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Abstract: Mitochondria plays an important regulatory role in the anticancer immune response by directly
participating in the activation, proliferation and differentiation of immune cells, regulating multiple immune
signaling pathways and affecting the activation and function of tumor-infiltrating immune cells with the help of the
change of mitochondrial dynamics and metabolic. Mitochondria-targeted immunotherapy is an emerging cancer
treatment strategy. The constructed mitochondrial targeted nanoformulation significantly improves the anti-cancer
efficacy by inducing immunogenic cell death, regulating mitochondrial dynamics and metabolism, activating
immune signaling pathways and other immune strategies. This review focuses on the field of cancer immunotherapy,
introduces the relationship between mitochondria and tumor immunity, and summarizes the design of mitochondria-
targeted nanomaterials in the past five years. Finally, the challenges and prospects of mitochondria-targeted nano-
formulations in anti-cancer immunotherapy are discussed in this paper, which offers support for the development of
novel mitochondria-targeted agents for cancer immunotherapy in the future.
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Figure 1 Schematic of mitochondria-targeted nanoformulation for cancer immunotherapy. mtROS: Mitochondrial reactive oxygen species;

mtDNA: Mitochondrial DNA; ICD: Immunogenic cell death
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Figure 2 The role of mitochondria in cancer immunity. NK: Natural killer; DC: Dendritic
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Table 1 Some examples of photosensitization, chemotherapy medication, natural active et al that induce ICD to enhance the effect of cancer

immunotherapy. ROS: Reactive oxygen species; RNS: Reactive nitrogen species; DCs: Dendritic cells; CTLs: Cytotoxic T lymphocytes;
ICT: Icaritin; CAT: Catalases; CA: Cinnamaldehyde; CPT: Camptothecin; DOX: Doxorubicin; PTXL: Paclitaxel; I3A: Indole-3-carboxalde-

hyde; US: Ultrasound; MHT: Magnetic hyperthermia treatment; KET: Ketoconazole; TI: A triphenylphosphonium conjugate of 5-carboxy-8-

hydroxyquinoline; MWTT: Microwave thermotherapy

Stimulus trigger Targeting

C iti
ompostion of ICD ligand

Research subject

Therapeutic outcome Ref.

DIH Dc-IR825 + light ~ Dc-IR825

THTTPy-PTSA Tetrahydropyridine Pyridine
group + light group
Rh-PTZ Rh-PTZ + light Rhodanine

4TI cell, 4T1 tumor model Inhibit tumor growth and eradicate tumors by releasing [75]

DAMPs and stimulating maturation of naive DCs and
inducing robust immune responses

4T1 cell, 4T1 tumor model Inhibit tumor growth by enhancing the infiltration of [76]

CD8+ T cells and NK cells into TME while suppressing
Treg cell expression

4T1 cell, 4T1 tumor model Stimulate the immune response, promote the maturation of [77]

sufficient DCs, enhance the infiltration of CD8+ T cells,
and alleviate the tumor immunosuppressive
microenvironment
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Continued
. Stimulus trigger Targeting . .
Composition . Research subject Therapeutic outcome Ref.
of ICD ligand
Cy5-1-CF3 Cy5-I-CF3 + light Cy5 MCEF-7 cell, 4T1 tumor Suppress both distant and primary cancers by enhancing [78]
model, the endogenous antigen presentation machinery to promote

the DCs maturation, infiltration of CTLs and reduce the
expression of Treg cells

FE-T IR-FE-TPP + light TPP 4TI cell, 4T1 tumor model Boost the immune response by remarkably improving the — [79]
immunosuppressive environment, showing good immune
therapy efficacy for antitumor therapy

CAT/CPT-TPP/ CAT, CA,Ce6+  TPP 4TI cell, 4T1 tumor model Remodel immunogenicity, foster the phagocytosis and [80]
PEG-Ce6 light presentation of tumor antigens by DCs, and amplify CD8+
T cells infiltration
CS@KET/P780) P780 + light P780 Hepa 1-6 cell, Hepa 1-6  Activate the immune system in vivo and reshape the [81]
tumor model immunosuppressive microenvironment within tumors
BSA@T780/ DOX, T80 + light T780 4T1 cell, 4T1 tumor model Promote DCs maturation, increase proportions of CD4+ T  [82]
DOX cells, CD8+ T cells, memory T cells and related cytokines,

decrease Tregs proportion and regulate the ratio of M1/M2
macrophages to demonstrate excellent immunotherapy
efficacy on ablation of primary tumor, inhibition of
bilateral tumors and prevention of lung metastasis and
postsurgical recurrence

mPEG-SS-PGG- PTXL, IR-780+  IR-780 A549 cell, A549 tumor Inhibit tumor growth by promoting the maturation and [83]
SS-IR780 light model migration of DCs, and the activation and proliferation of T
cells
Mito-ZS-1 I, cyanine Cyanine 4TI cell, 4T1 tumor model Facilitate both innate antitumor immunities and maturation [84]
chromophore + chromophore of DCs, T lymphocytes and memory T cells for specific
light anti-immunities maturation

NRh-Ph-NO NRh-Ph-NO + light Rhodamine  4T1 cell, 4T1 tumor model Induce NO/ROS to generate RNS, causing a decrease in [85]
the mitochondrial membrane potential and initiate
apoptosis by caspase-3 activation
DOX-MitoNVs DOX Mitochondria C6 cell, C6 tumor model ~ Improve activation of CD4+ and CD8+ T cells and their [86]
1 membrane subsequent infiltration into the tumor and modify the local
cytokine environment, promoting a shift from an
immunosuppressive to an immunostimulatory state
ACUPA/TPP- I3A TPP Panc02 cell, Panc02 tumor Increase the number of tumor-infiltrating T lymphocytes, [87]
I3A model activate adaptive immunity, and achieve superior survival
time reshaping of the tumor microenvironment
PLA-PEG- 13A, DOX TPP RM-1 cell, RM-1 tumor Reverse the immunosuppressive microenvironment, [88]
ACUPA/TPP model transform cold tumors into hot tumors and elicit effective
innate and adaptive antitumor immune responses
TPP-DHA TPP-DHA TPP 4TI cell, 4T1 tumor model Promote DCs maturation, tumor-specific CTLs [89]
proliferation, as well as a large-scale release of
proinflammatory cytokines such as IL-6, TNF-a, and IFN-
y to inhibit metastasis to the lungs and tumor growth

MON-CA- CA, MONs TPP 4T1 cell, 4T1 tumor model Promote DCs maturation, CD 8+ T cell activation and [90]
TPP@HA regulate the ratio of M1/M2 macrophages to improve
tumor immunosuppressive microenvironment
NP-I-CA-TPP  CA, Iodides TPP K7M2 cell, K7M2 tumor ~ Down-regulate the ratio of Tregs in the tumor immune [91]
model microenvironment, promote the polarization of TAMs to

M1 phenotype, ultimately reshape the tumor immune
microenvironment and sensitize the immune checkpoint
blockade response

MLipRIR US +IR780 TPP 4TI cell, 4T1 tumor model Activate antitumor immunity for the suppression of both [92]
primary and distant tumors with the aid of immune
checkpoint blockade
MNPs-RGD- MHT TPP Hepa 1-6 cell, Hepa 1-6  Activate the pro-tumor TAMs (M2) into anti-tumor M1 [93]
TPP tumor model phenotype, release cytotoxic cytokines and promote

phago- cytosis of macrophages against tumor cells
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Continued
Stimulus trigger Targetin
Composition &8 .g & Research subject Therapeutic outcome Ref.
of ICD ligand
F-pY-T ICD: F-pY-T; ICB: TPP CT26 cell, CT26 tumor Induce cancer cells apoptosis and DAMPs release to [94]
Anti-PD-L1 model promote DCs maturation and CTLs activation in vivo and

CS@KET/P780 KET, P80 + light ~ P780

Hep3B cell, Hepal-6 cell,
Hep3B, Hepal-6 tumor

combine with anti-PD-L1 to enhance antitumor efficiency

in ICB

Release TAAs and DAMPs to enhance the treatment [95]
outcomes in an HCC

model
MCTH GaMOF-Arg + US TPP PC-3 cell, RM-1 cell, PC-3 Promote the maturation of sufficient DCs and the [96]
tumor model, RM-1 tumor infiltration of CD8+ T cells into the tumor, and alleviate
model the immunosuppressive TME by upregulating the
expressions of TNF-a and IFN-y
TPP-HA-TDV  2.4-Dinitrophenol TPP H22 cell, H22 tumor model Cooperate with anti-CTLA-4 to achieve HCC [97]
uncoupling immunotherapy and develop a durable antitumor memory
response
GaMOF-Arg- MWTT, NO TPP 4TI cell, 4T1 tumor model Inhibit tumor metastasis and recurrence by increasing [98]
TPP tumor tissue CD4+ T cells and CD8+ T to activate the
body’s own systemic anti-tumor immune response
Cw/TI Cu/TI TPP 4T1 cell, 4T1 tumor model Promote the infiltration and activation of CTLs and [99]

downregulated PD-L1 expression to inhibit the growth of
colorectal carcinoma and triple-negative breast cancer

B T8 o — R 8GR 5 2 1CD 4b, 0F 78 & AT AR
R T OGO 5 A 7R P [5]155 5 ICD R S mE o 4
3 K Y6 ) Ce6 5 TPP-PEG-CA-TA-TK 18 X 1
B W% (camptothecin, CPT) i S AL A (catalases,
CAT) FL 20 25 il 26 oL A 5 1) 65 WD IR OR, A2 WO HEUR
T, B 2 E A FEAE Y ROS KSF, AT SE LA &L
M ICD 55 (& 3), &35 #7042 KO 28 Ael i,
TE 28 hr /R #E 1) 90 K #1771 (CS@KET/P780) H, P780 (—
ot 28 6L A% S 17 ' BRI L 1) S A TR 8 R Ak 1) 5
W 5R ROS 177 A4, W5 S4B B H T 3 T 1) i I8 40 i i

CAT
+<——~—0~0 + ——O® N
TPP-PEG-CA-TA-TK-CPT PEG-Ce8

_____________

I BE T TAAs AR A 5% 73 F 83X 51 K ICD 2 BE K3
(TR SR, St P 40T e R B0 R A PR VAR 97 R
BT ORI A HAR 15 5 1CD JF R 126 R
B 1) 1) 0 S E S VR T TR R R B AR 1.

& G723 T iz A B ICD i S5l 2 — .
R KFCHEEE (mitoxantrone, MITX) 41 (cisplatin,
CDDP)"“F1 DOX™* % 4% G A4, J7 259 7] if5 '3 ICD, {2
R IBR A R . LK Z 5 ORI 2 45805
FEmg LAKE 5 ICD 115 38R . WF 78 R I, MITX AX
AR ICD 357, & 7T LLE 630 1) S ¥6 97 116

ICD Effect 4

4

&:J
=) Immature

DC

Mature DC

Ocrt Dca @ ces P car ‘ TPP ~ ROS-responsive bond =" COOH-PEGoNH, >€ Endogenous ROS

(TA-TK)

Figure 3 Schematic diagram illustrating the ROS-responsive and triple synergistic mitochondria-targeted polymeric micelles inducing ICD via

ROS-triggered domino effect upon cellular entry. Adapted from Ref. 80 with permission. Copyright © 2024 KeAi Communications Co. Ltd.
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5. Zhang ZCVF] FH 2 P B AE Jy 2R A S 17] fic A
K& CDDP Al MITX, fill 4 T 58 B 25 9K WOk, §p 7] 75
S ICD, 2354215 1 R G g% 40114 BN 50 18 T AR
AR, HER T -3- 4 HER BE (ingenol-3-angelate, 13A) i
ik PKC 5 5 i B A 3 T 40 i 388 5 AN A7 35, F015 5 g
4 6 ICDY, 3T Ik, Wang 259 i1 1 — Fh XUHE [f)
i% 1% & 4t (PLA-PEG-ACUPA/TPP), & [7] 3% 1% I3A Al
DOX 2 JM 8 4H i 2 Fir 4, A5 79 b 245 4 3 5] 75 = 5 2 1)
ICD, AT #1517 51l 1 A2 4 o

T AE SR TR W, RARTEE o RN T4 B
WA /E N ICD % 5 AP, Chen &1 K 7 — F e
) 33 356 2R 40 3% 3P SR #E & (icaritin, ICT), i i £ R {4
H WA 3075 5 ICD, ff @ # ] %ik 21 60%. LAk, 55
A W5 H TPP 5 — A F & % (dihydroartemisinin,
DHA) & &l 7 A H &S ZATAEY TD, fill K ROS 4
F, BB AL A 5 2 5 5 1CD, I H n #l il i
A A 0 L e A K

KT 2 A 4Kbi F1E N ICD i 577 0 ¢ JE 3
AR AR %5 . il N, 99K i 71 MON-CA-TPP@HA 7£
BEW R (hyaluronan, HA) F0 35 B #8E 1m) 328 N i 78 201
FL, S E I TPP 5 5 5 1) LR Ak, 1755 7L T e 40 R O 1
FIICD, A #{ # DCs il 24 f1 CD8+ T 4H g v 4., [ i
T M1L/M2 20 ) Bl A1), e 28 P 98 2 100 ot i A
5 Wan R THIT R I £ 4 0 TR A ) 9N K BRL
(NP-I-CA-TPP) i i GSH #& 5 K UK P AER (cinnam-
aldehyde, CA) 175 3 1) i 40 ff 2 b A S5 40 B3, 5 =
ICD - fisk 2 1 3= 0BT I 9o G 9% IO, N T 8 558 e R 4
PEIRIT RUR -

e Ak, 5 B4 3 ) N 2 ICD 5 5 5 I S W 9
I, EBAHE LT LI O 8 7 ma B8 g oK p e i
B 7 3R e PE RO 2 R AR Tl B, 24 S Sk A A
BEL W I PR BT, i % 3 00 o) i P e R ity 6 % A 1 A
KO @) fl g KL A 2R A ) B R i, A
SN i T R AR AR B, S B0 R AR K BRI
RS [ A 3 0 KR AR S 1 S R R R AR, = s S
ICD H- 38 5 7t i g o 73 224

LRI ) ICD 7 SR RAE S ICD SR A A
HNH g E e WS L EREE A S
mtDNA Jit J§ - mtROS 7= 4 K& #i% cGAS-STING i %,
AT S5 3 388 50 BB R B . AR, R AR AEAE LR
KRR 14, YA IR 6 ICD A7 5 7 [ i RS AL
FEA e T F B Hok, i 8 ROS A BEXT IE 5 41
ZH 23 AR AT BT, D6 A G RS R T R
HE T 1) DLBE o 5] R S R o AR R JE U7 TR L T
RAZIT — A & 40 DA SE R IS # ICD J7 4%, fli b ICD BX

GIEFT R, KPR EIRIT RS . T oAb R BEOA
5 ICD 1) 42 A A4 I 1] 1] 550 7 Jeg R B 88 ¥ T R 110 8
MR,
222 SRREREGKEITEIS AN &N A NES
RIEEMBRE LRz )RR = TE )%
i Th e R EEERY. Har, TP R M
JIJEE 28 VR TT IR B AR B [ i 551 AF G 2 /U1 Hou
SEUOOT Y TR 2R R AR SR ) (1 7 P A ¥ (gemcitabine,
Gem) 18 BE 4 pG2-Gem, 8 i 1 45 28 7 14 gib & A0 4Q
58 MHC-1 1 J5 523%, 5 PD-1 Hi4R B 5281 T 87.5%
() R T B 2R . e SO YD W 4 B, e R dk
YK 1177 M@BPTLD (7 %% Je 15 1) fe Bt fa 35 1)
G R A VE o iz @ XE ML R —
THT L W7 B R A 15 Wi R 5 — 77 T 39 i 24 i 6 T
T AR HE B P2 0% R 5 (%) R T (2 3 DCs B3 . I
Ab, LR B [ i) BT FE AR B (Mito-ATO) J8 i 5 5 v
I SR F TR BB EE (ST A R LR V) A 20 32 s
G B T A B AR AR AL R I © 0
Tregs [ HE R R A1 OXPHOS i £, S HFH T, @ B3%
A OB T 40 B AT M B I 41 il ) OXPHOS 7 1,
%S CD8+ T /b o X FhAR U 25 4 P2 S WS AU
I87 YU GBI o X S B ) 7 S A B e 1 4 2
AR Ty BE 3 SR B R g% I B, Rk T R RAR AT
TR S 16T AL 1R R
223 ZNAREREPKEHIFIBEHE R REXES]
FRIEEUE R LA T mDNA BT
WO 5t DNA g SZ 8 i, 33 17 ok R B A R g% 2
BT U, BFARETT R T 2 P 2R A ¥ 17 1 99K S 2 ¥R
igiilbils

TE AR 2 G R 42 8 % 1, cGAS-STING i 42 /2 H
BB TR BN Tz BB A G R0 % U RS 5l
R T 2B i US| DEE B b AR AR E52 ol 1 G
KB =R R M EAE Y cGAS-STING 15 5
AN, Vit IR T 2 AR O R gk
1) £ LA B[R] 40 K 1 7)o 1 Zhao 25T R 1 44 K 5
ki ALA&Dz@ZIF-PEG i i Zn™ B iR Y6 31 7 208
0 mtDNA/cGAS-STING & %, 5 $ IFN (1) 7 4
(Bl 4), &350 HEMIRE IR . Lei &0y & i 45 B HLHE
ZRANK RSB T RS T ) STING 15 5 0K, & Ih i
WEHUE BRI TR . A, ¥ 8494 K MDP
A 3o A A i A Ak S RS M I S
cGAS-STING B UK e [ B, i 3 1 U -4
PR ITIERNETT ROR . Wang S50Vl o) 4 b 4 20
7> mtDNAG4 &5 ¥ FF R 1) = 2K [l el , Jd i fa e
mtDNA G4 45 #) % 5 mtDNA #1455, 3k M1 #7% cGAS-
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STING ik 4%, =5 %8 B Wk 248 A JF S35 T 48 L, A 17 400 1
AT 20 /N B0 Ji g A8 KRG 7 . X e s N T
cGAS-STING I8 # ) 4 KL AR BE 7] 8 VR T7 $2 ik 1 2 4%
A S, eI T T R B R S FH T 5

& T cGAS-STING 15 5 i #% 4b, 15 - Skt i ik
WO HAAE 5 B R 3G SR S () RIE . Feng 551
FF R BT 5 7 909 K £F 4k CONF 38 b 5 S5 5 1) e
2 B 2 kAR, i 33k 28 k4R ROS [ 77 A=, 3% Caspasel/
gasdermin DB, 15 S AT, (23E M1 0541 i id A%
1k, FEH 58 CD8+ T 41 i i G B 25, S5 3 0 1) J5
FEG RS PR IR 2 K (GO ET 1.8 %)
224 ZRAEEHRFFMEZENRERERN
JS ) JE S0 RE 92 T AR 3 AN 6 AR A R R S
PEBUE IAELE 2 Fh L A 10 2 5 R G e 30 ) TR
B o XX TR, WF T TR T 2 T RELR KL
A [va) 38 11 79, T[] A 0 R B AR, R B A
350 4 6 RSP, SO T A L A R T 4 R I

ICB 7138 1 f# B T 40 i 9 45 5, C7E IR R LTS
RED G TR, FRFEHILE ICD iS50 0
FETH SN K cGAS-STING i zh 7)1 1IgL A,
R e P [ 1 4 22 B B IR G s 1) 2R Ak BE [ 49 K
57 0, Bai % IF K ) Ag@CuS-TPP@HA 1% 5%
YK KL T, 48 TPP FI HA S i J5 H 25 26 R 4 L 1) 4 A
1 064 nm 6 R4 o %057 AR A 5 1 SR

SR ROS, 5 RN B [F] 55 5 AL ICD, [F] B 38
SR B 5 A A A EL BT 28R, i 8 Vi Ik DR R R I A Rk
i)zt Ak iR ) A A

WFFL R B, &4 ICD 5 5 7117697 )5 2 S 8 PD-L1
Fik LAgeres e BF gh, L2 I R T — R ICD
% SILEY) (PD-R8MTS) Al PD-L1 [HIK 3554 (PMSP-
SP-SP-L1) £ % (1) 2 D) fig B b A4 52 v 1) 71 SNV .o 11l
7 [ IF FL A ICD % 3 A1 PD-L1 FH I Th g, W] 4 58
CD8+ T 4H i A R 3 1%, A& KA K. SNV
75 5% R M B16F 10 22 €5 2% 988 A1 3 G 9% i 14 4T 1 FL AR
P /I BRUASE 2 rp S O R OR B B R A . k4, Jin
UG BT — Bl R4 1) R A W IR R (OPDEA-
PDCA), i it #1 il & 47 44 PDHK 1 + 175 5 mtROS A= il Fl
4t 3 CBUE R 51 K& W4 A T, AT F 80E
& HMGB1.ATP #1 CRT 7£ N 1) % 9% J5 14 4 o 1)K &
. tbsh, OPDEA-PDCA @it i 48 PD-L1 K # A
3, UECAPUPD-L1 SRS, il ROV T 40 ke (K
5), 25 H R AR A R R S K T 40 M v A T

BB R R T — R4 PD-1 #0057 5 DNA %
MUEAL S 7] (EnPGC-1) FIZRRIARL ] R4, EnPGC-1
Tk Y 5 2 R AR S 1, 3K R 2 CD8+ T 41 S
1k 5158 . EnPGC-1 5 PD-1 BEIKT i) P [F) 4 P S 3% 1
SR B S ), R T e E AR E. Ding
ST 1 B IR AR BQR@MLipo A8 % 358 3 1 1 F1 5

Figure 4

Schematic illustration of a photosensitizer metabolism-regulating strategy using ALA/DNAzyme-co-loaded nanoparticles

(ALA&Dz@ZIF-PEG) for mitochondria-targeting photodynamic immunotherapy. A: The preparation of ALA&Dz@ZIF-PEG nanoparti-

cles; B: The mechanism in promoting mitochondria-targeted photodynamic immunotherapy. Adapted from Ref. 105 with permission. Copy-

right © 2023 American Chemical Society
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Figure 5 Schematic diagram illustrating the antitumor mechanism of mitochondria-targeted polymer micelle (OPDEA-PDCA). A: The

induction of pyroptosis in osteosarcoma cells by mitochondria-targeted micelles OPDEA-PDCA; B: The synergistic antitumor mechanism

enhanced by combination therapy with anti-PD-L1 monoclonal antibody. Adapted from Ref. 112 with permission. Copyright © 2022 Ameri-

can Chemical Society
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Table 2 Some examples of mitochondrial targeting agents through multiple immune strategies to enhance the effect of cancer immunother-

apy. ICB: Immune checkpoint blockade; TAAs: Tumor-associated antigens; DAMPs: Damage-associated molecular patterns

Composition Stlmu.lus trigger Tar.getmg Research subject Therapeutic outcome Ref.
of immune ligand
Ag@CuS- ICB: PD-L1;ICD: TPP 4TI cell, 4T1 tumor  Eradicate primary tumor and inhibit distal tumor growth by [110]
TPP@HA light + Ag model blocking immune checkpoints to trigger ICD, releasing
TAAs, DAMPs, and promoting the maturation of DCs and the
infiltration of CTLs into the tumor
SNV ICD: P-D-R8MTS;  P-D-R8MTS BI6F10 cell, 4T1 cell, Amplify ICD, block PD-1/PD-L1 interaction and unleash the ~ [111]
ICB: PMSP-DMA B16F10 tumor model, killing effect of CD8+ T cells to enhance antitumor immunity
4T1 tumor model
OPDEA- Pyroptosis: OPDEA- OPDEA K7M2 cell, K7M2 Suppress proliferation of osteosarcoma with prolonged T cell ~ [112]
PDCA PDC; ICB: OPDEA- tumor model activation by resulting in immunogenic pyroptosis and
PDCA, anti-PD-L1 combining with anti-PD-L1 monoclonal antibody
EnPGC-1 ICB: Anti-PD-L1; EnPGC-1 MC38 cell, MC38 Enhance antitumor immunity and improved host survival by [113]
epigenetic strategy: tumor model enhancing oxidative phosphorylation, a feature of long-lived
EnPGC-1 memory T cells and synergizing with PD-1 blockade
BQR@MLipo ICD: Ferroptosis; TPP MB49 cell, MB49 Enhance innate and adaptive immune responses by inducing [114]
ICB: aPD-1 tumor model mitochondria-related ferroptosis to enhance DCs maturation

and CD8+ T cells infiltration and activating cGAS-STING
signaling pathway as well as trigger secretion of IFN-f
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