/rGel Treatment Inhibited MDA-MB-435 Tumor
Growth. Two doses VEGF121/rGel, administered intraper-
itoneally (ip), were effective in delaying MDA-MB-435 tumor
growth. As shown in Figure 1, a time-dependent increase in
tumor volume was observed in the control group. The average
tumor growth rates, expressed as V/V0, were 1.11( 0.07, 1.21(
0.10, 1.58 ( 0.36 and 2.64 ( 0.72 at days 1, 3, 7 and 14,
respectively. Meanwhile, the VEGF121/rGel treatment group
showed V/V0 ratios of 1.04 ( 0.06, 1.05 ( 0.11, 1.09 ( 0.17
and 1.86( 0.36 at days 1, 3, 7 and 14, respectively. A significant
difference in tumor volume was observed at day 7 between the
treatment group and the control group (p < 0.01). At day 7, i.e. 4
days after withdrawal of the treatment, tumor growth resumed.
There was no significant body weight loss observed during the
treatment process, indicating that VEGF121/rGel had no ob-
servable side effects at the dosage used during this study.
VEGF121/rGel Treatment Showed No Significant Effect on

Glucose Metabolism. Imaging of tumor metabolism with 18F-
FDG PET is an attractive approach for assessing the effects of
therapy objectively and quantitatively.1 18F-FDG PET scans of
both VEGF121/rGel treatment and PBS control groups of mice
were acquired at days 0, 1, 3, 7, and 14. Typical coronal images are
shown in Figure 2. Compared with the control group, no
significant change of 18F-FDG uptake in VEGF121/rGel treated
tumors was observed. The tumor % ID/gmax values in the
treatment group were 11.2 ( 0.2, 12.4 ( 0.9, 12.7 ( 2.5, 10.2
( 0.7 and 11.4 ( 0.9, respectively at days 0, 1, 3, 7 and day 14,
while those in the control group remained unchanged through-
out. Reduced or no signal toward the center of larger tumors is
often observed, indicating the development of a central necrosis
in these lesions.
Consistent with the 18F-FDG PET imaging, no apparent

differences in florescence intensity of GLUT-1 staining were
detected in the VEGF121/rGel therapy group, compared with the
control group (Suppl. Figure 1A,B,E in the Supporting In-
formation). We also did not observe significant differences in
florescence intensity of F4/80, a macrophage specific marker, in
the VEGF121/rGel therapy group compared with the control
group (Suppl. Figure 1C,D,F in the Supporting Information) at
any time point.
VEGF121/rGel Treatment Inhibited Tumor Cell Prolifera-

tion. To evaluate VEGF121/rGel mediated changes of cellular
proliferation, the same group of MDA-MB-435 tumor-bearing
mice was injected with 18F-FLT 8 h after the 18F-FMISO scan. As

Figure 1. Antitumor activity of VEGF121/rGel in MDA-MB-435 breast
cancer model. Two doses of VEGF121/rGel (12mg/kg on day 1, and day
3, ip) inhibited tumor growth.
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shown in Figure 3, tumor uptake of 18F-FLT decreased at both
day 1 and day 3 after VEGF121/rGel treatment, indicating that
the drug inhibited tumor cell proliferation. Maximum tumor
uptake (% ID/gmax) calculated from PET images for the two
groups (Figure 3B) revealed that the relative reduction in FLT
uptake in treated tumors was approximately 13.0 ( 4.5%,
compared to baseline, at day 1 and 25.0 ( 4.4% at day 3 (n = 8,
p< 0.01). At day 7, i.e. 4 days after withdrawal of the treatment, FLT
uptake was restored but somewhat less than the baseline level. The
tumors in the control group showed a constant FLT uptake during
the 2 week study period.
To further examine the relationship between FLT uptake and

cell-cycle-related changes in the VEGF121/rGel treated MDA-
MB-435 tumormice, the excised tumors were assayed by IHC for
Ki67 expression. Examples of anti-Ki67 stained sections for the
control and the VEGF121/rGel treated tumors at days 1, 3, 7, and
14 are shown in Suppl. Figure 2 in the Supporting Information.
In the control tumor sections, a very high percentage of cells
stained positively for Ki67 (Suppl. Figure 2A in the Supporting
Information). In VEGF121/rGel treated tumor sections, there
was a clear reduction in the intensity of Ki67 staining as
compared to the controls (Suppl. Figure 2B in the Supporting
Information). The percentage of Ki67 positive cells (Ki67
staining index, SI) in untreated tumors was around 70 ( 5%,
independent of the tumor size (Suppl. Figure C in the Support-
ing Information). No significantly delayed cell proliferation was
observed in the VEGF121/rGel treated mice at day 1 with a Ki67

SI of 56 ( 7% (p > 0.05), but there was a clear cell proliferation
reduction at day 3 (37 ( 5%, p < 0.01) after VEGF121/rGel
treatment. The Ki67 SI was restored to the baseline level at day 7
and day 14 (p > 0.05), corroborating the in vivo 18F-FLT imaging
results.
VEGF121/rGel Treatment Increased Tumor Hypoxia. To

evaluate VEGF121/rGel mediated changes of tumor hypoxia,
MDA-MB-435 tumor-bearing mice were scanned with 18F-
FMISO. As shown in Figure 4, tumor uptake of 18F-FMISO
increased at both day 1 and day 3 after VEGF121/rGel treatment,
indicating that the drug induced tumor hypoxia. Indeed, max-
imum tumor uptake (% ID/gmax) calculated from PET images for
the two groups (Figure 4B) revealed that the relative enhance-
ment in 18F-FMISO uptake in the treated tumors was approxi-
mately 23.9 ( 15.7% as compared to the baseline at day 1 and
51.4 ( 29.4% at day 3 (n = 8, p < 0.01). At days 7 and 14, 18F-
FMISO uptake was restored to the baseline level, while the
tumors in the control group showed no significant change.
VEGF121/rGel Treatment Downregulated Integrin rvβ3

Expression. To determine the effects of VEGF121/rGel treat-
ment on tumor vasculature and tumor cell integrin expression,
we performed PET scans utilizing the high affinity integrin
radioligand 18F-FPPRGD2. As shown in Figure 5, MDA-MB-
435 tumors were clearly visualized on 18F-FPPRGD2 PET
images with clean background. In the control tumors, 18F-
FPPRGD2 uptake was stable between days 0 and 14. In
VEGF121/rGel treated tumors, 18F-FPPRGD2 uptake decreased
significantly at day 1 by 23.9 ( 8.8% (p < 0.05) and at day 3 by

Figure 2. (A) Representative decay-corrected whole-body coronal
microPET images of mice bearing MDA-MB-435 breast cancer at 1 h
after intravenous injection of 18F-FDG (1.85MBq/mouse) on days 0, 1,
3, 7, and 14 after the treatment was initiated. The tumors are indicated by
arrows. Upper panel: control. Lower panel: VEGF121/rGel treatment.
(B) Tumor uptake of 18F-FDG quantified by ROI analysis.

Figure 3. (A) Representative decay-corrected whole-body coronal
microPET images of mice bearing MDA-MB-435 breast cancer at 1.5
h after intravenous injection of 18F-FLT (1.85 MBq/mouse) on days 0,
1, 3, 7, and 14 after the treatment was initiated. The tumors are indicated
by arrows. Decreased uptake of 18F-FLT was observed on day 1 and day
3 but resumed to baseline level on day 7. Upper panel: control. Lower
panel: VEGF121/rGel treatment. (B) Quantitative microPET region of
interest analysis of tumor uptake for 18F-FLT. (** p < 0.01).
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36.3 ( 9.2% (p < 0.01), relative to the baseline, then slowly
recovered to the baseline level at day 14 (Figure 5B).
To further investigate the mechanism of altered 18F-

FPPRGD2 uptake during and after VEGF121/rGel treatment,
we stained tumor sections with anti-murine integrin β3 and anti-
human integrin Rvβ3 antibodies. As shown in Suppl. Figure 3 in
the Supporting Information, MDA-MB-435 tumor had positive
human integrin Rvβ3 staining. However, we did not observe
apparent changes of the human integrin Rvβ3 staining flores-
cence intensity after VEGF121/rGel treatment, indicating that
the change of tumor uptake of 18F-FPPRGD2 was not related to
integrin expression on tumor cells. Tumor vasculature was of
murine origin, and the expression of murine integrin β3 was
mainly on the tumor vascular endothelial cells, so the fluorescent
signal frommurine β3 was colocalized with that of murine CD31
(Figure 6). The median murine β3 florescence intensity was
0.025 ( 0.0016 in the control group, which was decreased
significantly to 0.017 ( 0.0016 at day 1 (p < 0.05) and 0.016
( 0.002 at day 3 (p < 0.05) in the VEGF121/rGel treated group
(Figure 6B and F). At day 7 and day 14, the mean florescence
intensity in the VEGF121/rGel treated group was increased to
0.022 ( 0.0017 and 0.024 ( 0.0028, with no significant
difference when compared with the control group (p > 0.05),
which correlated well with the 18F-FPPRGD2 imaging studies.
MDA-MB-435 tumors have abundant vasculature, as indicated

by strong CD31 staining in all of the untreated MDA-MB-435

tumor sections (Figure 6A). Significant changes of vascular
morphology between the VEGF121/rGel treated group and the
control group at different time points were observed. For
example, the blood vessels in the control group were much
dilated and microvessel cavities could be identified, while the
microvessel cavity was collapsed in VEGF121/rGel treated tu-
mors, especially at day 1 and day 3 after treatment (Figure 6A).
Based on CD31 staining, we also quantified vascular area in
VEGF121/rGel treated and control tumors. As shown in
Figure 6E, the percentage of vascular area significantly decreased
to 4.3 ( 0.4% at day1 after VEGF121/rGel treatment compared
with the control group (9.4( 1.3%, p < 0.05) and even lower at
day 3 (3.1 ( 0.6%, p < 0.05). However, no significant difference
was detected at day 7 and day 14 (p > 0.05).

’DISCUSSION

To circumvent the limitations of anatomic imaging in evaluat-
ing therapeutic responses to cytostatic agents, including anti-
angiogenic therapeutics, we applied multiplexed PET probes to
MDA-MB-435 human breast cancer model tomonitor the tumor
response to VEGF121/rGel treatment. The short half-life of 18F
(t1/2 = 109.8 min) makes it feasible to acquire two sets of PET
images on the same batch of animals on the same day at 8 h
interval. Indeed, Dandekar et al. performed same-day 18F-FDG
PET scans on the same mice with B16F10 murine melanoma

Figure 4. (A) Representative decay-corrected whole-body coronal
microPET images of mice bearing MDA-MB-435 breast cancer at 2.5
h after intravenous injection of 18F-FMISO (1.11 MBq/mouse) on days
0, 1, 3, 7, and 14 after the treatment was initiated. The tumors are
indicated by arrows. Increased tumor uptake of 18F-FMISO was
observed on day 1 and day 3 but was restored to the baseline level on
day 7. Upper panel: control. Lower panel: VEGF121/rGel treatment. (B)
Quantitative microPET region of interest analysis of tumor uptake for
18F-FMISO. (* p < 0.05, ** p < 0.01).

Figure 5. (A) Representative decay-corrected whole-body coronal
microPET images of mice bearing MDA-MB-435 breast cancer at 1 h
after intravenous injection of 18F-FPPRGD2 (1.11 MBq/mouse) on
days 0, 1, 3, 7, and 14 after the treatment was initiated. The tumors are
indicated by arrows. Decreased tumor uptake of 18F-FPPRGD2 was
observed on day 1 and day 3 but was restored to the baseline level on day
14. Upper panel: control. Lower panel: VEGF121/rGel treatment. (B)
Quantitative microPET region of interest analysis of tumor uptake for
18F-FPPRGD2. (* p < 0.05, ** p < 0.01).
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xenografts at a 6 h interval after reinjection of 18F-FDG. The
mean % ID/g values of the first set of scans and the second set of
scans were not significantly different (p > 0.44).17 In order to
minimize the influence of the first set of scans (18F-FPPRGD2
and 18F-FMISO) on the second set of scans (18F-FDG and 18F-
FLT), we also controlled the injection dose of 18F-FPPRGD2
and 18F-FMISO to be around 1.1 MBq (30 μCi), instead of the
3.7-7.4 MBq (100-200 μCi) typically used in the previous
studies.17

18F-FDG has been widely used both preclinically and clinically
to monitor tumor glucose metabolism. Although treatment
monitoring with 18F-FDG PET may have a significant impact
on patient management in several clinical situations, published
data on the accuracy of 18F-FDG PET in specific clinical
situations often appear heterogeneous.1 Moreover, in a clinical
trial of recombinant human endostatin (rh-Endo), metabolism as
measured by PET scans showed no correlation with increased
dose of rh-Endo,18 indicating the limitation of 18F-FDG PET in
evaluation of therapeutic responses to antiangiogenic agents.
Similarly, 18F-FDG PET did not have significant change upon
VEGF121/rGel treatment in the current study.

We have previously demonstrated that 4 total doses of 24 mg/
kg VEGF121/ rGel specifically targeted and damaged glioblasto-
ma neovasculature, resulting in decreased tumor DNA synthesis,
increased apoptosis, and overall decreased tumor growth.8 In
order to monitor the early response of tumor to VEGF121/rGel
therapy, we treated the MDA-MB-435 tumor-bearing mice with
2 doses of drug instead of 4 doses in this study. We observed

initial tumor growth inhibition and then regrowth a few days after
the cessation of the treatment. The tumor growth inhibition was
supported by decreased Ki67 SI in VEGF121/rGel treated
tumors. The antiproliferation effect of VEGF121/rGel was further
demonstrated by decreased 18F-FLT uptake, especially at day 3
after the treatment (p < 0.01) (Figure 3), suggesting the potential
of 18F-FLT PET to monitor tumor response to cancer
therapy.19,20

Most solid tumors show evidence of hypoxia, presumably as a
consequence of tumor cell proliferation outpacing neoangio-
genesis.21 In turn, hypoxia is a key mediator of angiogenesis, at
least in part because it induces the expression of VEGF. PET
studies using 18F-FMISO, which is retained in hypoxic cells
through an electron transfer that prevents its egress from cells,22

have demonstrated variable, but significant, levels of hypoxia in
various types of tumors, such as soft-tissue sarcomas,23-25 breast
cancer,26,27 and glioblastoma.28 Different from cytotoxic agents
that would destroy cancer cells directly, the antiangiogenic agents
target cancer cells indirectly by depriving them of nutrients and
oxygen. Indeed, within 48 h of iv administration, vascular damage
and thrombosis of tumor blood vessels have been observed in
VEGF121/rGel treated tumors, due to cytotoxicity on KDR posi-
tive tumor vascular endothelial cells.5 The vasculature damage in
this study also was confirmed by CD31 staining on tumor
sections (Figure 6). We also performed longitudinal PET scans
with 18F-FMISO to evaluate VEGF121/rGel induced hypoxia.
Not surprisingly, we observed significantly increased 18F-FMISO
uptake in VEGF121/rGel treated tumors at both day 1 and day 3

Figure 6. Immunofluorescence staining of tumor vasculature and murine integrin β3 expression: (A) CD31 (red); (B) CD61 (green). (C) overlay of
CD31 and CD61; (D) overlay of CD31 and CD61 plus DAPI (Blue); (E) calculated vascular area based on CD31 staining (* p < 0.05); (F) CD61
integrated optical density was plotted in the histogram. (* p < 0.05.)
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after treatment, indicating that the drug induced tumor hypoxia
(Figure 4). With both 18F-FDG and 18F-FLT PET, we have
identified central necrosis among tumors, especially at day 14
when tumor size is relatively big. Theoretically, chronic hypoxia
would present at the peripheral regions of the necrotic centers.
However, no significant difference of 18F-FMISO uptake were
observed, whichmay be due to the variability of PET imaging and
inadequate animal numbers.17 The increased tumor uptake of
18F-FMSIO observed in VEGF121/rGel treated tumors was
highly likely a result of acute hypoxia caused by collapsed tumor
vasculature.

The integrin avβ3 receptor is upregulated on tumor vascular
endothelial cells and plays important roles in angiogenesis and
metastasis. Thus, noninvasive visualization and quantification of
integrin Rvβ3 expression levels in vivo should provide useful
information about tumor response to VEGF121/rGel treatment.
A series of radiolabeled RGD monomers and multimers have
been developed for imaging integrin Rvβ3 expression, and there
have been several reports of using these RGD peptide tracers to
monitor chemotherapy and/or antiangiogenic treatment effi-
cacy. For example, reduction of tumor glucosamino 99 mTc-D-
c(RGDfK) uptake, as determined by γ-camera imaging, was
observed in paclitaxel treated Lewis lung carcinoma (LLC)
tumor-bearing mice.29 It has also been reported that the uptake
of 18F-AH111585 in Calu-6 tumors was reduced signifi-
cantly after 3 doses (100 mg/kg) of ZD4190 (a tyrosine kinase
inhibitor) treatment.30 Compared with 18F-AH111585 and
18F-Galacto-RGD, the dimeric peptide 18F-FPPRGD2 showed
relatively high tumor integrin-specific accumulation and favor-
able in vivo kinetics.12,30-32

In our study, 18F-FPPRGD2 uptake in the untreated tumors
remained unchanged throughout the therapy and imaging pro-
cess. In VEGF121/rGel treated tumors, the uptake was decreased
by 24% and 36% at day 1 and day 3 respectively, then resumed to
the baseline level at day 14. Fluorescence immunostaining
against murine integrin β3, which is supposed to be expressed
on tumor vascular endothelial cells and colocalized with murine
CD31, revealed that mean murine β3 florescence intensity was
decreased significantly at day 1 and day 3 (p < 0.05) (Figure 6)
after VEGF121/rGel treatment, which was consistent with the
dynamic pattern of the 18F-FPPRGD2 PET. Besides tumor
vascular endothelial cells, MDA-MB-435 tumor cells also express
integrin Rvβ3 of human origin, which should be recognized and
visualized by 18F-FPPRGD2. We performed immunostaining
against human integrin Rvβ3 and found no apparent change of
integrin expression level on tumor cells, which is consistent with
a previous report and our own finding.14,33 Thus, we speculated
that the change of 18F-FPPRGD2 uptake reflected the change of
tumor vascular integrin level upon VEGF121/rGel treatment,
rather than tumor cell integrin expression. We also noticed that
changes of tumor uptake of 18F-FMISO and 18F-FPPRGD2 were
in opposite directions, indicating that the tumor uptake of 18F-
FPPRGD2might be affected at least partially by decreased tumor
blood supply and hypoxia.

With multiplexed longitudinal PET imaging, we monitored
several key aspects of tumor biology including glucose metabo-
lism, cellular proliferation, hypoxia, and angiogenesis, with 18F-
FDG, 18F-FLT, 18F-FMISO, and 18F-FPPRGD2 as the imaging
tracers. At early time points (day 1 and day 3) following
VEGF121/rGel treatment, 18F-FLT, 18F-FPPRGD2 and 18F-
FMISO PET all showed significant changes in tumor uptake,
while 18F-FDG PET revealed no significant difference between

the control group and the treated group. The magnitudes of PET
signal alterations of 18F-FPPRGD2 (decrease) and 18F-FMISO
(increase) were higher than that of the 18F-FLT (decrease),
indicating the superiority of hypoxia and angiogenesis imaging
strategies over proliferation imaging in reflecting early tumor
response to antiangiogenic therapeutics such as VEGF121/rGel.

In conclusion, we have demonstrated the feasibility of using
multiplexed PET imaging probes to monitor early tumor re-
sponses to VEGF121/rGel therapy in different aspects of tumor
biology. The results showed that 18F-FLT, 18F-FMISO and 18F-
FPPRGD2 are superior to 18F-FDG in monitoring therapy
response, as supported by ex vivo analyses of related biomarkers.
This preclinical study should be helpful in accelerating anticancer
drug development and promoting the clinical translation of
molecular imaging.
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