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Objective: Vascular endothelial growth factor (VEGF) interaction with its receptor, VEGFR-3/Flt-4, regulates lymphangiogenesis.
VEGFR-3/FIt-4 expression in cancer cells has been correlated with clinical stage, lymph node metastasis, and lymphatic invasion.
The objective of this study is to identify a VEGFR-3/Flt-4-interacting peptide that could be used to inhibit VEGFR-3 for ovarian
cancer therapy.

Methods: The extracellular fragment of recombinant human VEGFR-3/FIt-4 (rhVEGFR-3/FIt-4) fused with coat protein plll was
screened against a phage-displayed random peptide library. Using affinity enrichment and enzyme-linked immunosorbent
assay (ELISA) screening, positive clones of phages were amplified. Three phage clones were selected after four rounds of bio-
panning, and the specific binding of the peptides to rhVEGFR-3 was detected by ELISA and compared with that of VEGF-D.
Immunohistochemistry and immunofluorescence analyses of ovarian cancer tissue sections was undertaken to demonstrate the
specificity of the peptides.

Results: After four rounds of biopanning, ELISA confirmed the specificity of the enriched bound phage clones for rhVEGFR-3.
Sequencing and translation identified three different peptides. Non-competitive ELISA revealed that peptides |, Il, and Ill had
binding affinities for VEGFR-3 with K (affinity constant) of 16.4£8.6 ug/mL (n=3), 9.2£2.1 yg/mL (n=3), and 174.8+31.1 ug/
mL (n=3), respectively. In ovarian carcinoma tissue sections, peptide Il (WHWLPNLRHYAS), which had the greatest binding
affinity, also co-localized with VEGFR-3 in endothelial cells lining lymphatic vessels; its labeling of ovarian tumors in vivo was also
confirmed.

Conclusion: These finding showed that peptide Il has high specificity and activity and, therefore, may represent a potential
therapeutic approach to target VEGF-VEGFR-3 signaling for the treatment or diagnosis of ovarian cancer.

Keywords: Bacteriophages; Enzyme-Linked Immunosorbent Assay; Immunohistochemistry; Ovarian Neoplasms; Peptides;
Vascular Endothelial Growth Factor

INTRODUCTION

Epithelial ovarian cancer remains a significant cause of
gynecological cancer-related mortality in the Western world
[1]. Owing to the paucity of symptoms and its insidious onset,
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ovarian cancer is often detected at an advanced stage, result-
ing in poor prognosis with a 5-year survival rate of approxi-
mately 30% [2]. Most deaths from ovarian cancer are caused
by metastases that are resistant to conventional therapies.
Although ovarian cancers metastasize primarily by exfoliation
followed by peritoneal implantation, approximately 40% of
patients with advanced ovarian cancer show lymph node
metastasis and/or extra-abdominal metastasis [3]. Therefore,
suppression of tumor angiogenesis and lymphangiogenesis
is a major therapeutic approach towards the management of
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ovarian cancer [4].

Vascular endothelial growth factor receptor 3 (VEGFR-3/Flt-4) in-
teracts with vascular endothelial growth factor C and D (VEGF-
C and VEGF-D, respectively) and is extensively expressed in
embryonic tissues as well as adult lymphatic endothelia [5].
Its interaction with VEGF-C could promote proliferation of
lymphatic endothelia and lymphangiogenesis [6]. In addition,
VEGFR-3/Flt-4 expression in cervical cancer cells has been
correlated with clinical stage, lymph node metastasis and
lymphatic invasion [7]. Furthermore, in esophageal squamous
cell carcinoma, patients with VEGF-C- and VEGFR-3-positive
tumors had poorer prognosis and greater microlymphatic
vessel density, suggesting the importance of this signaling
pathway in tumor lymphangiogenesis [8]. Similarly, in ovarian
cancer patients, increased levels of circulating CD34+/VEGFR-
3+lymphatic/vascular endothelial progenitor cells were asso-
ciated with lymph node metastasis [9]. Conversely, inhibition
of VEGFR-3 suppressed ovarian cancer cell proliferation and
downregulated BRCA gene expression [10].

Given the importance of VEGF/VEGFR-3 signaling in lym-
phangiogenesis, blocking this signaling axis may reduce
metastasis. Indeed, targeting VEGF signaling is a well-known
treatment option for patients with ovarian cancer [11,12]. For
example, addition of bevacizumab, a monoclonal antibody
specific for VEGF, after carboplatin and paclitaxel chemother-
apy increases the median progression-free survival of patients
with advanced epithelial ovarian cancer by 4 months [13].
However, serious adverse events, including venous throm-
boembolism, hypertension, proteinuria, arterial thrombosis,
bleeding, and gastrointestinal perforation, have been associ-
ated with bevacizumab [14,15]. Furthermore, a recent meta-
analysis that included 34 trials suggests that the risk of fatal
adverse events is increased with bevacizumab [16]. Therefore,
additional approaches to blocking this signaling cascade have
been developed, including a VEGFR-3 neutralizing antibody
[17], a soluble VEGFR-3 [18], monoclonal antibody fragments
against VEGF [19,20], and inhibitory peptides against VEGF
[21].

In the present study, we aimed to identify a VEGFR-3/Flt-
4-interacting peptide that could be used to inhibit VEGFR-3
for ovarian cancer therapy. The extracellular fragment of
recombinant human VEGFR-3/FIt-4 (rhVEGFR-3/FIt-4) fused
with coat protein plll was screened against a phage-displayed
random peptide library. Because peptides can target a small
epitope, this approach may overcome some of the limitations
of monoclonal antibodies and provide greater targeting
specificity [22-24] as well as good antigenicity that may make
it useful as an anti-tumor vector [25].
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MATERIALS AND METHODS

1. Screening the phage library

The direct coating method of panning was undertaken as
previously described [26]. Briefly, 96-well plates were coated
with 100 pL of rhVEGFR-3 (5 ug/mL, blocked with bovine se-
rum albumin [BSAJ; R&D Systems, Minneapolis, MN, USA) for 1
hour at room temperature. We used the Ph.D.12 phage display
peptide library (New England Biolabs, Ipswich, MA, USA) that
consists of a combinatorial library of random dodecapeptides
fused to a minor coat protein (plll) of the filamentous M13
bacteriophage with a single-stranded circular DNA genome
(6,407 bp) and DNA marker size of 2 Kb. After the phage
display peptide library was diluted to approximately 10 plaque
forming unit (pfu)/100 pL with TBS-T (Tris-glycine with 0.1%
Tween-20, pH 7.4; Sigma-Aldrich, St. Louis, MO, USA), it was in-
cubated with the immobilized rhVEGFR-3 for 7 hours at room
temperature. After the wells were washed six times with TBS-
T to remove the unbound phages, they were then washed
once with glycine buffer, pH 2.2 to elute the bound phages.
The titer of the eluted phages was calculated and amplified.
Three additional rounds of biopanning were carried out as
described above except that unbound phages were washed
with TBS-0.2% Tween-20, and the coating protein (rhVEGFR-3)
was 5 ug/mL in the second round and 2 pg/mL in the third
and fourth rounds. After neutralization in the fourth round of
biopanning, the eluted phages were directly inoculated on
Luria-Bertani (LB) medium and cultured overnight at 37°C.

2. Enzyme-linked immunosorbent assay

After a 96-well plate was coated with 5 ug/mL rhVEGFR-3
at 4°C overnight and blocked with BSA for 2 hours at room
temperature, 50 pL of positive phage solutions were added
to each well in serial dilution concentrations, including 2 X
10'°, 110", 0.5X10, 0.25X 10", 0.125% 10", and 0.625 X
10'° pfu/mL, and incubated for 2 hours at room temperature.
Once the plate was washed with TBS-T, 200 uL of horseradish
peroxidase (HRP)-conjugated anti-M13 antibody (diluted
1:5,000 in blocking buffer; Amersham Biosciences, Piscataway,
NJ, USA) was added to each well and incubated at room
temperature for 1 hour with agitation. After a continual TBS-T
wash, 2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) peroxidase substrate (Roche Diagnostics, Mannheim,
Germany) was added to each well, and the absorbance was
measured at 410 nmol/L using a microplate reader.

3. Extraction of single-stranded phage DNA and DNA

sequencing
Single-stranded DNA was prepared from overnight cultures
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(1.5 mL) by extraction and purification using a single-strand
M13 extraction and purification kit (Huashun Bio. Co., Guang-
zhou, China) following the manufacturer’s instructions. The
isolated single-stranded phage DNA was extracted, visualized
by agarose gel electrophoresis and sequenced (100 ng) using
an ABI PRISM 310 (PE Applied BioSystems, Foster City, CA,
USA). The following primer that is complementary to the
genomic DNA of the phage and the downstream of the insert
was used for the DNA sequencing: 5'-CCCTCATAGTTAGCGTA-
ACG-3".

4. Estimation of the binding capabilities of the selected
phage clones

A competitive phagemid enzyme-linked immunosorbent as-
say (ELISA) was essentially performed as described by Beatty et
al. [27]. Briefly, selected phages (synthesized, 10%) were mixed
with BSA in boric acid buffer, pH 10 (10:1). After dialysis with
boric acid buffer, pH 8.5, the phages were coated onto 96-
well microtiter plates at different concentrations (20, 10, 5, 2.5,
1.25, and 0.625 pug/ml) overnight at 4°C. After three washes
with washing buffer consisting of phosphate buffer saline-
Tween-20 (PBS-T; 0.01M PBS, pH 7.2 with 0.05% Tween-20, and
0.01% sodium azide), the wells were blocked with BSA in PBS
(pH 7.2) and incubated with 100 uL of a VEGFR-3/Fc chimera
diluted in carbonate buffer, pH 9.6 at different concentrations
(20,10, 5, and 2.5 pg/mL) overnight at 4°C. After three washes
with wash buffer, the wells were incubated with 50 uL/well of
HRP-labeled goat anti-human immunoglobulin G Fc antibody
(1:5,000 dilution in 0.5% fish gelatin in PBS; Rockland Immuno-
chemicals, Boyertown, PA, USA) at 37°C for 1 hour. After three
washes with PBS, the wells were incubated with ABTS, and
the absorbance was determined at 410 nmol/L (A410) using
a microplate reader. When the value of A410 is equivalent
to 50% of the largest absorbance (A50), the affinity constant
(K,) of the phages can be calculated as follows: K,;=n-1/2
X (n[Ab']-[Ab]) and n=[Agl/[Ag'] in which, [Ag] and [Ag']
are the concentrations of VEGFR-3 in two different coating
solutions and [Ab] and [Ab] are the amount of the phages at
A-50 in the plates coated with two different concentrations of
VEGFR-3 [12]. Similar experiments were conducted to analyze
the interaction of various concentrations of VEGF-D (1,000,
500, 250,125, 62.5,and 31.25 pg/mL; R&D Systems).

5. Immunohistochemical and immunofluorescence staining

Ovarian adenocarcinoma tissues were collected by surgical
resection from four ovarian cancer stage Il patients. Informed
consent was obtained from all the patients in advance and
this study was approved by the Institutional Review Board of
the No.117 Center Military Hospital, Hangzhou, China.
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Immunohistochemical and immunofluorescence staining
was carried out as previously described [26]. Briefly, 3 um-thick
continual tissue sections from a representative block were
placed onto aminopropyltriethoxysilane-treated slides (Sigma,
Poole, Dorset, UK) and dried overnight at 37°C. Endogenous
peroxidase activity was blocked in 3% hydrogen peroxide
for 10 minutes followed by epitope retrieval by microwave
boiling the sections in 10 mmol/L citrate buffer (pH 6.0) for
12 minutes. Immunostaining was performed with an Envision
kit (Dako, Carpinteria, CA, USA) on a Dako automatic stainer.
Detection was made with Envision+ (Dako), a biotin-free
detection system that consists of a secondary antibody that
is covalently linked to peroxidase-coated dextrose polymers.
The primary antibody consisted of a rabbit anti-human
VEGFR-3/Flt-4 polyclonal antibody (Chemicon International
Inc., Temecula, CA, USA) with 3, 5 diaminobenzidine (DAB,
Dako) as the chromogen and hematoxylin as the counterstain.
Antibody binding was visualized and photographed under a
light microscope.

Immunofluorescence was also performed with an Envision
kit on the next continual section. Tissues were incubated
with fluorescein isothiocyanate (FITC)-labeled peptide IlI
[FITC-=(aminohexanoic, AHX)-WHWLPNLRHYAS], which
was synthesized by Zhongkeya Guang (Beijing, China), for
overnight at 4°C. Negative controls consisted of FITC-labeled
negative peptide [FITC—(AHX)-WHNSLKANYTWG], which has
shown negative binding in the phage screening procedure.
Slides were analyzed by confocal laser scanning fluorescence
microscopy (LSM 510 META, Carl Zeiss GmbH, Oberkochen,
Germany) using Zeiss LSM ver. 3.2.

6. Targeting of the peptide to ovarian tumors in vivo

Four to six week-old female Balb/c-nu mice were purchased
from Vital River Laboratory Animal Technology (Beijing,
China). The mice were injected subcutaneously with 2x10°
SKOV3 ovarian cancer cells (Culture Collection of the Chinese
Academy of Sciences, Shanghai, China). Once the tumor was
1 cm in diameter, the tumor-bearing mice were injected with
technetium (*"Tc)-labeled peptide prepared as described
below.

“"Tc-labeled peptide was freshly prepared using standard
protocols [28]. Briefly, 50 L of peptide (2 ug/uL), NHS-MAG3-
SHSWHWLPNLRHYAS, was mixed with 100 pL of 0.1 M citrate-
phosphate buffer, 300 pL tartrate, 100 yL SnCl, and 100 pL
#"TcO, in saline. The mixture was sealed with nitrogen gas
and incubated at 100°C for 30 minutes. The labeling efficacy
was evaluated by thin layer chromatography. Peptide with
95% “"Tc labeling was used. Each mouse in the experimental
group (n=6) was injected with 100 uL of peptide (~3,700 kBq
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“MTc/100 pg) via the tail vein. Control mice (n=6) received ~ RESULTS

100 L of °*"TcO, (~3,700 kBq) in saline. After 30 minutes, the

mice were anesthetized by ketamine, and radioactivity from 1. Phage library screening to identify VEGFR-3/Flt-4-

the tumor cells was measured using Millennium MPR Spec- interacting peptides

trometer (BC Technical, West Jordan, UT, USA). The images To identify peptides that could be used to inhibit VEGFR-3/
were acquired over a 15-minute duration. The radioactivity ~ Flt-4 for ovarian cancer, phage library screening was un-
acquired from ovarian tumor cells peaked 3 hours after the tail ~ dertaken. The yields obtained after four biopanning rounds
veil injection. This study was approved by the animal care and  are listed in Table 1. The yields increased with each round,
use committee of Third Military Medical University (Chongg-  indicating that specific phages were being enriched.

ing, China). ELISA using immobilized VEGFR-3 and selected phage
clones after four rounds of phage enrichments revealed that
7. Statistical analysis the selected phages could interact with VEGFR-3 specifically;

Data were summarized as mean=®SD and compared by  weak interaction with BSA or polyethylene was observed (Fig.
one-way analysis of variance with the post hoc tests using
Bonferroni correction. Statistical analyses were assessed using
SPSS ver. 15.0 (SPSS Inc,, Chicago, IL, USA). A two-tailed p<0.05

was considered significant. bp
7,000
5,500
Table 1. Yields of washed phages 3,500
Input phage Output phage .
R Yield (9
ound (pfu) (pfu) leld (%) 2,000
Mock group 1 6.802x10" 1.781x10° 2.62x107
Mockgroup2  2918x10" 5.194%10° 1.78x10°
1 6.066%10" 3.628X10° 5.98%10° 1,000
2 1.185X% 10" 1.855X10° 1.57%X10°®
3 2.850% 10" 6.175%x10’ 2.17x10™
4 8.180% 10" 7.918%10 968%10™* Fig. 2. Agarose gel electrophoresis of single-stranded DNA isolated
from the phage clones. Lanes 1 to 10: single-stranded DNA of phage
pfu, plaque forming unit. clones; lane M, DNA marker IV.
A B p<0.001
' p<0.001
0.7 3 VEGFR-3 061
T [ BSA
0.6 1 _'|_ L [ Blank control 05
0.5 1
L 1 N = 0.4 -
S 04+ l = 2
i ¥ 0.3
8 0.3- 8
0.2 1
0.2 1
0.1 "L ’-|l‘ J-|“ :-'_‘ 0.1
0 T ;| T _l_ T T T L’_‘ T T ‘I_I T L’;‘ T 1 O T T Ill 1
S1 S2 S3 S4 S5 T1 T2 T3 T4 T5 VEGFR-3 BSA Blank control

Fig. 1. Interaction of phages with recombinant human vascular endothelial growth factor receptor-3 (rhVEGFR-3). (A) The interaction of all 10
phage clones with rhVEGFR-3 was determined by enzyme-linked immunosorbent assay. Negative controls consisted of bovine serum albumin
(BSA) as well as uncoated wells. Interaction was determined at an optical density (OD) 410 nmol/L. S and T had no specific meanings; they are
just different clone names. (B) The binding affinity of all 10 clones for VEGFR-3 was much higher than that of both BSA and blank control (both
p<0.001).
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1A). As shown in Fig. 1B, the binding affinity of all 10 clones
for VEGFR-3 was much higher than that of both BSA and blank
control (both p<0.001).

2. Extraction and sequencing of single-stranded phage
DNA
The phage DNA was subjected to agarose gel electropho-
resis. As shown in Fig. 2, the length of all the clones was the
same as the M13 single-stranded DNA marker and, therefore,
the absence of contamination. After subsequent sequencing
of the phage DNA, three separate peptides were obtained
(Table 2).

Table 2. Amino acid sequences phage clone inserts

Journal of Gynecologic Oncology J g O

3. Binding affinity of the selected phage clones for
VEGFR-3

The interaction of the isolated peptides with rhVEGFR-3
was next analyzed after preparing peptides | to lll for a non-
competitive ELISA. One representative experimental curve
plot from three experiments of the K, (affinity constant) of
peptides |, II, and Il was shown in Fig. 3 as well as the VEGF-
D versus VEGFR-3/Fc interaction was shown in Fig. 4. The K 4
(affinity constant) of peptides |, Il, and Il were16.4%8.6 ug/mL
(n=3), 9.2£2.1 yg/mL (n=3), and 174.8+31.1 ug/mL (n=3),
respectively. Peptide Ill (WHWLPNLRHYAS) had the highest
affinity for VEGFR-3 and was nearly as strong as the VEGF-D
versus VEGFR-3/Fc interaction that had a K¢ of 264.01+56.7

Sample DNA sequence Peptide
I S1,S5,T1,T3,T5 ATACCACCAAAGATTCTGCTTCAGAGACCCATGCCA WHGSLKQNLWWY
I S4, T4 ACCATGAGTCGGCAGCGCCCACGCATTCCAATGCCA WHWNAWALPTHG
1] S3 AGAAGCATAATGACGCAGATTCGGAAGCCAATGCCA WHWLPNLRHYAS
A B
0.50 1 0.40
0.45 1 A 0.35 A
040 0.30
0.35 A
0.25 A
S o9 1 5 S 0.20-
ST 0.251 2/' 5z O
S 0.20 S 0.5
(@] (@] :
0.15 — | 0.10
C .
0101 3 0.05 -
0.05 - | 4 D '
0 T T T : T 1 O
-0.05 - -0.05-
-1.69 -0.69 0.32 1.32 2.32 3.32 -1.69 -0.69 0.32 1.32 2.32 3.32
1 g (concentrate of peptide I) 1 g (concentrate of peptide Il)
C
0.9 1
0.8 A
0.7
0.6
o 1
3 0.5 B
a Fig. 3. Interaction of (A) peptides |, (B) Il, and (C) lll with vascular
o 047 Io endothelial growth factor receptor-3 (VEGFR-3). Interaction of
0.3 1 peptides I, I, and lll with VEGFR-3 was analyzed by non-competitive
3 enzyme-linked immunosorbent assay. A, B, C, and D are the various
0.2 D concentrations of VEGFR-3 analyzed (20, 10, 5, and 2.5 pg/mL,
0.1 4 respectively). Interaction was determined at an optical density (OD)
410 nmol/L. One representative experimental curve plot from three
0 T T T T ! experiments of the K (affinity constant) of peptides |, I, and Ill was
-1.69 -0.69 0.32 1.32 2.32 3.32

1 g (concentrate of peptide IlIl)

J Gynecol Oncol Vol. 26, No. 4:327-335

shown. The K, of peptides | to Ill was 16.4+8.6,9.21+2.1,and 174.8%
31.1 pg/mL, respectively.
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2.0 D
o 1.5
h
8 1
(@] 1.0 -
2
0.5 4
4
0 2.00 2.30 2.47 2.60 2.69

VEGF-D (ug/mL)

Fig. 4. Interaction of vascular endothelial growth factor (VEGF)-D
with vascular endothelial growth factor receptor-3 (VEGFR-3)/Fc.
Different concentrations of VEGF-D (1,000, 500, 250, 125, 62.5, and
31.25) were coated on the enzyme-linked immunosorbent assay plates
and incubated with VEGFR-3/Fc chimera and immunoglobulin G Fc
antibody to generate the binding curves. Interaction was determined
at an optical density (OD) 410 nmol/L. One representative experimental
curve plot from three experiments of the K, (affinity constant) of
peptides |, I, and lll was shown. The K, was 264.01£56.7 pg/mL.

pg/mL (n=3).

4. Expression of VEGFR-3 and peptide lll

Immunohistochemical and immunofluorescence analysis of
VEGFR-3 and peptide Il in ovarian carcinoma tissue sections
was next undertaken. As shown in Fig. 5, strong immunos-
taining for VEGFR-3 (Fig. 5A, C, E) appeared on the endothelial
cells lining lymphatic vessels. In addition, immunofluores-
cence analysis confirmed that a FITC-tagged peptide Ill, could
interact with VEGFR-3 (Fig. 5B, D).

5. Localization of peptide Ill to ovarian tumors in vivo

After an in vivo ovarian tumor model was established, tumor-
bearing mice received a tail vein injection of either *"Tc-
labeled peptide or *"TcO, as a control. As shown in Fig. 6,
“Tc labeled peptide was observed ovarian tumor (Fig. 6A);
however, no such labeling was observed in mice injected with
the free probe, which accumulated in the liver, kidney, and
bladder (Fig. 6B).

DISCUSSION

Ovarian cancer remains a significant cause of cancer-related
mortality due in large part to the failure to detect it at its
early stages [1,2]. Targeting VEGF signaling is a well-known
treatment option for patients with ovarian cancer. Because
VEGFR-3 expression in cancer cells has been correlated with
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clinical stage, lymph node metastasis, and lymphatic invasion
[71, we identified three VEGFR-3/Flt-1-interacting peptides.
Non-competitive ELISA revealed that peptides |, I, and Il had
binding affinities for VEGFR-3 of 16.4£8.6,9.2£2.1,and 174.8
+31.1 ug/mL, respectively. Peptide Ill (WHWLPNLRHYAS) co-
localized with VEGFR-3 in endothelial cells lining lymphatic
vessels in ovarian carcinoma tissues, suggestive of its binding
capabilities.

A large proportion of ovarian cancer-related mortality is due
to lymphatic metastasis. VEGFR-3 is an effective tumor marker
of lymphatic vessels [29], and roles for VEGF signaling via
VEGFR-3 in lymphangiogenesis in cancer patients have been
shown [7-9,30]. Therefore, targeting VEGF-VEGFR-3 signaling
via an interfering peptide may represent a novel therapeutic
approach for ovarian cancer. Peptide-based therapies have
several advantages over monoclonal antibodies in that
they are smaller, which favors increased tissue penetration.
Furthermore, given the specificity of peptides, these targeted
ligands may represent carriers for the delivery of genes and/or
therapeutic compounds as well as imaging agents [31,32]. Us-
ing ovarian carcinoma tissues, the co-localization of peptide |l
with VEGFR-3 in the endothelial cells of lymphatic vessels was
confirmed. This result is consistent with another published
VEGFR-3-targeted peptide that could specifically bind VEGFR-
3-positive carcinoma cells [33]. These results suggest that
peptide Il may also be a potential carrier for ovarian cancer
biotherapy, which will be analyzed in further in vivo studies.

Phage display offers an effective tool for the detection of
protein interaction [34]. In the present study, to select the
possible carrier peptide of ovarian cancer, a random phage
display peptide library constructed on peptide Ill was screened
by biopanning using rhVEGFR-3 as a selective molecule. After
three rounds of biopanning, there was a remarkable enrich-
ment in the titer of bound phages after which 10 phage clones
were selected from the fourth biopanning that corresponded
with three peptides. Further studies will evaluate if any of the
three peptides may be a suitable carrier for targeted ovarian
cancer biotherapy.

Although the binding between the peptides displayed on
the coat protein lll and VEGFR-3 was detected, it is important
to also analyze the binding properties of the synthesized short
linear peptide chain. Non-competitive ELISA is a convenient
way to reliably measure the affinity constant [35-37], and
our results showed that peptide Il strongly interacted with
VEGFR-3. However, the interaction of peptide Ill with other
VEGF receptors will be assessed in further studies to fully
determine its specificity for VEGFR-3.

Although the present study did evaluate the binding of pep-
tide Ill to VEGFR-3 and compared it with VEGF-D, its antago-
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nism of VEGFR-3 was not demonstrated. Therefore, further
studies will evaluate if peptide Il inhibits VEGF signaling and
compare it to other inhibitors, including monoclonal antibod-
ies. In addition, we did not perform co-immunoprecipitation
analysis to evaluate the in vitro interaction of peptide Ill with
VEGFR-3 as we currently do not have antibodies specific for
peptide lll. Furthermore, the potential function of the peptide,
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Fig. 5. Immunohistochemical and immu-
nofluorescence staining of ovarian carci-
noma tissue sections. Tissue sections were
analyzed for vascular endothelial growth
factor receptor-3 (A, C, E) and peptide Il (B,
D) as determined by immunohistochemistry
and immunofluorescence staining, respec-
tively. Both were detected on the endo-
thelial cells of lymphatic vessel. (F) The
fluorescein isothiocyanate (FITC)-labeled
negative peptide [FITC-(aminohexanoic)-
WHNSLKANYTWG] was used as negative
controls for immunofluorescence (A, B, E, F:
X 100; C, D: X 200; A-D: scale bar, 20 um; E, F:
scale bar, 10 um).

including its effect on angiogenesis as well as endothelial
cell proliferation as in Erdag et al. [21], will be assessed to
determine the clinical significance of this interaction.

In summary, this study identified VEGFR-3-interacting
peptides by screening a phage-displayed random peptide
library. The association of peptide Ill with VEGFR-3 was verified
in ovarian cancer tissues by immunofluorescence analysis.
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Further in vivo studies will explore the capacity of this peptide
as a carrier to specifically target VEGFR-3 signaling.
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