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Abstract: Immune checkpoint inhibitors (ICIs) restore and enhance anti—tumor immune responses by relieving the

I #5 B #3:2026-02-14 FHBHA:2026-06-17
HETB ) A& a5 0 HREREIFSE 4 (2023B1515130009 )



614 HlR AR 2 (R A2 ) 5547 %

suppressive regulatory mechanisms of the immune system, representing a landmark breakthrough in oncology that has
fundamentally transformed the therapeutic paradigms for multiple malignancies and significantly prolonged survival in a
subset of patients. However, clinical practice has revealed that the majority of patients develop primary resistance (initial
non-response to therapy) or acquired resistance (resistance emerging after initial disease control) to ICIs treatment,
substantially limiting their broad clinical application. The emergence of ICls—resistant phenotypes may arise from diverse
biological mechanisms, with complex and multifaceted resistance mechanisms encompassing alterations in tumor cell—
intrinsic characteristics, tumor microenvironment (TME) remodeling, and host immune system status. In—depth
investigation into ICls resistance mechanisms and comprehensive understanding of these processes are essential for
developing targeted resistance—overcoming strategies and improving the efficacy of cancer immunotherapy, which hold
significant clinical implications and broad application prospects. This review provides a focused overview of ICls resistance
mechanisms with a summary of research advances in resistance—overcoming strategies. Resistance mechanisms include
tumor cell-intrinsic factors, tumor microenvironmental factors, immune evasion-related mechanisms, and drug-related
factors while resistance—overcoming strategies encompass combination therapies, novel target drug development, and
tumor microenvironment modulation. With the understanding we aim to establish a theoretical foundation for enhancing
ICls therapeutic efficacy.
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CD8O: Cluster of differentiation 80; CD86: Cluster of differentiation 86; PD—1: Programmed cell death protein 1; PD-L1: Programmed cell death—

ligand 1; PD-L12: Programmed cell death-ligand 2; TIM-3: T—cell immunoglobulin and mucin—domain containing—3; TIGIT: T—cell immunoreceptor

with Ig and ITIM domains; LAG-3: Lymphocyte activation gene—3; VISTA: V-domain immunoglobulin suppressor of T-cell activation; CTLA-4:

Cytotoxic T-lymphocyte—associated protein 4; TAMs: Tumor—associated marophages. This figure was drawn by BioGDP.
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Fig.1 Mechanisms of immune checkpoint action
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CD8O: Cluster of differentiation 80; CD86: Cluster of differentiation 86; PD—1: Programmed cell death protein 1; PD-L1: Programmed cell death—

ligand 1; PD-L2: Programmed cell death-ligand 2; TIM-3: T—cell immunoglobulin and mucin—domain containing—3; TIGIT: T—cell immunoreceptor

with Ig and ITIM domains; LAG-3: Lymphocyte activation gene—3; VISTA: V-domain immunoglobulin suppressor of T-cell activation; CTLA-4:

Cytotoxic T-lymphocyte—associated protein 4; TAMs: Tumor—associated marophages. This figure was drawn by BioGD.
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Fig.2 Mechanisms of action of immune checkpoint inhibitors
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protein kinase pathway; Wnt/f —catenin pathway: Wingless/integrated— 3

—catenin pathway; PI3K/AKT pathway: Phosphoinositide 3-kinase / protein kinase B pathway; PD-1: Programmed cell death protein 1; PD-LI:

Programmed cell death-ligand 1; PD-12: Programmed cell death-ligand 2; TIM-3: T-cell immunoglobulin and mucin—domain containing-3; TIGIT: T—

cell immunoreceptor with Ig and ITIM domains; LAG-3: Lymphocyte activation gene—3; VISTA: V-domain immunoglobulin suppressor of T—cell

activation; TAMs: Tumor—associated marophages; NAbs: Neutralizing anti—drug antibodies; ICIs: Immune checkpoint inhibitors; MDSCs: Myeloid—

derived suppressor cells. This figure was drawn by BioGD.
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Fig.3 Mechanisms of resistance to immune checkpoint inhibitors
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P FEALT 95 L A [Rl I A PD-1 114 2 K TC
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I35 JAK2: 3% Fr Be i 9 1 ml ik — 20 52 T PD-L1 #Y

FEEE S BRI LAAN g A M AT R ) 22 AR IL AR A
“YL " PD-L1 3k : PTEN %% \PI3K/AKT 5 EG-
FR ¥ 2742 \MYC 438 L CDK5 &34, L K PD-LI
FEIAS B 1) 98 AR 2k, S RELE PD-L1 ZKP- i i5 #i
FEG S M m . A PD-L1 52 R ik 2
& HAEHI 555t PD-L1 B 257 88475 B8 23k L (HX
L PR i eIk O LA Bl b e 06 5 T 448 i
i, A B P8 A A A o R D i A T 24 1 A 4
F
2.1.4  $hat4R PD-L1 SMBAK PD-L1AE R G i i
A A R 5 Vi 25 AL ISR I 2 — R
i 96 4 Ok DR Y S IR A v 2 3K, BEAS I CD8'T 41
JHO 3855 o AN PD-1L1 H iy 40 it 3 1 (1) PD-
L1 A 2R IE, JF H AT BE7E MR bk 4% 4% vh &
AR

WE5E A I, JiIed 200 s 1) &/ A T e i 4 y
PD-L1 A G 6 e sl 4 0 it 245, A CopL i 42
15 277 1 - (DAL RSE U7 25 PD-L1 0] 58 R4S
B ICTs LA, AT 24 40 X6 Jiev e 40 0 2 1T PD—LL1 1Y
BELIWT 3% ; @AM A PD-L1 W] B4 52800 T 41l g %
T ) PD-1 456 , FFufl b e il 5 , & &
g T M 24 10 e A 3K 2 IS AT 23 5 e
ORI BELWTEOR , SECPD-L1 4 S 1 S e 4 il 4k
FE
2.1.5 P ARIRET B TOCER R R e i A
ST Rk AR U N L )i DR e D
FEAM A LA N A MM BT S 2, Horh 2R i 2 5
T ICIs S A PET 25 00 & A

VAT T 41 B2 (tregulatory cells, Tregs) 7E A 4k
FEOLR S i 52 1) OB A e Tl P A i, ) R IR
IR I . Ty i 4 M T1-35 \1L-10
I TGF-B 45 G2 0 i VAR L PR, B 800 T
20 it (effector T cells, Teffs) f7% AL 5 245500 5 75
— 77 TH 3 o 0 3 v 4 ) 3 5 R e AR
PR b A T S IR AO0E )2 A e S 92 A i
Ty RE , 3 0 7 b9 Jmy F vy e A e 3 R B L A 3
iR Sy ki K da /N RS AR S R WY, i i
T BRI T 1Y Tregs AE A% 18 9 BT IR S 82 SO
TEICIs JGI7 H , Tregs [ 4775 1T BEHI 55 G R 1R T7 2L
AL FEUF RN

8 U5 PE B0 ) 40 B (myeloid—derived suppressor
cells, MDSCs ) 5 5 s tH 20 M 55 oK A BE 5 48
JHL, 2 PR SR B b A O B S e A A A .
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i ZHALH A AU ] « = 2 20RE R B~ 1
51if 5 A — % L A & W (inducible nitric—oxide
synthase, iNOS) , FEU TP Y L-AE 2 R M e
T2, 32 i BEL T T 200 0 e e 3 A 5 DR e R O R R
(reactive oxygen species, ROS)5—% L& , B0
IR T 40 L 32 ARAE 5 A% S 5 () Rl 4l R 90 35 44 T 48 i
ST I, IF5 T IR A G L Wk A i 1) B g 1 ek 3R
TR AL o i PR 7%, Ji g8 P9 MDSCs 12 1
JIE R, SR A A R OB 22 | SR HoRT g
SR IR VTR 25 () G A T2 — 17

B g8 A ¢ B KR 40 M (tumor—associated
macrophages, TAMs) J& I8 G % (AR B b BA &
JEE AT SRR ) S S S e R A . ML 2R R A i
o 73 WA R A0 ML IR T, S 2l 1 1 SR T e R S I
A 5 T M2 BY R AR TR R A B SR F
—J7 T ELH ] CD8*T 41 Jifd 1) 1% 4k 5 4 il 75 74 )
fig, 53— 7 A SEIFAR I Tregs RV , 2 1744 L fou g8
TR PR, A T bR S e R IR TP A
th, M2 B AR AN AR S8 PR 1 0 40 4 fh
56 3 i T 4 T A L i BE R T PD-1/PD-L1 47t
A, ARG 24 ) 30005 b 40 JH 00 38, DA T AR i B 928
A AR R T 25

i g8 AH & B £F 4E 41 g (cancer—associated
fibroblasts, CAFs )24 T S KA w7 il 57 B A A
it 245 ) SCBERE A . L nT e ik 508 TL-6 .\ TGF -
ST VA VRN PR, 5 ) R 5 400 i B e e 4
IS B S A ] S AN R0 D RE 5 (] I T8
SURCERCZE i /ab A B P Gk i /BN
YT PEZ5H S CO8 YT 20 1i) Job e 2 it IRl , - B
T TR SRR SR T HRIT R RIS A
I 300 F) S A R 25

Jenkins %I FHHC X A9 [/ 35 P /) B2t fieb 98
B S B 95 FH G B ET 4 AN i %5 = 114 b g Xk
CTLA-4 1 PD-L1 B BHWHIA T7 0 24 5 % S 20 U
N A AR FNZH U B2 3 B 7 8 A G 2T 4k 4
Ji=E & A MR R BN CDS'T 4TI HE & A9 S e 4 &
B9 AH OC 2T 4k A0 i K T Y 52 1A Endo180
(Mre2, 32 SE7E UL ET 2 40 R A 56 AH OC BUET 48 200
[ FIR) R FE A RRER L AT o= F- W LN 2 B
P P 98 AF O BT A 40, O 72 A A 4 ol g 2B
ERLAH S I v, A S AR R 8 AH O i 21 2 40
(T E Endo180 Bk B4 ) 22451 3 i N CD8+T 41 i
f 3211 5 Endo 180 R /I BB R Hr CDS'T 4l g 42

JE ST, X G A 2 s B R AT R R I
PR b, B a2 95 B 19 Endo 180 mRNA [ %3k 54t
PD-1 3497 Jo R A0 56, ™ 1 7 L A g A H: Al i
AH G BT 24 240 B = B R 0 1) R i A O
ZF- 2 20 0 T T 0

JUEFFE IS T _EaR kR | (L A G B 2T 4 41
JL AR RIFGEAT RT3 R A - QO AH DG J T 4 41 i A
B S TR R, A 5 S R] A0 S AR B AT A g A mT
oot e A K S Hp S 43 S AR LA e 00 ) RE
Q)[) F R /N BB 78 T 1 A DL I i Jgg 1) 38t 4%
I8 5 0 5 DR ARG 37 14 J 2T 248 240 -5 9 4
WAL REAE , JCIk 57 4 I P i A G 2T 24 440 i 1)
FAI
216 AR S&K WF5HEIR, DNAJFHI I 4%
2 AT U TR N PD-1 B 3h 5 =i, Il 22
G % K A oS B R Y Y Ak #5 4 PD13
(1s11568821)G/G 4lif5 1 F 35 11 B0 5 4= G2 ik A R
LE T A/G B M, PD-L1 v 14 1s4143815 G/G 1§,
152282055 T/T 2l AR 34, W5 Nivolumab {647 119
A/ IN A il 9 55 A O S N SR B AT T e A A7
EPSRTE S
22 IREMEMZGYLE
221 ABERELENMEART R LE
ICIs JRY7 b FE ] A AR SR el Ay, S 8 5 5l
B S DT P AR R AR T 2

WESE R B, 5 H B AR 32 1CTs WR T 5 3
IFN—y {5 53 4 AH G 356 R 28 48 | 4N IFN-+y 37 {4 5
Janus ¥ 1 1 (Janus kinase 1, JAK1) .JAK2, {5 5%
SOF R IEIITHF 1 . STATs K A 2845 ol
BRI A TR 20 X TN =y () SEORR A R AIG , AT 26
WET A0 A Ty, S ECICIs T 251 7 4 4% 32 1h
TR ER B BTIRYT 5 & A ARAT PR 24 1 B R 8 iR
b, 206 B A R T 24 IR AE AE JAK L 5 JAK2 (19 4K
FEGEAL  FEAR R 2 A M i 2k, L 28 i v o A6
P X BEGEAE . IREWF AT Wow , JAK1/2 ThRE Bk 2
FEIFN-v 155 5 89 4= K A5 \MHC-1 %15 . PD-L1
FIR AP R AZ I

FUst L R — AR AR
&4 (an 2. BEAk  H 34k ) S DNA F 3 fb——nT 3l
i Y € 5 45+ T SR TR O SR T2 s A DG L R (n
MHC-I/ 1T | B2- Bk 8 11 . B Jit ik 5% iz 1K TAP1/2
S5 ), T BUMR P B 5 R, 2 ik AL A8 1
AL T G A0 A 1 P R B 08 B, (R VR T P T
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2 0 5 2R SF A T 4 L R ok R S e 4 L 3
T, I A S 0 ) 1 4t L PR (4 TL-10 .\ TGF-B)
AU 1 AL S [R] 5 SR e D A B
o PE PR IR | e AR LARAT M G IR Y il 24
222 LR MR AN LA AT REE I s g
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£ 1CTs YA Y7 Bsf ) ZE 4, i 92 40 A 2 1 J AR ] % T 4
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JY T Jige 4 i v 5 o A A G e 0 ML
A ARAGPEI 245, FAZ ML FR BN B A e A6 Ay
AP BRI BE . BRI, 24 PD-1/PD-L1
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W B PERGAT 10T AR AR W )7 &R
A 3Rk Y 2 F G e M 15 5 I 27
X EE AL PG A 5 5 PD-1/PD-L1 i % 3[Rl 4E 1
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I REIN 1 , Fe 24 T SO0 T 20 it AE vy I f i 1k itk
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224 Rtz RS ELE 9 Mo iR bE
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228 HmAmxBEE  HLPD-1/PD-LI Fiik/E N
MBI, A BT RER R R RO K



622 HlR AR 2 (R A2 ) 5 47%
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3.1 B as AT BRI S T MR
YR A A PR T O R AR AR M RE AR AN A i AT S
22 LT Ay B G SR R0 ) 97 R B S g o
Bl o — 5, AT A S 00 bR A L S R R AT T
ALK s g AR SCHT i S P A O o 8 A
ARG PT R S e AR M T I ORI
PRGN D — T AT RE I S s
il e TR S AR T R T T A0 A O A o
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Z K (epidermal growth factor receptor, EGFR) 28 A&
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sine kinase inhibitors, TKI) 5 PD-1/PD-L1 I %1 5|
AR YT, EGFR=TKI 7] 1 i Jifr 958 4t i A= < ] i
R AEK e 200 B 2 T PD— L1 & 3K, 398 5 g 440 it o) 47
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HEAEART

5T 22 B, TIGIT Al PD-1 JL [w] #1 if] CD226 3t
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