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Abstract Early evaluation of cancer response to a ther-

apeutic regimen can help increase the effectiveness of

treatment schemes and, by enabling early termination of

ineffective treatments, minimize toxicity, and reduce

expenses. Biomarkers that provide early indication of

tumor therapy response are urgently needed. Solid tumors

require blood vessels for growth, and new anti-angiogenic

agents can act by preventing the development of a suitable

blood supply to sustain tumor growth. The purpose of this

study is to develop a class of novel molecular imaging

probes that will predict tumor early response to an anti-

angiogenic regimen with the humanized vascular endo-

thelial growth factor antibody bevacizumab. Using a bev-

acizumab-sensitive LS174T colorectal cancer model and a

12-mer bacteriophage (phage) display peptide library, a

bevacizumab-responsive peptide (BRP) was identified after

six rounds of biopanning and tested in vitro and in vivo.

This 12-mer peptide was metabolically stable and had low

toxicity to both endothelial cells and tumor cells. Near-

infrared dye IRDye800-labeled BRP phage showed strong

binding to bevacizumab-treated tumors, but not to

untreated control LS174T tumors. In addition, both IR-

Dye800- and 18F-labeled BRP peptide had significantly

higher uptake in tumors treated with bevacizumab than in

controls treated with phosphate-buffered saline. Ex vivo

histopathology confirmed the specificity of the BRP pep-

tide to bevacizumab-treated tumor vasculature. In sum-

mary, a novel 12-mer peptide BRP selected using phage

display techniques allowed non-invasive visualization of

early responses to anti-angiogenic treatment. Suitably

labeled BRP peptide may be potentially useful pre-clini-

cally and clinically for monitoring treatment response.
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Introduction

It was found several decades ago that tumors implanted

into isolated perfused organs failed to grow beyond a few

millimeters in diameter without angiogenesis (Browder

et al. 2000; Holash et al. 1999). Consequently, anti-

angiogenic and anti-vascular agents have been intensively

investigated for tumor therapy. By targeting tumor vascu-

lature, anti-angiogenic agents do not need to overcome the

physiological barriers within tumors (Jain 1998). In addi-

tion, local and circulating endothelial cells are considered

genetically stable, so they will presumably resist changes

by genetic and epigenetic mechanisms (Browder et al.

2000). Bevacizumab, a humanized monoclonal antibody

directed against human vascular endothelial growth factor

(VEGF), was the first antibody drug developed as an

inhibitor of angiogenesis to be approved by the Food and

Drug Administration (FDA) (Ferrara 2004; Hurwitz et al.
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2004; Kerbel 2006). Bevacizumab neutralizes all isoforms

of human VEGF and inhibits VEGF-induced proliferation

of endothelial cells. A combination of bevacizumab with

paclitaxel resulted in marked suppression of tumor growth

both in the CWR22R androgen-independent xenograft

model of prostate cancer and in the OVCAR3 ovarian

tumor model (Fox et al. 2002; Hu et al. 2002). It has also

been reported that bevacizumab could reverse the protec-

tive effect on endothelial cells of the high levels of VEGF

produced by the tumor (Sweeney et al. 2001).

The conventional ‘‘gold standard’’ to evaluate therapeutic

response is tumor volume change. Clinical trials with

cytotoxic chemotherapeutic agents have mainly used mor-

phological imaging—in particular, computed tomography

(CT) and magnetic resonance imaging (MRI), according to

the Response Evaluation Criteria in Solid Tumors

(RECIST) introduced in the year 2000 (Jaffe 2006)—to

provide indices of therapeutic response. However,

anti-angiogenic agents are typically cytostatic rather than

cytotoxic, leading to a stop or delay in tumor progression,

rather than tumor shrinkage. Thus, tumor volume is an

insensitive indicator for evaluation of therapeutic efficacy,

and moreover may take months or years to assess. Currently,

microvessel density (MVD) is the most commonly used

end-point for assessing anti-angiogenic treatment in clinical

studies. MVD is measured from biopsies taken before and at

one or more times after treatment is complete, using a

variety of immunohistochemical vascular markers to iden-

tify the vessels (Willett et al. 2004). However, measurement

of MVD is problematic for assessing the vascular efficacy of

anti-angiogenic agents (Fujio and Walsh 1999), since

blocking of angiogenesis may be accompanied by a pro-

portional reduction in tumor growth that would not result in

a net change in MVD. Besides, vessel counts and/or density

measurements may remain unchanged even in the event of

effective therapy (Hlatky et al. 2002). A similar problem has

also been found with non-invasive imaging methods for

measuring functional vascular volume, such as positron

emission tomography (PET) studies with 15O-oxygen

(Miller et al. 2005), contrast-enhanced ultrasound (CEU)

(Hughes et al. 2006), and dynamic contrast-enhanced MRI

(DCE-MRI) (Padhani 2003), i.e., the absence of an effect on

vascular volume by non-invasive imaging cannot be inter-

preted as the absence of anti-angiogenic effect (Tozer 2003).

Biomarkers have great value in early efficacy and safety

evaluations, disease diagnosis/staging, indicating disease

prognosis, and prediction/monitoring of clinical response to

a given intervention (Atkinson et al. 2001). Recently,

molecular imaging with biological markers has emerged to

provide valuable information at the structural/functional

and/or molecular level. Compared with relatively large

biomolecules, such as antibodies and proteins, small pep-

tides have advantages as potential probes for molecular

imaging. The display of peptide libraries on the surface of

bacteriophage (phage) offers a way of searching for peptides

with specific binding properties. Phage display peptide

libraries are commonly used to obtain defined peptide

sequences that interact with a particular molecule. The

strength of this technology is its ability to identify inter-

active regions of proteins and other molecules without

preexisting notions about the nature of the interaction.

Especially, in vivo phage display selection procedures

offer an advantage over in vitro screening protocols in that

phages can be selected based on desired pharmacokinetic

properties, including delivery and tumoral accumulation.

Recently, in vivo phage display has been explored as a

means to identify phage and corresponding peptides with

optimal tumor-targeting properties in the context of living

animals (Han et al. 2008). Moreover, many of these peptides

bind to endothelial cell markers, but not directly to tumor

cells (Arap et al. 1998; Pasqualini and Ruoslahti 1996).

Thus, it is possible to obtain peptide sequences reflecting

molecular changes of endothelial cells upon anti-angio-

genesis therapy. Using the bevacizumab-sensitive LS174T

colorectal cancer model and in vivo biopanning of a 12-mer

phage display peptide library, in this study, we developed a

class of novel molecular imaging probes to predict early

responses by tumors to bevacizumab treatment.

Materials and methods

Cell lines

The LS174T human colorectal cancer cell line was pur-

chased from American Type Culture Collection (ATCC)

and was maintained in medium supplemented with 10%

FCS and 1% penicillin–streptomycin as ATCC recom-

mends. Normal human umbilical vein endothelial cells

(HUVECs) and relevant culture medium were purchased

from PromoCell (Germany).

Chemicals

Bevacizumab (trade name Avastin�) was purchased from

Genentech/Roche. IRdye800-NHS and Cy5.5-NHS were

from Li-Cor and GE Healthcare, respectively. Fluorescein

isothiocyanate (FITC)-labeled tomato lectin was from

Thermo Fisher Scientific (Rockford, IL). The bevacizumab-

responsive peptide (BRP) peptide was synthesized by

Peptides International.

Animal models

All animal experiments were performed in compliance

with the guidelines for the care and use of research animals
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established by the Stanford University’s Animal Studies

Committee. Female athymic nude mice (nu/nu) were

obtained from Harlan (Indianapolis, IN) at 6–8 weeks of

age and were kept under sterile conditions. The LS174T

cells were harvested and suspended in sterile phosphate-

buffered saline (PBS) at a concentration of 5 9 107 via-

ble cells/ml. Viable tumor cells (5 9 106) in sterile PBS

(100 ll) were injected subcutaneously into the right

shoulder. Tumor growth was followed by caliper mea-

surements of perpendicular measures of the tumor. The

tumor volume was estimated by the formula: tumor vol-

ume = ab2/2, where a and b were the tumor length and

width, respectively, in mm.

Tumor growth study

When palpable tumors (150–200 mm3) were present in all

animals, mice were randomly divided into two groups

(n = 10 per group). Cancer therapy response was evalu-

ated in LS174T human colorectal cancer model. The mice

were injected intraperitoneally with 20 mg/kg of bev-

acizumab every other day for a total of three doses. The

mouse body weight and tumor volume were measured

every 3 days for up to 20 days before killing.

Biopanning phage-displayed libraries

We conducted in vivo biopanning with phage-displayed

peptide libraries (Ph.D.-12TM phage display peptide

library, New England Biolabs Inc.). The phage-displayed

peptide library represents 1 9 109 independent clones of

phages expressing random 12-mer peptides that are dis-

played on M13 phages. After the tumor-bearing mice were

treated, phage libraries were administered by intracardiac

injection. The amplified phages were partially purified by

polyethyleneglycol (PEG) precipitation and resuspended in

tris-buffered saline (TBS) for the next round of biopanning.

After six rounds of biopanning, single plaques from soft

agar were isolated. The peptide sequences were deduced

from the decoded DNA information.

Phage labeling

Phages were labeled with a near-infrared dye IRdye800-

NHS or Cy5.5. Phages (1 9 1012 pfu) were resuspended in

100 ll of 0.3 M NaHCO3 (pH 8.6) solution containing

0.1 mg/ml fluorochrome-hydroxy-succinimide ester. The

phage/fluorochrome reaction was allowed to continue for

1 h at room temperature in the dark. The volume of the

labeled phage was then brought up to 1 ml with Dulbecco’s

phosphate-buffered saline (DPBS), and the phage was

purified by PEG precipitation. Fluorochrome-labeled phage

was then resuspended in 200 ll of DPBS and titered to

determine plaque-forming units, and the concentration

of fluorochrome was determined spectrophotometrically

(Kelly et al. 2006).

Metabolic stability of BRP peptide

Nude mice bearing LS174T tumor xenografts were intra-

venously injected with 3.7 MBq of 18F-FP-BRP. Urine

samples were collected 1 h after tracer injection and ana-

lyzed by HPLC.

Toxicity of BRP on cell viability by MTT assay

MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium

bromide; ATCC] assays were used to measure cell viabil-

ity. Three thousand tumor cells or HUVECs were seeded

per well in a 96-well plate and allowed to incubate for

24 h. After incubation with various concentrations of

peptide BRP for 48 h, 10 ll of MTT reagent was added to

each well. Four hours later, when the purple precipitate

became visible, the supernatant was discarded, and 100 ll

of DMSO was added to each well and the plate was shaken

in the dark for 10 min at room temperature. The absor-

bance at 570 nm was then measured using a microplate

reader (Tecan).

Near-infrared fluorescence imaging

The tumor-bearing mice (with or without bevacizumab

treatment) were injected intravenously with appropriately

labeled phages or BRP peptide (1 nmol dye/mouse). Two-

dimensional NIR fluorescence images were acquired at

various time points after injection using a Maestro in vivo

imaging system (CRI, Woburn, MA; IRDye800 excita-

tion = 735 nm, emission = 780 nm long pass).

Histologic analysis

Bevacizumab-treated LS174T tumor mice were injected

with 1 nmol of Cy5.5-BRP. After 4-h blood circulation, the

mice were injected with 200 lg FITC-labeled tomato lec-

tin. The mice were killed 10 min later, and the tumors

collected and made into frozen tissue blocks. These tumor

specimens were subsequently sectioned with a thickness of

10 lm. Fluorescence pictures were taken under a Zeiss

microscope using FITC and Cy5.5 filter settings separately.

Merged pictures were made using MetaMorph.

Radiochemistry

Semipreparative reversed-phase high-performance liquid

chromatography (RP-HPLC) using a Vydac protein and

peptide column (218TP510; 5 lm, 250 9 10 mm) was
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performed on a Dionex 680 chromatography system with a

UVD 170U absorbance detector and model 105S single-

channel radiation detector (Carroll & Ramsey Associates).

The recorded data were processed using Chromeleon ver-

sion 6.50 software. With a flow rate of 5 ml/min, the

mobile phase was changed from 95% solvent A [0.1%

trifluoroacetic acid (TFA) in water] and 5% B [0.1% TFA

in acetonitrile (MeCN)] (0–2 min) to 35% solvent A and

65% solvent B at 32 min. Analytical HPLC had the same

gradient system, except that the flow rate was 1 ml/min

with a Vydac protein and peptide column (218TP510;

5 lm, 250 9 4.6 mm). The UV absorbance was monitored

at 218 nm and the identification of the peptides was con-

firmed based on the UV spectrum acquired using a PDA

detector. C18 Sep-Pak cartridges (Waters) were pretreated

with ethanol and water before use.

FP-BRP was synthesized as follows: O-(N-succinim-

idyl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TSTU,

17.6 mg, 58.5 lmol) was added to a solution of 2-fluoro-

propionic acid (7.8 mg, 84.5 lmol) in 0.5 ml anhydrous

MeCN. The pH of the solution was adjusted to 8.5–9.0 by

N,N-diisopropylethylamine (DIPEA). The reaction mixture

was stirred at room temperature for 0.5 h and then BRP

(3 lmol) in DMF was added in one aliquot. After being

stirred at room temperature for 2 h, the product FP-BRP

was isolated by semipreparative HPLC. The collected

fractions were combined and lyophilized to a white fluffy

powder. FP-BRP was obtained in 82% yield with 22-min

retention time on analytical HPLC. MALDI-TOF-MS

was m/z 1,522.1 for [MH]? (C68H102FN20O19 calculated

molecular weight 1,522.7).

The labeling precursor 4-nitrophenyl 2-18F-fluoropropi-

onate (18F-NFP) was synthesized as previously reported

(Liu et al. 2009). 18F-FP-BRP was synthesized as follows:

BRP (1.0 lmol) and DIPEA (20 ll) were added to 18F-

NFP in anhydrous dimethyl sulfoxide (DMSO, 200 ll).

The reaction mixture was allowed to incubate at 60�C for

20 min. After dilution with 2 ml of 1.0% TFA water, the

mixture was injected into the semipreparative HPLC. The

collected fractions containing 18F-FP-BRP were combined

and rotary evaporated to remove MeCN and TFA. 18F-FP-

BRP was obtained in 15 ± 4% yield (n = 4). The activity

was then reconstituted in normal saline and passed through

a 0.22 lm Millipore filter into a sterile multidose vial for in

vivo experiments.

Small animal PET imaging

A detailed procedure for PET imaging has been reported

earlier (Li et al. 2008). Briefly, PET scans were performed

using a microPET R4 rodent model scanner (Siemens

Medical Solutions). Mice were injected with about 100 lCi

of 18F-FP-BRP or 18F-FDG via tail vein under isoflurane

anesthesia and 3–5-min PET scans were performed at

1- and 4-h postinjection (p.i.). The images were recon-

structed by a two-dimensional ordered subsets expectation

maximum (OSEM) algorithm with no attenuation or scatter

correction. 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. Assuming a tissue density of 1 g/ml, the ROIs

were converted to MBq/g/min using a conversion factor,

and then divided by the administered activity to obtain

an imaging ROI-derived percent injected dose per gram

(%ID/g).

Statistical analyses

Statistical significance was determined by one-way

ANOVA using an SPSS (10.0) statistics package. P value

\0.05 was considered significant.

Results

Isolation and identification of bevacizumab-treated

tumor-homing peptides by in vivo phage display

To determine the anti-tumor effect of bevacizumab in vivo,

female athymic nude mice bearing LS174T tumor were

randomly divided into two groups (n = 10 per group) and

treated with vehicle (saline) or bevacizumab (20 mg/kg

every other day, by intraperitoneal injection, for a total of

3 doses). As shown in Fig. 1a, the bevacizumab therapy

was associated with a significant delay of LS174T tumor

growth, with a difference in tumor size from that of the

controls becoming distinguishable 10 days after treatment

was initiated (P \ 0.05). No significant body weight dif-

ference was observed between the control and the treat-

ment groups (data not shown).

To select peptides that home to bevacizumab-treated

tumor, phages were injected intracardiacally in bev-

acizumab-treated LS174T tumor-bearing mice, recovered

from the treated tumor, amplified repeatedly in vitro, and

re-injected to obtain sufficient enrichment. Six rounds of

biopanning were conducted prior to the isolation of the

individual phage clones for DNA sequences [supporting

information (SI) Fig. S1]. Sixty individual phage clones

were randomly picked from the last round of screening,

and DNA sequencing was conducted. The obtained DNA

sequences were translated into the corresponding peptide

sequences listed in Table 1. One phage peptide LLA-

DTTHHRPWT was found to be dominantly enriched in

the bevacizumab-treated tumors. LLADTTHHRPWT-dis-

playing phage was thus chosen for further characterization

as an indicator of responsiveness to bevacizumab.
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Near-infrared fluorescent dye IRDye800-labeled LLADTTH-

HRPWT-displaying phages, injected intravenously, were

found to accumulate in bevacizumab-treated, but not saline

control, tumors (Fig. 1b, c). In addition, histological

detection of phage particles in tumor tissues with Cy5.5-

labeled LLADTTHHRPWT phage showed that bev-

acizumab-treated tumor tissues had much more phage

homing than saline control tumor tissues (Fig. S2). The

homologous peptide was denoted as BRP.

Metabolic stability and toxicity of BRP peptide

Cytotoxicity of BRP peptide in vitro and metabolic stability

in vivo was assessed, before BRP peptide was used for in

vivo assessment of bevacizumab treatment efficacy. For a

study of cellular toxicity, HUVECs and LS174T human

colorectal cancer cells were subjected to a colorimetric

MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium

bromide) assay after adding BRP. Figure 2a shows that

BRP had little effect on the two cell lines. Even when the

BRP peptide concentration was as high as 300 lg/ml, these

cells retained good viability after 48-h exposure (HUVEC,

92.2 ± 2.4%; LS174T, 98.3 ± 12.1%). To determine

the metabolic stability of BRP peptide, radio-HPLC of
18F-labeled BRP peptide was conducted in the mouse urine

at 1-h time point after intravenous injection. The repre-

sentative HPLC profiles of the reference compound 18F-FP-

BRP in PBS buffer and the urine sample are shown in Fig.

S3. Pure 18F-FP-BRP had a retention time of about 22 min

(Fig. S3A). There was about 90% intact 18F-FP-BRP in the

urine at the 1-h time point and several minor peaks with

different retention times (Fig. S3B), indicating good meta-

bolic stability of this linear 12-mer peptide in vivo.

BRP peptide targets to bevacizumab-treated tumors

In comparison to the phage particles, peptides offer several

advantages, including rapid clearance from the circulation

and good contrast, better tissue penetration, less chance of

immune reaction, and less possibility of liver and bone
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Fig. 1 a Bevacizumab treatment (3 doses, 20 mg/kg every other day)

delayed LS174T human colorectal cancer tumor growth in a nude

mouse model, with the relative tumor volume (Vt/V0) significantly

lower than that of the saline control group at day 10 following

initiation of treatment (n = 10 per group, P \ 0.05). b Representative

near-infrared fluorescence images at 24 h after intravenous injection

of IRDye800-labeled LLADTTHHRPWT phages (1 nmol dye per

mouse) showed prominent tumor phage particle accumulation in

bevacizumab-treated, but not saline control, mice. Mice were imaged

1 day after the three doses of bevacizumab (the fifth day following the

start of treatment), at which time no difference in tumor volume

between the treatment and control groups was found. c Tumor-to-

normal tissue (T/N) ratios of the 2D optical images at 1, 2, 4, 20, and

24 h after administration of optically labeled phage particles

Table 1 Percentage of phage peptide-targeting sequences

Sequence Percentage

LLADTTHHRPWT 50

SVSVGMKPSPRP 10

LLADTTHHRPWP 8.3

LLADATHHSPWP 8.3

HSVSNIRPMFPS 4.2

SVSEGTHPSPRP 4.2
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marrow toxicity. After the initial optical imaging showed

that dye-labeled BRP phage specifically bound to bev-

acizumab-treated LS174T tumor (Fig. 1), we sought to

determine whether BRP would bind to bevacizumab ther-

apy-treated tumors in the same way.

The synthesis of dye conjugates of BRP followed our

previously reported general procedure (Wu et al. 2006).

Bevacizumab-treated or vehicle-treated LS174T tumor-

bearing mice were injected with IRDye800-BRP conjugate

(1 nmol/mouse). After injection, the contrast between

bevacizumab-treated tumor and normal tissue immediately

increased and was significantly higher than the vehicle-

treated LS174T tumor model at 2- and 4-h time points

(Fig. 2b). The tumor-to-normal tissue (T/N) ratios were

1.58 ± 0.01 at 2 h and 2.53 ± 0.46 at 4 h for bevacizumab-

treated, significantly higher than those of the vehicle-treated

tumors (1.01 ± 0.05 at 2 h and 1.31 ± 0.22 at 4 h,

respectively) (P \ 0.01, Fig. 2c). At the time of imaging

studies (5 days following the initiation of bevacizumab

treatment), there were no significant differences in tumor

volume between bevacizumab-treated (312.9 mm3) and

vehicle-treated (331.4 mm3) tumors (Fig. 1a). Figure 2b

also shows the photos of the same mice at 12 days after the

optical imaging was performed (2,749.9 mm3 for the con-

trol mice and 476.6 mm3 for the bevacizumab-treated

mice). These results unarguably illustrated that the BRP

peptide could predict the cancer response to anti-angiogenic

therapy in an early phase of treatment.
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Fig. 2 a Colorimetric MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphe-

nyltetrazolium bromide) assay showed that the BRP had little effect

on proliferation of the LS174T colorectal cancer cells and human

umbilical vein endothelial cells (HUVECs) (n = 6). b Representative

near-infrared fluorescence images at 2 and 4 h after intravenous

injection of IRDye800-labeled LLADTTHHRPWT peptide (IR-

Dye800-BRP) (1 nmol dye/mouse). LS174T tumor mice were imaged

1 day after three doses of bevacizumab treatment. IRDye-BRP

showed good tumor/background contrast in bevacizumab-treated,

but not in saline control mice, at which time there were no differences

in tumor volume between the two groups. Photos of the same mice at

12 days after the optical imaging show that the BRP imaging

successfully predicted treatment outcomes. c Tumor-to-normal tissue

(T/N) ratios of the 2D optical images at 0.5, 1, 2 and 4 h after

the administration of optically labeled BRP peptide. **P \ 0.01.

d Representative near-infrared fluorescence images at 4 h after

intravenous injection of an IRdye800-labeled scrambled peptide

WTLRPTLHTDHA (1 nmol dye/mouse). LS174T tumor mice were

imaged 1 day after a course of three doses of bevacizumab treatment.

The scrambled peptide showed rapid renal clearance and virtually no

tumor contrast in either bevacizumab-treated or saline control mice.

e T/N ratios of the 2D optical images at 4 h after the administration of

IRDye800-labeled scrambled peptide
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On the contrary, a scrambled peptide (WTLRPTLHT-

DHA) with IRDye800 failed to show tumor contrast in

either the control or bevacizumab-treated LS174T tumors

(Fig. 2d). The T/N ratios were 1.31 ± 0.13 and 1.32 ±

0.11 at the 4-h time point after intravenous injection of

1 nmol of the scrambled peptide dye conjugate for the

control- and bevacizumab-treated mice, respectively

(Fig. 2e). It is also noticeable that the scrambled peptide

was cleared through the kidneys much faster than the BRP

peptide, showing little retention of the scrambled peptide in

the rest of the body at the 4-h time point.

BRP peptide targets bevacizumab-affected tumor

vasculature

To further characterize the histologic binding pattern and

distribution of BRP peptide within tumors, we injected

Cy5.5-BRP conjugate into bevacizumab-treated LS174T

tumor-bearing mice. After the distribution of the dye

conjugate for 4 h, the mice were then injected with FITC-

labeled tomato lectin. After circulation for 20 min, the

mice were killed and the LS174T tumor was collected,

frozen and cut into slices (Hsu et al. 2006). Figure 3 shows

that BRP peptide binds specifically to bevacizumab-treated

microvascular tumor endothelial cells. On the contrary, no

binding of Cy5.5-BRP to control tumor vasculature was

found (data not shown). In addition, BRP peptide does not

bind to VEGF, bevacizumab, or VEGF/bevacizumab

complex (Fig. S4). HUVEC co-culture with LS174T tumor

cells in a Transwell� culture system showed prominent

HUVEC cell uptake of Cy5.5-BRP pretreated with bev-

acizumab. HUVECs alone, with or without bevacizumab

treatment, had no binding with Cy5.5-BRP (Fig. S5).

18F-FDG and 18F-FP-BRP PET imaging

18F-FDG PET has been used routinely in both clinical and

pre-clinical studies to measure glucose metabolism and,

thereby, to evaluate stages of tumor progression and effi-

cacy of therapeutic intervention (Gambhir et al. 2001). We

carried out 18F-FDG small animal PET scans on an

LS174T tumor model on the same day as 18F-FPP-BRP

peptide administration (24 h after the third dose bev-

acizumab, i.e., 5 days following the start of treatment). The

heart had prominent uptake of 18F-FDG due to the constant

beating, which has a high demand for glucose. The vehicle-

treated group and the bevacizumab-treated group had

similar tumor uptake (6.16 ± 0.15 vs. 6.32 ± 1.46%ID/g,

Fig. 3 Microscopic localization

of Cy5.5-BRP in bevacizumab-

treated LS174T tumor mice.

Animals were injected with

1 nmol of Cy5.5-BRP, followed

by FITC-conjugated tomato

lectin for in vivo dual staining

of tumor vasculature. Cy5.5

fluorescence staining of tumor

vasculature and FITC staining

of tumor vasculature were

acquired separately by

fluorescence microscopy and

then overlaid using MetaMorph

imaging processing software.

BRP peptide binds specifically

to bevacizumab-treated

microvascular tumor

endothelium cells
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P = NS) (Fig. 4a, b), indicating that the tumor cells

remained viable during this early period of bevacizumab

treatment.

By contrast, the LS174T tumor uptake of 18F-FP-BRP

increased from 2.02 ± 0.04%ID/g (control) to 2.63 ±

0.25%ID/g (bevacizumab) at 1 h and from 1.59 ±

0.11%ID/g (control) to 2.42 ± 0.30%ID/g (bevacizumab)

at the 4-h time point (P \ 0.05 for both time points)

(Fig. 4c, d). The increase in tumor uptake of 18F-FP-BRP is

indicative of positive response to bevacizumab treatment.

Discussion

Tumor vascular beds in different phases of anti-angiogenic

treatment are morphologically and functionally different

(Jain 2001, 2005; Winkler et al. 2004; Tong et al. 2004),

which might also suggest changes in molecular expression,

or the appearance of new molecules. If these specific bio-

markers can be found, it will help us to identify responsive

patients and optimal doses, to validate mechanistic

hypotheses, to predict efficacy of treatment regimens, and

to detect and prevent tumor escape (Jain et al. 2006).

Identification of tumor vascular markers has progressed

slowly, at least partially because of difficulties in isolating

pure populations of endothelial cells from tumor tissues.

Moreover, isolated and cultured cells may lose their tissue-

specific traits upon culture (Borsum et al. 1982; Augustin

et al. 1994). Thus, the phenotype of endothelial cells is

unstable and likely to change when the cells are removed

from their tumor microenvironments.

Phage display is a very useful technique to obtain

defined peptide sequences that interact with a particular

molecule. The application of phage display to discover

tumor-homing peptides has been reported (Seung-Min

et al. 2009). One of the most exciting recent developments

has been the use of in vivo phage display to yield disease-

specific or organ-specific phage clones (Pasqualini and

Ruoslahti 1996; Rajotte et al. 1998). Phage-displayed

peptides recovered from irradiated tumors have also been

used to assess cancer response to irradiation therapy (Han

et al. 2008; Hallahan et al. 2003).

In this study, we used in vivo phage display to screen

and identify a linear 12-mer phage peptide sequence that

binds specifically to tumor vascular beds subjected to

effective bevacizumab treatment. This peptide, when cou-

pled with fluorescent dyes such as Cy5.5 or IRDye800 for

NIR fluorescence imaging, or labeled with 18F through a

prosthetic labeling group 18F-2-fluoroproprionate (18F-FP),

showed significantly higher accumulation in bevacizumab-

treated LS174T colorectal cancer model, which secretes

high levels of human VEGF. A scrambled peptide used as a

control, on the other hand, showed rapid renal clearance

and no tumor accumulation in LS174T tumors treated with

either vehicle control or bevacizumab. The change in

peptide uptake preceded anatomical changes that could be
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Bevacizumab

0

2

4

6

8

10

Control Bevacizumab

%
ID

/g

6%ID/g

0 %ID/g

Control
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Fig. 4 a Representative coronal

PET images of LS174T tumor

mice at 1 h after intravenous

injection of 18F-FDG. b ROI

analysis of 18F-FDG images

showed no difference in tumor

uptake (%ID/g) between the

saline control and bevacizumab

treatment groups.

c Representative whole-body

coronal PET images of LS174T

tumor-bearing mice at 1 and 4 h

after intravenous injection of
18F-FP-BRP (100 lCi/mouse)

with or without bevacizumab

treatment. d Quantitative PET

images of the tumor ROI

showed significantly higher

tumor uptake of 18F-FP-BRP in

bevacizumab-treated versus

saline control mice. Tumors are

indicated by arrows, where

*P \ 0.05, **P \ 0.01 (n = 5

per group)
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measured by caliper. 18F-FDG uptake, and hence glucose

metabolism, failed to disclose a difference between the

control- and bevacizumab-treated LS174T tumors, imply-

ing that the viability of the tumor cells was essentially

unaltered after bevacizumab exposure. It is of note that we

were able to visualize a difference in tumor uptake of BRP

24 h after the third dose of bevacizumab treatment (i.e., the

fifth day after bevacizumab treatment began), yet no dif-

ference in tumor volume was seen. Statistically significant

changes in tumor volume between the bevacizumab-treated

group and saline control group were not observed until an

additional 5–6 days after the imaging studies showed the

uptake of BRP. Such findings in rodents, when translated to

humans, may be equivalent to detecting changes in tumors

a few months earlier than might be possible using CT or

MRI to detect changes in tumor size.

Our data indicate that BRP binds specifically to tumor

endothelial cells exposed to bevacizumab, but not to

untreated ones. The increase of BRP binding is predictive

of effective bevacizumab treatment, but the exact target of

this BRP sequence is still unknown. The same sequence

has been previously reported to be related to hypoxia

(Hardy et al. 2007). Our future efforts will involve the

identification of the particular endothelial biomarker pro-

tein that recognizes BRP. After the marker is found, we

will attempt to optimize the peptide sequence for receptor

targeting and detection sensitivity. A further limitation of

our study is that we have only tested the response of BRP

peptide to bevacizumab treatment. It is imperative to study

whether this peptide can also be generalized to evaluate the

efficacy of other anti-angiogenic treatments.

In conclusion, we have identified a linear 12-mer pep-

tide, LLADTTHHRPWT, from a phage display that, when

conjugated with near-infrared fluorescent dyes or radio-

nuclides, has the ability to selectively bind to bevacizumab-

treated tumors but not the untreated tumors. Rapid and non-

invasive assessments of pharmacodynamic response by

peptides such as this promise to accelerate drug develop-

ment and to allow early prediction of treatment efficacy.
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