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FOJE 2- TR 0 TR -2-2- FF AL 3 2 | &) 4 T
(DEGMA), — & FI RS 3 F i (tris), % 5 Wik
G-250, W R £ 22 pHR(PBS)) ¥ 1H T Sigma-Aldrich
AF B H RBAT. JRE IR(PEGASYS)W T _LifF
P I 2 G BRA T FrA R 75 AR 77 5
YT GibcoBk Hyclone /A 7). SEI6 A AT /5 ZE 1IN
FAAFERIB I IR 40 (Daudi BZH ) AN BB 3
Je A L (A3 7540 ) >k 5 T o [ 12 27 B 2 e 1) 4
A . ME P Balb/c-nu # B W T Vital River
Laboratories (At 5, HHE), H HIAFRIEFERY
SR LY/ IS
1.2 IFN-PDEGMABEHIR &R 541t

A FT I #IIFN-a,  TFN-Br3| % 71 LA A2 IFN-
POEGMA R4 2 1 B SCHR[15] 6 1. I FH 4%
¥ H H 3 R A (ATRP) #il % IFN-PDEGMA {5 B:4))
H A2 U0 T : 7£4 mL% A 50 pmol/L IFN-Brf#JPBS
T 4 50 hn N300 500, 1000, 2000 pmol
DEGMA AR, KFAARIBEESLS min/g, A
#AS pmol CuCl, 15 umol CuCly, #125 pmol
1,1,4,7,10,10-75 = 2 FE MU % 192 mLE R4
K. BTG RNAER SRS T T UK+
KPS hy EEIEANSS R R FEE i
AN B AR A AT A, BB T
i £ A1 A [ S I TFN-Br 5 % 71 f1DEGMA H.44

Fig.1 Scheme of temperature responsive property of [IFN-PDEGMA
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5 3] 4l % ¥ IFN-PDEGMA 18 BE ¥, £ 17 1£
10 mmol/L PBS (pH = 7.4)& i 403 m E T
—80 °CUKFH#H.
1.3 IFN-PDEGMASEXHIRIIIBIL S 1 R R AE
1.3.1 IFN-PDEGMA {4 (1) ¢ s HE 3K R AE

T T R B SR TN 0 T i R R H UK
(SDS-PAGE) 73 T ¥ i H & H 5% B-#ik: LW
Laemmliff i Z2MVRECH], 95 °CFIN#AS minj5,
10 pL B & 255 2K 21 T 1) Tris- HCLEE IR (10%) H,
MEE VK90 VHE FIZ1T790 min. #ERH 5 5 Hr
WHG-250 oAb B 5 SR 26 v B
1.3.2 IFN-PDEGMA S B4 71 & (1 &

IFN-PDEGMA [1) 5318122 43 B P (dispersity)
FHEE IR 15 1% t1% (gel permeation chromatography,
GPC)llzE, FrHI#s AWaters GPC R GriEH 4541
K 2% (Waters 2489, Kl 280 nm). A A
Asahipak GS-530 HQ, ¥i 3 #H 450 mmol/L
Tris- HCIZZE M (pH = 7.4), K% M15 °C, i
0.5 mL/min. A4 F &M% 5 A PEGHR AEFE
A AR 28 F SRt B0 R 22 4y b
1.3.3 IFN-PDEGMAEEI/K A A2 10 2

{# FiMalvern @ [\ Zetasizer Nano-zs90z) &
Fe U (dynamic light scattering, DLS)Z8 K H EE X
DU E AR S KRG A, Jorb, U TR 20 °C, ¥
JEAKN633 nm, B A ON90°. A BT AT A
Millipore A & 0.22 pm7K R eI T i 8.
1.3.4 IFN-PDEGMA B4 — 2 45/ il 52

VB i K R B 220.15 mg/mL, i H
Applied Photophysics/A 7] ¥ Pistar z-180%4 [ — 4
A, PRI E200 ~ 260 nm.
1.3.5 IFN-PDEGMA {8 B4 AH 5 A5 i FE il 2

R MM REE2. 1. 0.2, 0.1F10.02
mg/mL, {3 FH AR i A RO B KN
633 nm. HCH A 90 R A B it A2 Ak ) 1400
Hep, JEEE NS ~30 °C, HEEREEANL C,
DU FE S TEA RN T R N FEE R, e
T it A 2 A U
1.4 PRINEMEMIR

14 F Promega 23 ] [ 41 H 438 B ) 2 X 771 0 %
YN MG G VG P HEAT AL, £S5 15% FBS. 1%
R MN%5E 5 R MRMPI-1640 1 15 75 Daudi B4H
L, ZEXECAERKW, fE6fLI R RS0 pL (10

AN A/FL)AN AR, BTG ] R 1 R S IFN . TFN-
POEGMA. PEGASYSHIZF &4 410 kDa-.
30 kDa. 60 kDa. 100 kDaffJIFN-PDEGMAF¥ i
RYIFBEE4, 10, 20, 40, 100, 200, 1.0 x 10%,
2.0 x 10%, 2.0 x 10%, 2.0 x 10° pg/mL, 2 J&5 &
50 pLAIRA96FLEE FRR 1, R 1% R (AN B TFN-at)
A F IR SR, T AR TE3T °C 5%
COMEEHIFEI6 hfig, MIA20 uL MTSIA], T
37 °CHFE4 ), WIE490 nmib R (A,
1.5 {FAXE

AH T A BT sh W 7 R T E
KR ZE BN P BRRD A FH 2% 53 2 4L
1.5.1 AR

F| H Balb/c-nude/N iR, T35 #6544 10°
ANA3TSHML, FiR RN A R AR A, A
JK/NEE20 mm3 AR, KN RBENL 4> 84
(FF2H6 ~ 8 R/INER). B FA LR R A v 5 AR B R K
IFN-a. PEGASYS. IFN-POEGMA #1431 &7 5
10 kDa. 30 kDa. 60 kDa. 100 kDaffJIFN-
PDEGMA, VEHIE N1 mgkg, BN/
BROCEFEER /K TFN-a2H) A HRFE T, 1 I & 44 Al
JHggg K2, AR R R A N R =
(PEFE x TR x K2, a8 KN
1000 mm? B {4 B J5 42 88 i H AT AR = 115%,
XoF 7N B SIS Tl 22 SR A
1.52 RPN ED AV

TE4r 2 AP K . TFN-a. PEGASYS.
IFN-POEGMAM 73T 543 7410 kDa. 30 kDa.
60 kDa. 100 kDaf{JIFN-PDEGMA &7 31X 5 (5520
RO /N RSt 22 SR A%, WOER B HE IR L Ol T
AR, FEHA% R Ve 2 SR [ . Al
J&, VIS pmE V), MREbR#E %A TH&E
Yufty, Nikon Eclipse 90 MR. 757 452 A 2 £k
JK+ IFN-a» PEGASYS. IFN-POEGMARI /15
4391510 kDa. 30 kDa. 60 kDa. 100 kDalf]
IFN-PDEGMARIT 6 R (FE41R) G, KA/ ML
FE, st il S8 (B 40 R(WBC). ZL41
(RBC). I MR (PLT)% H A L4125 1 (HGB)) Al It
TE IR AL 2B AR (FLIR I S B (LDH) WLER L
i [ T.H§(CK-MB). KA Z MR (AST). N
AR AL L EEALT). WIREF(CRE). JRER
(BUN)).
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2.1 IFN-PDEGMA{BEAYIBIA B

I & 3 B SCER[ ST IR IE O 5% IR A
SEAEEEA, &S T 51 KA IFN-
Br, /5 7EPBSIHR T TATRPER &, [ MiH Ik
Je, JE B AR A ATRP R R R P AR 55 7. oA
DLR AR O B A B 25 R SDS-PAGE#E % FL
PO HT IR B 2 . W2 7R, TEN-BrXt B2
KRG EWRAR, SIFERN, 8o 18
DI LT SR SR S R AR . B B
TS, W LS 245 I IFN-PDEGMA.
XZRH, FIFHATRPH LA/EIFN-Br b a2 A K H
PDEGMA, J HRRFi=Z1 5, [R5 T 4ifk.

3 4 5 6 7 8 9 10 kDa
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-~ 180

75

45

1 2

.- 25

L1 Ll il 1o

Fig. 2 SDS-PAGE analysis of ATRP of DEGMA
from IFN-Br: lane 1, IFN-Br; lane 2, ATRP mixture
(10 kDa); lane 3, ATRP mixture (30 kDa); lane 4,
ATRP mixture (60 kDa); lane 5, ATRP mixture (100
kDa); lane 6, marker; lane 7, purified IFN-PDEGMA
10 kDa; lane 8, purified IFN-PDEGMA 30 kDa; lane 9,
purified IFN-PDEGMA 60 kDa; lane 10, purified IFN-
PDEGMA 100 kDa

2.2 IFN-PDEGMABEIHIIIR (L S 4 B R AE
2.2.1 IFN-PDEGMABECH)I T B RAE
B I5E B (GPC) B B 1 4 F =
HHAT T RAE. WEBFR, A HPEGHRE A4
FCbRVE #2811 L IFN-PDEGMA ) 7> T &, 4F0 K
/NJIFN-PDEGMA R BRI (1) 7> ¥ S HUa 45 T
xK1h. WS TEAR, K4FIFN-PDEGMA
BIEEA 5> ) iy 4 NIFN-PDEGMA 10 kDa. IFN-
PDEGMA30 kDa. IFN-PDEGMA 60 kDa. IFN-
PDEGMA 100 kDa.
2.2.2 IFN-PDEGMABEYI/K & -2 RAE
I 3 6 HUR (DLS) X B A 1 KA 2R 47
TERAE. B4R, #520°C, IFN-affi7K& 45

42.8 nm, 10 kDa. 30 kDa. 60 kDa. 100 kDa IFN-
PDEGMAMZK& 427374714 9.14 11.64113.2
nm. HAT W, BEEIFN-PDEGMA R 7> T &
HIEE R, HokEFie b oK.

--- IFN !
— — IFN-PDEGMA 10kDa | |
— IFN-PDEGMA 30 kDa | ¢
----- IFN-PDEGMA 60 kDa : |
—-— IFN-PDEGMA 100 kDa ! |
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_
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Fig. 3 GPC trace of IFN-a and IFN-PDEGMA
conjugates with UV detection at 280 nm

Table 1 Parameters of IFN-PDEGMA conjugates

Sample Ma*x 107 Dispersity (D)
IFN-PDEGMA 10 kDa 10.1 1.35
IFN-PDEGMA 30 kDa 31.2 1.31
IFN-PDEGMA 60 kDa 63.3 1.45

IFN-PDEGMA 100 kDa 98.5 1.39

2 Number-average molecular weight

—o—IFN-a.

—o—IFN-PDEGMA
10 kDa

—A— [FN-PDEGMA
30 kDa

—v—IFN-PDEGMA

60 kDa

Volume (%)
=

Fig. 4 DLS analysis of IFN-a and IFN-PDEGMA
conjugates, where Rh represents hydrodynamic radius

IFN-PDEGMA B IEY) — 2 55 M RAE

i I [ o % 5 IFN-PDEGMA {8 564 — 2%
SER AT T RAE. WESHN, HEREKT
PDEGMA [ FHAZ IR EE (20 °C)i, AIE 2 &1
IFN-PDEGMA 1) — % 254 5TFN-a 43 KL, X
F W % /L IFN-a b I PDEGMA X TFN-o . 2t &%
FTEHA 5. (E Y5 v T AR AR IR (38 °C)
i, ANESr T ITEN-PDEGMA ) - 2 45 ) FH Xt
T IFN-o & T W] & M %, X 72 K 4 IFN-
PDEGMASTE &l N AR AEREE, M5l H =4
gk AL,
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2.2.4 IFN-PDEGMA R BCHAH AR IR FE 1l 52
38 1 B A6 B (DLS) % IFN-PDEGMA f
YIRIARAS IR B HEAT RAE. I 6FTR, F—0 T &
[FJIFN-PDEGMA I, JHCAH AR iR B il v B (1) %
T B A T 5 1 A — R FE [FITIFN-PDEGMA {15
W, FARAR IR LR AR A 7 B BB Nt B A R
iX, (HR2 SR IRFFAE2] ~ 24 °CZIA].
2.3 IFN-PDEGMABEIRIRSNEM
IFN-a/& —Fh e 8 B ARE T, EPURTE.
L T8 4 e 48 R G 2 1R 1 A5 7 T R BT S 5%
. A8 i Daudi B4H A PFfETFN-PDEGMA ]
VAR 4 3 FE v PR an 7R R, TFN-

15
a —o— [FN-«t
—o— IFN-PDEGMA 10 kDa
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8§ o
2
5
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g
=
2 5
O
-10

190 200
Wavelength (nm)

210 220 230 240 250 260

PDEGMA i B4 1) 48 B MEAR X T IFN-a A S
FrBAIS, Jf H 5230 0 B 43 B 1GR9/ ()
MPDEGMA )53 &43 712910 kDa, 30 kDa, 60 kDa,
100 kDafrf,  H 344371 918.31% (ICs0 = 78.70
pg/mL). 11.75% (ICsp = 122.6 pg/mL)+ 4.77% (ICsp =
301.8 pg/mL). 2.36% (ICso=610.3 pg/mL). iXAJ
e & HH TPDEGMARI S (B ALBH, — 2 E E T3t
VIFN5Daudi B 1E A7 51,7 HPDEGMA
()73 A AL BR AN 5 oy & IR SG. JRAE T
., IFN-PDEGMA 10 kDa, IFN-PDEGMA 30 kDa
IS AR LT AL FIPEGAS Y S(T& 1
5.69%, 1C50 =268.6 pg/mL), & WK SIG /77

15
b —0— IFN-«

—o— IFN-PDEGMA 10 kDa
w10t —A— IFN-PDEGMA 30 kDa
2 2 —v— IFN-PDEGMA 60 kDa
g —<+— IFN-PDEGMA 100 kDa
g 5t
172}
=
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Fig. 5 CD traces of IFN-a and IFN-PDEGMA conjugates (a) below and (b) above the phase transition temperature
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E
<
5,
2 50F
3
_5
>
jan ok
1 1 1 1
15 20 25 30
Temperature (°C)
Fig. 6
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Hydrodynamic radius was monitored during heating to determine phase transition behaviour of (a)

IFN-PDEGMA 10 kDa, (b) IFN-PDEGMA 30 kDa, (c) IFN-PDEGMA 60 kDa and (d) IFN-PDEGMA 100 kDa
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olFN-o Towe
oIFN-PDEGMA 10 kDa 1.,
AIFN-PDEGMA 30 kDa ]
vIFN-PDEGMA 60 kDa

s

= AIFN-PDEGMA 100 kDal™} |
= 75} SIFN-POEGMA 60 kDa
& [ OPEGASYS
<
2 sof
T
QO

251

§ ]
100 10! 102 103 10* 10

IFN concentration (pg/mL)

Fig. 7 Antiproliferative activity of IFN-PDEGMA
Statistical significance was calculated by Student’s
t-test: ***P< 0.001, **P<0.01.

IFN-a [ 8- A St A B IFN-PDEGMA 1 B4 44 41k
A iE v 5 AR Y PEGAL & 1 I PEGASY S A
te, RA—E .
24 FAHRFTNNEPR TN

A — BV T A FE 3 7 & R IFN-
PDEGMA TE fuf A\ 58 €8 2298 /I8 B A4 P ) 0 e 9 &
B, wE8HTR, 43 HIH10 kDa. 30 kDa. 60 kDa.
100 kDa IFN-PDEGMAGI7 /M R24 K J5, HoT
JibRE KN4y 5 0505.3 1 711.2. 856.2 982.8 mm?,
16 9T RCR A T A B R UK (1324 mm®) A IFN-a
(1219 mm?®), H5PEGASYS (740.3 mm?)FIIFN-
POEGMA (663.3 mm*)fH4. /)N 1A A7 ih 26t
Bon, A B KIEIT B/ BRAE AR A 21K,
T FHIEN-a 6 97 89 /Iy BRAE A7 H i B 108 hn 4224
%: PEGASYSHIIFN-POEGMA¥) B A 1R 1 14
STRCR, /N 3 — P K $29.5K;
5 b[FEIE, 47845 75810 kDa- 30 kDa- 60 kDa-
100 kDafJIFN-PDEGMAFTATT 7N, HAELF
B> 00M36.50 31, 29.5, 28K, Hrf, 10kDa
F130 kDalfJIFN-PDEGMA )76 ¥7 2% R £ LA T
IEN-POEGMAFI ML AL [FJPEGASYS.

IFN-PDEGMA 7£ $U3# T 2 77 T f A7 6 44 mp
L R 4 HH&E YL (i — B UE 2. A 9(a)
Ny ST AR ER ER KR /0N BRI R A B G ) S A
A TEE, LR Z AT IFN-aiGI7 1/ R
JifgR o AR s AL N B 2, R WA AE B
Ay IR SR TS, MIPEGASYS, IFN-POEGMA
IR [E] 43 B [ IFN-PDEGMA 4 97 /> B, 11 b 98
S HE B 22 (1 AV AN R, 5] BE 22 iR A4
M T, Hrr, 10 kDafJIFN-PDEGMA 7597 34

R, MWETRATLUEH, HRRAMYH Y
AAE, IR, KRYeAMEE b, 50
IR,

LU EEREN, HAEMEKME, IFN-a/l
SFANBEA RADH R A, T & H T R-= 0T
B RE S AN [FIREFE P g A= . a1t B
o TR A RUR M T IR AN R
mFa], ISR Zi Rk FEH, 5 AR R R 1
PEGASYSHIIEN-POEGMAFH Lt 3550 8 i |37 4 f
IFN-PDEGMA (10 kDaf130 kDa) & Bl 5 1t 572 [117A

a

—+—Saline

1600 -——IFN-o
——IFN-PDEGMA 10 kDa

~o~IFN-PDEGMA 30 kDa
1200 L—<—IFN-PDEGMA 60 kD

—~IFN-POEGMA
| —o—=PEGASYS

o0
S
(=]

Tumor volume (mm?)

400 +
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100%
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—o-IFN-o¢ I
50 |-2=IFN-PDEGMA 10 kDa
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Fig. 8 In vivo antitumor activity of IFN-PDEGMA

The animals were acquired by intratumoral injection

once a week at a dose of 1 mg/kg IFN-a, 1 mg/kg IFN

Percent survival (%)

2

W

0

equivalent of conjugates or saline until the mice of
control groups (saline and IFN-a groups) were all
sacrificed. (a) Inhibition of tumor growth (P < 0.01 for
IFN-PDEGMA 10 kDa, IFN-PDEGMA 30 kDa and
IFN-POEGMA versus IFN-a; P < 0.05 for IFN-
PDEGMA 60 kDa and PEGASYS versus IFN-a; P <
0.05 for IFN-PDEGMA 10 kDa versus PEGASYS,
statistical significance was calculated by Student’s
t-test). (b) Cumulative survival of mice (n = 6 — 8) (P
< 0.01 for IFN-PDEGMA 10 kDa versus IFN-a; P <
0.05 for IFN-PDEGMA 30 kDa, 60 kDa, IFN-
POEGMA and PEGASYS versus IFN-a; P < 0.05 for
IFN-PDEGMA 10 kDa and 30 kDa versus IFN-
POEGMA and PEGASYS, statistical significance was
calculated by the log-rank test)
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(a) Saline - IFN-o 10 kDa 30kDa  (b) Saline ~ IFN-a 10kDa  30kDa

RBC (10'%/L)

WBC (10°/L)
W

(=)

BUN (mmol/L)
AST (IU/L)

Fig. 10 Hematological parameters for mouse 56 day-post administration

(a, b) WBC, white blood cells; RBC, red blood cells; PLT, platelets; HGB, hemoglobin. Clinical biochemistry parameters
for mouse 56 day-post administration. (c, d, e) Heart function markers: LDH, lactate dehydrogenase; CK-MB, creatine
kinase isoenzymes. Kidney function markers: CRE, creatinine; BUN, blood urea nitrogen. Liver function markers: ALT,
alanine aminotransferase; AST, aspartate aminotransferase. Statistical significance was calculated by Student’s t-test: NS,

not significant
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Temperature-responsive Polymer Conjugation of Interferon-a Enhances
Antitumor Efficacy

Xin-yu Liu, Jin Hu, Jian-wen Guo, Gui-lin Wang, Wei-ping Gao”
(School of Medicine, Tsinghua University, Beijing 100084)

Abstract Interferon-a (IFN) has a short circulating half-life, which not only leads to limited clinical efficacy,
but also causes severe side effects and poor patient compliance. Previously, we developed ELPfusion and
site-specific in situ growth (SIG) methods to prolong the half-life of IFN, while the adopted intravenous
administration still could not well concentrate IFN inside tumour tissues. In order to enhance the tumour
accumulation and antitumour efficacy of IFN, in this study, we report intratumoural administration of temperature
responsive interferon-poly(di(ethylene glycol) methyl ether methacrylate) conjugates (IFN-PDEGMA). First, we
employed SIG method to synthesize a series of temperature responsive IFN-PDEGMAs with different molecular
weights (10 kDa, 30 kDa, 60 kDa and 100 kDa). The preparation process was monitored by SDS-PAGE, and the
molecular weights, hydrodynamic radius and secondary structures of conjugates were characterized by GPC, DLS
and CD (circular dichroism), respectively. The phase transition temperatures were determined to be around 22 °C.
Thus, IFN-PDEGMA were soluble below 22 °C; and they became insoluble above 22 °C. Since the body
temperature of mice is above 22 °C, [IFN-PDEGMA injected into the tumour tissue of mice aggregated locally and
became a drug depot in the tumour. /n vitro characterization demonstrated that the structure and anti-proliferative
activity of IFN were well remained for IFN-PDEGMA. In vivo experiments showed that the survival time of A375
melanoma-bearing mice were well extended by IFN-PDEGMA treatment compared with IFN-a. To be specific,
the survival times of mice treated by IFN-PDEGMA of 10 kDa, 30 kDa, 60 kDa and 100 kDa were 36.5, 31, 29.5
and 28 days, respectively. IFN-PDEGMA of 10 kDa and 30 kDa both exhibited better anti-melanoma efficacy
than commercial long-acting interferon, PEGASYS. Meanwhile, the biological safety experiments also showed
that IFN-PDEGMA treatment did not have obvious side effects on normal tissues. In summary, we, for the first
time, reported intratumoural administration of temperature responsive IFN-PDEGMA and studied the rule about
how the molecular weight impacts on their properties in vitro and in vivo. This study not merely displayed an
instance of temperature responsive protein-polymer conjugates and their anti-tumour efficacy, but also provided
inspiration to further build a series of smart protein-polymer conjugates and seek for their potential applications in
the diagnosis and treatment of major diseases such as cancer, virosis, diabetes and cardiovascular disease.
Keywords Interferon, Protein-polymer conjugate, Atom transfer radical polymerization, Drug delivery,
Temperature responsiveness
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