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Abstract: Immunotherapy has emerged as one of the major modalities for clinical cancer therapy, along with
surgery, chemotherapy, radiotherapy and targeted therapy. However, tumor-targeted delivery of immune therapeutics
is challenged by a series of barriers including non-specific release, poor tumor penetration capacity, and insufficient
cellular uptake of the therapeutic regimens, which seriously restricted the efficiency and efficacy of immunotherapy.
To address above challenges, nanosized drug delivery systems (NDDS) have been extensively exploited to achieve
tumor-targeted delivery of immunotherapy drugs. It has been well investigated that solid tumors are of unique
characteristics including acidic, hypoxic and enzymatic extracellular microenvironment. Meanwhile, the tumor
cells are of acidic, reductant and reactive oxygen species intracellular microenvironment. In recent years, a large va-
riety of tumor microenvironment-activatable NDDS have been exploited to respond specifically to the stimulus of
extracellular or intracellular tumor microenvironment for enhancing the accumulation, retention and penetration in
the tumor tissue. These NDDS were also employed to promote intracellular uptake and tunable drug release in-
side the tumor cells. In this review article, we summarized the recent progress of our laboratory using the tumor mi-
croenvironment-activatable NDDS for immune efficient therapeutics delivery, and improved cancer immunotherapy.
We also briefly discussed the challenges and provided perspective of NDDS-based cancer immunotherapy.
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iR 1R AR R 5 LA S S B O T DIAH 5K
— 7 1T, bR 4 B G g% SR A, T DA Ak R
e (macrophage) 1B 1K 40 ffd (dendritic cells, DCs)
SEPURIRE 2N (antigen-presenting cell, APC) F f 1%
AW, T TR R o Ak I R AR AR 2R RS 5 — T T, i
AN @ _ERFE P BT & -1 FLAA (programmed
death protein-1 ligand, PD-L 1) £ fifig 7 14 T ¥k B2 41 i
FHIEPUER -4 (cytotoxic T lymphocyte associated antigen-
4, CTLA-4)P1 RG] Wk -2, 3 W4 B 1 (indoleamine 2,3-
dioxygenase 1, IDO-1)B145 G % #1 il (K 1 Z ik, #041) T
I E 00 i v 1, 6 e R G R 0 T, T A e
PRI . XS R MR SR T O BEBRAR, BTN R
FH 7R S P VTS B 98 5 AV ) SRS, SI B v 0 e
JE RPN YT, FEFBAFE: © R AT 0T AT
S5 710155 3 I e 4 i A R SRR R T, KN v g N S
PR s @ 3E i G 308 Jib R A SC BT T R R o T, I
TR RLE; @ FIH CTLA-4 B Hu Ak s i) 71 an 5 3
40 7 47 (ipilimumab)t ), 240 i AR K R B A 3R -2
(interleukin-2, IL-2)BV45 J5 2 FEGE T 40 e, @ F H
A PR Z R TAIH (chimeric antigen receptors T cells,
CAR-T) 1R S5 4 {5 53] i 8 4011 Jta A0 3% 495 Fof 983 4 i ©
M FI B[R] PD-1/PD-L 1 # () 5 5 B B0 A0, Qi e oA
¥k ¥ 3T (pembrolizumab) 44 i ¥ $§ (nivolumab) FH Wt
PD-1/PD-L 13t #%, BRI/ 73 5 il 51 40 i IDO-1 £
TEVE, PR ET 4 R i e 4 AR 0 R A 1 B R S
PR IT AT DB e S8R iR, I HL AT BABOE AL
PG5 R GE, NI IE I3 Rl R 23 07 TR A b 9 A 30 B
FR) J% 326 i % % 1) e g 4, i 3 S K e A AR A,
R e T8 W PR VA 7 T Sk B i 1k SRR, G o bR ek A
FUTVE CIRTF 2018 4F i DUR [ 2 Bl AR B 2 220-121 - 4%
1M, H T b8 G B T 58 52 31 22 i R 3R O B2 i), B8R — 1Y)
Go B8 PR T T B A BE 08 B AR (1) 3R IT R R, i
T8 1) B P VR T e 20 3% 22 P G B YR T AR, 19 e 8 4
JH0 B 2 JER APk Y [ s A ok G e e ), AT 22 s P R
IR

LGN K 2 R G AE 2 ik ik Ty T B A B R AR
e, I H 3 58 72 1% LR B (enhanced permeability and
retention, EPR) 2 ., S HAE IR 4 2R A 3 &
ARna-16 35 5k K 2 £ ¥ (polyethylene glycol, PEG)
Ak, T G B LA (1 DX AR A B2 2R 07 B L7180 3 T 2 1
Tei) Job 98 2EL ZURe A 1) AR P s 5 ) ) B ) R A, 2 e Ik
Rk 10200 i) FH R 1 L 2 T AR AT SRR IR T 245,
AEORF R 245 D AE AL DA N B B2 TS R oK 38
ZRGAH LIRS, BAFAE BRI BB, EenZs4)
PR A A5 S 1 R TS it R 50 A5 95 3 M 2 0 i 83 4 i 5% HR

BRAREER2, 8 GO 5 R0 IE A UM B, AN MR
AN A7 AE 22 7, T LR B P A S A AR
T o IR TR BT OR B 5 i 9 A B G PR 1G5 R A AR
2204 [E] I g R e T SR AL T R . BRIBUS IR
F T T 558 SR e 7 PR FH SR o Sun SRR TE T —Ff
Jie 23 44 A PR TR R S e 7 2R 9 oK 35 2] 2 4 P T4 I 4
BT % 2 EE & (doxorubicin, DOX), DOX # Jf % 78
FH HL 4 it S0 A% B8 1% TR (deoxyribonucleic acid, DNA) 41
B 26 R 90 oK R B b, (RIS 358 25 1 IR il B2 565 0 6
L1 it 480 K% B A% BR T8 T (deoxyribonuclease I, DNase I).
TR BT, £33 DNase 1195 A P40 578 B Wi B B 7%,
DNA 24 K 2 ] 57 B 4 B A, PR dURE i DOX, 38 5 % i
JEA L RGO . T4, IhJs 4 i ik 2R 0A 1 4 Ak
JiU 4 [ B (matrix metalloproteinases, MMPs) 1 /& 5l 4
M) 7 24 SR g 1) B AR U 55 Xu 55208 -] MMPs ]
B it 1) B R DOX 3 e E A FLIE G Kok, B TH3R 9T
MMP-9 it R IE (I 45 B (HT-29). 7E MMP-9 il 3,
A FLEE ) DOX PR RE I, % HT-29 4H i ™ A& 1 L IE
iR O N R e SO s 4 b e E 2 AR T o 2
ZUM L, BTS00 AL S RN I FEAS T, TR = AR
BRO, bR A 2 I 3 IR 2 P 2 P R T AR 28 B
%, S B B M6 T SR R e AN RS, KR
T M = AR B, Perche XK T —FHE L
B B &K R 406 W% (polyethyleneimine, PET) Al —
IR i IS 9k 2.2 % (DOPE) 4Lk g Ki® 2 248, H
T3 3% /N T $U A% ¥ #% 1R (small interfering ribonucleic
acid, siRNA). £ 8 Z SRR B I RIBCR , 40Kk
Jit#5 PEG 415, AT 58 41 B 5T siRNA (1) $8 3L, 76 4
PR RH A A1 351 2 B0, = S SR 5 I P i R T B e

AR, AR URRR 456 9K EOR MR R KA 2
SRR, BT IR I AR e 2k I P R
R FE A5 e B K (glutathione, GSH) 43 34 155 455 5
Mg T — R 5 MR IR 5RO B 2 ThRe g oK% 2 &
gt ik 2 P B TR . T B 2 AE R 4
SURR 1 B, o5 20 AN O H R S R AT R, TR
JiJRE e F R A B, AT S IR A B R YR T, R AR
e I TR R T AR R G G 2 TR Y 7 B R T B A
RSB0, AR SR R 4R A S S 2 4 K 24 R G
T PR AT, DA RS PR A O B P O DA
P AN TR 3 1 7 THI A 28 A R 4 ) R s B ok
146 2] 22 298 50 IR S 5 V8 9T R I Tk (B ).
1 FERRIMNEIMEBUE R AKIBE A RS

PD-L1 7t A # [5) 3] Jih 8 2 fitd % [0 PD-L1 % % K A5
&L, BHIT PD-1/PD-L1 %o 28 A5 25 s 30 26, fiff B Jieh 980 %o 44
A E M T 4000 (cytotoxic T lymphocyte, CTLs) [ 4%
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Figure 1 Mechanisms of tumor microenvironment-activatable nanosized drug delivery system
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L1454 8 IEH AL 40 . @i EPR &M K& & L 3
Ji 98 20 ZAER AL IS, 129K 24 3 G T AE R A 0
15 B MMP-2 I3 A 8 B i aPD-L1. BLAT1 =
I 14 2L e 1 A 988 /N SRR B RS Y, i A R SR R
B, 4525 24 h J5 MMP-2 0SB 9K 8 25 RGN 5 1)
aPD-L1 7 il Je1 4L 23 1Y) & B2 Ui B8 aPD-L1 1) 10.7 fi
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Figure 2 Matrix metalloproteinases 2 (MMP-2) activatable nanosized drug delivery system for improved immune check block (ICB) therapy

PD-L1 e MMP-2

by combating the immunologic tolerance of tumors?*!. A: Fabrication of MMP-2-liable nanoparticles; B: Schematic illustration of MMP-2

activatable nanoparticles-mediated combination ICB and photodynamic therapy (PDT)
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IT AL T 29 68% R AE K, HF7E 50 KIS/ R 4 4K
T bBiRszaG et R, MMP-2 JG RI g K 25 R 4
S 1563 713697 (photodynamic therapy, PDT) Bt &
PD-1/PD-L1 % 46 5 miVG J7 1) HEg, A 235 1 4T1
Jie 88 P e HU o) G 5, 3 A s R A R VR T R
2 FEREIMYBRIMEBUE BRI KIE A RS

75 [E] A W 4K 24 X Otto Warburg & 3L, il J8 2 i 11
AN IE7 N0 o ol Rt R 1 S 231 R b 21 i OB GE B S =W 2
P fifd R DL R 5 1) [] B 7 A R ) LR, 45 i A
5i 1) pH 1H (6.0~7.2) ik T 1E % 4 21 (pH = 7.4)B0Y7,
KEMF TR, 17 1E AT 98 K3 25 R G v] A &K
A2 33k JHEAE i 5 5 A7 (1) 95 375 RN i TR 4 A AR HBs40, AR
M, 7 1F FELAaf (1) 40 oK 32 24 2R G0 7 IR A 34 v 5 52 2] af
TR R PR AT AR 9 R R IE B . BARAEGNK
R S PEG 7] A 20 e ix — 178, {H PEG & 1fi &
BELAS IF H £y 1) 28 8, BRAES 1 0 KR I i Jed 45 32 1k A ik
Je8 2 P

N TR B ) R R PR IR T O SR AR AR, 1
R T R B A IR M S OE BT 2 9K 2R, St
3% BLYL R (oxaliplating OXA) Al 25 F1 PEG 4L 5T
(photosensitizer, PS), 5 fifé [ /8 1o 4 55 A= 21 57 e, o i
Ji 98 G e AR (B 3)e AR ZEEWLRLAE 2 N 83.4 nm,

P GPLC\AC‘: of 2o
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MMP-2
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T (1) OX A B 25 75 MU /MR 2644 T A= Ik Jie Bt W 32, 1R
BT 9%, 0 FELAT I -10.1 £ 0.7 mV ) 47.0+ 0.8 mV.
[ B, MMP-2 1 5 [¥] PEG A4 8077 £ MMP-2 (1 4F H
N RAEPEG i, B R KR, (F9KREE R
A IR 2 13.5 £ 1.2 mV, HE— D1 T Ar 2590 K %
TELTE TR 0 A7 1) 5 AR 3 AR iy 24 P B

TR o A A2 ARG B ) o SIS 2R B, IR Ak
TR 558 00 B B0 B AT 24 40 K 2R VLA 1Y O XA TE i 8
T 1) B B 43 ) e . — T B A 25 4 K BV AR R
RIRT 259K FEMM 1.3 5 1.9 6% . 572 OXA ML,
TR Y T 24 A0 oK BV OXA A I 375 o3k 2F 22 3
FAEDD R BE o il B s 1 35 A 22.5 6%

HE i BE 42 a (pheophorbide a, PPa) /15 (1t 5
IR OXA 2175 S 8 40 i & A6 e 8 SR M 4 i B T
(immunogenic cell death, ICD), £5 ™ & [ (calreticulin,
CRT) #MBH, AT $it r fie 723 4 i 1) B 988 i o R0 BB
RT3 K B TE WO IE T, B35 5 5 o 41 i
CRT #ME, AHEL PBS 2 F1iE 85 OXA 473 Jil 4 =i 1 3.4
R 2.5 F5, B — RN A M 3.065. FIRsLIRgs R
KW, B MR R A BT 5 % 3R T H Aar S A MMP-2
BT PEG it 76 52 73 1E Ha far XU EE S0 7R i 25 99 K B3,
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Figure 3 Tumor acidity and MMP-2 dual-activatable prodrug vesicles inducing immunogenic cell death of tumor®*!. A: Schematic design

of the acidity and MMP-2 dual-responsive prodrug vesicles; B: Simplified mechanism of activatable prodrug vesicles-mediated combination chemoimmuno-

therapy and CD47 blockade
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{14 i 938 240 2 TC'D BBk & CDAT 70 Ak iz o 88 s 928 143 31 10
W45 5, b — 20 B BR8240 P P 1R A R R A
3 MERRNEIMNERERNRKEA RS
24 A STV 200 L 85 a1 AR A A T A 1) pHL {8 4
PR A ARG, 35 Bl A P9 (0 pH B A 4.0~5.0, 72 45 il 44 K
T3 24 F% G AE IR 4 B P R TS24 A ) R AR B R ER
e, MEF I T R BUR IR BUS 2 TR A WA
e TV R b 6 P P9 R BRSO M KOS 2 R g, FL T
1% sIRNA I 75 it J68 20 i 4 4 e VE oS BE TR B 5k,
FHETFHEEERERGEERE L H-RHER
W5 T — 7 T i 2 20T R K B 3k SR ) [PEG-b-poly(di-
isopropyl amine ethyl methacrylate), PEG-b-PDPA], it
— B IE o T E 42 &1 PPa, 13 2 PDPA-PPa 5 &
Wy R, AT MRS R 0% IR B TR AW
(OEI-C14), R KB WA R EWIRAH &5 3 E K
A, PG HGT PPa AT siRNA [ 355563% (I 4). #i% L
PEr, ) A ZE DR BR 45 R, BH W PD-1/PD-L1 e % ko A5
s RGBS T I R S iR 9T AR . PDPA 2
— b pH 8 B (1 P ik B 3L SR, o pKa K298 6.3,
TEH 24, PDPA-PPa Fll OEI-C 14 3t 20 %5 s 4y K fi
W, LR AR R AR L) N 90 nm, KR —. #HT PPady
RETER N NI R AR5 T G LR A & 7 72,
FLAE M6 2R %€ 6 v K, I T B AR PPa (1 1% 5 7 .
2 e AHEN Y AR /NI 55 TR M A 8 (pH = 5.0 ~
6.0) J5, PDPA )Rl 5 [k A2 5 14k, R fi# B9, PPa
15 A5 5K, LR AR A3 iR T . Si

g5 R, 2 SRR DU AR sRNA 38 32% 28 i 8 48
Ji, S B siRNA 7 iy A 16 3%, AT 2 3E siRNA K 5
FERFHAER, 6] T B16-F10 41 g 1 29 55% PD-L1
ik . IS FH KT PD-L1 5 b A i, A Bk I8 40 i 22
PD-1/PD-L1 i #%F CTLs [ S el . iZ KRR A
ZAEE CTLs X0 fi 23 4 i () % 1 1, S 38 3 o 3l 7
ST B R IR T R
4 B B SINBR TR 55 A0 Bl PO A R ER R [5)RE BU 4K
5 SR T, iR 4 L 9 A5 BE IR (glutathione,
GSH) ¥ J5 2 1E & 41 A I 10~100 1% o i 983 41 it A1 1
20 M 2 B GSH R FE 1) S5 2 22 5, Dy S B 8 4 it
WREZFEHE T 3B, BRI, (R R T — Fh i 4t
I A1 A5 T A 5 0 e 4 L P 30 i A R K O B Y A
JC P 6] /i 25 44 K 3 25 & 45 (binary-cooperative prodrug
nanoparticles, BCPN, & 5). BCPN 1] JLi# 26 OXA Al
NLG919 2 83 40 i 1, OXA 7] 75 5 Ji 83 41 A ICD, 42
e bR A 8 B[R] I NLGO19 AT 0 i Ji g7 41 e Py
IDO-1 3% 14, 5 AR i 83 S e A R B . BCPN @it
R T In i EAE VR IR S R B, R A R
JEARIRIT AR . B %, fEE BHE B PEG AL OXA
A, S8 5 H i BRI NLG919 — 3R 1k B 4 4
#AFEIYK R BCPN, Fif2 2008 125.2 nm. iZ49Ki% 2
ARG RAUTRHA: © w2546 3 2 F0m] ) %
2k, NLG919 FITOXA [ d 2R 5358 (96.1 +3.1) %Al
(85.1 £2.9) %, A /7 N (45.7 £ 1.2) %F1 (4.40 +
1.5) %; @ PEG {1t OXA il 24 7£ F& 1 22 vt (pH = 6.5~
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FRIAEE 5, BREUR WY, it PEG 4b52, R HALH
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Figure 4 Acid-activatable micelleplexes for programmed death protein-1 ligand (PD-L1) blockade-enhanced photodynamic cancer immuno-

therapy!*}l. A: Fabrication of acid-activatable micelleplexes; B: Schematic of the micelleplex mediated photodynamic cancer immunotherapy
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Figure 5 Tumor acidity and glutathione (GSH) dual-activatable prodrug vesicles for immunotherapy by modulating the immune tumor

microenvironment*’). A: Self-assembly procedure and chemical structure of dual-activatable nanoparticles; B: Schematic illustration of the

nanoparticles to elicit antitumor immunity and suppress regulatory T cells for improved immunotherapy
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EN? e
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