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Novel peptide screened from a phage display library
antagonizes the activity of CC chemokine receptor 9
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Abstract. CC chemokine receptor 9 (CCRY) serves a role in the
drug resistance and metastasis of tumors. In the present study,
a peptide specifically bound to CCR9 was obtained and the
effect on tumor cells was observed. A Ph.D.-12 phage display
peptide library was used to screen for peptides binding specifi-
cally to the second extracellular loop of CCR9. The ratios of the
input and output of phage clones increased gradually following
three rounds of biopanning. A total of 8 positive phage clones
were identified from DNA analysis. A phage clone, C-4, was
identified which exhibited higher affinity and specificity for the
second extracellular loop of CCRO9 in vitro compared with other
clones. A peptide (P1; VHWDFRQWWQPS) was identified
which may inhibit the corresponding phage, C-4, binding to the
second extracellular loop of CCR9. Furthermore, P1 was able
to bind specifically with MOLT4 cells which exhibit marked
expression of CCRY. In addition, P1 promoted the apoptosis
of MOLT4 cells induced by doxorubicin, and inhibited the
migration of MOLT4 cells in the presence of chemokine (C-C
motif) ligand 25. It was suggested that decreased activity in
the phosphorylation of protein kinase B in MOLT4 cells may
be responsible for the inhibition. In conclusion, the peptide P1
derived from a screened phage is able to specifically bind to
CCRO9 and inhibit the activity of CCRO. It has potential use as an
antagonist in the treatment of CCR9-overexpressed carcinoma.

Introduction

CCR9 is a member of the family of G-protein-coupled
receptors (GPCRs) and serves a role in T-cell differentiation
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and tissue-specific homing once bound to its cognate ligand
chemokine (C-C motif) ligand 25 (CCL25) (1). CCR9 has
also been implicated in numerous types of cancer including
breast, lung, pancreas, prostate and colon cancer, in addition
to adult T-cell leukemia; it is also reported that CCR9 medi-
ates organ-selective metastasis and drug resistance (2-7).
The functions of CCR9 in metastasis and drug resistance
depend on the activation of the phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt) signaling pathway (8).
Furthermore, the differences in the cell-surface profile
between cancer cells and their normal counterparts may
be used as a molecular signature for targeted therapy and
drug delivery. Thus, CCR9 is a promising candidate for a
target molecule based on its rare cell-surface expression
in normal tissues and increased cell-surface expression in
malignancies.

An immunotoxin CCL25-PE38 has previously been devel-
oped that is able to specifically kill high CCR9-expressing
MOLTH4 cells (9). However, several issues remain unresolved,
including uptake and expression of CCL25-PE38. Peptides
exhibit a short plasma half-life, increased tissue penetration
ability, decreased immunogenicity, and are easily synthesized
in comparison with macromolecular proteins (10).

Phage display is a molecular technology that permits the
presentation of a number of peptides with high specificity
and affinity for a target on the surface of a bacteriophage. For
instance, the biopanning of phage display libraries on cellular
receptors has been successful in selecting peptides that exhibit
high affinity and specificity for the receptors (11-13). Therefore,
peptides screened from phage display may be useful for the
diagnosis and targeted therapy of tumors.

In the present study, the second extracellular loop of
CCRO was used to screen a 12-mer phage display library and
a novel peptide (P1; VHWDFRQW WQPS) that was capable
of specifically binding to CCR9 was identified. Furthermore,
this peptide promoted the apoptosis of MOLT4 cells induced
by doxorubicin (DOX) and inhibited the migration of MOLT4
cells in the presence of CCL25. The inhibitory effects may be
associated with inhibition of the activation of Akt in MOLT4
cells. In conclusion, the novel peptide identified in the present
study may inhibit the activity of CCR9 and is potentially useful
in the research of novel treatments for CCR9-overexpressed
carcinoma.
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Materials and methods

Affinity screening procedure. The Ph.D.-12 phage display
library (version 1.1; New England BioLabs, Ipswich,
MA, USA) was used as the biopanning tool. The panning
procedure was performed according to the manufacturer's
protocol. Briefly, the second extracellular loop of CCR9
(AAADQWKFQTFMCKVVNSMYK; SBS Genetech Co.,
Ltd., Beijing, China) was used to coat microtiter plates at
10 ug/ml. Phages that specifically bound to the target were
identified through three rounds of in vitro selection. In each
round, the bound phages were rescued and amplified in
ER?2738 bacterial cells from the phage display library (New
England BioLabs, Inc., Ipswich, MA, USA) for the subsequent
panning, whereas the unbound phages were removed by
washing with Tris-buffered saline with Tween-20 (TBST).
The washing conditions for the second and third rounds were
the same as those for the first round, with the exception that
the Tween-20 concentration was increased from 0.1 to 0.5%,
respectively. Following the elution step in the third round, the
single clones of phage particles were harvested. The phages
were subjected to DNA extraction, sequencing and an ELISA.

DNA sequencing of the selected phages. Following the third
round of panning, 16 phage clones were randomly selected,
amplified and purified. The clones were designated C-1 to
C-16. Single-stranded DNA was extracted with M13 DNA
Kit (Beijing BLKW Biotechnology Co., Ltd., Beijing, China)
according to the manufacturer's protocol. DNA sequencing
was performed by Sangon Biotech Co., Ltd. (Shanghai, China)
using the -96gIII primer (5'-CCCTCATAGTTAGCGTAA
CG-3'"). Sequence analysis was performed and phages with the
same sequence were classified.

Phage capture ELISA. A 10-ug/ml sample of the second extra-
cellular loop of CCRY in 0.1 M NaHCO;, pH 8.6, was coated
on ELISA plates. The ELISA plates were incubated overnight
at 4°C in an air-tight humidified box. The excess solution
was removed and the plates were blocked with a blocking
buffer (0.1 M NaHCO, (pH 8.6), 5 mg/ml BSA) for 1 h at 4°C.
Subsequently, the plates were washed and phages including
control phage, C-4, C-6, C-9 and C-10 [at 10" plaque-forming
units (pfu)] were added to the target-coated wells. The plates
were incubated at room temperature for 1 h with agitation.
Finally, a horseradish peroxidase-conjugated anti-M13
monoclonal antibody at 5 yg/ml (cat. no. 111973-MMOS5; Sino
Biological, Inc., Beijing, China) was used to detect the bound
phages. Data are reported from three independent experiments.

Peptide synthesis and labeling. The candidate peptide P1
(VHWDFRQWWQPS) and unrelated peptide (control P;
WIRPPSGPMYSF) were synthesized by SBS Genetech, Co.,
Ltd. and Sangon Biotech Co., Ltd., respectively, using standard
solid-phase chemistry. Fluorescein isothiocyanate (FITC) was
conjugated to the N-terminus of P1 (FITC-P1) or the unre-
lated peptide (FITC-control P). The products were purified
to a minimum purity of 95% using high-performance liquid
chromatography and isolated by lyophilization. The sequence
and structure of each peptide were characterized by mass
spectrometry.
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Competitive inhibition assay. To investigate the inhibition
effect of P1 on C-4, a competitive inhibition ELISA was
conducted. Briefly, wells were incubated with 10 yg/ml of the
second extracellular loop of CCRO. P1 at various concentra-
tions (0,0.01,0.1,0.5,1.0,2.0 and 10 nmol/ml) was added to the
cells. Subsequently, 10" pfu C-4 was added to the wells prior
to incubation at 37°C for 1 h. The subsequent procedure was
similar to that of the ELISA performed for the aforementioned
phage capture. The wells were washed with 1x PBS (pH 7.4)
3 times following incubation. Finally, a horseradish peroxi-
dase-conjugated anti-M13 monoclonal antibody at 10 pg/ml
(cat. no. 111973-MMO0S5; Sino Biological, Inc.) was used to
detect the bound phages. The rate of inhibition was calculated
using the following formula: Rate of inhibition=[optical
density (OD) of control P-OD of P1]/OD of control P x 100%.
An unrelated peptide was used as the control P. Data are
reported from three independent experiments.

Confocal microscopy analysis. MOLT4 cells were obtained
from the American Type Culture Collection (ATCC; Manassas,
VA, USA). Cells were maintained in RPMI-1640 medium (GE
Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum (GE Healthcare Life Sciences),
100 U/ml penicillin and 100 mg/ml streptomycin. The cells
were cultured at 37°C in a humidified atmosphere containing
5% CO,. The MOLT4 cells were washed three times with
PBS. One group was washed three times with PBS and
blocked with 2% bovine serum albumin (BSA; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) at 4°C for 30 min and
FITC-P1 (0.1 nmol/ml) was incubated with the cells for 1 h at
4°C. Meanwhile, another group was incubated with anti-CCR9
monoclonal antibody at 0.1 nmol/ml (anti-CCR9 mAb;
cat. no. 112509; R&D Systems, Inc., Minneapolis, MN, USA)
for 30 min at 37°C, blocked with 2% BSA and subsequently
incubated with FITC-P1 at 4°C as above. Following three
washes, the cells were placed on poly-L-lysine-coated slides
and observed using a laser-scanning confocal microscope
with the magnification, x200 (LSM710; Zeiss GmbH, Jena,
Germany). FITC-control P was used as the control.

Apoptosis assay. MOLT4 cells (4x10%/well) were transferred
to 24-well plates with each well containing 500 yl RPMI-1640
medium without FBS. Each well was treated with a distinct
concentration of P1 (0, 0.1 and 1.0 nmol/ml) for 12 h, and
then treated with DOX (1 ug/ml) for 12 h. The control groups
were treated with various concentrations of P1 (0, 0.1 and
1.0 nmol/ml) for 24 h. The cells were washed twice, and
subsequently detected using an Annexin V-FITC and prop-
idium iodide (PI) double staining kit (Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) for 15 min at
25°C in the dark, according to the manufacturer's protocol.
Subsequently, the processed cells were rinsed with PBS
and subjected to fluorescence-activated cell sorting (FACS)
analysis. RBL-2H3 cells (ATCC, Manassas, VA, USA), were
incubated with Dulbecco's modified Eagle's medium (Thermo
Fisher Scientific, Inc.) at 4x10° cells/well. The subsequent
procedure was the same as that for the MOLT4 cells. Results
were presented as the percentage of Annexin V-FITC-positive
cells, Annexin V-FITC- and PI-double-positive cells. Data are
reported from three independent experiments.
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Table I. Enrichment of phages screened from the Ph.D.-12 library.
Titer, pfu
Second extracellular

Round loop of CCR9, ug Input Output Recovery
First 10 1.0x10" 5.2x10° 5.2x10°¢
Second 5 1.0x10" 3.6x10° 3.3x10°
Third 2 1.2x10° 49x10° 4.1x10*

The output/input ratio was used to indicate the recovery of phages. CCR9, CC chemokine receptor 9; pfu, plaque-forming units.

Chemotaxis assay. The chemotaxis assay was performed
in 24-well Transwell chambers (Corning Life Sciences,
Cambridge, MA, USA) as previously described (14). MOLT4
cells (0.5x10* cells/well) were treated with P1 (0, 0.1 and
1.0 nmol/ml) and control P (0, 0.1 and 1.0 nmol/ml) for 1 h,
prior to being added to the upper chamber. CCL25 (0.1 nmol/
ml) was placed in the lower chamber (500 ul). Following
incubation at 37°C in 5% CO, for 2 h, cells were collected
from the lower wells. The number of cells was counted using
light microscopy. Spontaneous baseline migration (BM)
was used as a control. The experiments were performed in
triplicate.

Western blotting. To investigate the expression levels of Akt
and phospho-Akt (p-Akt) in MOLTA4 cells in the presence of P1,
MOLT4 cells incubated in 24-well plates were serum-starved
for 12 h and then treated with P1 at various concentrations
(0, 0.1 and 1.0 nmol/ml) for 24 h. The protein extraction
procedure was performed as described previously (15). The
nitrocellulose membranes were incubated overnight at 4°C
with anti-p-Akt (Ser*”®) at 1:100 (cat. no. 9271; Cell Signaling
Technology, Danvers, MA, USA) or anti-Akt monoclonal
antibody at 1:100 (cat. no. 9272, Cell Signaling Technology)
and incubated with horseradish peroxidase-conjugated
secondary antibody at 1:2,000 (cat. no. D110058-0100; Sangon
Biotech Co., Ltd.). B-actin was used as the control. Finally,
the membrane-bound proteins were detected using enhanced
chemiluminescence substrate (Pierce ECL; cat. no. 322009,
Thermo Fisher Scientific, Inc.). The blots were incubated with
the ECL working solution for 1 min at room temperature, and
then removed and placed in a film cassette with the protein
side facing up in the dark for X-ray film exposure. The film
was developed using the developing solution (cat. no., AR0132;
BOSTER Biological Technology Co., Ltd, Wuhan, China)
for 2 min and fixative solution (cat. no. AR0132; BOSTER
Biological Technology Co., Ltd, Wuhan, China) for 1 min at
room temperature following exposure of 60 sec. The experi-
ments were performed in triplicate.

Statistical analysis. The data are expressed as the
mean + standard deviation or a percentage. Data analysis
was performed using GraphPad Prism (Version 5; GraphPad
Software, Inc., La Jolla, CA, USA). One-way analysis of
variance and Student's t-test were used to perform statistical
comparisons. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Screening of the Ph.D.-12 phage display library against
CCR9. To obtain a specific peptide binding to the CCRY, a
Ph.D.-12 phage display library was screened for binding to the
second extracellular loop of CCRO. Following three rounds of
biopanning, the titers of phages increased ~79-fold compared
with the titer in the first round. The output/input ratio of phages
following each round of panning was used to determine the
enrichment efficiency, which increased from 5.2x10°¢ to
2.4x10* (Table ). This increase indicated that phages capable
of specifically binding to the second extracellular loop of
CCR9 were significantly enriched following the biopanning.

DNA sequencing of the selected phage clones. The results
demonstrated that 8 phage clones lacked an exogenous
sequence and the remaining 8 clones were confirmed to be
positive using DNA sequencing. A total of 8 phage clones and
corresponding peptide sequences were obtained (Table IT).
Sequence alignment analysis did not identify homology among
the peptide sequences.

Phage-binding assay. An ELISA was performed to deter-
mine the affinity and specificity of positive phage clones.
The results revealed that the phage C-4 appeared to exhibit
increased affinity for the target molecule in comparison
with the other phages (Fig. 1). The affinity of C-4 increased
>8-fold compared with the control phage, a statistically
significant increase (P<0.01). It also identified a significant
difference between group C-4 and group C-6 (P<0.05), C-9
(P<0.05) and C-10 (P<0.05). Therefore, the displaying peptide
(VHWDFRQWWQPS) derived from C-4 was designated P1
and was investigated further.

Competitive inhibition assay. To investigate whether the
synthetic peptide P1 was able to inhibit the corresponding phage
binding to the target molecule, competitive inhibition ELISA
was performed. As presented in Fig. 2, C-4 binding to the target
decreased following an increase in peptide P1. The peptide P1
appeared to inhibit C-4 binding to the second extracellular loop
of CCR9 in a dose-dependent manner. When the concentration of
P1 reached 1.0 nmol/ml, C-4 binding to the second extracellular
loop of CCRY was significantly inhibited (inhibition of 50.33%).

Identification of Pl binding specifically to CCR9 high-expressing
cells. To investigate the peptide specifically binding to CCRY,
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Table II. DNA sequences of the selected phage clones.

HU et al: NOVEL PEPTIDE ANTAGONIZES THE ACTIVITY OF CCR9

Phage clone DNA sequence Peptide sequence Frequency

C-1/-2/-4/13/-14 GTGCATTGGGATTTTCGG VHWDFRQWWQPS 5
CAGTGGTGGCAGCCTTCT

C-6 GGGGATGGTAATTCGGTG GDGNSVLKPGNW 1
CTGAAGCCGGGGAATTGG

C-9 CATCTTAGTCTTCCGCTTTG HLSLPLWKWEKS 1
GAAGTGGGAGAAGTCG

C-10 GTGTTTGCTTATCATCTT VFAYHLRIPSGD 1
AGGATTCCTTCTGGGGAT

A total of 8 clones were identified to be endowed with four types of exogenous sequences following the third round of panning. The number of

positive clones is presented as the frequency.

e ~ Control phage
S €3 Cc4
T 1.0 (= [oc
E [mcC-9
= o
g C-10
<+ 0.54
S 7
0.0 - A

Titer of phages (10" pfu)

Figure 1. Identification of specific binding of phage clones to the second
extracellular loop of CC chemokine receptor 9. Affinity was detected using
ELISA. The affinity of C-4 increased >8-fold compared with the control
phage, and was increased compared with the other phage clones ("P<0.05;
“P<0.01). OD, optical density; pfu, plaque-forming units.
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Figure 2. Inhibition of C-4 binding by P1. The binding of the positive
phage C-4 to the target decreased following an increase in P1. When the
concentration of P1 reached 1.0 nmol/ml, inhibition was >50.0%. An unre-
lated peptide was used as control P. Data are reported from three independent
experiments.

confocal microscopy analysis was performed to evaluate
the binding specificity of the peptide P1. It was revealed that
FITC-P1 bound directly to MOLT4 cells, and the anti-CCR9
mAb was able to completely block the binding of P1. When a
control peptide was incubated with MOLT4 cells, no cell binding
was observed (Fig. 3). This suggests that P1 is able to specifi-
cally bind to CCR9 and is stable under physiological conditions.

PI increases apoptosis of MOLT4 cells induced by DOX. To
investigate the effect of P1 on cell apoptosis, the number of

Anti-CCR9 mAb + FITC_PI

FITC_control P

FITC_PI

S22 $LI0N

Magnification x200

Figure 3. P1 binds specifically on cells which highly express CC chemo-
kine receptor 9. FITC-control P (left panel) did not bind to MOLT4 cells;
FITC-PI (middle panel) did bind to MOLT4 cells; anti-CCR9 mAb (right
panel) inhibited FITC-P1 binding to MOLT4 cells. Cells were observed
using a laser-scanning confocal microscope; magnification, x200. CCRY,
CC chemokine receptor 9; mAb, monoclonal antibody; FITC, fluorescein
isothiocyanate; PI, propidium iodide.

apoptotic cells was measured using FACS following P1 and
DOX treatments of MOLT4 cells and RBL-2H3 cells. As
presented in Table III, the number of apoptotic MOLT4 cells
induced by DOX increased to 64.7% following pre-treatment
with 0.1 nmol/ml P1 (P<0.05); apoptotic MOLT4 cells further
increased to 79.5% following pre-treatment with 1.0 nmol/
ml P1 (P<0.01). On the other hand, the number of apoptotic
RBL-2H3 cells induced by DOX revealed no significant
difference between cells treated with P1 and those receiving
no treatment. These results suggest that P1 may elicit its effect
on MOLTH4 cells by promoting an apoptotic pathway.

P1 inhibits migration of MOLT4 cells. To evaluate the effects of
P1 on migration of MOLT4 cells, a Boyden chamber migration
assay was performed. As presented in Fig. 4, P1 significantly
inhibited the migration of CCR9-expressing MOLT4 cells
induced by CCL25 in a dose-dependent manner. No statistical
comparison between the different doses was performed. In
contrast, the control P did not affect the migration of MOLT4
cells induced by CCL25. A statistically significant difference
between P1 and group control P was identified (P<0.05),
revealing that P1 may antagonize the effect of CCL25.

P1 inhibits the phosphorylation of Akt in MOLT4 cells. As
presented in Fig. 5, P1 caused a detectable inhibitory effect
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Table III. Effect of P1 on apoptosis induced by DOX.

A, MOLT4 cells

P1, nmol/ml
Treatment 0 0.1 1.0
Control 5.3+0.6 4.8+0.5 6.1+1.0
DOX 524425 64.7£3.1* 79.5+4.2°
B, RBL-2H3 cells

P1, nmol/ml
Treatment 0 0.1 1.0
Control 4.3+0.5 6.6+0.8 5.9+0.4
DOX 50.1+3.0 52.3+2.6 51.5+29

The effect of P1 on cell apoptosis induced by DOX was determined
using fluorescence-activated cell sorting. Values are percentages.
(A) For MOLT4 cells, P1 significantly increased number of apoptotic
cells induced by DOX, “P<0.05 (0.1 nmol/ml P1 and DOX group
vs. only DOX group), "P<0.01 (1.0 nmol/ml P1 and DOX group vs.
only DOX group). (B) For RBL-2H3 cells, no significant difference
between groups treated with P1 and DOX compared with only DOX
was identified. The data are presented as the mean =+ standard devia-
tion. The experiments were carried out three times. DOX, doxorubicin.
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Figure 4. Chemotaxis of MOLT4 cells in the presence of P1. P1 may inhibit
the migration of MOLT4 cells induced by CCL25. In contrast, control P had
no effect on the migration of MOLT4 cells induced by CCL25 ("P<0.05).
Spontaneous BM was used as a control; CCL25 was used as a positive
control. BM, baseline migration.

on the expression of p-Akt in MOLT4 cells. The level of
p-Akt was significantly different when compared with Akt
as a control. Each dose of P1 was also significantly different
from the subsequent dose, indicating that the effect of P1 is
dose-dependent (P<0.05). This result implies that P1 may
block the downstream CCRO signaling pathway.

Discussion

Phage display has been proved to be an effective approach
for screening the interaction of molecules, and to develop
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Figure 5. P1 inhibits the phosphorylation of Akt in MOLT4 cells. (A) The
levels of Akt and p-Akt in MOLT4 cells were detected using western blot
analysis following P1 treatment. (B) OD of Akt and p-Akt, normalized using
f-actin. "P<0.05. Akt, protein kinase B; p-Akt, phospho-Akt; OD, optical
density.

novel agents for the diagnosis and treatment of numerous
types of cancer (16). In the present study, the second loop
of CCR9 was used as the target molecule to screen the
Ph.D.-12 phage display library for the first time, to the best
of our knowledge. Following three rounds of biopanning,
8 positive phage clones expressing exogenous sequences were
obtained. Of these positive clones, C-4 appeared five times
and exhibited increased affinity compared with other phages
detected by ELISA. Furthermore, the results revealed that P1
(VHWDFRQWWQPS) derived from C-4 exhibits specificity
towards and affinity for the second extracellular loop of CCRO.

To investigate the ability of P1 binding to cells under physi-
ological conditions, a fluorescently labeled peptide (FITC-P1)
was synthesized and confocal microscopy analysis was
performed. It was demonstrated that FITC-P1 may bind specifi-
cally to MOLTH4 cells through CCRO. These results suggest that
P1 may specifically bind to the second loop of CCRO.

CCR9 may serve a role in the drug resistance and
metastasis of tumors. Furthermore, CCR9 may increase
migration and invasion of tumor cells, and activate of
PI3K/Akt signaling pathway in order to inhibit the apoptosis
of tumor cells as induced by chemotherapeutic agents (5,8).
Experiments were performed to determine the effect of P1 on
CCR9-overexpressing cells and the phosphorylation of Akt. As
expected, the results indicate that P1 may increase the apop-
tosis of MOLT4 cells as induced by chemotherapeutic agents.
Furthermore, P1 may inhibit the migration of CCR9-expressing
MOLT4 cells induced by CCL25. Furthermore, it was revealed
that P1 may significantly decrease phosphorylation of Akt.
The results of the present study identified that P1 may have an
effect on CCR9-overexpressing cells, increasing their suscep-
tibility to chemotherapy and decreasing chemotaxis.

In conclusion, a novel peptide, P1 (VHWDFRQWWQPS),
was developed which may inhibit the activity of CCR9. P1
may possess potential as a novel treatment for types of cancer
which overexpress CCR9. However, further investigation into
the use of P1 as an inhibitor for carcinoma, including the
plasma half-life, tissue penetration ability, immunogenicity
and in vivo antitumor effect is required.
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