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Human vascular endothelia growth factor receptor 3 (VEGFR-3) is up-regulated in a
variety of human cancers. It is a potentially rational target for drug delivery.
To identify novel ligands with specific binding capabilities to VEGFR-3, we screened
a phage display peptide library and found a consensus motif of the peptides which
is displayed by the positive phages CSDxxHxWC (x is any amino acid). The phage
displaying peptide CSDSWHYWC (designated as P1) exhibited the highest affinity to
VEGFR-3 in phage ELISA and the chemically synthesized P1 could bind to VEGFR-3
specifically in a dose-dependent manner. In addition, the flow cytometry assay and
immunoflourescence showed that the FITC labelled P1 could bind to VEGFR-3
positive carcinoma cells with specificity. Our study suggests that P1 may be a
homing peptide for treatment of tumours.
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Abbreviations: FITC, fluorescein isothiocyanate; HRP, horseradish peroxidase; OPD, o-Phenylenediamine;

PBS, phosphate-buffered saline; VEGFR-3, vascular endothelia growth factor receptor 3.

During the past 20 years, the experimental proof that
some receptors can be used successfully as molecular
targets for cancer diagnosis and therapy has been
provided. It is on the basis of the discovery that these
receptors are overexpressed in cancer in comparison to
normal tissues (I). Once some molecules which could
bind to these receptors with high affinity are found, they
can be radiolabelled or coupled with anti-tumour drugs,
such as proteins, peptides and chemicals. These com-
plexes will have better applications in clinical diagnosis
or treatment for tumours. The molecules that have been
found include monoclonal antibodies and peptides.
The latter are more suitable for tumour treatment
because of their less molecular weight and because they
can be easily synthesized. Targeting the receptors which
overexpressed in tumour cells by small peptides will be
one of the most promising fields for the next decades (2).

Human vascular endothelia growth factor receptor 3
(VEGFR-3) is a new promising target which has been
identified recently. VEGFR-3 belongs to III receptor
tyrosine kinase family and the mature VEGFR-3 consists
of extracellular region, transmembrane region and inter-
cellular (3). VEGFR-3 is initially expressed in all
embryonic endothelia, but its expression in the blood
vessel endothelium decreases during development, and it
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becomes largely restricted to the lymphatic endothelium
in adult tissues (4). Recently, more and more data
showed that VEGFR-3 expression was increased in a
variety of human tumours (5-11). In addition, some
animal assays showed that inhibiting the signal pathway
of VEGFR-3 could prevent the growth and metastasis of
tumour (12-14). All these features of VEGFR-3 make it a
new promising target for tumour diagnosis and therapy.
In order to find a new peptide that can bind
VEGFR-3, we screened the phage display peptide library
with human VEGFR-3. The result revealed that we
obtained a novel peptide (P1) which had a high affinity
with VEGFR-3, suggesting that P1 may be a new
targeting peptide for tumour diagnosis and treatment.

MATERIALS AND METHODS

Cell Lines and Proteins—The human colon cancer cell
line (HT29), human wumbilical vein endothelial cell
line (EVC304), the human retinoblastoma cell line
(Y79), the human amino cell line (WISH), human
hepatic cancer cell line (HepG2) and human alveolar
epithelial cell line (A549) were routinely cultivated
as monolayer at 37°C and in 5% CO, atmosphere in
RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum containing 0.1 mg/ml
ampicillin and 0.1mg/ml streptomycin. All the cell
lines were purchased from the National Rodent
Laboratory Animal Resource (Shanghai, China). Human
VEGFR-3 (hVEGFR-3), human VEGFR-2(hVEGFR-2),
human VEGFR-1(hVEGFR-1) ectodomain Fc fusion

© 2007 The Japanese Biochemical Society.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

80

proteins and human IgG1 Fc were purchased from R&D
Systems, Minneapolis, MN, USA.

Phage Library and Biopanning—A total of three
successive rounds of panning with hVEGFR-3 ectodo-
main Fc fusion protein were performed with a random
phage display constrained 7-mer peptide library (New
England Biolabs, Beverly, MA). The procedure for
screening the phage display library was modified
according to instruction of the manufacturer of the kit
(New England Biolabs, Beverly, MA). Briefly, 96 well-
plate was incubated with human IgGl Fc¢ or human
VEGFR-3 ectodomain Fc¢ fusion protein (15 pg/well) at
4°C. Wells were blocked for 1h with 1% bovine serum
albumin (BSA) in TBS, and rinsed with binding buffer
(TBS, 0.1% Tween-20 or 0.5% Tween-20). For pre-
absorption, 2 x 10! plaque forming units of the phage
library in 100 pl binding buffer were added to the human
IgG1l Fc coated wells. After 1h incubation at room
temperature, the pre-absorbed phages were applied to
the hVEGFR-3 ectodomain Fc¢ fusion proteins coated
wells for specific screening. Unbound phages were
removed by extensive washing with TBS/0.5%
Tween 20. Bound phages were eluted with 0.2mol/l
Glycine-HC1/0.1% BSA, pH 2.2 and immediately neutra-
lized with 15 ul of 1mol/l Tris—HCI, pH 9.0. Phages were
amplified in Escherichia coli ER2738, precipitated from
the bacterial culture supernatant with polyethylene
glycol, then titred before the next round of biopanning.
Titre determination utilized aliquots of the elution or the
amplification that were plated in serial dilutions on
Luria broth agar plates (20 pg/ml tetracycline).

Colony Screening Assay—After three rounds of biopan-
ning, colony screening for selection of specific phage
clones was performed. The 96-well plate was incubated
with hVEGFR-3 ectodomain Fc fusion protein (100ng/
well) or human IgG1l Fc¢ (100 ng/well) overnight at 4°C.
After blocking, 60 phage clones (2 x 10%well) were added
to the wells and incubated for 1h at room temperature.
Wells were washed 10 times with TBS/0.5% Tween 20
and bound phage was detected using a horseradish
peroxidase (HRP)-conjugated anti-M13 monoclonal anti-
body (Amersham Biosciences, Freiburg, Germany). The
reaction was developed with o-Phenylenediamine (OPD,
Sigma, St Louis, MO, USA). After ending the develop-
ment reaction with 2mol/l sulphuric acid, the absorption
value was read at 490 nm with a Bio-Rad ELISA reader.
Positive clones were amplified and identified by DNA
sequencing.

DNA Sequencing—Single strand phage DNA was
prepared with 20% polyethylene glycol-8000 (PEG)/
NaCl according to the random phage display constrained
7-mer petide library kit (New England Biolabs, Beverly,
MA). Prepared DNA amount was verified by EtBr2/0.8%
agarose gel under UV illumination. DNA sequencing
was done by Sangon (Shanghai, China).

Phage 1 Specifically Binding to hVEGFR-3—The
phage which exhibit the best affinity to hVEGFR-3 was
designated as phage 1. To study whether it could
specifically bind to hVEGFR-3, the hVEGFR-3,
hVEGFR-2 and hVEGFR-1 ectodomain Fe fusion proteins
were coated on the 96-well plate (100 ng/well) overnight
at 4°C. After blocking, the phage 1 (2 x 10%well) was
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added to the wells and incubated for 1h at room
temperature. Wells were washed 10 times with TBS/
0.5% Tween 20 and bound phage was detected using
an HRP-conjugated anti-M13 monoclonal antibody.
The reaction was developed with OPD. After ending the
development reaction with 2mol/l sulphuric acid, the
absorption value was read at 490nm with a Bio-Rad
ELISA reader.

Peptide Synthesizing—Peptide CSDSWHYWC (P1)
and control peptide CSSSPSKYC (P5) were synthesized
using Fmoc [N- (9-fluorenly) methoxycarbonyl] chemistry
and purified by high-pressure liquid chromatography.
For easy observation, fluorescein isothiocyanate (FITC)
labelled peptides were also synthesized. Matrix-assisted
laser desorption ionization-time of flight mass spectro-
metry was used to verify proper peptide synthesis and
purity. Stock solution of the peptide was dissolved in
phosphate-buffered saline (PBS, Irvine Scientific, Santa
Anna, CA). Peptide concentration was calculated based
on 0OD280.

P1 Specifically Binding to hVEGFR-3—The 96-well
plate was incubated with different diluted solution of the
synthesized peptide P1 and P5 (control) overnight at 4°C.
After blocking with BSA, hVEGFR-3, hVEGFR-2 or
hVEGFR-1 ectodomain Fc¢ fusion protein, respectively
were added to the well, and incubated at room tempera-
ture for 1h. The wells were washed with PBST (PBS,
0.5% Tween 20) for six times and then the mouse anti
human IgGl Fc¢ monoclonal antibody (R&D Systems,
Minneapolis, MN) (1 : 2000) was added to the wells,
incubating at room temperature for 1h. After washing,
the HRP-conjugated goat anti mouse IgG (ZhongShang
Golden Bridge Biotechnology, Beijing, China) (1 : 1000)
was added to the well and incubated for 1h at room
temperature. The reaction was developed with
OPD(Sigma, St Louis, MO, USA). After ending the
development reaction with 2mol/l sulphuric acid, the
absorption value was read at 490nm with a Bio-Rad
ELISA reader. In order to find whether P1 binding to
VEGFR-3 in a dose-dependant manner, the different
diluted solution P1 were coated on the 96-well plate
overnight at 4°C, and after blocking, the VEGFR-3
and the human IgGl Fc as a control were added.
The remaining process was same as the above.

Identification of hVEGFR-3 Positive Cell Lines With
Flow Cytometry—HT29 cells, Y79 cells, EVC304 cells,
HepG2 cells, WISH cells and A549 cells were blocked
with heat-inactivated normal goat serum in PBS pH 7.4
(1 : 20), washed and incubated at 4°C for 30min with
mouse anti hVEGFR-3 monoclonal antibody (1:10) or the
isotype control mouse IgGl (1 : 10). Samples were
washed twice with PBS and then incubated with FITC
labelled goat anti mouse IgG for 30min at 4°C. After
washing, the samples were fixed in 1% paraformalde-
hyde/PBS. All samples were analysed (Becton Dickinson
FACS caliber) wusing Cellquest software (Becton
Dickinson, San Jose, CA).

The FITC Labelled P1 Binding to hVEGFR-3 Positive
Cells—HT29 cells, Y79 cells, EVC304 cells, HepG2 cells,
WISH cells and A549 cells were blocked with heat-
inactivated normal goat serum in PBS pH 7.4 (1 : 20),
washed and incubated at 4°C for 30min with FITC
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labelled P1 or P5 (0.8 ug/ml). Samples were washed twice
and then fixed as mentioned earlier. All samples were
analysed (Becton Dickinson FACS caliber) using
Cellquest software (Becton Dickinson, San Jose, CA).

Immunoflourescence Analysis of P1 Binding to HT29—
HT29 cells and EVC304 cells were grown on glass
coverslips to 50-85% confluence. The slides were
washed with PBS for three times and fixed in cold
acetone for 10 min, and then the cells were blocked with
normal goat serum for 2h at room temperature. After
washing, FTIC labelled P1 and P5 (0.5pg/ml) were
applied to the cells and incubated for 1h. Cells were
washed and the propidium iodide (PI, Sigma, USA)
(20 pg/ml) were applied to the cells for 5min. After
washing, the cells were mounted with PBS-glycerine
(1:1). Results were analysed using a confocal microscope
(Bio-Rad, CA, USA).

RESULTS

Biopanning and Colony Screening—A library of
random constrained 7-mer peptides was screened with
hVEGFR-3. As the first indicator of successful biopan-
ning, an increase of phage titres during rounds of
panning was observed. The phage titre increased from
9x10° plaque forming units(pfu)/ml (first round) to
1.19 x 108 pfu/ml  (second round) and finally to
1.11 x 10" pfu/m] (third round). A total of 60 phage
clones were randomly chosen for colony screening after
three successive rounds of biopanning. Among them, 29
clones with the highest affinity with hVEGFR-3 but not
with the hIgGl Fc and BSA were found, amplified and
sequenced. Nine amino acid sequences were deduced
from the sequencing result (Table 1).

Binding of hVEGFR-3 to the Peptides Displayed On
Phage—The result of colony screening was confirmed by
ELISA in a separate test system. All positive phages
candidates were specifically recognized by hVEGFR-3,
but not by human IgG1 Fc or the blocking protein (BSA)
(Fig. 1). Among them, phage 1 has the best binding
ability with hVEGFR-3. Moreover, hVEGFR-3 did not
react with control phages, which were washed off in the
first round biopanning. Our results also observed that
the phage 1 only binds to hVEGFR-3 but not hVEGFR-2
or hVEGFR-1 (Fig. 2).

To determine whether the peptide still has the ability
to bind to hVEGFR-3 after it departs from the phage, P1
which exhibited the highest affinity to hVEGFR-3 in
phage ELISA was chemically synthesized. The ELISA
assay showed that P1 could specifically bind to hVEGFR-
3 but not control protein (Fig. 3A). In addition, a dose-
dependent increase of the binding of P1 to hVEGFR-3
was observed in the ELISA (Fig. 3B).

VEGFR-3 Expressions on HT29 Cells and Y79 Cells
Are Positive—To identify VEGFR-3 positive cell line, six
human cell lines were analysed with the mAb against
VEGFR-3 by flow cytometry. The results show that
VEGFR-3 was highly expressed on HT29 cells (42.3%)
and Y79 cells (563.1%) and weakly expressed on A549
cells (8.8%), while EVC304 cells, WISH cells and HepG2
cells were VEGFR-3 negative (2.3%, 3.4% and 3.9%,
respectively) (Fig. 4).
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Binding of the FITC Labelled P1 to HT29 Cells and
Y79 Cells—To determine whether P1 could bind to the
natural VEGFR-3 on cells, the FITC labelled P1 was also
chemically synthesized and the association ability of P1
with the six cell lines above were analysed by flow
cytometry assay. The result indicated that the FITC
labelled P1 could specifically bind to VEGFR-3 positive
cells, including HT29 cells (41.3%) and Y79 cells (47.7%),
but not bind to the VEGFR-3 negative cells, such as
EVC304 cells (1.2%), WISH cells (1.2%) and HepG2 cells
(7.2%) (Fig. 5).

P1 Binding to HT29 Cells—The result of immuno-
flourescence assay was according with the result of FCM.
P1 could specifically bind to HT29 cells but not to
EVC304 cells (Fig. 6).

Table 1. Analysis of the positive phage clones in colony
screening assay by DNA sequencing

No. of peptide Amino acid sequences Frequency®
1 CSDSWHYWC 10/29
2 CSDWQHPWC 8/29
3 CSDYNHHWC 4/29
4 CSDGQHYWC 2/29
5 CYDSWHYWC 1/29
6 CFDGNHIWC 1/29
7 CTDFPRSFC 1/29
8 CTQDRQHPC 1/29
9 CLSRYLDQC 1/29

“Frequency of peptide appearance/sequenced 29 positive clones.
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Fig. 1. VEGFR-3 specifically recognized positive phages
screened by biopanning (ELISA). VEGFR-3 recognized
phages displaying the peptide inserts, sequences were shown
in Table 1.
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Fig. 2. Phage 1 binding to hVEGFR-3 specifically. Binding
of phage 1 with hVEGFR-1, hVEGFR-2 and hVEGFR-3 was
detected. Phage 1 could only bind to hVEGFR-3 but not to
hVEGFR-1 and hVEGFR-2.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

82

0.8

o7t A

0.6 |

0.5
g di mFI
c ops
< 0.3
E 0.2 |

il =a

VEGFR-1 VEGFR-2 VEGFR-3
Peptides

0.6

0.6 B
E 0.4
S 01 —e— VEGFR3
= —=— IgGlRC
§ 0.2

0.1

-— = - - - s =
0 : i : : :

S 9 o
R R O UL
Amount of peptides

Fig. 3. Synthesized peptide (P1) binding to hVEGFR-3
specifically. (A) P1 could associate with the hVEGFR-3
specifically but not with the hVEGFR-1 or hVEGFR-2. P5 was
as a peptide control. A representative result of three perform
was shown. (B) P1 binding to hVEGFR-3 is dose-dependent. The
96-well plate was coated with P1. The binding ability of
hVEGFR-3(filled diamond) or IgGlFC(filled square) with P1
was analysed. A representative result of three perform is shown.
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DISCUSSION

The rapid development in current pharmaceutical drug
discovery has resulted in the emergence of increasing
numbers of novel therapeutic drugs for the treatment of
a variety of diseases. However, at present the main
problem associated with systemic drug administration is
likely to include even biodistribution of pharmaceuticals
throughout the body, the lack of drug-specific affinity
toward a pathological site, non-specific toxicity and other
side effects resulting from high doses (15). An attractive
strategy to enhance the therapeutic index of drugs is to
specifically deliver them to the defined target cells, not to
healthy cells which are sensitive to the toxic effects of the
drugs. In order to make this strategy into application,
two problems have to be solved. The one is to identify the
specific molecules on target cells. The other is to find
ligands which can recognize and associate those mole-
cules. Phage display is a powerful tool for screening
novel ligands for various target proteins (16). Especially
it has been used extensively in vitro and in animal
models to generate ligands and to identify cancer-
relevant targets. Many tumour-homing peptides have
been found with this method, such as NGR (Asn-Gly-
Arg), RGD (Arg-Gly-Asp) and GSL (Gly-Ser-Leu) (17).
Coupling anticancer drugs or peptides to the RGD or
NGR peptides yields compounds with increased efficacy
against tumours and lowered toxicity to normal tissues
in mice (I18).

Recently, several studies reported the successful
identification of the peptide ligands, such as vascular

EVC 304 HT29 cells Y79 cells
A B C
T < | =
c
Isotype Ab % g g . 3
Control Wiy § je Ry il e
: i J i
1 1@ 1868
FITC - FITC
D F
& " 2 ] ‘\‘
mAb against g g g 4
VEGFR-3 o B 2.3% 8 81 | ssaw
1668 1880 1
FITC FITC : FITC 1000
Wish cells HepGZ2 cells AS549 cells
1
£ € £ ]
Isotype Ab i 3 Z G 1.4%
Control 2 = i
a1 1668
FITC
J L
Y o] +
mAb against s 4 5 ¢
Q 3.4% o
o c 3 2
VEGFR-3 1 e &
-
«1 1664 .1 1066
FITC FITC ot FITC -

Fig. 4. HT29 cells and Y79 cells are VEGFR-3 positive.
(A, B, C, G, H, I) The isotype Ab reacted with the six cells for
gating. (D, E, F, L, M, N) The mAb against VEGFR-3 did not

react with EVC304 cells, WISH cells or HepG2 cells but reacted
weakly with A549 cells and reacted strongly with HT29 cells and
Y79 cells. A representative result of three perform was shown.
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Fig. 5. P1 specifically binding to HT29 cells and Y79 cells.
(A, B, C, G, H, I) FTIC-P5 (control peptide) did not bind to the
six cells for gating.(D, E, F, L, M, N) FTIC-P1 did not react with A representative result of three perform is shown.

epithelia growth factor 1(VEGFR-1), VEGFR-2 and focal
adhesion kinase (FAK) which is a tyrosine kinase
interacting with VEGFR-3 (19-21). All these peptide
ligands showed good affinity to the receptors in vitro and
in vivo and therefore maybe potential molecules for
tumour-targeted diagnosis and therapies. hWEGFR-3 is a
new number of the VEGFR family. More and more
studies indicated that VEGFR-3 is up-regulated in a wide
range of cancers and it plays an important role in
tumour growth and metastasis. These data showed that
VEGFR-3 is a potential target for tumour diagnosis and
therapy.

We screened the phage display constrained 7-mer
peptide library with hVEGFR-3 ectodomain Fc fusion
protein. After 3-round biopanning, 29 positive phages,
which have higher affinity with VEGFR-3 but not with
IgG1 Fc, were obtained and analysed by DNA sequen-
cing. The primary DNA structure deduced from the DNA
sequences revealed that there is a consensus motif
among the peptides: CSDxxHxWC (x is any amino
acid). In addition, BLAST online analysis indicated that
no meaningful homogeneous sequence with the motif was
found in proteins including VEGF-C and VEGF-D,
suggesting that this motif could be a new one.

The phage displaying peptide CSDSWHYWC (phagel)
exhibited the best affinity to hVEGFR-3. Our study
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EVC304 cells, WISH cells or HepG2 cells but reacted weakly with
A549 cells and reacted strongly with HT29 cells and Y79 cells.

found that phagel could only bind to hVEGFR-3 but not
to hVEGFR-1 or hVEGFR-2. It demonstrated that the
recognition of phagel to hVEGFR-3 is specific. In
addition, P1 is the peptide which has the highest
frequency among all positive peptides, indicating that
phagel has more potential to bind to hVEGFR-3.
In order to further identify the affinity of phagel to
hVEGFR-3 protein, we chemically synthesized peptidel
(P1) corresponding to phagel and assessed its feature.
The results showed that P1 could dose-dependently and
specifically bind to VEGFR-3 protein in ELISA.
Although we proved that P1 could associate with
VEGFR-3 protein, we still did not know whether P1
could bind to natural VEGFR-3. Consequently, we had to
find a VEGFR-3-positive cell line for binding experiment.
We detected the expression of VEGFR-3 on six cell lines
with mAb against VEGFR-3 and found that HT29 and
Y79 cell lines are VEGFR-3-positive cell lines, which is
according to the references (22, 23). Then we detected the
binding of FTIC-P1 to the six cell lines and found that
the binding of FTIC-P1 is similar to the binding of mAb
against VEGFR-3, that is, FTIC-P1 could also bind to the
VEGFR-3 positive cells (HT29 and Y79) but not bind to
the VEGFR-3 negative cells (EVC304, WISH, HepG2).
This suggests that FTIC-P1 could bind to the natural
VEGFR-3 on cells. Therefore, HT29 cells were selected
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EVC304+PS5

EVC304+P1

HT29+P5S

HT29+P1

Fig. 6. FTIC-P1 specifically binding on the membrane of
HT29 cells. (A-C) FTIC-P5 did not bind to EVC304 or HT29, no
fluorescence was observed on the membrane of EVC304 cells or
HT29 cells (G-I); (D-F) FTIC-P1 did not bind to EVC304 cells, no
fluorescence was observed on the membrane of EVC304 cells;

to perform the immunoflourescence assay, and the result
showed that FITC-P1 specifically bound to the membrane
of HT29 cells, which is in agreement with the fact that
VEGFR-3 expressed on the membrane of HT29 cells.

To our knowledge, this is the first study to identify
peptide ligand with high affinity to hVEGFR-3. Our data
indicated that P1 has potential to bind to hVEGFR-3
with specificity. Such a novel peptide ligand of
hVEGFR-3 holds considerable promise for tumour
diagnosis and therapy. Further studies to verify whether
P1 could home anti-tumour drugs to the tumour tissue
in animal tumour model are underway. This
study provides a basis for further development of
peptide ligand-based, human VEGFR-3-targeted cancer
therapy.

This work has been supported by program for
Changjiang Scholars and Innovative Research Team in
University (PCSIRT) in China.
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(J-L) FTIC-P1 specifically bind to HT29 cells and the fluores-
cence was observed on the membrane of the cells. A representa-
tive result of three perform was shown. All the cells were nuclear
stained with PI.
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