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1 | INTRODUCTION

Abstract

Kita-kyushu lung cancer antigen 1 (KK-LC-1) is a kind of cancer-testis antigen with
anti-tumor potential for clinical application. As a class of small-molecule antigen con-
jugate, tumor-targeting peptides have broad application prospects in gastric cancer
diagnosis, imaging, and biological treatment. Here, we screened specific cyclic nona-
peptides from a phage-display library. The targeting peptide with the best affinity
was selected and further verified in ex vivo tissue sections. Finally, enrichment of
targeting peptides in tumor tissues was observed in vivo, and the dynamic biodistri-
bution process was also observed with micro-positron emission tomography (micro-
PET)/computed tomography (CT) imaging. Studies showed that the specific cyclic
nonapeptide had a high binding capacity for KK-LC-1 protein. It has a strong affinity
and specificity for KK-LC-1-expressing positive tumor cells. Targeting peptides were
significantly enriched at tumor sites in vivo, with very low normal tissue background.
These findings demonstrated that the KK-LC-1 targeting peptide has high clinical

potential.
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KK-LC-1 is a type of cancer-testis antigen (CTA) that is not be

expressed in most normal tissues. Differences between normal

Every year there are nearly 1 million new cases of gastric cancer
(GC) reported worldwide, making it the third leading cause of cancer-
related deaths and prompting the World Health Organization to de-
clare it a public health concern.! Although the incidence of GC has
been substantially declining during the past decades, it remains a high
incidence in East Asia.? Kita-kyushu lung cancer antigen 1 (KK-LC-1) is
a novel tumor target with great therapeutic potential.® The KK-LC-1
antigen was originally found in human lung cancer cells but was soon

found to be expressed at high levels in breast cancer and GC.4¢

and tumor cells are key points of molecular targeted therapy.’”
Small-molecule targeting peptide engineering is a recent area
of interest. Compared with antibodies, small-molecule pep-
tides have better tumor permeability, better immunogenicity,
and pharmacokinetic parameters.® It is worth noting that small-
molecule targeting peptides still have high affinity and selectiv-
ity for tumor antigens. These tumor-specific drugs without the
structure of immunoglobulins are also called new-generation

antibody-like drugs.’”
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Phage-display technology is an extremely powerful library con- showed specific binding specificity to KK-LC-1-positive cancer cells
struction and screening technology.'® It can efficiently construct a and have no binding in other normal organs. This is the first KK-LC-1
high-capacity peptide library that exceeds traditional technology targeting peptide reported. The results showed that this targeting

and at a low cost.* By modifying the bacteriophage gene, a specific peptide had excellent affinity, specificity, and excellent drug-forming
random amino acid fragment can be expressed on the surface of the potential, and could be useful for labeling and clinical imaging of spe-
bacteriophage capsid protein.12 A phage-display peptide library is cific tumor cells in the future.

comprised of a heterogeneous mixture of billions of phage clones.
Through multiple rounds of biological panning for specific antigens,

the targeting peptides can be quickly and efficiently separated.'® 2 | MATERIALS AND METHODS

In our research, we conducted multiple rounds of screening for

CTA KK-LC-1 through a circular 9-peptides phage-display library, and 2.1 | Phage library, screening, and phage enrichment
obtained peptide sequences with advantageous enrichment. The

ability to target KK-LC-1 was evaluated in vitro and in vivo (Figure 1). The PhD-C7C™ Phage-Display Peptide Libraries Kit was purchased
In the dynamic distribution study in vivo, the target peptide still from New England Biolabs. The C7C system is a loop-constrained

(A) Construction of recombinant phages (B) Composition of the phage-display library (C) Target-coated surface

Target protein KK-LC-1

I oy
r— DO D, ‘,
Minor coat protein Il Phage-display peptide —3 = &y S :_}/\- ]
Major coat protein VIII _ 3 5 (o) \{) @
S D B BE .
- Phage original ssSDNA = gr}} — S}/
4 Designed DNA sequence <8l == ¢
=S
o Target-coated surface
M13 bacteriophage A tube of phage-display library Target-coated polystyrene petri dish
(D) Workflow of phage-display-based screening in vitro (E) Seqlue:‘cmg f°f :relfetcteddpeptld?s,.fnd
evaluation of arrinity ana specifticity
-] The genetic information is inserted into the 2 Complementarity determining

phage's DNA. A library with a huge variety of

regions (CDR) of a peptide
peptides is created.

First-generation peptide

il é@@ =

(=)

affinity to target-coated
surface are selected.

Enzyme linked immunosorbent assay

Second-generation peptide (r

h ¥ g =
- .
2 =¥ = 4 =
% Ligen co,.ce.nr.uﬂj T
: \e Surface plasmon resonance (SPR) Immunofluorescence (IF)
> Third-generation peptide

i /ﬂ\
5 With each subsequent round of E::% 4 / \
S 5 | )

more stably and with increasing
specificity to the target protein.

biopanning, the peptides bind
=1

4 Phages without strong
affinity to target-coated
surface are discarded.

Xenogeneic mouse models Positron Emission Computed Tomography
(PET/CT)

FIGURE 1 Selection and verification of targeting peptides from phage-display library. A, Construction of recombinant phages. By
modifying phage DNA, the designed random peptide (red) was displayed on the minor coat protein Ill. B, Composition of the phage-display
library. A tube of recombinant phages with random foreign DNA fragments constitutes a library. C, Schematic representation of target-
coated surface. The target protein (KK-LC-1) was coated onto the Petri dish surface and incubated with the phage library. D, Workflow of
phage-display-based screening in vitro. After 3 rounds of screening, target-bound phages were enriched and isolated, while negative phages
were discarded. E, Sequencing of selected peptides, and evaluation of affinity and specificity. The positive target-bound phages were
isolated and sequenced. Verification of binding capacity and specificity was performed by a variety of methods
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heptapeptide library, whose randomized segment is flanked by a pair
of cysteine residues.}**° The titer of the library was 2 x 10% pfu/mL,
and the complexity was 1.2 x 107 individual clones.

Screening procedures were performed in accordance with the
manufacturer's protocol, with some modifications. The solution of
100 pg/mL of KK-LC-1 target protein (Chinapeptide) was prepared
in PBS buffer and was added into a sterile polystyrene Petri dish
overnight at 4°C with gentle agitation. The dish was blocked with
5% BSA to reduce non-specific hydrophobic binding. After wash-
ing with PBST solution (1% Tween-20 contained) 6 times, 1.5 mL
of the phage-display peptide library with 2 x 10'2 pfu was added
into the dish and incubated for 120 min at room temperature. Then
the dish was slapped face down on a clean paper towel and washed
immediately. This operation was repeated 10 times. Washing times
were increased in different rounds of screening. The eluate solution
(0.2 mol/L glycine-HCl pH 2.2 and 1 mg/mL BSA) was added to the
dish and incubated for 20 min at 4°C. After incubation, the phages
were neutralized with 0.5 mL Tris-HCl solution (pH 9.1).

Phage was titrated on tetracycline agar plates using a plaque-
forming assay, and amplified for the next rounds of panning. After
3 rounds of reiterative biopanning were performed, the selected

phages were enriched sufficiently (Figure 1).

2.2 | Binding enrichment assay and DNA
sequencing of selected phage clones

Based on the titrate of the output phage solution, the enrich-
ment rate was calculated as output pfu/input pfu, and the top-3-
enrichment phage clones were collected and amplified for binding
enrichment assay.

The sterile polystyrene Petri dish and the target protein were pre-
pared as mentioned previously. Three individual phage solutions were
added into the dish and incubated as mentioned previously. The un-
selected original phages were used as the control group. Phages were
titrated using a plaque-forming assay on tetracycline agar plates. The
average enrichment rate was calculated as output pfu/input pfu.

Single-stranded DNA (ssDNA) from the positive phages was pre-
pared in accordance with a standard protocol. The ssDNA samples
were sent to Shanghai Sangon Corp. for sequencing. DNA sequences
of the positive phage clones were analyzed using the SnapGene pro-
gram. The primer used for sequencing was 5-CCC TCA TAG TTA
GCG TAA CG-3'.

2.3 | Celllines, western blotting, and phage-
targeting ELISA

The human GC cell lines NUGC-4 and AGS were obtained from
China Pharmaceutical University. NUGC-4 cells were grown in RPMI
1640 supplemented with 15% (v/v) fetal bovine serum (Gibco) at
37°C. AGS cells were grown in RPMI 1640 supplemented with 10%
(v/v) FBS (Gibco) at 37°C.

Cancer Science NuIia e

NUGC-4 knock down cells (NUGC-4 KD) and AGS overexpres-
sion cells (AGS OE) were prepared by GenePharma Corp. for in
vitro and in vivo assay. Small interfering RNA (siRNA) targeting
KK-LC-1 mRNA was used to knock down endogenous KK-LC-1, and
a random siRNA was used as the control (KD control). Lentivirus
vectors overexpressing KK-LC-1 were used to prepare AGS over-
expression cells, and blank vectors were used for the control (OE
control).

Western blotting (WB) was used to identify KK-LC-1 expression
in 2 cell lines. Cells were scraped off with a sterile cell spatula, and
were heated with Loading Buffer (Beyotime) in boiling water for
5 min. The supernatant was obtained for WB. Proteins were then
separated using 15% SDS-PAGE, after that, proteins were transferred
from SDS-PAGE gels onto a PVDF membrane (Merck Millipore). The
PVDF membrane was incubated overnight with mouse anti-KK-LC-1
primary antibody (ab219971, Abcam). After washing the membrane
4 times, it was incubated with HRP-conjugated goat anti-mouse sec-
ondary antibody (Beyotime). Finally, the bands were detected using
a chemiluminescent substrate kit (Biosharp) in Tanon-5200 system
(Tanon).

The target protein solutions (10 ug/mL) were coated overnight
in a 96-well polystyrene microtiter plates. They were washed with
PBST, and blocked with blocking solution (Beyotime) immediately.
The plates were slapped face down on a clean paper towel, and
washed 6 times. The phage solutions and unselected original phages
(control) (phages c. 10'? pfu) were added in specific wells and mak-
ing a 4-fold dilution in every single row, then they were incubated
at room temperature for 2 h. Next, they were incubated with HRP-
conjugated anti-M13 secondary antibody (11973-MMO05T-H, Sino
Biological) for 1 h. The tetramethylbenzidine substrate solution
(TransGen) was added into the wells and the reaction lasted for
¢. 5 min. The reaction was finally stopped with 2 mol/L hydrochloric
acid. The absorbance at 450 nm was detected using an automated
ELISA reader (Tecan).

2.4 | Affinity determination

The selected peptides were synthesized by Chinapeptide Corp. and
purified using HPLC. The affinity determination was operated by
surface plasmon resonance (SPR). The ligand and the analytes were
synthesized individually. The ligand was dissolved in PBS (0.5 mg/
mL), and the analytes were dissolved in Dimethyl sulfoxide (DMSO;
50 mg/mL). All the samples were sent to Genscript Corp. for SPR
assay. The monoclonal antibody (mAb) used in the research was
Abcam ab219971 and its affinity determination was measured using
ELISA.X¢

2.5 | Epitopes prediction of selected peptides

The CABS-dock online sever was used to predict the possible

residue-residue contacts between the nonapeptide and KK-LC-1."
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The 3D structure of KK-LC-1 was predicted using trRosetta.'®
The top 5 predicted models were chosen to determine the contact-
ing cluster (residues closer than 3.5 A in the peptide-receptor com-

plex were selected).

2.6 | Anti-tumor cytotoxicity assay

UNGC-4 cells were grown in 96-well polystyrene microtiter plates
overnight. Then they were incubated with 2/20/200 pmol/L
1131 or CG,C peptide for 2 h at 37°C. Then 10 pL CCK-8 solu-
tion (Vazyme) was added into each well and incubated for 2 h at
37°C. No peptide was added in the blank group. The absorbance
of each well at 450 nm was detected with an automated ELISA

reader (Tecan).

2.7 | Peptide labeling and immunofluorescence

The selected peptides were synthesized and labeled with rhodamine
B (RhoB) at the N-terminus by Chinapeptide Corp. and purified using
HPLC. In addition, a CG,C peptide (sequence 5-CGGGGGGGC-3’)
was synthesized, labeled, and purified in the same way as the se-
lected peptides. The CG,C peptide was considered a negative con-
trol in this research.

UNGC-4 and AGS cells were grown in 96-well polystyrene mi-
crotiter plates overnight and fixed with 4% paraformaldehyde at
room temperature for 20 min. Then they were washed with 0.3%
Triton-X100/PBS at room temperature. Samples were blocked
in 1% BSA (w/v) in PBS for 60 min at 37°C. After washing with
PBS, they were incubated with 20 pmol/L RhoB-labeled peptides
for 2 h and washed with PBS 3 times. This step was followed
by nuclear staining with 4,6-diamidino-2-phenylindole (DAPI). A
microscope (Life Technologies) was used to visualize the cells in
96-well polystyrene microtiter plates. In the competitive inhibi-
tion assay, firstly anti-KK-LC-1 antibody (ab219971, Abcam) was
incubated for 120 min at 37°C as primary antibody, secondly, the
FITC-labeled goat anti-mouse 1gG (A0568, Beyotime) was incu-
bated for 120 min at 37°C as secondary antibody, thirdly, fluo-
rescent peptide was incubated to bind competitively to NUGC-4
cells.

Sections of GC tissues and normal tissues were collected from
Nanjing Drum Tower Hospital. Tissues were obtained after surgery,
washed twice with chilled PBS, and immediately embedded in an op-
timal cutting temperature medium. Samples were sent to Servicebio
Corp. for immunohistochemistry (IHC) and immunofluorescence ex
vivo. A microscope (Life Technologies) was used to feature the con-
frontation of tissues (Figure 5A).

A 90-well chip containing multiple samples from human tissues
was used to verify the specificity of fluorescent peptides (Outdo;
Figure 5A). The operations of incubation and nuclear staining were

the same as mentioned previously.

2.8 | Xenogeneic mouse models

The Ethics Committee of Drum Tower Hospital approved all experi-
ments in this study. All mice procedures were carried out in compli-
ance with guidelines set by the Animal Care Committee at Nanjing
Drum Tower Hospital. All experimenters fully considered the prin-
ciples of animal protection when feeding and caring for animals. No
abuse or waste of animal resources occurred. All experiments were
based on the principle of animal ethics. All efforts were made to
minimize the number of animals used and their suffering.

Mice were randomized based on age and weight. For the subcu-
taneous tumor model, 3-wk-old male BALB/C-nu/nu nude mice were
injected subcutaneously with 10° cells (cells suspended in 100 pL
normal saline; Figure 6A).

In the cryosection biodistribution study in vivo, 1 h after the tail
vein injection of RhoB-1131, mice were anesthetized and sacrificed.
The tumors and vital organs (brain, heart, lung, liver, stomach, intes-
tine, kidney, and bladder) were obtained by dissection for cryosec-
tion. Peptide CG,C and normal saline were used as the control. The
KK-LC-1 negative cell line AGS was considered a negative control
model. Tumors and vital organs were taken and sent to Servicebio
Corp. for cryosection and immunofluorescence (peptide used with
20 pmol/L). The cryosections were observed using a fluorescence

microscope (Life Technologies).

2.9 | Micro-positron emission tomography/
computed tomography (micro-PET/CT)

Here, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic  acid
(DOTA) was prepared to modify the peptide as an N-terminal fusion
(Figure S3). To construct ®®Ga-DOTA-1131, the DOTA-1131 peptide
complex was synthesized and radiolabeled with ®®Ga via a robust
method within 15 min (Genscript).

The DOTA-peptide was dissolve in 0.25 mol/L sodium acetate
buffer. ®®Ga was eluted from a ®®Ge/®Ga generator (ITG Corp.) with
4 mL of 0.05 mol/L HCI. The %®Ga eluent was mixed with DOTA-
peptide solution (v/v = 4:1), and heated at 95°C for 10 min. After
cooling down, the reaction mixture was pushed through the C18
cartridge (Sep-Pak C18 Plus Light Cartridge) and the eluent was
collected in the waste tube. The product that remained on the C18
cartridge was eluted with 60% ethanol. The ethanol concentration
in the product was no more than 10% before use. Radioactivity was
calculated using the RM-905a system (Yida).

Mice in this study were divided into 2 groups (Figure 6C). The
block group was injected with 100 uL normal peptide solution by tail
vein, and 60 min later both groups mice were injected with 100 pL
6SGa-DOTA-peptide solution by tail vein. The total radioactivity
of each mouse injected was not more than 0.5 mCi. All mice were
anesthetized by isoflurane inhalation before micro-PET/CT imag-
ing. Four mice at a time were imaged using micro-PET/CT (Inveon).

Imaging was performed at 30, 60, and 120 min after the mice were
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anesthetized. The energy window ranged from 384 to 638 keV. PET
scans were acquired for 10 min in list mode followed by CT scans for
5 min. Micro-PET/CT images were analyzed using Inveon Research
Workplace software. Region of interest (ROI) was used for the anal-
ysis of biodistribution.’ The percentage of injected dose per gram of

tissue (% ID/g) was calculated in this study.

2.10 | Statistical analysis

GraphPad Prism 7.0 (GraphPad Software, Inc.) was used for statisti-
cal analysis of the data. The significance of the difference from the
respective controls for each experimental test condition was as-
sessed using the Student t test for each paired experiment. Analysis
of variance (one-way ANOVA) was used to evaluate significance of
the difference in the anti-tumor cytotoxicity assay. Quantification of
fluorescence intensity was determined using ImageJ) 1.52 software
(National Institutes of Health).

3 | RESULTS
3.1 | The top-3-enrichment phage clones were
identified

Three selection rounds were performed on KK-LC-1 recombinant
protein (Figure 1), and the output/input ratio of phages (phage en-
richment rate) was used to evaluate the phage recovery efficiency.?°
In the last round of screening, phage enrichment was significantly
improved. Finally, 3 of the most advantageous phage clones
(1131/0931/0431) were selected for sequencing and subsequent
verification (Figure 2A).

For preliminary confirmation of the binding capacity of 3 selected
phage clones, the top-3-enrichment phage clones (1131/0931/0431)
were collected and amplified for binding enrichment assay. The origi-
nal phage library was used as a control group in this assay. Compared
with the control, phage clones 1131, 0931, and 0431 were shown to
have a significantly higher phage recovery rate (Figure 2B), indicating
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the effectiveness of screening. Therefore, the 3 phage clones were
considered positive clones.

3.2 | NUGC-4 cells showed KK-LC-1 positive in WB

NUGC-4 is a cell line derived from gastric signet ring cell carcinoma,
while AGS is derived from gastric adenocarcinoma. High expres-
sion of KK-LC-1 was observed in NUGC-4 cells as predicted band
size 13 kDa, whereas no KK-LC-1 was detected in the AGS cells
(Figure 3A). We therefore took NUGC-4 and AGS cell lines to be
high KK-LC-1 expressing and non-KK-LC-1 expressing controls,
respectively.

3.3 | Peptides showed high affinity and epitopes
were predicted preliminarily

Phage-targeting ELISA was performed to estimate the affinity of se-
lected phage clones with KK-LC-1 protein. As shown (Figure 3B), the
selected phage clones 1131, 0931, and 0431 had a higher affinity
with the increase in phage titer. The original phage library was used
as a control group in this assay. The affinity of phage clones 1131,
0931, and 0431 was significantly greater than that of the control
when the phage titer was 5 x 10” pfu/mL or higher, which indicated
that the binding capacity of selected phage clones with KK-LC-1
protein was sequence-dependent. In particular, phage clone 1131
showed the best affinity among all the 3 selected phage clones.

To further estimate the binding of selected peptides with KK-
LC-1 protein, the affinity of peptides to KK-LC-1 was subsequently
characterized by SPR assay. Sequences from phage clones 1131,
0931, and 0431 were synthesized and named peptides 1131, 0931,
and 0431 respectively. The affinity estimated from SPR measure-
ments was consistent with the phage-targeting ELISA assay. In ac-
cordance with the SPR measurements (Figure 3C), peptide 1131 had
a KD of 19.5 pmol/L, peptide 0931 had a KD of 13.1 pmol/L, and
peptide 0431 had a KD of 28.2 pmol/L. Also, the affinity KD of mAb
(Abcam ab219971) was measured as 2.38 nmol/L (Figure S1). We
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FIGURE 2 The enrichment of the top-3 phage clones. A, The input and output of each round of screening. The phage enrichment rate
was calculated as output number/input number. B, Histogram of the binding enrichment assay. The original library was used as a control.
Compared with the control, 1131, 0931, and 0431 showed a significantly higher phage enrichment rate, indicating the effectiveness of

screening. *P < .05
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significant

determined peptide 1131 and 0931 as the first-class sequences for
subsequent validation due to their greater affinity.

The 3D structure of peptides binding with KK-LC-1 were mod-
eled (Figure 3D). The most possible KK-LC-1 epitope residues of
1131 interaction were 27L, 39Y, 41L, 45l, 49F, 591, 63L, 87P. The
most possible KK-LC-1 epitope residues of 0931 interaction were
258, 271, 39Y, 41L, 49F, 56Q, 591, 63L, 70L (Figure S2). From Abcam
official information, the epitope of mAb (ab219971) has already been
identified STALALVRPSSSGLI (extracellular domain positions 14-28).

3.4 | Peptides showed affinity and specificity to
human cancer cells in vitro

RhoB-1131 and RhoB-0931 showed abundant binding to NUGC-4
cells, while in contrast there was no binding to AGS cells (Figure 4A).
Also, RhoB-1131 showed a better binding effect than RhoB-0931.
After quantification of fluorescence intensity, the mean + standard
error of the mean (SEM) was shown in the bar graph (Figure 4C).
RhoB-1131 had a better mean fluorescence intensity (MFI) than
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of fluorescent peptides to cells (red, RhoB). Compared with the control, strong fluorescence signals were observed in the 1131 and 0931
groups. Scale bar, 100 pm. B, Competitive inhibition assay. Fixed cells were incubated with mAb (Abcam ab219971) and fluorescent peptides.
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was analyzed using ImageJ software v.1.52. *P < .05, **P < .01

RhoB-0931, while RhoB-CG,C exhibited a small positive MFI with
NUGC-4 cells.

In the mAb inhibition assay as shown (Figure 4B), the KK-LC-1
antibody (ab219971, Abcam) bound to NUGC-4 cells with a FITC
fluorescence signal. However, RhoB-1131 and RhoB-0931 also
showed binding with a RhoB fluorescence signal, which indicates
the binding capacity of fluorescent peptides. The MFI of the green
and red fluorescence signals was calculated, and the SEM values
are shown in the bar graph (Figure 4D). Binding of RhoB-1131 to
NUGC-4 was found to be stronger than for RhoB-0931. These
findings demonstrated that peptide 1131 has specific binding to
NUGC-4. Therefore we determined peptide 1131 as the best se-
quence in our research and retained peptide 1131 for subsequent
validation.

In the anti-tumor cytotoxicity assay (Figure 3E), peptide 1131
was incubated with NUGC-4 for 2 h but no significant difference

was found in a concentration gradient. Also no significant differ-
ence was found compared with the control and blank. Peptide 1131
alone could have no anti-tumor cytotoxicity but only tumor binding
capacity.

3.5 | Peptide 1131 showed affinity and specificity
to human cancer sections ex vivo

To further verify the affinity and specificity of peptide 1131 ex vivo,
sections of GC tissues and normal tissues were collected and stained
with H&E. Compared with the CG,C control, peptide 1131 had sig-
nificant immunofluorescence binding (red) to KK-LC-1-positive gas-
tric adenocarcinoma, while it showed no binding to most normal
tissue samples (Figure 5B). This confirmed the specificity of peptide
1131 ex vivo. The targeting peptide had significant binding to the
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FIGURE 5 Peptide 1131 targeting to human tumor sections. A, Schematic illustration of ex vivo peptide targeting to human tumor and
normal tissue sections. B, Sections of GC tissues and normal tissues stained with H&E (HC) and by IHC. 1131 DAPI, staining of the nucleus
(blue). 1131 Merge, binding of RhoB-1131 to sections (red). CG,C DAPI, also staining of the nucleus (blue). CG,C Merge, binding of RhoB-
CG,C to sections (red). Immunofluorescence signals (RhoB, red) were only observed on gastric adenocarcinoma and normal testis sections.
Scale bar, 400 pm. C, Staining of normal tissue chip. HE, H&E staining. 1131 Merge, binding of RhoB-1131 to sections (red). Blue is DAPI
staining. CG,C Merge, binding of RhoB-CG,C to sections (red). Blue is DAPI staining. 1131 showed no binding to normal tissue samples
above. HE scale bar, 300 pm. Immunofluorescence scale bar, 400 pm
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FIGURE 6 Peptide 1131 shows tumor specificity in xenogeneic mouse models. A, Schematic illustration of xenogeneic mouse models and
treatment. KD, knocked down; OE, overexpression. B, Cryosections of mice tumors and vital organs. Blue is DAPI staining. Red is the RhoB-
peptide fluorescence signal. Fluorescent peptide binding signals (red) were observed only in NUGC-4, NUGC-4 KD, KD control, and AGS OE
model tumor samples. ns, normal saline. All cryosection images were DAPI and RhoB merged. Scale bar, 400 pm. C, Schematic illustration

of mouse models and the treatment in micro-PET/CT assay. D, Representative micro-PET/CT images of %8Ga-DOTA-1131 in subcutaneous
xenograft models. The block group was pre-injected with non-labeled 1131 as a blocking agent. KD, knocked down; OE, overexpression.

Red arrows indicate the positions of tumors. Scale bar, 5 cm. E, Radioactivity uptake and biodistribution histogram of tumor and vital organs.
NUGC-4 model group data were used for ROl analysis. Data were analyzed using ImageJ software v,1.52. **P < .01

tumor but showed no off-target effect on normal tissues. Also, bind-
ing to normal testis was performed. As a member of CTA, KK-LC-1
is richly expresses in testis tissues. RhoB-1131 showed specifically
binding to normal testis (Figure 5B).

Furthermore, a 90-well chip containing multiple samples from
human tissues was used to verify the specificity of fluorescent
peptides (Figure 5C). After incubation with peptide 1131, the
samples showed no binding signal. These findings demonstrated
the affinity and specificity of peptide 1131, as it did not bind to
human non-tumor tissues but selectively bound to tumor tissues

ex vivo.

3.6 | RhoB-labeled 1131 peptide specificity
accumulated in xenogeneic mouse models

To investigate the biodistribution of peptide 1131 in vivo, xenogeneic
mouse models were established (Figure 6A). As shown in Figure 6B,
fluorescence signals (RhoB, red) were detected distinctly in NUGC-4
tumors, but no signal was present in normal organs. In addition,
no signal was detected in the CG,C group and the normal saline
group. Also, the NUGC-4 KD tumor showed a weak fluorescence
signal compared with the KD control. The AGS OE tumor showed a

strong fluorescence signal compared with OE control. These results
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demonstrated that peptide 1131 was greatly enriched in KK-LC-1-
positive tumors in vivo and no off-target effect was detected.

3.7 | Isotope-labeled 1131 peptide showed high
radioactivity uptake in xenogeneic mouse models

The radiolabeling efficiency of ®®Ga-DOTA-1131 was over 70% with
no further HPLC purification. As shown in Figure 6D, high focal accu-
mulation was clearly visualized at tumor site at all three-time points
from 30 to 120 min in the non-blocked group. In addition, no signal
was visualized at tumor site in the blocked group. Compared with
other models, NUGC-4 KD model tumors had weaker radioactivity
uptake. Also, some accumulation in kidneys and bladders demon-
strated the major renal-urinary clearance of the radiotracer. Analysis
of radiotracer accumulated in ROl is shown in Figure 6E, the radio-
activity uptake of tumor site and vital organs (muscle, brain, heart,
lung, liver, digestive tract, and kidney) was calculated as %ID/g. The
tumor sites showed peak radioactivity uptake and other organs, ex-
cept the kidney, showed low radioactivity uptake. These findings
demonstrated that the specific radioactivity uptake of KK-LC-1

positive tumors was dependent on peptide 1131.

4 | DISCUSSION

In this study, we screened several candidate peptides from a phage
library. Its affinity was confirmed by ELISA and SPR. In cellular im-
munofluorescence, the targeting peptide showed good tumor cell
affinity. Validation in patient tumors and tissue sections also showed
excellent specificity. In vivo, the peptides could be effectively en-
riched in the tumor with little systemic non-specific binding. The
enrichment process of target peptides in vivo was reproduced by
micro-PET/CT imaging. The radioactivity uptake of nuclide-labeled
peptides at the tumor site was obvious and higher than the back-
ground, which suggested the high specific uptake of peptides by
tumor.

Targeting peptides have a variety of unique active advantages,
such as good tumor penetration, high affinity, and stable structure.
The KK-LC-1 antigen-specific peptide obtained in this study is the
first publicly reported KK-LC-1 small-molecule conjugate. However,
the analysis and modification of molecular structure may help to fur-
ther improve its affinity and activity.21 Also, pharmacokinetic param-
eters can be further improved by adding modified groups, therefore
prolonging plasma half-life and improving clinical application value.??
Peptides showed competitive binding with mAb, epitope prediction
indicated that there was a partial epitope overlap, and that could
interfere with mAb binding. The anti-tumor cytotoxicity assay indi-
cated that peptide 1131 used alone could have no anti-tumor cy-
totoxicity. Peptides were designed to target the tumor but simply
binding with KK-LC-1 could not inhibit tumor growth. Peptide-drug
conjugate (PDC) could be a good way for peptide application.

In conclusion, we screened KK-LC-1 specific targeting binding
peptides based on the phage-display library, and a series of in vivo
and in vitro experiments verified its excellent affinity and specificity.
Targeting peptides showed excellent imaging, therapeutic potential,
and smaller organ side effects. The PET/CT imaging reagents or cou-
pling drugs based on the targeting peptide may have extremely high
clinical application value. GC diagnostic reagents, imaging reagents,
or therapeutic drugs based on targeting peptides may bring practical
clinical benefits to more patients with GC in the near future.
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