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Abstract
Cancer immunotherapy agents fight cancer via immune system stimulation
and have made significant advances in minimizing side effects and prolonging
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the survival of patients with solid tumors. However, major limitations still exist
in cancer immunotherapy, including the inefficiency of immune response
stimulation in specific cancer types, therapy resistance caused by the tumor
microenvironment (TME), toxicities by the immune imbalance, and short life-
time of stimulator of interferon genes (STING) agonist. Recent advances in
nanomedicine have shown significant potential in overcoming the obstacles of
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4 @ cancer immunotherapy. Several nanoscale agents have been reported for can-
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cer immunotherapy, including nanoscale cancer vaccines impacting the STING
pathway, nanomaterials reprogramming TME, nano-agents triggering immune
response with immune checkpoint inhibitor synergy, ferroptosis-mediated and

Abbreviations: ACT, adoptive cell transfer; APC, antigen-presenting cell; ARG, arginine; CAR, chimeric antigen receptor; CCL22, chemotactic
cytokines ligand 22; cGAS, cyclic GMP-AMP synthase; cGAMP, cyclic GMP-3',3'-cGAMP; CDN, cyclic dinucleotides; CDT, chemo-dynamic therapy;
CLSM, confocal laser scanning microscopy; COX2, cyclooxygenase-2; CRISPR/Cas9, clustered regularly-interspaced short palindromic repeats/
associated protein 9; CRT, calreticulin; CSF-1R, colony-stimulating factor 1 receptor; CT, computed tomography; CTL, cytotoxic lymphocyte; CTLA-4,
cytotoxic T lymphocyte-associated antigen 4; DAMP, danger-associated molecular pattern; DCs, dendritic cells; DHODH, dihydroorotate
dehydrogenase; dsDNA, double-stranded DNA; ECM, extracellular matrix; ER, endoplasmic reticulum; FDA, Food and Drug Administration; FSP1,
ferroptosis suppressor protein; GPX4, glutathione peroxidase 4; HMON, hollow mesoporous organosilica nanoparticles; ICD, immunogenic cell death;
ICI, immune checkpoint inhibitor; IDO, indoleamine 2,3-dioxygenase; IgG, immunoglobulin G; IL, interleukin; iNOS, inducible nitric oxide synthase;
IND, indoximod; INF, interferon; irAEs, immune-related adverse events; IRF, interferon regulatory factor; LPO, lipid peroxidation; LNPs, lipid
nanoparticles; LPS, lipopolysaccharides; MDSC, myeloid-derived suppressor cell; MHC, major histocompatibility complex; MTO, mitoxantrone; MRI,
magnetic resonance imaging; NIR, near-infrared; NK, natural killer; NPs, nanoparticles; nMOF, nanoscale metal-organic framework; PA,
photoacoustic; PBA, phenylbornic acid; PGE2, prostaglandin E2; PD-1/PD-L1, programmed cell death protein 1 pathway; PDT, photodynamic
therapy; PTT, photothermal therapy; ROS, reactive oxygen species; STING, stimulator of interferon genes; TAA, tumor-associated antigen; TAMs,
tumor-associated macrophages; TBK1, TANK binding kinase 1; TCR, T-cell receptor; TGF, transforming growth factor; Th, T helper; TIL, tumor-
infiltrating T lymphocyte; TIME, tumor immune microenvironment; TLR, toll-like receptor; TME, tumor microenvironment; Tregs, regulatory T
cells; VEGF, vascular endothelial growth factor.

WIREs Nanomed Nanobiotechnol. 2023;15:¢1873. © 2022 Wiley Periodicals LLC. | 1 of 27

https://doi.org/10.1002/wnan.1873

wires.wiley.com/nanomed


https://orcid.org/0000-0002-0350-375X
mailto:fjnfyy@smu.edu.cn
mailto:qqiuxzh@163.com
mailto:yikaivip@163.com
http://wires.wiley.com/nanomed
https://doi.org/10.1002/wnan.1873
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fwnan.1873&domain=pdf&date_stamp=2022-12-28

2 of 27 Wl LEY— WIREs GUO ET AL.

Zheyu Shen, School of Biomedical
Engineering, Southern Medical
University, 1023 Shatai South Road, therapy, and nanomedicine-meditated chimeric antigen receptor-T-cell therapy.
Guangzhou, Guangdong 510515, China.
Email: sz@smu.edu.cn

indoleamine-2,3-dioxygenase immunosuppression-mediated cancer immuno-

Herein, we summarize the major advances and innovations in nanomedicine-
based cancer immunotherapy, and outline the opportunities and challenges to
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1 | INTRODUCTION

Cancer immunotherapy has been widely used in recent years due to its long-lasting immune response, noninvasive nature,
and minimized side effects. It has shown great potential in conquering malignant tumors compared with conventional thera-
pies such as surgical excision, chemotherapy, and radiotherapy. Agents of cancer immunotherapy have been used to activate
or boost the immune response to kill cancer cells, and considered as a promising strategy for cancer treatment (Baxevanis
et al., 2009; Chhabra & Kennedy, 2021; Helmy et al., 2013; Kruger et al., 2019; Schumacher & Schreiber, 2015; van den Bulk
et al., 2018). Since the first marketed immunotherapy agent was approved by the US Food and Drug Administration (FDA)
for hairy cell leukemia treatment in 1986 [i.e., cytokine interferon (INF)-a; Ahmed & Rai, 2003] many cancer immunother-
apy agents have been developed. The major classes of immunotherapy agents could be used for generalized and personalized
cancer immunotherapy. The former includes immune checkpoint inhibitors (ICIs; including PD1/PD-L1, CLTA-4; Darvin
et al.,, 2018; Kim, Lee, et al., 2021; Li, Chan, et al., 2019; Sun et al., 2018; Thomas et al., 2018) cytokines (including IL-2,
TGF-p1, IL-12, and IL-15; Berraondo et al., 2019; Chen & Mellman, 2013; Kim, Lee, et al., 2021; Nguyen et al., 2020) and
immune cell depletion (Knuschke et al., 2016; Knutson & Disis, 2005; Matosevic, 2018; Mikelez-Alonso et al., 2021; Phung
et al., 2020; Teng et al., 2015; Valipour et al.,, 2019; Yang, Li, et al., 2020) which enhance the overall immune system fitness
by interfering with key mechanisms of immune regulatory. The latter includes the adoptive cell transfers therapies
(e.g., chimeric antigen receptor (CAR)-T cells; Feins et al., 2019; Labanieh et al., 2018; Singh & Mcguirk, 2020) antibodies
(nanobodies; Chanier & Chames, 2019; Chen et al., 2016, 2020; Kijanka et al., 2015) and antigen-specific vaccination
(e.g., mRNA, peptides, and virus; Fiedler et al., 2016; Lanfermeijer et al., 2020; Tagliamonte et al., 2014; Yang et al., 2014)
which guide the immune cells to the specific targets in patients.

However, the clinical reports in the last decades indicated that although immunotherapy shows significant improve-
ment in tumor inhibition and patient survival, most patients still suffer from the inefficiency of immunotherapy, toxic-
ities caused by enhanced immune response, and therapy resistance caused by TME or potential off-target effects
(Sharma et al., 2017).

With the development of nanomedicine and an improved understanding of cancer immunotherapy mecha-
nisms, a growing number of nanoscale cancer immunotherapy agents have been reported to overcome the obsta-
cles mentioned above. Nanomedicine-mediated cancer immunotherapy exhibits significant potential, for example,
implementing nanotechnology delivery to prevent the off-targeting problem, establishing the multifunctional
nano-platform to enhance T-cell activation, and combining ICIs with nanomedicine to synergistically enhance the
local therapy of cancer.

Herein, we provide a brief summary of the main principles, methods, and challenges of cancer immunotherapy. We
then focus on novel nanomedicine-based cancer immunotherapy agents that overcome the obstacles and promote more
opportunities. Our overarching goal is to provide insights for combining nanomedicine with cancer immunotherapy to
improve the efficiency and safety of cancer immunotherapy and to finally improve patient clinical outcomes.
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2 | CANCERIMMUNOTHERAPY

Although cancer immunotherapy has achieved clinical efficiency, it still faces several challenges in boosting efficiency
and safety issues. Thus, research and development of novel cancer immunotherapy agents to overcome the obstacles
appear to be particularly significant. Understanding how cancers interact with the immune system and how the thera-
peutic agents act on the TME is essential for the development of cancer immunotherapy agents.

2.1 | Principles of cancer immunotherapy

The immune system has the function of immune surveillance, defense, and regulation, playing the dual role of
suppressing and promoting cancer progression. Evidence accumulated from animal models and patients indicates that
the immune response recognizes and eliminates cancer cells by activating immune cells. Thus, understanding the
immune cell classes and how they are activated is essential for the research and development of cancer immunotherapy
agents (Sharma et al., 2017; van den Bulk et al., 2018; Willsmore et al., 2021; Yang, 2015).

The tumor immunoediting hypothesis includes three phases of the tumor-immune system interaction, that is, elimi-
nation, equilibrium, and escape. Elimination means killing cancer cells via innate and adaptive immune cells. Equilib-
rium is the period in which the immune system fails to kill some cancer cells in the elimination phase. Although a
small number of tumor cells are alive despite monitoring by the immune system, they are not harmful and do not affect
normal physiological functions. Once this equilibrium is broken, the tumor cells successfully “escape”, and the immune
system loses control of the tumor cell growth, resulting in their sustainable growth, affected by TME, with some tumor
cells showing resistance (Teng et al., 2015).

Cancer immunotherapy has gained significant bench-to-bedside success in the last 50 years by focusing on T lym-
phocyte cell regulation, which stresses the importance of CD8" T cells in tumor cell destruction and secretion of cyto-
kines. When dendritic cells (DCs) activate T cells via cross-presenting exogenous antigens in the lymph node with
major histocompatibility complex (MHC) molecules, T lymphocytes differentiate to T effector cells (Teffs) that kill can-
cer cells and memory T cells that inhibit cancer cell metastasis and recurrence (Fu & Jiang, 2018; Lees, 2020; Teng
et al., 2015; Waldman et al., 2020). Also, immune checkpoint inhibitors (ICIs), such as PD-1/L1 and CTLA-4, are com-
monly used for suppressing cancer progression. By blocking the immune checkpoints, Teffs are upregulated by the
enhanced recognition of cancer cells (Figure 1a,b; Teng et al., 2015).

TME, defined as the external and internal environment of a tumor, includes the function, structure, and metabolism
of the tumor tissues and resident immune cells. TME plays a key role in determining cancer initiation, metastasis, and
drug resistance. Therefore, understanding to effectively activate immune cells in TME is a key factor for the research
and development of cancer immunotherapy agents. The angiogenic endothelial cells and vascular pericytes in the bio-
logical barrier prevent immune cell penetration into the tumor site. In addition, TME affects immune cells (Cheng
et al., 2020), as shown in Figure 2 and discussed as follows.

Tumor-associated macrophages (TAMs) play a crucial role in antitumor treatments and are abundant in tumor loca-
tion. TAMs include M1 and M2 phenotypes with polarization. M1 macrophages are known as the pro-inflammatory
macrophages with secretion of IL-1p and TNF-a, which attack tumor cells. Usually, their differentiation is suppressed
in TME, but could be reversed by lipopolysaccharides (LPS) and INF-y secretion. The M2 phenotype macrophages are
the main population of TAMs, leading to cancer progression and metastasis, which is known as the anti-inflammatory
macrophages with secretion of IL-10, transforming growth factor-p (TGF-f), and arginase 1 (Argl). The M2 macro-
phages can be further divided into subtypes, including M2a macrophages, which exhibit functions of anti-inflammatory
and tissue remodeling; M2b macrophages, which exhibit functions of T helper (Th) activation and immunoregulation,
leading to the promoting of tumor progression; M2c macrophages, which present functions of phagocytosis of apoptotic
cells, immunosuppression and tissue remodeling; M2d macrophages, which promote angiogenesis and tumor progres-
sion. To effectively suppress cancers and further prevent the metastasis, reversal of TAMs polarization in TME is neces-
sary (Funes et al., 2018; Pan et al., 2020; Wang, Ma, et al., 2021).

DCs present antigens to T cells by MHC molecules. In TME, the anti-inflammatory factors impede the monocytes
normal differentiation into DCs and enhance the immature regulatory DCs transformation, which further inhibits
T-cell function by secreting TGF-B. To promote CD8" T cells formation, the DCs antigen-presenting to T cells is pro-
posed to be enhanced by cancer immunotherapy agents (Teng et al., 2015).
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FIGURE 1 Cancer immunotherapeutic options: T-cell activation (a) and ICI synergy (b). Reproduced with permission from Teng et al.
(2015), Copyright 2021, American Society for Clinical Investigation (ASCI)

Natural killer (NK) cells show significant immune surveillance in cancer progression and are an attractive candidate
for cancer immunotherapy. However, NK cell-mediated cancer immunotherapy is still not fully developed for the clinic
(Becker et al., 2016; Valipour et al., 2019). To obtain satisfactory outcomes of NK cell-mediated cancer immunotherapy,
the focus is on disrupting TME barriers (Kim, Kim, et al., 2021; Matosevic, 2018; Mikelez-Alonso et al., 2021; Phung
et al., 2020; Yang, Li, et al., 2020).

Thymus-dependent lymphocytes (i.e., T cells) are the major component of lymphocytes with targeted cell killing,
assisting or inhibiting the antibody production from B cells, and resisting specific antigens and mitogens. Also, the cyto-
kines secreted by T cells fight against cancer progression. T cells can be classified according to the function and surface
markers. Teffs, such as CD8" T cells, play a crucial role in cancer immunotherapy by their ability to attack tumor cells.
Regulatory T cells (Tregs) are abundant in tumor tissues due to chemo-attracting and differentiating into Tregs subpop-
ulations in TME, which restrains the number of Teffs. T helper (Th) cells play the role of intermediator that proliferate
and diffuse to activate other types of immune cells. Memory T cells are responsible for the secondary immune response,
which can inhibit the cancer recurrence and metastasis (Knuschke et al., 2016; Knutson & Disis, 2005; Nakamura &
Harashima, 2017; Teng et al., 2015; Thommen & Schumacher, 2018; Waldman et al., 2020). Development of cancer
immunotherapy agents to correct homeostatic regulatory defects and regenerate therapeutic Teffs is critical in cancer
immunotherapy. Moreover, taking advantage of Th and memory T cells to mediate a robust and long-lasting immune
response is essential in cancer immunotherapy.

Recently, the tumor immune microenvironment (TIME) defined as the immunological components of the tumors
has drawn wide attention, which determines the progress of tumor (Cassim & Pouyssegur, 2019; Fu et al., 2021). Scien-
tists have been focusing on developing of strategies for re-modulation of the TIME, for example, boosting of the DCs to
enhance the cross-priming of T cells, polarization of the microphages to promote the CTL profiling, or stimulation of
the NK cells activation. Thus, for efficient boosting of the immune system to fight cancer, nanomedicine was introduced
to address the penetration problems of immune cells and reprogram them in TME.
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FIGURE 2 (a) Components of TME; (b) illustration of immune cell dysfunctions in TME, including enhanced differentiation of
macrophages to M2 rather than M1 phenotype; DCs differentiation from monocytes is reduced while that of MDSCs is enhanced, which is
disadvantageous to T-cell activation; NK cells are defunctionalized by cytokines, including NKG2D, NKP30, NKp46, and NKG2C and T cells
differentiate to Tregs rather than Teg. Reproduced with permission from Cheng et al. (2020), Copyright 2020, John Wiley and Sons

2.2 | Cancer immunotherapy classes

This review article discusses nanomedicine-based cancer immunotherapy focusing on four classes (Riley et al., 2019;
Yang, 2015). In this section, we provide a brief overview of each class and highlight its major advantages and limita-
tions, which need to be addressed to develop advanced nanomedicines.

ICIs are the most widely used and investigated cancer immunotherapy. The most commonly used ICIs are PD-1/L1
and CTLA-4. The antibodies of ICIs evade the interaction of cancer cells with T cells to prevent immune escape. So far,
more than 10 ICIs have been approved for clinical use, and there are ongoing clinical trials using ICIs. Nevertheless,
the clinical impact of ICIs is limited, including side effects and inefficient immune response in some types of cancer
(Lavacchi et al., 2020; Li, Chan, et al., 2019; Pérez-Ruiz et al., 2020).

Cytokines are the first class of cancer immunotherapy to be introduced into the clinic. INF-a recombination thera-
pies were approved in 1986 and directly stimulate the immune system by cytokine injection. However, the application
of cytokine treatment is limited due to the drawbacks, such as short half-life and over-activation of T cells
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(Abastado, 2012; Berraondo et al., 2019; Kim, Lee, et al., 2021; Nguyen et al., 2020; Showalter et al., 2017; Signore
et al., 2003; Tan et al., 2018).

CAR-T cells have attracted much attention following FDA approval. In this strategy, T cells are collected from patients
to express CAR through genetic engineering, which specifically binds to the corresponding antigen presented on the sur-
face of tumors. Cancer immunotherapy with CAR T cells have advantages in immune stimulation (Labanieh et al., 2018;
Pérez-Ruiz et al., 2020; Singh & Mcguirk, 2020). However, recently, the outcomes of CAR-T-cell clinical trials indicated
that the toxicity from T cells is unpredictable (Brudno & Kochenderfer, 2019; Schubert et al., 2021; Yu et al., 2019).

Cancer vaccines utilize tumor-associated antigens (TAAs) to stimulate the immune system against cancer with pro-
longed effects and consist of DCs-based and nucleic acid-based (e.g., mRNA) vaccines (Osipov et al., 2019). The DCs-
based vaccines are the most widely investigated cancer vaccines based on cells, for which DCs are collected from
patients and engineered to express TAAs for T-cell activation (Rojas-Sepulveda et al., 2018; Sabado et al., 2017;
Santos & Butterfield, 2018). The nucleic acid vaccines (e.g., DNA or RNA-based vaccines) depend on the delivery of
exogenous DNA or RNA to target cells. Typically, the DNA or RNA is taken up by antigen-presenting cells (APCs) and
presented to T cells. However, the clinical trials of nuclei acids always face failure caused by the low-efficiency delivery
of DNA or RNA (Kijanka et al., 2015; Pardi et al., 2018; Sahin et al., 2020). Therefore, to expand the clinical application
of cancer vaccines, there is an urgent need for novel technologies in cancer immunotherapy to eliminate toxicity from
T cells and enhance the delivery efficiency of nucleic acids. Moreover, a growing number of cancer vaccines are using
neoantigens produced by chemotherapy, phototherapy (PTT), or chemo-dynamic therapy (CDT), etc., as discussed
below in Section 3.2.

Although the major classes of cancer immunotherapy have achieved significant advances in recent years, limita-
tions, including side effects, insufficient immune cell boosting, short lifetime, potential toxicity, and low delivery effi-
ciency, still impede their application in the clinic.

2.3 | Obstacles in cancer immunotherapy

Although cancer immunotherapy has been proven to be a validated and critically important approach for cancer treat-
ment, we list here 10 obstacles that impede its further application in the clinic: (1) determination of the tumor immunity's
major drivers; (2) establishment of the human immunity models for preclinical study; (3) comprehension of immune envi-
ronment of tumors in specific organs; (4) identification of the immunoescape drivers on the level of molecules and cells;
(5) elucidation of the synthetic immunity's advantages and disadvantages compared with endogenous one; (6) effectiveness
evaluation of early clinical study on cancer immunotherapy; (7) evaluation of the influence of steroids and immunosup-
pression on tumor immunotherapy and autoimmune toxicity; (8) maximization of personalized strategies based on com-
plex biomarkers; (9) development of the advanced regulative end-points in tumor immunotherapy; (10) optimization of
the long term rate of survivors based on combined multidrug tumor immunotherapy protocols (Hegde & Chen, 2020).

Nanomedicine was introduced in cancer immunotherapy to overcome the obstacles mentioned above. The
nanomedicine-mediated improvements of cancer immunotherapy include (1) improved site-specific delivery and bio-
availability by nanocarriers; (2) enhanced anti-tumor response by T-cell boosting, such as the STING activation
nanoparticles or vaccines; (3) reduced toxic side effects, such as nanomedicine-mediated engineered CAR-T-cell ther-
apy; (4) overcoming physical barriers and TME suppression by reprogramming of the TME or indoleamine-2,-
3-dioxygenase (IDO) inhibition; (5) enhancing the targetability of immune cells by STING pathway activation
(Bockamp et al., 2020; Brouillard et al., 2021; Chong et al., 2020; Huang et al., 2019; Liu, An, et al., 2020; Mi et al., 2019;
Mikelez-Alonso et al., 2020; Nakamura & Harashima, 2017; Sau et al., 2018; Shao et al., 2015).

3 | NANOMEDICINE-MEDIATED CANCER IMMUNOTHERAPY

The cancer-immunity cycle summarized by Martin et al. includes the following seven phases, as shown in Figure 3
(Martin et al., 2020). (1) Release of cancer cell antigens, including TAAs and tumor-specific antigens (TSA); (2) cancer
antigen presenting by APCs, which include B cells, DCs, and macrophages, can uptake and process antigens to T cells;
(3) initiation and activation of T cells, in which T cells are activated by further differentiating to Teffs under cross-
presentation of DCs; (4) trafficking of T cells from lymph nodes to tumors; (5) tumor infiltration of T cells; (6) tumor
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FIGURE 3 Cancer immunity cycle responsiveness to cancer immunotherapeutic nanomedicine. Four classes of cancer
immunotherapeutic agents: STING nano-vaccines, nanomedicines involved in TME reprogramming, nanomedicines with ICI synergy, and
nanomedicines for ferroptosis-meditated cancer immunotherapy. This figure is originally created by the authors

cell recognition of T cells; (7) tumor cell killing by T cells. Numerous nanomedicine-based cancer immunotherapy
agents have been designed based on the cancer-immunity cycle.

We reviewed the advances in nanomedicine-based cancer immunotherapy agents that have successfully achieved
prolonged immune effect, low immune toxicity, and high targeting accuracy (Zhang, Wang, et al., 2020) and summa-
rized six significant classes of nanomedicine, modulating the cancer immunity cycle (Figure 3). (1) Nanoscale cancer
vaccines with functions in STING pathway that promotes T cells activation by secreting INF-f; (2) nanomedicines
involving TME reprogramming, which enhances TAA delivery, modulates M1 and M2 phenotypes of macrophages in
TME and boosts DCs presentation to T cells; (3) synergy between nanomedicines and ICIs, inducing T-cell upregulation
by strengthening recognition of tumor cells; (4) ferroptosis-mediated cancer immunotherapy, innovatively combining
ferroptosis and cancer immunotherapy to achieve immune-modulation and enhanced programmed cell death; (5) IDO
immunosuppression-mediated cancer immunotherapy; (6) nanomedicine-mediated CAR-T-cell engineering; (7) NK
cells augmented cancer immunotherapy mediated by nanomedicine; and (8) mRNA vaccines mediated cancer immuno-
therapy by nanomedicine, and so forth, as summarized in Table 1.

3.1 | Nanoscale cancer vaccines with functions on STING pathway

Recently, cancer immunotherapeutic agents related to activation of cGAS (cyclic GMP-AMP synthase)-STING pathway
has drawn attention for its efficient targeting and effectiveness in cancer therapy. The mechanism could be generalized:
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in the bone marrow-derived primary dendritic cells (BMDCs), the dimerized cGAMP (cyclic GMP-3',3'-cGAMP) known
for cGAS sensing of DNA in the cytoplasm, or agonists, for example, cyclic dinucleotides (CDN), recruit the TANK
binding kinase 1 (TBK1) proteins. Subsequently, TBK1 phosphorylates and stimulates the interferon regulatory factor-3
(IRF-3), defined as TBK1-IRF 3 pathway activation. As illustrated in Figure 4, through the endoplasmic reticulum
(ER) to Golgi trafficking, phosphorylated IRF 3 enters BMDCs nuclei releasing INF-I and further activating T cells and
generating CDS8™ T cells (Jiang et al., 2020; Luo et al., 2017; Wang et al., 2020; Zou et al., 2021). However, the use of
STING pathway agonist is still limited due to insufficient boosting of the immune response, short lifetime, and high
cost, hindering its broad clinical application (Hoong et al., 2020). A growing number of advanced nanomedicine-based
cancer immunotherapy agents involving STING pathway activation have been reported that overcome the obstacles of
STING vaccines (Dane et al., 2022; Li, Mirlekar, et al., 2022; Li, Khorsandi, et al., 2022; Wang, Bergholz, et al., 2022).

Shae et al. reported the delivery of a synthetic cancer nano-vaccine platform, nanoSTING-vax, to immunogenic can-
cer cells for efficiently promoting CD 8* T cells stimulation (Shae et al., 2020). Co-loading of the STING agonist cGAMP
and peptide neoantigens into pH-responsive endosomolytic polymersomes (Figure 5a) promoted their co-delivery to the
cytosol. Consequently, via endosomal escape, the cytosolic antigen processing promotes MHC class I presentation, and
cytosolic cGAMP activation of the STING pathway elicited inflammatory cytokine (e.g., INF-a/p, IL-12, TNF-a) produc-
tion and CD 8" T-cell differentiation (Shae et al., 2020).

Zhao et al. performed in vivo screening of DNA-targeting chemo-agents and found SN38 (7-ethyl-
10-hydroxycamptothecin) to be the most potent drug to induce STING pathway stimulation in BMDCs (Zhao
et al., 2021). SN38 causes DNA damage and subsequent leakage of DNA fragments in cancer cells that are delivered to
BMDCs by exosomes and activate the cGAS-STING pathway. Furthermore, SN38 polymeric nanoparticles have long
blood circulation and TME-specific degradation, enhancing the targeting accuracy of SN38 to cancer cells and providing
a long-lasting effect of the cGAS-STING pathway. Thus, the immune system could be effectively boosted by the pro-
longed anti-tumor effect of SN38 polymeric nano-STING agonist (Figure 5b; Zhao et al., 2021).

Another simplified nano-vaccine was reported by Li et al. (2021). The PC 7A nanoparticles, a long-lasting STING
agonist, are composed of the OVA antigen and a synthetic pH-sensitive polymer poly-(ethylene oxide)-p-poly (methyl
methacrylate) (PEG-PMMA). The nano-vaccine generated a robust T-cell response with highly accurate delivery of
tumor antigens from DCs into lymph nodes. Furthermore, this advanced STING vaccine provided prolonged initiation
of the immune system by STING oligomerization and condensation driven by PC 7A through polyvalent interactions,
as examined by the confocal laser scanning microscopy (CLSM) figures in Figure 5c-i. The efficiency of STING activa-
tion was correlated with PC 7A valency as shown in Figure 5c-ii (Li et al., 2021).

Since cancer antigen-specific CD8" T cells are critical in the anti-cancer immune response to kill cancer cells and
suppress cancer metastasis and recurrence, T cells activation and tumor infiltration are crucial in developing strategies
of cancer immunotherapy enhancement by nanomedicine (Liang et al., 2021).

We have summarized the major classes of the STING agonist-mediated by nanomedicine in Figure 4, including
(a) the small molecule chemotherapy agents such as DOX and SN38, which generate DNA fragments to stimulate the
cGAS-STING pathway (Zhao et al., 2021); (b) CDNs (cyclic dinucleotides), which stimulate the cGAS-STING pathway
by recruiting TBK1 proteins (Shae et al., 2020); (c) SR-717 (Zou et al., 2021), Mn>" and Zn>*" (Wang et al., 2020) can
enhance cGAMP activity; (d) PC 7A can enhance STING protein the activity by polyvalent combinations (Li
et al., 2021).

Overall, the nanoscale cancer vaccines affecting the STING pathway show significant potential T-cell activation,
leading to CD8™ T cells differentiation. However, STING agonists with a prolonged lifetime and sufficient STING path-
way activation that show potential to be utilized in the clinic are still inadequate. Thus, the development of STING ago-
nists requires further efforts to offer new therapeutic opportunities in cancer immunotherapy.

3.2 | TME reprogramming by nanomedicines

Recently, nanoparticles inducing immunogenic cell death (ICD) were applied in TME (He, Ni, et al.,, 2020; Li
et al., 2021; Shae et al., 2020; Zhao et al., 2021; Zhu et al., 2020) to imitate anti-tumor immune response, which include
secretion and expression of cytokines, activation and redistribution of immune effector cells, and transformation of
memory T cells from Teffs. Nanoparticles with PTT functions generate heating effect at tumor locations (Chang
et al., 2021; Shahrivarkevishahi et al., 2021; Zhang, Zhang, et al., 2020; Zhou et al., 2021) photodynamic therapy (PDT),
producing singlet oxygen (Li, Yang, et al., 2019; Showalter et al., 2017; Yang, Zhang, et al., 2020; Zhang & Li, 2018), or
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FIGURE 4 STING pathway with activation of dSDNA or STING agonists: IRF-3 induced INF-I releasing and triggering of T cells with
further differentiation of CD8" T cells to kill cancer cells. This figure is originally created by the authors

CDT generating reactive oxygen species (ROS) induced by Fenton reaction (Fe*' and Fe®")/Fenton-like reaction
(e.g., Mn*", Cu*™; Jiang et al., 2021; Kong et al., 2021; Li, Lai, et al., 2022; Li & Rong, 2020; Liu, Zhen, et al., 2020; Ni
et al.,, 2019; Wang, Xu, et al., 2021) can lead to ICD of cancer cells. Furthermore, fragments of dead cancer cells can
enhance DCs maturation, presenting TAAs to T cells, promoting the generation of CD8™ T cells, and secretion of INF-y
to kill cancer cells. The differentiated memory T cells impede the cancer cell metastasis and suppress remote tumor for-
mation. Exemplified as single-crystal Fe nanoparticles for ferroptosis and immunotherapy of cancer, the Fe’-generated
ROS in TEM causes sufficient ferroptosis. Simultaneously, ROS-induced ICD promotes DCs maturation and T-cell pre-
sentation with robust T-cell boosting (Figure 6; Liang et al., 2021).

As reported by Shahrivarkevishahi et al., virus-like particles (VLPs) were designed and applied as multiple func-
tional nanocarriers by mimicking the architecture of viruses. Figure 7. shows that VLPs serve as a specific func-
tionalization and immunization platform by dye conjugation for near-infrared (NIR) absorption of PTT, inducing ICD
of cancer cells, activating T cells to suppress cancer cells by Teffs, and preventing metastasis by memory T cells
(Shahrivarkevishahi et al., 2021).

Also, a double endoplasmic reticulum (ER)-targeting strategy to realize PDT and PTT was reported for cancer
immunotherapy that produced synergistic ICD-associated immunogenicity by ROS generated via ER stress. This novel
nanoplatform included pardaxin (FAL) peptides, hollow gold nanospheres (FAL-ICG-HAuNS) with conjugation of
indocyanine green (ICG), and liposomes of hemoglobin (FAL-Hb lipo). Under the exposure to NIR light irradiation, cal-
reticulin (CRT) generated by PTT and PDT acted as an “eat me” signal to stimulate antigen-presentation of DCs to
T cells, leading to various immune response, such as proliferation of CD8™ T cells and secretion of cytotoxic cytokines,
which significantly enhanced cancer immunotherapy (Figure 8a; Li, Yang, et al., 2019).
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FIGURE 5 Nano-vaccines involving STING activation: (a) NanoSING-vax, a nanoplatform for dual-delivery of peptides antigens and
cyclic dinucleotides STING agonist. Reproduced with permission from (Shae et al., 2020, Copyright 2020, American chemistry society.

(b) Polymeric SN38 for cancer chemoimmunotherapy with in situ activation of the STING pathway. Reproduced with permission from Zhao
et al. (2021), Copyright 2021, Elsevier. (c) PC 7A, the polyvalent STING agonist triggering STING by polyvalent interaction and correlated
with the PC 7A valency with prolonged activation effects. Reproduced with permission from Li et al. (2021), Copyright 2021, Springer Nature
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FIGURE 6 Nanomedicine-based cancer immunotherapy involving TME reprogramming by CDT-induced ICD, TAA delivery
enhancement of DCs and cross-presentation to T cells, and inducing robust T-cell activation. Reproduced with permission from Liang et al.
(2021), Copyright 2021, American Chemical Society

In order to realize synergistic therapy of light-triggered PDT and hormone-triggered CDT, Ni et al. reported a nano
metal-organic framework (nMOF) based on Cu-porphyrin. This nanoplatform, as shown in Figure 8b, by evoking ICD-
induced robust T cells activated by PDT under NIR light irradiation, CDT with Fenton-like reaction of Cu*", and syner-
gistic PD-L1 blocking, enlarged the effectiveness of PDT/CDT to suppress distant tumors based on abscopal effects in
mouse tumor models (Ni et al., 2019). The Cu-porphyrin-nMOFs were TME responsive, generating robust ROS at the
tumor site but not in somatic cells. Moreover, the nanoparticles accumulated at tumor locations via the EPR effect.
Therefore, the Cu-porphyrin-nMOF can perform promising anti-tumor effects without side effects.

Overall, the above-mentioned nanomaterials with PTT or CDT functions induce TME reprogramming by ICD-
induced immune response, which can overcome cancer immunotherapy resistance. However, cold tumors with few
immune cell infiltrations cannot be effectively suppressed by ICD-induced immune response. Another consideration is
the effect of ICD-induced specific immune cell subpopulations, such as expression of immunosuppressive molecules
PD-1/L1. Thus, improved strategies for converting cold tumors to hot tumors combined with ICIs synergy are necessary
(Han et al., 2019; Kruger et al., 2019; Long et al., 2019; Shen et al., 2021; Tang et al., 2021; Wang, Li, et al., 2021).

3.3 | Nanomedicine-triggered immune response with ICI synergy

ICI therapy has consistently shown remarkable cancer immunotherapy outcomes in the clinic and is considered the
gold standard for developing new cancer immunotherapy agents. Among them, anti-PD-1/L1 and anti-CTLA-4 are the
most commonly used antibodies for boosting T cells immunity (Figure 9; Willsmore et al., 2021). However, ICIs still
have the limitations of low response rates in some solid tumors and unpredictable toxicities (Cha et al., 2019; Darvin
et al., 2018; Kruger et al., 2019; Lavacchi et al., 2020; Li, Chan, et al., 2019; Long et al., 2019; Pérez-Ruiz et al., 2020;
Sun et al., 2018; Thomas et al., 2018). Thus, novel nanoplatforms synergistic with ICIs have been developed to effi-
ciently activate T cells (Chen et al., 2016; Han et al., 2019; Li et al., 2023; Shen et al., 2021; Wang, Li, et al., 2021).

As reported by Wang et al., a novel nanocarrier has been developed for cancer immunotherapy using engineered
platelets, which achieved selective and temporal control and release of cancer immunotherapeutic agents in nano-

85U8017 SUOWWOD SAIIER.D 3[dedl|dde ay) Aq peusenob e Sspie YO ‘8sn Jo sejni o AkeidT8uIIUQ A1/ UO (SUONIPUOD-PUR-SLIBYWO A8 | I Afe.q 1 jBulUO//:SANY) SUONIPUOD pue SWe 1 8y} 88S *[7202/T0/yZ] Uo ARiqiTauliuo A8|im ‘AiseAluneyu] Aq £28T UeUm/Z00T 0T/I0p/uoo" A3 1m Aiqipuljuo salim//sdiy wolj pepeojumod ‘€ ‘€202 ‘TrO0BEBT



14 of 27 Wl L EY— WIREs GUO ET AL.

oq

t\' a 362 Mature DC
Treg
o ) @ Depleted

T-C -
Metastasis Lymph Node

FIGURE 7 Illustration of cancer immunotherapy by virus-like particles (VLPs) and its effect induced by PTT under NIR irradiation,
which stimulates CD8" T-cell activation for cancer cell suppression and metastasis inhibition. Reproduced with permission from
Shahrivarkevishahi et al. (2021), Copyright 2021, American Chemical Society

vesicles and efficient recruitment of immune cells for tumor inhibition. Additionally, anti-PD-L1 enhanced the CAR-T-
cell therapy by T cells upregulation with enhanced tumor cell recognition (Figure 10; Wang, Li, et al., 2021).

Besides, as reported by Tang et al., a PTT genome-editing strategy was designed to improve ICI therapy by CRISPR/
Cas9-mediated PD-L1 disruption and mild-hyperthermia-induced ICD activation by delivering CRISPR/Cas9 for PD-L1
targeting using gold nanodots. The strategy helped improve DCs presentation to T cells and promoted CLT infiltration
into tumors. Thus, the immunosuppressive TME was reprogrammed (Figure 11a; Tang et al., 2021).

As reported by Shen et al., the engineered immunosuppressive nanoparticles with a coating of anti-PD-L1, that is,
MSC-PD-L1" NPs, could potentially manage and reduce immune-related adverse events (irAEs) in normal cells and tis-
sues caused by the toxicity of T cells activation (Figure 11b). This novel strategy showed potential to manage different
tumor immunotherapy-related irAEs in clinical applications (Shen et al., 2021).

The ICI synergistic nanomedicine has shown significant potential in cancer immunotherapy due to the robust boo-
sting of T cells. However, side effects of the ICIs therapy are of serious concern. Recently, several studies have reported
irAEs affecting every organ system. Excessive activation without control is defined as immune imbalance, leading to
damage and inflammation of normal tissues. Therefore, advanced nanomedicines shall focus on reducing the side
effects of ICIs to broaden the clinical application.

3.4 | Ferroptosis-mediated cancer immunotherapy

Ferroptosis is a new type of programmed cell death, as defined by Stockwell et al. in 2012. It is iron-dependent, and
genetically, biochemically, and morphologically distinct from necrosis, apoptosis, and autophagy. Glutathione peroxi-
dase 4 (GPX4) has been shown to be a critical factor in ferroptosis modulation that reduces the accumulation of lipid
peroxidation (LPO; Chen et al., 2021; Dixon et al., 2012; Du et al., 2022; He, Liu, et al., 2020; Hu et al., 2021; Jiang
et al., 2015; Liu et al., 2018; Miotto et al., 2020; Tang et al., 2021; Wang et al., 2019; Wang, Zhang, et al., 2022; Xu
et al., 2021). Strategies of ferroptosis in TME, which generates ROS by Fenton or Fenton-like reaction, or downregulates
GPX4 to induce peroxidation of cancer cell membranes leading to ferroptosis of cancer cells, have been widely used in
the design of cancer ferroptosis therapy agents (Du et al., 2022; Hou et al., 2020; Liu et al., 2018; Shen, Song,
et al., 2018; Xu et al., 2021; Yang & Stockwell, 2016). The ferroptosis suppressor protein (FSP1), another ferroptosis
defense system and a pivotal component of the CoQ antioxidant system (nonmitochondrial), works parallelly with the
GPX4 pathway based on canonical glutathione (Bersuker et al., 2019). Besides, dihydroorotate dehydrogenase
(DHODH) was reported as a novel target in cancer, which works parallelly to GPX4 in mitochondria to suppress fer-
roptosis in the inner membrane of mitochondria through reduction of ubiquinol (Mao et al., 2021). Furthermore, fer-
roptosis could be potentially utilized in the research and development of cancer immunotherapy agents.
Nanomedicines mediating ferroptosis always generate ICD-induced immune response triggered by ROS. Also, fer-
roptosis in cancer cells is under the surveillance of the immune system. CD8" T cells downregulate SLC3A2 and
SLC7A11 subunits of system X.~ by secreting INF-y, which suppresses the bioactivity of system X. , a glutamate-
cystine antiporter which exporting glutamate and importing cystine. The inhibition of system X, leads to insufficient
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FIGURE 8 (a) Double ER-targeting nanoplatform, FAL-Hb-lipo to realize PDT, and PTT for cancer immunotherapy, resulting in synergistic
ICD-associated immunogenicity by ROS produced via ER stress. Reproduced with permission from Li, Yang, et al. (2019), Copyright 2019, Nature
Publishing Groups. (b) Cu-porphyrin nanoscale metal-organic framework (nMOF) to mediate synergistic hormone-triggered CDT and light-
triggered PDT with PD-L1 blockage for cancer immunotherapy. Reproduced with permission from Ni et al. (2019), Copyright 2019, Elsevier

cystine transportation into cancer cells and inadequate cysteine conversion. Since cysteine is indispensable in glutathi-
one production, the depletion of cysteine causes downregulation of GPX 4 due to glutathione lacking, further leading to
cancer cells death by LPO accumulation on the cell membrane (Figure 12; Yang & Stockwell, 2016). Thus, ferroptosis is
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FIGURE 9 Nanomedicines involving ICI synergy in cancer immunotherapy, including blocking of PD-1/L1 and CTLA-4 immune
checkpoints of T cells to enhance the T-cell recognition of cancer cells. Reproduced with permission from Willsmore et al. (2021), Copyright
2021, John Wiley and Sons

considered one of the novel cancer immunotherapy candidates with remarkable crosstalk between immune and tumor
cells, representing a good perspective for the research and development of novel cancer immunotherapy agents.

3.5 | IDO immunosuppression-mediated cancer immunotherapy

Indoleamine-2,3-dioxygenase (IDO) is an enzyme of speed limit, which metabolizes the tryptophan (an essential amino
acid) into downstream kynurenines. Suppression of IDO could predominantly inhibit metabolic activity, impeding
immune cell inhibition or T-cell death. Thus, inhibition of IDO is a pivotal area of cancer immunotherapy, especially in
nanomedicine-meditated IDO immunotherapy due to the advantages of targetability and limited side effects of the IDO
inhibitor-conjugated nanoparticles (Zhai et al., 2020).

Mei et al. reported a multiple functional nanoplatform of chemo-immuno synergistic cancer therapy consisting of a
liposomal carrier for codelivery of ICD stimulus plus an inhibitor of IDO. It was prepared by loading the anthraquinone
chemotherapeutic agent mitoxantrone (MTO) into liposomes, followed by the addition of indoximod (IND), the pre-
drug of IDO inhibition in the lipid layer. The CT 26 colorectal cancer model demonstrated the generation of a robust
immune response, characterized by ICD makers. Furthermore, the immunotherapy response was significantly
improved by the codelivery of IND (Mei et al., 2020). Thus, IDO immunosuppression-mediated cancer immunotherapy
is considered a novel approach to efficiently stimulate the immune system and fight cancer.

3.6 | Nanomedicine-meditated CAR-T-cell therapy

CAR-T-cell therapy relies on manipulating patient T cells to create personalized cancer immunotherapy. The viral
delivery vectors, however, result in serious side effects. The messenger RNA has been developed for inducing transient
CAR expression, avoiding the side effects caused by viral vectors. However, electroporation is required for T-cell mRNA
delivery, which is also toxic. To overcome these obstacles, Billingsley et al. reported the use of ionizable lipid
nanoparticles (LNPs) to deliver in vitro mRNA into human T cells. The multi-functional nanoplatform could induce
expression of CAR at levels comparable to electroporation with limited toxicity (Billingsley et al., 2020). Thus,
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introducing nanomedicine to prevent the potential toxicity of the CAR-T cells shows significant potential in overcoming

the obstacles of CAR-T therapy.

3.7 | NKcells augmented cancer immunotherapy mediated by nanomedicine

NK cells play a significant role in initiating cancer immunotherapy with suppression of the cancer cells metastases.
However, the capability of NK cells penetration into the solid tumor is uncertain due to the immune-invasion factors,
which influences the antitumor efficiency. Nanomedicine has been developed to boost NK cells functions for cancer
immunotherapy (Guillerey, 2020). The strategies could be generalized as (a) immune suppression conversion of TME

for the NXK cells mediated by nanomedicine, such as delivery of the TGF-f siRNA by liposomes, which successfully

downregulate the expression of TGF-f in TME (Xu et al., 2014); (b) enhancement of the NK cells penetration into the
solid tumors, for example, the delivery of the dSNKG2D-IL-21 gene to TME by chitosan-based NPs, leading to the
increase section of IL-21, and the enhanced penetration of NK cells and T cells (Tan et al., 2017); (c) the nanoengagers
are utilized to promote the tumor-NK cells interaction, for example, the reported nanoparticles with Immunoglobulin
G (IgG) as the core and phenylbornic acid (PBA) as the shell were utilized for in situ activation of NK cells with
enhancement of tumor-infiltrating as boosted by the IgG (Zheng et al., 2019). The above-mentioned strategies signifi-
cantly improve the NXK cells therapy by nanomedicine (Guillerey, 2020). Therefore, the NK cells-based cancer immuno-

therapy is promising.
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disruption of PD-L1 and mild hyperthermia-induced activation of immunogenic cell death (ICD); reproduced with permission from Tang

et al. (2021), Copyright 2021, Wiley. (b) Schematic illustration of the engineered immunosuppressive nanoparticles with anti-PD-L1 coating,
which shows the potential of managing and reducing irAEs. Reproduced with permission from Shen et al. (2021), Copyright 2021, American
Chemical Society

3.8 | mRNA vaccines mediated cancer immunotherapy by nanomedicine

The mRNA vaccines have shown great potential in boosting of robust T cells response in cancer immunotherapy. How-
ever, the delivery efficiency of mRNA vaccines has always limited the antitumor efficacy. The strategies utilizing NPs as
the carrier can enhance the mRNA delivery efficiency in tumor tissues. For example, a mRNA vaccine NPs was con-
structed with ovalbumin-coded mRNA and a palmitic acid-modified TLR7/8 agonist R848 (C16-R848) as the core and
the lipid-PEG as the shell. The mRNA NPs remarkably improved antitumor efficiency due to the enhanced transfection
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efficacy (Islam et al., 2021). Therefore, nanomedicine can be utilized to enhance the efficiency of mRNA vaccines deliv-
ery for cancer immunotherapy.

4 | CONCLUSIONS AND FUTURE PROSPECTS

In summary, we summarized the advances in cancer immunotherapy as well as highlighted significant obstacles in the
field. The strategies to improve nanomedicine-based cancer immunotherapy have been discussed, including triggering
the immune system to kill cancer cells and enhancing nanomedicine-mediated delivery of immune cells at the tumor
site. Also, we have discussed other perspectives of nanomedicine-based cancer immunotherapy agents, such as cancer
immunotherapy by nanomedicines inducing ferroptosis.

Since the INF-a approval by FDA in 1986, cancer immunotherapy has been widely used in the clinic and focuses on
immune system activation to destroy cancer cells. Various cancer immunotherapy agents (e.g., antibodies of PD-1/L1
and CTLA-4) have been developed and marketed and have achieved significant advances in patient survival and solid
tumor inhibition.

Moreover, with the rapid development of nanotechnology, strategies for developing nanomedicine-based cancer
immunotherapy agents have been promoted. Given the advances in nanomedicine-based cancer immunotherapy, the
crossing of the two disciplines is expected to generate tremendous momentum for the improvement of cancer therapies.
Nanomedicine-based cancer immunotherapy agents have provided strategies with more traceability, favorable immune
response, and reduced toxicity. Additionally, with the rapid development of the imaging technology development, the
cancer therapy is realizing visual monitoring by magnetic resonance imaging (MRI), computed tomography (CT), pho-
toacoustic (PA) imaging, and so forth (Gaikwad et al., 2018; Shen, Liu, et al., 2018; Xiao et al., 2023; Yang, Zhou,
et al., 2020).

Although cancer immunotherapy agents have been extensively studied and broadly implemented, efficiently boo-
sting immune cells and overcoming therapy resistance caused by the TME appear to be significant challenges hindering
the advancement of the immunotherapy approach. Targeting the immune cells in a solid tumor is difficult due to the
immunosuppressive TME, compressed vasculature, and dense tissues present in the tumor location, impeding T-cell
infiltration. Future research and development of the nanomedicine-based cancer immunotherapy agents should focus
on externally or internally triggering the immune system and/or suppressing cancer progression. Numerous cancer
immunotherapy agents have been developed in the last decades to solve immune cell activation problems. Examples
include nano-based cancer vaccines, nanomedicine with ICD-induced immunotherapy, and ICI synergistic therapeutic
agents. The innovative design of nanomedicine-based cancer immunotherapy agents is still in the nascent stage to sur-
mount various obstacles hampering their clinical utility. In this context, problems associated with nanomedicine degra-
dation also need to be. Recently, a growing number of degradable nanomedicines with sensitive TME responses have
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been reported, for example, hollow mesoporous organosilica nanoparticles (HMON), a nanocarrier with highly sensi-
tive degradation under high-level GSH at the tumor location. Another example is Fe304 nanoparticles, which are com-
monly used as T1 or T2-weighted contrast agents for magnetic resonance imaging and can be degraded at tumor
location due to the low pH (6.5-6.8) of TME.

In the future, additional strategies are expected to enhance nanomedicine-based cancer immunotherapy by trigger-
ing immune response and improving immune cell delivery at the tumor site. It would be worthwhile combining cross-
interdisciplinary research efforts, including chemistry, oncology, radiology, and material science, to pursue a more
rational design of effective nanomedicine-based cancer immunotherapy.
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