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Biosynthesis of elastin-like polypeptides and their applications

in drug delivery
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(‘Biomedical Engineering Department, Peking University, Beijing 100191, China; ‘Institute of Medical Technology, Peking
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Abstract: Elastin-like polypeptides (ELPs) are artificially synthetic peptide polymers inspired by human elastin.
ELPs are composed of repeat units of a Val-Pro-Gly-X-Gly, where X can be any amino acid except proline, and they
can exhibit different biological functions along with X residue changes. ELPs are thermally responsive and demonstrate
lower critical solution temperature phase behavior. They are soluble at temperatures below a characteristic transition
temperature (7;) and reversibly phase separate into an insoluble, coacervate phase above the 7,. Moreover, the phase
behavior is retained when the ELP is either genetically fused to peptides or covalently conjugated to small molecules,
and this phase behavior can be adjusted through changing X residue and chain length of ELPs. As ELPs are typically
produced from synthetic genes, the structure and function of ELPs can be accurately regulated through genetic

engineering. The amino acids or peptides with reactive side chains can be incorporated into ELPs through
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recombination synthesis as well. This precision control over ELP is unmatched by synthetic polymers. Based on these

properties, ELPs can be engineered to assemble into unique architecture and used as soluble macromolecular carriers,

therapeutic drug depots, hyperthermia-targeted drug carriers and self-assembled micelles. Lastly, as ELPs are derived

from natural protein sequences, they show desirable biological properties including excellent biocompatibility, low

immunogenicity, and non-toxic effects. Due to these attributes, ELPs have been widely used in biomedical fields

including protein expression and purification, in vitro diagnosis, drug delivery and tissue engineering. By focusing

primarily on applications of ELPs in drug delivery, this review introduces the design principles, physicochemical

properties, biosynthetic methods of ELPs and ELP conjugates, as well as exemplifies representative applications of

ELPs in drug delivery, as extending the half-life of drugs, tumor targeted delivery, local delivery, hyperthermia-targeted

delivery and sustained released of the drugs in vivo. Challenges and problems faced in this emerging field are discussed

at the end of this review.
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Fig. 1 Schematic of ELP construction
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Fig. 2 Purification of elastin-like polypeptides (ELPs) and ELP fusions by inverse transition cycling
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Fig.3 ELPs applications in extending half-life of drugs
(a) Chemically conjugated ELP to small molecule drugs by inclusion of an intervening cleavable linker which releases the free drug intracellularly
after endocytic uptake and accumulation in the acidic, enzyme-rich environment of endosomes and lysosomes; (b) Enhanced cellular uptake of ELP
conjugates by functionalization of ELP with cell-penetrating peptides; (c) Schematic of ELP genetically fused to peptide and protein drugs;

armacokinetics o - 5 (e, armacometabolic kinetics (e) and in vivo antitumor effificac after intravenous injections wit!
d) Ph kineti f MTNF VHHELP[‘”] Ph bolic kineti d in vi i ffificacy fter i injecti ith
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Fig.4 Depot-forming ELP for drug delivery
(a, b) Drugs form a subcutaneous insoluble coacervate upon injection and slowly dissolve from their surface to their core, steadily releasing the therapeutic
into circulation; (c) The drug ELP conjugates can get into a tumor through the EPR effect and then be cleaved into free IFNa and ELP(V) by MMP-2 in the
tumor, resulting in enhanced tumor penetration and antitumor efficacy®"; (d) Fluorescence imaging of mice following MTD subcutaneous injection of
Cy5-labeled IFNa-MMPS-ELP (V), IFN-MMPS-ELP (A), IFN-ELP (V), and IFNa; (e,f) pharmacokinetics () and antitumor efficacy (f) of mice after
subcutaneous injections of IFNa-MMPS-ELP(V). IFNa-MMPS-ELP(A). IFNa-ELP(V) and IFNa at their MTDs.
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IL-1Ra) HIT¥RI7 B HERT %, BldEAans
WG GANR, WH AR RIERRE
Mo HRHBTIL-IRa 7y TEE/DN, &5 WK
BRI bR, R N 2~6 W'Y, TEMELS
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MBI o 75 /N B A B P2 0 v L PA) O AR 2 8 0Bk
Y, AE/NBRAAANTER T P, RS 4 d W RREERE
T % . Sinclair F F ELP AL D) g ok T /N 53
T UM EEFKEMEER B, RSS2
YR
4.2.2  ELP4 B 5 R 254 64 oy 3 8 32

e —gmAaE S g HY, FARER
PR AL E R, ol EEEN, 5]
1 # 26 N BMP-2 (recombinant human BMP-2,
thBMP-2) , & J& T & J£ & &K 4 & A (bone
morphogenetic proteins, BMPs), HA f45 & 1E
HERNKZ M IiEe, W HRGT &8 . A

thBMP-2 4 #C 2 H A 8 47 2 5 850 7 A& 1% &
= EE ) 2RE OB Y, A KPR I 7 thBMP-2 [
Mo EFxPix— a8, McCarthy 2 "' F| fif ELP #
i T — Mg FE Y thBMP-2 fit & & 1 : thBMP-2-
ELP (V40C2) , SZ L T rhBMP-2 [1) J& 8 i6 i% .
thBMP-2-ELP(V40C2) [FII £/ B T BMP-2 [ il &
T RE N ELP (AR AR 10, 294 05 56 )5 W A2 v 5
TR AL AR A AR T R S AR R, T BR 1) L e R
AR R DA K AV = S IV 4 S VA= 1
(E'5). HEAR rhBMP-2-ELP(V40C2) K4 Wi 1t
IXAE C2C12 gl #E AT 7 A, B 7R 2 — b
SL A ALY SR 56 E L AR RV T 28R A A
R BEACAE BT, (HIXff SR it 7 — Fh M A ELP ok
TR EIBERBE, S TFARAEEEGHAN
259 n] LA I ELP PR kAT J5 iR i ik, PR 24
RIEH

B5 N ELP F TR ik
(YRS R AE AT A, PR T 1 AR UK 8 B
Fig. 5 ELP applied to local delivery

(Reservoirs were formed in situ after drug injection, reducing diffusion
to non-targeted tissues.)

4.3 ELPHBTFMERIERIaTT

AH 2 A I W v TR I ELP (41 °C A4
2 HEARA S, BT LU s A 2T R
Hn# (41~45°C), FIH ELP ) AH % A48 i #2 5K
M2 E A -ELP BB EMB A E4E (EH6).
Xof TR A 4 HEAT R B I A, 3 s A Y fi o A
Jridk, BT LA n R A ) I A R GE M, AT 4 5
29 SR R I, R R, e
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SVWW - ELP-drug conjugate

ﬂ-“]ﬂ = n\n‘n“nn
TY T L0
T Y Y4

\ . Hyperthermia

8

LY

QOO =g=_=¢’ OO

Ble6 ELP M TR R R
Cof g 2Rk, & A-ELP RIE/E NGO AHAR . B8
Fig. 6 Schematic of ELPs in thermal targeting

(The tumor tissue was locally heated, and the protein-ELP conjugates were phase transformed and enriched at the heating site.)
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TERE A, 12 i R EH 8 7K % BEAA) T PN A% DL B SR 7K
it AL R AR TH LR LY . ELP H 4135402 45 B
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(b)
B7 (a) ZERERELPMAHRRERE, KT WEBELP I THEREE T, BsRMEELP 2 FIEN: EMXB/KI ELP (%,
T,2) FAHXS KM ELP GG, T,1) ZIEBNEREE (T F, B/KMEELPEHEMERIK, IR BEUE BB K AZ L
(b) SRAKFBRAK LA F ) — 1k B ELP T B B AR (K4 R i Bt I 5 (e, ) #KVEST IFNa-ELPdiblock, IFNo-ELP (AD,
PEGASYS Fl IFNa F 254830 124 18 (o), PR A Kamil il () ™
Fig. 7 (a) ELP micelles formed by diblock ELP, at a temperature between the 7, of the more hydrophobic ELP block (green, T; 2)

e IFNa-ELP,,
4 IFNa-ELP(A)
= PEGASYS
+ IFNu

—
=

3

2
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2 2
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7s0| ® PEGASYS ns
* [FNo
v Saline .

Tumour volume/mm?
L]
2

250 *
ok
0
0 10 20 30 40
Time/d
(d)

and the more hydrophilic ELP (blue, T'1), the more hydrophobic block transitions and aggregates while the more hydrophilic block
remains soluble, leading to self-assembly into micelles; (b) Cryo-TEM micrograph of ELP micelles””; (c,d) Pharmacokinetics (c)

and antitumor efficacy (d) after intravenous injections with IFNa-ELPdiblock, IFNa-ELP(A), PEGASYS and IFNo, 7

Y5 KRR R )] Gao SEIG = 7 #E IFN [ C K
Ut E 4 7 ELPCA)48-ELP (V)48 4 B ik Be v, %
BT R AR 251 N B A2 g K IR R, TFNo-
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N 1.9 hPRERE, FIR30% MEMER SN
KWL 2T B FKBP LA R A 455, LRIl
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U F e I8 T A8ORH BE ARG P BH S 3
442 ELP5 R AR &M i KB4
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R R E S EER/ND 5 ELP @& ]
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@ Rapamycin
G FKBP Drug loading
e
diblock ELP with FKBP

B8 —HBLELPRHE/N D T EH IHE R n B

Fig. 8 Schematic of diblock ELP micelles loading Rapamycin
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Conjunction
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ELPs
() Hydrophobic drug

(a)
/"\ Cloning
Expression
—_— 4+
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- DOX
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2 10 E
EE o) g
23 E
8 & 5
NE 1 2
g g
] =
0.1 et v T
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Time/h
(d)
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L T S =
=
=

=
=
T

Assemble

—

Drug conjugation

h
o o
=
T T

=
=
T

(a) ELPRG AR BIKAY TR B, Bk ZPE AU VR A AR (R O B B AR 00 9

=

o DOX

« LHRH-ELP-DOX
-LHRH-ELP-DOX+HIFU
-ELP-DOX
=ELP-DOX+HIFU

DOX

-DOX+HIFU

*+ Saline
= Saline+HIFU

(b> LHRH-

ELP2-DOX # KB (¥4 R & Bl (¢) LHRH-ELP2-DOX FI ELP2-DOX 4 ¥ B2 /0 #T B4 : (d) LHRH-ELP2-DOX 7
INRARA 25BN F15 8P (e) LHRH-ELP2-DOX M HIFU 677 J& 24 d PR AR R 484k )

Fig. 9 (a) Schematic of ELP hybrid nanoparticles loading hydrophobic drug molecules. Hydrophobic drugs are loaded in the core;
(b) Synthetic route of LHRH-ELP-DOX nanoconjugates; (c) Cryo-TEM images of LHRH-ELP2-DOX and ELP2-DOX; (d)
Pharmacokinetics of LHRH-ELP2-DOX in a DOX-resistant breast tumor mouse model; (¢) Tumor volume changes after LHRH-
ELP-DOX plus HIFU treatment ™

A] LA [R] I A B 2 o0 4K TR T SR S R 1R =R T
R

ELPB& 7 HIEL 2 5245 36k 4k, B mT LA
T 38 YN KA RE SR HEAT IR TR T . S AR BN 2
—RIT AN AL 28, O 32 N B9 E
PIBIT AR, &90KR T (AuNPs) 3% 76 ] I
I X 3 H A R R T A TR SR (LSPRD U,
B2 0] L i 41 45 0 e 1R AN IE T s s
7 el AR, HA R, TR B B
REVEVER CFoSkisE = H IR, CTAB)
&Y CROGWRE, PED KI5 4 ", Gao 5L
3= ™ 7 ELP-AuNP, 8T 4 - B 1 LA 45

A K ELP N i (1 2 B R 5 & 9K SRR G . 72
/N SRR Y B B ELP-AuNP, BT R IR
(32 °C) f& T ELP-AuNP [\ AH ¥ AR i B (23 °C),
ELP-AuNP 2= [ 2 3 i O < 94 K Bl kL 41 3¢ &
(AuNP), ¥ Jfi# 2 S8 B AE R B AL, T AH 4D
AuNP 2 [8] (¥ 56 B 7R & 208, ] U R0
NIR R A i, R I SR ZU T 40 0
WS, PR T 2 R IE IR O6 BOR T B an R LR
. HUE . BERERE . X T TAEF IR ER T ELP 7R
WAL ERIE S, o T RE, Aok
AI DA Bl ELP 58 3 55 2 A0RHE R VR I7 T I R .
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() Hydrophilic drug

Reaction sites

Conjunction Assemble
1 ra——— —_—
ELPs ,
Hydrophobic sequences

4Sim
-3.0 nm
200 nm
—
(b) (c) 200.0 nm
-#-ATBP-GEM 100
% 1200 F .- free GEM
g -4-PBS =
= =
2 soof E
2 5 50|+ ATBP-GEM
% a0} 3 e
E S - PBS
= | A
0 10 20 30 0 10 20 30
AAA Days Days
AAA (d) (e)

B10 (a) ELPIRAHBERBITAKLGY > Tonz B, b sk 7 S H R AN AR AR RI, SRK A YRR AL B
KAZO N (b) W RIZE S R RGBS H) ATBP-GEM 4K JikE ; (o) JR T 71 Rt #1355 2 1) ATBP-GEM A1 %% 14 ;
(d) ATBP-GEM 5 5 GEMALL, IR T R4 (e) ATBP-GEM 55U GEMAALL, #1477
Fig. 10 (a) Schematic of ELP hybrid nanoparticles loading hydrophilic drug molecules where hydrophobic sequences act as the
core of the assembly when assembled and hydrophilic drugs are loaded within the hydrophobic core; (b) Cryo-TEM micrograph of
ATBP-GEM conjugate; (¢) AFM image of ATBP-GEM nanoparticles; (d,e) ATBP-GEM delayed the tumor growth (d) and improved

the cumulative survival (€) of mice ®”!

4.5 ELPKZRBFAHAATIESHINEENEKS W& o 1% WS ] A A E A = 4E S5 R ELP K &R
I B o SpyTag 5 SpyCatchr 7542 3 244 '~ 0] H & B LA
Chilkoti e ™ S8, —HPAFSZBAIOEL 1L g v S 4 BLD 4185 1t = 45 50 F 0 24 3 A 51
35 CCHTRIRR, SRR PRIRRARBENIRII 0 n v meonie. b, A ELR A
B AS, X P ELP 7K 8 IR AT FH T SCRF 3B 40 i A= T B i
KRBCEIER AR, AT, FRBWELp kg ORI RCRE T URA AR AT, T &
BT EL 2 . GEIR AL AR ot iymag VLR BB S M T0AE. Sun S (0ICRH A
1 VE A8 BE () ELP 3K $2 25 BLP 7K 58 i (6 NI pE 7 W% A ELP 7K % B Bf s 20 2R TAR 5 25 Wi 15 T
DIE T AR 4 S P2 % Hfb L2 TR i gy REdR AL T W Re AI(E R . Pal 5 ™ M i I 25 9
HUORAEMER] . Sune P93 T — R R & AR )k rthBMP-2 f1£ Pk &£ (doxycycline) 2 4% #I) JIt J5i -
N %f SpyTag-SpyCatchr 44 & % ELP /K &t R K 5% ELP /K& B, 259103 S AMVIR T T ELP K &R
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Z P9I I PUEE D AE LA K thBMP-2 115 5 B A4 K
ER, @it — P 3lne 7 KER I )= ERe, NE
A KPR AR ) SRR T, AT R I H B 4T
M E PR AE AR . o L By iE, 25 el DL [
8 P BRI R Y M B BB ELP K EER B, ROk
A LLEE 2 Wil ELP 2 )ik DhRe 5 AR A 4L T
s a5 Gk, 547 i Bh 40 2348 55 AR
JRIRTT o

TR RE | — B ARIER ELP T 259
T8 1K 1) S

5 K&

AR, ELPAEAN—FGEi B AR, 122459
RN L CRE T R, XFEERE TR
MURR AR A E R TTE R .

(1> ELP A 2% 58 H 5 T 4% : ELP 2L
gy T Sy BV Y AT e I P A B T A R G AR
ke

(2) ELP WIAEF=H] % L 5F W {f: ELP @& &

ARk s, EAAd kR LR
0B ) L Ak 1 %, AR PR LS R AR R
FEA

(3) ELP A %4 tEm: ELP L&k, w4
VkEfR . BA RIFMAMAEE, 1ERZihi%
MRME AR 22 AT 4

(4) ELP B A 30w S : ELP B A Rk B IR
o LV, R AR AN [ 245 90 1 R S IR 9T R oK
T B ) s 2% 18] b 5% 24 49 P 88 T30 L v i B A T 4 11
5 il HH B 22 W B ) ELP AR R 254

(5) ELP #2483 1 K: 2T DNAEHAH K,
ELP J3 51 ] [ H s 0 e Ath s 7 1 e 5 1 8 3 i
wE, WTELPH KL MMIGe. Hla, AR
L FH 8 IR 9 5 1 2 1 5 S %) Spy Tag-SpyCatchr
AR T BAHIR. . RIBER RN I 4G
R ELP ¥, SR ELP A] LA ¥ 8 A 5 50 47 I Bt
HETKAE IMARGRRLRE ), X R R
THEAMAEAF S, KIS ELP B H T 24
A S E K. ELPIEA] DL HABR SRR &Y 5
TRAT RN, #hFRHIhRE, 0% ELP (1) B
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F1 ELPFl T 25k it 5249

Tab.1 Applications of ELP in drug delivery
2y 3 SR 82 ELPZi#) ELP FFJif5 2 3Lk
JEZH) IR ORI 2 0] BRE L e SynB1-ELP-DOX (VPGXG),,, X=V.G,A, [30]
S S ELY N MINF-V, H,,, (VPGXG),,, X=V.G,A, [43]
W IFN-ELP (VPGXG),, X=V,G,A, [44]
2k 2 U RIS (GLP-1)-ELP (GVGVP),,, [47]
B 5 9 T2 €0 2R IFN-ELP (VPGVG),, [49]
JB2 I BEEH H R IFN-ELP F1 % SEERZ LA T 24 (VPGVG),, [50]
LACR S il IFN-MMPS-ELP (VPGVG),, [51]
B JE 25 R XELP[IL-1Ra] VPGKG(VPGVG),,_ [53]
L S ELP-curcumin [VPGXG], 501600 X = V/VE [1:3:1] [59]
=g thBMP-2-ELP (VPGVG),[(VPGVG),(VPGCG)(VPGVG),], [62]
AT IR G S | U L N R A ELP1 (VPGXG),;, X=V,G,A, [66]
[EESEA=E R UIE IFNa-ELP, ELP(A),-ELP(V),, [73]
BNy FKBP-ELP G(Val-Pro-Gly-Ile-Gly), (Val-Pro-Gly-Ser-Gly),,Y [75]
R Ltk FLiRE LHRH-ELP-DOX (VPGXG),,, X=V,A,G, [78]
S5l ELP-(YG)-(CGG),-GEM (VPGAG),,, [80]
TR DOX\-M-ELP,, (VPGXG),,, X=A,V, [81]
RO DOX/PPy-ELP-F3 (XGVPG),,, [82]
SN SN R ELP-AuNP (VPGVG),, [89]
ELP 7K $El B CDEc (VPGVG),,, [95]
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