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o R B TP T A I R R R B NK 4 i 2
AEAZ 40, 10T NK 20 M 2y 8 32 48 5 9 0 o Jee oy B R R T
JEA Ko XFNKAMm , Higyr itk F 2 2 hiE
PE NK G50 /D A R A0k Fn s e vk 22 DL R Bk
= R SR R S MRS AT R A M R T AT L
1 AR NK 20 i 380076 22 (A A0 ] 32 44 2 8] 18 - 5 T i
T NK 20 B 36 1 09 oA B 2 46 B g 5 MHC | 2%
FAHEENR AMICA) MHC 1 229 FMHXEEADB
(MICB) % NKG2D [t f& (NKG2DLs) Jiit % , If fig 1 5%
031 G AR . NK 4 M AH ¢ S 8 36 97 97 ATE AR
KA B B H e T NK 4 j 3% 18 B &35 19 NKG2D X}
il g 2 i NKG2DLs (4§ MICA \MICB 1 ULBP1-6
)RR o B R 4 i R 8 o MICA i MICB 2 H
TR A 40 i 3¢ T 9 NKG2DLs it 7% , 4k 58 NK 41 ffd i1
PN R Ao 25 988 4 it 2 1fl A9 MIC A Fil MICB Jit 75 4%
NG 7 A0 A 30 R S v BEL T R NK 40 B B4 T R e
SEAT DARE SR S BT 4 )R R L (MM Ps) L
HIE MMP-2, 76 Z #JE L0 g iE b o JE #6380 MM Ps
AL bJg B 2 R AR RS AT G, i 2 5 NKG2DLs A
i 92 40t 2 TR 9 B ok AR, B HE 1) MIMIP-2 1T B
23l o 4% NKG2DLs 19 26 i5 4 #F NK 4i ifg 6 % L
L T, AR H BA R I MIMP-2 4 BT 3R BT LA
NKG2DLs Byl #% , T34 i NKG2DLs 75 Jih 9 246 it 32
AT ) 2% 5%, 2 2 NK A0 A X 9 200 7 30 0 3 48 118 8T
SB-3CT J2& — i i 1 15 P B M i 410 <) 5510, ] 45 S 410
il MMP-2 F1 MMP-9"" | 0] fig B A NK %o 522 18 [ 19 7%
FEB BN, X AR LAAE I 5T TR AR D B R o ) ;P ik &
) 20 K 38 A [] 1) 71 2% 0 ORI R B 25 W s, il AR AR T
24 Wy R sE M A ) B D R S8 g e 2 i 0 A 1) 24
PR FE PDT 5 R BEIGTT W B [RA T ROR .

T I A BRI TE T — Fft XoF i 98 £l 2 355 16 XL
] N7 114 40 K A MMP-2 Wi Jif 2 JK IR & Bg FT i
(MRPL-SC) , A SZ Bl Ce6 /3 19 PDT A1 SB-3CT 4
5 1Y 2 T NKG2D (9 S 58 36 97 19 U [6) B b g 75 1, JF
S PR AR 25 W 0 5 s T S B . MRPL-SC H W & 43
AT, B : 1k Ce6 19 94K i 5 14 LA & 38 8 MM P-
2w 1 22 K 55 B BT AR 3% 422 1) 42 35 SB-3CT /Y B-CD . 4
Ji A1 Jieb 988 B 2A 5% o ok 2298 1) MIMIP-2 2% filh & B-CDs ()
43 B SB-3CT MY B . Bk 1 SB-3CT 233 4o 417 1l
MMP-2 2 i 3 31 i) 7T % ¥ NKG2DLs B9 i 7% , I 38 fin
NKG2DLs 7 i J28 20 fifg 3 11 1) 5% 88 . 2% Ce6 [ 5 5
T S o Z AN N R, SR 660 nm 0% B 5 5
16 H PDT 800, 57 22 B9 PDT 00 2 il % BE B AR Y
Ce6 1) Bl A I Jgg 4 e i 98 T2 /3R Bt . Ce6-PDT 5 %
B 40 M 08 72 5 SB-3CT X} NKG2D/NKG2DL i # )
VAT AR G, 0 SR 00 2R 0 R S R R A AR LR
RUh g o TR S G B TR B R Ak 3R R NK o g
2 o

2 SEIAMRL STk
2.1 MMP-2 I i Bk (MRP) . MRP- B -CD. DSPE-
PEG (3400)-MRP-B-CD B & A%

MMP-2 i i ik 51 K Ac-CSSSGPLGIAGQSSS-
OH) B I ¥ 5 2 W B £ A7 BR 2\ w38 i Fmoc [# 40
KA LA . FREC10 mg 2 iK% i T 1 mL — H 3%
T A (DMSO) H, i A 100 mg ¥ 3 B8 51 Bt W i
(NHS)/1-2, 3&-3-[ 3- = F & L 19 3L [k — 0 i h i 4
(EDC)#tHE 2 h, R 5 ¥ 17 mg & F B i 19 B-CD (NH,-
B-CD) A1 1% (AT = 2 e (TEA) I &) ik
W IR R AR N S IR PR, A & B (R A
T8 MWCO: 2000 Da, 1 Da=1 u) % [ i & 9 NH,-
B-CD. M= ¥ s+, 2R I 5E 52l B BWOG A e /v B
& AT W) A R 3% (MALDI-TOF MS) 45 R %F 7 ¥y i# 17
38T o

i DSPE-PEG (3400) %} MRP-B-CD # 17 #F — &
& i . # 15 mg MRP-B-CD fl 20 mg DSPE-PEG
(3400)-Mal ¥ fi# £ 2 mL DMSO ™, ¥ Fz 7 18 & W 18
RAMRP FTEIRBFEL A, #3335 (MWCO: 3500
Da) £ & i # 9 MRP-B-CD. ™ ¥ % T )5 # 17
MALDI-TOF MS 43 #r .

2.2 il & MMP-2 W R 14 40 2K B BT K (MRPLs) F0 £
75 LA F2 B MRPL-SC

Ce6 fig o 1A i i # B2 K & 35§l % 8% DPPC.
DSPE-PEG ( 3400 ) -Mal ., DSPE-PEG ( 3400 ) -MRP-
B-CD HIAH [H B L 60:10:5: 15 Ay i i e (B R 2
12 mg) @M T AN R FEMA T 5 mg/mL
1 Ce6, M F 5 min; 7 AR T LB CHCL(LLE 1
MR NE ) , A 1 mL PBS, 7E 48 °CF 7K & 20 min,
FH /N BB P R 4838 1 100 nm 58 B iR 16 B 5% 40 11
U, AR AR R AL 2 51 1) MRPL-C IS A , 385 A 25 5 K £
19 Ce6. ¥ SB-3CT i % it A MRPL-C % # ',
#7755 min 5 FIIBEE 1 h, L 10000g (B 0 18 O
10 min J5 Y& 5 MRPL-SC. i FIK iR 5 5 o F 0 3l s
(Cryo-TEM) i g Fi & 19 T2 2 | i 18 2 25 56 8 4t
L (DLS) M & K7 48 43 Aii | Zeta HL {3 FI 22 43 B 48 %K
(PDI).

MRPL-SC 1 Ce6 94 5 338 13 Ce6 19 2 6 5
AT PEAL , SB-3CT 19 £ &5 6 8] 32238 o I %5 W SB-
3CT K 5R B8 B . B R E 2 LR 259 R
TN 25 W TR R E A
2.3 fK45N MMP-2 i B 50 5¢ M B2 25 4 B8 7l

S T PE A MRPLs 19 MMP-2 i )7 4% 7 , ¥ 1 mL
MRPL-SC 5 100 pL & 4 A MMP-2 (thMMP-2,
0.2 pg/mL) £ 37 ‘C TCNB % # (50 mmol/L Tris,
10 mmol/L CaCl,, 150 mmol/L NaCl,0.05% Brij 35,
pH 7.5) % E 3 h, RH Cryo-TEM EAEJIg 5 14K A9 B
A CRH DLS YR A2 AT R AE . 4% 1 mL MRPL-SC %
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M5 1mL&A0.0.05,0.1.0.2 pg/mL thMMP-2 i)
TCNB % W 1R A WA B & (MWCO: 100 kDa)
LB M 30 mL PBS, BN E TR L
(37 °C,200 r/min) »

i % 1) Ce6 BBk : #4242 mLL MRPL-SC (1%
Hr& (MWCO: 100 kDa) i T 30 mL PBS % #7 # H it
PN IR R 37 C; B 2 ha , i F 660 nm 3% 42 34
J6 (50 mW/cm®, 5 min) B8 5f MRPL-SC. 7E A [A] A9 i
(] A5, DA 35 A 24 8 1 AR AR B P B 1 mL VR, O
EA A R L PBS . SB-3CT Hl Ce6 BY B 2 3
S5 3 8 A0 - AT UL A3 66 FE T AN 6 e AN AT A
2.4 BESEER

i %¢ 6 'O, R £ Singlet Oxygen Sensor Green
(SOSG) Ml # MRPL [ FRZ A (10, 7= . # SOSG
(W, 10 umol/L) 5 1 pg/mL Ce6 5 MRPL-SC
(&% 1 pg/mL Ce6) iR A, IF T 660 nm 3t T M8 4
(50 mW/ecm®) 5 min, R I 2¢ )6 06 % ik (& 5 3 K
Ao=504 nm, ¥ & P K A.,=525 nm) il &5 G0 FE
2.5 4Bt MMP-2 Mg 5 5 BT 48 B9 ) & F1 ROS 4 B

A375C N Bz ik B8 298 40 i ) i Jeg 4n B i H
National Collection of Authenticated Cell Cultures, ¥
HE T &4 10% 64 3% B9 Dulbecco Bt B Eagle £5 5%
F(DMEM) "85 3% . A375 41 it 43 51 FH I 25 Ce6 Al
MRPL-Ce6 (Ce6 Jit 5 ¥ FZ y 10 pg/mL) 4 B 0.4
6.8h, KRG 54 HEEMWE ,HH 4 K5 H MM H
1.0 pg/mL DAPT G5, 2R I %€ 6 b 190U W 44 K i JF:
EiERiLsI

K T8l A48 W I A 375 40 i P 3 4 (ROS)
B A R AR LR R (DCFH-DA)fE
R R E o B A3T5 AL DL 1X 10° cell/mL 1 % &
PRI R AR SR JF 5 1 pg/mL Ce6 . MRPL-C
(%A 1pg/mL Ceb) —IFH 4 ho A LA FH Y 20 g
B X HR AL, RS R)E , H PBS YRR AN, SR 5
FH 660 nm #4650 mW /em?) BEES 40 i 5 min., #3546
I3 700 6 i U B E AT 4 B, R R 9O I 1R W
ROS {55 (1,=488 nm, A, =520 nm) .

2.6 fKIMNHREEM

i CCK-8 M5 FAk 40 M 16 77 <% 100 pl. A375
YA LA 12X 107 cell/mL Y % B #2270 T 96 LA Hh 15 7R i
R JE A 100 pl FH 3% 3% 560 B 19 & A3 A [a) vk i
Ce6 F1 SB-3CT HJ MRPLs; 6 h J5 , % i 660 nm i ot
(50 mW /cm®, 5 min) HB 5F 4, % R 41 ¥ T H5 4L ;24 h
Ja BALIMA 1% CCK-8, & H B #r AR U 450 nm &b 1
W't BEAA, 1105 40 A7 6 R . AN AE IS 3R COMITH A
KA

Co=(A e — A )/ (A oy — A )X 100%, (1)
s A o 38 20N [R] VR B B A Ak B A %) 40 e 7E
450 nm K T IOGEE (OD) 3 A, 48 A 2 AT {7 kb 3
B 20 L AE 450 nm B R IOE R Ao TR R R AL

CCK-8 ¥ Wi £E 450 nm I% K F AT G .

K H Calcein-AM/PI 1 %€ 41 ffg 3t 4% 3 4
MRPLs () 2 il 25 7 B A375 40 g 32 #F T 35 mm B 12
By R AR SR I, 525 4 MRPLs . MRPL-S \MRPL-
C 1 MRPL-SC H: 0 & 6 h; % 7 45 1 J5 J PBS i 1%,
% BRI S 24 h T Caleein-AM (3% 28 ff ) 1 i £k 79 1
(PI, BEZ0 ) #EG YL £8, 30 min, SR 5 7898 0 s T Wi ge
(Calcein AM R £ (052 6, 2, =494 nm,A,,=517 nm;
Pl BN 404 5¢ ¢, A, =535 nm, A, =617 nm) .

2.7 NKG2D/NKG2DL i& 8 4> F#l %I

] Western Blot # il NKG2DLs 25 1 ik : 1) ¥
A375 40 ff B Fh T 6 AL AR R SR AR, SR A A
MRPLs.MRPL-S,MRPL-C #l MRPL-SC;2)24 h J5
JH PBS ¥ 4 40 M 95 ¥k, 45 240 40 i & 47 1 mmol/L %
i i 156 980 ( PMISF) 19 RAPT 22 i W 76 vk | 2L i
10 min, % &0 5 min (&0 J7 5 10000g) , B I35
HABCAER ERANEHTTEAEE;DHAEE
J& 8 20 pg B I BTAE L AE 10% T b SRR R A - R TN
I Tk g 58 e (SDS-PAGE) b i#E A7 HL ik , 28 5 28 14
SR B RR AT 4 R eI (NC) E54) & T 8 NC
FH A BB 5% AR H ) h B E 1 h, #E5 % NC
5 f bt A B 5 B L /& MICA . MICB, ULBP-1,
ULBP-2 . MMP-2 1 MMP-9(1:1 000) £ 4 “Cit 7% ,
B-actinfE RN Z;5) HH& A 0. 1% Tween-20 i Tris 2%
PR (TBST) P ¥ =%, 5K 10 min, $ NC & 5 11 ¢
iR HRP-Ig G FTERTHE L h, BE 4 R)EH
TBST ¥ % = &, # B 5 1k 2% & 6 ik 7 & (Pierce
ECL)WIEY — &M H . A ClinxChemiScope i 3k &
1%, FHl Image-Pro Plus il & /K £ 77 8 -

A375 41 s i MRPLs. MRPL-S., MRPL-C Al
MRPL-SC AbH 24 h #1148 h J5 43 9 4 40 i 85 57 B3
W, AT I A % W B S 58 (ELISA) , fff ] Human
MICA ELISA i #| & fl Human MICB ELISA & 7 &
Kzl MICA FTMICB Wk B o 81 5 2, i e AR 4 k7
& Ut I ) & A o U EE B9 MICA A MICB , #5 b 4 9 A
FE R 45 100 pL 32 5t MICA /B 40 8% 19 S LA h L 28
Je MU AR 4 25 Ak R I e R R BOR 2o 4R 1k B il -5
BRERVAERBR, 5o IMA BB MZ L, 78 450 nm
A G I IR S BE AR o DA A o R v B A A AR B RO B
R A i 2 i b o 2 AR AR B Ot B AR
W
2.8 NK#ENSHHAmSIHE

fofi FH L2 Mo &0 (LD HD) B 0 R 325 ) NK 41 Jifg
NSO 1) J§ MRPLs . MRPL-S . MRPL-C #l
MRPL-SC 4t B 41 9 , 24 h )5 W 48 40 B It 31 %%, IF 58
R FRF R ASTS A B B R & 1< 107 cell/mL;
2) % FH IR RE (4 7 35 180 NK 40, 51 AR 4 S 8] %48 L
T ONK 4 A 9 ¥ B 5 3) 8 A375 4i il A NK 41 fift 4%
100 L A 96 LAl b IR A 35 A e 3R AL,
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] BF 4% B A375 fie KRR 2 A AS75 4 i [ 4R B i 41
YER X IR ;) E 4 h g B0 06 100 pL HiEW S
FHT 09 96 FLA P 5 5) MR UL B 5, LDH A& I3 551 £
1 37 R RS LDH . NK 40 M R 455 2% L (3T
HAAH

Ly=(Au — Au)/(Anw— A )X 100%,  (2)
A Lo o NK AL A 5565 AL, 0 5200 41 35 W
WO BEAE 5 A, oA A375 AL F AR BRI T R O
BEAH 5 A, A375 e KB4 B3 W WO FE AR .
2.9 HFREXKE

BALB/c #£ i (4~6 Ji#% ,17 g+4 g) Wy F 7§ & R}
B A YR B A BR A B AL far e R RS T T
EERDIL7/ B ekt e IR b i N 31K 7K (gL L A A i1
HEvE . KB PE T 100 pll PBS P93 1X10°4 A375 41
JL B T 3 S B0 0N BRA OB R B T 2 i AR R
£ R BN L 200 mm* i), ] LVIS SPEC W4 & 4%/
BUHEAT MR 9 58 6 AR o M IR AR B i B A 0k
V=LXW/2(VEREKR,LERK, WERE) . K
Ce6 Al MRPL-SC(100 pL, 200 pmol/L Ce6)# ik i 5F
2 fap 988 /N BRAR N L VE S S 0.2.8.12.24 h, R TVIS
Spectrum X /N B AT AR o ST E 24 h RSB/ R, X
AN EREAT 50, 08 X B g 2R 20 S g GO IE BRI
JIgL Ok | il R ) E AT B AR %R (A,=645 nm, A=
680~720 nm) .
2.10 P H B9 T

T VAL MRPL-SC 1 4 M 98 24 3 Fn e vk %
A375 40 (4 HAREL 1< 10PN 40 B ) iz F 1 556 2 A5
iR B A 2 A375 1oy i R BRBE AL o Y MR R R K R B 4
50 mm® B, 4R BB ML 2 R 5 4L, 4 Sk AR B K 4H
(NS %) .MRPL-S 2| \MRPL-C+laser i . MRPL-SC
21 MRPL-SC+laser 4, £ 41 8 H . B ##kiE ST 100 pl
IR IT HI 7 (SB-3CT ) 25 25 7 & 4 50 mg/kg, Ce6 Jit &
e K 200 pg/ml) , MRPL-C+laser 41 Al MRPL-
SC+laser H7EEHH G 24 h A1 48 h 43 3 JH 660 nm #0
HE S g8 38 457 (200 mW /em?, 10 min) o K5 13 59 25 9 1)
MR E XK 0K, B 3E 4 Kid st — U/ BUA & A b
SR AR MR B0 0 A R bR B A B R T Ak g A R
DL 25 1) SR %oF B IR YT S RS, DL A B R K 40 1 firb
TR 10094, T 550 FH X Jirb 96 184 7 2%

T B E 2 W B TT O | K S 25 ) 0T BE
Ja 48 h(BPEE 4 K ), B4 BEAL LB 2 H /N RAL ST, FF Uk
LR A2 K b AL 2T 22 R A 1 b
TIESE SR IG R AT A 5 A RN U Ak B s R AT R OR
F B 20 (HEE ) Yo 8 1 A sy Mot 450 A% 1 T2 7 5 1l A 2 1)
B O R S AR i (TUNEL) Y, RUPEAS 16T 3051 .

FEIRIT R AR 14 KR8 LCRIRIT L . IRIT 4G
AL BEFTA /N B, B 4L VR E . O T PR AN I AR
R4 B g vk 00 AR E GO W CE ) 1T
2 A7 S U] HRUE Y (o kb B, DL R 4T 2 40

T o
2.11 SitESH

fiff H GraphPad Prism 9 X% %% S #F 17 48 i+ 70 #r -
SR FR NV BIME AR HEZ (SD) . iR R Jr 2
ST ZHZ MM . it e o P<
0.05(*) \P<C0. 01(**%) Fll P<C0. 001 (%)
3 LRI
3.1 MRPL-SCHy#l &M KRIE

MRPL-SC 1Y & s 2 B S AR AL an i 1R
J T L MMP-2 M R, R IE A T
MMP-2 £ Jik , ¥ 3 i Ac-CSSSGPLGIAGQSSS-
COOH, DA i ## Ce6 fiig 5t 14 M1 42 £f SB-3CT #y B-CD,
Hodh fu 5 MMP-2 4 5 ¥ o U #H oy 4
““GPLGIAGQ-""", HPLC 47 J5 7l %1 v & LY 22 ik
4l IR 98, TT % (A5 AR B, v HFIR & k.
Bl 5 %5 It £ K 43 91 5 B-CD Al DSPE-PEG (3400) 2
N, BT B MRP-8-CD #il DSPE-PEG (3400) -MRP-
B-CD #3853 MALDI-TOF MS #1754 I A e ik .
& 2(a) i7R , MRP 19 5 fof b (m/2) R 1379. 47, 5115
BT 45 B 4R % 20 B R (1379.49) A M [ . MRP-
B-CD 4 &t faf by 2778.02, 40 & 2(b) fif /n o X} L
E 2(c) . (d) A LA H DSPE-PEG(3400)-MRP-B8-CD
Y AH XF 4 F i £ [ DSPE-PEG (13400)-Mal 34 7 24
2800, iX i ] MRP-B-CD i ¥ #8 5 DSPE-PEG
(3400)-Mal & 4= T R o

s 3(a) iR, DSPE-PEG(3400)-MRP-B-CD £
5 Ce6 g IR A 5, A B-CD 2 SB-3CT 4 B 2 fit
Bk . it & 59 DSPE-PEG (3400 ) -MRP-B-CD 4=
P Z 1Y B-CD H £ %% SB-3CT, {H 3-CD 1 K 3£ K
PR 25 0 B0 2 3 BUIR AR i F e HERE AR . UL, & AR
MRPLs i} iz & #% £ DSPE-PEG (3400)-Mal 5 DSPE-
PEG(3400)-MRP-B-CD i i i [t 2: 1, LA MRPLs
TE AR F5E 25 10 28 1 W] B 20 2 09 SB-3CT. B S,
T 8 ik MRPL-SC & i 2, ffi ] Cryo-TEM Al
DLS X A7 A% 40 Bt AR A2 0 2 o &1 3(b) BT 7 1)
Cryo-TEM %5 £ i /R : MRPL-C ( /X f1 $ Ce6) Al
MRPL-SC (3 £ Ce6 #il SB-3CT) ££ PBS ¥ ¥ig 1 £ Bk
T, TCRAE bl R A7, 25 90 B ) 9l s U2 B
J AR 2, H w9l B XL B6E 45 49 355 W BT UL, T OB G EAT 1
20 Wy B 2 R PR/ XL ) A A T A R 3 K
MRPL-C ({25 %} Ce6) Fil MRPL-SC (%} Ce6 Fil SB-
3CT) 844 — S k42 160~170 nm, 1 H SB-
3CT F Ceb A 3 A 23 X B 0T 1A% 1) s 428 7= A AR K5 il o
PE— 0 H1 T SB-3CT . Ce6 H1 MRPL %) 48 41 A] U5
B4 RN 3(c) fran o SB-3CT 7E 265 nm i K &b 47
O 2 AR I I, Ce6 7 405 nm I K b A % W it i |, =3
# g BT blank (R 3 254 7E 200~500 nm &b TG ] &
W W, MRPL-S ({243 3 SB-3CT) . MRPL-C Al
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2 v
MRPL-C MRPL-SC

photodynamic therapy

( cell
s NKG2D/NKG2DL pathway 4

.
©
.
tumor cells \s MMP-2 § /
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Fig. 1 Schematic diagrams of MRPL-SC liposomes. (a) MRPL-SC synthesis and MMP-2 responsive release; (b) dual-responsive drug

release and mechanisms to improve photodynamic immunotherapy of MRPL-SC in tumor
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2 MALDI-TOF JF #4553 . (a)MRP; (b) MRP-B-CD; (¢)DSPE-PEG (3400)-Mal; (d)DSPE-PEG(3400)-MRP-3-CD
Fig. 2 MALDI-TOF spectrometry detection results. (a) MRP; (b) MRP-3-CD; (¢) DSPE-PEG(3400)-Mal; (d) DSPE-PEG(3400)-
MRP-B-CD
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Fig. 3 Characterization of MRPL-SC.

(a) Synthesis schematic of MRPL-SC; (b) particle size distributions and Cryo-TEM

characterization of MRPL-C and MRPL-SC loaded with SB-3CT; (¢) UV-vis spectra of free SB-CT, Ce6 and liposomes,
where blank loads no drug, MRPL-C loads only Ce6, MRPL-S loads only SB-3CT, and MRPL-SC loads both Ce6 and SB-
3CT; (d) singlet oxygen generation
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Fig. 4 MMP-2 responsiveness of MRPL. (a) Drug release schematic illustration of MRPL-SC with MMP-2 responsive; (b) particle

size distributions and Cryo-TEM images of MRPL-SC incubated with thMMP-2; (c) SB-3CT release curves of MRPL-SC

incubated with different mass concentrations of MMP-2; (d) Ce6 release before and after laser triggering
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Fig. 5 Cellular uptake and cytotoxicity of MRPLs in wvitro. (a) Fluorescent images of Ce6 uptake by A375 cells (scale bar: 10 pm);

(b) relative quantitative analysis of fluorescence intensity of Ce6 uptake by A375 cells; (¢) fluorescent images of ROS produced

by A375 cells after different treatments; (d) cell viability of A375 cells treated by MRPL without laser irradiation; (e) cell
viability of A375 cells treated by MRPL with laser irradiation
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Fig. 7 In vivo fluorescence imaging and biodistribution analysis of nude mice bearing tumors after tail vein injection of Ce6 and MRPL.-

C. (a) Schematic diagram of tumor-bearing mouse imaging; (b) in vivo fluorescence imaging of A375-bearing mice after

intravenous injection of Ce6 and MRPL-C nanoparticles at different times; (c) fluorescence intensity of major organs and tumor

dissection 24 h after intravenous injection
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Fig. 8 Inwvivo anti-tumor effect of MRPL-SC (¥*P <C 0. 01, ***P < 0. 001). (a) Schematic illustration of in vivo therapeutic time line on

tumor-bearing mouse; (b) tumor volume change of mice (n=6) from various treatment groups during 14 d treatment; (c) relative
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0.2+

,.\
Relative tumor weight &

tumor proliferation rate of tumor-bearing mouse in different treatment groups; (d) tumor weight of tumor in different treatment

groups; (e) H&.E and TUNEL staining of tumor sections of different treatment groups excised two days after irradiation
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Fig. 9 H&.E staining results of major organs of tumor-bearing mice for different treatments (scale bar: 50 pm)
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Multi-Responsive Liposomal Nanocomplex Encapsulating Ce6 & MMP-2
Inhibitors for Photodynamic-Immune Synergistic Treatment of Melanoma

Liu Huifang, Lei Dongqin, Qin Fen, Wang Sijia’, Zhang Zhenxi”~
Key Laboratory of Biomedical Information Engineering of the Ministry of Education, Institute of Biomedical Photonics

and Sensing, School of Life Science and Technology, Xi an Jiaotong University, X7 an 710049, Shaanxi, China

Abstract

Objective Melanoma is one of the most immunogenic solid tumors, with strong metastatic characteristics. Although melanoma is
curable when detected in a localized form, the long-term survival rates of patients are difficult to improve by any single therapy. The
combination of photodynamic therapy (PDT) and immunotherapy has shown encouraging therapeutic efficacy against various cancers
due to PDT-induced immunogenic cell death. Natural killer (NK) cell-based immunotherapy has the ability to enhance the anticancer
effects of PDT. The NK cell family 2 member D/ligand (NKG2D/NKG2DL) pathway acts as a “master switch” in the activation of
NK cells and mediates the recognition of tumor cells by NK cells. However, tumor cells can produce soluble NKG2DLs via
shedding, which mediates the immune escape of tumors. Regulating NKG2D-related molecular pathways can effectively improve the
anti-tumor efficacy of NK cells. Further, combined with PDT, NK-related anti-tumor immunity and therapeutic effects could be
significantly promoted. In this study, a tumor microenvironment- and light-responsive nanoparticle—MMP-2-responsive polypeptide
mixed liposome (MRPL-SC)—was designed to realize synergistic anti-tumor effects of Ce6-mediated PDT and SB-3CT enhanced
NKG2D-based immunotherapy, and spatial - temporally controlled release of loaded drugs.

Methods To synthesize MRPL-SC, DSPE-PEG(3400)-MRP-B-CD with an MMP-2 cleavable sequence was formed via multistep
reactions. Then, MRPL-SC, combined with B-cyclodextrin (3-CD) containing SB-3CT to suppress the overexpressed MMP-2 that is
tightly associated with the tumor NK-related escape mechanism in the tumor microenvironment and photosensitizer Ce6-loaded
liposomes, was prepared using the film dispersion and extrusion method. The multi-responsive release ability of SB-3CT triggered by
the MMP-2 abundant tumor microenvironment and chlorin e6 (Ce6) by 660 nm laser irradiation was studied in vitro. Cellular uptake,
ROS generation, and the synergistic anti-tumor effects of MRPL-SC-mediated PDT and enhanced NK immunotherapy were studied
in A375 cells, followed by the analysis of NKG2DLs expression. In addition, the anti-tumor efficiency and safety of MRPL-SCs were
studied in tumor-bearing nude BALB/c mouse models.

Results and Discussions The prepared MRPL-SC exhibited a typical liposome structure with a phospholipid bilayer and formed
single/double-layer vesicles for drug encapsulating and intracellular delivering with a particle size about 160-170 nm (Fig. 2). Then,
the MMP-2-responsive polypeptide linker was hydrolyzed by MMP-2, and SB-3CT encapsulated in 3-CD was rapidly released, with
accumulation reaching 72.26% after 240 min, indicating the responsiveness of MRPL-SC to the MMP-2 abundant tumor
extracellular microenvironment. The released SB-3CT effectively regulated the expression of NKG2DLs and generation of soluble
NKG2DLs in tumor tissues by directly inhibiting MMP-2 in situ. Ce6-encapsulated liposomes entered the tumor cells through
endocytosis and induced severe cytotoxicity by PDT under 660 nm laser irradiation (Fig. 5). In addition, Ce6-PDT also induced
NKG2DLs expression, thereby realizing spatiotemporal synergistic enhancement of NK immunity in tumor tissues (Fig. 6). By
employing the A375 tumor-bearing nude mice xenograft model, MRPL-SCs showed higher amounts of aggregation in tumor tissue
and efficiently suppressed melanoma growth after laser irradiation (Fig. 8) without significant cytotoxic effects in the major organs.

Conclusions In this study, a novel multi-responsive nanoliposome composed of photosensitizer Ce6-liposomes and MMP-2
antagonist SB-3CT linked by MMP-2 responsive peptide was successfully fabricated via film dispersion and extrusion. The
synergistic anti-tumor effect of MRPL-SC-mediated PDT and NK cell immune enhancement was observed in both melanoma cells and
nude mouse xenograft models. This study not only developed a new multi-responsive nanocomplex for better integration of PDT and
immunotherapy but also elucidated a novel paradigm for NK cell-mediated photodynamic immunotherapy for melanoma.

Key words medical optics; photodynamic therapy; immunotherapy; MMP-2 inhibitor; natural killer cell
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