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Abstract: Immunotherapy has become another effective tumor treatment after surgical resection,
chemotherapy, radiotherapy and targeted therapy. However, due to the low immunogenicity of tumor cells and
immunosuppressive tumor microenvironment, antigen-presenting cells inefficiently process and present tumor
antigens, thus leading to insufficient activation of cytotoxic T lymphocytes and tumor infiltration, which
significantly affects the effectiveness of tumor immunotherapy. In recent years, it has been demonstrated that
multiple metal ions exhibit distinguished modulatory effects in activating innate immune stimulation and
conquering acquired immune tolerance. Based on this, scientists have designed a series of nano-adjuvant delivery
systems with metal ions or metal nanoparticles to enhance the targeted accumulation of metal ions in tumor tissues
or lymphoid organs for efficiently inducing immunogenic cell death or directly activating antigen-presenting cells
to initiate anti-tumor specific immune response. This review briefly outlines the role of various metal ions in
anti-tumor immunomodulation, summarizes the research progress in using metal nanoadjuvant delivery systems to
achieve efficient anti-tumor immunotherapy, and provides foresight on the main challenges and potential directions
in this field.

Key words: immunotherapy; metal ion; nanoadjuvant; tumor vaccine; tumor immune microenvironment

ST, R IT I EE T BRI TR AT KBTI, ETRTUG 2 T 5 AR 51 TBUT
R 7 AR S5 ke R L AE VR T 28 D ENR . JEE R,

Ve 119 2023-05-02; 5151 F1J5: 2023-06-22. ST 1A IR VG TT B 5 4 M7 3%, 3 i P A 4
B&WH: xR TEREESRBTE (82203041). 2 R G0 25 T S0 3k B8 R AR 5 TR . A

*E T Tel: 86-21-20231000-2519, E-mail: hjyu@simm.ac.cn

DO 10.16438/j.0513-4870.2023-0554 T 47 i RT3 B A B, ST DR A RSO AFK B /N X i



- 2312 - 222224 Acta Pharmaceutica Sinica 2023, 58(8): 2311-2319

968 2 L 1) % K T O A IS T A B 2 N P O, A4
G A A R ) R B 52 AR -T 4 B M 8 A %
S JVEN S T, g AR P P 8 A iR P 0 0k IR
2k B4 B R b 5 0% 41 M2 (antigen-presenting
cells, APCs), UK PRI 1 B 12 IV 25 SI2 B3I 18 b 98 A Fi
B 781, {HJE, APCs %6 K S WOm AN 2 BR 1 T i
RN T A TG A . G e e 7 e % I O R
G A5 5 I BK, BLHE Toll # 52 7K (Toll-like receptors,
TLR) A1 & £ R ] ¥ (stimulator of interferon
genes, STING) %5, H T ¥#% APCs F£: 12 J5 3 T 41 g
SN T R 3RS SN HoAr, W B R
A IR TR A% R B AR AN G /N G 1 TR AR R =
HZRRE A RE 7y, BN IEH 2% B I S 5 PR P2 o, IX AR
RAEJE IR T RE e v )32 N o DRt 75 22 A
A R AL T R T — A 7 22 A RO gk AT e
P TR T .

RKEHFRSEREY, GBE FERZEHTHREA
HEEHC . WS T B TR TR R R
G g% J7 TR A 2 OC B ELIAE H, S AR B T
¥ GMP-AMP 4 Hiliff (cyclic GMP-AMP synthase, cGAS)
X SUEE DNA B BBURAE, AT B0 50T 988 1R 5 R e
MM,k B AT DA G 25 s B AR 3R 1 4R (reactive
oxygen species, ROS) I TE i, MM #E NF-«B % 5E 5
TR, T AR A e SR B AR R Y
G A0 BRIE AL oy A RTIE BE (S S B R R M B S
fi, 08 TS 4B (40 T 40 B 48 B AT B R A AR 1)
T LA S A i BT 7 R A TR 7 PRRE T 2 0% B L U
AR SRR 248 6 I 2 L 3, FE B0 B B RO . B
B AT E a5 b T A R D RE A 5K 4 1 4 S R R
CDS8" T 4 M iy ™. R &8 & TR W1y
THIFL AT B 6 (R A 3, L AT 2R 455 v 2k s 4 S8 S 1 0t
16 2 B2 DL R 2 A v s B R I e e A AE
PIIR I — A KRB Pk

W g5 B IR B E, & APCs &2 X &2
36470 JFOM T 20 OO ) BB A g . WE AR, KL
4275 20~200 nm 1) g4 K RORL AT DL i 4 50 % 12 7 X
BRG] R LS, HeAh, GOK B E 42 5 245 2
16 W] R FH B 555 3% AR B (enhanced permeability and
retention, EPR) 2., S B FL 75 i Rg 2 2R 3 & R,
A B = BT B A I N R B, DA IR g
AR R DI RE . R, B 6 )8 B TS R YK
ik R b LT R & B 9KV, B BN &8
BT BT VEIR TT ROR _E S EE R R .

BT, IR RBFEFAF R T — R ETAE
SEETHEBYKEREE RS, HadEEe T

5 2 Thie g0 K s 1% F A 2 18] 1) § F A B VR A O A7 A
HAEHSE AR RE B KR . sl by
PR 7 B B UG AL 42 8 oK UKL, 454 2k 4 K
ANEER AR TP R 1D A Y i g T R AP R Nk A EREIR
I8 AL PN 1R B R, 0T B 8 e 928 I8 1) (] BT O
25 T8 G 328 H ) GOR B, DT SE IR S e B[R VR T, B35
P 4B R T BRI G 4 T B R AN
R MM, RS E R BERETAREES T
KA T8 e 90 KA 751 A 0 A A7 791 A 0 A A R A
Y oRAE T T R e 28 96 97 IR OB it et R, A LA
15 5 Fh & 8 B T AR o 7 AR FALET (BT D). &
g5 7 T4 A KA I PR e A BT T i 1 D% B Bk ik,
FRERAIL T RH NV E () i Ve SR DAHE B 3 T & SR A K ik
TP Ff 988 G 938 T 3 RO PR R
1 SRMKEFRATHERESST
1.1 SPKREFNRBTHERRAT % (Fo) 2 A K
W TE AU TR, R VE 2 BN AT B Ly, B
MaEA NMAEAMAREER. SRk ENEE
PRI, 25 T BB 7, FENE R R, 5
PLAA B 2 AR T A 25 5 A 34 8 1 T 185 U0 AF 0% .
AR, R R E T (Fe) Al Ll i fi# 4b 35 i
B DL S iR 40 i Y ROS 3 B AR R, 3t 1T 0 8 41
Mgk BT, 5 b [ iR 4 PR 2 PR A R TSR A AR
KN o TR R4S W B 1 e R AE 1 25, AT
5 I TG4 DC AU L, AT S 3 Bt e 9T fe 958 B 2 o
T, BHERAVE R T — RV G B A
HLAE 22 148 A0 Bk G oK R, AT vy 2CHE 1) fie g 4 23 9%
75 5 i 96 20 M R BB T, AT S B A R Bk BE T — R S B
HiRIT" Liang UG ) £ T L i I8 B R A 5%
ISP i 5 1) /)N SR A Bk g K URE (bee-USINPs), 4 41
SE 56 3% B bee-USINPs 1] DLFE MR AR BRI B T . 35 5 &
i 96 401 Pk B0 T RN G R SR T . R, A T R
bee-USINPs 7E 44 4 1 i 83 2 1) &8 AR, 1R it — 20
FIH iRGD Bk X 4 90 K UKL 3t 47 1 R THIAE MR, 338 1 7E
T AR KT v R ) ) B R AR G, RO BUMOE e
925 W25 DA J A /N BB R B K BEAE, bee-USINPs
M A AT A S HE R AT X RAIE T AR R
HEAPTRREIER .

Br T 75 5 IR A0 gk SE T LAAE, Fe™ AL = A2 1)
ROS it §E B 305 APCs U1 DC 41 g« W5 41 A 1) 28 i
50, 7T APCs 24k, LLJS S g o 28 B 25 5F
DAL R A 2 A1 ) RO B S0, L 2RO B AR A ik 4
KUk LA g R M2 B4 g AH 5 B 20 i v M1 Y
() F % I BOE PE, Hodk— 22 5 STING 15 5 s 771 B H
S, P AR AL M2 2R AR R O W A AR, I 43K



B AESE SRRV T B8 G i I T BT Tk F -+ 2313

pmemmm @ Immature DC
1

@
B — *
@ 0 Tumor cells * DAMPs
""" Mature DC
TN A A
©: '
Nt 4 Polarlzatlon ©
%7/’ .. 09 —

]
1
1]
V) M TNF-a m
]
1
,

o
e e
¥ ||:,\?_| Lymph node
'@1“4‘.:
L

@D " Infiltration of T cell

° ~ //into tumours @
) — —

Proliferation CTLs

T
o

Figure 1 Schematic representation of the role of metal ions in immune regulation and their application in cancer vaccination therapy and

reshaping the immune microenvironment of tumors. DC: Dendritic cell; M1: Classically activated macrophages; M2: Alternatively activated
macrophages; TAAs: Tumor-associated antigen; DAMPs: Damage-associated molecular pattern; TNF-a: Tumor necrosis factor-a; 1L-12:

Interleukin-12; IFN-I: Type I interferons; CTLs: Cytotoxic T cell; PDL1/PD1: Programmed cell death-ligand 1/Programmed cell death-1
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Figure 2  Bioinspired magnetic nanocomplexes (m-PUNCs) for stimulating the STING pathways in macrophages to enhance
immunotherapy. A: Schematic illustration of the preparation of bioinspired magnetic nanocomplexes (m-PUNCs); B: Schematic illustration
of m-PUNCs-mediated cancer immunotherapy. m-PUNCs repolarized M2® TAMs into M1® TAMs, activated the STING pathways in M1®
TAMs for intratumoral IFN-4 secretion, and recruited the tumor-infiltrating CD8a./CD103" DCs for priming the CTLs. MDSCs: Myeloid-

derived suppressor cells; Tregs: Regulatory T cell; tdLNs: Tumor-draining lymph nodes; TAMs: Tumor-associated macrophages. Reprinted

with permission from reference™”
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Figure 3 Acid-ionizable iron nanoparticles for activating and amplifying STING signals for immunotherapy. A: Schematic illustration of

the preparation of acid-ionizable iron nanoadjuvant and nanovaccine (PEIM@antigen); B: Schematic illustration of PEIM@antigen-

mediated cancer vaccination immunotherapy. PEIM@antigen nanovaccines effectively co-delivered tumor antigens and STING agonists to

the dLNGs, facilitated antigen cross-presentation in CD169" APCs with robust STING activation, which eventually elicited potent antigen-

specific CD8" CTL response to eradicate established tumors; C: Flow cytometry determined frequency of matured DCs in the dLNs
examined 3 days post final vaccination (n = 3); D: Flow cytometry determined frequency of SIINFEKL-H-2Kb" CD11¢” DCs in the dLNs
examined 3 days post final vaccination (n = 3); E: The frequency of SIINFEKL-H-2Kb tetramer’ cells in CD3" CD8" T cells in the

splenocytes examined 7 days post final vaccination (n = 3). Reprinted with permission from reference
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Figure 4 Schematic illustration of the preparation of CMP nanoadjuvant to amplify STING activation for cancer metalloimmunotherapy.
CMP promoted the cellular uptake of STING agonist and Mn”", and Mn>" augments STING activation by STING-independent TBK1 and
p65 phosphorylation, STING-dependent IRF3 phosphorylation. TBK1: TANK-binding kinase 1; IKK: IxB kinases; IRF3: Interferon

regulatory factor 3; ATF-2: Activating transcription factor 2. Reprinted with permission from reference
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Schematic illustration of NP@ESCu-mediated antitumor immunity to convert immune "cold tumors" to "hot tumors".

NP@ESCu can induce cuproptosis to elicit strong anti-tumor immune responses in vivo. Combining NP@ESCu with aPD-L1 further

maximizes tumor inhibition. Reprinted with permission from reference
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Figure 6 Schematic illustration of the therapeutic process of ZnS@BSA nanoclusters to activate the cGAS/STING pathway and promote

the infiltration of CD8" T cells at the tumor site, leading to an improved immunotherapy efficacy against hepatocellular carcinoma. IFNB1:

Interferon beta 1; ISG56: IFN-stimulated gene 56. Reprinted with permission from reference

Table 1

i.v.: Intravenous injection

[36]

Forms, route of administration, mechanisms and delivery system of metal ions or metal nanoparticles. i.t.: Intratumoral injection;

Metalion Form Administration

Mechanism Delivery system Reference

Fe Ultrasmall single-crystal i.v.
Fe nanoparticles

Fe Ultrasmall iron oxide iv.
nanoparticles (Fe,0,)

Generating ROS in tumor cells and leading to ferroptosis

bee-USINPs [17]

Inducing release of DAMPs, recruiting and activating DC
Activating APCs inflammatory signaling pathway and inducing m-PUNCs [20]
DC maturation. Repolarizing M2® TAMs into M1 ®TAMs

Fe Iron oxide nanoparticles 1i.v. Activating NF-xB signaling pathway and synergistically PEIM@antigen [21]
(Fe,0,) amplifing STING signaling. Enhancing expression of type I
interferon-related genes
Mn Mn** it., iv. Activating STING signaling pathway and promoting DC CM@Mn [24]
maturation and repolarizing M 1. Generating ROS, leading to
apoptosis and releasing antigens. Reducing infiltration of
regulatory T cells
Mn Mn** it., iv. Activating STING signaling pathway CMP [25]
Mn Mn** s.C. Activating STING signaling pathway G5-pBA/OVA@Mn [26]
Cu Cu* iv. Inducing cuproptosis, releasing immunogenic antigen, NP@ESCu [30]
recruiting and stimulating DC maturation. Repolarizing
macrophage M1 and reduce tumor myeloid-derived suppressor
cell infiltration. Promoting upregulation of PD-L1 expression
Cu Cu™ iv. Inducing mitochondrial dysfunction to inhibit tumor growth GCT@CM NPs [31]
Promoting DC maturation and increases CTL infiltration
Zn Zn* iv. Enhancing the enzymatic catalytic activity of cGAS ZnS@BSA [36]

Generating ROS, inducing mitochondrial DNA release and
activating the cGAS-STING pathway

WXE. B %G, e @RI BB % A ik 7 AT I
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