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Development of a Pancreatic Cancer Specific Binding Peptide Using Phage Display

Dong Won Lee?, Jae Myung Park™®, Seung Mok Yangl, Moon Hwa Kwak®, Yoon Jin Roh®, In Seok Lee® and Myung-Gyu Choi*?

Catholic Photomedicine Research Institute®, Department of Medical Lifescience, College of Medicine, The Catholic University of Korea?,
Department of Internal Medicine, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea®, Seoul, Korea

Background/Aims: Pancreatic cancer has a very poor prognosis, and early diagnosis is a way to increase the survival rate of patients.
The purpose of this study was to develop pancreatic cancer-specific peptides for imaging studies.

Methods: Three pancreatic cancer cell lines, MIA PaCa-2, UACC-462, and BxPC-3, and a control cell line, CCD841, were used.
Biopannings were performed on MIA PaCa-2 using a phage display library. After this, the peptides were synthesized and labeled with
fluorescein isothiocyanate (FITC). Immunocytochemistry (ICC), enzyme-linked immunosorbent assay (ELISA), and fluo-
rescence-activated cell sorter (FACS) were performed to examine the specific binding. To examine its therapeutic applications, a photo-
sensitizer, chlorin €6 (Ce6), was conjugated on the peptide and photodynamic therapy was performed. Cell survival was investigated
using a [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] assay.

Results: After three biopannings, the phages were amplified from 1.4x 10*t0 3.2x10° plaque-forming units. The most strongly binding
phage was selected from the ELISA and ICC results. FITC-labeled peptide, M5, in the three pancreatic cancer cell lines showed sig-
nificantly higher immunofluorescence in the ICC experiments than that of CCD841. The higher binding ability to MIA PaCa-2 cells
was confirmed from FACS analysis, which showed a right shift compared to CCD841. M5 bound to Ce6 showed a significantly lower
cell survival rate than that of Ce6 alone in photodynamic therapy, which was observed consistently as a change in the tumor size
and fluorescence intensity in MIA PaCa-2 cell-implanted animal models.

Conclusions: This study showed that the noble peptide, M5, binds specifically to the pancreatic cancer cell line, MIA PaCa-2. The M5
peptide has potential use in future optical diagnostic and therapeutic purposes. (Korean J Gastroenterol 2019;74:30-41)
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1. Alef

1] fAZH o) gfo|H 7] 7| E(New England Biolabs,
Beverly, MA, USA)E ©]£3}911, Dulbecco's modified
Eagle's medium (DMEM), minimum essential medium
(MEM), phosphate-buffered saline (PBS), 1% penicillin-
streptomycin (Corning, Manassas, VA, USA), Glycine, Tris,
polyethylene glycol W sodium chloride 3 bovine serum
albumin (BSA) (Sigma Aldrich, Yongin, Korea), chlorin e6 (Ceb)
(Frontier scientific, Newark, DE, USA), 3,3',5,5'-tetrame-
thylbenzidine, 4',6-diamidino-2- phenylindole (DAPI) (Thermo
Fisher scientific, Seoul, Korea), 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide (MTT)
Seongnam, Korea)g Ao}t A7F A AlxEFQ] MIA
PaCa-2, UACC-462, BxPC-3 (American Type Culture
Collection, Rockville, MD, USA)E ARESIRI, TR AEFE
AAF A AL Q] CCD841 (American Type Culture Collection,
Rockville, MD, USA)& AF&3}¥t}. Fetal bovine serum
(Gibco, Carlsbad, CA, USA) 9 7€} HA|s}A] & AJeke
L% Sigma Aldrich (Yongin, Korea)o|Al F-15}%it.

(Biosesang,

2. MZE HHY

MIA PaCa-29} UACC-462 A+ DMEM HjZ|ofA],
BxPC-3 A|3X RPMI 1640 HjjA]of|A], CCD841 A|*%+= MEM
Xl ZF 10% (v/v) fetal bovine serumi} 1% pen-
icillin-streptomycing A7}sto] 37C, 5% oJAtsleta o
A Hegssict
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3. ofX|] HAE0[2F bio—panning

77 | AZd o] go]Hee] 7]E Ph.D’S ARl 7
891l MIA PaCa-2 A|ZE 1,000 rpmof|A] 55 59+
wejote] skl A 7‘1]74@ th& 3% BSAE 14|71
ol xorslgict. thS 1% 10" plagque forming units (pfu)
TR E 3% BSAS H7FSHAL Ao A 241t FQF WA Z
C}. Phosphate-buffered saline+0.05% Tween-20, pH 7.4
(T-PBS)Z 53] A|A3t & 200 mM Glycine-hydrogen chlor-
ide (pH 2.2)5 7FslaL 26T oA 6 F2t Hlgeto =y
Az EHone §2HY B7l 28 g0 1M
Tris-hydrogen chloride £+ (pH 9.0) 300 uLE A 7}3} o]
SA SR o9 A ¥ oA S A FeE A
o3 9] 314< 33 ukEslo] MIA PaCa-2 Al%o] 2

L oAE A% At

0> o2

4. OiX| H7t £H

9] 7kE 248t7] 91ste] W] L lysogeny broth
£ olgste] A< IAstaL 7 314 895 ER27383 1027t
i Fsto] opA] itef] ofgt vrele| eubx| o] E FHe A=
SHATE 3 mLo| Agars WA= ThEof x| 3] Ao} 4
isopropyl [B-D-1-thiogalactopyranoside (50 mg/mL) %
X-gal (40 mg/mL)S 83t lysogeny broth $F-HTof| B3
Sholrt. $-Rauhe 37COIA S1u Bt vheksisich vhA e
oz A gole] Hrg SR FYT B4 Hatao)
S5 A%sto] Axsholct

R

5305 058 Wi¥E Escherichia coli ER2738
1 mLoj] A HA Zt3 5 Yo 4547F 59 ER2738
WA - ] REBte] gk Htte] s ol o
Sk B4 FHe 97] et B AL 37°Co A
ST 065 H|%E Escherichia coli ER2738 20 mLo] 4
o] 45A17F Z<F H|OFA]7] T, 4% 13,000 rpm O E ¥4 B
slo] Ao Ar=dlo] 20% polyethylene glycol/2.5 M so-
5 mL H7}ste] 4ColA 2417t 9H-g-A]7] 1L
4x13,000 rpm O & YA HEslo] AAELS At Aol
< w23l HHAET PBS 1 mLof| §3A1H L}

dium chlorideS

6. Ba #(enzyme-linked immunosorbent assay)
A BEE B Slole] AHARE AL

MIA PaCa-2 /\1]_]_9—]' CCD841 /\ﬂ;_%— 1x10* cell/well=
96-well plate©] 100 pLA B33 oFYSIA ZITh PBSE 33
A3l oflETL WiEheS 101 H[ER 4% 9‘-\4% o|-g-s}

o] 4Tl 30 F3t ALGAIFT. o]o]A T-PBS (0.05% v/v

triton X-100)2 33] M3l 3% BSAE 1A]7F EoF Xpeks}
Oﬂq. /dEH‘cﬂ— J,]—X] 2= 1:!1 g/ﬁ 1:H 0] M13KE J}x] MIA
baCa-2 ALES] A8 S7CAlA 1A B9t 27 ot
At o2 T-PBSE 33] A|A3}al anti-M13 HRP (Abcam,
Cambridge, UK)E 7k5}o] 1417+ St WFSA 7} T-PBS
& 33] X}k tetramethylbenzidine 100 pL/well® A7}
Skl 13gste] 37T oA 308 A2 & 1N HSO.E 100 plywell
2 A7Vt SAAFTE RO 2 Micro plate-reader mod-
el 550 (Bio-Rad, Hercules, CA, USA)S ARg-510] 450 nmoj| A
e

7. HoBISIoA
8-well chambero] MIA PaCa-2 A|3E2} CCD841 A|®:E
1x10* cell/wellfFHE E-38}3 24A]7F E9t QHASIA|A
PBSE A|X8}T ol ET} HELS 1.1 HgE AL g
o] gto] 4T oA 30+ 5¢t ALYAIF T} o]o|4] T-PBSE 33
AIXSHIL 3% BSAR 1AIZF 59F Apekstoint. Aest 942 2
23t *ﬂﬁé GA Ao A 1AIZE Fet wi%Fstal T-PBSE
3] AlXE b -8 BES-S o]&-sto] Alx EHe 4
Aokal kA ‘?I%% ol T2 &5 AU A2

.41

o

= f*"

T-PBSE 354 Aﬂ& sto] 2} A Alexa 488 (Abcam)T} 14]
Tt ESE Aokl HiFAIZTE PBSE 33 A|A{skil DAPIE
olgolo] 183} WHSELT WY WolAS AFgee] AE 9
o}z AT 2018t T CCD841E &4 HIRA|ZE AR
ok 229 JAL HRES ol 8oty on, AIE APES gelst
7] 9I3}o] cleaved caspase-3 (Abcam) A2 W3}y
AL Aol Wolsalel ¥ LS. peroxidase sub-

strate solution (0.05% DAB and 0.01% H.0.)& ARE-SIT]

8. DNA @7IME EMat HEO|E &Y

5 1A N4 ssDNAS S5t}
of ARgE Zefolm= A A AAIGE -96glIl 5-CCC
TCA TAG TTA GCG TAA CG-3' 9 -28gIll 5-GTA
TGG GAT TTT GCT AAA CAA C-3'5 o]&3l31 T4
o gL geto]= glo]Efro] A9l BLAST 4! Clustal W
(https://www.ebi.ac.uk/Tools/msa/clustalo/) & ARE-Fo] HA]
SPATh. AEAl et HEfo]=9] 94 Peptron (Daejeon,
Korea) 9! Anaspec (Fremont, CA, USA)S| <[}t
AN 2L #Helo|= o] N-Hthof| fluorescein isothiocyanate
FITC)E APttt HEepo|=e] £ 95% o]A4o|ial
high performance liquid chromatography= 2738} tt.
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9. HAHLHAM(Immunofluorescence assay)
8-well chambero] 217+ 4ot /\ﬂ—wj_ 1_]
UACC-462, BxPC-3 /\ﬂ_]_ﬂ- A AEF
1x10* cell/well?hE BZ2311 2447t = J OFA BFA| T
PBSE Al X}l OMIEJ+ HEEs 11 HER 42 4L
o] g-3to] 4T oA 308 FoF THA|Z L oo T-PBSOE
3%] AlHstal 3% BSAR 1A17F Fot Aot /s A
2 el EE 10 pMO] FEE A4 1A 53t

S}l T-PBSE 39] A|H3t ths DAPIE ©]-§-5to] 1484k vt
Sk G AnAe ARESto] Aol fEfe|Eo] Fold AY
< Aglstiet.

MIA PaCa-2,

10. Fluorescence Activated Cell Sorter (FACS)

Q17 A7t AlEF2l MIA PaCa-2, UACC-462, BxPC-3
oF QI A% % M9l COD8arE ARt Al2E
T75 Zetado) A ST AIEE A5dte] 1x10° cell
U FACS FHof| 253519lt Al 28 5ot e
AABEIL 3% BSAE AFHAIZITE o]% PBSE 33 A|H3}kar
FITCE %XA|H M5 Hefo|ES 10 pM 5= Ao H7fsl
I AARE FQF ARgste] BHEAIFTH PBSE 33 AlHSkaL
1% BSAE 47}3}o] CANTO II (BD Science, San Jose,
NJ, USA)E o|-&sto] A48Tt

1. Z2Z4H HZE 5=+
MIA PaCa-2 A|EE 1x10* cel/well2 24-well plated]
B0 24413F Sk Mgtk Ml AE At PBSE
33] AIH3E 3 0-12 pg/mL WY Ce6S H7}sto] 1417t
et Hjekstoitt. PBSE 33] A|Xstal ofMEY WgHEE
11 682 e §E A7bvlel 4TAA 3083
DAPIZ QA315ich. PBSZ 331 A4S MES 93 W)

7 Axiovert 200 (Zeiss, Oberkochen, Germany)= ©]83

AL

2 33] AAal, Ceb T+ Mb-Ce6 (Ceb, Mb5-Ceb &
0-12 pg/mL)E 973l DMEMY MEMOZE tfA|s}4
TAIZE &QF =2 sttt F5/ds WA fisto] A
£ PBSE 33] A&}, do]#(670 nm, 400 mW, 3 J)
ZARE THe 05 mg/mL MTTS H7kslo] 4X]7F E2t He-
k. WIS A F 100 Lo DMSOE H7Iti SRS
PowerWave HT-Microplate Spectrophotometer (BioTek,
Winooski, VT, USA)Z 570 nmol|A &7ttt

SE R BOR KT

13. MIA PaCa-2 O[& SSZHONM M5 A Ce62 =

6599 BALB/c-nu FEPRYA 10vkE ARE-SFGITH
DMEM HjAJof|A] #fjoFel 15x1079] MIA PaCa-2 AIEZ 70 ul.
9] PBSo| 50 uL®] Matrigel Matrix (BD bioscience,
Bedford, IN, USA) E81ele] Alo] -Culox igjs mjsto]
912 Bloleh AE 2] oF Q5 F 59 3k oF 140 m’
of o]2H, FEmkeA eubeli= Ceb (4 uM)E, 5HEl=
M6-Ce6 (4 uM)E 1 mL FAP|&E Foo] AHs] 23 ¢
= Shh WA & FF9 ¥ U optical in vivo
imaging system-IVIS (Lumina XRMS, PerkinElmer Inc,
Waltham, MA, USA)E Z&73}% tHexcitation: 420 nm;
emission: 710 nm). Z} oAl FFgre] 7HE =2 hA|ek

71 E2 AAE AQsta vt E FYst A5E A6
t}. Fo]A ko] 100 J/em? 0.25 W] % d 2 670 nm
j};(]—oe 5E 30% Eo]— 7\/\].5].011—4. J,]— quEJ_ E :o['_

T 2718 A5 vlastglct FU EL7]§ SRR
= ’\}ﬁﬂoﬂ‘:} ] Bue (A xSEY29 T4 A
SIAE B2 AFL £ A& FA7A] fd A%
= %é_‘%*% ZFedditty & &9 22 EE

=

of AT v Boe] =S slstgic 7k e Holx Al W Suw et dlolejt 71t
Q2 FEABHYEL = OI5 7H9] Xfo]= Kruskal-Wallis-testE

12. M MZ=2 ZX(cell viability assay)Zt [0|X ZA} ARg-sto] JASEGIEE 0.05 o]ske] pgh SAA SR Fod)

Ce67} ZA%E MIA PaCa-2, CCD841 A|E9] &L thal 7ok

MTT BAo| 9Jste] Hrsttt AIELE 96-well plate]

1x10* cells/well2 B30 2447 =9t vjoFstoict PBS

Table 1. Progressive Enrichment of Phages with the Selection Rounds

Phage titer Input Output Recovery®

1st round 1.0x10™ 1.4x10" 1.4x107

2nd round 1.1x10™ 5.7x10* 5.2x10"

3rd round 2.2x10" 3.2x10° 1.5x10°

“Recovery rate: input/output.
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1. MIA PaCa-2 HE Mo Z&dl= X S22 55

M13 RS 7]E o7 3= Ph.D” Tx] tAZF o] gto]
H2lE MIA PaCa-2 3#1o] Aok ofulical Ade A
¥3}1A} bio-panningS A3t MIA PaCa-2 A X0
Eo|x o Avty ux] Z2& T3t} inputT} output
=L 5 AAFSFYtHTable 1). 3%} bio-panning 23} 3|4-H
Aol sk 3% go] WE 2/ AS eIt
Al WA bio-panning A] ¥|5H TFAE 1.4x10° pfucf A A]
Zsto] Al M bio-panning & 3.2x10° pfultE 3]4E 9]
a1 oF 22v FrFeloich o]t Aak= MIA PaCa-2 1<t
N3] Eoldog ABsl upx] SR Aol A= gl

5 =0 Z1H3
ARl ES S

4

N‘_\;_l,o

ot Ay IX| 229 =2l
MIA PaCa-2 At AlEZofA 2] 3¥2] bio-panning &
487e] Th) ZES DAe|E AMsT ZEAZT Pold
48709 544 B2 SolH AWL BISTA B4 A
3ol CCD8413} At AlEQ] MIA PaCa-2014 &AM
o ARG 1% B AYAS Kol o7 54 2E
?roﬂf‘i 2, 3, 4, 5% T2 ZE0] JAY AE MIA PaCa-29]
Al B4 AT AE CCDe41E T} oF 1.6H] o) =2 ATS
0.16
0.14
0.12
0.1

0.08

0.06

Absorbance 450 nm

0.04

0.02

Mddnn

Hol=

pa s

2 IBteichrig. 1)

3. HIEY M=o ZE otk MEQ| FIIME 24
L=}

weolA] Hgek AT e AYAL Hel 2,3
ekt stiet. o 7]

Lurb

QMo A ssDNAS ZZ3}gc) o]Z 77]9] ofn| LAt
Bl EEIF DNA AP-S BHolsi). shols Hefo|m
BLAST 3! Clustal W (www.ebi.ac.uk/tools/msa/clustalo)&
Abgslol BABtAT. Tu ukx] #WEle]= EGGDSRH,
RLRAIFS, VSRVAPC, WLEVYLG X5 d& A tuizy}o

AFg/do] RIER] k7o ZkzF M2, M3, M4, Mbet g ated
tHTable 2).

B

a4s
591 50 ofnliAl AES 3
=

4. AL MZO| Chst
%] Aok /\1]_1_—7—?_] MIA PaCa-2 /\ﬂ_:_oﬂ EH"ﬂ' M2, M3, M4,
M5 T2|2] A% Sol4e BRIl iA MI3 YA o] &3to]

MELO|=0| S0j% ZE

Table 2. Identification of the Amino Acid Sequence

Phage no. Sequence Name
Phage clone 2 EGGDSRH M2
Phage clone 3 RLRAIFS M3
Phage clone 4 VSRVAPC M4
Phage clone 5 WLEVYLG M5

m CCD841

B MIA PaCa-2

[l

Phage clone number

Fig. 1. ELISA assays were performed to select a phage that adhered specifically to MIA PaCa-2 cells among nine randomly selected phage

candidate groups. ELISA, enzyme-linked immunosorbent assay.
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DAPI Alexa 488

CCDs841 MiaPaCa-2 UACC-462 BxPC3

. . ‘
¥ .

Fig. 2. Immunohistochemical staining was performed using Alexa 488 to confirm the binding affinity of the phage clone to pancreatic cancer
(A) phage 2; (B) phage 3; (C) phage 4; (D) phage 5. The binding site of the phage expresses as green fluorescence; and (E) CCD841, MIA
PaCa-2, UACC-462, and BxPC-3 cells, which were subjected to immunofluorescence staining to confirm the cell binding ability of the M5
peptide. The M5 peptide was labeled with FITC, and the cells were stained with DAPI (Magnification x200). FITC, fluorescein isothiocyanate;
DAPI, 4’,6-diamidino-2-phenylindole.

ViR MS(WLEVYLG)
=/ HO O ANM
”N\.:’\ o o )~ o
J\ M 1 N N oH
N T T g 1t
Ka® B2 G W G R 16
[
7 M5-Ce6(WLEVYLG-Ceb)
- HO__O PN
HN_ L s
\’Qj w 9 1 0 ‘L \H/ o
WS YT N N AN
H H H
AN ® N o _~o o N~ ©°
2 = Y COH
={ N\ _J
~ \/NH
K\ HN" ), —COH -
NN 24
- \
Ay
>

Fig. 3. Structure of the peptide and peptide HPLC profile. (A) Structure of the M5 peptide, (B) structure of the peptide M5 coupled with the
photosensitizer Ce6, (C) HPLC analysis of peptide M5, (D) HPLC analysis of peptide M5 and the Ce6 conjugate peptide. Ce6, chlorin e6;
HPLC, high-performance liquid chromatography.
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AE 3t NS A1t A} B upx|of A =M ¥o] dt

v 12 [}

x| 9oy I Mb 9R| 9] ol 71AF AekA T

(Fig. 2A-D). M5 ¥HX]°] DNA A &2 <72 fepo|=

APl 1, N-Leho] FITCE Agslo] A3FATH

it

=] oAt

F0
3l 1—/%] KN
]

=
o|% I

A Ce69} M5E ZAoste] LS AgSIATHFIG. 3A, B).
A E Heo|E9] ¢~ = high performance liquid chro-
matography w4102 QI8 th(Fig. 3C, D). Mb HE}O]
So] A3 59 @ Sol4g WY fgtel YRAEY

CoDal AES W ABE AL ek ALl

A CCD841
: D Feptide
1.0K - D Con
800
‘g‘ .
o 600 7]
O B
400
200 7
o
La | TTTTTTY T ivun
3 3 < 5
-10 0 10 10 10
FITC-A
(o BxPC-3
: E] Pepride
800 ] 0 e
600 T
- g
< -
=
o e
o
400
200 T
0
3 3 4 5
-10 0 10 10 10
FITC-A

MIA PaCa-2, UACC-462, BxPC-3 A| 9] &7
A& FITC #AE M6 fEfo] =7} Al
oh ey ti AR CCD841o A=
o|2f3t Axtol whet AjFA A2t

o= FHATKFg. 2E). %A

= HQl M5 fglo|=of tfsto] Bl
W e WA FACSE A el qaAe

=8

oF Eo

it msh o

o)A

z
qF

bl
o] WHE
M5 o] =2
*a%‘%oﬂ/ﬂ =
TC

5 Hefol=

_7

2L m}i‘ o,
§2 A
o 30 32

(¢}
r{o e

[¢)

]

-

I

CCD8413} FAT A= MIA PaCa-2, UACC-462,
BxPC-3 A|3£o] M5 J“EM % 7} 10 PME £-5510] Al|a2e}

B

Count

D

Count

MIA PaCa-2

OO0

3 3 -
-10 0 10 10
FITC-A

UACC-462

Peptide
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Fig. 4. (A-D) Fluorescence activated cell sorter of the CCD841 and MIA PaCa-2, UACC-462, BxPC-3 cells bound with the control and M5 peptide:
blue line-control, and red line-M5 peptide. FITC, fluorescein isothiocyanate.
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Fig. 5. Cellular uptake of the photosensitizer, Ce6, in the Ce6-treated group, in which the Ce6-treated group and M5-peptide were combined,
was confirmed in the control cell CCD841 and the pancreatic cancer cell line MIA PaCa-2. 4 yg/mL and 12 ug/mL, respectively. (A) CCD841
cell Ce6 alone and M5-Ce6 treatment group, (B) MIA PaCa-2 cell Ce6 alone and M5-Ce6 treatment group. DAPI, 4',6-diamidino-2-phenylindole;
Ce®, chlorin e6.
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Fig. 6. MTT cytotoxicity assay confirmed the laser irradiation effect of the M5 peptide and M5-Ce6. (A) Laser irradiation in CCD841 cells, (B)
laser non-irradiation in CCD841 cells. (C) Laser irradiation in MIA PaCa-2 cells, (D) laser non-irradiation in MIA PaCa-2 cells. Ce6, chlorin e6;
MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide.
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Fig. 7. In vivo study using nude mice implanted with MIA PaCa-2 cells. (A) Comparison of the fluorescence intensity between chlorin e6 (Ce6)
group (left) and M5-conjugated chlorin €6 (M5-Ce6) group (right) by the optical in vivo imaging system-IVIS. Ce6 and M5-Ce6 were injected
into the tumors with a volume of 150 uL (4 uM). In vivo fluorescence just after the injection of the photosensitizers (middle) and after one
hour (bottom). (B) Fluorescence intensity ratio of the tumors between the two groups (each n=>5). (C) Change in tumor size before and 48 hours
after photodynamic therapy of the two groups (each n=3). (D) Microscopic findings. M5-Ce6 group showed more necrosis (right top, H&E, x100)
than the Ce6-pretreated group (left top, H&E, x100). Cleaved caspase-3 positive cells were also observed abundantly in the M5-Ce6 group
(right bottom, Cleaved Cas-3, x100) than the Ce6 group (left bottom, Cleaved Cas-3, x100).
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