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Introduction: Although encouraging results had been shown in antiangiogenesis therapy monitoring, the
underlying mechanism of RGD radiotracer accumulation needs to be further illustrated. This study was aimed
to investigate the diversity of RGD radiotracers inmonitoring antiangiogenic agent's effects and the underlying
mechanism in ovarian cancer-bearing mice with a new agent flavopiridol compared with paclitaxel.
Methods: Ovarian cancer SKOV-3 xenograft-bearing mice were established and divided into three groups,
flavopiridol, paclitaxel and control. Flavopiridol (5 mg/kg body weight) and paclitaxel (20 mg/kg body weight)
were administered every 3 days for 16 days. Tumor growth and proliferation were monitored by caliper
measurements and immunofluorescence staining. Antiangiogenic effectswere determinedby tumormicrovessel
density (MVD) in vivo and by endothelial cell tube formation assay in vitro, respectively. 99mTc-3P-RGD2 was
prepared, and its biodistribution studieswere carriedout. The effect of antiangiogenesis therapyon integrinαvβ3
expression was studied by immunohistochemical staining and flow cytometry.

Results: Both paclitaxel and flavopiridol therapy could apparently inhibit tumor growth and proliferation, and
antiangiogenic effects of therapywere validated in vivo and in vitro. However, comparedwith the control group,
ID%/g tumor uptake of 99mTc-3P-RGD2 showed a significant decrease at 2 hours (by 39.96% ± 8.23%, P = 0.044)
and at 4 hours (by 35.76% ± 11.42%, P = 0.024) post injection in the paclitaxel-treated group, but a slight
increase of tumor uptake in the flavopiridol-treated group at 2 hours (by 4.42% ± 0.24%, p = 0.898) and at
4 hours (by 12.2% ± 1.84%, P = 0.702). The further studies indicated flavopiridol therapy has a dual-effect,
reducing integrin αvβ3 expression on endothelial cells due to the reduction of tumor MVD and up-regulating
the integrin αvβ3 expression on tumor cells.
Conclusions: There is diversity in evaluating antiangiogenic response when using 99mTc-3P-RGD2, which may be
an important reminder in future clinical applications of RGD radiotracers as a strategy for antiangiogenesis
therapy response monitoring.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Molecular imaging for noninvasive assessment of angiogenesis
represents potential interest for clinicians since antiangiogenic drugs
have been successfully used in cancer patients. One promising
approach is to identify molecular markers of angiogenesis by
conjugating a specific ligand recognizing overexpressed receptors in
angiogenic tumors to imaging probes [1]. In this area, one of the most
potential and best studied targets is the integrin αvβ3 [2], which is
probably the most strongly involved in the regulation of tumor
angiogenesis among all integrins [1]. Integrin αvβ3 is expressed on
tumor neovessels as well as on some tumor cells but not on quiescent
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blood vessels in normal tissue [3,4]. Due to the high integrin αvβ3
binding affinity, many RGD peptides probes have been developed for
multimodality imaging of integrin expression with the purpose of
tumor diagnosis and tumor treatment response monitoring [5–10].

There have been several studies using suitably labeled RGD peptides
tracers to monitor chemotherapy or antiangiogenesis therapy efficacy.
Paclitaxel, ZD4190 (a small-molecular-weight VEGF receptor-2 tyrosine
kinase inhibitor), Dasatinib and Abraxane were employed for different
types of tumors including lung cancer, breast carcinoma and glioblas-
toma in previous studies [11–15], and all the above researches
concluded that RGD radiotracers had a good ability in noninvasive
monitoring antiangiogenic response in the solid tumors. However, in
preliminary experiment we found that flavopiridol, a “special”
antiangiogenic agent, CDK (cyclin-dependent kinase) inhibitor, can
additionally up-regulate the integrin αvβ3 expression on tumor cells,
while inhibiting tumor angiogenesis in ovarian cancer animal models.
The dual-effect of antiangiogenic drugsmay affect the ability to evaluate
antiangiogenic response when using RGD radiotracers.
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In this study, two antiangiogenic drugs, flavopiridol and paclitaxel
were selected to check if there exists diversity of RGD radiotracers in
monitoring antiangiogenic therapy to different antitumor agents and
its molecular mechanism.

2. Materials and methods

2.1. Preparation of 99mTc-3P-RGD2

99mTc-3P-RGD2 denotes [99mTc(HYNIC-3PRGD2)(tricine)(TPPTS)]
(HYNIC = 6-hydrazinonicotinyl; TPPTS = trisodium triphenylpho-
sphine-3,3′,3′′-trisulfonate; 3PRGD2 = PEG4-E[PEG4-c(RGDfK)]2; and
PEG4 = 15-amino-4,7,10,13-tetraoxapentadecanoic acid). 99mTc-3P-
RGD2 was prepared by a lyophilized kit formulation [16] kindly provided
by Shuang Liu in School of Health Sciences of Purdue University. The kit
was formulated by containing per mL, 20 μg of HYNIC-3PRGD2, 5 mg of
TPPTS, 6.5 mg of tricine, 40 mg of mannitol, 38.5 mg of disodium
succinate hexahydrate, and 12.7 mg of succinic acid.

For 99mTc radiolabeling, the kit vials were brought to room
temperature immediately before use. To the kit vial was added 1 mL
of Na99mTcO4 solution (1110–1850 MBq) in saline. After brief
vortexing, the vial was heated at 100 °C for 20 min. After radiolabel-
ing, the vial was allowed to stand at room temperature for 5 min. A
sample of the resulting solution was analyzed by radio instant thin
layer chromatography (ITLC) and analytical radio high performance
liquid chromatography (HPLC). All the resulting solution was filtered
with a 0.20-μm Millex-LG filter before being injected into animals.

For radio instant thin layer chromatography, a 1-μl sample of the
resulting solutionwas spotted on a chromatography paper (Whatman
no. 1) and developed in acetone as the mobile phase. For HPLC, HPLC
was done in C-18 reverse phase column (4.6 mm3, 250 mm, 300 Å
pore size). Themobile phase was isocratic with 90% solvent A (25 mM
ammonium acetate buffer) and 10% solvent B (acetonitrile) at
0–2 min, followed by a gradient mobile phase going from 10% solvent
B at 2 min to 15% solvent B at 5 min and 20% solvent B at 20 min.

2.2. Cell culture

The ovarian carcinoma cells SKOV-3 were purchased from ATCC
(American Type Culture Collection, Manassas, VA) and cultured in
McCoy's 5a Medium (Invitrogen, Carlsbad, CA), supplemented with
10% fetal bovine serum (Gibco BRL, Gaithersburg, MD). Human
umbilical vein endothelial cells (HUVECs) were isolated from human
umbilical cord veins by collagenase treatment as described previously
[17]. HUVECs were cultured in ECM (endothelial cell growth media)
medium (Clonetics Corp., San Diego, CA) supplemented with 10% fetal
bovine serum. Cells were grown at 37 °C in an atmosphere of 5% CO2.

2.3. Animal models

Female athymic nu/nu mice (Vital River Laboratories, Beijing,
China) at 4–6 weeks of age were subcutaneously implanted with
5 × 106 SKOV-3 cells in 0.1 mL of saline into the left front flank. All
procedures were performed in a laminar flow cabinet using aseptic
techniques. The animals were allowed to feed ad libitum and used
when the tumor volume reached about 50 mm3 (8–10 days after
implantation). Tumor growth was followed by caliper measurements
of perpendicular diameters of the tumors. The tumor volume was
estimated by the formula tumor volume = a * b * b/2, where a and b
were the tumor′s greatest diameter and smallest diameter,
respectively, in millimeters.

2.4. Paclitaxel and flavopiridol therapy protocol

We utilized ovarian carcinoma mouse model to evaluate the ability
of 99mTc-3P-RGD2 in monitoring the therapeutic response of paclitaxel
(Sigma-Aldrich, St. Louis, MO, USA) and flavopiridol (Selleck Chemicals,
Houston, TX, USA). Paclitaxel and flavopiridol were dissolved in
dimethylsulfoxide and diluted by PBS to specified concentrations before
use. Thefinal concentrationof dimethylsulfoxide in treated cultureswas
b0.1%. For biodistribution studies, 24 mice with ovarian cancer were
divided into 3 groups bymeans of randomnumber table (n = 8/group).
The mice were treated according to one of the following conditions.
Briefly, themicewere injected i.p.with 0.1 ml offlavopiridol at a dosage
of 5 mg/kg body weight (flavopiridol-treated group), with 0.1 ml of
paclitaxel at a dosage of 20 mg/kg body weight (paclitaxel-treated
group), and with 0.1 ml of PBS (control group). Therapies were
performed every 3 days for 16 days (6 injections), and the day when
the first injection of drugs was performed was considered day 0.

2.5. Biodistribution protocol

SKOV-3 xenograft-bearing mice were injected with 0.37 MBq/
0.1 ml (10 μCi/0.1 ml) 99mTc-3P-RGD2 via tail vein to evaluate the
biodistribution of the tracer in themajor organs and tumor ofmice. Four
micewere sacrificedat2 and4 hourspost injection ineachgroup. Blood,
tumor, major organs and tissues were collected, weighed, and counted
using a γ counter. The results were presented as percentage of
injected dose per gram of tissue (%ID/g). For the blocking experiment,
E[c(RGDfK)]2 (custom-made by ChinaPeptides Co., Ltd., Shanghai,
China) was dissolved in the solution containing 99mTc-3P-RGD2 to
give a concentration of 3.5 mg/ml (excess, ~14 mg/kg). Four SKOV-3
xenograft-bearing mice were used and each animal was injected with
0.1 ml of the above solution containing 0.37 MBq 99mTc-3P-RGD2 along
with E[c(RGDfK)]2. All four animals were sacrificed at 2 hours post
injection for organ biodistribution using the same procedure above.

2.6. Endothelial cell tube formation assay

Twenty-four-well plates were coatedwith 100 μL ofMatrigel (Becton
Dickinson, Bedford, MA) and polymerized for 30 min at 37 °C. HUVECs
were pretreated byflavopiridol (300 nM) or paclitaxel (100 nM) at 37 °C
for 24 h before being plated at a concentration of 3 × 104 cells/well in
500 μL of ECM medium supplemented with 2% fetal bovine serum onto
the layer of Matrigel. Subsequently, five random fields of each well were
digitally photographed to analyze tube formation. Quantification of
endothelial cell tube formation is by counting the number of tube-like
structures from three independent tube formation experiments [18].

2.7. Tumor tissue immunohistochemistry and detection of MVD

Immunohistochemical analysis of the xenografted tumor tissues
harvested from the 12 mice was performed one day after the
biodistribution studies at 4 hours post injection. Briefly, after
rehydration, 4-μmsections of paraffin-embedded tissue on glass slides
were incubated in 3% hydrogen peroxide to block the endogenous
peroxidase activity. After trypsinization, sections were blocked by
incubation in 3% bovine serum albumin in PBS. Sections were
incubated with primary antibodies against CD34, Ki-67 and integrin
αv (anti both human and mouse integrin αv, Abcam Inc., Cambridge,
MA, USA) overnight at 4 °C. The addition of secondary antibodies and
color development followed the manufacturer's instructions. Photo-
graphs were acquired and then quantified by Image-Pro Plus. For each
sample, all available fields (up to five random fields), visualized under
a ×40 objective lens, were used for measurements.

MVD was evaluated by immunohistochemical analysis with
antibodies to the endothelial marker CD34 and determined according
to the method of Weidner [19]. Briefly, the immunostained sections
were initially screened at low magnification (×40) to identify hot
spots, which are the areas of highest neovascularization. Any yellow
brown-stained endothelial cell or endothelial cell cluster that was
clearly separate from adjacent microvessels, tumor cells and other



Fig. 1. Effects of paclitaxel and flavopiridol therapy on tumor proliferation and growth in SKOV-3 xenografts. A. Representative Ki-67 staining of SKOV-3 xenografts from animals in
the three groups (images at 40× magnification). B. Comparison of proliferation rates from quantitative evaluation of Ki-67 staining. *P b 0.05 versus control group. C. Summary of
primary tumor volumes of animals in the three groups in the SKOV-3 models. Tumor volumes were determined by caliper measurements. *P b 0.05 versus control group. D. Body
weight changes of animals in the three groups.
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connective tissue elements was considered a single, countable
microvessel. Within the hot spot area, the stained microvessels
were counted in a single high-power field (×200), and the average
vessel count in 5 hot spots was considered the value of MVD.

2.8. Flow cytometric analysis

This study sought to determine the response of integrin αvβ3
expression on SKOV-3 cells to the pretreatment with paclitaxel and
flavopiridol. Briefly, cells growing in monolayer culture at 60%–80%
confluencewerewashedwith PBS and detachedwith trypsin at 37 °C
after the 24 h pretreatment with 300 nM flavopiridol or 100 nM
paclitaxel. Then cells were fixed for 10 min in 4% paraformaldehyde
at ambient temperature. Subsequently, cells were constituted to
5 × 106 cells/mL, and 200 μL was incubated with FITC-conjugated
anti-αvβ3 antibody (eBioscience, San Diego, CA) and isotype control
FITC-conjugated IgG at ambient temperature for 40 min. Cells were
then washed again and analyzed by flow cytometry using FACS
Calibur and CellQuest software.

2.9. Data analysis

Quantitative data were expressed as mean ± SD. Data were
analyzed by t-test and chi-square test with GraphPad statistical
software (GraphPad Software Inc., San Diego, CA, USA). Differences
were considered significant at P b 0.05.

3. Results

3.1. Effects of paclitaxel and flavopiridol therapy on tumor growth and
proliferation in SKOV-3 xenografts

Tumor volumes of SKOV-3 xenografts were monitored by caliper
measurements every 3–5 days for the therapy period of 16 days with
paclitaxel and flavopiridol (Fig. 1C). No significant difference was found
in the initial tumor volumes between the groups. Tumors enlarged
rapidly were observed in the control group, with a mean tumor volume
doubling time of 3.95 ± 1.85 days. Repeated administration of pacli-
taxel or flavopiridol tended to slow the tumor growth. Compared with
the control group, tumor sizes were slightly smaller in the paclitaxel-
treated group. Reduction in tumor volume was more obvious in the
flavopiridol-treated group. Especially, there was a significant reduction
on day 6 in comparison with the control group (P b 0.05).

To further characterize tumor response to therapy, we investigated
the degree of proliferation as assessed by Ki-67 immunohistochemical
staining (Fig. 1A). There was a high percentage of Ki-67-positive cells
(32.2% ± 7.5%) in the control group. Consistent with the therapy of
paclitaxel and flavopiridol, tumor growth was inhibited, and delayed
cell proliferation was observed in the paclitaxel-treated
group (17.6% ± 3.6%) and in the flavopiridol-treated group
(21.8% ± 5.1%) (P b 0.05) (Fig. 1B).

Paclitaxel or flavopiridol therapy seemed not to cause obvious side
effects because no significant difference was observed in body weight
between the paclitaxel or flavopiridol-treated and control mice
(Fig. 1D), and no other signs of toxicity were noted.

3.2. Antiangiogenic effect of paclitaxel and flavopiridol in vitro and in vivo

To determine antiangiogenic effects of paclitaxel and flavopiridol
in vivo, tumor angiogenesis was evaluated by CD34 immunohisto-
chemical staining (Fig. 2A, upper panel). CD34 expression markedly
decreased in the flavopiridol-treated group and the paclitaxel-treated
group compared with the control group (by 77.7% ± 8.6% and
69.58% ± 6.7% respectively, both P b 0.01) (Fig. 2B). Similar to CD34
expression, flavopiridol and paclitaxel treatment led to a 65% and 56%
reduction, respectively, in MVD levels (Fig. 2C).

The effects of paclitaxel and flavopiridol therapy on angiogenesis
were also evaluated in vitro by endothelial cell tube formation assay



Fig. 2. Antiangiogenic effects of paclitaxel and flavopiridol in vivo and in vitro. A. Illustration of CD34 immunohistochemical detection in representative SKOV-3 xenografts (upper
panel), and representative images of endothelial Matrigel tube formation in paclitaxel or flavopiridol-treated endothelial cells in comparison with untreated endothelial cells (lower
panel). B. Quantitative analysis of the percentage of CD34 expression from animals in the three groups. C. Quantitative evaluation of microvessel density (MVD) by quantitating
CD34-expressing vessels from hotspot areas, as described in Materials and methods. D. Quantification of endothelial cell tube formation by counting the number of tube-like
structures from three independent tube formation experiments, **P b 0.01 versus control group.
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(Fig. 2A, lower panel), which is commonly used as an index of
angiogenesis [20,21]. Compared with the formation of elongated and
robust tube-like structures in the control group, paclitaxel and
flavopiridol effectively abrogated the width and the length of
endothelial tubes. The tube-forming network in the flavopiridol-
treated group and the paclitaxel-treated group was drastically
reduced compared with the control group (by 65.8% ± 7.4% and
63.8% ± 4.6%, respectively, both P b 0.01) (Fig. 2D).

Taken together, these results suggested that therapy with
paclitaxel and flavopiridol could effectively inhibit tumor growth
and angiogenesis in SKOV-3 xenografts.

3.3. Effects of paclitaxel and flavopiridol on 99mTc-3P-RGD2

accumulation in SKOV-3 xenografts

The radiochemical purity of 99mTc-3PRGD2 prepared from lyophi-
lized kits determined by radio-ITLC was 97.86% ± 1.02% (Rf = 0, three
times repeated) and by HPLC was 97.36% ± 0.87% (retention time =
9.8 min, three times repeated). The specific activity of 99mTc-3PRGD2

was 185 GBq/μmol.
Biodistribution studies were performed to investigate the impact
of paclitaxel and flavopiridol therapy on 99mTc-3P-RGD2 accumulation
in SKOV-3 xenografts. Data showed that 99mTc-3P-RGD2, a new
promising dimeric RGD radiotracer, exhibited rapid blood clearance
and high kidney uptake (Fig. 3A).

In the paclitaxel-treated group, tumor uptake showed a significant
decrease compared with the control group at 2 hours (by 39.96% ±
8.23%, P = 0.044) and at 4 hours (by 35.76% ± 11.42%, P = 0.024)
after injection of 99mTc-3P-RGD2 (Fig. 3B). The decrease of MVD may
account for the reduction of 99mTc-3P-RGD2 uptake in the paclitaxel-
treated group. However, 99mTc-3P-RGD2 had a different performance
in the flavopiridol-treated group. There was no significant decrease
but a slight increase of tumor uptake in the flavopiridol-treated
group comparedwith the control group at 2 hours (by 4.42% ± 0.24%,
P = 0.898) and at 4 hours (by 12.2% ± 1.84%, P = 0.702) post
injection.

The blocking experiment was used to demonstrate the integrin
αvβ3 specificity. Fig. 3 compares the selected organ uptake of 99mTc-
3P-RGD2 in the absence/presence of E[c(RGDfK)]2 at 2 hours post
injection. Co-injection of E[c(RGDfK)]2 resulted almost complete

image of Fig.�2


Fig. 3. Effects of paclitaxel and flavopiridol therapy on 99mTc-3P-RGD2 accumulation in SKOV-3 xenografts. A. The quantified biodistribution of 99mTc-3P-RGD2 at 2 hours post
injection in the absence/presence of excess E[c(RGDfK)]2 (350 μg/mouse) in the SKOV-3 xenograft-bearing mice. B. Comparison of changes in %ID/g tumor uptake of 99mTc-3P-RGD2

after paclitaxel or flavopiridol therapy at 2 and 4 hours post injection. *P b 0.05 versus control group.
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blockage of the tumor uptake for 99mTc-3P-RGD2 (0.25 ± 0.03%ID/g
with E[c(RGDfK)]2 in blocking group vs. 6.56 ± 0.78%ID/g without E[c
(RGDfK)]2 in control group). There was also a significant reduction in
radioactivity accumulation in non-cancerous organs, such as the
heart, intestine, kidneys, lungs, liver, muscle and spleen.

These results indicate that RGD radiotracers may vary in the ability
for therapeutic response monitoring to the therapy of antiangiogenic
drugs in SKOV-3 models.
3.4. Effects of paclitaxel and flavopiridol therapy on integrin expression
in SKOV-3 xenografts and tumor angiogenesis in vivo and in vitro

The uptake of 99mTc-3P-RGD2 was affected by the expression of
integrin αvβ3 located on activated tumor vascular endothelial cells
and on tumor cells. To investigate themechanism of altered 99mTc-3P-
RGD2 uptake of SKOV-3 xenografts to different antiangiogenic drugs,
integrin expression was evaluated by immunohistochemical staining,
and correlated with the tumor uptake. Because integrin on tumor
neovessels was of murine origin and that on tumor cells was of human
origin, we stained tumor sections with both antimurine integrin αv
and antihuman integrin αv antibodies. Compared with the control
group, integrin αv expression was different in the paclitaxel-treated
group and the flavopiridol-treated group (Fig. 4A and B). A significant
decrease of αv expression was observed in the paclitaxel-treated
group (by 34.2% ± 5.9%, P b 0.01), while a slight increase in the
flavopiridol-treated group (by 8.7% ± 3.2%, P = 0.078). Correlation
analysis showed that there was a linear correlation between the 99mTc-
3P-RGD2 tumor uptake and integrinαv expression (R = 0.785, Fig. 4C).
The linear correlation indicated that 99mTc-3P-RGD2 is reliable for
specific imaging of integrin αvβ3 expression.

As described above, both paclitaxel and flavopiridol therapy
decreased tumor MVD, but showed different effects on tumor uptake
of 99mTc-3P-RGD2. Therefore, we can speculate that there may be
other pathway affecting on tumor uptake of RGD peptides. To study
the furthermolecularmechanism, effects of paclitaxel and flavopiridol
therapy on integrin αvβ3 expression on SKOV-3 cells were measured
by flow cytometric analysis (Fig. 4D). Flavopiridol significantly
increased integrin αvβ3 expression on SKOV-3 cells compared with
that of untreated SKOV-3 cells(by 23.7% ± 5.1%, P b 0.05), while
there was no significant difference in integrin αvβ3 expression
between paclitaxel-treated SKOV-3 cells and untreated SKOV-3 cells.

These results demonstrate that tumor uptake of RGD radiotracer
depends on the level of total integrin αvβ3 expression in the tumor,
but the regulating effect of antiangiogenic drugs on integrin αvβ3
which was located on tumor cells might impair the reliability when
99mTc-3P-RGD2 was used for evaluating the tumor angiogenesis.

4. Discussion

Flavopiridol is a semisynthetic flavonoid, which was originally
isolated from the stembarkof the IndianplantDysoxylumbinectariferum
[22]. The anticancer effect of flavopiridol has been identified by the
National Cancer Institute (NCI) on 60 human cancer cell lines [23].
Flavopiridol has anticancer propertiesmainly due to its strong inhibiting
activity for cdks (cyclin dependent kinases), and its cytotoxic activity of
flavopiridol is not limited to cycling cells. Research in the last few years
has indicated that besides inhibiting CDK activity, flavopiridol also
possesses several important antiangiogenic activities including induc-
tion of apoptosis of endothelial cells [24]; inhibition of the hypoxic
induction of VEGF and/or its production under hypoxic conditions
through inhibition of HIF-1a transcription [25]; decreased secretion of
MMPs that is linked with significant inhibition of invasive potential in
Matrigel assays [26]. Paclitaxel, which is derived from the bark of the
Pacific yew tree, is a promising anticancer drug shown to inhibit a wide
variety of tumor cells, by diverse mechanisms that include cell cycle
arrest, induction of apoptosis and stabilization of microtubules. In
addition to this, inhibition of angiogenesis is an important supplement
of its antitumor activity [27–29]. In the last decade, a number of studies
showed that paclitaxel has antiangiogenic activity that couldbe ascribed
to the inhibition of either tubule formation or cell migration [30]. We
referred to administration regimens in other relevant studies [31,32]
and a few modifications have been done according to the preliminary
experiments. For flavopiridol, in fact, most of clinical studies are in
combination regimes. In this study we focused on its antiangiogenesis
activity and used in single-agent regime.

Many angiogenic inhibitors were used for antiangiogenesis
therapy in various types of tumors in recent years. Despite the initial
promising performance of angiogenic inhibitors in the clinic, how to
monitor tumors responses to the therapy remains a major challenge
[33]. Imaging of integrin αvβ3 expression may be a possible solution
to the third problem. In the preclinical setting, a large variety of
imaging strategies have been successfully employed for imaging of
integrin expression, including PET or SPECT, MRI, targeted US and
optical imaging [34]. Radionuclide techniques are advantageous
owing to their high sensitivity, and up to now, the use of RGD
radiotracers is still the only approach that has been successfully
translated into the clinic [35].

Several labeled monomeric or dimeric RGD peptides tracers had
been investigated tomonitor antiangiogenesis therapy efficacy in recent
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Fig. 4. Effects of paclitaxel and flavopiridol therapy on integrin expression on SKOV-3 xenografts and SKOV-3 cells. A. Representative integrin αv immunohistochemical staining of
SKOV-3 xenografts from animals in the three groups (images at 40×magnification). For integrinαv antibodies used in the studywere both of antimurine and of antihuman, the total
integrin αv, including integrin αv on tumor (human origin) and on vessels (murine origin), was measured. B. Quantitative analysis of integrin αv expression from animals in the
three groups. **P b 0.01 versus control group. C. Linear relationship between 99mTc-3P-RGD2 accumulation and total integrinαv expression based on the %ID/g tumor uptake of 99mTC-
3P-RGD2 from thebiodistribution studies and the total integrinαv expression from immunohistochemical staining. Thedatawere obtained from12mice in all the three groups (4miceper
group) 4 hours after post injection of 99mTc-3P-RGD2. D. Flow cytometry analysis of integrin αvβ3 expression in paclitaxel or flavopiridol-treated SKOV-3 cells in comparison with
untreated SKOV-3 cells.
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studies [13,14,36]. No clinical data regarding monitoring antiangiogen-
esis therapies are available on this subject yet, though someclinical trials
have been completed [37,38] and the others are ongoing [39–41].

It is well established that integrin αvβ3 is highly expressed on the
activated endothelial cells in newly formed blood vessels, thus
representing an interesting molecular marker for angiogenesis
imaging [42]. However, integrin αvβ3 is also expressed on some
typesof tumor cells. In this study, the linear correlationbetween the 99mTc-
3P-RGD2 tumor uptake and total integrin expression suggests RGD
radiotracers are a reliable strategy for integrin αvβ3 expression, and
which is consistent with the results from other preclinical and clinical
studies [7,13,43]. So both parts of integrin αvβ3 can bind strongly to
RGDpeptides radiotracer.With the therapy of antiangiogenic drugs, the
expression of integrin αvβ3 on tumor vascular endothelial cells
decreases due to the decrease of tumor MVD. This is the general
mechanism of RGD radiotracers in monitoring antiangiogenic effects.
Additional regulating effect of antiangiogenic agents on the integrin
αvβ3 on the tumor cells would have a negative influence when RGD
peptide probes are used for monitoring.

Accordingly, distribution of integrin αvβ3 on tumor cells or
activated endothelial cells has an important influence on the
applications of RGD peptides probes imaging. How much of the
contribution is from the tumor cells or the tumor neovessels depends
largely on the tumor type [43,44]. Thus not all the cases with
antiangiogenesis therapy are suitable for the response evaluation
using RGD peptide radiotracer, especially when the antiangiogenic
agents have an additional regulating effect on the integrin αvβ3 on
the tumor cells. The most important issue is that altered uptake of
RGD peptides radiotracer after antiangiogenesis therapy owing to the
reduction of integrinαvβ3 on the tumor neovessels rather than on the
tumor cells must be confirmed when RGD peptide radiotracer is used
for antiangiogenesis therapymonitoring. Liu et al. [45] concluded that
RGD peptide radiotracer would be a promising probe for character-
izing tumor angiogenesis due to the good correlation between the
probe uptake and the integrin αvβ3 expression on newborn blood
vessels for patients with integrinαvβ3-negative tumors not for all the
patients. It may be an insoluble situation when antiangiogenic agent
regulates integrin αvβ3 expression on αvβ3-positive tumor cells,
which will result in an unreliable evaluation of antiangiogenic
response using RGD peptides radiotracers. In the present study,
both the responses of antiangiogenesis therapy to paclitaxel and
flavopiridol were confirmed in vivo and in vitro, but flavopiridol-
treated animals had an “unmatched” uptake of RGD peptides
radiotracer in comparison with paclitaxel-treated animals. The
following studies of underlying mechanism indicate that flavopiridol
therapy has a dual-effect on integrin αvβ3 expression on tumors,
reducing integrin αvβ3 expression on endothelial cells due to the
reduction of MVD and up-regulating the integrin αvβ3 expression on
tumor cells.

4.1. Limitations

There are potential limitations to this study. First, the integrin αvβ3
on tumor cells and tumor newborn vasculature are of human origin and
murine origin, respectively, in SKOV-3 xenograft models, while all the
integrin αvβ3 are both of human origin in patients, but it is reported
[45,46] that RGD peptide radiotracer would target both the integrin
αvβ3 on tumor cells and tumor newborn vasculature in mouse tumor
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models, which is the same as the clinical situation. Second, we detected
integrin αv expression instead of integrin αvβ3, because there is no
integrin αvβ3 antibody available for paraffin method, and integrin αv
or integrin β3 expression was used for quantifying the expression of
integrin αvβ3 in many previous studies [7,13,44].

In conclusion, the results indicated that there was diversity in
evaluating antiangiogenic response when using RGD peptide radio-
tracer. The studies of mechanism suggested flavopiridol therapy has a
dual-effect on the target of integrinαvβ3, thus leading to an unreliable
evaluation of antiangiogenesis therapy response. The finding of this
study may be an important reminder in future clinical applications of
RGD radiotracers, and understanding the detailed mechanism of RGD
peptide radiotracers imaging may aid the development of new
monitoring strategies for selecting patient population and evaluating
tumors responses to antiangiogenesis therapy.
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