Acta Pharmaceutica Sinica B 2025;15(12):6307—6341

Chinese Pharmaceutical Association APSB
Institute of Materia Medica, Chinese Academy of Medical Sciences e et

P

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

REVIEW

Ferroptosis meets cancer immunotherapy: ™
Overcoming the crosstalk challenges through
advanced drug delivery strategies

Lu Gan™"', Xincheng Lin™"', Zigiao Zhong™"', Yichun Zheng™",
Xinyi Chen™®, Jun Chen®”, Xiao Yue™”, Yingshan Liu™", Xin Pan,
Chuanbin Wu*", Ying Huang™"", Wenhao Wang®"

“State Key Laboratory of Bioactive Molecules and Druggability Assessment, Guangdong Basic Research Center of
Excellence for Natural Bioactive Molecules and Discovery of Innovative Drugs, Jinan University, Guangzhou
511443, China

PCollege of Pharmacy, Jinan University, Guangzhou 511443, China

School of Pharmaceutical Sciences, Sun Yat-sen University, Guangzhou 510006, China

dJiangmen Wuyi Hospital of Traditional Chinese Medicine, Affiliated Jiangmen Traditional Chinese Medicine
Hospital of Jinan University, Jiangmen 529031, China

Received 27 April 2025; received in revised form 16 July 2025; accepted 25 August 2025

KEY WORDS Abstract  The integration of ferroptosis induction with cancer immunotherapy has emerged as a prom-

ising approach in oncology, offering dual mechanisms to overcome therapeutic resistance and tumor het-
g::rf);rt;)sis; .erogeneity. Ne\./enl.]eless, the .dynamic and complicated crosstalk bet.vizeen ferroptosis proce.sses aTnd
Immunotherapy; immune regulation in tumor microenvironments presents both opportunities and challenges. By inducing

lipid peroxidation in tumor tissues, ferroptotic tumor cell death can stimulate immunogenicity. Neverthe-
less, excessive lipid peroxidation may paradoxically impair the functionality of multiple immune cells,

Immune cells;
Crosstalk challenges;

Tumor targeted delivery;

Immunostimulatory active
pharmaceutical
ingredients co-delivery;

Stimuli-responsive
delivery

*Corresponding authors.

thereby presenting crosstalk challenges in therapeutic strategies. To address these crosstalk challenges,
several advanced drug delivery strategies have been proposed, such as immunostimulatory active pharma-
ceutical ingredients co-delivery, tumor-targeted delivery, and stimuli-responsive delivery. These drug de-
livery strategies demonstrate dual therapeutic efficacy by synergistically potentiating ferroptosis
induction in malignant cells while concurrently mitigating immunotoxicity and even augmenting
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antitumor immunity. This review offers detailed insights into the crosstalk between ferroptosis and tumor
immunity, along with a guiding overview of the three delivery strategies. The current obstacles and trans-
lational potential were thoroughly analyzed, providing valuable perspectives for future research.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer is a class of diseases characterized by uncontrolled cellular
proliferation and dysregulated differentiation, leading to the for-
mation of localized masses, invasion of adjacent tissues, and
metastasis to distant organs via the bloodstream or lymphatic
system'. According to the latest data from the International
Agency for Research on Cancer, approximately 20 million new
cancer cases and nearly 10 million cancer-related deaths were
reported globally in 2022, with lung, breast, colorectal, and
prostate cancers being the most prevalent types®. Current thera-
peutic approaches encompass surgical resection, radiotherapy,
chemotherapy, and immunotherapy. Among these, immuno-
therapy has emerged as a revolutionized approach due to its ad-
vantages in immune persistence, specificity, broad applicability,
and synergistic potential, distinguishing it from conventional
treatments>.

Specifically, immunotherapy operates by modulating or
enhancing the patient’s immune system to recognize and eliminate
malignant cells. Key mechanisms of immunotherapy include
alleviating immunosuppression (e.g., blockade of immune
checkpoints such as PD-1/PD-L1 and CTLA-4), activating im-
mune effector cells, and remodeling the tumor microenvironment
(e.g., targeting regulatory T cells or tumor-associated macro-
phages)*”. Current immunotherapeutic strategies include immune
checkpoint inhibitors (e.g., pembrolizumab and ipilimumab),
adoptive cell therapies (e.g., CAR-T and tumor-infiltrating
lymphocyte therapy), cytokines (e.g., IL-2 and IFN-«), bispe-
cific antibodies, and cancer vaccines®. Recent advancements have
introduced novel approaches such as T-cell immunoreceptors with
Ig and ITIM domains inhibitors and personalized neoantigen
vaccines into clinical trials’.

The high specificity of cancer immunotherapy arises from
immune recognition of tumor-specific antigens, necessitating an-
tigen release to stimulate immune cell maturation and differenti-
ation™®. Therefore, to amplify therapeutic efficacy, combination
strategies integrating tumor ablation with immunotherapy have
been proposed, such as chemo-immunotherapy, radio-immuno-
therapy, photo-immunotherapy, and ferroptosis-immunotherapy.
While chemo-immunotherapy leverages chemotherapeutic agents
to enhance tumor antigen release and immune activation, radio-
and photo-immunotherapy employ physical modalities (radiation
or laser ablation) to achieve similar effects'®!?. These therapies
possess distinct advantages and have made significant contribu-
tions to the ongoing fight against cancer in humans.

In recent years, ferroptosis-immunotherapy has emerged as a
promising strategy to address therapeutic resistance and tumor
heterogeneity in malignant cancers. Ferroptosis, an iron-
dependent form of regulated cell death, is characterized by lipid
peroxide (LPO) accumulation and suppression of glutathione
peroxidase 4 (GPX4) activity'*. Ferroptosis-immunotherapy
combines ferroptosis inducers with immunotherapeutic agents to

simultaneously trigger tumor cell ferroptosis and potentiate anti-
tumor immune responsesls. The core mechanism involves
ferroptosis-induced tumor cell lysis, which releases tumor-
associated antigens and damage-associated molecular patterns
(DAMPs), thereby eliciting immunogenic cell death (ICD) and
synergizing with immunotherapeutic agents such as immune
checkpoint inhibitors or cellular therapies to achieve durable
antitumor effects'®'®. For instance, representative agents such as
Erastin (Er)zo, Sorafenibzl, and the GPX4 inhibitor RSL3?? induce
lipid peroxidation through mechanisms involving glutathione
(GSH) depletion and GPX4 activity inhibition. Meanwhile,
pharmacological agents, including Artesunate®, statins>*>, and
ammonium ferric citrate, promote ferroptosis by disrupting
intracellular iron homeostasis to facilitate ROS generation via the
Fenton reaction. Besides, IFN-v released by CD8" T cells during
the anti-tumor immune response induces ferroptosis in tumor
cells, demonstrating the interaction and mutual influence between
ferroptosis and immune responses>®®. Unlike apoptosis induced
by chemotherapy or radiotherapy, ferroptosis circumvents
apoptotic resistance mechanisms and effectively eliminates
therapy-resistant cancer stem cells, which are often drivers of
recurrence and metastasis”". Moreover, ferroptosis inducers
exhibit selectivity for tumor cells with dysregulated lipid meta-
bolism or elevated iron-related protein expression, minimizing
off-target toxicity>'. Critically, ferroptosis-induced ICD activates
dendritic cells (DCs), enhances antigen presentation, and syner-
gizes with immunotherapy to amplify systemic antitumor immu-
nity, positioning ferroptosis-immunotherapy as a highly promising
therapeutic paradigm.

However, although ferroptosis-immunotherapy demonstrates
significant therapeutic potential, the interplay between ferroptosis
and immune responses is complex and bidirectional. On one hand,
ferroptosis in tumor cells stimulates immune activation, while
ferroptosis in immune cells has been demonstrated to impair
immunological responses*®*>3*. Conversely, immune cells can
modulate tumor cell sensitivity to ferroptosis through either
enhancement or suppression mechanisms, thereby influencing
therapeutic outcomes of ferroptosis-immunotherapy>=°. Conse-
quently, precision drug delivery strategies can selectively enhance
ferroptosis in tumor cells while minimizing potential damage to
immune cells, which constitutes a prerequisite for optimizing the
efficacy of combined ferroptosis-immunotherapy regimens. Cur-
rent research has documented multiple drug delivery strategies for
ferroptosis-immunotherapy, primarily including immunostimula-
tory active pharmaceutical ingredients (ISAPIs) co-delivery,
tumor-targeted delivery, and stimuli-responsive delivery. These
strategies have demonstrated remarkable anti-tumor efficacy
through distinct mechanisms. Immune-stimulating API co-
delivery enables immunomodulatory targeting through coordi-
nated delivery of ferroptosis inducers and immune-activating
agents, facilitating tumor eradication and sustained anti-tumor
immunity. Tumor-targeted delivery achieves preferential tumor
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accumulation via either enhanced permeability and retention
(passive targeting) or ligand-receptor interactions (active target-
ing), effectively inhibiting tumor progression. Stimuli-responsive
delivery utilizes endogenous/exogenous physical triggers (e.g.,
pH, redox, ion, or light) to achieve spatiotemporal control of drug
release, thereby minimizing systemic toxicity while enhancing
therapeutic precision. Each strategy exhibits unique advantages in
oncology applications. This review will provide a comprehensive
analysis of their mechanisms, clinical applications, and future
development directions in ferroptosis-immunotherapy.

To investigate the development of ferroptosis-immunotherapy
and its drug delivery strategies, a literature survey was conducted
based on the Web of Science by the search query, “ferroptosis
AND immunity AND drug delivery systems”. The results revealed
that approximately 321 publications in this field were published
over the past 6 years. The first paper in this field was published in
2019, indicating that the field is emerging and gaining significant
attention. Notably, the year 2024 was the peak of the number of
publications, and “article” was the main publication type. The
number of citations related to ferroptosis-immunotherapy and its
drug delivery strategies has been steadily increasing in recent
years, with a count of nearly 3981 citations for the year 2024. The
papers published by the researchers from China accounted for
291. Additionally, the top 5 journals that have published papers on
ferroptosis-immunotherapy and its drug delivery strategies include
Chemical Engineering Journal, Advanced Healthcare Materials,
ACS Nano, Advanced Science and Journal of Nanobiotechnology.
A majority of these journals pertain to the field of materials sci-
ence, likely since numerous ongoing studies are centered on the
development of novel materials for constructing drug delivery
systems aimed at ferroptosis-immunotherapy. This observation
signifies a growing emphasis and interest in this field. Thus, it is
necessary to summarize and analyze the current publications on
ferroptosis-immunotherapy and its drug delivery strategies,

Table 1  Ferroptosis inducers and their therapeutic mechanisms.

enabling the scientific community to gain the latest development
direction and research focus in this field.

2. The interplay between ferroptosis and tumor immunity

Ferroptosis differs from apoptosis, necrosis and autophagy in
morphology, biochemistry and genetics. It cannot be inhibited by
inhibitors of apoptosis, pyroptosis, or autophagy, but can be
inhibited by iron chelators and antioxidants®’. In addition, ferrop-
totic cells also typically display hallmark features including
decreased cell volume, mitochondrial shrinkage, and compromised
cell membrane integrity. Besides, it’s noteworthy that ferroptosis
inducers exhibit better selectivity compared to chemotherapy drugs
capable of inducing ICD in tumor cells to activate immune re-
sponses. These inducers can overcome drug resistance and hold
potential for synergistic therapeutic strategies. Ferroptosis inducers
typically target tumor cells selectively, as these cells are charac-
terized by high fatty acid content and increased sensitivity to fer-
roptosis*®>?. In contrast, their impact on normal cells is relatively
minimal, thereby reducing collateral damage to healthy tissues.
Additionally, certain tumor cells develop resistance to conventional
chemotherapeutic agents, such as apoptosis inducers. However,
ferroptosis inducers may circumvent this resistance through alter-
native signaling mechanisms, including the inhibition of GPX4.
Furthermore, the combination of ferroptosis inducers with
immune-stimulatory agents, such as immune checkpoint inhibitors,
can markedly potentiate anti-tumor immune responses. Represen-
tative ferroptosis inducers and their therapeutic mechanisms are
summarized in Table 1'%,

Ferroptosis is a form of regulated cell death induced by iron-
dependent lipid peroxidation®. Its defining characteristic is the
abnormal accumulation of intracellular iron ions, particularly
Fe?", along with excessive production of LPO, which ultimately
leads to structural damage of the cell membrane and subsequent

Type of ferroptosis Representative drug The therapeutic mechanism Ref.
inducers
Micromolecule Erastin and its Decrease intracellular GSH levels by inhibiting the key protein SLC7A11 of the 41-44
derivatives, sorafenib,  system Xc~, blocking the uptake of cystine, thereby weakening the antioxidant
sulfasalazine activity of GPX4 and eventually triggering lipid peroxidation
RSL3, dGPX4, Inhibit or degrade GPX4 to make it inactive or reduce its content, leading to the = 45-47
FINS6, ML162, inability to reduce lipid peroxides, thereby triggering lipid peroxidation of cell
ML210, cisplatin membranes
iFSP1 Inhibit FSP1 activity and reduce coenzyme Q10 production 48
Artemisinin, Induction of lipid peroxidation via iron or PUFA overload 49,50
Artesunate, Palatinib,
FINO2, tBOOH
Fentomycin-1 Activation of lysosomal iron leading to phospholipid oxidative degradation 50
Macromolecule Lipoxygenase Direct oxidation of PUFA generating lipid peroxides 12
Nano-composites High-density Reduce TXNRD1 expression and the cells’ utilization of selenium to diminish the 40
lipoprotein-like synthesis of selenoproteins such as GPX4. Enhance ACSL4-dependent PUFA
nanoparticles membrane phospholipid synthesis to provide critical substrates for ferroptosis
Ruthenosomes Targeting mitochondria and inducing ferritin autophagy to release iron ions, 51
driving lipid peroxidation and ferroptosis
Iron nanoparticles Direct induction of lipid peroxidation through surface catalysis 52,53
Gold nanoparticles Generate local high heat through surface plasmon resonance effect, or produce 54,55

ROS through surface catalysis, thereby indirectly promoting ferroptosis

GPX4, glutathione peroxidase 4; PUFA, polyunsaturated-fatty-acid; ACSL4, long-chain-fatty-acid-CoA ligase 4.
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Figure 1  The top section illustrates the molecular mechanism underlying ferroptosis. The bottom-left section shows ferroptosis involved in

antitumor immunity. And the bottom-right section depicts ferroptosis involved in immunosuppression.

cell death®”. The System—GSH—GPX4 signaling axis plays a
central role in this process (Fig. 1). System Xc™, also known as the
cystine/glutamate antiporter, facilitates the cellular uptake of
cystine, which is essential for the synthesis of GSH. GSH serves as
a crucial cofactor for GPX4, an enzyme that protects cells from
oxidative stress by neutralizing LPO. Inhibition of System Xc,

such as by erastin, results in reduced GSH levels and impaired
GPX4 activity, thereby promoting LPO and initiating ferropto-
sis”®. Additionally, iron overload is a key driver of ferroptosis.
Iron enters the cell via transferrin receptor-mediated uptake and is
subsequently reduced to Fe* in vivo. Fe* catalyzes the con-
version of hydrogen peroxide into highly reactive hydroxyl
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radicals through the Fenton reaction, further accelerating lipid
peroxidation. Moreover, the degradation of iron storage proteins,
such as ferritin, via a selective autophagic process termed ferri-
tinophagy, contributes to elevated Fe>™ levels, thereby enhancing
ferroptotic cell death® (Fig. 1).

The tumor microenvironment (TME) constitutes a multifaceted
ecosystem consisting of tumor cells, immune cells, stroma cells,
and other cells. These components not only coexist but also
engage in intricate interactions that significantly influence tumor
growth and progression®™®'. Compared with apoptosis, necrosis
and autophagy, ferroptosis exerts a more complex influence on
immune regulation, exhibiting a bidirectional interaction with the
immune system. On one hand, ferroptosis in cancer cells may
initiate or modulate immune responses in the TME (Fig. 1). On
the other hand, the susceptibility of immune cells in the TME to
ferroptosis varies significantly, and different immune cell types
can either promote or suppress ferroptosis in cancer cells*>
(Fig. 1). This distinct characteristic highlights the unique role of
ferroptosis in immune regulation as compared to apoptosis, ne-
crosis and autophagy. Subsequently, we would classify the inter-
action between tumor ferroptosis and immune cells to elucidate
this intricate relationship more comprehensively.

2.1.  The effect of tumor ferroptosis on immune cells

The impact of tumor ferroptosis on the immune system is highly
complex, with even contradictory research findings reported.
Ferroptosis may serve as a form of ICD, which is driven by stress
stimuli and can induce adaptive immunity against dead cell anti-
gens?®>3. Not only do cell death-related antigens activate immune
responses, but ICD is also accompanied by the release of a
multitude of DAMPs during ferroptosis. These DAMPs, including
calreticulin exposed on the cell surface, high-mobility group
protein 1 (HMGBI1) secreted by tumor cells, adenosine triphos-
phate (ATP) released by cells, and heat shock proteins (such as
HSP70 and HSP90), among others, can bind to pattern recognition
receptors on antigen-presenting cells (APCs) and enhance the
efficiency of macrophage phagocytosis of ferroptotic cancer cells,
thereby activating immune responses®>®>. In addition to the
aforementioned conventional DAMPs, ferroptosis tumor cells
further release a subset of their characteristic DAMPs. For
instance, the oxidized phospholipids (PL), such as 1-stearoyl-2-
15-HpETE-sn-glycero-3-PE, located on the cell surface of fer-
roptotic cancer cells, can be recognized by Toll-like receptor 2
(TLR2) on macrophages, promoting their engulfment®. Wen
et al.** investigated the HMGBI1 release mechanism of ferroptotic
cancer cells, where HMGB1 was a DAMP that could be released
by ferroptotic cells in an autophagy-dependent manner. Mecha-
nistically, inhibition of autophagy-mediated histone deacetylase
promoted HMGBI1 acetylation, leading to HMGB1 release during
ferroptosis. HMGB1 induced macrophage inflammation and
released TNF through the AGER pathway. Additionally, it was
reported that HMGB1 could upregulate cyclooxygenase 2 (COX2)
and transferrin expression via the RAS—JNK/p38 pathway, pro-
moting erastin-induced ferroptosis®. These interactions not only
drive macrophages to polarize towards the M1 phenotype but also
promote T-cell infiltration and activity within tumors. They can
even trigger vaccine-like responses, activating antitumor immu-
nity®. Conversely, inhibiting ferroptosis results in reduced T cell
infiltration and activity in the TME, ultimately dampening T cell-
mediated antitumor responses.

However, it is noteworthy that some studies have suggested
that ferroptotic cancer cells may hinder DCs maturation, thereby
affecting their antigen-presenting capacity>*. PL peroxidation
products generated by the 12/15-lipoxygenase reaction in ferrop-
totic cancer cells, or other lipid peroxidation by-products, such as
4-hydroxynonenal, appear to impair DCs maturation and func-
tion®®%”_ The interaction between ferroptotic cancer cells and DCs
may depend on the stage of ferroptosis. It has been reported that
during the early stages of ferroptosis, cancer cells trigger DC
maturation; however, in the later stages, although DCs can
effectively engulf these late-stage ferroptosis cells, their ability to
promote DC maturation is reduced. Overall, the impact of fer-
roptosis on antitumor immune responses is dual-edged. While it
exhibits characteristics of ICD by releasing DAMPs to induce
immune cell maturation, it also affects immune cell function and
immune responses due to its unique properties, such as the pro-
duction of PL peroxidation products.

2.2.  The effect of immune cells on tumor ferroptosis

Immune cells within the TME can influence the sensitivity of
cancer cells to ferroptosis by enhancing or inhibiting it. For
instance, Wang et al.>® discovered that activated CD8" T cells
during tumor immunotherapy could enhance ferroptosis-specific
lipid peroxidation levels within tumor cells, thereby increasing
their sensitivity to ferroptosis. Further research revealed that the
Interferon-gamma (IFN-v) released by CD8™ T cells has a dual
impact on cancer cell ferroptosis. On one hand, IFN-y down-
regulates the expression of solute carrier family 3 member 2
(SLC3A2) and solute carrier family 7 member 11 (SLC7A11) on
the tumor cell surface through the JAK—STAT1 pathway. SLC3A2
and SLC7A11 are two subunits of the glutamate—cysteine anti-
porter System Xc~, which impairs tumor cell cystine uptake,
thereby enhancing lipid peroxidation and ferroptosis®®*°. On the
other hand, IFN-vy upregulates the expression of long-chain-fatty-
acid-CoA ligase 4 (ACSL4), promoting the synthesis of ACSL4-
mediated polyunsaturated-fatty-acid-PL. (PUFA-PL) (especially
those containing arachidonic acid). Therefore, IFN-y promotes
ferroptosis by inhibiting the cell’s defense against it and ampli-
fying the metabolic activities driving the process. However,
despite IFN-vy enhancing tumor cell ferroptosis, studies have also
shown that it promotes tumor dormancy, and edits tumor cell
immunosuppression, leading to tumor evasion and recurrence®®.
In the TME, tumor-associated macrophages (TAMs) primarily
exhibit an immunosuppressive M2 phenotype69. An extensive
tumor immunological study aims to clear M2 TAMs and/or
convert them into a more anti-tumor M1 phenotype. Recent
studies have shown that M1 TAMs exhibit greater resistance to
ferroptosis compared to M2 TAMs’’. The elevated levels of
inducible nitric oxide synthase in M1 TAMs can produce more
nitric oxide radicals (NO-), which can inhibit 15-lipoxygenase,
resulting in a resistance to ferroptosis comparable to GPX47°.
Additionally, NO- has membrane diffusibility, which can confer
ferroptosis resistance to cells surrounding M1 macrophages’®.
Exosomes secreted by adipose tissue macrophages containing
miR-140-5p can target SLC7A11 in cardiomyocytes, inhibiting
reduced glutathione synthesis and inducing ferroptosis in car-
diomyocytes, providing a new therapeutic strategy for obesity-
induced cardiac damage’'’?. Furthermore, studies have found
that TAM-secreted TGF-81 regulates the expression of hepatic
leukemia factor in triple-negative breast cancer through SMAD3,
which transactivates gamma-glutamyl transferase 1 (GGT1)".
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GGT1 catalyzes the decomposition of extracellular glutathione,
providing cysteine for intracellular glutathione synthesis,
enhancing GPX4 activity and the tumor cell’s resistance to
ferroptosis.

Moreover, other immune cells also have a significant impact on
ferroptosis. For example, in a glioblastoma mouse model driven
by PDZ-binding motifs, neutrophils transfer myeloperoxidase
(MPO) into tumor cells through direct cell contact or close con-
tact, inducing tumor cell lipid peroxidation and promoting
ferroptosis’*.

In summary, ferroptosis and the immune response in the TME
have complex interactions, which can both enhance anti-tumor
immunity and suppress immune reactions. In practical therapeutic
applications, how to utilize the positive effects of ferroptosis on
the immune response while avoiding its negative impacts has
become an important topic in tumor cell ferroptosis therapy.

3. Delivery strategies for ferroptosis-immunotherapy
therapy

The analysis above shows that ferroptosis has a complex inter-
action with the immune response in the TME. It is crucial for
tumor treatment to enhance the synergy between ferroptosis
therapy and immunotherapy, avoiding the interference of ferrop-
tosis with the immune response. It is of great importance to
develop drug delivery strategies for the combination of ferroptosis
and immunotherapy.

Therefore, many drug delivery strategies loaded with ferrop-
tosis inducers have been developed, and ISAPIs co-delivery
strategy, tumor targeted delivery strategy and stimuli-responsive
delivery strategy have become mainstream.

3.1.  ISAPIs co-delivery

As previously discussed, several studies have manifested that
inducing ferroptosis is capable of activating the anti-tumor innate
immune response and further augmenting the therapeutic efficacy
of ferroptosis62‘75‘76. However, as research advances, it has
become increasingly evident that ferroptosis may not only be
inadequate in activating innate immunity in the early stage of
ferroptosis (characterized by the intact membrane) but could also
potentially impair immune cells to a certain extent. For example,
CD8" T cells are susceptible to ferroptosis, and the IFN-y
released by them may upregulate PD-L1 expression in tumor cells
and induce inflammatory immunosuppression. Consequently, to
compensate for the insufficiency of the immune system in
ferroptosis-immune therapy, one of the most straightforward and
simplistic strategies is to incorporate ISAPIs into the ferroptosis
induction system, thereby positively eliciting an effective, long-
lasting, and profound anti-tumor immune response’”.

To achieve that end, an increasing number of immune-stimulating
agents have emerged, effectively enhancing the immune activation
effect induced by ferroptosis: (1) Augment the innate immune
response. During the advanced stage of ferroptosis, antigen presen-
tation was insufficient. To overcome this deficiency, agonists of
STING and TLR, as well as blockers of indoleamine 2,3-
dioxygenase (IDO) and CD73, among others, can be encapsulated
to enhance the intensity of the anti-tumor immune response by
strengthening the functions of macrophages, DCs, or natural killer
(NK) cells”®*. (2) Enhance adaptive immunity: The direct or indi-
rect negative impacts of ferroptosis on tumor-specific effector T cells
can be counterbalanced by the addition of T-cell-associated immune

checkpoint inhibitors (such as PD-1 monoclonal antibodies or
CTLA-4 antibodies)®!. (3) Inhibit the formation of immunosup-
pressive microenvironment: IDO blockers, TGF-G blockers and
COX2/PEG inhibitors are employed to block immunosuppressive
signals, inhibit tumor fibrosis, angiogenesis and alleviate hypoxia to
improve the immune microenvironment®” (Fig. 2).

However, in recent years, with the advancement of ferroptosis-
immunotherapy, the uncontrolled release and long-term stability
of ISAPIs have gradually emerged as crucial issues. Although a
simple injection of ISAPI can exert an immediate effect, it
frequently leads to a series of side effects, such as pain at the
injection site and an inflammatory factor storm due to the
instantaneous high concentration. For instance, after the TLR
agonist TLR-7/8 is injected into the body, it can rapidly dissem-
inate from the blood throughout the entire body, thereby causing
potent side effects®*®° In addition, the majority of the ISAPIs
under investigation are proteins or nucleic acids, which are
prone to degradation and clearance by the internal environment,
further restricting the persistence of their efficacy. Hence, the
development of delivery systems capable of achieving the stable
release of ISAPIs has emerged as a research focus. The drug de-
livery system can optimize the druggability of ISAPIs and broaden
the range of disease applications. At present, the development of
delivery systems for the co-delivery of ferroptosis inducers and
ISAPIs has manifested the following significant characteristics:
(1) Synergistically augment anti-tumor effects: Integrating a fer-
roptosis inducer and an ISAPI into a single drug delivery system
enables more precise control and synergistic effects compared to
two separate injections. (2) Enhance the efficiency of antigen
delivery: By designing the size, shape, and spatial structure of the
delivery system to simulate the traits of pathogens, it can effec-
tively enhance the antigen uptake capacity of APCs, thereby
laying a foundation for further improving the efficacy of immu-
notherapy®®. (3) Prolonging the biological activity of immune-
stimulating agents: The delivery system can provide physical or
chemical protection for immune-stimulating agents, effectively
counteracting the impairment to their activity caused by the
complex internal environment, thereby offering more stable im-
mune support for tumor treatment®’. Based on the mechanism of
ISAPIs in the drug delivery system, we have classified them into
two types: cargoes with immune-stimulating effects and vectors
with intrinsic immune activation functions. We systematically
review the structural characteristics, mechanisms, and applications
of these two types of delivery systems in tumor therapy.

3.1.1.  Cargoes with immune-stimulating effects

Firstly, it is feasible to design the immunostimulatory materials as
the cargoes within the drug delivery system, encapsulate them
along with ferroptosis inducers, and precisely deliver them to the
TME. Based on numerous studies, the cargoes with immune-
stimulating effects can be categorized into two major types:
macromolecules (such as proteins, nucleic acids, etc.) and small-
molecule drugs. Subsequently, we will expound on the mechanism
of such ISAPIs and explore the crucial role of the drug delivery
system in optimizing their therapeutic efficacy, both of which are
summarized in Table 22'88-%,

3.1.1.1.  Protein and nucleic acid macromolecular immune-
stimulating cargoes. Protein ISAPIs are predominantly mono-
clonal antibodies targeting immune checkpoints, which are a set of
molecules expressed on immune cells or cancer cells and regulate
immune activation, playing a crucial role in preventing the
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Figure 2  Classification of ISAPIs.
Table 2  Immune-stimulating cargoes and their application.

Immune-stimulating cargo Ferroptosis inducer Drug delivery system Tumor model Ref.
aPD-1 Withaferin A Hydrogel Melanoma 88
aPD-L1 Fe*" Metal nanocomplex Lymphoma 89

Ultrasmall iron nanoparticles Ultrasmall iron nanoparticles Breast cancer 90
aTGF-( Sorafenib Hybrid metal nanoparticles Colon tumor 21
PEP20 (CD47 inhibitory peptide) Hemin (H) Biomimetic nanoparticles Breast cancer 91
Pol (I:C) (TLR3 agonists) AlEgens Polymer nanoparticle Breast cancer 92
Indoximod (Ido blocker) Quinone methide and Fe®" Polymer nanoparticle Breast cancer 93
DNA (STING agonists) DHA Iron-based metal—organic framework Lewis lung cancer 94
Mn?* (STING agonists) MnO, GOx Hybrid metal nanoparticles Breast cancer 95
R848 (TLR7/8 agonists) Fe-TCPP Iron-based metal—organic framework Melanoma 96

IDO, indoleamine 2, 3-dioxygenase; DHA, dihydroartemisinin; GOx, glucose oxidase; TLR, Toll-like receptor.

occurrence of autoimmune reactions”. For example, immune
checkpoints such as the typical protein ISAPIs can be classified
into activated and suppressed ones. It is well-known that
numerous tumor cells employ suppressed immune checkpoints,
including PD-1, PD-L1/2, CTLA-4, CD73 and so on, to achieve
the effect of tumor immune escape’®'*. Owing to their high
specificity, a substantial number of clinically validated pharma-
ceutical products have been successfully developed and
commercialized. Such as PD-1 antibodies, namely nivolumab,
Pembrolizumab, Cemiplimab, Toripalimab, and Carfilzomib; PD-
L1 antibodies, including Atezolizumab, Avelumab, and Durvalu-
mab; and CTLA-4 monoclonal antibodies, for instance, ipilimu-
mab, etc! 02104105 1y addition, CD73 is also a classical immune
checkpoint. CD73, as Ecto-5'-Nucleotidase, is the critical enzyme
that catalyzes adenosine monophosphate (AMP) to generate
extracellular  adenosine'%®!'"7. However, adenosine is an

immunosuppressive molecule that influences both innate and
adaptive immunity, as well as the TME'®*'%_ Consequently,
aCD73, as an emerging star of immune checkpoint monoclonal
antibodies, has been extensively developed, such as oleclumab
developed by AstraZeneca and uliledlimab developed by Celestia,
both which are in the clinical stage.

In addition to immune checkpoint monoclonal antibodies,
there are other immunotherapy protein drugs, such as anti-TGF-3
and anti-CD47 antibodies, as ISAPIs. TGF-§ exerted negative
impacts on the innate and adaptive immune system, as well as the
TME'"'""* Luspatercept is a drug targeting TGF-§ and has
received marketing approval for addressing the pathological pro-
cesses associated with TGF-B. CD47, also known as integrin-
associated protein I (IAP), is the "self" marker of almost all
tumor cells, representing the "don’t eat me" signal. CD47 can bind
to the SIRP« on the surface of macrophages, effectively avoiding
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macrophage phagocytosis''>''®. Hence, multiple CD47-targeting
antibodies have advanced into late-stage clinical trials as well.

Although a wide range of antibody-based ISAPIs continues to
emerge as one of the most promising frontiers in new drug
development, their therapeutic potential is often hindered by
inadequate stability issues such as denaturation, fragmentation,
and enzymatic hydrolysis. These limitations are further exacer-
bated by suboptimal controlled-release properties, which reduce
therapeutic efficacy and increase the risk of systemic
toxicity''”''®. For instance, intravenous administration of mono-
clonal antibodies yields low response rates (overall response rate
<30%) in most cancer patients, largely due to inefficient de-
livery''. Consequently, the pharmacological activity of biologic
drugs critically depends on developing safe and efficient delivery
systems—such as hydrogels, metal nanoparticles, and biomimetic
nanoparticles—to overcome these challenges.

Hydrogel is a high-molecular system that contains a consider-
able quantity of water and has a three-dimensional network
structure, which has been employed for the delivery of protein
drugs. It is reported that hydrogel formed through cross-linking
hyaluronic acid and dextran is capable of maintaining the thera-
peutic concentration of bevacizumab for at least three months'°.
Cheng et al.®® developed an injectable hydrogel (Gel@WA-
cRGD + aPD-L1) based on (-cyclodextrin, Ca®", and oxidized
sodium alginate. The porous network of the hydrogel was designed
to deliver both aPD-L1 and the ferroptosis-inducing prodrug WA-
cRGD (Fig. 3A-C). The prodrug conjugation of cRGD ligands
could facilitate the preferential uptake by tumor cells while pre-
venting their accidental uptake by immune cells, so as to lower the
cytotoxic impact on splenic immune cells. /n vivo imaging of Cy5-
loaded hydrogels in mice demonstrated prolonged fluorescence
retention compared to free CyS5, indicating the hydrogel’s potential
for controlled drug release (Fig. 3D). In a bilateral B16F10 post-
operative tumor model, the treatment significantly inhibited tumor
growth over 60 days and markedly enhanced the infiltration of
mature DCs and M1 macrophages in distant tumors, both with a
21% increase compared to the control group.

In ferroptosis therapy, metal nanoparticles are widely utilized,
often incorporating iron and other elements to enhance the ther-
apeutic efficacy of ferroptosis. This "self-supplying iron/self-
inducing ferroptosis" feature bypasses complex drug-loading
processes, significantly streamlining nanocarrier fabrication
while controlling iron ion release through a TME-responsive
strategy. Furthermore, antibodies can be engineered through
various modification and functionalization strategies, enabling
their self-assembly into nanostructured particles with enhanced
stability and controlled release properties. Nie et al.® fabricated
aPD-L1 to spermidine-grafted glucan (APP-SPM-DEX) through
the EDC/NHS reaction, and subsequently complexed it with so-
dium tripolyphosphate and Fe®" nanomorph, ultimately con-
structing a spermidine-immune peptide—metal nanocomplex
(APP-Fe NC) for regulating the TME. They discovered that aPD-
L1-Fe NC induced more significant cytotoxicity to mouse lym-
phoma cells than aPD-L1-SPM-DEX and free Fe**. Similarly, in
the in vivo anti-lymphoma experiments, the tumor weight was
decreased by 25.4%, 35.8%, and 73.6%, respectively, in the aPD-
L1-SPM-DEX, free Fe*", and aPD-L1-Fe NC groups compared to
the control group (Fig. 3E). All these imply that immunotherapy
drugs alone might not yield a significant therapeutic effect, while
the combination of ferroptosis and immunotherapy will achieve
the optimal anti-tumor effect (Fig. 3F). Similarly, Shen et al.”
implemented '*'I modification on aPD-LI to acquire '*'I-APD-

L1, which was co-assembled with the ultrasmall iron nano-
particles (USINPs) functionalized with fluorobenoborate. These
nanoparticles not only serve as direct ferroptosis inducers but also
prolong blood circulation time and enhance tumor accumulation,
offering significant advantages. The combined ferroptosis-
immune-radiation therapy effectively inhibits the progression of
breast cancer. Zhou et al.>' loaded the ferroptosis inducer sor-
afenib and aTGF-B onto Fe;04/Gd,O; hybrid nanoparticles.
aTGF-f could be specifically released in tumor tissues and syn-
ergize with iron particles and sorafenib to mediate ferroptosis,
thereby promoting DCs maturation, M1 macrophage infiltration,
and T cell activation to remodel the TME.

Leveraging their cell-membrane-mimicking structures, bio-
mimetic nanoparticles have emerged as strategic vectors for the
co-delivery of ferroptosis inducers and ISAPIs, where the nano-
particles’ natural tropism enhances tumor accumulation while
their biomimetic cloak minimizes immune clearance, thereby
creating a synergistic platform for dual-modality therapy. He
et al.”! employed BSA coated with the M1 macrophage cell
membrane as a delivery carrier (MP@CH/BSA NP), loaded Ce6
as a photosensitizer, and heme as well (Fig. 3G and H). They
aimed to upregulate the expression of heme oxidase-1, thereby
inducing heme degradation and Fe*" release, promoting the
Fenton reaction and ferroptosis. Interestingly, the study revealed
that laser irradiation significantly enhances hemin release,
achieving rates twice as high as those measured under unirradiated
conditions (Fig. 3I). The CD47 inhibitory peptide PEP20 was
recoupled to the macrophage cell membrane, which was expected
to block the CD47—SIRRPe interaction in the TME. Additionally,
after drug treatment, the secretion of IFN-vy in the tumor could be
significantly increased, thus down-regulating the expression of
Xc™ in the system, which could significantly sensitize ferroptosis
(Fig. 3J-L).

While protein-based ISAPIs dominate current ferroptosis-
immunotherapy paradigms, nucleic acid ISAPIs have also grad-
ually gained a position due to their distinctive immune regulatory
function. Nevertheless, because of its susceptibility to degradation
by nuclease in serum and electrostatic repulsion with the cell
membrane, its cellular uptake efficiency is low, thereby restricting
its practical application'?""'*2. Currently, one of the most prevalent
nucleic acid ISAPIs is polyinosinolate Poly(I:C), which is a TLR
agonist. Poly(I:C) is a synthetic double-stranded RNA molecule.
Since its structure is similar to that of viral double-stranded RNA,
it can simulate the natural immune response of the host induced by
viral infection and is regarded as a potent interferon inducer'>*"'>°.
Nucleic acid-based immune stimulants typically have a short half-
life. According to reports, loading the nucleic acid immune
stimulant CpG ODN into a nanodelivery system can significantly
extend its elimination half-life by approximately 7 h. Moreover,
this approach enhances its ability to promote the maturation of
BMDCs and boost the secretion of TNF-o and IL-6'%°. Wang
et al.”> developed a nanoplatform through a self-assembly strategy
by complexing negatively charged Poly(I:C) with positively
charged aggregation-induced emission luminogens (AlIEgens)
MTCN-3. The resulting complex was further encapsulated in the
amphiphilic polymer DSPE-Hyd-PEG-Folate, denoted as M@P
(Fig. 3M). Upon light irradiation, MTCN-3 generated ROS and
heat, leading to lysosomal dysfunction and subsequently trig-
gering pyroptosis and ferroptosis in tumor cells. Following M@P
injection, the nanoplatform actively targeted the tumor site in mice
within 6 h and continued to accumulate for up to 24 h. In a breast
cancer mouse model, treatment significantly increased the
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Figure 3  Protein and nucleic acid macromolecular immune-stimulating cargoes and their application in ferroptosis-immunotherapy. (A)
Schematic illustration of the synthesis procedure for Gel @ WA-cRGD + aPD-L1, a carrier designed for co-delivering aPD-L1and WA-cRGD. (B)
SEM image of hydrogel with a porous network. Scale bar = 100 um. (C) Rheology behavior of Gel and Gel @ WA-cRGD + aPD-L. (D)
Fluorescence imaging showing the different drug release behavior between free Cy5 and Gel@Cy5 in vivo. The unit of fluorescence intensity is a.
u. Reprinted with the permission from Ref. 88. Copyright © 2023 Elsevier. (E) Tumor weight, and (F) survival rate of mice from each treatment
group. Reprinted with the permission from Ref. 89. Copyright © 2023 American Chemical Society. (G) Schematic illustration of MP@CH/BSA
coupled with PEP20 peptide and co-loaded with Ce6 and heme. (H) TEM images of MP@CH/BSA. Scale bar = 0.3 pm. (I) Laser-triggered
release of hemin from MP@CH/BSA NP. (J) Representative bio-TEM images of 4T1 cells treated with fresh medium, MP@CH/BSA NP or
MP@CH/BSA NP (L+). Scale bar = 1.2 um in original view above and 0.6 um in enlarged view below. (K) A heat map showing concentrations
of IFN-v, TNF-¢, and IL-6 in 4T1 tumor-bearing mice subjected to different treatment regimens. The unit of concentration intensity is pg/mL. (L)
Percentages of M1 macrophages in tumors. Reprinted with the permission from Ref. 91. Copyright © 2022 Elsevier. (M) Illustration of the
synthesis procedure for M@P. Reprinted with the permission from Ref. 92. Copyright © 2025 Springer Nature.
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proportion of mature DCs cells from 26.4% to 45.3%, while the
levels of pro-inflammatory cytokines, including IL-6, IL-18, IL-
le, IL-16, TNF-a, and IFN-vy, were markedly elevated.

In recent years, RNA interference (RNAi) technology based on
small interfering RNA (siRNA) has shown significant advantages
in the field of anti-tumor therapy. While siRNA is not traditionally
considered an ISAPI, it can exhibit adjuvant-like effects under
certain conditions'?’. siRNA specifically degrades target mRNA
and precisely regulates gene expression at the post-transcriptional
level. Studies have demonstrated the successful development of
various siRNA-based delivery systems, including liposomes,
polymeric micelles, dendritic macromolecules, and other carriers,
to achieve the downregulation of PD-L1, VEGF, or TGF-8 128-131
These systems have effectively inhibited tumor growth and
metastasis. Although research on siRNA technology in
ferroptosis-related immunotherapy has not yet been reported, its
precise gene regulation capabilities and promising therapeutic
effects provide new insights for the development of novel
ferroptosis-immunotherapy combination strategies.

Although antibody and nucleic acid ISAPIs show strong ther-
apeutic potential in immunotherapy because of their highly spe-
cific immune activation ability, which can accurately identify
specific targets through antibody—antigen and other reactions.
However, due to its macromolecular structure, the development of
such ISAPI faces many challenges, such as: (1) Complex and
costly development and production: complex structure and strict
quality control requirements lead to high production costs. (2)
Poor stability: easy to be affected by environmental conditions
(such as temperature, pH), needs to be stored at low temperatures,
which increases the difficulty of transportation and storage'*?.
These factors limit the clinical transformation and wide applica-
tion of such ISAPIs. In contrast, small molecule ISAPI is similar
to a large molecule in immune response mechanism, but its simple
structure and stronger stability make it more flexible and operable
in clinical application, and provide a broader prospect for the
popularization and development of immunotherapy.

3.1.1.2.  Small-molecule ISAPIs. In recent years, small-
molecule immunomodulators have made significant progress in
the field of immunotherapy. These drugs target specific immune
regulatory sites, such as IDO, Cyclic GMP—AMP synthase
(cGAS)-stimulator of interferon genes (STING), and TLR,
allowing for precise modulation of immune responses and thereby
exerting therapeutic effects. Next, we will classify small-molecule
immunomodulators based on their mechanisms, with a focus on
the mechanisms of IDO inhibitors, STING agonists, and TLR
agonists, as well as their remarkable efficacy in ferroptosis-
immunotherapy delivery systems.

Studies have demonstrated that the enhancement of
tryptophan—kynurenine (Trp—Kyn) metabolic pathway activity is
associated with local immunosuppression in the TME, facilitating
the immune escape of cancer cells'**"'*. Small molecule in-
hibitors targeting IDO, governing the Trp—Kyn metabolic axis,
have emerged as promising immunotherapeutic agents, given
IDO’s pivotal role in tumor immune evasion through local tryp-
tophan depletion and kynurenine-mediated immunosuppressive
signaling. Hence, targeting IDO via small molecules might be a
potential protocol for cancer therapy. Huang et al.” fabricated a
multifunctional nanoplatform featuring self-driven release of IDO
inhibitor, indoximod (IND), and enhancement of oxidative stress.
They initially devised an IND prodrug based on the release of
ROS and esterase in response and chelated it with Fe*" and

polydopamine to form nanoparticles (Fig. 4A and B). In a tumor-
specific high-ROS microenvironment, the IND prodrug undergoes
activation to generate IND, thereby inhibiting the conversion of
Trp into Tyn and concomitantly generating quinone (QM) as a by-
product (Fig. 4C). QM further augments oxidative stress by
elevating ROS and depleting GSH, and collaborates with iron ions
to facilitate the ferroptosis process (Fig. 4D). Additionally, the
intensification of oxidative stress significantly expedited the self-
driven release of the prodrug, achieving efficient drug delivery.
This design amplifies the therapeutic effect through multiple
mechanisms, offering an innovative strategy for the combination
of ferroptosis and immunotherapy.

Within the realm of small-molecule ISAPIs, the
c¢GAS—STING signaling axis also serves as a pivotal biosensor
mechanism, orchestrating cytoplasmic surveillance of extranu-
clear DNA through a precisely coordinated molecular cascade.
Specifically, cGAS, a DNA receptor in the cytoplasm, recognizes
DNA from the nucleus or mitochondria and catalyzes the pro-
duction of cyclic dinucleotides (CDNs, e.g., 2/,3’-cGAMP)'*.
As a second messenger, the CDNs are capable of binding to and
activating STING, a key protein in the innate immune system,
that exists in the endoplasmic reticulum in the form of a sym-
metric dimer. The activated STING forms polymers that recruit
and activate downstream molecules, TBK1 and IRF3. Subse-
quently, TBK1 phosphorylates IRF3, inducing the dimer to enter
the nucleus and initiating the expression of type I interferons
(such as IFN-g8), which triggers the interferon immune
response'>’. Subsequently, the production of IFN can enhance
the maturation of DCs and promote the expression of chemo-
kines CXCL9 and CXCLI10, facilitating the migration of T cells
to the TME. Furthermore, the activation of STING not only
polarizes TAM towards anti-tumor M1 macrophages but also
reprograms M2-TAM to the M1 phenotype'**'*!. In conclusion,
with respect to the activation of the STING pathway, not only
can an increase in the release of DNA activate cGAS, but also the
activation of CDNs is capable of activating STING. Hence,
cGAS—STING pathway activators are often incorporated into
delivery systems to enhance the efficacy of ferroptosis-based
immunotherapy.

CDN:s are a natural and direct agonist for STING. However, its
high molecular weight and strong polarity restrict its ability to
penetrate the cell membrane. Meanwhile, its phosphodiester bond
is prone to enzymatic hydrolysis, leading to poor metabolic sta-
bility and thereby limiting its clinical application142. To overcome
these shortcomings, non-nucleotide STING agonists, including
Mn?", STING agonist-4, have emerged as a research focus. In
ferroptosis-immunotherapy, ferroptosis might impact the normal
functionality of immune cells, resulting in mitochondrial
dysfunction and the release of intracellular DNA. Nevertheless,
this process can be ingeniously exploited to further activate the
STING pathway and enhance its immunogenicity, thereby offering
novel concepts and potential breakthroughs for the synergistic
application of ferroptosis and immunotherapy. Li et al.** admin-
istered an iron-based metal-organic frameworks (MOF) encapsu-
lating Dihydroartemisinin (DHA), denoted as DHA@MIL-101,
into the TAM (Fig. 4E). The construction of the MOF enhances
the solubility and bioavailability of DHA and ingeniously exploits
the disparity in the content of basic iron ions between cancer cells
and macrophages to achieve the reprogramming of TAM. It has
been experimentally verified that TAM can phagocytose the drug-
carrying MOFs and exert a certain ferroptosis effect (Fig. 4F). The
ROS and LPO produced will damage intracellular DNA, and their
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Small molecule immune-stimulating cargoes and their application in ferroptosis-immunotherapy. (A) TEM image of nanoparticles.

Scale bar = 100 nm. (B) Release profile of IND under different conditions. HyO,: 100 pmol/L, esterase: 100 U/mL. (C) Kyn inhibition rate in
4T1 cells after different treatments. (D) The GSH level in 4T1 cells after different treatments. Reprinted with the permission from Ref. 93.
Copyright © 2023 Elsevier. (E) TEM images of DHA@MIL-101. Scale bar = 100 nm. (F) The uptake of DHA@MIL-101-ICG in TAM and lung
cancer cells (LLC). The unit of fluorescence intensity is a.u. (G) The LPO generation in TAM was observed with laser confocal microscopy. Scale
bar = 10 pm. (H) The Kyoto Encyclopedia of Genes and Genomes functional enrichment analysis was conducted. The DEGs were mainly
enriched in the ferroptosis and DNA damage-associated signaling pathways. (I) The expression of cGAS/STING was detected by WB. (J)
Multiple immunofluorescence staining examined molecules of M1, GBPS5. Scale bar = 20 um. Reprinted with the permission from Ref. 94.
Copyright © 2023 Wiley. (K) Improved tumor enrichment of Fe-MOF-RP was monitored by fluorescence imaging in vivo. The unit of fluo-
rescence intensity is a.u. (L) DC maturation expressed on CD11c" cells. (M) Proportion of CD8™ T cells after different treatments. Reprinted with
the permission from Ref. 96. Copyright © 2024 American Chemical Society.

fragments mediate the activation of cGAS/STING, thereby
generating an anti-lung cancer immune effect (Fig. 4G—I). By
employing the DNA damage inhibitor Wortmannin and the fer-
roptosis inhibitor Fer-1, the study demonstrates that ferroptosis-
induced DNA damage in TAMs is essential for activating the
STING pathway, which subsequently enhances polarization and
phagocytic function (Fig. 47). Mn>" has also been encompassed in
the studies of STING activation. Mn?>", as an essential trace
element, is capable of enhancing the enzyme activity of cGAS',
Nevertheless, as a hydrophilic ion, Mn*" possesses a high

clearance rate in vivo and poor membrane permeability; thus, free
Mn*" injections fail to yield a curative effect'**. Hu et al.'*
successively modified MnO, and glucose oxidase (GOx) on the
Hafnium oxide (HfO,) core to form HfFO,@MnO, @GOx (HMG)
nanoparticles. The shell layer of MnO, can consume GSH, which
not only elevates intracellular ROS content by the Fenton-like
reaction of Mn>" but also directly binds to ¢cGAS, enhances the
binding affinity of cGAS to cell membrane DNA, promotes its
enzymatic activity, and generates cGAMP in the presence of trace
cell membrane DNA. In addition, HMG nanoparticles, whether
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administered intravenously or intraperitoneally, possess effective
antitumor properties in tumor-bearing mice.

TLRs, a class of evolutionarily conserved pattern recognition
receptors strategically localized at plasma membranes and endo-
lysosomal compartments, can identify pathogen-associated mo-
lecular patterns through leucine-rich repeat (LRR) domains while
amplifying ~ DAMPs  signals®®. R848 is a  small
imidazoline—quinoline compound possessing dual agonist activity
towards TLR7 and TLRS, which is strikingly distinct from some
nucleic acid agonists (such as CpG ODN)'**'*® Through binding
to TLR7/8, R848 is capable of triggering a MyD88-dependent
signaling pathway, effectively activating DCs and significantly
enhancing both innate and adaptive immune responses'*’. R848
can induce the polarization of TAM from the immunosuppressive
M2 phenotype to the M1 phenotype with anti-tumor activity,
subsequently promoting the secretion of pro-inflammatory cyto-
kines (such as IL-6, IL-12) and chemokines, and enhancing the
anti-tumor immune response'>°. Nevertheless, the direct admin-
istration of R848 as a free drug presents a significant issue of a
sharp increase in blood concentration. Significant differences in
the delivery behavior between free R848 and R848 encapsulated
in nanoparticles have been well-documented. Within 4 h after
administration, the serum concentration of the drug in the free
group was considerably higher than that in the polylactic acid
nanoparticle group, even 4—5 times greater. This concentration
fluctuation might result in systemic toxicity, which could poten-
tially restrict its clinical application'®'. Fan et al.”® devised a light-
triggered nanozyme, namely Fe-TCPP-R848-PEG (Fe-MOF-RP).
Utilizing Fe-TCPP MOF as the core architecture, the immunoa-
gonist R848 was encapsulated within the nanozyme, and PEG was
modified on the surface, thereby significantly optimizing its
pharmacokinetic properties. The PEG modification not only en-
dows Fe-MOF with excellent biocompatibility but also enhances
its tumor-accumulation ability, prolongs the drug’s blood circu-
lation time, and markedly improves its selective enrichment in
tumor tissues (Fig. 4K). In contrast to the PBS group, Fe-MOF-RP
in combination with laser irradiation significantly elevated the
expression levels of co-stimulatory molecules (CD80" and
CD86") and MHC I in DCs. Additionally, the proportion of CD8 ™"
T cells and memory T cells also increased significantly, indicating
that it can effectively enhance the tumor-specific immune
response (Fig. 4L and M).

Cargoes possessing immunostimulating capacity are capable of
augmenting the activity of immune cells and enhancing the im-
mune system’s response to tumors. Nevertheless, at high dosages
or when employed inappropriately, these cargoes can give rise to
the overactivation of immune cells, triggering cytokine storms or
other toxic reactions. Hence, precise dose control and release
strategies are indispensable to prevent an uncontrolled immune
response or toxic accumulation, thereby guaranteeing the safety
and efficacy of the treatment. Additionally, carrier design is
particularly crucial when co-delivering immune-stimulating cargo
along with ferroptosis inducers. A sophisticated carrier system is
requisite to ensure the synergistic release of the two, guarantee the
balanced release of drugs in the tumor area and avoid the unbal-
anced drug release influencing the therapeutic effect, so as to
optimize the combined therapeutic effect of ferroptosis and
immunotherapy.

3.1.2.  Vectors with intrinsic immune activation functions
Vectors with intrinsic immune activation functions refer to carriers
that can actively trigger immune responses without the need for

additional exogenous immunostimulants. These systems leverage
the intrinsic immunoactivating properties of their constituent
materials, such as chitosan-based carriers or bacterial membrane
vesicles, or rely on specific physicochemical characteristics,
including surface charge and structural morphology, to directly
activate immune cells such as DCs and macrophages or to activate
key immune signaling pathways'>>'>*. In the following sections,
we will provide a detailed discussion of the underlying immu-
noactivation mechanisms and highlight innovative applications of
these systems in enhancing the immunotherapeutic synergy of
ferroptosis-based cancer treatments.

Chitosan is a type of natural polymeric material. Due to its
immunomodulatory effect, chitosan has been extensively utilized
in immunotherapy and ferroptosis research. Studies have indicated
that highly deacetylated chitosan can induce mitochondrial stress,
facilitate the generation of mitochondrial ROS and the release of
DNA, activate the cGAS—STING signaling pathway and the
NLRP3 inflammasome, and further promote the maturation of
DCs by inducing type I interferon'>>. Moreover, it enhances the
antigen-specific Th1 response in a type I IFN receptor-dependent
manner'>®'%7. Meng et al.">® constructed an injectable hydrogel
delivery system consisting of chitosan hydrochloride and oxidized
dextran (CH-OD) for loading the FDA-approved ferroptosis
inducer salazopyridine (SSZ), attaining both tumor cell elimina-
tion and anti-tumor immune activation. Experiments have man-
ifested that both CH and CH-OD can prominently facilitate the
polarization of bone marine-derived macrophages (BMDMs) to-
wards the M1 phenotype, demonstrating their inherent immu-
nostimulatory capacity. Moreover, the SSZ-loaded CH-OD system
(CH-OD-SSZ) further significantly augments this ability. This is
attributed to the fact that SSZ induces ferroptosis in H22 liver
cancer cells, releasing DAMPs, thereby amplifying the immune
activation effect. Nevertheless, due to the restricted immunosti-
mulating capability of chitosan, the Day 60 survival rate after CH-
OD-SSZ treatment was merely 25% in model mice. When com-
bined with aPD-1, the survival rate of mice escalated significantly
to 58%. Therefore, even though chitosan has emerged as one of
the core materials in ferroptosis-immunotherapy research on ac-
count of its immunoregulatory capacity, biocompatibility, and
degradability, its inherent immunostimulatory ability is inadequate
and thus difficult to fulfill the requirement for sufficient activation
of the immune system in complex treatment scenarios. To sur-
mount this limitation, the introduction of an immune adjuvant as
extra functional cargo based on chitosan can conspicuously
enhance its immune activation effect, concurrently endowing it
with greater therapeutic flexibility and efficiency'>’.

At present, the natural membrane self-adjuvant delivery system is
the most widely used carrier for such research. For example, bac-
terial outer membrane vesicles (OMV), which are natural nano-
vesicles secreted by Gram-negative bacteria with a particle size of 20
to 250 nm, are an excellent adjuvant carrier platform'®. Because
OMV contains peptidoglycan, LPS and flagellin, it is a natural TLR
agonist with a strong ability to activate innate immune signaling
pathways'®'. Kim et al.'®® demonstrated that OMV derived from
Escherichia coli with the AmsbB mutation can effectively inhibit the
growth of colon cancer, breast cancer and melanoma in mice, and
significantly improve the release of anti-tumor cytokines IL-12, p40,
IFN-y and CXCL10. Moreover, due to the specific phospholipid
bilayer nanostructure, similar to liposomes, OMV usually acts as a
drug delivery carrier and the drugs that induce ferroptosis can be
modified on the OMV surface by covalent coupling or electrostatic
adsorption, or embedded in the lipid bilayer membrane by co-
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incubation, electroporation, etc'®. For example, Sun et al.'® fixed
Escherichia coli OMV with Fe*™ by electrostatic interaction and
loaded with STING agonist-4, along with DSPE-PEG-FA modifi-
cation, to achieve a functional design of OMV/SaFeFA. The intro-
duction of OMV and STING agonist-4 significantly increased the
maturity of DCs by 84%, while the levels of CD8* T cells and CD4 ™"
T cells were respectively elevated by twofold and 80%.

Furthermore, researchers are vigorously investigating the
crucial role of the physical and chemical properties of materials
(such as surface charge, morphological characteristics, etc.) in the
regulation of immune cells. For instance, by exposing positively
charged primary amine groups on the surface of the carrier, it can
not only effectively facilitate the maturation of DCs as an immune
adjuvant, but also activate the immune response of CTLs'>%. Re-
searchers are also endeavoring to develop novel delivery systems
that control immune activation through modulation of their
morphological properties. Hu et al.'>* developed an innovative,
aspecific tetrapod spiky-like iron-palladium (FePd) nanocrystal,
which significantly augmented the ferroptosis of cancer cells
while inducing macrophages to release pro-inflammatory cyto-
kines, further amplifying the activation effect of the immune
system. In addition, He et al.'>* also endeavored to achieve more
precise immune regulation by designing chiral nanocarriers to
precisely regulate the phenotypic differentiation of macrophages.
Looking forward, by optimizing the surface design and functional
modification of materials, not only can their ability to regulate
immune cells be enhanced, but also more efficient and safer im-
mune regulatory systems can be developed. These technologies
will offer a novel direction for the study of tumor therapy and
other immune-related diseases and promote the further advance-
ment of immunotherapy.

The utilization of carrier materials possessing immune-
activating capacities not only circumvents intricate ISAPI
loading procedures but also simplifies carrier design. Such
self-adjuvant vectors can discharge immune activation signals
more uniformly and sustainably, thereby augmenting the immune
response while reducing the dependence on complex controlled
release mechanisms and enhancing the efficacy of therapy.
Nevertheless, despite the remarkable advancements made in
theory and experimentation with this approach, due to the
technical demands and cost limitations of its production process,
achieving large-scale industrial transformation remains chal-
lenging, which has emerged as a bottleneck in clinical
application.

Overall, compared to the traditional method of separately
administering ferroptosis inducers and ISAPIs, co-encapsulating
both agents within a single delivery system enables more precise
control over drug spatiotemporal distribution and synergistic ef-
fects. This co-delivery strategy ensures the concurrent arrival of
both drugs at the target site (e.g., tumor tissue or specific cells) and
their simultaneous release at the lesion site in a predetermined
optimal ratio. Consequently, it maximizes the synergistic effect
between ferroptosis-induced immunogenic cell death and ISAPI-
activated anti-tumor immune responses, thus avoiding issues
associated with separate injections, such as uneven drug distri-
bution, temporal mismatch in action, and disproportionate
dosing®. However, given variations across tumor types, disease
stages, and individual patients, the optimal combination of in-
ducers and ISAPIs may require personalized selection. Therefore,
implementing personalized treatment is paramount, requiring
thorough evaluation of the patient’s specific disease profile (e.g.,
tumor characteristics) and physiological status (e.g., immune

function, organ function) to formulate a tailored therapeutic
regimen.

3.2. Tumor targeted delivery

As a novel therapeutic approach, ferroptosis has demonstrated an
indispensable role in anti-tumor treatment. Nevertheless, the non-
specific distribution of ferroptosis inducers in vivo constitutes an
important limiting factor in ferroptosis therapy. The systemic
circulation of ferroptosis agents following intravenous adminis-
tration may induce off-target cytotoxicity, particularly affecting
critical immune components, including CD8" T cells, NK cells,
and DCs. Furthermore, tumor heterogeneity often leads to reduced
susceptibility to ferroptosis, while ferroptosis-inducing agents can
simultaneously trigger T cell apoptosis and cause damage to non-
tumor tissues, thereby constraining the therapeutic potential of
ferroptosis-based cancer treatment. Consequently, enhancing
tumor-specific drug targeting represents a crucial strategy for
improving anti-tumor efficacy'®'®.

Targeted drug delivery is an advanced technology that can
achieve a more efficient accumulation of drug in the target tissues
and cells through the heterogeneity of different tissues. Inspired
by the targeted technology, many researchers have worked on the
targeted drug delivery of ferroptosis inducers. Many targeted de-
livery strategies have been developed, including enhanced
permeability and retention effect (EPR effect), receptor-mediated
targeted and bionic materials-mediated targeted, etc.

With the development of nanotechnology and biomaterials,
nanomaterials have proved to be feasible carriers for achieving
targeted delivery. On the one hand, the nanomaterial, through a
suitable size, can effectively penetrate the tumor tissue and
accumulate in the deep tumor cells. It is also not easy to clean up.
Therefore, the application of nanomaterials improves the
bioavailability of drugs'®®. On the other hand, through surface
modification of nanomaterials, the targeting can be enhanced,
which mediates the endocytosis of nanomaterials by tumor cells
and then increases the intracellular drug concentration. All these
advantages indicate that nanomaterials are excellent carriers for
targeted delivery strategies'®’.

Based on the different targeting mechanisms, drug targeting
systems can be divided into passive and active targeted delivery.

3.2.1.  Passive targeted delivery
Passive targeted drug delivery is a typical strategy in which the
drug can accumulate in tumor tissues through the EPR effect. The
materials widely used for passive targeting are mainly nano-
materials, including metal-based nanomaterials, liposomes, poly-
mers, supramolecular nanoplatforms, and so on. Up to now, there
are several reviews describing passive targeting-based nano-de-
livery systems for tumor therapy, and here we take metal-based
nanomaterials as an example for a brief analysis'®*'7°,
Metal-based nanomaterials are a class of nanoscale metal
materials. Powerful catalytic, imaging, and photothermal conver-
sion capabilities broaden their applications in tumor diagnosis and
treatment. Common metal-based nanomaterials include mono-
lithic and metal oxide nanoparticles, metal-organic frameworks
(MOFs), metal-phenolic networks (MPNs), and nano-enzymes.
For example, Huang et al.'”! reported Fe-MnO, nanosheets for
loading DHA (Fig. 5A), which improved the DHA targeting and
therapeutic effect. DHA is an excellent ferroptosis inducer, in
which the endoperoxide bridge can be broken under the catalysis
of Fe®™, generating ROS to trigger ferroptosis'’>'”>. However, the
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poor targeting ability of DHA and low Fe®" content in tumor cells
limit the therapeutic effect. Therefore, the research carried out by
Huang et al. suggested that the nanosheet group had stronger
fluorescence in the tumor (Fig. 5B and C) and an anti-tumor effect
(Fig. 5D) compared to the free drug group. The combination of
Fe-nanomaterials and DHA enhanced the accumulation of DHA
while providing a source of Fe for DHA activation. Erastin also
suffered the same dilemma. Erastin is an inducer that is widely
applied in ferroptosis therapy. It acts by inhibiting the Xc™ system,
thereby reducing the cellular uptake of cystine' ™. This inhibition
ultimately leads to the induction of ferroptosis and lipid peroxi-
dation. Nevertheless, the administration of free Erastin is associ-
ated with a plethora of adverse reactions, such as cerebral
infarction, glomerular abnormalities, splenomegaly, and anemia,
etc!”. To address this difficulty, Li et al.'”® reported a core-shell
nanoparticle (Cu/Er NCP) for targeted delivery of erastin
(Fig. SE). These nanoparticles enhance the stability of Erastin. It’s
worth noting that the half-life of Cu/Er NCP in vivo is up to 8 h
(Fig. 5F). The prolongation of systemic circulation time creates
favorable conditions for the accumulation of drugs in tumors. In
the in vivo distribution experiment, the fluorescence intensity at
the tumor site was the highest. Specifically, it was 2.7 times and
4.3 times that of the spleen and kidney, respectively (Fig. 5G and
H). These results indicated that the nanoparticles conferred the
targeting ability of the drug delivery system to achieve efficient
accumulation at the tumor site.

Although nanomaterials can accumulate and remain in tumor
tissues through the EPR effect, there are still some challenges in
their practical application: (1) Tumor factors. Tumors of different
sizes have different vascular distributions and permeabilities.
Large tumors often hinder the accumulation and penetration of
nanoparticles due to the formation of blood clots. In addition,
pericytes and extracellular matrix (ECM) form a "wall" outside
the tumor blood vessels, which hinders the penetration of nano-
particles and even leads to reflux. Finally, the tumor microenvi-
ronment often has a high interstitial fluid pressure (IFP), and a

high IFP reduces the pressure difference between the inside and
outside of the blood vessels, reducing the driving force for the
penetration of nanoparticles into the tissue and affecting drug
accumulation'”’. (2) Nanomaterial factors. Particle size, charge,
and surface wettability are important factors affecting tumor
accumulation. Small particle size can lead to too low retention,
while large particle size can cause insufficient permeability.
Moreover, positively charged or hydrophobic nanoparticles are
more easily cleared by the reticuloendothelial system (RES)'”®.
Therefore, in view of the disadvantages of passive targeting stra-
tegies, the development of active targeting delivery systems is
urgently needed.

3.2.2.  Active targeted delivery

Active targeted drug delivery entails the surface modification of
nanosystems through the incorporation of specific proteins, small-
molecule peptides, antibodies, and small molecules. These mod-
ifications facilitate the recognition and binding to specific mo-
lecular markers and proteins expressed on tumor cell surfaces,
thereby enabling selective drug accumulation within tumor tis-
sues. A list of common targeting materials has been provided in
Table 3'7%°1%7,

An active targeted drug delivery system has the following
advantages: 1. Higher target activity. Passive targeting realizes
accumulation in tumors via systemic circulation and EPR effects,
which tend to result in insufficient drug content in tumor cells. The
long-term retention in the tumor microenvironment may cause the
drug to be cleared. In contrast, active targeting improves the tar-
geting "initiative" by recognizing and binding to specific mole-
cules and receptors on the surface of tumor cells'®®. 2. Higher
biosafety. The normal cell surface is characterized by specific
receptors of low quality and quantity. Therefore, the affinity of the
active targeted drug delivery system to normal cells is weak,
which greatly reduces the accumulation and absorption of drugs in
normal tissues, thus improving the safety of drugs. Due to the
different mechanisms of active targeted drug delivery systems,

Table 3  Categories of common targeting materials in active targeted delivery.
Strategy Material Advantage Disadvantage Ref.
Receptor-mediated targeted ~ CD44 targeting materials Easy to modify, amphiphilic Insufficient targeting capacity, 179,180
delivery (HA) property, good biocompatibility, tough purification process
long blood circulation times,
evasion of MPS clearance
Integrin targeting materials ~ Good permeability, tumor Immunogenicity, rapid blood 181—183
(cRGD, iRGD and vascular inhibition clearance, and significant MPS
fibronectin) accumulation
TfR targeting materials Small size enhancing drug Immunogenicity, low drug 184,185
(ferritin) stability, ease of production and loading efficacy and insufficient
modification targeting
FR targeting materials (FA)  Favorable pharmacokinetic Inconsistent folate attachment, 186,187
properties, convenient
availability and low cost
Bionic materials-mediated Tumor cell membrane Unlimited proliferation, evasion  Difficult isolation and 188
targeted delivery of MPS clearance and enhancing purification, immunogenicity,
the immune response and susceptible to contamination
Immunocyte membrane Inflammatory response, evasion Limited membrane source, 189

of MPS clearance

susceptible to contamination

HA, hyaluronic acid; MPS, mononuclear phagocyte system; cRGD, cyclic RGDs; iRGD, linear RGDs; TfR, transferrin receptor; FA, folate.
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they can be divided into receptor-mediated targeted delivery and
cell membrane-based targeted delivery.

3.2.2.1.  Receptor-mediated targeted delivery. The receptor-
mediated targeted delivery is a key component of the active tar-
geted drug delivery system. It targets a specific or overexpressed
receptor on the tumor cells surface, facilitating the drug delivery
to the tumor cells through the modification of the ligand and the
specific reaction between the receptor and the ligand. Many re-
ceptors are often differentiated or overexpressed on the surface of
the tumor cell membrane. This provides the possibility to design
correlative ligands according to the structure of the receptor and
implement precision therapy. CD44, integrin, transferrin receptor
(TfR) and folate receptor (FR) are all typical examples of the
receptor-mediated targeted delivery system.

CD44: CD44 is a type-I transmembrane single-chain glyco-
protein, widely distributed on the cell membrane of lymphocytes,
tumor cells, endothelial cells, and other cells. It has been shown
that CD44 is overexpressed on the surface of tumor cells. Based
on this, many CD44-targeting drug delivery platforms have been
developed. Hyaluronic acid (HA), a naturally occurring poly-
saccharide, binds to the hyaluronic acid-binding sites on CD44,
forming a complex that is subsequently internalized by tumor
cells. Consequently, HA is frequently employed as a surface
coating for targeted drug delivery systems to enhance their spec-
ificity and efficacy'®".

Wang et al.'®> combined palmityl palmitate with cetyl-
trimethylammonium bromide to construct core—shell nano-
particles (PNDH) for targeted delivery of ferroptosis inducer
cisplatin, while using HA as the surface coating to improve tumor
targeting. In the presence of HA, the tumor recognition efficiency
was enhanced approximately twofold. Chi et al.'®? reported "core-
shell" magnetic nanoparticles (FMMHG/Sor) modified with HA,
comprising an Fe;O4 core and a mesoporous organic silica shell
(Fig. 6A). By loading ferroptosis inducer sorafenib into the
nanoparticle, dual-pathway ferroptosis therapy was achieved. HA
modification significantly promoted cell uptake, with a cellular
uptake rate of 72.3%. However, after pretreatment with free HA,
cell uptake was less than 20%, further demonstrating the active
targeting ability of HA (Fig. 6B). Thanks to the modification of
HA, FMMHG/Sor exerted effective anti-tumor effects. No sig-
nificant increase in tumor volume was observed at the end of the
study. HA-coated targeted delivery platforms can be used not only
for small-molecule drug delivery, but also for macromolecular
drug delivery. For example, Fan et al.'®* assembled anti-B7-H3
antibody (biAbs), epigallocatechin-3-gallate dimer (dEGCG) and
HA to form S-biAb/dEGCG@NPs for the treatment of glioblas-
toma (GBM) (Fig. 6C). The intracranial accumulation of S-biAb/
dEGCG@NPs was 12.3 times higher than that of free biAb.
Tumor-bearing mice in the S-biAb/dEGCG@NP group survived
significantly longer due to efficient drug accumulation (Fig. 6D).
The above results indicate that S-biAb/dEGCG@NPs have a
better therapeutic effect due to their better penetration and tar-
geting. In conclusion, the HA-coated ferroptosis inducer delivery
platform effectively improves ferroptosis efficiency. However,
CD44 is mentioned to be widely distributed in normal tissues. HA-
mediated targeting systems inevitably lead to accumulation in
normal tissues and organs. Therefore, the development of more
efficient targeting ligands still needs to be explored.

Integrin: Integrins are a family of cell surface receptors that
can be activated by anchoring ligands, triggering endocytosis.
Moreover, it has been found that certain tumor cell membranes

overexpress integrin ay33. These characteristics make the selec-
tive delivery of ferroptosis inducers possible. Integrin ayf; is
usually poorly expressed in most cells but can be upregulated in
tumor cells and endothelial cells within the tumor microenviron-
ment'®>. Thus, integrin aryB5 has a higher selectivity compared to
CD44. The integrin-mediated targeted delivery system is suitable
for precise delivery to tumors'®*'”’. The arginine—glycine-
—aspartate (RGD) peptide is a three-amino acid sequence'®.
According to the different structure of RGDs, RGD peptides can
be divided into linear RGDs (iRGD) and cyclic RGDs (cRGD).
Kapp et al.'”® demonstrated that RGD peptides bind to av0s
through a bidentate salt bridge, which is involved in the interac-
tion of the guanidinium moiety on arginine and the «-subunit
Asp218 in ay 5. Furthermore, the electrostatic interaction present
between RGD and metal ions in integrins also contributes to tar-
geting'®®. All of these characteristics set up integrin as an ideal
target for cancer therapy.

cRGD contains the thiol group, which enables it to form a
disulfide bond with drugs that also possess the thiol group. Under
the targeting effect of cRGD, the drug successfully entered the
tumor cells, exerting its curative effect. For example, Cheng
et al.®® reported sodium alginate hydrogels loaded with WA-cRGD
and aPD-L1. After intratumoral injection, WA is internalized by
B16 cells via the interaction with cRGD-integrin receptors and
subsequently released by the cells. As shown in Fig. 6E, the GPX4
activity in the WA-cRGD group was 25% lower than that in the
WA group, which indicates that cRGD enhances tumor endocy-
tosis of WA and brings a more significant ferroptosis inhibition.
Furthermore, flow cytometry experiment results reaffirm the ne-
cessity for WA delivery with cRGD. As shown in Fig. 6F, the
tumor cell death rate in the WA-cRGD group was 20% higher than
that in the WA group. To sum up, the modification of cRGD
significantly improved the tumor targeting of WA, promoted the
accumulation of WA, and induced more intense ferroptosis. In
addition, the application of iRGD in tumor-targeted drug delivery
also achieved promising results. Sun and his colleague-
s?®prepared iRGD-modified ultrasmall single-crystal Fe nano-
particles  (IRGD-bcc-USINPs).  iRGD—integrin  interaction
promotes the iRGD bcc-USINPs, internalized by tumors, and iron
single crystals were released to induce ferroptosis in the acidic
tumor microenvironment (Fig. 6G). According to the tracking of
nanoparticles in vivo, the modification of iRGD resulted in a
doubling of cellular uptake (Fig. 6H).

Except for RGD peptides, which are directly used to modify
drug carriers, RGD-enriched substances can also be utilized to
modify drug carriers for targeting properties. Fibronectin (FN) is
a typical example. FN is an ECM protein that contains an RGD
sequence®®!. Xu et al.?°® utilize this characteristic of FN to
achieve targeted delivery of the metal polyphenol network.
Under the interaction of FN, the metal polyphenol network en-
ters the tumor cells and releases Fe>" to induce ferroptosis. The
in vivo anti-tumor experiments showed that DOX-TAF@FN has
a significant inhibition of tumor and has a significant difference
with DOX-TAF@BSA, which reflects the excellent targeting of
FN (Fig. 6I).

In conclusion, constructing a delivery system including the
“missiles” RGD peptides offers a new approach to the precise
delivery of ferroptosis inducers. Unfortunately, cRGD-modified
delivery systems were shown to be highly immunogenic'8%2%3,
In addition, the susceptibility degradation of RGD peptides by
proteases may reduce their stability in vivo®®*. This brings chal-
lenges to the clinical application of RGD peptides. For the
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development of RGD peptide-targeting systems, finding a balance
between targeting ability, immunogenicity, and instability is still a
challenge.

TfR: TfR is a kind of surface receptor of nucleated cells, which
can bind to ferritin and maintain the homeostasis of intracellular
iron level>®. However, the extreme deficiency of iron ions in the
tumor limits its growth and differentiation. Several studies have
shown that TfR1 is highly expressed in a wide range of tumor cells
(pancreatic, rectal, lung, bladder, etc.) to improve intracellular
iron ion levels??°. As a result, TfR-mediated ferroptosis
inducer delivery strategy progressively becomes a new trend in
targeted therapy of cancer. Ferritin is a protein nanocage
composed of heavy chain ferritin (HFn) and light chain ferritin. As
a major iron-storage protein in the body, ferritin can bind to TfR1
on the cell surface through its heavy chain. After entering the
cytoplasm, ferritin releases iron ions to promote cell growth and
development' 297298 Iy addition, ferroptosis therapy is highly
dependent on the intracellular iron level in tumor cells. Based on
the TfR targeting ability and abundant iron ions, ferritin is
considered an excellent carrier for the targeted delivery of fer-
roptosis inducers.

Cheng et al>® constructed murine heavy chain ferritin
(mHFn) by genetic engineering for targeted delivery of the fer-
roptosis inducers RSL3 and iFSP1 (Fig. 7A). In vivo and ex vivo
imaging demonstrated that the high affinity of mHFn to TfR1
allowed the delivery system to be retained in the tumor cell for a
longer time after intravenous injection (Fig. 7B and C). The long
retention improved the drug’s antitumor effect. In the in vivo anti-
tumor experiments, the tumor volume in the mHFn@RSL3/iFSP1
group was only half of that in the free RSL3/iFSP1 group
(Fig. 7D). The encapsulation of mHFn enables RSL3/iFSP1 to
improve targeting capacity while reducing the possibility of being
cleared. Zuo et al.>'® reported a ferritin-coated sorafenib to ach-
ieve targeted therapy for breast cancer (Fig. 7E). Ferritin enhanced
the uptake of sorafenib in tumor cells, and the ferritin-modified
group had higher fluorescence intensity (Fig. 7F) and tumor in-
hibition (Fig. 7G).

In conclusion, ferritin as the ligand could target tumor cells,
and after the carrier was internalized into tumor cells, the fer-
roptosis inducer was released and triggered ferroptosis, which is
an excellent candidate for targeted delivery of ferroptosis
inducers.

FR: FR is a glycosylphosphatidylinositol-linked membrane
glycoprotein, which is characterized by high affinity to folate
(FA)*'". However, different forms of folate have different affinities
for FR. Therefore, it is necessary to make structural modifications
to folic acid to improve targeting efficiency. FR-mediated targeted
delivery systems combine folic acid or analogues with a ferrop-
tosis inducer and finally form a complex. Upon binding to FR, the
cytomembrane was invaginated and the intracellular inclusion was
produced. Finally, the complex is released from the inclusion
under the ionic pump function. Therefore, drug delivery systems
targeting FR also provide new solutions for the delivery of fer-
roptosis drugs.

Wang et al.?'? constructed a BSA-FA functionalized iron-

containing metal-organic framework (TPL@TFBF) (Fig. 7H).
With the help of FA, TPL@TFBF targeted melanoma cells and
released Triptolide (TPL), Fe*" and TA, triggering ferroptosis and
pyroptosis. In the ex vivo fluorescence imaging, we observed
significant fluorescence from TPL@TFBF-Cy5.5 in the tumor
tissues compared to other groups (Fig. 7I). This result demon-
strated significant tumor targeting of FA. In vivo anti-tumor ex-
periments demonstrated the significant advantages of the FA-
modified delivery system. TPL@TFB group showed that the
tumor growth inhibition is 41.74%, whereas FA modification
significantly increased the tumor inhibition of TPL@TFBF
(65.58%) (Fig. 7)).

Although receptor-mediated targeting preparation improves the
targeting performance against tumors, there are still some chal-
lenges in clinical application and industrialization. Firstly, animal
tumor model tends to be established in a short time, whereas
primary tumor in humans tends to form in several years. The
variability of species and formation time often leads to hetero-
geneity of receptors and differences in expression levels; there-
fore, equivalence for clinical application remains a factor to be
considered®'. In addition, the modifying proportion of the ligand
is also an important factor. The lower modification often leads to
limited targeting efficiency, while the higher modification may
affect the release of the drug from the carrier and reduce the ef-
ficacy*'*. Finally, possible off-target effects. Although these spe-
cific receptors are overexpressed in tumor cells, they also have low
expression in normal cells. Therefore, exploring the toxicity of
receptor-mediated targeted delivery systems in normal cells is also
a matter that needs to be addressed?'”.

3.2.2.2.  Bionic materials-mediated targeted delivery. With the
development of bionic technology, the cytomembrane has brought
a new perspective for drug delivery. The cytomembrane-mediated
targeting strategy utilizes the cytomembrane to wrap and deliver
drugs to tumor cells by virtue of the natural properties of the
cytomembrane, such as homologous targeting, chemotaxis,
adhesion and so on. Second, the cell membrane is derived from the
body, which confers high biosafety and avoids recognition and
clearance by the immune system. Thus, membrane-based bio-
mimetic carriers usher in a new era for the delivery of ferroptosis
inducers. Therefore, cell membrane-based biomimetic carriers
bring out a new era for the delivery of iron death inducers.
Many biomolecules on the tumor cytomembrane (such as
galactan-3, calreticulin, and Thomson-Friedenlein antigen, etc.)
are involved in cell communication and adhesion, which behavior
promotes aggregation for tumor cell?'®. Depending on these
functional biomolecules, the tumor cell membrane, as the "coat"
of the drug delivery system, can effectively deliver drugs to the
tumor cell. Guo et al.>'” structured a ferroptosis inducer prodrug
cisplatin delivery platform, covered gastric cancer cytomembrane
"coat" (CMnMPt) to target gastric cancer cells in vivo. In vivo
experiments showed that CMnMPt nanoparticles at the tumor site
had double fluorescence intensity compared to MnMPt

groups. Reprinted with the permission from Ref. 209. Copyright © 2024 Elsevier. (E) Scheme of in vivo FPBC@SN behavior and related
pathways of ferritinophagy-cascade. (F) Biodistribution images of PBC@IR820 and FPBC@IR820 at different time points in vivo. The unit
is x 10° [p/sec/cmzlsr]/[uW/cmz], (G) Tumor growth curves in different treatment groups. Reprinted with the permission from Ref. 210.
Copyright © 2021 Wiley. (H) Schematic diagram of the synthesis process of TPL@TFBF. (I) Fluorescence images of tumor-bearing mice in vitro
after different treatments. The unit of fluorescence intensity is a.u. (J) The tumor growth curves of mice in different treatment groups. Reprinted

with the permission from Ref. 212. Copyright © 2023 Springer Nature.
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Figure 8  Cell membrane-modified delivery systems and their application in ferroptosis treatment. (A) The MRI signal of the tumor to normal-
tissue ratio at 0, 4, 8 and 12 h after being treated with MnMPt or CMnMPt. (B) The weight of excised tumors in mice treated with Control, MSN,
MPt, MnM, MnMPt or CMnMPt. Reprinted with the permission from Ref. 217. Copyright © 2023 Elsevier. (C) Synthesis of the tumor cell
membrane-coated drug delivery system PFTT@CM. (D) Mean fluorescence intensity analysis of RAW 264.7 after incubating with PFT, PFTT,
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nanoparticles (Fig. 8A) and the tumor inhibition also increased
nearly 20% (Fig. 8B). In addition, evscaping the recognition and
uptake by immune cells is also a key factor. Pan et al.>'® designed
a drug delivery system (PFTT@CM), consisting of tiaprazine
(TPZ), ferroptosis inducer PFT, and cancer cell membrane
(Fig. 8C), and researched the uptake behavior of RAW 264.7 cells
to the drug delivery system. The result suggested that the uptake
rate of PFTT nanoparticles by RAW 264.7 cells was 3.69 times
higher than PFTT@CM (Fig. 8D). With precise targeting,
PFTT@CM completely suppressed tumor growth within 18 days
(Fig. 8E).

Immune cells are a family of cells that are associated with the
immune response, including macrophages, NK cells, leukocytes,
neutrophils and others. A variety of receptors with different
functions are distributed on the immune cell membrane, and these
receptors provide specialized biological functions for immune
cells. For example, CD47 and CD45 send out the "don’t eat me"
signal, while the chemokine receptor and Toll receptor have in-
flammatory chemotactic properties®'®**°. The inflammatory fea-
tures of the tumor microenvironment provide a new insight for the
application of immune cell membranes to target drug delivery. For
example, Gao et al?*' designed a macrophage membrane-
encapsulated chlorella (M-Chl). The cell membrane could
interact with the inflammatory factors of solid tumor tissues via
the inflammatory cytokines-related receptors. This specific sub-
strate recognition drives the targeted accumulation and retention
of M-Chl in the tumor sites. Second, immune cell membranes
inherit cell markers, such as adhesion molecules and chemokine
receptors>2>??>. For bionic nanocarriers, these markers are
involved in the recognition of tumors, contributing greatly to the
successful delivery of drugs inside tumor cells. Li et al.*?
developed white cell membrane-encapsulated ferroptosis drug
glycyrrhetinic acid (GA) nanoparticles (GCMNPs) for the treat-
ment of leukemia and colorectal tumors. Compared to normal
cells (LO-2) and bone marrow (BM) cells, GCMNPs exhibited
intense red fluorescence in colorectal cancer and leukemia cells
(Fig. 8F), demonstrating the ability of GCMNPs to selectively
target tumor cells without affecting normal cells. Yang et al.??*
prepared a nanogel (chitosan-Fc polymer crosslink with sodium
alginate to form CFA nanogels) for encapsulating the ferroptosis
inducer pravastatin (PRV), then wrapped with macrophage
membranes (MM) to form CFA/PRV@MM (Fig. 8G). In cellular
uptake experiments, CFA/PRV@MM showed significantly higher
fluorescence intensity than CFA/PRV (Fig. 8H and I). The
enhanced cellular uptake could be attributed to MM-induced
tumor accumulation and endocytosis. With the help of MM,
CFA/PRV @MM demonstrated the superior tumor inhibition effect
(Fig. 8J).

Although the cell membrane-based targeted drug delivery
system has active targeting capacity, which improves the thera-
peutic effect. However, bio-nanotechnology is still in its infancy,
faced with certain challenges in clinical application and industri-
alization. The limited membrane source is the first problem to be

solved. The immune cells are limited-proliferation cells. Many
cultured cells are still required to obtain cell membranes, which is
unrealistic for industrialization. Second, isolation and purification
are still a major challenge. For cancer cell membranes, the nucleus
and genetic material should be strictly removed to eliminate po-
tential carcinogenicity®>. In addition, the expression of major
histocompatibility complex (MHC) molecules on the membranes
derived from immune cells brings immunogenicity issues**®. All
these issues will bring potential risks to the subsequent clinical
application. Third, membrane separation is usually achieved by
fragmentation and centrifugation, but the specific conditions have
not been clearly demonstrated®>”->?®. Further, we also need to
define standard quality control criteria for cell membranes to
ensure integrity without microorganisms. Otherwise, the quality
and purity of the generated cell membranes cannot be
guaranteed>>®.,

3.2.3.  Perspectives of tumor targeted delivery

Compared to the traditional drug delivery route, the targeted drug
delivery strategy significantly increases the drug deposition in
tumor cells and greatly improves the drug delivery efficiency and
therapeutic effect. Passive or active targeting strategies can pro-
mote the delivery of drugs to the tumor, which makes the anti-
tumor effect and side effects of patients take a turn for the better.
However, the targeted delivery technology is immature, and there
are many existing issues that need to be solved. For example, there
are limited FDA-approved targeting materials and a single method
for evaluating targeting ability. In addition, the safety of the ma-
terials is an important factor that we need to evaluate. Apart from
examining short-term toxicity, such as organ toxicity and routine
blood analysis, the long-term toxicity of targeting materials is
rarely systematically evaluated®*. Finally, the human tumor tends
to take a long time to develop compared to animal models.
Therefore, the tumor and microenvironment are often more
complex, which requires us to further evaluate the efficacy of the
ferroptosis inducer.

3.3.  Stimuli-responsive delivery strategy

In ferroptosis-immunotherapy, the targeting strategy of the drug
delivery system elevates the effective concentration of the drug at
the tumor site. However, controlled release strategies, playing a
crucial role in ensuring drug safety and efficacy by preventing the
premature release of ferroptosis inducers, are essential to mini-
mize their toxicity to immune cells such as T cells and macro-
phages. Among these, stimuli-responsive delivery strategies have
demonstrated unparalleled therapeutic function. The core objec-
tive of this controlled drug release is to precisely deliver drugs to
the lesion area and precisely regulate the timing and dose of drug
release through external or endogenous stimulation signals,
thereby achieving the "on-off" control of drug release”®*!.
Through this strategy, it can effectively prevent the toxic side
effects that might be induced by the release of large doses of drugs

and PFTT@CM, using RAW 264.7 without any treatment as a blank group. The unit of fluorescence intensity is a.u. (E) Tumor volume growth
curves were presented in the different treatment groups. Reprinted with the permission from Ref. 218. Copyright © 2022 Elsevier. (F) Cellular
uptake of GA/PLGA (left) and GCMNPs (right) in U937, MV4—11, HT29, Caco-2, LO-2 and BM cells after 30 min of incubation. The nucleus
was stained with DAPI (blue). The GCMNPs were labeled with Nile red (red). Scale bar = 10 um. Reprinted with the permission from Ref. 223.
Copyright © 2022 Elsevier. (G) The preparation process of CFA/PRV@MM. (H) Time-dependent cellular uptake of CFA/C6 and CFA/C6@MM
in 4T1 cells and (I) fluorescence semi-quantitative analysis of C6 signal. Scale bar in (H) = 10 pm. The unit of fluorescence intensity in (I) is a.u.
(J) Average tumor growth curves after 14 days of different treatments. Reprinted with the permission from Ref. 224. Copyright © 2024 Wiley.
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Table 4  Stimuli-responsive delivery system for ferroptosis-immunotherapy.
Stimuli-responsive delivery system Advantage Disadvantage Ref.
Endogenous  pH-stimuli-responsive Controlled release triggered by tumor ~ Tumor pH heterogeneity; 233—-235
acidity; Acid interference from inflammation
Neutralizing the acidic environment or metabolic variations
REDOX-stimuli-responsive Disrupting the equilibrium of GSH Limited specificity in tumors with 236,237
and ROS; normal redox levels;
Enhancing ferroptosis efficiency Complex synthesis of redox-sensitive
linkers/carriers;
Variable redox heterogeneity within
tumors
Enzyme-stimuli-responsive High specificity; Unable to directly eliminate 238
Rapid response by fast enzymatic abnormal enzymes;
catalysis Variability in enzyme activity across
tumor types/individuals;
Inflammation-triggered leakage
Multi-stimuli-responsive Synergistic release control; Insufficient conditions within the 239
Adaptability to heterogeneity TME;
Design complexity;
High validation costs
Exogenous Light-stimuli-responsive Synergistic therapeutic action with Risks of cutaneous injury during 240,241
PTT/PDT; treatment;
Remotely controlled activation Toxicological risks from
photosensitizers
Ultrasound- stimuli-responsive  Synergistic therapeutic action with Device reliance; 242,243

SDT;

Deep tissue penetration

Tissue damage risks;
Carrier stability demands

GSH, glutathione; TME, tumor microenvironment; PTT, photothermal therapy; PDT, photodynamic therapy; SDT, sonodynamic therapy.

within a short period, reduce the frequency of administration, and
enhance patient compliance®?. Such systems can respond to
endogenous (such as low pH, high concentrations of ROS and
GSH in the TME, specific overexpressed enzymes, etc.) or
exogenous (such as light, ultrasound, etc.) stimuli to trigger the
release of drugs, thereby achieving efficient treatment in the tumor
area. Hence, based on the origin of response conditions, we will
categorize them into endogenous stimulus-responsive delivery
strategy and exogenous stimulus-responsive delivery strategy and
introduce the characteristics of corresponding delivery systems
and their application in ferroptosis-immunotherapy. Table 4%3*-2%3
lists the advantages and disadvantages of each stimuli-responsive
delivery system.

3.3.1.  Endogenous stimuli-responsive delivery strategy
Compared to the physiological homeostasis of normal tissues, the
TME exhibits significant pathological heterogeneity. These
distinct pathological features provide a strategic opportunity for
the design and development of tumor-stimuli drug delivery
systems.

Endogenous stimuli-responsive delivery strategy facilitates
precise drug delivery by exploiting the characteristics of the
tumor-specific microenvironment®**. These systems can be acti-
vated in response to the stimulation of specific tumor pathological
markers and only exert a therapeutic effect in tumor tissue while
remaining "inactive" in normal tissue, thereby ensuring
biosafety>*>. Given that the specificity of the TME is closely
associated with the occurrence and development of tumors, this
strategy can not only alleviate the abnormal TME but also achieve
the specific release of drugs, attaining the effect of "one stone, two
birds" and significantly enhancing ferroptosis and immunotherapy.

Based on the different abnormal characteristics of the TME,
endogenous stimulus-responsive delivery systems can be classified
into pH-stimuli-responsive, REDOX-stimuli-responsive, enzyme-
stimuli-responsive and multi-stimuli-responsive drug delivery
strategies. The following will focus on the features of the corre-
sponding delivery systems and their application in ferroptosis and
immunotherapy.

In solid tumors, in accordance with the Warburg effect, irre-
spective of the availability of oxygen, tumor cells have a greater
propensity to undertake energy metabolism via anaerobic
glycolysis, namely lactic acid metabolism, which leads to the
accumulation of lactic acid**®. Simultaneously, ion exchange
proteins on the tumor cell membrane are constantly transporting
H" from inside the cell to the exterior to prevent self-acidosis.
Consequently, the TME assumes a weakly acidic state with a
pH ranging from 6 to 7**’. This acidic milieu can impact the
activity of T cells, NK cells, and DCs, thereby suppressing im-
mune function®*®?*. The slightly acidic environment of tumors
can serve as an ideal stimulus for responsive drug delivery sys-
tems, which can enhance anti-tumor therapy by precisely con-
trolling drug release. pH-sensitive chemical bonds, such as Schiff
base bonds>°, hydrazone bonds >°'*32, amido bonds>>, acetal
bonds***, ester bonds*>® and so on, can typically be incorporated
into the material structure to construct acid-responsive car-
riers®®?%7. The Schiff base bond is formed through the nucleo-
philic addition reaction between aldehydes and amines. In an
acidic environment, C=N will undergo protonation and become
unstable, readily breaking, and thereby decomposing into the
original carbonyl and amino groups>>®. Zhang et al.”> employed
the reaction between 1,3,5-benzenetricarboxaldehyde and p-phe-
nylenediamine to polymerize a COF layer on the surface of MOF,
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into which arachidonic acid (AA) was subsequently loaded. In the
TME solution, the COF layer was gradually dissociated and AA
was gradually released. The iron-based MOF converts H,O, and
O, into OH and O,~ with a strong oxidizing capacity through the
activity of peroxidase and natural oxidase, and possesses a strong
GSH scavenging ability. The occurrence of ferroptosis promotes
the immune response, and CD8'T cells secrete IFN-vy, which
further activates ACSL4 and promotes the phosphatidylation of
AA, thereby exacerbating ferroptosis. After treatment, the survival
rate of the breast cancer mice reached 100 percent within 50 days.
In the design of pH-stimuli-responsive delivery systems, in addi-
tion to utilizing pH-sensitive chemical bonds, the intelligent
regulation of “ionizable functional groups” has emerged as a
crucial strategy. Functional groups such as amino®’, carboxyl*®°,
and sulfonic acid groups can undergo protonation/deprotonation,
leading to charge reversal or hydrophilicity—hydrophobicity
transitions, thereby precisely driving structural reconstruction of
the carrier and controlled drug release®®’. Despite these, the
imidazole group has garnered significant attention due to its
unique protonation properties, enabling it to absorb protons under
mildly acidic conditions (pH 6.0—6.5), thereby inducing a
hydrophilicity—hydrophobicity transition®®'. Zuo et al.*'® fabri-
cated a pH-sensitive nanoparticle FPBC@SN and loaded Sor-
afenib and IDO inhibitor NLG919 to inhibit breast cancer. In an
acidic milieu, the benzimidazole within the nanoparticles can be
protonated and subsequently transformed from hydrophobic to
hydrophilic, leading to the disintegration of the nanoparticles.
Sorafenib successfully upregulates the expression of nuclear re-
ceptor coactivator 4 to facilitate ferritin autophagy and promote
the liberation of endogenous iron ions. Simultaneously, the
application of NLG919 also effectively reduced the Kyn/Trp ratio
and elicited a potent anti-tumor immune response. An increasing
amount of evidence indicates that lactic acid in the TME can
suppress anti-tumor immunity by impeding the function and
metabolism of related immune cells, thereby playing a role in
promoting tumor growth®*. Therefore, the pH-stimuli-responsive
delivery system can not only trigger drug release via H™ proton-
ation in the TME but also enhance the proliferation and activation
of immune cells by neutralizing the acidic environment, thereby
augmenting the efficacy of immunotherapy.

The REDOX-stimuli-responsive delivery system, designed to
exploit the aberrant ROS and GSH levels in tumors, can achieve
controlled drug delivery while disrupting this equilibrium. Within
the TME, ROS (including superoxides and H,O,) and GSH exist
at high concentrations, maintaining this balance?®*. Notably, TME
H,0, levels can reach ~100 pmol/L-100-fold higher than in
normal tissues, inducing oxidative DNA damage (e.g., elevated 8-
OHAG). Unrepaired damage contributes to malignant trans-
formation®®®. While ROS promotes tumor development, it can also
cause cellular damage. Consequently, tumor cells upregulate
antioxidant systems like the GSH/GSSG pair. GSH, a major
intracellular antioxidant, neutralizes ROS to protect tumor cells
from oxidative stress and enhance survival®*®. Elevated GSH
levels are further linked to increased cancer cell proliferation and
resistance to apoptosis®>’, allowing tumors to safeguard growth
through ROS/GSH dynamics.

ROS-stimuli-responsive delivery systems can specifically react
to ROS through changes in chemical structure or physical prop-
erties. Functional groups such as thioether®®*2%3, borate ester®®®,
and selenide®®’ play a crucial role in these transformations,
making such systems widely applicable in anti-tumor ferroptosis-
immunotherapy. Ma et al.?%¢ utilized polyvinyl alcohol (PVA) as

the gel matrix and incorporated TSPBA (borate ester bonds as
crosslinker/ROS-sensor) to construct a hydrogel with ROS-
stimuli—responsive properties (Fig. 9A and B). Loaded with
Rhodamine B and FITC, it demonstrated H,O,—triggered sol—gel
transition and drug release. After seven days, the cumulative
release of Rhodamine B and FITC was approximately three times
higher than that in PBS (Fig. 9C and D). In mouse models of
breast cancer, the release of CuS nanoparticles loaded with iFSP1
inhibited GPX4 and FSP1 and enhanced LPO, thereby inducing
ferroptosis (Fig. 9E). Simultaneously, hydrogel-loaded SSO
blocked CD36 on immunosuppressive cells, remodeling the TME
(Fig. 9F). This strategy promoted ferroptosis, DC maturation, and
T-cell responses (Fig. 9G). The consumption of GSH is also an
important strategy for enhancing ferroptosis-immunotherapy. The
levels of GSH in tumor cells can reach 2-10 mol/L, approxi-
mately 100—1000 times that of the extracellular matrix
(2—10 pmol/L) and 7—10 times that of normal tissue®®®. GSH is
capable of reducing various metal-based nanomaterials, such as
MnO, and MOFs, leading to the disintegration of the carrier
structure and facilitating drug release. Furthermore, as a widely
studied structural motif, disulfide bonds can be reduced to thiol
groups under the action of GSH. Consequently, numerous
disulfide-rich carriers have been designed for responsive drug
delivery systems>®*?’°. Dai et al.?”' developed a nanoreactor,
ssPPELap@Fe-TA, where ssPPE is a polyphosphate ester con-
taining disulfide bonds. This nanoreactor is capable of consuming
GSH, leading to the inactivation of GPX4, and simultaneously
triggering the rapid release of the loaded drug, (-lapachone.
Experimental results demonstrate that, in mouse CT26 colon
cancer cells, the levels of GSH and GPX4 significantly decreased
following treatment. Furthermore, the therapeutic outcomes
revealed that the proportion of DCs increased from 23.4% to
45.0%, and the IL-6 level was elevated by approximately 3.6-fold
compared to the PBS control group. These findings highlight the
promising potential of ssPPELap@Fe-TA in cancer therapy.
REDOX—stimuli—responsive delivery systems sensitize ferrop-
tosis by disrupting the equilibrium between ROS and GSH,
thereby augmenting the efficacy of immunotherapy. Nevertheless,
excessive REDOX reactions might result in unanticipated side
effects, and this uncertainty could be a major challenge for future
clinical transformation.

Enzyme-stimuli-responsive drug delivery systems are also
commonly used in ferroptosis-immunotherapy. Studies have
demonstrated that the pathology of the tumor is associated with
the dysfunction or dysregulation of enzyme expression, matrix
metalloproteinases (MMP)?"2, hyaluronidase (HAase)*”?, ester-
asemlg’zm, oxidoreductase®” and so on. Among these, the most
typical is the overexpression of MMP, which can participate in
numerous pathological processes related to tumor initiation, pro-
gression, invasion, and metastasis by modulating signal trans-
duction®’®. Based on this characteristic, it is of considerable
significance to utilize enzymes as a responsive point to design and
develop an anti-tumor drug delivery system, which is conducive to
the controlled release of drugs at the tumor site. Xu et al.>”’
conjugated hemoglobin (Hb) with the photosensitizer Ce6 to
construct a two-in-one nanoplatform loaded with Sorafenib
(SRF@Hb-Ce6), and subsequently integrated amphiphilic MMP2-
responsive peptide into the framework of the nanoplatform to
guarantee drug-specific release. Under the influence of MMP, 70%
of the drug could be released within 120 min (Fig. 9H and I). After
laser irradiation at 150 mW/cm?, the PDT generated by the
photosensitizer enhanced ferroptosis by recruiting immune cells to
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Probe

Endogenous stimuli-responsive delivery strategy and their application in ferroptosis-immunotherapy. (A) A scheme for the assembly

of the ROS-stimuli-responsive composite hydrogel. (B) The cryo-SEM image of the composite hydrogel. Scale bar = 1 um. Cumulative releasing
curves of (C) FITC and (D) RhB-CuS-M from the composite hydrogel in the absence or presence of 0.5 mmol/L. H,O,. (E) The LPO levels in 4T1
cells. Scale bar = 25 um. (F) Fluorescence imaging of free fatty acid uptake by M2-TAMs in the absence or presence of SSO (300 pmol/L) from
Hydrogel. Scale bar = 10 pm. (G) The ratios of CD40" cells, MHC-IT" cells and CD8" T cells after different treatments. Reprinted with the
permission from Ref. 266. Copyright © 2023 Wiley. (H) Schematic illustration showing the dissociation of Sorafenib@Hb-Ce6 under MMP2. (I)
Drug release in different environments (PBS, serum, MMP2, pH 6.5). (J) Survival rates of mice in different treatment groups. Reprinted with the
permission from Ref. 277. Copyright © 2020 American Chemical Society. (K) Schematic illustration of the dual-stimuli triggered peroxidase-like
activity of FellITA@HA. (L) Fe" release kinetics of nanoprobes recorded under different conditions. (M) The TNF-«/IFN-vy staining images of
the tumor slices after 10 days of treatment. Scale bar = 100 pm. Ref. 239. Copyright © 2023 Springer Nature.

secrete IFN-y. The results indicated that Sorafenib@Hb-Ce6
exhibited an excellent therapeutic effect in vivo, and the survival
rate of breast cancer mice reached 100% within 40 days (Fig. 9J).
Although the activity and quantity of enzymes do not undergo
significant alterations before and after catalysis, it appears that
enzyme-stimuli-responsive delivery systems are unable to directly
eliminate abnormal enzymes. Nevertheless, due to the high
specificity of enzymes, such delivery systems can still effectively

exploit the characteristics of enzymes to achieve precise drug
release, thereby exerting a significant therapeutic effect. However,
the species-specific differences in esterase activity (e.g., between
preclinical models and humans) lead to inconsistent therapeutic
outcomes with identical formulations, posing a major translational
challenge for advancing enzyme-responsive delivery systems>®.
Given that the physiological environment of healthy tissues is
highly complex, this may result in the accidental activation of the
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drug delivery system. For instance, acidic characteristics are not
exclusive to the TME. The site of infection also possesses an
acidic environment due to the accumulation of lactic acid, which
might also trigger the release of active drugs and give rise to
adverse toxicity>>*?* . By leveraging the multi-stimuli-responsive
properties of certain materials or incorporating multiple materials,
it is anticipated that the controlled drug release can be optimized.
HA can not only bind to CD44 on the surface of cancer cells to
exert a targeted effect, but also serve as a degradation site in
response to stimulation by being degraded by hyaluronidase in the
TME?"®. Zhang et al.>*® employed Fe®>", TA and HA to design and
fabricate a novel pH/HAase double-stimulated smart nanoprobe,
FellITA@HA (Fig. 9K and L). The precise diagnosis and treat-
ment of squamous cell carcinoma were achieved. At the tumor
site, HA gradually undergoes degradation under the action of
HAase. Subsequently, FellITA is internalized by tumor cells, and
the acidic state of the cellular lysosome further triggers proton-
ation, leading to the release of Fe*™ from the nanoprobe and
triggering ferroptosis. The dual-stimuli-responsive delivery sys-
tem enables a gradual release, significantly enhancing the speci-
ficity of tumor treatment (Fig. 9M).

A controlled release delivery strategy exploiting the charac-
teristics of the TME can be employed to regulate the microenvi-
ronment, exert a certain therapeutic effect, and does not
require reliance on external stimulation, thereby being more
conducive to delivery. Nevertheless, the conditions within the
microenvironment are insufficient, and the response is inadequate.
Some stimuli-response conditions sometimes exhibit a non-
specific distribution. Even with the use of multi-responsive de-
livery strategies, complete prevention of drug leakage cannot be
guaranteed. Additionally, as the complexity of the carrier in-
creases, the design and manufacturing challenges of the system
also grow accordingly. Not only that, but due to the heterogeneity
of the tumor, it is challenging to ensure the complete activation of
the material at the tumor site, making the realization of precisely
controlled release highly difficult. In preclinical research, it is
necessary to simultaneously optimize the two response thresholds
and the synergy effect.

3.3.2.  Exogenous stimuli-responsive delivery strategy

In contrast to endogenous stimuli-responsive delivery, exogenous
stimuli-responsive delivery requires external stimuli and respon-
sive carriers. However, it offers advantages for precise tumor
treatment, as it’s non-invasive and controllable. This review will
focus specifically on exogenous stimulus-responsive delivery
strategies related to photothermal therapy (PTT), photodynamic
therapy (PDT), and sonodynamic therapy (SDT). These three
modalities utilize either light or ultrasound as external stimuli to
enhance ferroptosis while concurrently activating antitumor im-
munity through the generation of photothermal effects or ROS.
Detailed discussions of each approach will follow in subsequent
sections.

Light is increasingly used in responsive drug delivery systems
for tumor treatment. Given the spatiotemporal controllability of
light, the light-stimuli-responsive drug delivery strategy exhibits
higher selectivity and specificity in achieving on-demand drug
release and activation®*°. Specific wavelengths of light (namely,
ultraviolet, visible, and near-infrared) can modify the stability or
structural degradation of responsive materials in light-stimuli-
responsive drug delivery systems to release drugs at precise lo-
cations>””. Besides the significant function of responsive drug
release, light-responsive delivery systems are also closely

associated with PTT and PDT. For PTT, materials with photo-
thermal conversion capability can promote the ICD of cancer cells
by generating high temperatures in the local tumor under the in-
fluence of light, which can significantly sensitize ferroptosis and
immunotherapy. Chen et al.**' developed MetaCell, a cellular
Trojan horse, which utilizes living neutrophils to incorporate heat-
sensitive liposomal bimetallic Fe-Cu-MOFs (Lip@Fe-Cu-MOFs).
When the NIR laser stimulates the tumor area, a significant dif-
ference in inflammation is observed between the normal tissue and
the tumor area. These differences facilitate the enhanced recruit-
ment of MetaCell to the tumor site. Subsequently, Fe-Cu-MOFs,
which possess significant photothermal conversion ability, can
elevate the temperature and control the release of heat-sensitive
liposomes for drug release. Experimental results indicate that
Lip@Fe-Cu-MOF (500 pg/mL) can increase to ~50 °C after
5 min of irradiation with 808 nm light (1.5 W/em?), and 44.36% of
the drug can be released within 1 h. Not only that, but there are
multiple options for the utilization of light, and a second type of
near-infrared light (NIR-II) can be employed for this purpose.
This is because it exhibits greater tissue penetration and lower
phototoxicity in comparison to NIR-I**°. For instance, Yue utilizes
NIR-II to activate dual-enzyme modified semiconductor polymer
nanopreparations (SPHGA) to achieve controlled ferroptosis/
immunotherapy/PPT therapy®®'. Under 1064 nm laser irradiation,
the nanoparticles undergo photothermal conversion and structural
disruption, releasing a ferroptosis inducer, Hb and an immune
adjuvant, adenosine deaminase, to precisely regulate tumor sup-
pression. In a subcutaneous bilateral 4T1 breast cancer mouse
model, the ability to completely suppress the tumor and prevent
recurrence was demonstrated. For PDT, the photosensitizer needs
to be activated under the light to generate ROS, which can not
only enable responsive delivery but also sensitize ferroptosis.
Besides directly exerting cytotoxicity on tumor cells, PDT also
demonstrates immunomodulatory properties, inducing ICD*?
Wang et al.?®* have developed a multifunctional nanoplatform
(CMArg@Lip), where the hydrophilic NO donor Arg is enveloped
in a ROS-stimuli-responsive liposome through a hydrophobic
interaction, and the hydrophobic photosensitizer Ce6 and the
NRF?2 inhibitor ML385 are located within the lipid bilayer of the
nanoplatform. Under 650 nm light stimulation, Ce6 generates
ROS and induces liposome depolymerization, facilitating the
release of encapsulated drugs. CMArg@Lip has exhibited potent
anti-tumor effects by disrupting the powerful antioxidant capacity
of cancer cells, promoting the ICD of cancer cells, and activating
the STING pathway.

Ultrasound-stimuli-responsive delivery strategies are inti-
mately associated with sonodynamic therapy (SDT)***. Likewise,
SDT has demonstrated remarkable potential in inducing ICD and
activating anti-tumor immunity®*’. Ding et al.*** fabricated a
semiconductor polymer nanotherapeutic agent (SPCg./siP).
SPCr/siP integrates PD-L1 siRNA, ferroptosis-inducing Fe;O,
nanoparticles, and a semiconductor polymer sonosensitizer within
a singlet oxygen ('O,)-cleavable nanosystem. After the injection
of the nanomedicine and subsequent ultrasound irradiation,
SPCr./siP generates 'O, via the SDT effect of the semiconductor
polymer, leading to precise and efficient liberation of Fe;O4
nanoparticles and PD-L1 siRNA from SPCg./siP. This ultrasound-
activated ferroptosis immunotherapy using SPCg./siP effectively
suppressed the growth of orthotopic glioma in mouse models.

Among the exogenous stimulus-responsive delivery strategies,
the utilization of light sources for photoresponsive delivery sys-
tems is currently the most extensively developed. However, among
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section outlines the formidable challenges, and the right section presents the corresponding forward-looking strategies.

several distinct types of light, such as ultraviolet, visible, and near-
infrared light, short and medium-wave ultraviolet (200-320 nm)
tend to induce more severe skin damage®™’. A considerable
number of studies have demonstrated that even UVA with a
wavelength of 337 nm can also cause harm to DNA?7%%%¢ In
contrast, near-infrared light exhibits more prominent advantages
in related clinical applications and is more conducive to clinical
transformation.

It is noteworthy that light/ultrasound-triggered drug release
typically relies on metal-based sensitizers, which may pose po-
tential biosafety risks?®’. For successful clinical translation, it is
imperative to employ biocompatible materials or regulatory-
approved sensitizers, such as FDA-certified ICG and iron oxide
nanoparticles authorized for PTT in the European Union®%%.
However, systems enabling stimulus-triggered release without
added sensitizers simplify preparation, will enhance safety, and
improve clinical potential. This aligns with approaches like light-
triggered Fe?" release from ferrihydrite below 480 nm. Yang
et al.>® employed visible blue light at 450 nm for the release of
Fe?". Firstly, they fabricated PEG-coated ferrihydrite nano-
particles (PEG-Fns), which released 60—170 pmol/L Fe2" within
90 min after blue light irradiation, significantly higher than the
Fe®" in normal cells (2.4 + 0.4 umol/L)**°. Besides the release of
Fe>", PEG-Fns possesses photofenton activity and is capable of
generating -OH under blue light irradiation. The formation of
Fe>* and -OH initiates potent ferroptosis and PDT effects. The
results of the in vivo study in mice demonstrated that this approach
can induce the polarization of TAM from the tumor-promoting M2
type to the tumor-suppressing M1 type, and effectively alleviate
lung metastasis. Therefore, the future direction should focus on
developing light-responsive systems that do not require the
introduction of photosensitizers.

Compared to conventional injections, both endogenous and
exogenous stimulus-responsive delivery systems enable precise
drug release control to prevent burst release effects and prolong
plasma half-life. While externally stimulated therapies, including
PTT, PDT, and SDT, enhance tumor inhibition, endogenous sys-
tems such as pH-responsive carriers reduce immunotoxicity via
tumor microenvironment pH normalization and impair tumor
progression through redox balance disruption, synergistically

boosting antitumor responses. However, clinical translation re-
mains challenged by tumor microenvironment heterogeneity,
limiting release precision, alongside complex manufacturing
scale-up, high quality-control expenses, and deficient regulatory
frameworks.

3.4.  Combination strategy

In this review, we categorize the delivery strategies for ferroptosis-
immunotherapy into three functional modules: co-delivery stra-
tegies, targeting strategies and stimuli-responsive release strate-
gies. Each of these strategies independently contributes to the
enhancement of ferroptosis or immune activation, thereby
improving antitumor efficacy. Importantly, rather than relying on a
single approach, recent studies commonly favor the integration of
multiple strategies to maximize therapeutic efficacy. For example,
combining targeting strategies with co-delivery has been widely
explored: cRGD-mediated tumor targeting has been integrated
with the co-delivery of aPD-L1 to simultaneously enhance de-
livery efficiency and immune activation®®. Similarly, biomimetic
nanocarriers can serve dual roles by providing active targeting
capabilities while functioning as ISAPIs themselves?'”. Moreover,
stimuli-responsive strategies are often merged with co-delivery
approaches; for instance, pH-sensitive nanocarriers have been
developed to co-deliver NLG919, achieving precise release within
the acidic tumor environment to boost immune responses>'’.
However, it inevitably introduces greater complexity to the design
and manufacturing processes, posing significant challenges for
clinical translation.

4. Conclusions and perspectives

Ferroptosis-cancer immunotherapy shows remarkable advantages
in cancer treatment. However, it is noteworthy that the crosstalk
between ferroptosis and immunity is highly complex. Some
studies have shown that ferroptosis in tumor cells may have
negative effects on immune cells, such as excessive LPO, poten-
tially impairing the function of DCs. Therefore, precise drug de-
livery  strategies that can achieve ferroptosis-cancer
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immunotherapy while mitigating immune damage have been
developed: (1) Immunostimulatory active pharmaceutical in-
gredients co-delivery directly stimulates the immune system and
enhances synergistic effects, thereby augmenting anti-tumor effi-
cacy while mitigating the side effects of ferroptosis on the im-
mune. (2) Tumor-targeted delivery systems selectively accumulate
therapeutic agents in malignant cells while preserving immune
cell viability. (3) Stimuli-responsive release strategies utilize
TME-specific cues to achieve controlled release at the lesion site
or incorporate auxiliary therapies (e.g., photo-, thermo-, or sono-
therapy) to amplify therapeutic effects. Thus, implementing pre-
cise and efficient delivery strategies to enhance ferroptosis in
tumor cells while minimizing immune system damage is essential
for improving the efficacy of ferroptosis-cancer immunotherapy.

However, formidable challenges persist during the transition
from preclinical studies to clinical applications. In this section, we
systematically analyze the underlying challenges hindering clin-
ical translation and propose forward-looking strategies to over-
come these obstacles (Fig. 10). (1) Complex mechanistic crosstalk
between ferroptosis and antitumor immunity. It’s widely believed
that tumor cell ferroptosis, as ICD can activate APCs, subse-
quently initiating CD8*T cell responses. Activated CD8" T cells
can secrete IFN-vy that sensitizes ferroptosis through dual path-
ways. However, critical knowledge gaps persist: T cells exhibit
heightened ferroptosis susceptibility due to absent p53 suppres-
sors, and the dose-response relationship between T-cell infiltration
depth and ferroptosis sensitivity remains unquantified®". Criti-
cally, LPO accumulating on ferroptotic tumor cell membranes
lacks cellular selectivity and may directly damage neighboring
immune cells, compromising antitumor immunity. Additionally,
the specificity of ferroptosis inducers and their efficacy in distinct
tumor subtypes requires further validation. Therefore, future ef-
forts should focus on developing more inhibitors of reductive
systems (e.g., targeting the system Xc /GSH/GPX, axis) to
reduce tumor ferroptosis resistance rather than directly enhancing
LPO, integrating ISAPIs to directly potentiate immunity, simul-
taneously enhancing tumor-specific drug accumulation via tar-
geting strategies, alongside achieving controlled release at the
lesion site. Furthermore, interdisciplinary collaboration to inte-
grate research advances across fields is essential, such as
employing high-throughput screening to identify specific
ferroptosis-inducing agents, leveraging single-cell sequencing and
metabolomics to decode ferroptosis-immune crosstalk. (2)
Biocompatibility concerns persist in ferroptosis-immunotherapy
delivery systems. Although the three strategies enhance tumor-
specific accumulation and spatiotemporal drug control, their
complex material designs raise critical biosafety challenges. The
core dilemma lies in the necessity for multi-functional modifica-
tions, such as targeting ligands, responsive linkers or photo/
ultrasound-sensitive components, to achieve precise drug de-
livery. These modular additions may compromise biocompatibility
through: (a) heterogeneous surface modifications destabilizing
carriers, causing off-target organ accumulation; (b) interference
with immune cell metabolic homeostasis; (c¢) insufficient toxico-
logical analysis of multi-excipient formulations. Future in-
vestigations should focus on streamlined modular design with
biocompatible materials with FDA-approved, incorporating sys-
tematic toxicology assessments of long-term biodistribution,
immunogenicity, and metabolic stability. (3) The Lack of

personalized therapeutic strategies targeting ferroptosis modula-
tion with immunotherapy continues to limit synergistic efficacy in
tumor treatment. Future research could propose a precision med-
icine framework that leverages patient-specific tumor genetic
profiles and tumor microenvironment biomarkers, such as CD8™
T-cell infiltration density and M2 macrophage prevalence to
develop modular therapeutic toolkits, optimizing treatment regi-
mens. (4) The development of standardized multidimensional
evaluation frameworks for assessing therapeutic outcomes in
oncology remains a formidable challenge. While the Response
Evaluation Criteria in Solid Tumors (RECIST) provides an
internationally recognized, quantitative framework for evaluating
therapeutic efficacy in clinical trials, significant discrepancies
exist in preclinical research due to inconsistent evaluation criteria
across institutions and experimental designs. To address this
limitation, future efforts should establish unified standards and
protocols, strengthen preclinical quality requirements, foster
interdisciplinary collaboration, and ensure scientific validity and
practicality of strategies. (5) A persistent translational bottleneck
also stems from the limited conventional preclinical models. Drug
candidates demonstrating efficacy in rodent models frequently
exhibit suboptimal therapeutic outcomes during clinical trans-
lation phases due to interspecies disparities in drug metabolism
and tumor microenvironmental dynamics. To bridge this
preclinical-clinical divide, next-generation model systems—such
as humanized tumor organoid models-must be prioritized to
enhance clinical correlation. Harness cutting-edge technologies to
improve data quality, leveraging big data and Al for real-time
monitoring and analysis of treatment responses to optimize ther-
apeutic strategies. Foster interdisciplinary collaboration and
deepen research through partnerships across the pharma industry.
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