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ARTICLE INFO ABSTRACT
Keywords: The development of effective cancer treatments is a popular in contemporary medical research.
Immunotherapy Immunotherapy, the fourth most common cancer treatment method, relies on activating auto-

Tumor vaccine
Nano adjuvant
cGAS-STING

immune function to eradicate tumors and exhibits advantages such as a good curative effect and
few side effects. In recent years, tumor vaccines that activate the stimulator of interferon genes
(STING) pathway are being actively researched in the field of immunotherapy; however, their
application is still limited because of the rapid clearance rate of tumor-related lymph nodes and
low efficiency of antigen presentation. The rise of nanomedicine has provided new opportunities
for solving these problems. By preparing materials with adjuvant effects nanoparticles, the small
size of nanoparticles can be exploited to enable the entry of vaccines into tumor-related lymph
nodes to accurately deliver STING agonists and activate the immune response. Based on this, this
paper reviews various types of nano-adjuvants based on metals, platinum chemotherapy drugs,
camptothecin derivatives, deoxyribonucleic acid, etc. and highlights the transformation prospects
of these nano-adjuvants in tumor vaccines to provide a reference for promoting the development
of nano-medicine and tumor vaccinology.

1. Nano-adjuvants as tumor vaccines
1.1. Epidemiology and treatment of cancer

According to the latest global cancer data published by the International Agency for Research on Cancer in 2020, China has become
a veritable “big cancer country.” Data show that, of the 19.29 million new cancer cases registered worldwide in 2020, 4.57 million of
these new cancer cases were diagnosed in China, accounting for 23.7 % of the new cancer patients worldwide. In 2020, 9.96 million

* Corresponding author. Shulan International Medical College, Zhejiang Shuren University), 8 Shuren Street, Hangzhou, 310015, PR China.
** Corresponding author. Shulan International Medical College, Zhejiang Shuren University), 8 Shuren Street, Hangzhou, 310015, PR China.
***% Corresponding author. Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine), 725 South WanPing Road,
Shanghai, 200032, PR China.
E-mail addresses: kdyang@scicalqg.com (K. Yang), 1h2918@shutcm.edu.cn (Y. Shi), ziyaol988@zju.edu.cn (X. Xu).
1 These authors contributed equally.

https://doi.org/10.1016/j.heliyon.2024.e38900
Received 30 April 2024; Received in revised form 22 July 2024; Accepted 1 October 2024

Available online 5 October 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:kdyang@scicalq.com
mailto:lh2918@shutcm.edu.cn
mailto:ziyao1988@zju.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e38900
https://doi.org/10.1016/j.heliyon.2024.e38900
https://doi.org/10.1016/j.heliyon.2024.e38900
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2024.e38900&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/

Z. Xu et al. Heliyon 10 (2024) 38900

cancer deaths were recorded worldwide, which included 5.53 million males and 4.43 million females. Of the total number of deaths
worldwide because of cancer in 2020, 3 million cancer deaths, which included 1.82 million males and 1.18 million females, were
recorded in China. Thus, records indicate that China has the highest number of new cases and deaths related to cancer worldwide (see
Figs. 1-4).

Currently, the clinical treatment methods for tumors primarily include surgical treatment (surgical resection of primary tumors or
metastases), radiotherapy (treatment of malignant tumors using o, B, rays and various X-rays generated by radioisotopes), and
chemotherapy (treatment of advanced tumors using chemical drugs such as DNA alkylating agents, anti-metabolic drugs, and mo-
lecular targeted drugs). These treatment methodologies can effectively treat tumors to a certain extent, but exhibit several drawbacks.
For example, tumor resection is only effective only in cases of early detection and in certain tumors without distant metastasis.
Moreover, radiotherapy and chemotherapy kill the surrounding healthy tissues along with the malignant tumors, which may lead to
tissue necrosis, reduce the activity of natural killer cells, and cause side effects such as hair loss and sweat gland dysfunction. Therefore,
new treatment methods must be identified to achieve accurate, safe, and efficient treatment of tumors.

1.2. Immunotherapy

As a new cancer treatment method, cancer immunotherapy is recognized as the most active and promising method for in the
comprehensive treatment of cancer in the 21st century. it is also the only method that is expected to completely kill tumor cells at
present. It primarily targets the human immune system, activates human immune function in various ways, and kills tumor cells and
tumor tissues in the blood by relying on autoimmune function. Currently, the commonly used immunotherapy methods include
adoptive lymphocyte therapy [1-3], cytokine therapy [4-6], gene therapy [7-9], anti-tumor antibody therapy [10-12], immune
checkpoint (programmed death ligand 1 (PD-L1)/programmed death ligand 2, cytotoxic T-lymphocyte-associated antigen 4) blocking
therapy [13-15], and tumor vaccines [16-18].

Immunotherapy has the following advantages: 1) Good curative effect: For patients who are unable to undergo surgery or have
been diagnosed with cancer cell recurrence and metastasis, immunocyte therapy can rapidly relieve their clinical symptoms, and most
patients experience the therapeutic effect of tumor shrinkage or even disappearance, translating to long-term survival even with
tumor. 2) Tail effect: Inmunotherapy enhances the recognition and anti-tumor ability of immune cells by activating the human im-
mune system; immune cells have a memory function, which can be maintained for a long time once immunotherapy becomes effective.
3) Broad-spectrum anti-cancer activity: It is effective for a variety of tumors (including tumors that are not suitable for surgery,
insensitive to radiotherapy, and resistant to chemotherapy) and can effectively eliminate residual cancer cells and small lesions after
surgery to prevent tumor recurrence and metastasis. 4) Small-scale side effects: Studies have shown that immune-related adverse
reactions are primarily mild or moderate.

1.3. Adjuvant for tumor vaccine and stimulator of interferon genes (STING) pathway

Tumor vaccines, which are composed of tumor antigens and adjuvants, have emerged as a popular topic in recent research [19].
Their principle of action involves the introductionof tumor antigens into patient bodies in various forms, such as tumor cells,
tumor-related proteins or peptides, and genes expressing tumor antigens. This process aims to enhance the ability of the immune
systemo eliminate tumors by inducing specific anti-tumor immune responses or reversing the immunosuppressive microenvironment
of the tumor. However, the development of tumor vaccines is challenging because of the esfollowing reasons: 1) Limited antigen
expression: Tumor vaccines may not fully express all tumor antigens, limiting their ability to effectively prevent or treat tumor dis-
eases. The diversity and complexity of tumor antigens make it difficult to completely optimize the functionality of all possible antigens.
2) Uncertainty in the immune system response: The immune response activated by tumor vaccines may be insufficient to completely
eliminate tumors and may simultaneously attack normal cells, leading to adverse reactions. 3) Antigen-intrinsic limitations:
Tumor-related proteins, peptides, or genes expressing tumor antigens are prone to degradation in the body, potentially affecting the
ability of nano-vaccines to induce immune responses.

The mechanism of using tumor vaccine adjuvants to enhance the specific anti-tumor immune response of the body is primarily
based on stimulating innate immune signaling pathways, such as Toll-like receptors (TLRs) [20.21.22] and STING, to activate antigen-
presenting cells and stimulate the co-stimulation signals needed to initiate the T-cell response, thus achieving the effect of immu-
notherapy [20].

The activation of the STING pathway has become a popular research topic in recent years. Professor Joan Massagu € of the Sloan
Kettering Cancer Center reported in the academic journal Nature that the inhibition of STING signal can be observed in many cancer
cell lines, and that the expression of STING protein decreases with the progression of certain types of cancer (such as melanoma). These
findings indicate that the STING signaling pathway is a key inhibitor of cancer metastasis progression, and STING agonists or drugs that
activate the STING pathway in the tumor environment may have anti-tumor effects, which can provide checkpoints for preventing the
metastasis progression of dormant cancer cells, thus providing a treatable strategy for preventing tumor recurrence [21].

The cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)-STING pathway is a crucial im-
mune signaling pathway in cells. It detects and responds to exogenous and endogenous DNA via the activities of cGAS and STING. In
this pathway, cGAS serves as a sensor protein capable of recognizing and binding to cytoplasmic DNA. When cGAS binds to DNA, it
catalyzes the synthesis of a secondary signaling molecule called cyclic GMP-AMP (cGAMP). This cGAMP interacts with STING protein,
activating it, which then stimulates the production of type I interferon (IFN-I), nuclear factor kappa-B (NF-xB), and other immune-
related cytokines. The release and production of these signaling molecules trigger the activation of immune cells, converting many
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Fig. 1. Schematic and characteristics of ZnS@BSA nanoclusters. a) The therap eutic process of ZnS@BSA nanoclusters. b)The synthesis routine of
ZnS@BSA nanoclusters. ¢) Scanning electron microscopy image of ZnS@BSA nanoclusters. Scale bar: 1 pm. Inset: High-resolution transmission
electron microscopy imag e. Scale bar: 20 nm. d) Hydrodynamic size of ZnS@BSA nanoclusters in diffe rent solutions. e) X-ray diffraction pattern of
ZnS@BSA nanoclusters. f) Eleme nt mapping of ZnS@BSA nanoclusters. Scale bar: 200 nm. g) Release profile of H2S from ZnS@BSA in solutions
with different pH of 7.4, 6.5, and 6.0 (n = 3, mean + standard deviation (SD)). (Reprinted from ref. (79) under the terms and conditions of the
Ereative Commons Attribution (CCBY) license (http://creativecommons.org/licenses/by/4.0/).).
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Fig. 2. a) Schematic drawing to show the preparative procedures for IONP-C/O@LP. b—e) TEM images of IONP, IONP-C/O conjugates, and IONP-C/
O@LP under different magnifications, respectively. f-g) Hydrodynamic size profiles and zeta potentials of IONP,IONP-C/O,IONP-C/O@L,C/O@LP,
IONP-C/O@LP nanoformulations, respectively. Data are shown as mean + SD (n = 3). (Reprinted f rom ref. (82) under the terms and conditions of
the Creative Commons Attribution (CCBY) license (http://creativecommons.org/licenses/by/4.0/).).

“immunologically cold tumors” into “immunologically hot tumors,” leading to a robust immune response and enhanced cancer
immunotherapy that efficiently eliminates tumor cells [22].

Research has shown that in mouse macrophages, the activation of the STING pathway induces the expression of IFN-I-dependent
genes, thereby executing macrophage-mediated anti-tumor functions. Conversely, the STING pathway primarily mediates the
expression of IFN-I-independent genes in T cells, ultimately promoting T-cell apoptosis. Notably, studies in melanoma and colon cancer
mouse models have revealed extensive cluster of differentiation 8 positive (CD8™) T-cell death and rapid tumor growth, which are
partially attributable to the independent IFN-I that is mediated by the STING pathway [23-26].

Moreover, in chromosomally unstable tumor cells, after micronuclear rupture induced by chromosomal instability, the release of
DNA activates the cGAS-STING pathway, resulting in the production of interleukin-6, which significantly enhances micronuclear
rupture and tumor survival [27]. Despite these challenges, activation of the STING immune pathway can induce immune cells to
release IFN-I [28,29], mobilizing the activation of both innate and adaptive immune cells to eliminate pathogens or tumor cells, thus
exhibiting therapeutic efficacy against most tumors [30].
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Fig. 3. Evaluation of the ability of Oxa, Oxa- C16, NP1, or NP2 to intervene in CT26 cancer cells by the STING pathway for therapeutically enhanced
com bined chemotherapy and immunotherapy. A) Schematic illustration of the mecha nism of action of NP2 to active the STING pathway. B) Change
in the expres sion levels of STING pathway associated proteins upon concentration dependent treatment with NP1 determined by Western Blot
analysis. C) Change in the expression levels of STING pathway associated proteins upon treatment determined by Western Blot analysis. D) Change
in the expression levels of y- H2A u pon treatment determined by Western Blot analysis. E) Comparison of the expr ession levels of y- H2A
determined by flow cytometry. Data are means + SD. ns = no statistical difference, ***p < 0.001 determined by ordinary one- way A NOVA and
Tukey post- hoc tests. F) Inmunofluorescence confocal laser scanni ng microscopy images of P- STING upon treatment. Scale bar = 50 pm. G) Im
munofluorescence confocal laser scanning microscopy images of y- H2AX upon treatment. Scale bar = 20 pm. H) Change of IFN- p levels upon
treatment deter mined by an ELISA assay (n = 3 independent experiments). I) Change of IL- 6 levels upon treatment determined by an ELISA assay
(n = 3 independent experim ents). J) Maturation of mouse bone marrow- derived dendritic cells determined by flow cytometry. H-J) n = 3 in-
dependent experiments. Data are means + SD. *p < 0.05, **p < 0.01 determined by ordinary one- way ANOVA and Tukeypost- hoc tests. (Reprinted
from ref. (95) under the terms and conditions of th e Creative CommonsAttribution (CCBY)license (http://creativecommons.org/licenses/by/
4.0/).).

The activation of the STING pathway typically occurs via two mechanisms. First, the cGAS senses the presence of heterogeneous
double-stranded DNA (dsDNA) in the cytoplasm, inducing the production of cGAMP, the natural activating ligand of STING [31,32].
Second, small-molecule STING agonists are delivered directly from the external environment and bind directly to the STING protein to
activate downstream pathways [33].

STING agonists can be classified into three categories: 1) drugs that induce DNA damage in cancer cells, such as cisplatin and
camptothecin (CPT) [34,35], which leak DNA into the cytoplasm to activate the cGAS-STING signaling pathway; 2) nucleotide-based
STING agonists, including interferon-stimulatory DNA, cyclic dinucleotides, and synthetic cyclic dinucleotide analogs [36]; 3)
non-nucleotide STING agonists, such as 2'-3'-cGAMP [37]. However, because of their instability and low bioavailability [38], these
STING agonists often fail to effectively activate the cGAS-STING pathway, ultimately leading to off-target inflammation and auto-
immunity, thus limiting their clinical applications.

1.4. Nano-adjuvant as tumor vaccine

The rise of nanomedicine [39] brings new opportunities for delivering STING agonists and activating immune responses. By
preparing materials with an adjuvant effect as nanoparticles, drugs can be loaded and the cross-presentation ability of antigens by
antigen-presenting cells can be improved; moreover, nano-materials can be used to promote the activation of immune cells and induce
efficient and specific immune responses. Furthermore, nanoparticles can smoothly enter tumor-related lymph nodes and remain in
them because of their nano-size, thus improving the accumulation of nano-adjuvants in lymph nodes. Further modification of surface
ligands can also enable the directional delivery of specific immune cells, which demonstrates the potential for new applications based
on the accurate delivery of STING agonists and activation of the immune response, achieving synergistic activation.

Based on this, this paper reviews certain nano-adjuvants that have been used to activate the STING pathway in tumor vaccine
research in recent years (Table 1), and examines the application prospects of these nano-adjuvants in tumor vaccines to provide a
reference for promoting the development of nano-medicine and tumor vaccinology.

2. Nanoparticle adjuvants activate the STING pathway to enhance tumor immunotherapy
2.1. Metal-based nanoparticle adjuvants

Numerous studies have indicated a significant role of metal ions in immune regulation [33,59-61]. For instance, manganese, zinc,
and iron ions play pivotal roles in regulating innate immunity. Manganese and zinc ions enhance the sensitivity of cGAS toward
dsDNA, thereby strengthening the innate immune response against tumors [62,63]. Iron ions can promote the formation of reactive
oxygen species (ROS) via the Fenton reaction, thus activating the NF-xB inflammatory signaling pathway and inducing substantial
pro-inflammatory immune responses [64]. Calcium ions act as second messengers in signaling pathways, regulating immune cell
activation, differentiation, and proliferation, and are crucial for the activation of immune cells, such as T cells, B cells, and macro-
phages, as well as the release of cytokines and chemokines. They activate dendritic cells (DCs), promote their maturation, and initiate
adaptive immune responses [65]. Magnesium ions promote the activation of CD8" T cells by binding to molecules associated with
lymphocyte function [66]. Although metal ions exhibit clear advantages in immune regulation, delivering them efficiently and
effectively to target tissues for safe and potent anti-tumor and immune-activating effects remains a critical challenge.

2.1.1. Manganese nano-adjuvant

cGAS, as a cytoplasmic DNA receptor, can be activated by DNA and/or manganese ions, and uses adenosine triphosphate and
guanosine triphosphate to synthesize the second messenger 2'3-cGAMP. This further activates STING, induces phosphorylation of
interferon regulatory factor 3, and stimulates the production of IFN-Is and other cytokines, thereby mediating tumor immune re-
sponses [67]. Therefore, manganese ions are important metal elements for activating the STING pathway [68,69]. Moreover, man-
ganese ions can induce ROS generation [70,71] and stimulate the maturation and polarization of immune cells [72] (such as DCs and
M2 macrophages), leading to anti-tumor immune responses.

Sun et al. showed that metal ions can enhance the activity of STING agonists, with manganese ions exhibiting the best amplification
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Fig. 4. Base excision repair inhibits Ox-mtDNA production and attenuates NL RP3 inflammasome activation.(A) H&E, Sirius red, F4/80 and
myeloperoxidase (MPO) antibody staining of lung tissue from mice challenged with 5 mg/kg LP S 24 h prior to tissue collection. n =3 for mock
treatment and n = 6-7 mice for LPS treatment. 10-12 images per mouse were analyzed. Scale bar, 100 pm (B) Area (in%) occupied by F4/80 or MPO
positive cells in lung sections from(A). Data are means =+ s.d.(C) IL-1p and TNF concentrations in BALF from (A) measured by ELISA. Data are means
+ s.d. (D and E) 8-OH-dG content of mtDNA from cytosol (left) or mitochondria (right) of LPS (200 ng/mL, 4 h)-primed WT and mt-OggTg(D) or WT
and Oggl—/— (E) BMDM stimulated —/+ ATP (4 mM, 1 h) (F) Immunoblot (IB) analysis of lysates of WT and Oggl—/— BMDM.(G and H) Relative
cytosolic mtDNA amounts in LPS-primed WT and(H) BMDM stimulated —/+ ATP. The relative ratios of D-loop mtDNA, Cox1 mtDNA, or non-NUMT
mtDNA are shown. (I) IB analysis of Caspl p20 and mature IL-1p in supernatants and NLRP3, Pr o-IL-1f, Pro-Caspl, and ASC in lysates of LPS-
primed WT or mt-OgglTg BM DM stimulated —/+ ATP (4 mM, 1 h) or nigericin (Nig) (10 pM, 1 h) (left). M itochondrial OGG1 IB in WT and
mt-OgglTg BMDM (right) is shown.(J) IL-1 § and TNF secretion by LPS-primed WT or mt-Oggl1Tg BMDM challenged wi th different NLRP3 acti-
vators (ATP, 4 mM for 1 h, nigericin, 10 pM for 1 h, MSU, 600 pg/mL for 6 h and alum, 500 pg/mL for 6 h) (K) IB of Caspl p20 and mature IL-1p in
supernatants of LPS-primed WT and Oggl—/— BMDM sti mulated —/+ ATP (4 mM) or nigericin (10 pM) for 1 h.(L) Representative fluor escent
microscopy images of WT or mt-Ogg1Tg BMDM co-stained for Atp5b and ASC before or after LPS priming followed by ATP (4 mM) or nigericin (10
pM) stimulation for 1 h. DAPI stains nuclei. Arrows indicate ASC specks. Scale bar, 5 pm (M) Percentages of cells shown in (L) with ASC specks. n =
15 0 cells per group from 3 independent experiments.IBs are one representative ou t of 3 independent experiments. Results in (D, E, G, H, J and M)
are mean =+ s.d. (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001. ns, not significant. Two-sided unpaired t-test.(Reprinted from ref. (109) under the
t‘erms and conditions of the Cr eativeCommonsAttribution(CCBY)license(http://creativecommons.org/licenses/by/4.0/).

<

effect [40]. In their experiments, the manganese-based nano-vaccine CMPDDA was observed to significantly improve the efficiency of
DC uptake of tumor antigens and have a remarkable enhancing effect on STING activation and the response of interferon-f,
demonstrating significant potential in tumor immunity [73].

Qiang et al. [41] pioneered an in situ tumor vaccine (ISTVs) with triple-enhanced anti-tumor immunity. They assessed the pho-
tothermal properties of specific materials to induce in situ photothermal ablation of tumor-associated antigens (TAAs). Meanwhile, the
ISTVs facilitated the uptake of TAAs via DCs in the tumor microenvironment, thereby enhancing adaptive immunity. Moreover, the
release of Mn2+ from the ISTVs, in tandem with the dsDNA released from the disrupted tumor cells during photothermal ablation,
synergistically activated the cGAS-STING pathway, promoting DC maturation and macrophage M1 polarization, further amplifying the
T-cell immune response.

Liang et al. [42] introduced a ferroptosis-induced mitochondrial DNA- (mtDNA-)-guided tumor immunotherapy nanoplatform
(HBMn-FA). The primary advantage of this platform lies in its ability to mediate ferroptosis, resulting in high levels of ROS within the
tumor, triggering mitochondrial stress and the release of mtDNA. In collaboration with manganese, this mtDNA specifically activates
the cGAS-STING pathway. Furthermore, dsDNA released by HBMn-FA after inducing tumor cell death further activates the
cGAS-STING pathway, rapidly initiating systemic anti-tumor immunity and enhancing the therapeutic effect of checkpoint blockade,
ultimately suppressing tumor growth in both local and metastatic tumor models.

However, because of the poor stability of manganese, MnO2, which is a more stable form of manganese, has become a populartopic
in nanocatalyst research [74]. MnO2 exhibits superior characteristics, such as a high surface area, strong oxidizing ability, high
catalytic activity, and a broad range of spectral absorption [75,76]. In biological organisms, MnO2 can undergo redox reactions with
glutathione (GSH) [77]. Under weakly acidic conditions, MnO2 catalyzes the decomposition of hydrogen peroxide into oxygen [78],
demonstrating its applicability in the field of biomedicine. Various methods are available for preparing MnO2, with the commonly
used ones including hydrothermal redox, and biomineralization methods, which are relatively convenient. When considering the
mechanism of action of MnO2 [62], in a slightly acidic environment, excess hydrogen peroxide and GSH in the surroundings are
reduced to manganese ions [79]. In the reaction with hydrogen peroxide, MnO2 acts as a catalyst to decompose hydrogen peroxide into
oxygen [80]. The reduction of MnO2 provides a sufficient reducing agent for GSH, which is oxidized to form disulfide bonds in GSH,
whereas MnO2 is reduced to manganese ions, thereby activating the cGAS-STING pathway.

2.1.2. Zinc nano-adjuvant

Recent studies have shown that zinc ions play a significant role in STING activation. They promote the phase separation of cGAS
proteins and enhance their enzymatic activities [81,82]. Similar to other metal nano-adjuvants, zinc ions can induce the accumulation
of ROS in tumor cells, disrupt mitochondria, and release mitochondrial DNA, thus activating the cGAS-STING signaling pathway
[83-87] and leading to interferon production.

Cen et al. [45] developed ZnS@bovine serum albumin nano-clusters by encapsulating zinc and sulfur ions with bovine serum
albumin as the carrier. Under acidic conditions, these nano-clusters release zinc and sulfur ions, which act on tumor cells. Zinc ions
induce ROS generation in cells, thereby increasing the catalytic ability of cGAS and enhancing the efficiency of cGAS-STING pathway
activation, promoting the release of IFN-Is and cytokines, and accelerating the infiltration and maturation of DCs. Moreover, sulfur ions
combine with free hydrogen ions in the body to produce hydrogen sulfide gas, which can inhibit the activity of hydrogen peroxide
enzymes, leading to the accumulation of ROS and the promotion of tumor cell apoptosis.

2.1.3. Iron nanoparticle adjuvant

Iron plays an important role in the growth and metastasis of tumors. Iron tumor therapy using iron nanoparticles as carriers has
become a new approach in tumor treatment. Choi [88] conducted a study to prepare iron oxide nanoparticles with different loading
contents and compared the effects of different loading amounts on targeting efficiency. The results showed that the iron oxide
nanoparticles were effectively wrapped in nanocarriers, with a loading efficiency of over 95 %. This experiment also indirectly


http://creativecommons.org/licenses/by/4.0/

Z. Xu et al.

Heliyon 10 (2024) e38900

Table 1
Different nano-adjuvants activate STING pathway.

Drug Materials Effect and mechanism Reference

position

Metal-based nanoparticle adjuvants

CMPCDA MnCI2,1 mg/mL CDNs solution,DOPE-H11 Adding Mn?*to different concentrations of cGAMP can [40]

significantly enhance the type I IFN response of THP1
cells expressing hSTINGR232, hSTINGH232 and
hSTINGHAQ. CMP can significantly enhance the
activation of ST agonist,ST activation and IFN-f response
of THP1 cells in vitro.

HBMn-FA NPs 0.625 mol/L (NH4)2COs solution (containing 8mg/ Specifically activating and amplifying cGAS-STING [41]
mLHemin),13.3 mg/mL PLGA/DCM solution),1 mol/L MnCl.  pathway in both tumor cells and antigen presenting cells;
solution,10 mg/mL BSO solution,BSA solution,DSPE-PEG-FA,  skillfully avoiding the delivery difficulty of STING
Milli-Q water agonists via the activation of STING by endogenous

signaling; and.significantly enhancing the therapeutic
efficacy of immune check point blockade (a PD-1)to
activate systematic immunotherapy.

TriNV MON (Mesoporous Organosilica Nanoparticle),10 mg/mL ISTVs improve the uptake of TAA by DC cells in the [42]
Polyethyleneimine (PEI) Solution, KMnO4, H20, Oleic Acid tumor microenvironment, enhance their acquired
(OA), 5 mg/mLPoly (allylamine hydrochloride) Solution immunity, and finally, due to the release of Mn?" in the
(PAH), 5 mg/mL,Poly (acrylic acid) Solution (PAA):,Amino- tumor microenvironment from ISTVs and the synergistic
terminated PEG (mPEG-5K-NH2), EDC (Likely 1-Ethyl-3-(3- effect with dsDNA released from the rupture of cancer
Dimethylaminopropyl) Carbodiimide, a crosslinking agent), cells caused by photothermal therapy, the activation of
Indocyanine Green (ICG) the cGAS-STING pathway is promoted, which further

promotes the maturation of DC and the polarization of
macrophages to M1, thus amplifying the T cell immune
response.

CM@Mn KMnO,4,0A,4T1The tumor cell membrane (CM) A large amount of reactive oxygen species (ROS) is [43]

produced in cells to promote cell death, which leads to a
large amount of DNA release to activate STING pathway
and stimulate the activation of immune cells

G5-pBA/OVA@Mn G5-PAMAM dendrimer, OVA,3-(bromomethyl) benzoic acid Because tumor antigen OVA is attached to G5-pBA, DC [44]
(mBA) and 4-(bromomethyl) benzoic acid (pBA),MnCl, cells uptake tumor antigen and accelerate the release of
solution Mn? *, thus activating STING pathway to accelerate the

maturation of immune cells such as CD+8 and release
immune factors such as IFN-y.

ZnS@BSA Bovine serum albumin (BSA),Zn(CH3COO) 5,Na,S Zn ~ (2 +) and S ~ (2-) are released in the acidic [45]

environment of tumor cells. Sulfur ion and H ~ (2 +) in
tumor cells lead to the accumulation of ROS and the
release of mitochondrial DNA, which activates the
STING pathway. Zn ~ (2 +) enhances the activity of
cGAS catalytic enzyme and enhances the STING signal

CFCP methanol,ethanol, Acetone,1,3,5-Tris (4-aminophenyl) Under the mediation of CFCP and its standardization, the [46]
benzene (TAPB),Benzene-1,3,5-tricarbaldehyde (BTC),glacial cell membrane of tumor cells is destroyed, accelerating
acetic acid, FeCl3.6H50, curcumin,H,PtClg,NaBH,4 cancer cell death in synergy with iron ions. This process

releases dsDNA and activates the STING pathway,
promoting dendritic cell (DC) maturation. Additionally,
it amplifies immune stimulation through interferon
induction, thereby inducing systemic immunity

IONP-C/O@LP denoted as dip-PEG-mal, Fe304,thiol-modified CpG,thiol- Through targeted delivery of OVAp and CpG to the [47]
modified OVAp immature DC cytoplasm and lysosomes, the activation

rate of DC cells is enhanced and the accumulation of
reactive oxygen species is induced, further activating the
STING pathway.
Advantages and Advantages: 1.Metal-based nano-adjuvants for tumor vaccines leverage the size advantage of nanomaterials, enabling
Disadvantages them to concentrate more easily in lymph nodes, spleens, and other lymphatic organs. This improves their effectiveness in
stimulating the immune response.2.Metal nano-adjuvants, while delivering antigens or drugs, can also activate immune
pathways on their own. Metal ions such as Mn?", Zn?*, and Ca®* have the ability to trigger immune pathways, further
enhancing the immunogenicity of the vaccine
Disadvantages:1.During the delivery process, metal nano-adjuvants may be influenced by the internal environment,
resulting in unstable drug release or inaccurate targeting to the desired site. This can compromise their therapeutic
effectiveness.2.The immunological mechanisms underlying the actions of metal nano-adjuvants in tumor vaccines are not
yet fully understood. This lack of clarity may hinder the prediction and optimization of their therapeutic outcomes.
Nano adjuvant based on platinum/camptothecin -based chemotherapy drugs
PC7APolymeric ester coupling of 2,2,5-trimethyl-1,3-dioxane-5-carboxylic PC7A is capable of binding to STING protein and [48]
Nanoparticles acid,2- (azepan-1-yl)ethanol,1-ethyl-3-(3- activating STING pathway effectively. Moreover,

dimethylaminopropyl) carbodiimide, 1,3-dioxane
heterocycle trifluoroacetic acid,ethyl-2,6-
diisocyanatohexanoate,polyethylene glycol,1H and 13C
NMR,Oxa-C16,1,2-distearoyl-sn-glycero-3

cisplatin within it can induce DNA damage, releasing
DNA to further activate STING pathway

(continued on next page)
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Drug Materials Effect and mechanism Reference
position
phosphoethanolamine-N-[polyethyleneglycol2000]
ammonium (DSPE-PEG 2000)

CPT-SS-OA/CM Oleic acid (OA),2,2-dithiodiethanol or hexanediol, CPT-SS-OA/CM can be easily internalized into cells and [49]
dichloromethane (DCM),CPT,DMAP, Triphosgene,ethanol, converted into active ester CPT, which activates the
Cremophor EL cGAS-STING pathway, promoting the maturation of DC

cells and the tumor infiltration of CD8" T cells.
Additionally, it reduces the inherent toxicity of
camptothecin.

CPT-S-S-LA OH-S-S-OH(DTDE), triethylamine, tetrahydrofuran (THF), This medication can target the accumulation of CPT at [50]
dichloromethane (DCM),NaHCO3,NaN3,N- the site of liver cancer tumors, release CPT in tumor cells,
Dimethylformamide (DMF),lactobionic acid,trifluoroacetic induce apoptosis in tumor cells, release tumor DNA,
acid activate a strong STING immune response, and have

fewer toxic side effects from CPT.

CPT-Pt (IV) Mercaptoacetic acid, trifluoroacetic acid, acetone, lithium CPT-Pt (IV) can facilitate the maturation of BMDCs, [51]
aluminium hydride, triphosgene, succinic anhydride, 1,2,4,5- leading to the accumulation of reactive oxygen species
cyclohexa netetracarboxylic dianhydride, mPEG2k-DSPE, (ROS) in cancer cells, the disruption of mitochondria and
and 3-(4,5-dimethylth iazol-2-y1)-2,5-diphenyltetrazolium the release of DNA, activation of the cGAS-STING
bromide (MTT) Hexadecyl iso cyanate, Cisplatin,Irinotecan pathway, and the subsequent release of type I interferon,
hydrochloride trihydrate (CPT-11) promoting DC cell maturation.

§SC-1,SSC-2,and K>CO3,allylbromide,N,N-Dimethylformamide (DMF)4- Promoting the accumulation of reactive oxygen species [52]

SSC-3

Advantages and
disadvantages

DNA nano-adjuvant
DNA-based
nanotubes

Advantages and
disadvantages

Other
PC7A NP

STING-NPs

DMXAA

MOF-Cp G-DMXAA

Dimethylaminopyridine,acetic anhydride,dry pyridine,dry
CH,Cl,,CgH12N4(AIBN),2-mercaptoethoxy ethanol,
compound 7,DMTrCl, Camptothecin

(ROS) triggers the disruption of mitochondrial
membrane in cancer cells, leading to the release and
assembly of mitochondrial DNA into double-stranded
DNA (dsDNA). The binding of y with the CGAS protein
inside cancer cells activates the STING pathway.

Advantages: 1.Due to their nanoscale size, nano-adjuvants are capable of penetrating deep into tumor cells and precisely releasing
chemotherapy drugs within the tumor microenvironment, thus effectively killing a large number of cancer cells.2.The extensive death of
cancer cells caused by chemotherapy drugs releases a significant amount of dsDNA, which in turn strongly activates the cGAS-STING

pathway, leading to a robust immune response.

Disadvantages: 1.Chemotherapy drugs can cause damage to healthy cells as well, making the timing and location of their release a major
concern. Ensuring the drugs are delivered specifically to tumor cells and released at optimal intervals is crucial.2.The loading capacity of
nano-adjuvants for chemotherapy drugs determines their ability to trigger an immune response. Low drug loading represents a significant

obstacle in the development of nano-adjuvants carrying chemotherapy drugs.

oligonucleotides, Atto488-dUTP,Cy3-dUTP,CoCly,terminal
transferase enzyme

CpG oligonucleotides with the DNA tubes promote the
production of TNF-q, thereby activating the STING
pathway.

[53]

Advantages: 1. DNA nano-adjuvant tumor vaccines leverage the unique properties of nanomaterials to achieve efficient targeted delivery of
drugs or antigens, ensuring their precise localization to tumor tissues while minimizing off-target distribution.2.By optimizing the antigen
delivery system, DNA nano-adjuvants can enhance the immune response to vaccines, thereby improving their immunogenicity.
Disadvantages: 1.The preparation process of DNA nano-adjuvants is relatively complex, requiring precise control over parameters such as
nanoparticle size, shape, and surface properties to ensure efficient delivery and stable release in vivo.2.Due to the complexity of the
preparation process and the specificity of the required materials, the cost of DNA nano-adjuvants tends to be relatively high.

antigen, polymeric nanoparticle It induces a strong cytotoxic T cell response and reduces  [54]
the expression of systemic cytokines. Mechanistically,
PC7A NP achieves effective cytoplasmic delivery of
tumor antigens to APCs in draining lymph nodes, leading
to increased surface presentation while activating the
STING pathway, subsequently activating type I
interferon-stimulated genes
Butyl methacrylate (BMA), poly (ethylene glycol)4-cyano-4- Increased bioactivity of cGAMP enhances the STING [55]
(phenylcarbonothioylthio)pentanoate, Mn = 2000 Da and signaling in the tumor microenvironment and sentinel
Mn = 10,000 Da (PEG-CPADB),4cyano-4- lymph nodes, transforming the immunosuppressive
(phenylcarbonothioylthio)pentanoate (CPADB), N,N'- tumor into an immunogenic tumor-killing
Dicyclohexylcarbodiimide (DCC),4-(Dimethylamino) microenvironment. This leads to enhanced therapeutic
pyridine (DMAP), DL-Dithiothreitol (DTT), 4,4-azobis (4 efficacy of cGAMP, suppressing tumor growth,
Cyanovaleric acid) (V501), dichloromethane,1,4-dioxane, improving long-term survival rates, amplifying response
and poly (ethylene glycol) methyl ether (Mn = 5,000Da)2- to immune checkpoint blockade, and inducing immune
(Diethylamino)ethyl methacrlate (DEAEMA) 2,2-Azobis (4 memory to protect against tumor re-challenge.
methoxy-2,4-dimethylvaleronitrile)
flavone-acetic,5,6-dimethylxanthenone-4-acetic,Flavone-8- Activate the immune system to increase the quantities of [56]
Acetic Acid white blood cells, interleukin-6, tumor necrosis factor,
and chemokines, inducing cellular apoptosis and
activating the STING pathway.
Fumaric aicd,CpG ODNs,DMXAA,MOF-801,Zr6 clusters,DNA Can polarize TAMs in the cell to promote the maturation [571

(50 pm,uniform size and zeta potential at around +45 mV)

10

of DC cells, including DMXAA, which can activate the
STING pathway. Metal-Organic Framework (MOF-801)
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Table 1 (continued)

Drug Materials Effect and mechanism Reference
position

can be recognized by TLR4 to activate the STING-NF-kB
pathway, thereby promoting the maturation of dendritic

cells.
MONCPT 20(S)-camptothecin,10-hydroxy-20(S)-camptothecin,10- Regulate the expression of matrix metalloproteinase-9, [58]
methoxy-20-(S)-camptothecin,DMSO solution control the cell cycle, induce extensive cell death, release

DNA to activate the cGAS-STING pathway, and promote
DC cell maturation.

CMPCDA:CMP,CDN-Mn2+particle,CDN,cyclicdinucleotide; CDA,c-di- AMP,AMP,a denosine monophosphate; CM@Mn:CM, tumor cell membrane; G5-
PAMAM,Poly(a midoamine) dendrimer; ZnS@BSA: BSA,bovine serum albumin; CFCP: iron-base d covalent organic framed nanoadjuvant doped with
curcumin and platinum; I0 NP-C/O@LP: IONP, iron oxide nanoparticles; L,encapsulated by lipid film; P,bearin g a DC-targeting cyclic peptide P30;
PC7A,encapsulation of chemotherapeutic pl atinum complexes with a polymer with a cyclic seven-membered ring; CPT-SS- OA: CPT,camptothecin;
SS,disulfide bond; OA,oleic acid; CPT-S-S-LA: LA,lactose; SSC,Aptamer—drug conjugates; PC7A NP, a minimalist nanovaccine by a simplephysical
mixture of an antigen with a synthetic polymeric nanoparticle; STING- NPs: STING, agonists o stimulator of interferon genes; DMXAA, Vadimezan;
MOF-CpG-DMXAA:MOF,metal-organic framework; CpG,cytosine-phosphate-guanine; MONCPT,a topoisomerase I inhibitor.

indicated that the mechanical properties of the nanocarriers for loaded iron oxide nanoparticles can be conveniently changed by
adjusting the loading amount, thus providing iron nano-adjuvants with significant advantages in tumor immunotherapy.

Xu et al. [46] designed an iron-based covalent organic framed nano-adjuvant doped with curcumin and platinum. This iron ion-—
bound nano-adjuvant increased the release of dsDNA, activated the STING pathway to promote DC maturation, and induced a systemic
immune response via interferon amplification, resulting in efficient tumor treatment. Moreover, iron nano-adjuvants can synergisti-
cally enhance tumor immune combination therapy with antigens.

Meng et al. [47] proposed a lipid-encapsulated iron oxide nanoparticle that was delivered as a nanovaccine. Utilizing endocytosis,
peptide antigens and cytosine-guanosine phosphate (CpG) DNA were delivered to DCs. The results showed that iron oxide promoted
ROS in cells, facilitated DC maturation, activated the STING pathway, inhibited tumor growth, and improved animal survival. As
nano-adjuvants, iron oxide nano-adjuvants possess sufficient targeting efficiency and the ability to prolong half-life in vivo.

2.2. Nano-adjuvant based on platinum-based chemotherapy drugs

Cisplatin is a nano-adjuvant based on platinum chemotherapy drugs. It releases its DNA into cytoplasm to activate STING pathway
by causing DNA damage in tumor cells and inhibiting DNA repair, thus transforming “cold tumor” into “hot tumor,” providing better
anti-tumor effect for clinical chemotherapy and immunotherapy [89-92]. However, cisplatin exhibits poor water and fat solubility,
insufficient specificity for tumor cells, low bioavailability, and high toxicity and side effects, which limit its clinical application [93].
Liposomes, one of the most mature nano-drug delivery systems, exhibit considerable potential for drug delivery. Encapsulating
cisplatin in liposomes can improve its bioavailability in the human body and enhance immune responses [94].

Phenanthriplatin is a monovalent platinum (II)-based complex that can rapidly bind to DNA and cause serious DNA damage in
tumor cells; however, it is easily removed from the human body. Monroe et al. [95] showed that phenanthrene platinum differs from
cisplatin in damaging the anti-tumor mechanism of DNA. Phenanthrene platinum primarily binds to guanosine residues in a mono-
dentate manner without distorting DNA and inhibits transcription and evades the DNA repair mechanism. Studies have suggested that
phenanthrene platinum may not have similar toxicity and side effects as cisplatin because of its different mechanism of activating
apoptosis from cisplatin. However, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-based detection indicated that
phenanthrene platinum inhibited survival ability to a similar extent as cisplatin, which could cause toxicity via multiple cell death
pathways [96,97]. This nanoparticle can rapidly enrich in tumor sites by size effect, induce DNA damage of tumor cells, activate the
cGAS-STING pathway, promote the transformation of “cold tumor” into “hot tumor,” and achieve tumor immune activation [98,99].

Oxaliplatin is a third-generation platinum chemotherapy drug that can induce DC maturation, promote CD8™ T-cell infiltration into
tumor tissues, block the tumor-related macrophage cycle in the M1 phase, efficiently activate the STING pathway, improve the
immunosuppressive tumor microenvironment, and enhance anti-tumor effects [100]. However, considering the limited effect of a
single STING agonist on anti-tumor immunity, the immune activation of oxaliplatin must be combined with the immune enhancement
of nano-materials. PC7A is a synthetic biodegradable polymer material, whose seven-membered tertiary amine can directly bind to the
STING protein, thus activating the immune response. Based on this, Gao et al. [48] designed a multi-mode nano-preparation that
modified the cyclic seven-membered ring (PC7A) as an effective STING agonist on the polymer skeleton, coated the platinum complex
with it, and self-assembled to form nanoparticles. This nano-adjuvant is responsive to the pH of the tumor microenvironment. After
entering the tumor microenvironment, oxaliplatin induces DNA damage in cancer cells and activates the classical cGAS- STING
pathway. PC7A can directly bind to STING to form STING-PC7A aggregates, which activate the PC7A-STING pathway. Drugs and
nano-materials synergistically activate the STING pathway, improve the tumor microenvironment of immunosuppression, increase the
inherent anti-tumor immune response, enhance the effect of immune checkpoint blocking therapy mediated by the PD-L1 monoclonal
antibody, and finally achieve the best anti-tumor effect, providing a new strategy for clinical tumor treatment.
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2.3. Nano-adjuvant based on camptothecin derivatives

CPT, a nano-adjuvant based on CPT derivatives [101,102], is a natural product and belongs to topoisomerase inhibitor. It blocks
DNA replication and repair in cancer cells by inhibiting topoisomerase I activity, thus playing an anti-tumor role, particularly in solid
tumors such as colorectal cancer and ovarian cancer [103]. However, CPT exhibits certain limitations, such as low bioavailability,
hightoxicity and side effects, and weak activation ability of the STING pathway when used alone.

Therefore, the preparation of CPT as a nano-adjuvant to improve its immunotherapeutic effect has become an important research
topic. CPT based prodrug CPT-SS-OA was prepared by linking CPT with oleic acid via a disulfide bond. Because of the presence of the
oleic acid group, CPT lactone was stably used to improve its anti-tumor effect. Li et al. [49] constructed CPT-SS-OA/CM by embedding
CPT-SS-OA into bone ash micelles (CM). In vitro studies have shown that CPT-SS-OA/CM is easily internalized into cells, transforms
into active lactone CPT, activates the cGAS-STING pathway, promotes the development and maturation of DCs and tumor infiltration
of CD8™ T cells, and reduces the original toxicity of CPT, thus providing a new idea for tumor immunotherapy.

Lu et al. [50] prepared the CPT prodrug CPT-S-S-LA by connecting CPT to stearic acid via a disulfide bond. The prodrug can
self-assemble into nanoparticles in water owing to the presence of stearic acid moieties. In response to GSH, CPT-S-S-LA can release
CPT drug, activate the cGAS-STING pathway, promote the development and maturation of DCs and promote tumor infiltration of CD8"
T cells. Moreover, it significantly reduces the inherent toxicity of CPT, providing a new approach for tumor immunotherapy.

To further enhance the activation of the STING pathway, Lei et al. [51] prepared CPT-Pt (IV) by linking CPT with cisplatin, which
was then self-assembled with the ROS- sensitive polymer and lipid polymer 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[me-
thoxy (polyethylene glycol)-2000] to form a nano-adjuvant. The prepared nanoparticles aggregated at tumor sites and improved the
utilization rate of drugs. Moreover, the nanoparticles induced double DNA damage by releasing cisplatin and CPT, activating the
cGAS-STING pathway, inducing DC maturation, and enhancing the tumor infiltration of CD8" T cells in a mouse colorectal cancer
model. Thus, “immune cold tumors” can be transformed into “immune hot tumor,” and tumor inhibition can be enhanced by combined
chemical immunotherapy. Moreover, the nano-preparation overcomes the limitation of poor water solubility of CPT, enabling CPT to
exert maximum efficacy. The combined action of the two causes rapid DNA release, which can stimulate a strong immune response,
thereby killing tumor cells with maximum efficiency.

7-Ethyl-10-hydroxy-camptothecin (SN38) is an active metabolite of CPT and exhibits higher anti-tumor activity than CPT. Animal
experiments have shown that SN38 plays a significant role in inducing DCs o mature and release interferon-f. Further study identified
that after the SN38 damaged DNA, DNA fragments were released in exosomes, which were absorbed by immune cells such as DCs to
activate the STING pathway. Because SN38 exhibits poor water solubility, easy in vivo cleaning, and systemic toxicity, Wang et al. [52]
chemically modified SN38, such that SN38 can could self-assemble into stable micelles, which significantly improved its anti-tumor
activity. Gao et al. [104] prepared SN38 conjugates with tumor-targeting abilities by automatically coupling compounds contain-
ing phosphoramide with aptamers, which can induce apoptosis by releasing the parent SN38 and inhibiting tumor growth.

2.4. DNA nano-adjuvant

DNA nano-adjuvants exhibit precise chemical structures and significant assembly ability; consequently, they have attracted
considerable attention in the field of nanotechnology. Currently, common DNA nanotechnology includes DNA brick self-assembly,
DNA origami, and other methods, that can perform a specific function under the stimulation of specific conditions and chemically
modify it, which can significantly expand its functional range [105-107]. Rehberg et al. [53] assembled a DNA nanotube as a delivery
vector for the CpG sequence, and evaluated the ability of the DNA nanotubes to induce immune stimulation. The results showed that
DNA nanotubes were absorbed by macrophages via internalization, which activated the inflammatory pathway of the surrounding
cells, recruited immune cells, promoted the maturation of DCs, and effectively activated the cGAS-STING pathway, thus achieving
tumor immunity [108].

Interferon-stimulated DNA can activate the cGAS-STING pathway and induce a strong anti-tumor immune response. However,
owing to its low bioavailability, easy decomposition, poor stability, and poor specific selection for tumors, its clinical use is chal-
lenging. Mitochondrial DNA (mtDNA), which escapes to intracellular or extracellular compartments under different conditions, causes
inflammation by activating the cGAS-STING pathway. Xian et al. [109] identified that oxidized mtDNA (Ox-mtDNA) can bind to
cytoplasmic nucleotide-binding domain, leucine-rich-containing family, pyrin domain—containing-3 (NLRP3) to trigger the activation
of inflammatory corpuscles. Simultaneously, Ox-mtDNA activates cGAS-STING signal transduction and produces pro-inflammatory
extracellular DNA. NLRP3 inflammatory corpuscles are initiated by TLRs, which sense pathogens or damage-associated molecular
patterns. They activate caspase-1-mediated proteolysis of interleukin-1 f§ and interleukin-18 processing secretion. Another target of
cytoplasmic mtDNA is the DNA-sensing enzyme loopcGAS, which leads to the activation of STING) and production of IFN-I, thus
further amplifying inflammation.

2.5. Others

Luo et al. [54] constructed ovalbumin-PC7A nanoparticle (OVA-PC7A NP) with OVA as an antigen and identified that the number
of mature DCs increased significantly under OVA-PC7A NP treatment. Further studies showed that PC7A biotin in mice increased
significantly after OVA-PC7A NP treatment. PC7A biotin could retain STING to the greatest extent, STING could directly bind to PC7A,
and there was a special interaction between them, which further promoted the activation of the cGAS-STING pathway.

Cyclic dinucleotide (CDN) agonists are promising immunotherapy drugs that can activate innate immunity and increase the
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immunogenicity of tumors [110-112]. However, the effectiveness of CDNs is affected by disorders of drug delivery, poor cell targeting,
rapid clearance, and low efficiency of transport to the STING-localized cytoplasm. Shae et al. [55] introduced STING-activated
nanoparticles (STING-NPs) for the cytoplasmic delivery of endogenous CDN ligands (2, 3- cGAMP). STING-NPs can improve the
biological efficacy of cGAMP and enhance the STING signal of the tumor microenvironment and sentinel lymph nodes to transform
immunosuppressive tumors into an immunogenic microenvironment, which can enhance the therapeutic effect of cGAMP, effectively
inhibit tumor growth, improve tumor response to immune checkpoint blockade, and induce immune memory to prevent tumor
recurrence.

5,6-Dimethylxanthenone-4-acetic acid (DMXAA) is a synthetic mouse agonist of STING, which exhibits potential anti-tumor ac-
tivity in clinic [56]. The encapsulation of DMXAA in nanoparticles can enhance its enrichment in tumor tissues, reduce its influence on
normal tissues, and improve its anti-tumor effect. Although DMXAA can not bind to human STING, it remains a promising tumor
vascular disrupting agent and shows high efficiency in combination with various anti-tumor drugs, including cisplatin [113].

Chen et al. [57] identified that CpG oligodeoxynucleotides and DMXAA were introduced into metal-organic frames-801 (MOF-801)
via coordination bonds to self-assemble MOF-CpG-DMXAA, which was recognized by TLR-4and could activate cGAS-STING-NF-k B
signaling pathway at a significantly low dose (70 ng mL-1), thus accelerating DC maturation. The data showed that MOF-CpG-DMXAA
can enhance the activation of STING; therefore, it can still efficiently activate the CGAS-STING pathway at lower concentrations and
produce efficient tumor-killing results.

Moreover, DMXAA can specifically induce the closure of blood flow in tumors without destroying normal tissues; therefore,
DMXAA has been widely studied in cancer treatment research, and remarkable results have been achieved not only in laboratories, but
also in phase I/1I clinical trials [56]. Unfortunately, DMXAA failed in Phase III clinical trials, because it only binds to mouse STING and
not to human STING [114]. DMXAA can cause irreversible destruction of tumor blood vessels and completely block tumor blood flow
[115]; thus, it is a promising vascular blocker with great research value.

Studies have shown that 10-methoxy-9-nitrocamptothecin (MONCPT) has strong antiproliferative and antiangiogenic activities in
vitro and in vivo. According to Yang et al. [58], MONCPT can effectively inhibit the invasion and migration of melanoma cells in mouse
melanoma models without affecting cell survival. As a CPT analog, MONCPT exhibits good anti-tumor activity and is a potential and
efficient anti-tumor drug. Compared to CPT MONCPT has higher DNA damage ability, activates cGAS-STING pathway, induces DC cell
maturation, and has significant inhibitory effect on the growth of transplanted human non-small cell lung cancer [116] However, the
solubility and stability of MONCPT must be improved.

3. Discussion

The current format of utilizing nanoparticles coupled with antigens has emerged as a novel approach for cancer immunotherapy.
The delivery of antigens via nano-sized particles, which is possible owing to their small particle size and large specific surface area,
significantly enhances the targeted delivery efficiency of antigens. Via rational surface modification and targeted design, nano-
adjuvants can specifically recognize and bind to antigen-presenting cells (such as DCs and macrophages), thereby efficiently deliv-
ering antigens to these cells and improving their antigen presentation efficiency. Ultimately, this facilitates the differentiation of DCs
into specific mature states [117].

Furthermore, nano-adjuvants can alter the physicochemical properties of antigens by increasing their solubility and stability,
thereby enhancing their immunogenicity. Particularly, nano-adjuvants derived from certain metal nanoparticles (e.g., manganese and)
can modulate the activity and function of immune cells via their interactions, thereby influencing antigen presentation and immune
response processes.

Moreover, nano-adjuvants can mimic pathogens and activate the innate immune response of T cells, thereby inducing adaptive
immune responses. They can also activate TLRs or the cGAS-STING pathway, leading to an increase in the number and activity of CD8"
T cells and a reduction in the number of regulatory T cells. This approach aids in improving the immunosuppressive state within the
tumor microenvironment and enhances the antitumor capabilities of the immune system.

4. Outlook

Research on nano-adjuvants has achieved certain milestones such as, enabling the precise modulation of the immune system via
accurate control of their size, shape, surface charge, and functional modifications. Nano-adjuvants also serve as effective carriers for
vaccines, efficiently delivering antigens to target cells and enhancing their immunogenicity and stability. However, most of these
studies are still in the laboratory incubation and research phases, requiring considerable research and development efforts before
practical clinical applications. A series of challenges related to nano-adjuvants remain to be addressed.

First, as novel drug delivery systems, nano-adjuvants must undergo stringent regulatory approval for ensuring their safety and
efficacy. This includes a comprehensive evaluation of their physicochemical properties, biological activities, immunogenicities, and
safety profiles. Second, there are potential risks of toxicity or side effects associated with nano-adjuvants in vivo, such as excessive
immune responses or organ damage.

Nevertheless, advancements in nanotechnology have propelled the development of nano-adjuvants, offering the potential to
synthesize more efficient and stable formulations. Thus, with the continuous accumulation of research on nano-adjuvants, the
development of a new generation of n ano-adjuvants can be expected in the foreseeable future.
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