%%i/@s ROGRESS IN PHARMACEUTICAL SCIENCES 2026, 50(8): 691-700

| 691

SRR I E 2R A2 IR BN B e = T 52 R AL 1 AL
F oK R A SR 3t R

Xyt R
(L PR PR AR R 15 B P A T R P 48 B D R QR Tt 100 BT 5300215 2. TR IR IRER B D112 A

B B b Lo/ BE ST, DU )11 AR 610000)

[ 1% 1 Mo an o ot 2o g B g, e R 11 BB PERISE M I, RS E BRI AHOAEE (tumor microenvironment, TME) /£
B, RFEARIERTT 2 M EZHLR . AR TSR A i AT, ZRIR RGBTSR AT o S 35 A 3R 3l TME [ %

PEIM I FRALCL A MUEE . TERCIERL I, o BB TME P IR 524 S AR i AR

LORLATR AR | R B A ML 55 000k, )

AMP TF AR EE BT 5L 30 A S AR 1 S T AR S R S SUIRTEL . [, AR SR m SOk (RIS iy T i
I RFEACDSEE S, A SRR A T2 | e BRI 255 IR S e s 245 1y e MR SCIBG Sy e AT T ST IR S e N 2%

FFRA 5 G AR 7B AR LS AR S5 T
[ RBRIR | iR, MREROREE; iR T2
[ hES S 1R979.1; R730.3 [ XEFRRET 1A

[ XEHS 11001-5094 (2026) 08-0691-10
DOI: 10.20053/j.issn1001-5094.202605260479

Advances in Mechanisms and Therapeutic Strategies of Tumor Immune
Tolerance Driven by Mitochondrial Metabolic Reprogramming

LIU Chang', XU Chuan’

(1. Collaborative Innovation Centre of Regenerative Medicine and Medical BioResource Development and Application Co-constructed

by the Province and Ministry, Guangxi Medical University, Nanning 530021, China; 2. Department of Oncology / Cancer Institute ,
Sichuan Provincial People's Hospital, University of Electronic Science and Technology of China, Chengdu 610000, China)

[Abstract] Tumor cells systematically reshape the ecological niche of tumor microenvironment (TME) through mitochondrial

metabolic reprogramming while sustaining their own malignant proliferation, serving as a crucial mechanism driving resistance to

immunotherapy. Different from the conventional research perspective focusing merely on energy metabolism, this review systematically

analyzes how mitochondria act as an immunoregulatory hub to drive the evolution of the TME toward an immunosuppressive

phenotype. On this basis, it mainly illustrates the intercellular signaling cascades induced by nutrient competition, abnormal metabolite

accumulation and mitochondrial homeostasis imbalance in the TME, and elucidates the cross-regulatory mechanisms of key signaling

pathways including AMP-activated protein kinase and mammalian target of rapamycin. Furthermore, this review systematically

summarizes the clinical translational progress of targeted mitochondrial metabolism combined with immunotherapy, clarifying the

holistic regulatory relationship among mitochondrial metabolic remodeling, immune microenvironment disorder and tumor immune

resistance, aiming to provide theoretical support and innovative insights for reshaping anti-tumor immune responses via metabolic

intervention and developing novel combined metabolic and immunotherapeutic strategies.
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FNEe SbiiRsh 12 20 S miROS R, Al
AR 315 5 2% . Zekifk [ s nT 3 o i BR A7
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400, [RIEF 129 PD-L1 3Rk, i MHC-1 4 51
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Akt) M Yes # 5% & H (Yes-associated protein,
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(transcriptional coactivator with PDZ-binding motif,
TAZ) i 32 5 4R IR S i 1) 52 K
5. STAT3 i%fk ] I3 PD-L1. IDOI ik, fEif
Treg 4 12118 1 E W40 B M2 B AR AE™Y; PI3K/Akt
WO Al B 4Ok ik R Ak B B2 1L (oxidative
phosphorylation, OXPHOS) #f 2, {2 i TGF-B.
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OXPHOS il 7] TACS-010759 FJ A% 4L [ia) L T4 28
B AR T, BHWTIE A Re b gy, HIG RS
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A5 bR 4 T 3 PR AF 5% B B TR AR R T 3R 25
AR A 50 A e P e o 72 A Ay = FAO
DR R LI SR A B0 /3T 1 3L 4 Bl A B
file e o A, ZEfif T MMIFEDS . HECS PD-1

I PR AR 9 S 80 S 3 A BT i D R &y, L
78 R AP R AT 5t

32 HELRARSAENERIEETR

321 &EARFHHFaFR LRI DRP1 A4y
IEERRLR SN ) 250, IRE LR IRIE R A 5 TIRE,
/D> mDNA FEEPE , BT 98 58 15 5 5%
o WFFEIESE, DRPI FSFHENEIFH Mdivi-1 AJARL
30 R ok R R B Ak, BEAIGHE B mtDNA F &,
P IL-6. CCL2 Sl 1 43, el /D fo i 417
il 20 ff s, R s ET L PR 4 MHC-T 43136
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FIIE RATAF R, HAE Kirsten K 5 RJRT0 HE98
SR ()54 5 72 5 L Mo v Je B L e ) e P 23
B, AU RO R e i 24, X RMEIA T SR A
Fiogea $ LB 136 7 S

322 LEAR Arddewifry LUK A EA A A
YN SR RS RRAE , SRV R S kit . A
BUARTT e G 25 B L ZE AL . PRA R A nl st
PG PINK1/Parkin 38 4%, 2 2F G2 4 I T BR 32 0 26
ik, M CDS8* T Fl NK 4 ze shie, #HCIR
PRAJFF B 56 H G HLIAR a2 Dh e i sl /R FHY . e
A, R B R 2E RS —AZ YR (nicotinamide adenine
dinucleotide, NAD") Tif {448 /5 il A% 4 T 44 7 241 g
NAD/NADPH . ff, &7 T 418 OXPHOS /K- .
Ao T ANMOAEYE , FBEA PD-1 A5 A9 BT R T
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A ML I O 550 T e S e BEL VA RS 41 B PINKC 1/
Parkin 75 (LA I, 15 B2 0GR A R o
BURME E mtDNA B, FRELUE ¢GAS/STING i
H, FRBRERLAR B WA 00 e o kit

323 AT AT TR RIER
5 AR AR AR LA S i A BRI T, 2
% TME B 1if 52 (9 B 0F 58 Jr 1) . LAAG 7R &40
(brequinar) AR MEEPERN I, ] 813 PR
B — A FAE WA B (dihydroorotate dehydro-
genase, DHODH) Wi ELIIBE, ELHA TR 4
Mok seT-C, [EmF, DHODH i) BE#F o] 55 9 20 i
WERERZAT IR AR Y, o VR S A
SR FIEYE A RO MR 4 SR T MHC-1 43
Tk, AIEME RS SRS FERIFITIESE,
DHODH #I i) -1 il i] 45 %% 85 %8 R P05 8 TME, 4
SRE VMg ) BT ¥4k, 5 PD-1/PD-
L1 ICI /=4 B3 AP IR BRI RN, , 306 % g 4% i
PEGRE M 250, HE, 2O 1 SR m VR P AL T BT
GRS, (RS B TR Y S R A
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BB, W AR ARG RIS, A e 2efiiib
AR . HERRIG IR AT ST

33 MR XESERNBEEETAER

3.3.1 AMPK/mTOR i % ¥ & i 4% AMPK 5
mTOR F4 A B il 29 AR5 54, AMPK & fbnf
i 2 0 mTOR 15 55 B2 il i 78 40 ff A5 AR, B
I, A 251 e R AE R EEEAER T AMPK
FI mTOR, 1 &8 14 ¥ 1% AMPK 5 #il mTOR H:
H— AN SCHETT ., SEPIRE AMPK/mTOR {55l i) %
RPEFE . mTORC1/mTORC2 AT 1455 onatasertib
AR R A AT AY IO PR S, It sk
J8 ORR 55 il % (disease control rate, DCR)
ik 26.1% F173.9%. Hidr, XER TR S0 B
K25 M B %E (ORR52.4%, DCR90.5%), 7EA A
PD-L1 FEik KB H R B B R 3K 25 5 How 77
PN PFS SEK &= 7.8 N H, H G ™ & G w
PERI [EIE, 228 mTOR #0 FI4K 4 52 5] 55 PD-1/
PD-L1 BHWH G 58, FE8 2 WSS im 4k
T IR SE R A A IR e 2 it 25, LAk,
AMPK #8050 = OSUIA] 3l i 8 32 T 40A A2k
BRI RE DL HAE IR . ST RFEAR B A
BAGIBFFEUESE , — HOBUIRER & PD-1 10 il 57 ] 3
ol i 9 AE /N Al fd At J%  (non-small cell lung cancer,
NSCLC) &M TME eihitt . #52 —H XA
ST RIS ORR W FE T, $om — HOBUIAT GEXT fo
PEIRIT IR M 5 AR A it 25 HLAT T T B
25 I, S NS AMPK A1l mTOR B4 Jy 1)
AT, Al AMPK/mTOR {5 5% 6] 20 5%
0] b AR 1 R 4 A 5 TME S Sl , Sl bl e fp s
TBIT I 24T AT 3w

3.3.2 HIF-1a/NF-«B i % 321%) 7% 57 HIF-1o 5 NF-
KB TEBRAEN AR AE R AR S DI (5 5 28
o, PUAT 25 PTG B Y OB TT A, T
HIF-10/NF-xB 415 () ik - RIE(E 5 R 4% . NF-xB
/N B N EE (parthenolide) 7 3 1 #2 [] NF-
kB p50 W3 N E HIF-1a #3k o 740 8 A B 58
], parthenolide #i| pS0 {if L 5 7] P& AL HIF-1a
K-, HEITA G HIF-10 A5 AORERERE . Il 20 a3
B . ARZE RS Shi) LS IRl AR S AT A e
14U pS0O Al HIF-1o KSF Il b £ K. H
BT, %FXF HIF-10/NF-kB {554l (1) 2230 i T 7R ms
AfSCE TME SSRGS H25 7 %8, IEA TR
e A T PTART B BE)

3.3.3 ¢GAS/STING il % 9 3% /& %%  cGAS/STING
K EE cGAS LA DNA, £ STING # S

HS IR B P RIR e N % Horp STING 15 A%
R GRS S XL, & YR 2 T B
SEHE A, BRI 3 cGAS [R5 25 ) i b B
PRBE . Ulevostinag (MK-1454) J2:Iifi R & %5 Jy
B /NG T STING 3 ah57) . HE A A A Bk st
(1) VI Z Pt R IR 45 R R, %07 el L
U T A ST DRRA BN S VA I L b ) IV o U =% o ]
SEARGRME . 8 BB R M, UGk SRR AN g |
“FAME U . AR R R S XA T IR 7 8K
28 s B2 0] FH R B 2 R LR fr s 191, T SK
STING 3l 3G T o & 0K ICT PR v v, o)
— 2 i STING # zh 77 MIW815 (ADU-S100) BE&
PD-1 #l1 #17] spartalizumab %) Ib 5 I1fi R A 28 TIE 52
IR T 58 mI ol g 300 2 60 R R OB R KRB B D
T Sk S0 bR 441 i 3 £ v R S BRI s
HJRR A 2y e G Bk, LatEal " 1t
Ab, H R KFR L STING 4 sh3¥ E7766 Y T il R
Bl o, 2GR I SR AT RS 33.3% 11
PIRRRE R, TR 2 £ T SRS (R
A, RS SRR A ICT IR Y7 TR 245 BboJgg £ 146 i PRAK
a4, 28 b, STING 3% shs nl i id LIS cGAS/
STING {554l T W S5 A400 19 45 STING, ik DC
A I e S T A IS Ak, DT S G g2 1 i)
P TME, SH i I PR s2eia 7 i 25 $ AL nT 47 19 T 1
8

3.3.4 JAK2/STAT3. PI3K/Akt 5 YAP/TAZ i 3% #9
Yevw TR JAK2/STAT3 Hl PI3K/Akt i B34 716 4
M) E IR RIS S E B O R ; YAP/TAZ fE R
Hippo i i i 420 5 s 7, 15 EiRE S
W26 o A 28 SO, LRI T b £ o g A A A
PEIEN AT B, A e Q0 - G s o] i b 7
o Kb, B 2459 2 0k i OB 45 i ik
frgm, WY EAKGSEME. AR
(ruxolitinib) A[ | JAK2 {55, BHWr ¥ STAT3
Tk, BRI R, 7E ICLIRYT S B KA E D
SRR B E T, Pl RGBT
ORR } 53%, %75 & ] Bk MDSC [, #2741
JHL DR 743 0 T T i 5 EE . &FXF PISK/Akt 38
JEREJE VY (copanlisib) A 40 R JC BT 7 AL 7Y
R A AR L T R B R Ar B R v s ML
MR PERZIR S T T 4] 1E OXPHOS #ktfé . BHIF T
AHAFESE , I ERATSE AT UL ORR $2TH4S ek, 453
BRAE, YAP/TAZ 4RSS (verteporfin) I
AP0 PD-1IRYT, FEMRA /N B R AT — P2 o
AP A K, TR MR A4 CD4 T 4
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M5 NK 40 A H s BN m) YAP W] A i 4 iR
TR EE, B4 PD-1 BHWHAF iy, 5 1,
#15] JAK2/STAT3 . PI3K/Akt % YAP/TAZ i@ B% i 6
ST, PTG - e I DB PR, 3R ICT
AT IR RN, 2300 2 B e e Tt 24 T AE IR B IR
ST

3.3.5 A FemidE RGBS
PHIFI AR E MR e AN . gt A
JaBR . SRR m iR A . RE WA KRR AR
A HUHESR S AR AT 2 T 25 W sl N TP AL TR AE £k
KRR & SEACE, WA IEA SR B, Lo
G PRETAFIEUESE , 9K i R AT ARG ) 16
HRPEIRTT, TR Wb i, REAR
A BN RO R AR, SR ARG HEAC I S 2 iR T
2L R T Ih]

4 ERFELRINE R EHARRE
4.1 ZHailERE W AR

A ) A A IV 42 R G 2 AT 5 4005,
ISAFEAE = IS, 6l 2940 G 7 I R 0 I IRFE Ak .
Ho—, BRI R I . 2ok A A 1
LU S D) Re e e e A b Iz Rk, ARSI/
A3 AR AR ] e S A R Rl e, Sy i
LSRN LM, AR R, HISS T
JEITA . H =, M A T S g R RN .
I8 I A FL A8 e AR S N BB g, T A e A
OXPHOS . JgIimR G5 i 2 1% U4, #LIH R —
ARG ) 25 AN, , 375 kSRR Sk B 24
H=, MR s v w3 . RIERE R AR
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