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Background: The immunosuppressive tumor microenvironment (TME) is a 
principal factor limiting the success of current cancer immunotherapies. 
Immunogenic cell death (ICD), a process whereby dying tumor cells elicit an 
adaptive immune response through the emission of damage-associated 
molecular patterns (DAMPs), offers a promising strategy to counteract this 
limitation. Natural products (NPs) constitute a valuable reservoir of 
compounds capable of triggering ICD.
Purpose: This review aims to provide a comprehensive overview of ICD inducers 
derived from NPs, detail their molecular mechanisms of action, and explore their 
capacity to remodel the immunosuppressive TME.
Methods: We performed a comprehensive literature search in relevant electronic 
databases to identify studies describing NPs-based components that stimulate 
characteristic ICD markers, such as surface exposure of calreticulin (CRT), and 
extracellular release of ATP and high mobility group box 1 (HMGB1).
Results: Active components of NPs were demonstrated to initiate ICD largely via 
the induction of endoplasmic reticulum (ER) stress and reactive oxygen species 
(ROS). The consequent emission of DAMPs facilitates dendritic cell-mediated 
phagocytosis of tumor antigens and the priming of cytotoxic T lymphocytes. 
Additionally, the inflammatory milieu generated by NPs-induced ICD reprograms 
the TME by promoting the repolarization of macrophages to an 
immunostimulatory M1 phenotype and inhibiting the suppressive functions of 
myeloid-derived suppressor cells (MDSCs).
Conclusion: Inducing ICD with NPs is a viable therapeutic strategy to potentiate 
anti-tumor immunity. The convergence of NPs-based ICD inducers with 
nanotechnology-based delivery systems offers a robust platform for the 
development of innovative combination regimens aimed at improving patient 
outcomes.
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1 Introduction

The tumor microenvironment (TME) is a term that collectively 
refers to the special environment in which tumor cells live, 
composed of various types of cells within the tumor, tumor 
blood vessels, secreted factors, and the extracellular matrix, 
critically influences cancer progression and therapeutic response 
(Xiao and Yu, 2021). Immunotherapy for tumors has become an 
important treatment method and markedly advanced oncology 
(Yang et al., 2023). Immune checkpoint inhibitors (ICIs) 
targeting the PD-1/PD-L1 axis have demonstrated substantial 
clinical efficacy (Doroshow et al., 2021; Yap et al., 2023; Ricci 
et al., 2025). However, a key barrier to effective treatment is an 
immunosuppressive TME, which is often infiltrated by suppressive 
immune cells such as myeloid-derived suppressor cells (MDSCs) 
and regulatory T cells (Tregs), that inhibit the activity of cytotoxic T 
lymphocytes (CTLs) (Baldominos et al., 2022; Wang Z. et al., 2021). 
Therapeutic resistance poses another severe challenge for a 
substantial portion of patients, and is usually associated with 
CTLs deficiency and the immunosuppressive microenvironment 
mentioned above, particularly common in “cold tumors” that 
exhibit lower immunogenic activity (Bagchi et al., 2021; Wang Z. 
et al., 2023; Liu et al., 2022). Recent clinical evidence and consensus 
analyses have further reinforced this perspective. For instance, a 
2025 meta-analysis of nivolumab plus ipilimumab in non-squamous 
non-small cell lung cancer demonstrated that patients with high 
tumor proportion score (TPS) had significantly longer progression- 
free survival (PFS) than those with low TPS (mPFS:12.4 vs. 
6.6 months), underscoring the fundamental barrier posed by the 
immunosuppressive TME (Miyakoshi et al., 2025). Consequently, 
developing innovative strategies to convert immunologically “cold 
tumors” into “hot tumors” represents an urgent medical need.

A promising approach to achieving this conversion is through 
the induction of immunogenic cell death (ICD) (Galluzzi et al., 2024; 
Kroemer et al., 2022; Asadzadeh et al., 2020). Unlike tolerogenic 
apoptosis, ICD is a functionally distinct form of regulated cell death 
that triggers an adaptive immune response against antigens derived 
from dying tumor cells (Li Z. et al., 2022; Yu et al., 2023). The 
immunogenicity of ICD is defined by the release of damage- 
associated molecular patterns (DAMPs), which function as 
danger signals to activate the immune system. This process 
involves the spatiotemporally defined exposure of calreticulin 
(CRT) on the plasma membrane, acting as an “eat-me” signal for 
dendritic cells (DCs) (Galluzzi et al., 2020; Elliott et al., 2009). The 
subsequent extracellular release of adenosine triphosphate (ATP) 
serves as a chemotactic factor for antigen-presenting cells (APC) and 
activates the NOD-like receptor thermal protein domain associated 
protein 3 (NLRP3) inflammasome via the P2X7 receptor (Gombault 
et al., 2012). Finally, the release of high mobility group box 1 
(HMGB1) protein promotes DCs maturation and antigen 
processing by engaging Toll-like receptor 4 (TLR4) (Özbay Kurt 
et al., 2024). Ultimately, it promotes the efficient generation of CD8+ 

T cells, initiating a potent and sustained antitumor immunity. Most 
critically, ICD induction is equivalent to an “in situ vaccination”, 
activating and recruiting T cells within the tumor that can 
recognize and attack it, creating the necessary conditions for 
ICIs to work, thereby overcoming primary resistance (Wu Y. 
et al., 2023).

Accumulating evidence indicates that numerous suggests that a 
multitude of active constituents sourced from Natural Products 
(NPs), such as terpenoids, flavonoids, and quinones, exhibit potent 
antitumor capabilities (Nan Y. et al., 2022). Beyond direct 
cytotoxicity, these NPs are being increasingly acknowledged for 
their capacity to regulate immune responses and the TME (Wang K. 
et al., 2021; Su et al., 2025; Liu QP. et al., 2023). Notably, certain NPs 
components can stimulate the release of DAMPs, which is a 
characteristic feature of ICD (Chen YY. et al., 2024; Fan et al., 
2021; Han et al., 2023). However, to unequivocally classify a 
compound as a true ICD inducer, it must be validated through a 
rigorous, multistep framework. First, there must be molecular 
evidence of significant DAMP exposure; next, functional evidence 
of dendritic cell activation and antigen cross-presentation to CD8+ 

T cells; and finally, in vivo evidence from vaccine re-challenge assays 
demonstrating that it induces protective, antigen-specific immunity. 
Based on this rigorous framework, NPs discussed herein are 
categorized as canonical “ICD inducers” only when supported by 
the complete evidence chain, or as “ICD-like modulators” when 
evidence is partial.

Gene mutations in tumor cells may lead to the loss of certain 
antigens, which is one of the important reasons for the development 
of resistance to immunotherapy (O’Donnell et al., 2019). Notably, 
ICD has the capacity to activates T-cells against a wide array of 
tumor antigens. Even when some tumor cells lose a specific antigen 
through mutation, the immune system can continue to target the 
tumor via alternative antigens, thereby substantially raising the 
threshold for immune escape (Gedik et al., 2024). ICD has the 
capacity to activate T - cells against a wide array of tumor antigens. 
Tumor cells are prone to genetic mutations, which may lead to the 
loss of a particular antigen (Han et al., 2021). However, thanks to 
ICD, even when some tumor cells undergo such mutations and lose 
a specific antigen, the immune system can still effectively target the 
tumor by recognizing alternative antigens. This mechanism helps 
maintain the therapeutic effect and reduces the occurrence of 
immune escape (Mei et al., 2024; Yu et al., 2024). Endoplasmic 
reticulum (ER) stress and reactive oxygen species (ROS) bursts 
during ICD can promote the modification of tumor antigens and 
enhance the efficiency of antigen presentation by DCs, thereby 
generating more specific effector T cells (Yu et al., 2023). On the 
other hand, antigens released by dying cells can be captured by DCs 
and presented in a more persistent form, providing continuous 
antigen stimulation for the generation and maintenance of memory 
T cells (Garg and Agostinis, 2017).

ICIs have transformed cancer therapy, but their optimal use is 
still constrained by lack of response and toxicity (Goodman et al., 
2023). In addition, many cytotoxic ICD inducers are associated with 
dose-limiting systemic toxicity (Huang et al., 2025). The core 
advantage of combining ICIs with ICD inducers lies in reducing 
the required doses of each through synergistic effects, thereby 
avoiding the dose-limiting toxicity issues of both, alleviating side 
effects and improving patient quality of life (Catanzaro et al., 2025). 
NPs are ideal candidates for ICD induction due to their diverse 
biological activities, low toxicity, and potential immunomodulatory 
abilities. NPs have made certain progress in inducing ICD and 
combination therapy, but their clinical translation still faces key 
challenges, mainly including poor water solubility, low 
bioavailability, and the resulting off-target toxicity (Jiang et al., 

Frontiers in Pharmacology frontiersin.org02

Chen et al. 10.3389/fphar.2026.1745590

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1745590


2025). Advances in nanotechnology offer promising strategies to 
overcome these barriers, enabling the enhanced and targeted 
delivery of NPs-based ICD inducers to tumor sites (Zhang et al., 
2019; Chen et al., 2025; Liang et al., 2024).

This review aims to provide a comprehensive overview of 
research progress on ICD induction (including confirmed ICD 
inducers and ICD-like modulators) by active components derived 
from NPs. It will first delineate the key molecular pathways through 
which these compounds trigger ICD, and subsequently focus on 
their complex mechanisms and multifaceted roles in 
reprogramming the immunosuppressive tumor 
microenvironment. Finally, the review explores advanced 
nanodelivery strategies designed to overcome translational 
barriers and discusses future clinical translation pathways and 
central challenges.

2 Active components of NPs inducing 
ICD and their molecular mechanisms

Substantial evidence has identified numerous bioactive 
components derived from NPs as potent inducers of ICD (Zhang 
et al., 2024; Yang LJ. et al., 2024). These structurally diverse 

compounds primarily induce the characteristic release of DAMPs 
by activating specific stress signaling pathways, with ER stress and 
ROS generation being central mechanisms, thereby triggering DC- 
mediated adaptive immune responses (Figure 1). To systematically 
summarize their functional characteristics, we list representative 
active components of NPs and key evidence of their induction of 
ICD (Table 1).

2.1 Terpenoids

Terpenoids represent a major class of NPs-based inducers of 
ICD. A representative example is Shikonin, a naphthoquinone 
pigment derived from the roots of Arnebia euchroma. The 
mechanism of Shikonin involves a massive generation of 
intracellular ROS, which acts as an initial trigger for severe ER 
stress (Chen et al., 2012). Additionally, Shikonin inhibits pyruvate 
kinase M2 (PKM2), thereby altering glucose metabolism and further 
contributing to its ICD-inducing activity (Chen et al., 2011). Across 
various cancer models, Shikonin-treated cells exhibit robust 
hallmarks of ICD, including CRT exposure, ATP secretion, and 
HMGB1 release, ultimately leading to DC-mediated T cell priming 
both in vitro and in vivo (Liang et al., 2024; Li et al., 2021; Feng et al., 

FIGURE 1 
Core mechanisms of immunogenic cell stress and death. This schematic was created by the author based on the concepts and mechanisms 
described in this article. (CRT, calreticulin; ATP, adenosine triphosphate; HMGB1, high mobility group box 1; ROS, reactive oxygen species; ER stress, 
endoplasmic reticulum stress).
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2023). Dihydroartemisinin, a terpenoid isolated from Artemisia 
argyi, induces ICD in hepatocellular carcinoma (HCC), as 
confirmed by the release/surface exposure of DAMPs and 
protective vaccination activity in vivo. Mechanistically, DHA 
inhibits cyclin-dependent kinases (CDKs), leading to intracellular 
ROS accumulation and subsequent ICD. In Hepa1-6 and 
H22 tumor-bearing mouse models, DHA exhibited antitumor 
activity by increasing tumor-infiltrating CD8+ T cells, while also 
activating dendritic cells expressing MHC-II, CD80, and CD86 
(Zhou et al., 2024).

2.2 Flavonoids

Flavonoids, traditionally recognized for their antioxidant 
activity, can paradoxically exert pro-oxidant effects within the 
high-stress microenvironment of tumor cells to initiate ICD 
(Slika et al., 2022). A representative example is Isoquercitrin, 
isolated from plants such as Hypericum perforatumL, is an 
effective ICD inducer that stimulates the extracellular release of 
characteristic surface CRT, ATP, and HMGB1 in human gastric 
cancer AGS cells. In addition, Isoquercitrin upregulates the 
intracellular expression of heat shock protein 70 (HSP70) and 
HSP90 in a dose-dependent manner and is associated with the 
induction of ER stress (Liu J. et al., 2023).

Astragalin (ASG), a bioactive compound derived from 
Astragalus membranaceus, induces mitochondrial-dependent 

apoptosis and triggers endoplasmic reticulum (ER) stress through 
binding to NAD(P)H dehydrogenase quinone 2 (NQO2). This 
process promotes ICD, as evidenced by the surface exposure of 
CRT, translocation of HMGB1 and release of ATP. Furthermore, in 
a mouse model of liver cancer, ASG enhanced tumor 
immunogenicity and reversed the immunosuppressive tumor 
microenvironment, supporting its potential as an 
immunomodulatory agent (Zheng et al., 2025).

2.3 Quinone

Quinone compounds often act as redox cyclers, generating 
substantial oxidative stress that makes them potent ICD-like 
inducers. Emodin, an anthraquinone from Rheum palmatum, is a 
prime example. It induces a massive ROS burst, severe ER stress, and 
intracellular Ca2+ overload, collectively leading to release of DAMPs 
(Su et al., 2017). Unfortunately, there is no further in vivo evidence 
from testing that emodin induces protective antigen- 
specific immunity.

2.4 Polyphenolic

Resveratrol is a polyphenolic compound extracted from natural 
plants that disrupts the redox homeostasis within cells, leading to the 
rapid accumulation of reactive oxygen species. At the same time, it 

TABLE 1 Representative NPs-derived active components inducing immunogenic cell death.

Classification Active 
component

Source 
herb

Key 
DAMPs

Primary 
molecular 
mechanisms

Key experimental 
models

Key findings

Terpenoids Shikonin Arnebia 
euchroma

ATP, 
HMGB1

ROS generation; ER 
stress

Mouse B16F10 melanoma cells Shikonin induces ICD in 
tumor cells and enhances 
dendritic cell-based cancer 
vaccine

Dihydroartemisinin Artemisia argyi CRT, ATP, 
HMGB1

ROS generation Mouse Hepa1-6 or H22 cells; 
Murine hepatocellular 
carcinoma models

Dihydroartemisinin induces 
ICD and results in anti-cancer 
immune response through 
recruitment and activation of 
DCs and cytotoxic T 
lymphocytes

Flavonoids Isoquercitrin Hypericum 
perforatum L

CRT, ATP, 
HMGB1

ER stress Human gastric cancer cell lines 
(HGC-27, AGS, MKN-45, and 
SNU-1)

Isoquercitrin modulates ICD in 
GC by promoting ER stress

Astragalin Astragalus 
membranaceus

CRT, ATP, 
HMGB1

ROS generation; ER 
stress

Human liver cancer cells 
(SMMC7721, Huh7, SK-HEP-1, 
HCCLM3, MHCC97H) and 
mouse liver cancer cells (H22, 
Hepa1-6)

Astragalin induces ICD in liver 
cancer by targeting NQO2, and 
increases DC maturation, 
enhances CD8+ T cell 
infiltration, and reduces 
regulatory T cells

Quinones Emodin Rheum 
palmatum

CRT, ATP, 
HMGB1

ER stress Human NSCLC cells A549 and 
H1299

Emodin induces apoptosis of 
lung cancer cells through ER 
stress and the TRIB3 pathway

Polyphenolic Resveratrol Veratrum 
grandiflorum

CRT, ATP, 
HMGB1

ROS generation; ER 
stress

Mouse colon cancer CT26 cells Polyphenolic induces ICD and 
DC maturation

Flavonoid glycoside Afzelin Houttuynia 
cordata thunb

HMGB1, 
ATP

ER stress; ROS 
generation; 
NQO2 pathways

Lung cancer cells A549 and 
H1299 cells

Afzelin induces immunogenic 
cell death against lung cancer 
by targeting NQO2
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disturbs calcium flux and protein folding in the endoplasmic 
reticulum, activating the unfolded protein response and 
triggering a series of signaling events, releasing key damage- 
associated molecular patterns. Moreover, Resveratrol converts 
dying cells into tumor antigens, promoting the maturation of 
dendritic cells (Li et al., 2025).

2.5 Flavonoid glycoside

Afzelin, derived from Houttuynia cordata Thunb, promotes 
CRT exposure and the extracellular release of HMGB1 and ATP. 
It induces ER stress and ICD by upregulating key UPR markers and 
downregulating NQO2, thereby modulating cell proliferation, 
apoptosis, and ER stress pathways (Xia et al., 2023). 
Unfortunately, neither provides in vivo evidence from vaccine 
rechallenge tests to prove that they induce protective antigen- 
specific immunity.

Despite structural diversity, NPs capable of inducing ICD 
commonly led to rapid intracellular accumulation of ROS, 

triggering severe ER stress and the UPR. This pathway serves as 
a master switch for the release of DAMPs. ER stress promotes CRT 
translocation to the cell membrane, while ROS bursts not only 
intensify ER stress but also stimulate ATP secretion and membrane 
permeabilization, facilitating passive HMGB1 release. Thus, the ER 
stress/ROS axis represents a universal mechanism essential for ICD 
induction by NPs. Specificity arises from distinct interactions with 
molecular targets, and some compounds, such as 
Dihydroartemisinin and Juglone, synergistically activate 
alternative death pathways like ferroptosis, promoting more 
extensive antigen release and stronger inflammatory signaling. 
This parallel activation can amplify antigen availability, thereby 
provoking a more sustained antitumor immune response. 
However, potential overlapping toxicities need to be considered 
when different cell death pathways are activated simultaneously. 
Although synergistically inducing ICD is beneficial for anti-tumor 
immunity, it may affect protective mechanisms in normal tissues 
that share common signaling, such as the ER stress/ROS axis. These 
non-tumor-specific effects may manifest as increased acute organ 
toxicity or chronic immunopathology, potentially influencing the 

FIGURE 2 
NPs-induced ICD converts tumors from an immune-cold state to a hot state through DAMP-mediated immune activation. (Tumor cells express and 
release DAMPs on their surface, which bind to pattern recognition receptors on DC cells, stimulating tumor antigen presentation, activating CD8 T cells to 
enhance anti-tumor immune responses, while also regulating the phenotype of tumor-associated macrophages by polarizing M2 macrophages into 
M1 macrophages, thereby remodeling the immunosuppressive tumor microenvironment. HSP70/90, heat shock protein 70/90; CXCL10, C-X-C 
motif chemokine 10; TLR4, Toll-like receptor 4; CD91 (official name: LRP1), LDL receptor-related protein 1; P2RX7, purinergic receptor P2X7; TCR, T-cell 
receptor; MHC, major histocompatibility complex; IFN γ, interferon γ; TNF-α, tumor necrosis factor-alpha; IL12, interleukin-12; iNOS: inducible nitric 
oxide synthase).
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dosing regimens necessary to achieve durable immune responses in 
clinical applications.

3 Reprogramming the TME by NPs- 
induced ICD

The induction of ICD extends beyond a cell-autonomous event 
to initiate profound reprogramming of the TME. By converting an 
immunosuppressive TME into an immunostimulatory TME, ICD 
triggers anti-tumor immune response. DAMPs released during ICD 
serve as critical danger signals that engage both innate and adaptive 
immunity (Figure 2). This section delineates how NPs-induced ICD 
reshapes the TME to drive a potent anti-tumor immune attack.

3.1 Activation of innate immunity: dendritic 
cells and macrophages

The ICD of tumor cells triggers the activation of antigen- 
presenting cells (APCs), with DCs playing a central role in 
bridging innate and adaptive immunity. Surface-exposed CRT 
acts as a potent “eat-me” signal by engaging the CD91 receptor 
on DCs, thereby promoting the phagocytosis of tumor-associated 
antigens (Liu et al., 2024; Luo et al., 2023). Extracellular ATP further 
stimulates the P2X7 receptor and NLRP3 inflammasome in DCs, 
leading to caspase-1-dependent secretion of interleukin-1β (IL-1β) 
and IL-18 (Sun et al., 2022; Moriya et al., 2022; Huang et al., 2024). 
Moreover, released HMGB1 further binds to Toll-like receptor 4 
(TLR4) on DCs, upregulating major histocompatibility complex 
(MHC) I/II and co-stimulatory markers such as CD80/CD86, which 
collectively facilitate DC migration to draining lymph nodes and 
efficient antigen presentation to naïve T cells (Lau et al., 2020; Son 
et al., 2016). Consistent with this paradigm, tumor cells treated with 
Shikonin or Oridonin consistently induce potent DC activation and 
subsequent cross-priming of CTLs in vivo (Li J. et al., 2022).

The TME is frequently characterized by M2-polarized TAMs, 
which support tumor progression and immune evasion (Yang et al., 
2025). The inflammatory milieu generated by NP-induced ICD can 
reprogram this phenotypic balance (Mao et al., 2022). Signals such as 
interferon-γ (IFN-γ) and DAMPs like HMGB1 can drive the 
repolarization of TAMs from an M2 toward an M1-like phenotype 
(Li et al., 2024; Zhao et al., 2021). M1 macrophages produce pro- 
inflammatory cytokines (e.g., TNF-α, IL-12), express inducible nitric 
oxide synthase (iNOS), and exhibit enhanced antigen-presenting 
capacity, thereby contributing directly to tumor cell killing and 
promoting Th1-type immune responses. The inflammatory signals 
elicited by NPs-induced ICD can shift this phenotypic balance. For 
instance, artesunate has been reported to inhibit M2 polarization and 
promote an M1-like macrophage phenotype, contributing to a more 
immunostimulatory TME (Hu et al., 2025).

3.2 Activation of adaptive immunity and 
modulation of suppressive cells

Effective antitumor immunity relies on the activation of CD8+ 

CTLs, which is initiated by DC-mediated antigen presentation. NPs 

capable of inducing ICD enhance both the priming and tumor 
infiltration of CTLs thereby fostering an immunologically “hot” 
tumor microenvironment (Gedik et al., 2024). ATP released from 
dying cells further supports CTL function within the metabolically 
challenging TME. For example, γ-mangostin promotes ICD and 
activates cyclic GMP-AMP synthase (cGAS) signaling, enhancing 
chemokine release and CD8+ T cell activation, leading to superior 
tumor control (Long et al., 2023). However, CTL activity is 
frequently restrained by immunosuppressive cell populations, 
notably MDSCs and regulatory Tregs. Inflammatory cytokines 
elicited during ICD, such as IL-1β and IFN-γ, can suppress 
MDSC differentiation and function (Feng et al., 2021). 
Furthermore, certain NPs, like Curcumin, have been reported to 
reduce the abundance or suppressive activity of MDSCs and Tregs, 
potentially facilitating more effective CTL-mediated tumor control 
(Wang T. et al., 2022).

3.3 Remodeling the tumor vasculature 
and stroma

Inflammatory signals elicited by ICD also promote remodeling 
of the non-cellular components of the TME (Prasad et al., 2023). 
Typically dysfunctional and poorly perfused, the tumor vasculature 
can undergo partial normalization in response to cytokines such as 
IFN-γ released during ICD, thereby improving blood flow and 
enhancing the delivery of both immune cells and therapeutic 
agents into the tumor core (Zheng et al., 2023; Wang et al., 
2024a). Furthermore, cancer-associated fibroblasts (CAFs), which 
often contribute to immunosuppression and form a dense physical 
barrier, can be modulated under ICD-induced inflammatory 
conditions by downregulating the expression of TGF-β1, thereby 
inhibiting the phosphorylation and nuclear translocation of 
downstream Smad2/3 (Nan P. et al., 2022). In addition, activated 
CAFs rely on the PI3K/Akt pathway to maintain their proliferation 
and biosynthesis. ATP and ROS released during the ICD process can 
act as stress signals, inhibiting the PI3K/Akt activity in CAFs (Zhang 
et al., 2020). Under normal conditions, CAFs isolate CTLs at the 
periphery of the tumor nest by secreting CXCL12 and creating a 
physical barrier (Lafta et al., 2023). In a colon cancer model treated 
with a combination of curcumin and oxaliplatin, the mRNA 
expression and protein deposition of type I and type III collagen 
in tumor tissues were significantly reduced, the matrix structure has 
become loose (Zangui et al., 2019). Reduced CAF proliferation and 
extracellular matrix production may decrease stromal stiffness and 
facilitate improved T cell infiltration into tumor tissues (Cannone 
et al., 2022).

In essence, NPs-induced ICD serves as a pivotal trigger for the 
reprogramming of the tumor TME. It initiates a self-propagating 
cycle of immune activation: DAMPs released from dying cells 
activate DCs, which in turn prime CTLs. The effector functions 
of these CTLs further potentiated by the repolarization of 
macrophages toward an anti-tumor phenotype and suppression 
of immunosuppressive cell populations (Han et al., 2022) 
(Figure 3). Collectively, NP-based ICD inducers operate beyond 
mere cytotoxic agents; they serve as potent immunomodulators 
capable of remodeling the immunosuppressive TME, offering a 
promising strategy for synergistic combination regimens (Mardi 
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et al., 2022; Ren et al., 2025). However, a primary hurdle is the 
standardization and reproducibility of NP-derived compounds, 
given the natural variability in their sources and compositions, 
which complicates mechanistic validation and clinical batch 
production (Birer-Williams et al., 2020). Therefore, we propose 
that more complex experimental models are needed to integrate 
preclinical findings with human pathophysiology. For example, 
patient-derived tumor organoids can be co-cultured with 
peripheral blood mononuclear cells or autologous tumor- 
infiltrating lymphocytes. By simulating the patient-specific tumor 
microenvironment structure and cellular heterogeneity, this is used 
to assess whether NP compounds can remodel the TME and activate 
autologous immune cell responses in a personalized context. 
Alternatively, NPs therapy can be carried out in models where 
patient tumor tissues are transplanted into mice with humanized 
immune systems, combining in vivo imaging to observe the dynamic 
infiltration of immune cells, while performing spatial 
transcriptomics and mass cytometry analysis of tumor tissues at 
different time points. This can reveal the changes in immune 
phenotypes and signaling pathways in different regions of the 
tumor after NP treatment, directly verifying whether its multi- 
target effects exert a synergistic anti-tumor effect through the 
immune system.

4 Overcoming translational hurdles: 
combination strategies and 
nano-delivery

Beyond the challenge of standardization, the clinical translation 
of NP-based ICD inducers is further constrained by intrinsic 
pharmacological limitations (Kalachaveedu et al., 2023). Many 

promising NP compounds exhibit suboptimal pharmacokinetic 
properties, such as poor aqueous solubility, low oral 
bioavailability, and nonspecific tissue distribution, that severely 
restrict their effective delivery to tumor sites and attainment of 
therapeutic concentrations (Andreani et al., 2024). Comprehensive 
strategies are actively being explored, including rational 
combinations with chemotherapy and immunomodulators, as 
well as for targeted nanotechnology delivery to reprogram the 
immune environment.

4.1 Combinatorial therapies: synergizing 
with conventional and 
immunomodulatory agents

The combination of NPs-induced ICD with conventional cancer 
therapies represents a rational strategy to enhance antitumor 
efficacy and overcome therapeutic resistance (Table 2). Several 
standard therapies, including specific chemotherapeutic agents 
(e.g., anthracyclines, oxaliplatin) and radiotherapy, are established 
inducers of ICD (Sprooten et al., 2023; Giglio et al., 2018). The 
strategic co-administration of NPs-based ICD inducers with these 
treatments can amplify the immunogenic response. The synergy 
may arise from the complementary activation of distinct cell death 
and stress pathways (Hartleben et al., 2021; Nagaprashantha et al., 
2012). For instance, a chemotherapeutic agent may cause DNA 
damage, alongside an NP component triggering severe ER stress, 
leading to more robust DAMP release than either agent alone (Wu 
PJ. et al., 2023). This approach may reduce the dosage of cytotoxic 
drugs, potentially alleviating side effects while maintaining or 
enhancing immunotherapeutic outcomes (Wang C. et al., 2024). 
Radiotherapy effectively induces localized tumor cell death but 

FIGURE 3 
NP-induced ICD regulates the immune functions of CD8+ T cells and TAMs, forming a positive immune loop, while inhibiting immunosuppressive 
cells and the stromal barrier, creating conditions favorable for the activity and infiltration of immune cells. (Treg, Regulatory T cells; MDSC, Myeloid- 
derived suppressor cells; CTLs, Cytotoxic T lymphocytes).
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frequently lacks efficacy against distant metastases. Combining 
radiotherapy with systemically administered NPs-based ICD 
inducers may addresses this limitation (Sun et al., 2022; Liu T. 
et al., 2023). The NPs component can sensitize tumor cells to 
radiation-induced death by ensuring that radiation-induced cell 
death is potently immunogenic, thereby stimulating a systemic 
antitumor immune response that can target untreated lesions 
(Jafari et al., 2024).

The combination of NP-induced ICD with ICB represents a 
powerful strategy to overcome therapeutic resistance (Wang Y. et al., 
2024). While NPs-induced ICD primes the immune system by 
generating tumor-specific T cells, the immunosuppressive TME 
can inhibit these cells through checkpoints like PD-1/PD-L1 
(Kepp et al., 2019). NPs-induced ICD acts as an ideal companion 
for ICB by converting cold tumors into hot tumors, thereby creating 
a microenvironment responsive to ICB. This “prime and release” 
strategy which involves first activating the immune response with 
ICD inducers and then sustaining it with ICB, represents a 
cornerstone of the next-generation immunotherapy (Wang Z. 
et al., 2022; Wang et al., 2024d). For example, Shikonin 
treatment has been shown to increase tumor-infiltrating CD8+ 

T cells and upregulate PD-L1 expression as an adaptive 
resistance mechanism. The subsequent administration of an anti- 
PD-1 antibody prevents T cell exhaustion, leading to dramatically 
enhanced tumor eradication and the establishment of long-term 
immune memory in preclinical models (Tan Y. et al., 2025). In 
addition, the inflammatory milieu generated by ICD may 
dynamically regulate emerging checkpoints like KLRG1 
(Herndler-Brand et al., 2018). Consequently, monitoring these 
dynamic changes could provide predictive biomarker for 
assessing the efficacy of combination therapies utilizing NPs- 
derived ICD inducers together with ICB.

4.2 Nanotechnology-enabled delivery: 
precision targeting and enhanced 
immunogenicity

Nanotechnology provides promising approaches to overcome 
the physicochemical and pharmacokinetic limitations of many NPs 
components (Zhou et al., 2019; Jia et al., 2024). These platforms 
enable passive tumor targeting by leveraging the enhanced 
permeability and retention (EPR) effect, thereby promoting 

preferential accumulation within tumor tissues (Bagheri et al., 
2022; Hao et al., 2015). Nanocarriers can also enable active 
targeting through surface functionalization with ligands, such as 
folate or RGD peptides that bind to receptors overexpressed on 
tumor cells. This strategy enhances specificity and reducing off- 
target effects (Kang et al., 2023; Yang C. et al., 2024). Moreover, 
nanocarriers serve as versatile platforms for co-delivery, allowing a 
single vehicle to encapsulate both an ICD-inducing NP and an 
immunomodulatory agent (e.g., an immune adjuvant or a TME 
modulator), This ensures simultaneous delivery to the same cellular 
location for a potent, localized combinatorial effect (Luo et al., 2022).

Nanoparticles can also be engineered to be stimuli-responsive, 
enabling controlled drug release specifically in response to 
distinctive TME conditions such as low pH and elevated enzyme 
levels (Zhang et al., 2017). The rational design of these nanocarriers 
requires synergistic optimization of multiple parameters, including 
size/morphology (influencing biodistribution and the EPR effect), 
surface chemistry (affecting stability and biocompatibility), and 
targeting ligands (enabling cell-specific delivery), collectively 
aiming to achieve potent and localized ICD induction for 
enhanced immunotherapy (Yuan F. et al., 2025). A recent 
innovative approach involves coating nanoparticles with 
membranes derived from autologous cells, such as DCs, 
macrophages, or platelets. These biomimetic nanoparticles inherit 
surface proteins from their source cells, which can improve immune 
evasion and homologous targeting. This is analogous to prolonged 
ICD, enabling intelligent amplification of therapeutic signals (Wang 
T. et al., 2024). More specifically, DCs membrane-coated 
nanoparticle can not only deliver ICD inducers but also directly 
present tumor antigens to T cells, thereby integrating vaccine and 
immunogenic cell death functions into a single platform (Yang Y. 
et al., 2024; Srivastava et al., 2024) (Figure 4).

4.3 Potential applications of other delivery 
systems in delivering natural products

In addition to classic nanoparticles (e.g., polymeric 
nanospheres), there are many advanced delivery strategies that 
can be used to enhance the efficacy of ICD inducers (Table 3). 
Liposomes are one of the most extensively studied and clinically 
successfully translated nanocarrier delivery systems (Zou, 2023). 
Their advantage lies in being composed of a phospholipid bilayer 

TABLE 2 Strategies for enhancing the efficacy of NPs -induced ICD.

Strategy Mechanism of enhancement Representative example

Combination with chemo/ 
Radiotherapy

Complementary activation of distinct cell death and stress pathways (e.g., DNA 
damage + ER stress), leading to amplified DAMP release

Pinellia pedatisecta schott lipid-soluble extract + cisplatin 
Chrysin + Radiation

Combination with ICIs ICD “primes” the TME with T cells; ICB (anti-PD-1) prevents exhaustion of 
these activated T cells, synergizing to break immune tolerance

Camptothesome + PD-1 antibody

Nano-delivery (liposomes, 
polymers)

Improves solubility, stability, and circulation time of NPs compounds; enables 
passive targeting via the EPR effect

Liposomal curcumin

Active targeted 
Nanoparticles

Surface ligands enable specific binding and uptake into tumor cells, increasing 
local drug concentration and ICD induction

A pH/glutathione (GSH) dual-responsive nano-herb delivery 
system for dihydroartemisinin

Stimuli-responsive 
nanosystems

Drug release is triggered specifically in the TME (by low pH, high ROS, enzymes), 
minimizing systemic toxicity and maximizing local efficacy

pH-sensitive polymeric nanoparticles for co-delivery of 
doxorubicin and curcumin
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made from natural components of cell membranes, capable of 
loading both hydrophilic drugs (encapsulated in the aqueous 
core) and hydrophobic drugs (embedded in the lipid bilayer). 
They can protect encapsulated drugs from degradation, prolong 
their half-life, and can be PEGylated (for long circulation) or actively 
targeted to tumor cells. However, premature drug leakage may 
occur. Doxorubicin liposomes were the first approved 
nanomedicine, and their ability to induce ICD has been widely 
studied. Research shows that compared with free doxorubicin, 
Doxil® can accumulate more effectively in tumors and activate 
anti-tumor immunity by inducing ICD (Wang H. et al., 2024; Wu 
et al., 2021).

Exosomes, which are naturally secreted nanovesicles ranging 
from 30 to 150 nm in diameter, function as endogenous delivery 
systems for intercellular communication (Batista et al., 2024). As 
carriers for intercellular communication, they exhibit low 
immunogenicity and a unique ability to penetrate biological 
barriers. They can carry proteins, nucleic acids, and small- 
molecule drugs. However, challenges in isolation, purification, 
and scalable manufacturing have limited their clinical translation. 
In a promising application, engineered exosomes derived from 
breast cancer cells were used to co-deliver the ICD inducer 
ELANE and the TLR3 agonist Hiltonol. This approach promoted 
in situ activation of type 1 conventional dendritic cells (cDC1s), 

improved CD8+ T cell responses and demonstrated potent 
antitumor activity in both mouse models and human breast 
cancer organoids (Huang et al., 2022).

Cell membrane-mimicking nanoparticles are engineered by 
coating synthetic nanoparticle cores with natural cell membranes 
(e.g., red blood cells, cancer cells, or immune cell membranes), 
endowing them with complex biological functionalities (Tan H. 
et al., 2025). However, their fabrication involves technically 
demanding steps, including membrane extraction and fusion, 
which pose challenges for standardization and scalable 
production (Wang Y. et al., 2023). A targeted delivery and 
regulation system developed based on platelet-neutrophil hybrid 
membranes was designed for cell-specific responses to the 
pathophysiological features of wound healing, stimulates 
dendritic cell maturation and activates T cell immunity for 
postoperative immunotherapy, preventing tumor recurrence 
(Sheng et al., 2024).

Hydrogel-based local delivery systems form three-dimensional 
networks structure through cross-linked polymers that can 
encapsulate drugs (Chen K. et al., 2024). The drugs are released 
through diffusion or degradation of the hydrogel, maintaining 
effective concentrations locally and avoiding frequent 
administration (Mikhail et al., 2023). However, such systems are 
generally unsuitable for deep or diffusely metastatic tumors. Viral 

FIGURE 4 
Synergistic strategies to enhance NPs-induced ICD. This schematic illustrates two key approaches: Xiao and Yu (2021) combining ICD-based NPs 
inducers with conventional therapies (chemotherapy/radiotherapy) or ICB to generate synergistic antitumor immune effects through complementary 
mechanisms; Yang et al. (2023) using nanotechnology-based delivery systems to improve the pharmacokinetics and efficacy of NP components, thereby 
achieving precise ICD induction.
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vectors offer an alternative with exceptionally high transduction 
efficiency and potential as in vivo platforms for tumor vaccine 
production. But it may trigger strong immune responses and 
carries risks such as insertional mutagenesis and replication 
(Huang et al., 2020). The selection of an appropriate delivery 
strategy should be guided by specific therapeutic requirements, 
including the need for systemic versus local delivery, the 
physicochemical properties of the drug, and targeting precision. 
Looking forward, the integration of multiple strategies to achieve 
more precise and intelligent ICD-induced therapy.

Apoptotic vesicles (apoVs) are endogenous nanoscale carriers 
that differ fundamentally from synthetic nanocarriers. They 
inherently display surface molecules for tissue targeting and are 
naturally loaded with a diverse cargo of tumor antigens and 
endogenous immunomodulators, functioning as intrinsically 
smart vaccine vectors. Critically, the ICD process triggered by 
many NPs potently stimulates the biogenesis and release of 
apoVs from dying tumor cells. These ICD-generated apoVs are 
uniquely loaded with a broad spectrum of tumor-associated antigens 
and DAMPs (Park et al., 2018). This coupling suggests a novel 
combinatorial strategy: NPs serve as precise triggers to initiate ICD 
within tumors, while the subsequently released apoVs as in situ- 
generated, endogenous carriers that efficiently deliver immunogenic 

signals to antigen-presenting cells, which leverages the strengths of 
both targeted immune activation by NPs and superior antigen 
presentation by natural vesicles.

5 Challenges and future perspectives

Currently, natural product drugs that directly use “ICD 
induction” as the main marker have not yet been officially 
approved for cancer treatment. However, their clinical translation 
has a solid foundation. Firstly, many natural products with ICD- 
inducing activity (such as curcumin, artemisinin derivatives, and 
baicalin) have been used in traditional medicine for hundreds or 
even thousands of years. This provides preliminary human 
experience evidence for their relatively good safety and lower 
systemic toxicity, which is significantly better than entirely 
synthetic new chemical entities and may shorten the preclinical 
toxicity evaluation period (Li et al., 2021). Secondly, some natural 
products or their derivatives (such as artemisinin derivatives) are 
already approved drugs (for antimalarial use). Conducting clinical 
studies on repurposing these drugs can make full use of the known 
pharmacokinetics and safety data, potentially bypass some 
preclinical studies and more quickly enter Phase II clinical trials 

TABLE 3 Comparison of different drug delivery systems for NPs-derived ICD inducers.

Delivery 
system

Core mechanism Unique advantage Main limitations Clinical translation stage

Liposome Hydrophilic drugs are encapsulated 
in the aqueous core, hydrophobic 
drugs are embedded in the 
phospholipid bilayer, and tumors are 
targeted through the EPR effect

High biocompatibility, Flexible drug 
loading, Mature technology, Long 
circulation

Drug leakage, low encapsulation 
efficiency, challenges in large- 
scale production

Doxil is the first liposome 
formulation approved by the FDA, 
for the treatment of AIDS-related 
Kaposi’s sarcoma in patient’s 
refractory or intolerant to 
combination chemotherapy

Exosome Using naturally secreted nanoscale 
vesicles from cells (30–150 nm) as 
delivery carriers, naturally exhibiting 
low immunogenicity

Natural targeting, low 
immunogenicity/toxicity, crossing 
biological barriers, natural cargo 
delivery

Drug leakage, low encapsulation 
efficiency, challenges in large- 
scale production

No exosome products have been 
approved for marketing currently. 
Exosomes products in the clinical 
stage include exoSTING, exoIL-12 
and iExosomes

Cell membrane 
biomimetic 
nanoparticles

Encapsulate synthetic nanoparticles 
(such as PLGA) with cell membranes 
(red blood cells, cancer cells, immune 
cells) to give them cellular functions

Immune evasion, homologous 
targeting functionalization, 
combination therapy

Extremely low yield, difficult to 
control drug-loading efficiency, 
heterogeneity

Erytech has developed a 
chemotherapy drug delivery 
platform based on red blood cell 
encapsulation technology, and its 
products have entered phase III 
clinical trials in areas such as acute 
lymphoblastic leukemia

Hydrogel Place the drug-loaded hydrogel in the 
tumor or postoperative cavity 
through local injection to provide 
sustained and controlled drug release

Continuous release, High local 
concentration and low systemic 
toxicity, responsiveness, filler effect

Invasive administration may 
cause inflammation and uneven 
drug distribution

Eligard® is a subcutaneous injection 
of a PLGA polymer solution that 
forms a biodegradable in situ 
hydrogel upon contact with body 
fluids, allowing sustained release of 
leuprorelin for several months, used 
for the treatment of advanced 
prostate cancer

Viral vector Infect cells with modified viruses 
(such as adenoviruses or lentiviruses) 
to deliver genes encoding pro-ICD 
proteins

Efficient transduction, sustained 
expression, self-amplification

Immunogenicity, Safety risks, 
Vector capacity limitations, 
Production and regulatory 
complexities

DeltaRex-G is a retroviral vector 
encoding a cytocidal mutant 
dominant-negative cyclin G1 gene, 
exert an anti-tumor effect

Apoptotic vesicles A type of double-layered lipid 
structure that encloses cellular 
contents produced during apoptosis

Low immunogenicity, easy to store, 
reduces the risk of blood clotting, and 
can be used for engineering and drug 
delivery

Heterogeneity, yield, purity, and 
integrity

No cell apoptotic vesicles vesicle 
products have been approved for 
market release
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to evaluate their synergistic effects when combined with ICIs. For 
example, artesunate has been observed to enhance immune cell 
activity and increase T cell infiltration in the tumor 
microenvironment in some patients with advanced tumors, 
which is consistent with the activation mechanism of ICD. Most 
importantly, the rapid development of cutting-edge technologies, 
including organoids, single-cell sequencing, and spatial 
transcriptomics now offers unprecedented resolution to dissect 
the precise molecular pathways and immune regulatory networks 
of NPs-induced ICD in models that closely recapitulate human 
physiology. These tools enable the accurate mapping of the effects of 
NPs-induced ICD on each cell type within the TME, revealing how 
ICD reprograms immune cells, stromal cells, and even tumor cell 
subtypes. Such insights not only help identify novel biomarkers and 
therapeutic targets but also pave the way for selecting patient 
populations most likely to respond based on the immune 
landscape of their tumors.

However, it is undeniable that the clinical benefits of NPs- 
induced ICD still face a series of formidable challenges. In 
preclinical models, cell surface CRT or serum HMGB1 can be 
detected. But in human clinical trials, real-time quantitative 
monitoring of ICD occurrence is a huge challenge. Due to the 
lack of standard and practical biomarkers, it is impossible to verify 
whether a drug truly induces ICD in patients, or to determine the 
optimal biological dose, leading to blindly designed clinical trials. To 
address this difficulty, one could consider shifting from static 
detection to dynamic imaging. Develop radiolabeled or 
fluorescently labeled antibodies/peptides that can specifically 
target CRT on the surface of tumor cells. We propose a highly 
promising strategy: by employing imaging modalities such as 
positron emission tomography (PET) or optical imaging, this 
approach allows for real-time, spatial mapping of ICD 
occurrence, revealing both the specific regions and the extent of 
immunogenic cell death within tumor tissues. Additionally, 
construct tumor cells in which a reporter gene (such as 
luciferase) can be expressed following the activation of key ICD 
pathways (such as PERK/ATF4/CHOP), allowing dynamic 
observation of ICD initiation and intensity through 
bioluminescence imaging. And a multi-indicator combined 
detection “ICD signal panel” can be established. For example, by 
combining CRT exposure level, HMGB1 release amount, ATP 
concentration’ and setting a comprehensive score, it may reflect 
the occurrence of ICD more specifically and sensitively than any 
single indicator. Alternatively, instead of directly detecting DAMPs, 
one could monitor the downstream immune response triggered by 
ICD. By analyzing changes in T cell receptor (TCR) diversity in the 
peripheral blood or tumor tissue of patients before and after 
treatment through high-throughput sequencing, this could serve 
as an alternative biomarker, which is closer to the ultimate 
therapeutic effect. These dynamic monitoring strategies can draw 
upon the mature workflows of gastrointestinal cancer liquid biopsy, 
which integrate multiple biomarkers such as ctDNA and exosomes. 
Based on these experiences, we are considering whether it is possible 
to further develop multi-analyte liquid biopsy panels for monitoring 
NPs-induced ICD. By simultaneously analyzing circulating DAMPs, 
cytokine profiles, and immune cell phenotypes, these panels would 
enable a systematic assessment of treatment responses and 
remodeling of the tumor microenvironment.

Extracting a single active ingredient from natural products for 
research aligns with the modern pharmacological approach of 
single-target studies. However, this method may overlook the 
essence of NPs “multi-component, multi-target” synergistic 
effects (Yuan Y. et al., 2025). Therefore, in our view, for systems 
with extremely complex components, it may be reasonable not to 
insist on isolating every component, but rather to use chemical 
analysis to identify a set of “characteristic marker component 
groups” related to efficacy, along with the content ranges of key 
marker components. Potential target sites can be predicted through 
public databases. Then, all these targets are constructed into a 
protein-protein interaction network and integrated with the 
significantly altered signaling pathways identified in omics 
analyses. By using a data-driven approach, a global network 
diagram of “multi-component, multi-target, multi-pathway” can 
be drawn. Another major reason why the vast majority of NPs 
are effective in preclinical studies but ineffective in clinical settings is 
poor PK properties, which make it impossible or unsafe to achieve 
the effective concentrations observed in vitro (e.g., 10 μM) in the 
body. Undeniably, pleiotropic bioactive small molecules can 
mitigate treatment-related damage and modulate inflammation, 
which is crucial for organ protection. Nanodelivery technology is 
currently the most important and effective strategy. Its core is to 
create a dedicated vehicle for natural product molecules, increasing 
drug solubility and stability, allowing the drug to accumulate in 
tumor sites, enhance local concentration, and reduce systemic 
toxicity (Guevara et al., 2021). Without affecting pharmacological 
activity, decorate natural product molecules to improve their 
intrinsic properties. Covalently attach the original drug to a 
temporary transport group (such as a phosphate ester or amino 
acid) to form a prodrug that is inactive in vitro. This prodrug has 
better water solubility or membrane permeability, and once in the 
body, it releases the original drug through enzymatic hydrolysis 
(Ding et al., 2022). This approach can specifically address issues such 
as first-pass effect, poor water solubility, and low targeting. To 
overcome the therapeutic bottlenecks of NPs, research must shift 
from “broad” to “refined” formulation engineering and molecular 
design. At the same time, future research should focus on leveraging 
new technologies and carefully designed clinical trials to conduct in- 
depth mechanistic exploration, translating these promising 
preclinical findings into tangible patient benefits.

6 Conclusion

In summary, this review highlights that the induction of ICD 
represents a pivotal mechanism by which numerous NPs -derived 
active components exert anticancer effects. These compounds 
predominantly elicit ICD primarily through the induction of ER 
stress and ROS generation, leading to the emission of DAMPs that 
activate DCs and CTLs. However, systematic biological 
approaches are still needed to determine how upstream targets 
differentially coordinate the magnitude, spatial distribution, and 
timing of ROS/ER stress. To overcome pharmacokinetic 
limitations and maximize therapeutic efficacy, advanced 
strategies such as nanotechnology-driven delivery and rational 
combinations with ICIs are essential. Although standardization 
and clinical translation remain challenging, combining the 
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intelligence of NPs with modern immunotherapy and 
nanotechnology possesses extraordinary potential for 
developing the next-generation of cancer treatments.

Author contributions

XC: Conceptualization, Writing – original draft. HL: 
Writing – review and editing, Software. JC: Writing – review and 
editing, Data curation. BH: Writing – review and editing, 
Investigation. ZT: Writing – review and editing, Methodology. 
WQ: Investigation, Writing – review and editing. ZY: 
Conceptualization, Writing – review and editing.

Funding

The author(s) declared that financial support was not received 
for this work and/or its publication.

Acknowledgements

The authors thank everyone who contributed to this 
experiment.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure 
accuracy, including review by the authors wherever possible. If 
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References

Andreani, T., Cheng, R., Elbadri, K., Ferro, C., Menezes, T., Dos Santos, M. R., et al. 
(2024). Natural compounds-based nanomedicines for cancer treatment: future 
directions and challenges. Drug Deliv. Transl. Res. 14 (10), 2845–2916. doi:10.1007/ 
s13346-024-01649-z

Asadzadeh, Z., Safarzadeh, E., Safaei, S., Baradaran, A., Mohammadi, A., 
Hajiasgharzadeh, K., et al. (2020). Current approaches for combination therapy of 
cancer: the role of immunogenic cell death. Cancers (Basel) 12 (4). doi:10.3390/ 
cancers12041047

Bagchi, S., Yuan, R., and Engleman, E. G. (2021). Immune checkpoint inhibitors for 
the treatment of cancer: clinical impact and mechanisms of response and resistance. 
Annu. Rev. Pathol. 16, 223–249. doi:10.1146/annurev-pathol-042020-042741

Bagheri, M., van Nostrum, C. F., Kok, R. J., Storm, G., Hennink, W. E., and Heger, M. 
(2022). Utility of intravenous curcumin nanodelivery systems for improving in vivo 
pharmacokinetics and anticancer pharmacodynamics. Mol. Pharm. 19 (9), 3057–3074. 
doi:10.1021/acs.molpharmaceut.2c00455

Baldominos, P., Barbera-Mourelle, A., Barreiro, O., Huang, Y., Wight, A., Cho, J. W., 
et al. (2022). Quiescent cancer cells resist T cell attack by forming an 
immunosuppressive niche. Cell 185 (10), 1694–1708.e19. doi:10.1016/j.cell.2022.03.033

Batista, I. A., Machado, J. C., and Melo, S. A. (2024). Advances in exosomes utilization 
for clinical applications in cancer. Trends Cancer 10 (10), 947–968. doi:10.1016/j.trecan. 
2024.07.010

Birer-Williams, C., Gufford, B. T., Chou, E., Alilio, M., VanAlstine, S., Morley, R. E., 
et al. (2020). A new data repository for pharmacokinetic natural product-drug 
interactions: from chemical characterization to clinical studies. Drug Metab. Dispos. 
48 (10), 1104–1112. doi:10.1124/dmd.120.000054

Cannone, S., Greco, M. R., Carvalho, T. M. A., Guizouarn, H., Soriani, O., Di Molfetta, 
D., et al. (2022). Cancer associated fibroblast (CAF) regulation of PDAC parenchymal 
(CPC) and CSC phenotypes is modulated by ECM composition. Cancers (Basel) 14 (15), 
3737. doi:10.3390/cancers14153737

Catanzaro, E., Beltrán-Visiedo, M., Galluzzi, L., and Krysko, D. V. (2025). 
Immunogenicity of cell death and cancer immunotherapy with immune checkpoint 
inhibitors. Cell Mol. Immunol. 22 (1), 24–39. doi:10.1038/s41423-024-01245-8

Chen, J., Xie, J., Jiang, Z., Wang, B., Wang, Y., and Hu, X. (2011). Shikonin and its 
analogs inhibit cancer cell glycolysis by targeting tumor pyruvate kinase-M2. Oncogene 
30 (42), 4297–4306. doi:10.1038/onc.2011.137

Chen, H. M., Wang, P. H., Chen, S. S., Wen, C. C., Chen, Y. H., Yang, W. C., et al. 
(2012). Shikonin induces immunogenic cell death in tumor cells and enhances dendritic 

cell-based cancer vaccine. Cancer Immunol. Immunother. 61 (11), 1989–2002. doi:10. 
1007/s00262-012-1258-9

Chen, Y. Y., Zeng, X. T., Gong, Z. C., Zhang, M. M., Wang, K. Q., Tang, Y. P., et al. 
(2024a). Euphorbia pekinensis rupr. sensitizes colorectal cancer to PD-1 blockade by 
remodeling the tumor microenvironment and enhancing peripheral immunity. 
Phytomedicine 135, 156107. doi:10.1016/j.phymed.2024.156107

Chen, K., Gu, L., Zhang, Q., Luo, Q., Guo, S., Wang, B., et al. (2024b). Injectable 
alginate hydrogel promotes antitumor immunity through glucose oxidase and Fe(3+) 
amplified RSL3-induced ferroptosis. Carbohydr. Polym. 326, 121643. doi:10.1016/j. 
carbpol.2023.121643

Chen, S., Sun, Y., Xie, Y., Liu, Y., Hu, H., Xie, C., et al. (2025). Mitochondria-targeted 
icaritin nanoparticles induce immunogenic cell death in hepatocellular carcinoma. ACS 
Appl. Mater Interfaces 17 (2), 2899–2910. doi:10.1021/acsami.4c13433

Ding, C., Chen, C., Zeng, X., Chen, H., and Zhao, Y. (2022). Emerging strategies in 
stimuli-responsive prodrug nanosystems for cancer therapy. ACS Nano 16 (9), 
13513–13553. doi:10.1021/acsnano.2c05379

Doroshow, D. B., Bhalla, S., Beasley, M. B., Sholl, L. M., Kerr, K. M., Gnjatic, S., et al. 
(2021). PD-L1 as a biomarker of response to immune-checkpoint inhibitors. Nat. Rev. 
Clin. Oncol. 18 (6), 345–362. doi:10.1038/s41571-021-00473-5

Elliott, M. R., Chekeni, F. B., Trampont, P. C., Lazarowski, E. R., Kadl, A., Walk, S. 
F., et al. (2009). Nucleotides released by apoptotic cells act as a find-me signal to 
promote phagocytic clearance. Nature 461 (7261), 282–286. doi:10.1038/ 
nature08296

Fan, F., Shen, P., Ma, Y., Ma, W., Wu, H., Liu, H., et al. (2021). Bullatacin triggers 
immunogenic cell death of colon cancer cells by activating endoplasmic reticulum 
chaperones. J. Inflamm. (Lond). 18 (1), 23. doi:10.1186/s12950-021-00289-1

Feng, X., Xu, W., Liu, J., Li, D., Li, G., Ding, J., et al. (2021). Polypeptide 
nanoformulation-induced immunogenic cell death and remission of 
immunosuppression for enhanced chemoimmunotherapy. Sci. Bull. (Beijing) 66 (4), 
362–373. doi:10.1016/j.scib.2020.07.013

Feng, W., Shi, W., Cui, Y., Xu, J., Liu, S., Gao, H., et al. (2023). Fe(III)-Shikonin 
supramolecular nanomedicines as immunogenic cell death stimulants and 
multifunctional immunoadjuvants for tumor vaccination. Theranostics 13 (15), 
5266–5289. doi:10.7150/thno.81650

Goodman, R. S., Jung, S., Balko, J. M., and Johnson, D. B. (2023). Biomarkers of 
immune checkpoint inhibitor response and toxicity: challenges and opportunities. 
Immunol. Rev. 318 (1), 157–166. doi:10.1111/imr.13249

Frontiers in Pharmacology frontiersin.org12

Chen et al. 10.3389/fphar.2026.1745590

https://doi.org/10.1007/s13346-024-01649-z
https://doi.org/10.1007/s13346-024-01649-z
https://doi.org/10.3390/cancers12041047
https://doi.org/10.3390/cancers12041047
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.1021/acs.molpharmaceut.2c00455
https://doi.org/10.1016/j.cell.2022.03.033
https://doi.org/10.1016/j.trecan.2024.07.010
https://doi.org/10.1016/j.trecan.2024.07.010
https://doi.org/10.1124/dmd.120.000054
https://doi.org/10.3390/cancers14153737
https://doi.org/10.1038/s41423-024-01245-8
https://doi.org/10.1038/onc.2011.137
https://doi.org/10.1007/s00262-012-1258-9
https://doi.org/10.1007/s00262-012-1258-9
https://doi.org/10.1016/j.phymed.2024.156107
https://doi.org/10.1016/j.carbpol.2023.121643
https://doi.org/10.1016/j.carbpol.2023.121643
https://doi.org/10.1021/acsami.4c13433
https://doi.org/10.1021/acsnano.2c05379
https://doi.org/10.1038/s41571-021-00473-5
https://doi.org/10.1038/nature08296
https://doi.org/10.1038/nature08296
https://doi.org/10.1186/s12950-021-00289-1
https://doi.org/10.1016/j.scib.2020.07.013
https://doi.org/10.7150/thno.81650
https://doi.org/10.1111/imr.13249
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1745590


Galluzzi, L., Vitale, I., Warren, S., Adjemian, S., Agostinis, P., Martinez, A. B., et al. 
(2020). Consensus guidelines for the definition, detection and interpretation of 
immunogenic cell death. J. Immunother. Cancer 8 (1). doi:10.1136/jitc-2019-000337

Galluzzi, L., Guilbaud, E., Schmidt, D., Kroemer, G., and Marincola, F. M. (2024). 
Targeting immunogenic cell stress and death for cancer therapy. Nat. Rev. Drug Discov. 
23 (6), 445–460. doi:10.1038/s41573-024-00920-9

Garg, A. D., and Agostinis, P. (2017). Cell death and immunity in cancer: from danger 
signals to mimicry of pathogen defense responses. Immunol. Rev. 280 (1), 126–148. 
doi:10.1111/imr.12574

Gedik, M. E., Saatci, O., Oberholtzer, N., Uner, M., Akbulut Caliskan, O., Cetin, M., 
et al. (2024). Targeting TACC3 induces immunogenic cell death and enhances T-DM1 
response in HER2-Positive breast cancer. Cancer Res. 84 (9), 1475–1490. doi:10.1158/ 
0008-5472.CAN-23-2812

Giglio, P., Gagliardi, M., Tumino, N., Antunes, F., Smaili, S., Cotella, D., et al. (2018). 
PKR and GCN2 stress kinases promote an ER stress-independent eIF2α 
phosphorylation responsible for calreticulin exposure in melanoma cells. 
Oncoimmunology 7 (8), e1466765. doi:10.1080/2162402X.2018.1466765

Gombault, A., Baron, L., and Couillin, I. (2012). ATP release and purinergic signaling 
in NLRP3 inflammasome activation. Front. Immunol. 3, 414. doi:10.3389/fimmu.2012. 
00414

Guevara, M. L., Persano, F., and Persano, S. (2021). Nano-immunotherapy: 
overcoming tumour immune evasion. Semin. Cancer Biol. 69, 238–248. doi:10.1016/ 
j.semcancer.2019.11.010

Han, G., Yang, G., Hao, D., Lu, Y., Thein, K., Simpson, B. S., et al. (2021). 9p21 loss 
confers a cold tumor immune microenvironment and primary resistance to immune 
checkpoint therapy. Nat. Commun. 12 (1), 5606. doi:10.1038/s41467-021-25894-9

Han, S., Bi, S., Guo, T., Sun, D., Zou, Y., Wang, L., et al. (2022). Nano co-delivery of 
plumbagin and dihydrotanshinone I reverses immunosuppressive TME of liver cancer. 
J. Control Release 348, 250–263. doi:10.1016/j.jconrel.2022.05.057

Han, N., Yang, Z. Y., Xie, Z. X., Xu, H. Z., Yu, T. T., Li, Q. R., et al. (2023). 
Dihydroartemisinin elicits immunogenic death through ferroptosis-triggered ER stress 
and DNA damage for lung cancer immunotherapy. Phytomedicine 112, 154682. doi:10. 
1016/j.phymed.2023.154682

Hao, J., Gao, Y., Zhao, J., Zhang, J., Li, Q., Zhao, Z., et al. (2015). Preparation and 
optimization of resveratrol nanosuspensions by antisolvent precipitation using box- 
behnken design. AAPS PharmSciTech 16 (1), 118–128. doi:10.1208/s12249-014-0211-y

Hartleben, G., Schorpp, K., Kwon, Y., Betz, B., Tsokanos, F. F., Dantes, Z., et al. (2021). 
Combination therapies induce cancer cell death through the integrated stress response 
and disturbed pyrimidine metabolism. EMBO Mol. Med. 13 (4), e12461. doi:10.15252/ 
emmm.202012461

Herndler-Brandstetter, D., Ishigame, H., Shinnakasu, R., Plajer, V., Stecher, C., Zhao, 
J., et al. (2018). KLRG1(+) effector CD8(+) T cells lose KLRG1, differentiate into all 
memory T cell lineages, and convey enhanced protective immunity. Immunity 48 (4), 
716–729.e8. doi:10.1016/j.immuni.2018.03.015

Hu, Y., Tang, J., Sun, H., Li, Y., Yu, F., Zhang, G., et al. (2025). Artesunate modulates 
the tumor microenvironment via STAT1/IRF1-mediated TAM repolarization and T cell 
activation in non-small cell lung cancer. Phytomedicine 146, 157085. doi:10.1016/j. 
phymed.2025.157085

Huang, F. Y., Wang, J. Y., Dai, S. Z., Lin, Y. Y., Sun, Y., Zhang, L., et al. (2020). A 
recombinant oncolytic Newcastle virus expressing MIP-3α promotes systemic 
antitumor immunity. J. Immunother. Cancer 8 (2). doi:10.1136/jitc-2019-000330

Huang, L., Rong, Y., Tang, X., Yi, K., Qi, P., Hou, J., et al. (2022). Engineered exosomes 
as an in situ DC-primed vaccine to boost antitumor immunity in breast cancer. Mol. 
Cancer 21 (1), 45. doi:10.1186/s12943-022-01515-x

Huang, K. C., Chiang, S. F., Lin, P. C., Hong, W. Z., Yang, P. C., Chang, H. P., et al. 
(2024). TNFα modulates PANX1 activation to promote ATP release and enhance 
P2RX7-mediated antitumor immune responses after chemotherapy in colorectal cancer. 
Cell Death Dis. 15 (1), 24. doi:10.1038/s41419-023-06408-5

Huang, J., Yang, J., Yang, Y., Lu, X., Xu, J., Lu, S., et al. (2025). Mitigating doxorubicin- 
induced cardiotoxicity and enhancing anti-tumor efficacy with a metformin-integrated 
self-assembled nanomedicine. Adv. Sci. (Weinh) 12 (17), e2415227. doi:10.1002/advs. 
202415227

Jafari, S., Ardakan, A. K., Aghdam, E. M., Mesbahi, A., Montazersaheb, S., and Molavi, 
O. (2024). Induction of immunogenic cell death and enhancement of the radiation- 
induced immunogenicity by chrysin in melanoma cancer cells. Sci. Rep. 14 (1), 23231. 
doi:10.1038/s41598-024-72697-1

Jia, Y., Yao, D., Bi, H., Duan, J., Liang, W., Jing, Z., et al. (2024). Salvia miltiorrhiza 
bunge (Danshen) based nano-delivery systems for anticancer therapeutics. 
Phytomedicine 128, 155521. doi:10.1016/j.phymed.2024.155521

Jiang, Y., Ye, Y., Wang, H., Li, Y., He, Y., Ran, H., et al. (2025). Engineered probiotics 
remodel the tumor immune microenvironment. ACS Nano 19 (45), 39303–39319. 
doi:10.1021/acsnano.5c13557

Kalachaveedu, M., Senthil, R., Azhagiyamanavalan, S., Ravi, R., Meenakshisundaram, 
H., and Dharmarajan, A. (2023). Traditional medicine herbs as natural product matrices 
in cancer chemoprevention: a trans pharmacological perspective (scoping review). 
Phytother. Res. 37 (4), 1539–1573. doi:10.1002/ptr.7747

Kang, C., Wang, J., Li, R., Gong, J., Wang, K., Wang, Y., et al. (2023). Smart targeted 
delivery systems for enhancing antitumor therapy of active ingredients in traditional 
Chinese medicine. Molecules 28 (16), 5955. doi:10.3390/molecules28165955

Kepp, O., Zitvogel, L., and Kroemer, G. (2019). Clinical evidence that immunogenic 
cell death sensitizes to PD-1/PD-L1 blockade. Oncoimmunology 8 (10), e1637188. 
doi:10.1080/2162402X.2019.1637188

Kroemer, G., Galassi, C., Zitvogel, L., and Galluzzi, L. (2022). Immunogenic cell stress 
and death. Nat. Immunol. 23 (4), 487–500. doi:10.1038/s41590-022-01132-2

Lafta, H. A., AbdulHussein, A. H., Al-Shalah, S. A. J., Alnassar, Y. S., Mohammed, N. 
M., Akram, S. M., et al. (2023). Tumor-associated macrophages (TAMs) in cancer 
resistance; modulation by natural products. Curr. Top. Med. Chem. 23 (12), 1104–1122. 
doi:10.2174/1568026623666230201145909

Lau, T. S., Chan, L. K. Y., Man, G. C. W., Wong, C. H., Lee, J. H. S., Yim, S. F., et al. 
(2020). Paclitaxel induces immunogenic cell death in ovarian cancer via TLR4/IKK2/ 
SNARE-Dependent exocytosis. Cancer Immunol. Res. 8 (8), 1099–1111. doi:10.1158/ 
2326-6066.CIR-19-0616

Li, J., Zhou, S., Yu, J., Cai, W., Yang, Y., Kuang, X., et al. (2021). Low dose shikonin and 
anthracyclines coloaded liposomes induce robust immunogenetic cell death for 
synergistic chemo-immunotherapy. J. Control Release 335, 306–319. doi:10.1016/j. 
jconrel.2021.05.040

Li, Z., Lai, X., Fu, S., Ren, L., Cai, H., Zhang, H., et al. (2022a). Immunogenic cell death 
activates the tumor immune microenvironment to boost the immunotherapy efficiency. 
Adv. Sci. (Weinh) 9 (22), e2201734. doi:10.1002/advs.202201734

Li, J., Zhao, M., Liang, W., Wu, S., Wang, Z., and Wang, D. (2022b). Codelivery 
of shikonin and siTGF-β for enhanced triple negative breast cancer 
chemo-immunotherapy. J. Control Release 342, 308–320. doi:10.1016/j.jconrel. 
2022.01.015

Li, C., Wang, L., Li, Z., Li, Z., Zhang, K., Cao, L., et al. (2024). Repolarizing tumor- 
associated macrophages and inducing immunogenic cell death: a targeted liposomal 
strategy to boost cancer immunotherapy. Int. J. Pharm. 651, 123729. doi:10.1016/j. 
ijpharm.2023.123729

Li, W., Fu, Y., Yan, S., Sun, J., Yang, C., and Wang, Y. (2025). Construction and 
evaluation of pH-sensitive nanoparticles with resveratrol release to trigger the 
immunogenic cell death in colon cancer cellsin vitro. Colloids Surf. B Biointerfaces 
255, 114895. doi:10.1016/j.colsurfb.2025.114895

Liang, J., Tian, X., Zhou, M., Yan, F., Fan, J., Qin, Y., et al. (2024). Shikonin and 
chitosan-silver nanoparticles synergize against triple-negative breast cancer through 
RIPK3-triggered necroptotic immunogenic cell death. Biomaterials 309, 122608. doi:10. 
1016/j.biomaterials.2024.122608

Liu, C., Zheng, S., Wang, Z., Wang, S., Wang, X., Yang, L., et al. (2022). KRAS-G12D 
mutation drives immune suppression and the primary resistance of anti-PD-1/PD- 
L1 immunotherapy in non-small cell lung cancer. Cancer Commun. (Lond). 42 (9), 
828–847. doi:10.1002/cac2.12327

Liu, Q. P., Chen, Y. Y., An, P., Rahman, K., Luan, X., and Zhang, H. (2023a). Natural 
products targeting macrophages in tumor microenvironment are a source of potential 
antitumor agents. Phytomedicine 109, 154612. doi:10.1016/j.phymed.2022.154612

Liu, J., Ren, L., Wang, H., and Li, Z. (2023b). Isoquercitrin induces endoplasmic 
reticulum stress and immunogenic cell death in gastric cancer cells. Biochem. Genet. 61 
(3), 1128–1142. doi:10.1007/s10528-022-10309-1

Liu, T., Pei, P., Shen, W., Hu, L., and Yang, K. (2023c). Radiation-induced 
immunogenic cell death for cancer radioimmunotherapy. Small Methods 7 (5), 
e2201401. doi:10.1002/smtd.202201401

Liu, P., Zhao, L., Zitvogel, L., Kepp, O., and Kroemer, G. (2024). Immunogenic cell 
death (ICD) enhancers-drugs that enhance the perception of ICD by dendritic cells. 
Immunol. Rev. 321 (1), 7–19. doi:10.1111/imr.13269

Long, Z. J., Wang, J. D., Qiu, S. X., Zhang, Y., Wu, S. J., Lei, X. X., et al. (2023). 
Dietary γ-mangostin triggers immunogenic cell death and activates cGAS signaling 
in acute myeloid leukemia. Pharmacol. Res. 197, 106973. doi:10.1016/j.phrs.2023. 
106973

Luo, L., Wang, X., Liao, Y. P., Chang, C. H., and Nel, A. E. (2022). Nanocarrier Co- 
formulation for delivery of a TLR7 agonist plus an immunogenic cell death stimulus 
triggers effective pancreatic cancer chemo-immunotherapy. ACS Nano 16 (8), 
13168–13182. doi:10.1021/acsnano.2c06300

Luo, R., Onyshchenko, K., Wang, L., Gaedicke, S., Grosu, A. L., Firat, E., et al. (2023). 
Necroptosis-dependent immunogenicity of cisplatin: implications for enhancing the 
radiation-induced abscopal effect. Clin. Cancer Res. 29 (3), 667–683. doi:10.1158/1078- 
0432.CCR-22-1591

Mao, Q., Min, J., Zeng, R., Liu, H., Li, H., Zhang, C., et al. (2022). Self-assembled 
traditional Chinese nanomedicine modulating tumor immunosuppressive 
microenvironment for colorectal cancer immunotherapy. Theranostics 12 (14), 
6088–6105. doi:10.7150/thno.72509

Mardi, A., Shirokova, A. V., Mohammed, R. N., Keshavarz, A., Zekiy, A. O., 
Thangavelu, L., et al. (2022). Biological causes of immunogenic cancer cell death 
(ICD) and anti-tumor therapy; combination of oncolytic virus-based 
immunotherapy and CAR T-cell therapy for ICD induction. Cancer Cell Int. 22 (1), 
168. doi:10.1186/s12935-022-02585-z

Frontiers in Pharmacology frontiersin.org13

Chen et al. 10.3389/fphar.2026.1745590

https://doi.org/10.1136/jitc-2019-000337
https://doi.org/10.1038/s41573-024-00920-9
https://doi.org/10.1111/imr.12574
https://doi.org/10.1158/0008-5472.CAN-23-2812
https://doi.org/10.1158/0008-5472.CAN-23-2812
https://doi.org/10.1080/2162402X.2018.1466765
https://doi.org/10.3389/fimmu.2012.00414
https://doi.org/10.3389/fimmu.2012.00414
https://doi.org/10.1016/j.semcancer.2019.11.010
https://doi.org/10.1016/j.semcancer.2019.11.010
https://doi.org/10.1038/s41467-021-25894-9
https://doi.org/10.1016/j.jconrel.2022.05.057
https://doi.org/10.1016/j.phymed.2023.154682
https://doi.org/10.1016/j.phymed.2023.154682
https://doi.org/10.1208/s12249-014-0211-y
https://doi.org/10.15252/emmm.202012461
https://doi.org/10.15252/emmm.202012461
https://doi.org/10.1016/j.immuni.2018.03.015
https://doi.org/10.1016/j.phymed.2025.157085
https://doi.org/10.1016/j.phymed.2025.157085
https://doi.org/10.1136/jitc-2019-000330
https://doi.org/10.1186/s12943-022-01515-x
https://doi.org/10.1038/s41419-023-06408-5
https://doi.org/10.1002/advs.202415227
https://doi.org/10.1002/advs.202415227
https://doi.org/10.1038/s41598-024-72697-1
https://doi.org/10.1016/j.phymed.2024.155521
https://doi.org/10.1021/acsnano.5c13557
https://doi.org/10.1002/ptr.7747
https://doi.org/10.3390/molecules28165955
https://doi.org/10.1080/2162402X.2019.1637188
https://doi.org/10.1038/s41590-022-01132-2
https://doi.org/10.2174/1568026623666230201145909
https://doi.org/10.1158/2326-6066.CIR-19-0616
https://doi.org/10.1158/2326-6066.CIR-19-0616
https://doi.org/10.1016/j.jconrel.2021.05.040
https://doi.org/10.1016/j.jconrel.2021.05.040
https://doi.org/10.1002/advs.202201734
https://doi.org/10.1016/j.jconrel.2022.01.015
https://doi.org/10.1016/j.jconrel.2022.01.015
https://doi.org/10.1016/j.ijpharm.2023.123729
https://doi.org/10.1016/j.ijpharm.2023.123729
https://doi.org/10.1016/j.colsurfb.2025.114895
https://doi.org/10.1016/j.biomaterials.2024.122608
https://doi.org/10.1016/j.biomaterials.2024.122608
https://doi.org/10.1002/cac2.12327
https://doi.org/10.1016/j.phymed.2022.154612
https://doi.org/10.1007/s10528-022-10309-1
https://doi.org/10.1002/smtd.202201401
https://doi.org/10.1111/imr.13269
https://doi.org/10.1016/j.phrs.2023.106973
https://doi.org/10.1016/j.phrs.2023.106973
https://doi.org/10.1021/acsnano.2c06300
https://doi.org/10.1158/1078-0432.CCR-22-1591
https://doi.org/10.1158/1078-0432.CCR-22-1591
https://doi.org/10.7150/thno.72509
https://doi.org/10.1186/s12935-022-02585-z
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1745590


Mei, T., Ye, T., Huang, D., Xie, Y., Xue, Y., Zhou, D., et al. (2024). Triggering 
immunogenic death of cancer cells by nanoparticles overcomes immunotherapy 
resistance. Cell Oncol. (Dordr) 47 (6), 2049–2071. doi:10.1007/s13402-024-01009-6

Mikhail, A. S., Morhard, R., Mauda-Havakuk, M., Kassin, M., Arrichiello, A., and 
Wood, B. J. (2023). Hydrogel drug delivery systems for minimally invasive local 
immunotherapy of cancer. Adv. Drug Deliv. Rev. 202, 115083. doi:10.1016/j.addr. 
2023.115083

Miyakoshi, J., Yoshida, T., Uehara, Y., Takeyasu, Y., Shirasawa, M., Fukuda, A., et al. 
(2025). PD-L1 phenotype classification based on expression in tumor and immune cells 
as a potential biomarker for optimizing anti-PD-1/CTLA-4 immunotherapies in 
NSCLC. J. Immunother. Cancer 13 (12), e012880. doi:10.1136/jitc-2025-012880

Moriya, T., Hashimoto, M., Matsushita, H., Masuyama, S., Yoshida, R., Okada, R., 
et al. (2022). Near-infrared photoimmunotherapy induced tumor cell death enhances 
tumor dendritic cell migration. Cancer Immunol. Immunother. 71 (12), 3099–3106. 
doi:10.1007/s00262-022-03216-2

Nagaprashantha, L., Vartak, N., Awasthi, S., Awasthi, S., and Singhal, S. S. (2012). 
Novel anti-cancer compounds for developing combinatorial therapies to target anoikis- 
resistant tumors. Pharm. Res. 29 (3), 621–636. doi:10.1007/s11095-011-0645-9

Nan, Y., Su, H., Zhou, B., and Liu, S. (2022a). The function of natural compounds in 
important anticancer mechanisms. Front. Oncol. 12, 1049888. doi:10.3389/fonc.2022. 
1049888

Nan, P., Dong, X., Bai, X., Lu, H., Liu, F., Sun, Y., et al. (2022b). Tumor-stroma TGF- 
β1-THBS2 feedback circuit drives pancreatic ductal adenocarcinoma progression via 
integrin α(v)β(3)/CD36-mediated activation of the MAPK pathway. Cancer Lett. 528, 
59–75. doi:10.1016/j.canlet.2021.12.025

O’Donnell, J. S., Teng, M. W. L., and Smyth, M. J. (2019). Cancer immunoediting and 
resistance to T cell-based immunotherapy. Nat. Rev. Clin. Oncol. 16 (3), 151–167. doi:10. 
1038/s41571-018-0142-8

Özbay Kurt, F. G., Cicortas, B. A., Balzasch, B. M., De la Torre, C., Ast, V., 
Tavukcuoglu, E., et al. (2024). S100A9 and HMGB1 orchestrate MDSC-mediated 
immunosuppression in melanoma through TLR4 signaling. J. Immunother. Cancer 
12 (9), e009552. doi:10.1136/jitc-2024-009552

Park, S. J., Kim, J. M., Kim, J., Hur, J., Park, S., Kim, K., et al. (2018). Molecular 
mechanisms of biogenesis of apoptotic exosome-like vesicles and their roles as damage- 
associated molecular patterns. Proc. Natl. Acad. Sci. U. S. A. 115 (50), E11721–e117230. 
doi:10.1073/pnas.1811432115

Prasad, S., Saha, P., Chatterjee, B., Chaudhary, A. A., Lall, R., and Srivastava, A. K. 
(2023). Complexity of tumor microenvironment: therapeutic role of curcumin and its 
metabolites. Nutr. Cancer 75 (1), 1–13. doi:10.1080/01635581.2022.2096909

Ren, M., Sun, X., Lin, J., Kan, Y., Lu, S., Zhang, X., et al. (2025). Hypoxia-responsive 
oncolytic conjugate triggers type-II immunogenic cell death for enhanced 
photodynamic immunotherapy. J. Control Release 382, 113717. doi:10.1016/j.jconrel. 
2025.113717

Ricciuti, B., Fusco, F., Cooper, A., Garbo, E., Pecci, F., Aldea, M., et al. (2025). 
Neoadjuvant PD-1 and PD-L1 blockade with chemotherapy for borderline resectable 
and unresectable stage III non-small cell lung cancer. JAMA Oncol. 11 (7), 735–741. 
doi:10.1001/jamaoncol.2025.1115

Sheng, S., Jin, L., Zhang, Y., Sun, W., Mei, L., Zhu, D., et al. (2024). A twindrive precise 
delivery system of platelet-neutrophil hybrid membrane regulates macrophage 
combined with CD47 blocking for postoperative immunotherapy. ACS Nano 18 (6), 
4981–4992. doi:10.1021/acsnano.3c10862

Slika, H., Mansour, H., Wehbe, N., Nasser, S. A., Iratni, R., Nasrallah, G., et al. (2022). 
Therapeutic potential of flavonoids in cancer: ROS-mediated mechanisms. Biomed. 
Pharmacother. 146, 112442. doi:10.1016/j.biopha.2021.112442

Son, K. J., Choi, K. R., Lee, S. J., and Lee, H. (2016). Immunogenic cell death induced 
by ginsenoside Rg3: significance in dendritic cell-based anti-tumor immunotherapy. 
Immune Netw. 16 (1), 75–84. doi:10.4110/in.2016.16.1.75

Sprooten, J., Laureano, R. S., Vanmeerbeek, I., Govaerts, J., Naulaerts, S., Borras, D. 
M., et al. (2023). Trial watch: chemotherapy-induced immunogenic cell death in 
oncology. Oncoimmunology 12 (1), 2219591. doi:10.1080/2162402X.2023.2219591

Srivastava, P., Rütter, M., Antoniraj, G. M., Ventura, Y., and David, A. (2024). 
Dendritic cell-targeted nanoparticles enhance T cell activation and antitumor immune 
responses by boosting antigen presentation and blocking PD-L1 pathways. ACS Appl. 
Mater Interfaces 16 (40), 53577–53590. doi:10.1021/acsami.4c12821

Su, J., Yan, Y., Qu, J., Xue, X., Liu, Z., and Cai, H. (2017). Emodin induces apoptosis of 
lung cancer cells through ER stress and the TRIB3/NF-κB pathway. Oncol. Rep. 37 (3), 
1565–1572. doi:10.3892/or.2017.5428

Su, X., Yan, X., and Zhang, H. (2025). The tumor microenvironment in hepatocellular 
carcinoma: mechanistic insights and therapeutic potential of traditional Chinese 
medicine. Mol. Cancer 24 (1), 173. doi:10.1186/s12943-025-02378-8

Sun, T., Li, Y., Yang, Y., Liu, B., Cao, Y., and Yang, W. (2022). Enhanced radiation- 
induced immunogenic cell death activates chimeric antigen receptor T cells by targeting 
CD39 against glioblastoma. Cell Death Dis. 13 (10), 875. doi:10.1038/s41419-022- 
05319-1

Tan, Y., Xu, Q., Chen, Y., Liu, Y., Liu, C., Cui, X., et al. (2025a). Ultrasound-activated 
miR-195-5p/shikonin nanobubbles remodel immunosuppressive microenvironment via 

immunogenic cell death to potentiate PD-1/PD-L1 blockade in hepatocellular 
carcinoma. Mater Today Bio 34, 102216. doi:10.1016/j.mtbio.2025.102216

Tan, H., Li, N., Shu, S., Fan, Z., Deng, J., Wu, J., et al. (2025b). Mitochondria-targeted 
hybrid nanovesicles trigger immunogenic cell death and remodel tumor neutrophils for 
enhanced colorectal cancer immunotherapy. J. Control Release 387, 114242. doi:10.1016/ 
j.jconrel.2025.114242

Wang, Z., He, L., Li, W., Xu, C., Zhang, J., Wang, D., et al. (2021). GDF15 induces 
immunosuppression via CD48 on regulatory T cells in hepatocellular carcinoma. 
J. Immunother. Cancer 9 (9), e002787. doi:10.1136/jitc-2021-002787

Wang, K., Chen, Q., Shao, Y., Yin, S., Liu, C., Liu, Y., et al. (2021). Anticancer activities 
of TCM and their active components against tumor metastasis. Biomed. Pharmacother. 
133, 111044. doi:10.1016/j.biopha.2020.111044

Wang, T., Wang, J., Jiang, H., Ni, M., Zou, Y., Chen, Y., et al. (2022a). Targeted 
regulation of tumor microenvironment through the inhibition of MDSCs by curcumin 
loaded self-assembled nano-filaments. Mater Today Bio 15, 100304. doi:10.1016/j.mtbio. 
2022.100304

Wang, Z., Cordova, L. E., Chalasani, P., and Lu, J. (2022b). Camptothesome 
potentiates PD-L1 immune checkpoint blockade for improved metastatic triple- 
negative breast cancer immunochemotherapy. Mol. Pharm. 19 (12), 4665–4674. 
doi:10.1021/acs.molpharmaceut.2c00701

Wang, Z., Wang, Y., Gao, P., and Ding, J. (2023a). Immune checkpoint inhibitor 
resistance in hepatocellular carcinoma. Cancer Lett. 555, 216038. doi:10.1016/j.canlet. 
2022.216038

Wang, Y., Huang, G., Hou, Q., Pan, H., and Cai, L. (2023b). Cell surface- 
nanoengineering for cancer targeting immunoregulation and precise 
immunotherapy. Wiley Interdiscip. Rev. Nanomed Nanobiotechnol 15 (4), e1875. 
doi:10.1002/wnan.1875

Wang, J., Zhang, W., Xie, Z., Wang, X., Sun, J., Ran, F., et al. (2024a). NIR-responsive 
copper nanoliposome composites for cascaded ferrotherapy via ferroptosis actived ICD 
and IFN-γ released. Biomaterials 308, 122570. doi:10.1016/j.biomaterials.2024.122570

Wang, C., Zhang, M., Peng, J., Zhang, M., Lu, C., Qi, X., et al. (2024b). Combining 
cisplatin with Pinellia pedatisecta schott lipid-soluble extract induces tumor 
immunogenic cell death in cervical cancer. Phytomedicine 128, 155504. doi:10.1016/j. 
phymed.2024.155504

Wang, Y., Chen, Y., Ji, D. K., Huang, Y., Huang, W., Dong, X., et al. (2024c). Bio- 
orthogonal click chemistry strategy for PD-L1-targeted imaging and pyroptosis- 
mediated chemo-immunotherapy of triple-negative breast cancer. 
J. Nanobiotechnology 22 (1), 461. doi:10.1186/s12951-024-02727-7

Wang, J., Zhang, Z., Zhuo, Y., Zhang, Z., Chen, R., Liang, L., et al. (2024d). 
Endoplasmic reticulum-targeted delivery of celastrol and PD-L1 siRNA for 
reinforcing immunogenic cell death and potentiating cancer immunotherapy. Acta 
Pharm. Sin. B 14 (8), 3643–3660. doi:10.1016/j.apsb.2024.04.010

Wang, T., Wang, Y., Wang, B., Su, Y., Jiang, T., Gan, T., et al. (2024e). Fucoidan based 
Ce6-chloroquine self-assembled hydrogel as in situ vaccines to enhance tumor 
immunotherapy by autophagy inhibition and macrophage polarization. Carbohydr. 
Polym. 346, 122637. doi:10.1016/j.carbpol.2024.122637

Wang, H., Chen, Y., Wei, R., Zhang, J., Zhu, J., Wang, W., et al. (2024f). Synergistic 
chemoimmunotherapy augmentation via sequential nanocomposite hydrogel-mediated 
reprogramming of cancer-associated fibroblasts in osteosarcoma. Adv. Mater 36 (15), 
e2309591. doi:10.1002/adma.202309591

Wu, S., Liu, D., Li, W., Song, B., Chen, C., Chen, D., et al. (2021). Enhancing TNBC 
Chemo-immunotherapy via combination reprogramming tumor immune 
microenvironment with immunogenic cell death. Int. J. Pharm. 598, 120333. doi:10. 
1016/j.ijpharm.2021.120333

Wu, Y., Li, K., Liang, S., Lou, X., Li, Y., Xu, D., et al. (2023a). An ICD-associated 
DAMP gene signature predicts survival and immunotherapy response of patients with 
lung adenocarcinoma. Respir. Res. 24 (1), 142. doi:10.1186/s12931-023-02443-0

Wu, P. J., Chiou, H. L., Hsieh, Y. H., Lin, C. L., Lee, H. L., Liu, I. C., et al. (2023b). 
Induction of immunogenic cell death effect of licoricidin in cervical cancer cells by 
enhancing endoplasmic reticulum stress-mediated high mobility group box 
1 expression. Environ. Toxicol. 38 (7), 1641–1650. doi:10.1002/tox.23793

Xia, L., Xu, X., Li, M., Zhang, X., and Cao, F. (2023). Afzelin induces immunogenic cell 
death against lung cancer by targeting NQO2. BMC Complement. Med. Ther. 23 (1), 381. 
doi:10.1186/s12906-023-04221-3

Xiao, Y., and Yu, D. (2021). Tumor microenvironment as a therapeutic target in 
cancer. Pharmacol. Ther. 221, 107753. doi:10.1016/j.pharmthera.2020.107753

Yang, K., Halima, A., and Chan, T. A. (2023). Antigen presentation in cancer - 
mechanisms and clinical implications for immunotherapy. Nat. Rev. Clin. Oncol. 20 (9), 
604–623. doi:10.1038/s41571-023-00789-4

Yang, L. J., Han, T., Liu, R. N., Shi, S. M., Luan, S. Y., and Meng, S. N. (2024a). Plant- 
derived natural compounds: a new frontier in inducing immunogenic cell death for cancer 
treatment. Biomed. Pharmacother. 177, 117099. doi:10.1016/j.biopha.2024.117099

Yang, C., Ming, H., Li, B., Liu, S., Chen, L., Zhang, T., et al. (2024b). A pH and 
glutathione-responsive carbon monoxide-driven nano-herb delivery system for 
enhanced immunotherapy in colorectal cancer. J. Control Release 376, 659–677. 
doi:10.1016/j.jconrel.2024.10.043

Frontiers in Pharmacology frontiersin.org14

Chen et al. 10.3389/fphar.2026.1745590

https://doi.org/10.1007/s13402-024-01009-6
https://doi.org/10.1016/j.addr.2023.115083
https://doi.org/10.1016/j.addr.2023.115083
https://doi.org/10.1136/jitc-2025-012880
https://doi.org/10.1007/s00262-022-03216-2
https://doi.org/10.1007/s11095-011-0645-9
https://doi.org/10.3389/fonc.2022.1049888
https://doi.org/10.3389/fonc.2022.1049888
https://doi.org/10.1016/j.canlet.2021.12.025
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1136/jitc-2024-009552
https://doi.org/10.1073/pnas.1811432115
https://doi.org/10.1080/01635581.2022.2096909
https://doi.org/10.1016/j.jconrel.2025.113717
https://doi.org/10.1016/j.jconrel.2025.113717
https://doi.org/10.1001/jamaoncol.2025.1115
https://doi.org/10.1021/acsnano.3c10862
https://doi.org/10.1016/j.biopha.2021.112442
https://doi.org/10.4110/in.2016.16.1.75
https://doi.org/10.1080/2162402X.2023.2219591
https://doi.org/10.1021/acsami.4c12821
https://doi.org/10.3892/or.2017.5428
https://doi.org/10.1186/s12943-025-02378-8
https://doi.org/10.1038/s41419-022-05319-1
https://doi.org/10.1038/s41419-022-05319-1
https://doi.org/10.1016/j.mtbio.2025.102216
https://doi.org/10.1016/j.jconrel.2025.114242
https://doi.org/10.1016/j.jconrel.2025.114242
https://doi.org/10.1136/jitc-2021-002787
https://doi.org/10.1016/j.biopha.2020.111044
https://doi.org/10.1016/j.mtbio.2022.100304
https://doi.org/10.1016/j.mtbio.2022.100304
https://doi.org/10.1021/acs.molpharmaceut.2c00701
https://doi.org/10.1016/j.canlet.2022.216038
https://doi.org/10.1016/j.canlet.2022.216038
https://doi.org/10.1002/wnan.1875
https://doi.org/10.1016/j.biomaterials.2024.122570
https://doi.org/10.1016/j.phymed.2024.155504
https://doi.org/10.1016/j.phymed.2024.155504
https://doi.org/10.1186/s12951-024-02727-7
https://doi.org/10.1016/j.apsb.2024.04.010
https://doi.org/10.1016/j.carbpol.2024.122637
https://doi.org/10.1002/adma.202309591
https://doi.org/10.1016/j.ijpharm.2021.120333
https://doi.org/10.1016/j.ijpharm.2021.120333
https://doi.org/10.1186/s12931-023-02443-0
https://doi.org/10.1002/tox.23793
https://doi.org/10.1186/s12906-023-04221-3
https://doi.org/10.1016/j.pharmthera.2020.107753
https://doi.org/10.1038/s41571-023-00789-4
https://doi.org/10.1016/j.biopha.2024.117099
https://doi.org/10.1016/j.jconrel.2024.10.043
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1745590


Yang, Y., Zheng, P., Duan, B., Yang, Y., Zheng, X., Li, W., et al. (2024c). A personalized 
vaccine combining immunogenic cell death-induced cells and nanosized antigens for 
enhanced antitumor immunity. J. Control Release 376, 1271–1287. doi:10.1016/j.jconrel. 
2024.10.060

Yang, Y., Li, S., To, K. K. W., Zhu, S., Wang, F., and Fu, L. (2025). Tumor-associated 
macrophages remodel the suppressive tumor immune microenvironment and targeted 
therapy for immunotherapy. J. Exp. Clin. Cancer Res. 44 (1), 145. doi:10.1186/s13046- 
025-03377-9

Yap, D. W. T., Leone, A. G., Wong, N. Z. H., Zhao, J. J., Tey, J. C. S., Sundar, R., 
et al. (2023). Effectiveness of immune checkpoint inhibitors in patients 
with advanced esophageal squamous cell carcinoma: a meta-analysis including 
low PD-L1 subgroups. JAMA Oncol. 9 (2), 215–224. doi:10.1001/jamaoncol.2022. 
5816

Yu, S., Xiao, H., Ma, L., Zhang, J., and Zhang, J. (2023). Reinforcing the immunogenic 
cell death to enhance cancer immunotherapy efficacy. Biochim. Biophys. Acta Rev. 
Cancer 1878 (5), 188946. doi:10.1016/j.bbcan.2023.188946

Yu, B. X., Liu, Y. B., Chen, X. Y., Zhang, W., Cen, Y., Yan, M. Y., et al. (2024). Self- 
assembled PD-L1 downregulator to boost photodynamic activated tumor 
immunotherapy through CDK5 inhibition. Small 20 (33), e2311507. doi:10.1002/ 
smll.202311507

Yuan, F., Peng, D., Lu, M., Zhang, K., Mi, P., and Xu, J. (2025a). Ultrasound- 
responsive nanocarriers for cancer therapy: physiochemical features-directed design. 
J. Control Release 388 (Pt 1), 114353. doi:10.1016/j.jconrel.2025.114353

Yuan, Y., Yu, L., Bi, C., Huang, L., Su, B., Nie, J., et al. (2025b). A new paradigm for 
drug discovery in the treatment of complex diseases: drug discovery and optimization. 
Chin. Med. 20 (1), 40. doi:10.1186/s13020-025-01075-4

Zangui, M., Atkin, S. L., Majeed, M., and Sahebkar, A. (2019). Current evidence 
and future perspectives for curcumin and its analogues as promising adjuncts to 
oxaliplatin: State-of-the-art. Pharmacol. Res. 141, 343–356. doi:10.1016/j.phrs. 
2019.01.020

Zhang, J., Li, J., Shi, Z., Yang, Y., Xie, X., Lee, S. M., et al. (2017). pH-sensitive 
polymeric nanoparticles for co-delivery of doxorubicin and curcumin to treat cancer via 
enhanced pro-apoptotic and anti-angiogenic activities. Acta Biomater. 58, 349–364. 
doi:10.1016/j.actbio.2017.04.029

Zhang, J., Shen, L., Li, X., Song, W., Liu, Y., and Huang, L. (2019). Nanoformulated 
codelivery of quercetin and alantolactone promotes an antitumor response through 
synergistic immunogenic cell death for microsatellite-stable colorectal cancer. ACS 
Nano 13 (11), 12511–12524. doi:10.1021/acsnano.9b02875

Zhang, X., Dong, Y., Zhao, M., Ding, L., Yang, X., Jing, Y., et al. (2020). ITGB2- 
mediated metabolic switch in CAFs promotes OSCC proliferation by oxidation of 
NADH in mitochondrial oxidative phosphorylation system. Theranostics 10 (26), 
12044–12059. doi:10.7150/thno.47901

Zhang, L. L., Zhang, D. J., Shi, J. X., Huang, M. Y., Yu, J. M., Chen, X. J., et al. (2024). 
Immunogenic cell death inducers for cancer therapy: an emerging focus on natural 
products. Phytomedicine 132, 155828. doi:10.1016/j.phymed.2024.155828

Zhao, M., Li, J., Liu, J., Xu, M., Ji, H., Wu, S., et al. (2021). Charge-switchable 
nanoparticles enhance cancer immunotherapy based on mitochondrial dynamic 
regulation and immunogenic cell death induction. J. Control Release 335, 320–332. 
doi:10.1016/j.jconrel.2021.05.036

Zheng, X., Shi, Y., Tang, D., Xiao, H., Shang, K., Zhou, X., et al. (2023). Near-Infrared- 
II nanoparticles for vascular normalization combined with immune checkpoint 
blockade via photodynamic immunotherapy inhibit uveal melanoma growth and 
metastasis. Adv. Sci. (Weinh) 10 (35), e2206932. doi:10.1002/advs.202206932

Zheng, L., Zhao, Z., Chen, L., Yang, W., Ercolani, G., Qin, P., et al. (2025). Astragalin 
induces immunogenic cell death in liver cancer by targeting NQO2 to promote ROS- 
mediated endoplasmic reticulum stress pathway. Free Radic. Biol. Med. 239, 317–335. 
doi:10.1016/j.freeradbiomed.2025.07.047

Zhou, F., Feng, B., Yu, H., Wang, D., Wang, T., Ma, Y., et al. (2019). Tumor 
microenvironment-activatable prodrug vesicles for nanoenabled cancer 
chemoimmunotherapy combining immunogenic cell death induction and 
CD47 blockade. Adv. Mater 31 (14), e1805888. doi:10.1002/adma.201805888

Zhou, Z., Lei, J., Fang, J., Chen, P., Zhou, J., Wang, H., et al. (2024). 
Dihydroartemisinin remodels tumor micro-environment and improves cancer 
immunotherapy through inhibiting cyclin-dependent kinases. Int. 
Immunopharmacol. 139, 112637. doi:10.1016/j.intimp.2024.112637

Zou, J. (2023). Site-specific delivery of cisplatin and paclitaxel mediated by liposomes: 
a promising approach in cancer chemotherapy. Environ. Res. 238 (Pt 1), 117111. doi:10. 
1016/j.envres.2023.117111

Frontiers in Pharmacology frontiersin.org15

Chen et al. 10.3389/fphar.2026.1745590

https://doi.org/10.1016/j.jconrel.2024.10.060
https://doi.org/10.1016/j.jconrel.2024.10.060
https://doi.org/10.1186/s13046-025-03377-9
https://doi.org/10.1186/s13046-025-03377-9
https://doi.org/10.1001/jamaoncol.2022.5816
https://doi.org/10.1001/jamaoncol.2022.5816
https://doi.org/10.1016/j.bbcan.2023.188946
https://doi.org/10.1002/smll.202311507
https://doi.org/10.1002/smll.202311507
https://doi.org/10.1016/j.jconrel.2025.114353
https://doi.org/10.1186/s13020-025-01075-4
https://doi.org/10.1016/j.phrs.2019.01.020
https://doi.org/10.1016/j.phrs.2019.01.020
https://doi.org/10.1016/j.actbio.2017.04.029
https://doi.org/10.1021/acsnano.9b02875
https://doi.org/10.7150/thno.47901
https://doi.org/10.1016/j.phymed.2024.155828
https://doi.org/10.1016/j.jconrel.2021.05.036
https://doi.org/10.1002/advs.202206932
https://doi.org/10.1016/j.freeradbiomed.2025.07.047
https://doi.org/10.1002/adma.201805888
https://doi.org/10.1016/j.intimp.2024.112637
https://doi.org/10.1016/j.envres.2023.117111
https://doi.org/10.1016/j.envres.2023.117111
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1745590

	Induction of immunogenic cell death by active components of natural products reshaping the tumor microenvironment for enhan ...
	1 Introduction
	2 Active components of NPs inducing ICD and their molecular mechanisms
	2.1 Terpenoids
	2.2 Flavonoids
	2.3 Quinone
	2.4 Polyphenolic
	2.5 Flavonoid glycoside

	3 Reprogramming the TME by NPs-induced ICD
	3.1 Activation of innate immunity: dendritic cells and macrophages
	3.2 Activation of adaptive immunity and modulation of suppressive cells
	3.3 Remodeling the tumor vasculature and stroma

	4 Overcoming translational hurdles: combination strategies and nano-delivery
	4.1 Combinatorial therapies: synergizing with conventional and immunomodulatory agents
	4.2 Nanotechnology-enabled delivery: precision targeting and enhanced immunogenicity
	4.3 Potential applications of other delivery systems in delivering natural products

	5 Challenges and future perspectives
	6 Conclusion
	Author contributions
	Funding
	Acknowledgements
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


