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Research progress of cyclic peptides derived from phage
display technology
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Abstract: Cyclic peptide drugs have gradually become an emerging research direction due to their some
favorable properties such as high-efficiency binding affinity, high selectivity, lower toxicity, and stable metabolism.
In recent years, the number of cyclic peptide drugs under clinical research has continued to increase. Unlike the
previous cyclic peptide drugs, which were mostly derived from natural products and their derivatives, these cyclic
peptide drugs are designed by genetically encoded display technologies which are based on rational design and in
vitro evolution (such as BT1718, PTG-300, POL6326, etc). Among them, phage display technology has some
advantages such as mature research system, low cost, and simpler operation that make it well recognized and
praised by the majority of researchers in this field. Here, we reviewed the recent progress of applying phage display
technology to explore diverse cyclic peptide libraries, which, we believe, will contribute more valuable candidate
cyclic peptide drugs in clinical research.
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Table 1 Part of cyclopeptide drugs in clinical research. * PEM (protein epitope mimetic)

Drug Target Clinic Company Platform Patent

POL6326 Chemokine CXCR4 receptor Phase 3 Polyphor PEM? technology W02008104090
W02018149552

POL-6014  Neutrophil elastase Phase 1/2  Polyphor PEM technology -
APL-2 Complement C3 inhibitors Phase 3 Apellis Pharmaceuticals Phage display W02014078731
W02019118938
ALRN-6924 Protein Mdm4 (Mdmx) inhibitors Phase 1/2  Aileron Therapeutics Phage display; W02013123266
Stapled peptide W02020023502
W02018208954
RA101495 Complement C5 inhibitors Phase 3 Ra Pharma mMRNA display W02015191951
W02019051436
W02020086506
BT-1718 MT1-MMP Phase 2 Bicycle Therapeutics Phage display and bicyclization W02018096365
US2020129630
BT-5528 Ephrin type-A receptor 2 Phase 1/2  Bicycle Therapeutics Phage display and bicyclization W02019122863
(EPHA2) US2019184025
PTG-300 Hepcidin mimetics Phase 2 Protagonist Therapeutics ~ Phage display WO02017117411
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B 7 3R IE IT PNH B2 R 25 45 5EDY (geographic
atrophy, GA) 2 i PR I8 18 2 Ab, & R OT &+
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Figure 1  The structure of cyclic peptide drug developed by phage display technology in clinical research
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Phage-displayed monocyclic peptide libraries
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Figure 2 The format of the phage cyclic peptide libraries
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Cyclization with thiol-reactive linkers

Thiol-reactive linkers that can
react with four cysteines

1222 R b ) O AR E 7 1«
B0t i 5 5K 2 AL AL 2 (recombinant angiotensin
| converting enzyme 2, ACE2) & [ 1) . W 7t 38 I H
HiAAT O MEDIREAR G . B BAR R R IKEE ACE 1 [F] U5
W, AB AR IR R A E A AN B 2 . 5T ACE2
FE I & 3 75 % AL, Huang 2509 J@ i MANP R
M13mp18 2 g TR A 2 A4 ) — M RT A=), 3 T 6 il
% T B A S P R R A R s A K EE 9 FH T
ACE2 i 7. tbAbh, [ ABATE 5 X FLAG-ACE2 i
i 1 2 AT AT SR A R R B AR 4R 1% I 2E Ph.D.-7 1 Ph.
D.-12, {H 2 2 PR IR e b I AR G ARV VEIK . A R AE iR
FAI R 1 6 AN WA B4 R 7 240 RO 2 ) 9k v S 40 Wk
R ELISA BHYE R R 15 0L, B 283 433 7 10 M 38
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F 7, AR X L R ) O I R AR, L3R4S 23 4
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KCTYPDPEGG-NH, Bl DX600 J2 i 11 5 4 1) 30 ] 751
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ACE Fe#fil/E M, S H T i) iz B H 1 ACE2
) 700 o T [ERE A 5 0 I AE A Y DX512 (Ac-
GDRLHCKPQRQSPWMKCQHLDPEGG-NH,) C 58 %
TAE B R I R BRI T, HLA BRI N A
S 1R B TR 8, #E 3 mg-kg A KT R B R AR
246 min, 7] M 155 + 10 mm Hg )12 2h ik & B 5 &
70.5 + 4.6 mm Hg. 1% 83 3o i 36 1) 52 B i) 110 I B A4
29 oK 2 T 3R A5 w5 2 ACE2 J 7, 5 B 1l —
7k ACE2 7 I 45 A4 AL

JRUE T B R R SR B IR O YR 2 LT L
B — IR A . BT SR
NHEA M, R M 55 A R LR, JF H
AT E, 1R 20 i N PRI R SR T S M 5 2 B
o N T R S PRI AT AR R A e H I, TR T
it 77 A S W T AR B EA K 22 . Ratmir Derda /) 2H 3 ik

A

CPAYSRYLDC

ACGFERERTCG

55 e NP R UK (Azb) Ah 2% 45 84 (AR R SRS 16 7
Wik B A4 b e o B S MR IR 51, DT A 17 Dl e S8 28 gt
A 4 5 SCEERO . P T MMl 1Y) M3 I T A B BR S
ph.D-C7C, F| H & & 4k (1) = (2- B J& 20 2E) Mk 3h R 26
iTCEP, £ ANl U8 pIIL 2R 1 P4 35 — 8 S A,k #34
R AN 5 b R, A B 3,3 W (il
HE)-4,4-0 (R LB L) - R %R (BSBCA, Kl 3C) Sliif
5 3 R A A AR s I S B 2 P TR I IRk .
Xof 1R JER ) B R S AN FR R AT 3HE SR AN U, H T 50%
ML= 2, 80 M BE R & S 32 MR
BSBCA, i # il ELISA %€ 3k 13 T 3 il BSBCA
LB JE R R S5 A O ) PR B 47, B L36
(ACGFERERTCG, K, % = 452 + 63 pmol-L%). L42
(ACLSQRDGNCG, K, %* = 368 + 103 pmol-L?). L57
(ACSVKLHTHCG, K, %* =506 + 89 pmol-L™%). FEtL T
MR B 7 R R X I8 P %1 P81 (ACTSHQPRVCG,
K% =229 + 21 pmol-L?, K 9= 239 + 41 pmol-L?) &
BSBCA &4 Ji, H ot HE AT 5 K {8 A 235 24k, 11 “ ok
0085 P BC A4 7 L36 . L42 AT L57 $47E 370 nm G IR 5 )5,
KA - A B R Ak, K E R E R, 45678
55 JE I A N AR A Ak 2 RAE  A EE
R s BRI B, A R AT X 2 Fh R R B AR T R

Mupain-1 L36-active

Ac-GDYSHCSPLRYYPWWKCTYPDPEGG-NH,
D

DX-600

Y*DIETGEC

/O/ ov\s..._‘
®®QQQG@§

KKD(6X)-ml

O2beY

Figure 3 Schematic drawings of cases of phage-displayed monocyclic peptide. A: Mupain-1, obtained from the screening which is against

murine uPA; B: DX600 targeting ACE2; C: Schematic diagram of the function of the "light-inhibited ligand" L36 obtained by phage display

screening and key chemical modification reagents; D: Monocyclic peptide KKD(6X)-m1 with a non-natural amino acid screened against the

keapl



- 1260 - 2% %4 Acta Pharmaceutica Sinica 2021, 56(5): 1253 -1264

Wi 7 2R TG A (R 7 3%k, AT O R 1 N T 245 3
R AL A T

Rudi Fasan fiff 72 /)~ 2H 38 o 75 W 1 4k g o i & b |
ANFERIRGAFERR IR T 8 TE AL S Bt Tk B s A 1
WG: T A i s 2 A BRSO, B MOTPH-PhDY R F I
PR R (DSEX8L) #4455 i Bl Wi T 44 119 4 & 1 e A0 IR P
HHE N 56 4 M13 BRI B AR 2 7, B 5T NJE R IR A
R O-(2-1R £ 55)- I = K (O2beY, K3D) 5741+
SE IR IR R B R St R AR SR A% AR R A s s 7 T
TE R, A IA o AR X A A R R T A 2 Al 4
B OCHE, FEET R 3 ML AR %5 0% A1 3 L Kelch £ ECH A
<5 1 1 (kelch like ECH-associated protein 1, Keapl)-
Sonic Hedgehog (Shh) ¥ 19 i 5 fl i 45 & k. LI
SEE X keapl B 5T, “FAT L T O2beY-(Xaa)s-Cys JE 3
(1) 56 A BEAL (NNK) 7S 248 5 51 1) MOrPH F LA K B 5
Glu(X),Glu % /7 1~ B 1% BE HL2H & K, 7749 1ok B
5 4 BEALIZE 1) Ko {8 4 43 + 14 nmol-L ) KKD(6X)-m1
(Y*DIETGEC, H ' Y* = 02beY).40 + 13 nmol-L {]
KKD(6X)-m2 (Y*DAETGEC) LA %% % T Glu/Glu 3} ¥
PEBE HL 2 i KKD-m1 (Y*DSETGEC), K, 18 A 110 *
8 nmol-L%; [/ FEEF Xt Shh i i T O2beY-(Xaa)s-Cys T
2R AT e T A B0 A JIK e % ik T [ 5% hedgehog AH L
£ H & A (hedgehog interacting protein, HHIP) 1 L2
A 2 BEE BT R TR AR R SRR IR, o, kB T
> PR R T R TR A R s A A SR 1) A 41 Shh-m
(GSSPY*EAMDMCTDTG), K, 40.55+0.07 umol-L%
AR, AT o A 7 3, B EEE s T 1 B
02beY/Cys it & Cys/O2beY HEF1I %t -1 5 24 fik 45 44 %6}
LG5 & B R ) B — € IR2 .
32 EEARRITPIRE T HIKAFET FRixEs
BN, Hoam it 5] N WM ET B R ], F2 e 2 K a- 13
i 45 R IR T 20 SRR B8 v PR R e 1 L 5 5 SRR ) L R
I A 2 M DL SR I IR A 3 I o pR T IR 2 R A
REPE, R 40 M 2 v, T B IRAE 2909 K 7 T )
E K. Anananuchatkul Z425% B pTIIE A TG e 2 g

PG T R A4 fdg3p0ss21 B B4 16 N LR 7 41 1)
I T A J 7 1T 5 Ik GAX,ECX,X,KEX X,CKXAG,
H 6 AN A2 BE B K T 91 DGR IE SCE 22 # M AT IA 6.4%107,
e W B 2R AT AE P B 4,4- X0 (TR 3E) BEZR (BP) 5
J7 31 v 3] 5 1) 2F I S R R AR AR S ST R IR 4544, A2
E o-WRTE . BT IIR VR TT 52 WA O 1 B AR AN
Pk £E & 3 (galectin-3, Gal-3) #k47 PU#6 i ik, £ 46 1%
NI 1.0x 10, J8 i i 55 58 3R R 3R 2 A IR R
PR . AT U 2R R g WO AR, 7 3 I AR Ao N B G
45470 RN I B 1) FUBE R AT 55 G DR, (R IR 2 i 0 ik R
1, TR = VYA R, ¥ 8 30 H M 1.0 pg B2
0.5 ng, A3 AR E 4, 207 R B & ELISA
HAFH| T 5 RN SRR T A . Hd, KRR
&4 i) p4-flu-BP (H-GAQECVYKEQSCKSAGGGGK-
(flu)-NH,) 256 Mg (K 4), KB E e RA
A4 /1, KoM 0.45 + 0.18 umol-LL, b, 2245 57
PESLIGIOUE TR 4 & 3 Gal-3 8 H L. A S
BT 33 7 ] 52 1 pa-flu ) & A B B 1) 9% e A 4k, 1T
WL, W 8 T B S T 07 38 1 285 & e ik B B B
YEM .

33 IEEMERARNIBRE AF TR, SRR
MR T2 R . ER— 205 G AR (Y 8 A B RINSS &
T RNk R F v . 7E 1997 4E I, Klaus Mosbach /)
ZH 1T 38 1o S T B T T B T ) A M3
TR A JEE 7 UFR JUITK 9 977 a2 MY - JER e L 2 1 T 1 XL
B2 17N 1111 B P O =5 N v R S T A B
i, HoRA T 3FAN[E pH %14 (pH 6.5, pH 7.0, pH 7.5),
FE e Mt 3 A R I N BE 4 #0055 Bowman-Birk 101 i1 71
BAT S Be i, & 0d 6 Rk A TR )G, A& pH T
TR T — e G IKT . pH AR T E K
FI A — 5 FLM, 4 pH 7.5, ¥ 550 5 FE B E SR
K Uit 358 4 K Arg-Cys-Arg-Cys, H pH 6.5, K #B
5 B 888 A AU Leu-Trp, X T TG 76 pH 6.5
J 7.0 AT, VR SR PP R R 410 DG B B = A E Y
N T a-JHREEFLE OB 1) 508 pH o 7.8,

H-GAQECVYKEQSCKSAGGGGK-(flu)-NH,

pd-flu-BP

BP linker

Figure 4 Schematic drawing of a case of phage-displayed staple peptide
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LIPS pH 7.5 2 AT TN T 0 3R AT 1R IR H1 E — 0
5¢, H 1 ik 7 41 Cys-Cys-Phe-Ser-Trp-Arg-Cys-Arg-Cys
S PE R 2 (B BA), 78 10 umol- L1y & T Rl AT s2 3
XoF o= Ji 5 L A P Rl 0 5 A A i S A T 20 R A
751 50 F5 IR FE A RE SE I LT 58 A4 R . th4b, %
J7 B LA 5 v PR R S e, o 2 PR 1 R 9 R
(%) A A5 1ok 55 40 1 V8 L xR 9k R Ak
(PMSF) 121 (1) o~ J5E 25 11 B 1) 55 A A T 5% R AR - €
B ARG EA

2000 4F, Wu ZEU4%EE X} i 41 i s S e Pt J5 (prostate
specific antigen, PSA), I A fUSES W B 4 4 & It iifi
T 4 Fh AN TR f W T AR R OR 29 HORK E CXC L CXC
CX,CX5CX,C Fl CX,CX,CX,Co Ay BL 15 A0 4 7T R
ST IR PSA 45 K6 AT 52 ) O 1k &5 SR, At AT 3 i B e
5E4 K PSA [F] & TE MR i 5T AL, A4 =5k AR
fiiik, JLIRTG T 14 KA T A, HRIF IR EH
CVAYC 7 ik 5 PSA B #amss & . Horp, Dl a
% 1 GST-C-4 [+ %] CVAYCIEHHCWTC (/& 5B) 45 & fig
77, T DAL 08 58 PSA KT K € i 4 5-2586 (1 i
P, Ko BN 2.9 pmol-Lt, B A /B e 54 5 0k, ) B8
R I 22U G G U R R L R R hK2
BTG, BN T PSA-al-Fl B ILE AR E &Y
PSA-ACT K PSA-al & 1B i 7] PSA-API R FE A
ghty o WAL, TR O R B L TR Y, 2 R
30 1¥ GST ik B A s i) 45 & 71, % 1 Wik 18 7 FUSES
] [F] B 21k 3~5 A5 ULk dd A4, 1 B 12 0 8 B o

A CCFSWRCRC B CVAYCIEHHCWTC

The cyclic peptide selected at pH 7.5

ACRWPARCTHOQNYCA

TBMB

o

NS E R T 4E ), B, AR R PR IRZETS
Zitaedy. Bz, MR R R T RO E R N AA
42 ok R 1R K 51 GST-C-4 42 PSA 1 i 7 1 1) 45
GIE, HI B AR T 45 G R ) B E 2

Bk 2 BRI DL i i B T B OB ik
ZAh, I TT DU B A5 T 25 T R SR 1 2 A T PR
A REZRXABLE . Christian Heinis /N K A 7E 1 bicycle
A w) BB T T R T AR R B R R &
FEPE PR R e, AT B XS & A 5 i ke A R 45 & 4
flATTAE A R A A K E E R A FEE A
5, RE T — RAIBSCER AR LR, JFR T VF 2 @k
IR RR o BT R BRI R IR — 26 O 22k NIl PR 55
(FE W R IR 018 58) o X0 AU I SR O R
T (human plasma kallikrein, hPK) fifi 5 W B 45 i 7=
KUK FE, 43 2545 2R PK 1 771 PK151! (75 51) 9
ACSDRFRNCPADEALCG), HK;{52.9+0.9 nmol-L?,
[ i) FLAT e BERE S, A 4l 5 hPK s B2 R AN
U5 22 7 1R R hfXla A 2 Z IR R g, Bl T
FERE P R BULR S A b R IFT S . i
4 AC-(Xaa),-C-(Xaa),-CA T 1] I B 14 Ji 7 28 1 Jik,
b6 J5 & 34 I SR, [R5 2 e 2 R s A st
ik 1) 1,3,5- — (IR H &) 2K (TBMB, K 5C) #EA7 1k %
Ak, A RS T R FE s O IR PES, FEAR 225 2~ 3 %81
AR i, BRI ERAG — Le LA 2 41, ELAR NIX 2L 33 FiE
175 128 281 B JIR R 1 AT DA 225 40 KRRV PR, KB ZEAIR
ZRPRE RGP o F R R TR0 v B TR UR A N IR £X a2

b @
;S

D ACAPGVYRCNQNFIWCG

TBAB

BC6

Figure 5 Schematic drawing of cases of phage-displayed bicyclic peptide. A: The dominant sequence screened for a-chymotrypsin at pH

7.5; B: C-4 sequence targeting PSA; C: The dominant sequence constructed by TBMB targeting the mouse PK; D: Schematic drawing of the

dominant sequences from the TATA library and the TBAB library against S-catenin
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A EGRRANHECER, AR TPt o, T2 NAE TBMB
IIREAE T, A2 T 5%5 R 41 1 6 181 7 Ji 7 2H & XL
¥ Ik FE AC-(Xaa)s-C-(Xaa)s-CA. i T 77 15 — AL X}
NVEPK J K BUR PK 25 B & [FJF & B A 5 e 0
0 P RSO I, i e 9 X R AN R B R
g, Hrf, PK133 (/755 ACRWPARCTHQNYCA) #I
IR, X AJEPK KA 2.9 £1.2 nmol-L?, 5
PK15 R A 24, [FII AT LL6.6 + 2.3 nmol- L 1) K, {5 #7
HK R PK, BE4h, 7E > 100 umol- L =R FE R 5t A
P XN A B .

Bk T L3R F B TBMB [ M AR AN, A Al TIE T &
T 3T TBMBATA /N T R B, AR H & T 5
T 5 T Mt R A N R R A T e IR 2T v ' e 1A,
Dkt i 7 3 & H), B 1,3,5-= (@ Ik 2k)-1,3,
5- =R HE (TATA) NN’ N"-2K-1,3,5- = 3~ = (2-1R £ Tk
JiZ) (TBAB) 1 N,N’,N"-%-1,3,5- = J&- = (74 -2- 4 it
fiZ) (TAAB), H+ TATA 5 TBAB (& 5D) i 2h B FH T
) B 235 ) v 5 22 A ) W R A JR T RUBR IR R R
Ii1] B-catenin $1 i) FE A Ay S0 R 7 1 B 0 T T3
Wt {5 5 3 % 5 50, {8 ] TBMB. TATA J TBAB ji%,
IR T 3Hh ACX CX,CG JF 3 [ ek 1 474 Ji2 7 UUA ik
JE 8 ) P B 52 B O 32 1) 9 (1~ 3 R ol e o AT
FWER, 05 2 5 F P A R IR 2 M RLER) £ B
A=) F A B-catenin AR (1 1EAT R I%, JF R B4
BT LT =205 B H IR T 51, 6 B2 3 Fh IR 22, 43 ) 3R A%
12.5 K AMAERIILA R KA R e N BEA M
JEE IR Ky 1R SR K 5 81, %1 BC1 (ACAQKLDGCSY
ISWSCG, K, = 4.57 + 0.57 umol-L%) 1 BC2 (ACSGW
WPKCQGYIPGCG, K,=3.82 + 0.17 umol-L™%) #3k H
TBMB 1k it )%, BC3 (ACAPGVYRCNQNFIWCG,
Kqy=3.89+ 0.32 umol-L?) >k F TATA ML K, T BCA4
(ACGNAFQDCLRDYSVCG, K, = 25 pmol-L?). BC5
(ACFQVHEDCTWDYSLCG, K, = 20 pmol-L™1) 71 BC6
(ACPAVGEDCVFNWAVCG, K, = 6.34 + 0.72 pmol-L?)
%ok B TBAB MG . £ 5 axin [f] a- 12 i€ . f-catenin
5 TCF 1 ##55] ICAT 5% 4+ 45 & p-catenin SZ 46 1, & 81
BC1.BC4.BC5 #l BC6 [1) 4 15 # ICAT 5¢ 4= BH I, ix £&
MK ] R 5 ICAT ¥ R 45 A X I E A B4 &
Fhi. %T ICAT A2 p-catenin 1) F SR H1I 575, X B i ik
RIS IR BRAEAS T3 p-catenin H A G EThBE T, 5 &
SEEL A -catenin A S % .
34 WEARTIHNZHMKEMKRRLZR @ 6
BRI REE h, — BB OR IR A B 2 6 BL
PR, BAETE A E & R 2 k. BT
T B R0 T BTG 7 T P, b 2 22 A0 TR 26 A1 i Y3000 G A o

IR TT 2, R 7S 45 A BABIE ) 1% F 4E R AR s 2
1% penicillamine (Pen) i J7° 41 H 1) 2 e 220 % (0 7 5
e (B 6A), 1E5ERE T 30T i Bt 1) 22 34K 2 I ik =,
TR SR A0 Y PP AN AT e B T, AT A B 4
R HAS 5 8 SR 0 2 BRI ANAIE F2 77 [l 1 1
A BNEE Z BB G S KA — €W X .

WAL, I Ny A A RO AR A T A, R T
IR B B R R A 0 XA K 8 TS LA R R B
T A E R bR 1 BE ALK T B %% TR,
Timmerman %5E0VF 78 & B T ml @ T4 (K1 6B) B 1,2,
4,5-DU (R H L) K5 5F 401 DR IR 10 28 14 Ik 2k AT
IR INTIT AR 8 = B JIK, 27 ST S A R S AN 52 1 W ]
PG S I RE 7, D0 RT DLKE I A 0 A4 2 7 1 D 82
TR B A s R M IR I A, OB B R B T
ORI e SRR R .

(C/Pen)-mixed peptides
Figure 6 Examples of potential polycyclic peptides and useful re-
agents in the future. A: Schematic drawing of the construction of
polycyclic peptides using non-natural amino acid penicillamine
(Pen); B: T4 structure containing four cysteine reactive groups

4 Hit5RE

TE 2 RS AU, ©F & 281k 7
R0 S e R 05252, ] A SHE AT A S T W A S e A il
BE SIS BL R, T 10 Hbok T e 0k, 2 3 751 92 F 5 381 Wt 1R
W R R ME K IR AE, = 5 A T 2O K b 8 5
PR JE R B IK BEAE 299 R B R IR AR F . R EAS
OB SR AT 5 W TR A JRE VR 3A Bk 2 skt b,k —
B HEBIZ AT 4

1EE BTk W S0 TR I SO R A T %
195, o PR T 3 67 S P RN P AR R4, 8
Sy PIZE; HESCIRAE AR A SO T B4R S AMB R

FUZEMZE: AR A NG H BRI 26 w5
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