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Fig. 1 Imaging of T7 phage (A), M13 phage (B), and Aphage (C) by transmission electron microscope
Reprinted with permission from Ref. 46 © (2008) Tsinghua Press and Springer-Verlag GmbH and Ref. 47 © (2008) Blackwell

Publishing Ltd.
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Fig. 2 Life cycle of T7 phage(A) and M13 phage (B)

Modified and reused with permission from Ref. 17 © (1999) Elsevier Science Ltd.
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Reprinted with permission from Ref. 22 © (2011)
Macmillan Publishers Limited, part of Springer Nature.

Protein G ¥ — A {5 L7 cDNA T7 7 » — v (ff# 41
5 HROPUAZ I TRIBERER &) RIS S8, R
AT 5 DNATI 7 7 —v 7 n— v RHEELE. +O
& %, BRD2, eIF4Cl, RPL13a, RPL22 o 4 5 o & #i
JRORIEICE -7 (Fig.6). ¥71EHEDLIE, FFAATA

CInbAFEEDO L v R BERER LTI 77— D
FEFE 21TV, 128 MR O IS % SRS S 8 CRHili & 47 - T
B, TORFER, BBEOANAA A ~v—n—L L TOFANK
PRI RET, ZoX5w, DNATA 779, <7



Proteome Letters 2016 ; 1 : 49

- Total mRANA <DMA library
= NN e aral
LA I T7 phage vector
.-.-:-"'/ q -

cDNA inserted into T7 phage

f e ——

/WMM

mﬁ
fLTERg ur..uziu\ \

Enriched cany

phage library

Phage-protein

Infection and
propagation

Phage-protein microarray

Incubation with serum
samples from patients with
«cancer and from controls

T
/g;‘é‘g\/}%ﬁ wl serum
. 7
specific cDNA '
>
= ; - x
= -

'Y
R

M x
; T A/nouhatmn
Eﬂlld""$ x with cancer serum
cancer-specific )

Praotein AJG

phage peptides

5

. Incubation with

Protein A /G

Removal of
non-cancer-
Biopanning cycles ‘P“im phage
{5 rounds) peptides

Data analysis

Phage-peptide clones

o Selected for the development
of focused microarrays to
use in the training
and validation studies

Fig. 6 Schematic representation of the development of phage-protein microarrays to characterize autoantibody signatures in prostate

cancer

Reprinted with permission from Ref. 21 © (2005) Massachusetts Medical Society.
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In 1975, Kohler and Milstein first generated mouse monoclonal antibody in mice using a hybridoma technique. In 1980, chimeric
and humanized antibody was raised using genetic engineering to reduce the immunogenicity of mouse antibodies. And fully human
antibody generated using Human antibody phage display library, trans-chromosomic mouse, and screening of B cell since 1990.
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Fig. 8 Model of ATL development

After HTLV-1 infection, HTLV-1 promotes clonal proliferation of infected cells by Tax and viral proteins. Proliferation of HTLV-1
infected cells is controlled by cytotoxic T cells (CTL). The frequency of ATL development in the life of the carriers is low (2-6%).
The progression to acute type ATL from carrier and smoldering type ATL takes after a long latent period of a few decade years.
During the periods, multistep mechanism is involved in the development ATL.
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Fig. 9 Workflow: Selection of specific antibody for HTLV-1 infected cell
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Fig. 10 The binding specificity of isolated antibody clone to HTLV-1 infected cells

Bindings of isolated scFv to HTLV-1-carrying T-cell lines (S1T, MT2, MT4 and M8166) and non-HTLV-1-carrying T-cell lines
(MOLT4 and Jurkat). The cells were stained with isolated scFv, anti-His-tagged mouse mAb and FITC-labeled anti mouse antibody
and supplied to FACS analysis (thick line). The broken and dotted lines indicate the cells only and the cells stained without scFv,

respectively.
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Fig. 11 Apoptosis-like cell death of S1T cells induced by isolated antibody

SIT cells or MOLT4 cells were incubated with isolated scFv (5 nM) at 37°C for 1 h and were stained with propidium iodide (PI)
and Annexin V staining solution for 15 min. The stained cells were analyzed on a flow cytometry.
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Fig. 12 Characterization of extracellular vesicles

Extracellular vesicle including exosome, microvesicles, and apoptotic body are 50-1000 nm in diameter, release from cancer cell
and various cell into extracellular space. They contain microRNA, mRNA, and protein that could be transferred to target cells for
intercellular communication. Their Extracellular vesicles derived from IM95 cell line were detected using transmission electron

microscopy (TEM).
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Fig. 13 Extracellular vesicles isolation protocol

(A) Extracellular vesicles were isolated from cell culture supernatant or body fluid by differential ultracentrifugation and sucrose
gradient ultracentrifugation. (B) EVs were enriched at density of 1.11-1.22 mg/ml by exosomal protein CD9, 63, 81 Alix, and

TSG101 by western blotting analysis.

9 fE

PUARIR L, AT O B ORI 7 & D
FEETHENEATEY, %L FREREENILRT
LHEFHEINTWE, O T, WA0EFMCHERI NG
77y =U T 4 ATV AN, Z OPGEROSTICR -
THF M E L TRESLERL TE . 2 oiie i
WTCBIR S e MR O PUA D, BIEERIRRER M Thh
TRY, BRI FEMEOBZECHFR S e T 5.

—HT, 77 —=v7T 4 A7V AHANL, PUREIED I
RS9, PN 24 v DEEx 2AF v+ 7 53— K& v
7B OHRFMTINTE D, BpHA~DOEMEAIED S
nTwb, okt FAE, &ECR Ll s B
BINC LR IR F v A/ DA DB+ » s OB RIFIE AR
BRI, Tl 7 a4 I 7 A5 kE ERRTE S
L5577 7 =2 F 4 AT v A Hifli w7 R A Bl
DHED XS L.



Proteome Letters 2016 ; 1 : 54

®

cancer cell derived EVs

LU L I N ]

Purification of EVs using Ultracentrifuge

Isolation of phage clone 4+—— Infection of E.coli

Fig. 14 Workflow: Isolation of extracellular vesicle specific antibody

i

COMFEERRET ST HIch, BIRERFTORY, &
+, EEARoRChE 7 » — VT 0 AT VA HTE I
IR RIASEEE, Foth 8%, BREERTRTC
n A 37 AR SHREREGCICEIER 7 V-7 ) — & —,
[ R TR s M O FFFE A S HRETE - 7o R S e o
L, BT, BESW, Mlsh a0y CHEEE
VTV AHHEM T e Y= 7 b Y — K — Fi, HoOPFE
WCHEdo o TTHWIEREALD D EHOSIHFS & BSiLaH L
T ES

FHHE DICPIR T R E PR PCIRRE LM
3R

1) Smith GP. Filamentous fusion phage: novel expression vectors
that display cloned antigens on the virion surface. Science.
1985;228:1315-1317.

2) Hoogenboom HR. Selecting and screening recombinant anti-
body libraries. Nat Biotechnol. 2005;23:1105-1116.

3) Marx H, Lemeer S, Schliep JE, et al. A large synthetic peptide
and phosphopeptide reference library for mass spectrometry-
based proteomics. Nat Biotechnol. 2013;31:557-564.

4) Robinson WH, Steinman L. Human peptidome display. Nat
Biotechnol. 2011;29:500-502.

5) McCafferty J, Griffiths AD, Winter G, Chiswell DJ. Phage an-
tibodies: filamentous phage displaying antibody variable do-
mains. Nature. 1990;348:552-554.

6) Silverman J, Liu Q, Bakker A, et al. Multivalent avimer pro-
teins evolved by exon shuffling of a family of human receptor
domains. Nat Biotechnol. 2005;23:1556-1561.

7) Wojcik ], Hantschel O, Grebien F, ef al. A potent and highly
specific FN3 monobody inhibitor of the Abl SH2 domain. Nat

normal cell derived EVs

1] o0
e
—F B ————————— >

labeled exosome

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

T 7
Amplified scFv phage library l

Rescue of phage

ccormmra

pe— e

scFv phage

scFv phage library

=y 1)

I

Flow cytemetry

!

Struct Mol Biol. 2010;17:519-527.

Duckworth DH. “Who discovered bacteriophage?”. Bacteriol
Rev. 1976;40:793-802.

Keen EC. Phage therapy: concept to cure. Front Microbiol.
2012;3:238.

Abedon ST. Phage therapy of pulmonary
Bacteriophage. 2015;5:e1020260.

Kutter E, De Vos D, Gvasalia G, et al. Phage therapy in clin-
ical practice: treatment of human infections. Curr Pharm
Biotechnol. 2010;11:69-86.

Feiner R, Argov T, Rabinovich L, Sigal N, Borovok I,
Herskovits AA. A new perspective on lysogeny: prophages

infections.

as active regulatory switches of bacteria. Nat Rev Microbiol.
2015;13:641-650.

Hobbs Z, Abedon ST. Diversity of phage infection types and
associated terminology: the problem with ‘Lytic or lysogenic’.
FEMS Microbiol Lett. 2016;363.

Campbell A. The future of bacteriophage biology. Nat Rev
Genet. 2003;4:471-477.

Salmond GP, Fineran PC. A century of the phage: past, pres-
ent and future. Nat Rev Microbiol. 2015;13:777-786.
Houbiers MC, Hemminga MA. Protein-lipid interactions of
bacteriophage M13 gene 9 minor coat protein. Mol Membr
Biol. 2004;21:351-359.

Lubkowski J, Hennecke E Pluckthun A, Wlodawer A.
Filamentous phage infection: crystal structure of g3p in
complex with its coreceptor, the C-terminal domain of TolA.
Structure. 1999;7:711-722.

Binz HK, Amstutz P, Kohl A, et al. High-affinity binders se-
lected from designed ankyrin repeat protein libraries. Nat
Biotechnol. 2004;22:575-582.

Beste G, Schmidt FS, Stibora T, Skerra A. Small antibody-like
proteins with prescribed ligand specificities derived from the
lipocalin fold. Proc Natl Acad Sci U S A. 1999;96:1898-1903.
Dai M, Temirov J, Pesavento E, et al. Using T7 phage dis-
play to select GFP-based binders. Protein Eng Des Sel.



2008;21:413-424.

21) Wang X, Yu ], Sreekumar A, ef al. Autoantibody signatures in
prostate cancer. N Engl ] Med. 2005;353:1224-1235.

22) Larman HB, Zhao Z, Laserson U, et al. Autoantigen dis-
covery with a synthetic human peptidome. Nat Biotechnol.
2011;29:535-541.

23) Nomura T, Abe Y, Kamada H, et al. Creation of an improved
mutant TNF with TNFR1-selectivity and antagonistic activity
by phage display technology. Pharmazie. 2010;65:93-96.

24) Hashiguchi S, Yamaguchi Y, Takeuchi O, Akira S, Sugimura K.
Immunological basis of M13 phage vaccine: Regulation under
MyD88 and TLR9 signaling. Biochem Biophys Res Commun.
2010;402:19-22.

25) Lee Y], Yi H, Kim W], et al. Fabricating genetically engineered
high-power lithium-ion batteries using multiple virus genes.
Science. 2009;324:1051-1055.

26) Kohler G, Milstein C. Continuous cultures of fused cells
secreting antibody of predefined specificity. Nature.
1975;256:495-497.

27) Jespers LS, Roberts A, Mahler SM, Winter G, Hoogenboom
HR. Guiding the selection of human antibodies from
phage display repertoires to a single epitope of an antigen.
Biotechnology (N Y). 1994;12:899-903.

28) Ishida I, Tomizuka K, Yoshida H, Kuroiwa Y. TransChromo
Mouse. Biotechnol Genet Eng Rev. 2002;19:73-82.

29) Jin A, Ozawa T, Tajiri K, et al. A rapid and efficient single-cell
manipulation method for screening antigen-specific anti-
body-secreting cells from human peripheral blood. Nat Med.
2009;15:1088-1092.

30) Matsuoka M, Jeang KT. Human T-cell leukemia virus type I at
age 25: a progress report. Cancer Res. 2005;65:4467-4470.

31) Yoshida M, Miyoshi I, Hinuma Y. A retrovirus from human leu-
kemia cell lines: its isolation, characterization, and implication
in human adult T-cell leukemia (ATL). Princess Takamatsu
Symp. 1982;12:285-294.

32) Ohshima K. Pathological features of diseases associated with
human T-cell leukemia virus type I. Cancer Sci. 2007;98:772—
778.

33) Kurose K, Ohue Y, Wada H, ef al. Phase Ia Study of FoxP3+
CD4 Treg Depletion by Infusion of a Humanized Anti-CCR4
Antibody, KW-0761, in Cancer Patients. Clin Cancer Res.
2015;21:4327-4336.

34) Ishida T, Joh T, Uike N, et al. Defucosylated anti-CCR4 mono-
clonal antibody (KW-0761) for relapsed adult T-cell leukemia-
lymphoma: a multicenter phase II study. J Clin Oncol.

Proteome Letters 2016 ; 1 : 55

2012;30:837-842.

35) Muraoka S, Ito Y, Kamimura M, et al. Effective induction of
cell death on adult T-cell leukaemia cells by HLA-DRbeta-
specific small antibody fragment isolated from human anti-
body phage library. ] Biochem. 2009;145:799-810.

36) Simons M, Raposo G. Exosomes—vesicular carriers for in-
tercellular communication. Curr Opin Cell Biol. 2009;21:575-
581.

37) Katsuda T, Kosaka N, Ochiya T. The roles of extracellular
vesicles in cancer biology: toward the development of novel
cancer biomarkers. Proteomics. 2014;14:412-425.

38) AnT, Qin S, Xu Y, et al. Exosomes serve as tumour markers
for personalized diagnostics owing to their important role in
cancer metastasis. ] Extracell Vesicles. 2015;4:27522.

39) Shimoda A, Ueda K, Nishiumi S, et al. Exosomes as nanocarri-
ers for systemic delivery of the Helicobacter pylori virulence
factor CagA. Sci Rep. 2016;6:18346.

40) Ueda K, Ishikawa N, Tatsuguchi A, Saichi N, Fujii R,
Nakagawa H. Antibody-coupled monolithic silica microtips for
highthroughput molecular profiling of circulating exosomes.
Sci Rep. 2014;4:6232.

41) Kalluri R. The biology and function of exosomes in cancer. ]
Clin Invest. 2016;126:1208-1215.

42) Hoshino A, Costa-Silva B, Shen TL, et al. Tumour exo-
some integrins determine organotropic metastasis. Nature.
2015;527:329-335.

43) Melo SA, Luecke LB, Kahlert C, et al. Glypican-1 identifies
cancer exosomes and detects early pancreatic cancer. Nature.
2015;523:177-182.

44) Sunkara V, Woo HK, Cho YK. Emerging techniques in the
isolation and characterization of extracellular vesicles and
their roles in cancer diagnostics and prognostics. Analyst.
2016;141:371-381.

45) Groot Kormelink T, Arkesteijn GJ, Nauwelaers FA, van den
Engh G, Nolte-'t Hoen EN, Wauben MH. Prerequisites for the
analysis and sorting of extracellular vesicle subpopulations by
high-resolution flow cytometry. Cytometry A. 2016;89:135-
147.

46) Niu Z, Bruckman MA, Harp B, Mello CM, Wang Q.
Bacteriophage M13 as a scaffold for preparing Conductive
polymeric composite fibers. Nano Res. 2008;1:235-241.

47) Rotem E, Assaf R, Morgan F, Szabolcs S, Martin K, Marcia
BG, Sankar A, Amos BO. Bacteriophage infection is targeted
to cellular poles. Mol Microbiol. 2008;68:1107-1116.



Proteome Letters 2016 ; 1 : 56

Role of Phage Display Technology to Proteomics

Satoshi Muraoka*!?, Hidetoshi Tahara!

*E-mail: satoshi.muraoka@jfcr.or.jp

"Department of Cellular and Molecular Biology Basic Life Sciences, Institute of Biomedical & Health Sciences, Hiroshima
University, 1-2-3, Kasumi, Minami-ku, Hiroshima city, Hiroshima 734-8553, Japan
“Cancer Proteomics Group, Project for Realization of Personalized Cancer Medicine, Genome Center, Japanese Foundation for
Cancer Research, 3-8-31, Ariake, Koto-ku, 135-8550, Japan

(Received: May 13, 2016; Revised: June 24, 2016; Accepted: June 28, 2016)

In 1915, Frederick, T initially identified bacteriophages, referring to viruses that infect and replicate within bac-
teria. Subsequently, phage display technology was reported by Smith, GP in 1985, when he demonstrated random
peptides on the surfaces of filamentous bacteriophages. Subsequently, McCafferty, J] and Winter, G reported that
antibodies were the first proteins to be displayed successfully on the surfaces of phages in 1990. Since then, many
researchers have constructed large phage antibody or peptide libraries using powerful techniques in an attempt to
discover novel therapeutic targets or prognostic biomarkers and select biologically active ligands. Recently, scaffolds
different from antibodies were reported to form suitable binding ligands in subcellular locations, leading to the suc-
cessful construction of a scaffold phage library. This review highlights the possibilities and advantages of the applica-
tion of phage display technology in the search for new drug targets, cell receptors, and their ligands.
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