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Tumor microenvironment responsive liposomes blocking
CXCL12/CXCR4 pathway and synergistically enhancing
immune efficacy of anti-PD-L1
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Abstract: Blocking immune checkpoint programmed cell death receptor 1 (PD-1) or programmed death
receptor-ligand 1 (PD-L1) can enhance anti-tumor activity of effector T cells. However, the lack of response in many
patients to PD-1/PD-L1 therapy remains a question. Improving the immunosuppressive tumor microenvironment
(TME) to enhance the efficacy of immune checkpoint inhibitors has become a promising cancer treatment strategy.
We constructed a liposome system (PD-L1/siCXCL12-Lp) of CXCL12 siRNA and anti-PD-L1 peptide with matrix
metalloproteinases (MMPs) responsiveness, which combined the TME regulation of siCXCLI12 and the immune
regulation of anti-PD-L1 peptide. All animal experiments were approved by the Biomedical Ethics Committee of
Peking University. The authors found that PD-L1/siCXCL12-Lp directly down-regulated the expression of
CXCLI12 in vitro (33.8%) and in vivo (15.5%). It also effectively increased the ratio of CD8/Treg by 20.0%, which
helped the anti-PD-L1 peptide to better exert its immune effect. The combination therapy significantly inhibited
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tumor growth (52.08%) with great safety, which explored a new idea for cancer immunotherapy.
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Figure 1 Schematic illustration of the mechanism of the tumor microenvironment (TME) responsive liposomes for synergistic treatment of

cancer immunotherapy and TME regulation. I: Liberation of the anti-programmed death receptor-ligand 1 (PD-L1) peptide due to specific

cleavage by matrix metalloproteinase-2 (MMP-2) secreted in tumor region, leading to the blockade of PD-1/PD-L1 interaction; II: Transfection
of C-X-C chemokine ligand 12 (CXCL12) siRNA in cancer-associated fibroblasts (CAFs). CAF-secreted CXCL12 contributes to tumor metas-

tasis by promoting migration and invasion of tumor cells. The liposome nanosystem is internalized into CAFs, and then the released siRNA

leads to CXCL12 gene silencing. As a consequence, the immunosuppressive TME is improved, which contributes to the efficacy of anti-PD-1/

PD-L1 therapy. RISC: RNA-induced silencing complex; mRNA: Messenger RNA; CTLs: Cytotoxic T lymphocytes; Tregs: Regulatory T cells
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GGCUCUGGCGATT-3"). ¥ % %% J& & #x it [ siRNA
(FAM-siRNA) (3 35 25 A 7)); Dhfek (pep, Lifgom
WA F]); (2,3~ Mg - TR 3 )- = R S04k B (DOTAP,
5 H MCE A #); K 98B/l (SPC). DSPE-mPEG,,
(A3l i #k 202> 41); A B (Chol, H A% Fi Y 4f 24
P 222 41); GelStain #% B8 44 BF (b 3 4 X4 A 7)),
Hoechst 33342 (L i3] 2& A 7]); Lysotracker red DND-
99 (£ [H Invitrogen 2 7] ); /N MMP-2 EEH E A (Jb
AR A ), /NRPD-1 EAE A (LEENEAR);
T4 % -y (interferon-y, IFN-y, b 5T S8 8 M 2 7);
qPCR 514 (At 3¢ BLRL & % 24 w]); Reverse Transcription
System. GoTaq” qPCR Master Mix (3% [H Promega 2
7]); /N B MMP-2. PD-1. CXCLI12. [ 41 Jig / % -10
(interleukin-10, TL-10) IFN-y. i & 34 5L K F -« (tumor
necrosis factor-a, TNF-a) ELISA & 7l & (db 50 & #k 18
NZNEIDE

FE{ME MOLDI-TOF MS.LC-20A HPLC %
4t (H A 5 /A#]); MZ Nano-ZS B BO6 R FE AL (3
IR E]); TEM-200CX 3% S 1 2 4 (H A JEOL
22 w]); BD Gallios it 2 40 il {X (3€ [ BD A wl); STED
3x R POL L R AE BB (18 Leica 2 A]); Mx3000
pTM %6 58 & PCRAX (G 2L A 7))

SRR N RR AR A (BI6F10) W H &
[ 458 30 SR AR A7 %, /I B CAFs B 117 4T 1 7L IR 1
BALB/c MR RS, 754 10% FBS 1% 75 5 5 Al 1% 4
% 7 [ DMEM B35 Hh T 37 °C.5% CO, % fF F 9%,

SCIGENY METE CSTBL/6 N BB (18~20 g, 4~6
JE %), W B b g R A\ R sh s ie BLE b
KN B4R T 5 W) N 3T, SLie T RA m AL
KAV E SR R SR s .

pep BIA K pep (CPLGVRGK-GGG-NYSKPTD
RQYHF) i A5 Fmoc [ A K& Bl 7723845, SH-
CPLGVRGK #& MMP-2 [#] & ¥ ik, NYSKPTDRQYHF
(D B HER) A2 PD-L1 [ 50l

DSPE-PEG,,,,-pep I & B B — & & pep #Hl
DSPE-PEG,,,-Mal (£ fik : i #4 = 1:1.25, mol/mol), ¥
F N,N-— W 3 B2 (DMF) 4, il A\ = Z. % (TEA)
(TEA:pep = 5:1, mol/mol), B SR T ik [ B 24 h,
FRIRIKIEMT (3 500 Da) 48 h B 45 . B/ & S idE AT
MALDI-TOF MS % 5 .

BE AR & R RIE K DOTAP: SPC: Chol:
DSPE-mPEG,,,, (25:40:30: 5, mol/mol) ¥ T & 1/i/H
B (411, v/v), i€ 78 U, NN siRNA H %] %5 4 ¥ Vi K
1, R L 3 min, Jo B UE BT UE, H175 63 siRNA (1)
JE A& (siCXCL12-Lp). FLi#1% siRNA A4t PD-L1 fk

{1 1§ 52 74 (PD-L1/siCXCL12-Lp) K F [F ¥ 5 i 1 %,
AN A 1] /& DSPE-mPEG,, # DSPE-PEG,,-pep B AL
A8 FH O RL FE SO & R AR 3 A0 2 43 HUHR 3 (polymer
dispersity index, PDI) Al zeta Hi {7, fif H i& I
(transmission electron microscopy, TEM) M TEZ .
EERTERIKSEYS AR N/P ¥ PD-L1/siCXCL12-
Lp 1 GelStain 1% 2 G2 Ak 1) B3 A5 68 e B, K 1 b
TR (10 uL £5310%) + 2 uL 5 x loading buffer) A %%
FE G FLHEAT sk, A5 R R A A R
LTHMARIAMSCIE  HOHT i K R MK 8 mL, A
P HERR I = MM PRIE 10 min AR 24465 (1, i
A H H 7K 100 mL 27 . 1 500 r-min™ & 0> 15 min, 22
FiE . BUUTIEMIZLARAE 1.5 mL, hn A4 #EEE 7K 100 mL
RS, H45 1.5% M LL 40l 2 . B4 mL EP &, 9w 5
1~6, JoH 1 ~4 5 A, S5 N BIPEXTIE, 6 5 A FH
PEXF I R LIKOMA #2055, IR 21 J5 B T 37 °C1E
KB, 3 hJE B O, WS M DL B 3, Ay
FEHETETE 540 nm TR WO FEAE, TR L2

Table 1 Red blood cell hemolysis test. RBCs: Red blood cells

No.
Reagent/mL
1 2 3 4 5 6
1.5% RBCs 2 2 2 2 2 2
Normal saline 1.7 1.8 1.9 1.95 2 —
PD-L1/siCXCL12-Lp 0.3 0.2 0.1 0.05 — —
Distilled water — — — — — 2
YMBOIRENSCYE % HU FAM-siRNA fE A AL 254

FRiC g iAo K CAFs LA 2x10° /4L EEFR T 6 FLAR
R 9% 24 ho f# ] 100 nmol-L™ ] free siRNA .siRNA-Lp
1 PD-L1/siRNA-Lp 5 4 M 3L 0% & 4 ho 8 IR #h 2%
W (phosphate buffered saline, PBS) ¥t &5, ¥ 1L U £ 4H
e, s I =t L 5 L P D BER

HEBEYE O CAFs DL 2x10° A/ IR 3t 5
FE/NIL A 85 9% 24 he £ 100 nmol-L™ ] free siRNA .
siRNA-Lp Al PD-L1/siRNA-Lp 54 g S0 & 4 ho {f
4% % 5% BB [ 52, Hoechst 33342 Y4l iii% . K
I 3 I AE B 8% (confocal laser scanning microscopy,
CLSM) W52,

RESRIEIRSZIE  F CAFs P 2x10° AN/ F T
LR AE/NIL A RS 7% 24 he A 100 nmol-L™ ¥) PD-L1/
siRNA-Lp 541 3E0 5 0.5 14 h. il Hoechst 33342
Yedll iy #%, Lysotracker red LA HEA . K CLSM Wi %2
VS B R R TR 17 VUL

pep MR MMP-2 B0 PD-L1 AKX K pep 40N
AMMP-2 29 (15 ng-mL™") Sk & 12 h ) B16F10
YRS IR A, T 37 °CAKIE, TEAN R B [R] i BUORE FEAT
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HPLC /3 #r8 Bt PD-L1 k. i 4 Diamonsil C18 4%
(250 mm x 4.6 mm, 5 pum); JLENAH: 2 /7K 7E 20 min 4
M 17%:83% E| 42%:58% MILRPERAE; ik: 1 mL-min’';
K : 220 nm; KR 25 °C; FEREAAFR: 10 pL.

PD-1/PD-L1 B E{E R BIPAMT 15 H /)N B MMP-2
ELISA i 7 & I & B16F 10 41 fig 1% 77 ¥ 1 MMP-2 [k
F¥ . £ IFN-y (30 ng'mL™") #&4h L PD-L1 f13£1E )5,
¥ BLOF10 40 fa 42 70 T 6 FLAR HF 15 7% 24 ho B R 7R
B A5 A 7 B 1K < siNLC.-Lp B PD-L1/siN.C.-Lp {2
Mg EE R, I AN E 4 /N PD-1 2 H (200 ng'mL™)
5 4 ho PBS¥E3 1K, I\ RIPA 4H At 24 £ 7 Al 25
PP ECE AFRE T, 0B, iR /N CXCL12
ELISA 77l & R I A i e CXCL12 I

CXCL12 EEBFRIEHIME K CAFs LL2x10°4/4L
B AT 6 FLA 55 9% 24 ho {# A 100 nmol-L™ ff] free
siCXCL12.s8iCXCL12-Lp.PD-L1/siCXCL12-Lp # PD-
L1/si N.C.-Lp 54 L% & 4 ho PBSPhik, 4k 2Lz
6 h J 5 4 E 0 5 IR MR 9% 24 he A/ B CXCLI12
ELISA i) Gl &35 72 1 1 CXCL12 HE R IA .

REEFR-LBEE PCR 1 i} TRNzol Universal
M A 43 35 4 RNA il S 3 SR ) AT S B it
IR LLIRTS 55 — 4 cDNA. 8 ] 51 ¥ F1 GoTaq" qPCR
Master Mix 347 % & i 5 30 M, 1@ i S22 & PCR
(real-time quantitative polymerase chain reaction, RT-qRCR)
XL R RN AT Bl . 3T IR H i I ZU (glyceral-
dehyde 3-phosphate dehydrogenase, GAPDH) 5| ¥ 1E
] 5'-GGGTGTGAACCATGAGAAGT-3', & [f]: 5'-GAC
TGTGGTCATGAGTCCT-3'; CXCL12 5| ¥y : 1E I 5'-
CCTGACGGTAAACTCTTCCCT-3', )X ] 5-GCTAGG
CAGCTCCTCTTTGG-3'. & Hl GAPDH{E AW S, 1§
Fl AAC AHXY € B3 4T o

YMBEE M SEIS ¥ CAFs A BI6F10 41 i 73 51 LA
8 000 /AL T 96 FLAR H 5 7% 24 h, K 41 L 5 free
siCXCL12. free peptide.siCXCL12-Lp.PD-L1siCXCL12-
Lp A1 PD-L1siN.C.-Lp 3L % & 48 h. i F§ CCK-8 i
T2 B 7 1

RN FEERE 4 1x10°4 B16F10 40 2 F %
SR /N BRI 1A, 5 ar I8 /N SR BEATL 23 B 4 4H: PBS 4.
Ui 85 Ik 41 . siCXCL12-Lp 1 il PD-L1/siCXCL12-Lp 41,
RREH S o B 28 IR 4H G s 5 245 41, L A 4 3 ik
Y52, siRNA W JE N 1.33 mg-kg”, BRI N 2 mg-kg'.
BHIRGE LB NE LR, B KRG 1R BHIE
/N BRAR R R K42 (a) TR (B), 5V =0.5 x a x
b (mm’) T ER AR . T3 10 RS/ R, 7 & R
S S WERS, FREIEHAT IFARE &P (H&E) Je 5.

EAGREMESH N R, 2 2R e
S R R BOK A i . X5 T T AR ARaE, 1)
JIR T i 8 Ak B 40 i A i N FITC-CD3 . APC-CD25,
PerCP/Cyanine5.5-CD4 1 PE/Cyanine7-CD8a $T 1, %
H 30 min, PBS L% 2 V. 0\ 4 o [ 5 VA R I
5% & 30 min, 2.0 % L3, B RPEE, N\ PE-FoxP3
YU E 30 min. XFF DC kR [ ik B 45 A B bk
B4 it v 43 51 i N APC-CD11¢ A1 PE/Cyanine7-1-A/I-E
PUARIEE 30 min. I8 I A M AR 5 B T 20 i AR 5%
M AT (dendritic cell, DC) HE 15 I o

R EF/mBREF M AR N, 2B R,
BN — & & PBS fF B 35 43 40 M B, 290 B B3, {6
/INER CXCL12 ELISA a7 & Il i 83 ) CXCL12 B 7K
o WEA I, IR EE S O, /MR IL-10-
IFN-y. TNF-o ELISA {771 A Il 137 0 AH G 244 Jfa [N 1
HI7KF

FitFE % M GraphPad Prism 7 8K 44 i2E47 43
BT, $odis F x + s RoR . Bl 4 ANOVA 43 #7 Al Bartlett
46, P<0.05 WA REEER.

FR518
1 BRRAENHIESRE

K JH VRIS 7 B2 % 1 siRNA JIB i 44 (siCXCL12-
Lp). AT Hil#&4HT PD-L1 BKAEIMTI siRNA A (PD-L1/
siCXCL12-Lp), ## A 715", % pep (CPLGVRGK-
GGG-NYSKPTDRQYHF) 5 DSPE-PEG,,-MAL [} &
SR T 0. Jiie 5& A B, & % T DSPE-PEG,,,-pep LR &
Ji 4k 75 H1 ) DSPE-mPEG,,, (¥ 2A). A& 2B 1] BA K
S H), AN E PD-L1/siCXCLI12-Lp (1~45) &b # )5
LGB 5 Ve R (5 9) M), BIE T s i, 1
A I A I, 5 E M R (657) 14V I R A A St
to 1~5S5E MY )L FH0, #— 23 PD-L1/
siICXCL12-Lp 3% i s B G o B e FE ik BH iy 5256
F W, siRNA A LA LA 8/1 B3 5 i 1 N/P A XL B E IR
AR (B 2C), AT By 1k FEAE i b oo B8, TR
AW FE A sIRNA i 5T 44 1) N/P 22 %% € N 8/1.
PD-L1/siCXCL12-Lp 7£ 4 °CHEAE 1) 74 h il 72 | A0
o R A, EAR A LA R R AR E (B12D), KB H
BRAEMHECRE, Re it 203 K,

siCXCL12-Lp A1 PD-L1/siCXCL12-Lp &7 H 5%
(1) RSE 43 A FLIE zeta HLUAL, IR BN ) 2% BARAE 125~
155 nm A, PDI/M - 0.25. TEM B4 &= (B 2E), g
JRAR R ERTE, B4R N 50~70 nm, /T 5 25 6 B &
(KB RLAR . i 53 4R ¥ 1F F a7 R BH 1% i A4 DOTAP #i2
fi, PD-L1/siCXCLI12-Lp [ zeta HL £ (20.1 mV) /N T



-+ 182 - 2% %R Acta Pharmaceutica Sinica 2022, 57(1): 178 —187
D 3004 —e Particlesize [30
J -&- Zeta potential |
SH-CPLGVRGK-GGG- g 0 % E
DSPE-PEG2000 NYSKPTDRQYHF-COOH CIPTTY ey X e i Lo =
< s =
= 15 3
o] =3
DSPEPEGmMAL Peptide € 10 :-
x -~
[
2411 501 S N
0 T T T 0
NYSKPTDRQYHF-COOH 0 20 40 60 80
DSPE-PEG000——N Duration of storage time / h
E
DSPE PEG)000-pep
C
Free
N/P SRNA 41 6/1 8/1 10/1 20/1
Figure 2 Preparation and characterization of liposomes. A: Principle of the synthesis of DSPE-PEG,,-pep; B: Photos of PD-L1/

siCXCL12-Lp treated RBCs in different concentrations after centrifugation; C: Gel retardation assay of PD-L1/siCXCL12-Lp at different
N/P ratio; D: Particle size and zeta potential of PD-L1/siCXCL12-Lp during the storage for 74 h at 4 °C; E: Photos of siCXCL12-Lp and

PD-L1/siCXCL12-Lp by TEM

siCXCL12-Lp (24.2 mV), & B L 71 1% 2 K 1) 3R A& 1
S0 B e A D B — E DR VE FH o o4 PR I 5 A ) 71
FAZ/NT 200 nm H R A 55KV PEG G817, 7T LA 2%
U300 R B 2 VRN B IR N R 2R I R, T SE K
NAEEZ R TR
2 AAIRES AR kiR

N T WIS CAFs [ siRNA i#i%, UL FAM-siRNA
NABFRPEAL T siRNA 40 A6 15 L . 7 25 siRNA
JUF LN . siRNA-Lp Al PD-L1/siRNA-Lp %
Pl 3 R K SIRNA PIAL (B 3A), B PH &S T | R
IABE S L 3 sIRNA PN LE] CAFs . 1B &5 i ik
CLSM WL %% 2| (I 3B), 5 X FEZHAH EL, 7E siRNA-Lp Al
PD-L1/siRNA-Lp 4t ] CAFs 1 W %2 51 5 £ [¥] FAM-
siRNA (4¢ f8), & Bl siRNA-Lp 4 tb PD-L1/siRNA-Lp
4 HA TSR 1) siIRNA 5 HL, HEDIX P §E 72 1471 PD-L1
JOR 4 32 3 0t 240 R B8 B 7 AR T — AN R B L T X
S TR R E A R AR B Bt PD-L 1K) MMP-2 1]
I B RS 3 5

STRINA 4 5 BN i Ji5 0 250 I 35 Tl 7 06 3% 4 g
LN PCERE I, # CAFs 5 PD-L1/siRNA-Lp St
% F, H7E CLSM B4 1 FH Lysotracker red X % g {4 it

1T Yeth, T LA 22 3 FAM-siRNA (44 £2) £ 0.5 h i 5
WG () BRI AL, MAE 4 h B A 3w
A7 (B3C), KW siRNA U2 I il A ik i, DK
FEH G SR LRI BRE
3 {&4MREET PD-1/PD-L1 1B E{EF

MMPs 7£ TME & 3Rk, S iz A S hE 1) A=
Wy ks W FUVR Y BE AR, 4l B ELISA R 77 & I &
B16F10 4l i MMP-2 (1) 44 4 43 WA 4% 5L, 12 h 35 37 W
MMP-2i£ %) 91.5 ng-mL" (Kl 4A). HPLC % HTiESE T
pep 1 MMP-2 BUs 1% 24 f# 58 77 . pep 7E 11.3 min H} U,
JIN 15 ng-mL™ () MMP-2 25 /i 5 , Bl 5 )R] ZE 4, JiR
GG AS WU /N, 72 12.3 min &b B BHT 6 7= 40 06 B AS
B4R, 15 B pep £E MMP-2 (¥ I T HH BT [ 40 6t 2 b
4 (Kl 4B). 1£5 MMP-2 K% 491 ng-mL" ) BI6F10
40 A5 IR A 10 min 5, 7E 12.3 min A& [F)AE H 3T
(7= Ve, UE B T pep RE B A AT BN MMP-2 B8 T8 H
HPD-L1 ik,

BT PD-L1 75 44 &1 i 8 440 i 55 7% i 72 I R s,
% F IFN-y & 4h F3 7 B16F10 40 i _E ) PD-L1, JFi8
A A AR AT TIESE (B14C). 35 SCERUHRIE, Bt
PD-L1 ik L 25 1 77 5 PD-L1 45 &, M 58 4+ 4 BHL
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Figure 3 Cell uptake and intracellular distribution of liposomes with siRNA at a final concentration of 100 nmol-L" for 4 h. A: Mean fluo-
rescence intensity of FAM-siRNA for different formulations. n =3, x+s. ""P < 0.001; B: CLSM images of FAM-siRNA for different formu-
lations; C: CLSM images for the lysosomal escape of PD-L1/siRNA-Lp. FAM: 5-Carboxyfluorescein
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Figure 4 Blockade of PD-1/PD-L1 interaction in vitro. A: MMP-2 protein expression of BI6F10 cells determined by ELISA; B: MMP-2
responsive cleavage of peptide in vitro determined by HPLC with MMP-2 buffer (15 ng-mL™") or BI6F10 cell culture medium (91.5 ng-mL™);
C: Flow cytometry analysis of the upregulation of PD-L1 on BI16F10 cells treated with 30 ng-mL™" interferon-y (IFN-y) for 24 h; D: The
concentration of PD-1 in BI6F10 cells; E: The PD1/PD-L1 interaction blockade in B16F10 cells. n=3,x+s. P <0.05, “P<0.01, P <0.001
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Figure 5 In vitro gene-silencing effect and cytotoxicity of different formulations. A: The level of CXCL12 mRNA determined by quantita-
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Figure 7 Flow cytometry analysis results of the changes of immune cells in tumor, spleen or lymph nodes. n = 3, x £ 5. "P < 0.05, "P <
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Figure 8 ELISA analysis results of the changes of cytokines.
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