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Immunogenic cell death (ICD) is a regulated cell death (RCD) pathway. In response

to physical and chemical signals, tumor cells activate specific signaling pathways

that stimulate stress responses in the endoplasmic reticulum (ER) and expose

damage-associated molecular patterns (DAMPs), which promote antitumor

immune responses. As a result, the tumor microenvironment is altered, and

many tumor cells are killed. The ICD response in tumor cells requires inducers.

These inducers can be from different sources and contribute to the development

of the ICD either indirectly or directly. The combination of ICD inducers with other

tumor treatments further enhances the immune response in tumor cells, andmore

tumor cells are killed; however, it also produces side effects of varying severity.

New induction methods based on nanotechnology improve the antitumor ability

and significantly reduces side effects because they can target tumor cells precisely.

In this review, we introduce the characteristics and mechanisms of ICD responses

in tumor cells and the DAMPs associated with ICD responses, summarize the

currentmethods of inducing ICD response in tumor cells in five distinct categories:

chemical sources, physical sources, pathogenic sources, combination therapies,

and innovative therapies. At the same time, we introduce the limitations of current

ICD inducers and make a summary of the use of ICD responses in clinical trials.

Finally, we provide an outlook on the future of ICD inducer development and

provide some constructive suggestions.

KEYWORDS

tumors, immunogenic cell death (ICD), ICD inducers, tumor immunotherapy,
damage-associated molecular patterns (DAMPs), tumor microenvironment (TME)
1 Introduction

Cancer is one of the leading causes of mortality worldwide, posing a serious threat to

human life and health and a severe burden on the global economy (1). According to the

GLOBOCAN 2020 online database, there were 19.29 million new cancer cases and 9.96

million deaths worldwide. China had 4.57 million new cancer cases, accounting for 23.7% of

the world, and 3 million deaths, accounting for 30% of the total number of cancer deaths,
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ranking it first in the world (2). This is because China is one of the

most populous countries in the world. Unbalanced social

development, regional variation in medical care, an aging

population, and unhealthy lifestyle are also important reasons for

the high incidence and mortality rate of tumors in recent years (3).

Currently, tumor treatment is mostly based on conventional

methods, such as surgical resection, chemotherapy, and radiation

therapy, to inhibit or eliminate tumor cells through a wide range of

tumor killing mechanisms to improve the overall survival rate of

patients. However, these conventional treatment methods have

significant side effects such as nausea, vomiting, hair loss,

and neurotoxicity, owing to their extensive cytotoxicity and

cellular resistance. The tumor microenvironment (TME) is

immunosuppressed in patients with metastasis and recurrence.

The efficacy of these conventional treatments is poor; tumors

continue to progress, and patients have high mortality rates (4, 5).

The emergence of cancer immunotherapy has dramatically

reduced the limitations of conventional treatment. Tumor

immunotherapy reverses the immunosuppressive state of the

TME due to factors such as reduced immunogenicity of tumor

cells and the generation of immunosuppressive factors. Moreover,

it restores the normal antitumor immune response, achieves the

goals of controlling tumor growth, removes local or distant

metastatic tumor cells, and causes long-term immune memory

resistance to cancer recurrence (6). Immunotherapy for tumors

includes monoclonal antibody-based immune checkpoint

inhibitors, therapeutic antibodies, cancer vaccines, cell therapies,

and small-molecule inhibitors. These immunotherapeutic

categories have demonstrated powerful antitumor potential in

clinical trials, and their high efficacy and innovative treatment

modalities have created new options in the clinical treatment of

tumors. They are considered to be the most promising tumor

treatment methods (7).

Control of tumor progression depends on the death of tumor

cells, which is usually classified as accidental cell death (ACD)

and regulated cell death (RCD). Accidental cell death is

uncontrolled cell death triggered by an injurious stimulus that

exceeds the regulatory capacity of the cell, leading to the onset of

cell death. RCD differs from ACD in that it has a precise

molecular mechanism controlled by specific signal

transduction pathways and can be regulated through genetic

signals or pharmacological interventions (8, 9). RCD includes

apoptosis, necrosis, and autophagy. Targeting RCD is a highly

effective antitumor pathway, and different signaling pathways

can be targeted through drugs that promote cell death, avoid

tumor cell drug resistance, and improve antitumor efficacy (10).

Immunogenic cell death (ICD) is a type of RCD and is one of

the crucial mechanisms of action of tumor immunotherapy.

Induced by various chemical, physical, and pathogenic sources,

tumor cells generate large amounts of reactive oxygen species

(ROS) to indirectly stimulate endoplasmic reticulum stress by

activating specific signaling pathways or by directly acting on the

endoplasmic reticulum of tumor cells to alter its structure and
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thus trigger stress. Driven by the endoplasmic reticulum stress

response, many damage-associated molecular patterns

(DAMPs) associated with ICD development are secreted or

transported to the extracellular space, expressed on the

cell surface, and attracted to dendritic cells (DCs) and

macrophages through various pattern recognition receptors

(PRRs). This promotes the maturation and activation of such

cells and stimulates the antitumor immune response. The

response occurs when cytotoxic T lymphocytes that are

cytotoxic to tumor cells proliferate, killing the tumor cells

under the action of perforin-1, interferon-g (IFN-g), and

granulocyte enzymes (Figure 1). The tumor cell ICD response

improves the effectiveness of cancer treatment and patient

prognosis (11–13).

This review summarizes the characteristics of the ICD

response in tumor cells and describes its mechanisms in detail.

We also list typical DAMPs related to ICD development and

some recently discovered DAMPs. We highlight the structures

and their changes and effects during ICD occurrence. In

addition, we summarize the recent progress in the induction

of ICD responses in tumor cells over the last five years. These

induction methods are categorized as: chemical sources, physical

sources, pathogenic sources, combination therapies, and

innovative therapies. We provide a detailed explanation of the

structure, induction mechanism, and impact of the various ICD

induction methods. By analyzing the mechanisms of action of

these inducers, we divided them into type I and type II inducers.

In addition, we outline the differences in the induction

mechanisms of these two types of inducers. Of course, there

are still limitations in applying ICD inducers in practice, and we

make a summary of the use of ICD responses in clinical trials

and identify potential problems. At the same time, we also

provide an outlook on the future of ICD inducer development

and provide some constructive suggestions.
2 Immunogenic cell death

Immunogenic cell death (ICD) is the transformation of

tumor cells from non-immunogenic cells to immunogenic

cells. Apoptosis occurs and stimulates an antitumor immune

response in vivo to kill more tumor cells and hinder tumor

progression (14). Immunogenic cell death was first proposed in a

2005 study that used adriamycin in a mouse tumor model in

vitro and in vivo. Researchers found that the drug induced an

ICD response in the mouse model, leading to DC maturation

and activation, proliferation of cytotoxic T lymphocytes, which

killed a large number of tumor cells (15). Immunogenic cell

death responses are influenced by several factors (16). First,

during tumorigenesis, tumor cells express inhibitory receptors,

immunosuppressive cells release inhibitory cytokines, the TME

is immunosuppressed, and the ICD response needs to overcome

the immunosuppressive TME and recruit activated antigen-
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presenting cells (17). The second factor is the antigenicity of the

responses. Infected and malignant cells can express antigenic

epitopes that are not covered by thymic tolerance and are highly

immunogenic, in contrast to normal cells, where this type of

antigenic epitope does not exist, limiting the ability of normal

cells to drive ICD response. Finally, the onset of ICD is adjuvant

and is usually accompanied by the release or exposure of several

DAMPs. These include calreticulin (CRT), high mobility group

box 1 protein (HMGB1), adenosine triphosphate (ATP), and

heat shock proteins (HSP) (16).

However, different ICD inducers do not activate the same

stress response, and the DAMPs activated during the stress

process differ significantly (16). During the occurrence of ICD

in tumor cells, DAMPs have a significant immune function after

exposure to the surface or secretion. They can interact with

different pattern recognition receptors to promote various

actions, such as maturation/activation of immune cells;

antigen recruitment, processing and presentation; and cytokine

production, ultimately contributing to the activation of
Frontiers in Immunology 03
anticancer immunity (18–20). However, because these DAMPs

belong to different categories and have different structures, the

mechanisms by which they exert their immune effects are also

different. Therefore, understanding the structure of these

DAMPs and the mechanisms by which they function is crucial

for an in-depth study of ICD.
2.1 Calreticulin

Calreticulin (CRT), the major calcium-binding protein in

the endoplasmic reticulum, is highly conserved, present in all

cells except erythrocytes, and has biological functions such as

molecular chaperone activity, regulation of Ca2+ homeostasis,

and regulation of gene expression (21, 22). During the ICD

response in tumor cells, eukaryotic initiation factor 2a (eIF2a) is
phosphorylated under the influence of specific drugs or external

factors, accompanied by the suspension of protein translation,

which is a severe stress response of the cellular endoplasmic
FIGURE 1

Process of immunogenic cell death (ICD). After the action of ICD inducers on tumor cells, different classes of inducers cause the onset of the
endoplasmic reticulum stress response by direct or indirect means. Under the influence of multiple intracellular mechanisms of action, CRT and
HSP70/90 present in the cell are exposed to the cell surface, while ATP and HMGB1 are released to the extracellular compartment via vesicular
transport. These released DAMPs bind to immature DCs in the TME. HMGB1 binds to TLR4 receptors, CRT binds specifically to CD91, HSP70/90
binds to CD40/91 receptors, and ATP binds specifically to different P2X7/P2Y2 receptors at different concentrations. Moreover, DCs mature in
the TME, while the antigen-presenting function is further enhanced. Under the action of mature DCs, levels of proinflammatory cytokines such
as IL-1b, TNF-a, IL-6/8, and CD83/86 in the TME are increased. IL-1b acts on gd T cells and CTLs, while gd T cells release IL-17, and under the
combined effect of IL-1b/17 and other cytokines, the CTLs release perforin-1, IFN-g, granulocyte enzymes, and other substances that cause kill
effects on tumor cells, and ICD occurs in tumor cells.
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reticulum, with activation of pro-apoptotic caspase-3 and

caspase-8, hydrolysis of endoplasmic reticulum proteins.

Simultaneously, BAX and BAK, members of the pro-apoptotic

Bcl-2 family, accumulate in the outer mitochondrial membrane,

mediated by synaptosomal-associated protein 25 (SNAP25) and

CRT is cis-transported from the endoplasmic reticulum to the

Golgi apparatus and expressed on the cell surface through CRT-

containing cytosolic vesicles (23, 24). The expression of CRT on

the cell surface presents an “eat-me” signal and is recognized by

CD91 and phagocytosed, which promotes DC maturation and

activation, leading to the cross-presentation of tumor antigens

and tumor-specific cytotoxic T lymphocyte responses, as well as

a large-scale release of proinflammatory cytokines such as TNF-

a and IL-6. The antitumor immune response is continuously

enhanced and is mediated by multiple mechanisms (25–27).

This suggests that translocation and exposure of CRT during

ICD can trigger a robust antitumor immune response, and is an

important marker of ICD-stimulated innate and adaptive

anticancer immunity.
2.2 High mobility group box 1 protein

High mobility group box 1 protein (HMGB1) is a highly

conserved nuclear protein widely distributed in mammalian cells

(28). It is secreted by activated macrophages and tumor necrosis

cells, is usually bound to intracellular chromatin, and is released

extracellularly when cells are mechanically damaged and necrotic

(29). During the ICD response in tumor cells, HMGB1 is released

extracellularly to bind to pattern recognition receptors (PRRs),

including Toll-like receptors and receptors of advanced glycation

end products (RAGE) (30). In combination with the Toll-like

receptor TLR4, HMGB1 is a proinflammatory stimulator that

activates the release of proinflammatory cytokines from

monocytes or macrophages and enhances antigen presentation

by DCs (31). HMGB1 can increase the levels of proinflammatory

cytokines such as TNF, IL-1, and IL-8. Moreover, immune cells

are recruited to exert a powerful antitumor immune effect by

interacting with RAGE (32). The combination of HMGB1 with

Toll-like receptors and RAGE leads to the activation of nuclear

factor-kB (NF-kB) (33) and concurrently increases angiogenic

factor production, tumor tissue destruction, and further promotes

the inflammatory response (34). Through the positive feedback

mechanism of HMGB1, proinflammatory cytokines and

angiogenic factors are continuously produced (31). This suggests

that the extracellular release of HMGB1 is an important marker

for the development of ICD response in tumor cells.
2.3 Adenosine triphosphate

Adenosine triphosphate (ATP) is one of the most abundant

intracellular metabolites and the most crucial component in the
Frontiers in Immunology 04
formation of the TME, in which a large amount of ATP is released

by autophagy of the tumor cells (35). In the process of ICD in

tumor cells, autophagy of tumor cells can degrade damaged

organelles, cytoplasmic proteins, and other materials (36). ATP

is released outside the cell through the active cytosol of ATP-

containing vesicles. In the TME, ATP acts on P2 purinergic

receptors expressed on the surface of the tumor and host, and

different ATP levels and types of P2 purinergic receptors have

different effects (37, 38). The ATP concentration required to

activate P2X7 is greater than 100 mmol/L (39), and the P2X7

receptor can activate cytotoxic T lymphocytes. When the ATP

concentration is less than 1 mmol/L (39), ATP can activate the

P2Y2 receptor, and ATP acting on the P2Y2 receptor can send a

“find me” signal to DCs and macrophages, promoting DC

activation and maturation and the expansion of macrophages

(40). Concurrently, lower concentrations of ATP can exert anti-

inflammatory effects, mainly through activation of the NLRP3

inflammasome and massive release of proinflammatory cytokines,

such as IL-1b and IL-18, mediating immunostimulatory effects

(41, 42). The extracellular release of ATP enhances the host

antitumor immune response, and many tumor cells are killed

by multiple mechanisms, suggesting that the extracellular release

of ATP is an important marker of ICD response in tumor cells.
2.4 Heat shock proteins

Heat shock protein (HSP) is a highly conserved protective

protein that can be synthesized in large quantities under specific

circumstances. It helps cells maintain normal physiological

activities by refolding damaged proteins or degrading damaged

proteins by acting on the proteasome, and has some anti-

apoptotic ability (43, 44). The heat shock proteins involved in

tumor cell ICD are mainly HSP70 and HSP90 (45). HSP70 is one

of the most crucial heat shock proteins involved in protein folding

and transport. Its function lies in its ability to play a protective role

against various cellular stresses and regulate intracellular

apoptotic signaling. In terms of immune function, HSP70

promotes the release of proinflammatory cytokines, increases

the expression of co-stimulatory molecules, and regulates the

immune function together with other immune molecules (46).

HSP90 is a tumor marker involved in important physiological

processes, such as invasion, metastasis, angiogenesis, and

apoptosis in tumor cells, as well as in protein synthesis and

degradation. HSP90 plays an important role in inhibiting

apoptosis and promoting cell survival (47, 48). During the

tumor cell ICD response, antigens bind to HSP70 and HSP90 to

form a complex, which stimulates the uptake of tumor antigens

and maturation and activation of DCs and NK cells. HSP90 binds

to the LDL receptor protein CD91 to promote the cross-

presentation of immune cells, and HSP70 binds to the co-

stimulatory molecule CD40 to activate cytotoxic T lymphocytes

(45, 49, 50). The expression of heat shock proteins further
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1017400
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xie et al. 10.3389/fimmu.2022.1017400
enhance host antitumor immune function during ICD, suggesting

that heat shock proteins are important DAMPs for ICD.
2.5 Interferon

Interferons are cytokines with various effects, such as

inhibition of cell division and antiviral and antitumor

activities. Type I interferons, including IFN-a and IFN-b,
control the growth of viruses, activate NK cells and

macrophages, and promote DC maturation and activation.

IFN-g is the only member of the type II interferon family.

IFN-g can increase the activity of NK cells and macrophages

and enhance the antigen presentation ability of antigen-

presenting cells by upregulating the expression of MHC I/

MHC II molecules. In addition, IFN-g signaling can contribute

to DC maturation and promote the massive expression of co-

stimulatory molecules, including CD40/80/86 and CCR7 (51–

54). During ICD, cyclic guanosine monophosphate (GMP)-

adenosine monophosphate (AMP) synthase (cGAS) activates

STING signaling. The cGAS-STING signaling pathway can

stimulate IFN-I expression and initiate a powerful type I

interferon response (30). It enhances the cytotoxicity of

cytotoxic T lymphocytes and NK cells and promotes the cross-

presentation of DCs (55, 56), while promoting the secretion of

proinflammatory cytokines by macrophages (57). Moreover, it

inhibits the function of immunosuppressive cells and improves

the TME (58). The enhanced host antitumor immune response

and death of many tumor cells suggest that interferon is a vital

DAMP in ICD development. Determining the interferon

content can indirectly determine whether tumor cells are

undergoing an ICD response.

These five typical DAMPs are the current gold standard for

predicting ICD response induced by antitumor therapy. In

addition to these typical DAMPs, recent studies have identified

membrane annexin A1(ANXA1) (30) and spliceosome-

associated protein 130 (SAP130) (50). However, the

mechanism of these newly discovered DAMPs and ICD

development is still unclear, and the number and types of

DAMPs insufficient to confirm the efficacy of antitumor drugs.

Therefore, this area needs to be explored in future studies.
3 Conventional methods of
ICD induction

The development of ICD in tumor cells usually requires the

induction of mediators, including chemical drug inducers and

physical induction methods. They induce tumor cell death or

apoptosis by affecting various stages of tumor development,

promoting cytokine secretion, and improving the TME (59).

Based on the mechanism and effect of induction mediators,
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inducers are divided into type I and type II. Most of the inducers

currently used in the clinical treatment of cancer or preclinical

studies are type I inducers, including anthracyclines, oxaliplatin,

and radiotherapy. Type I inducers induce endoplasmic

reticulum stress response secondary to tumor cell development

by affecting the process of tumor cell development and inducing

ICD-related immunogenicity (60–62). Type II inducers differ

from type I in that they act selectively on the endoplasmic

reticulum, altering its homeostasis, triggering an endoplasmic

reticulum stress response, and inducing ICD. These include

photodynamic therapy and oncolytic viruses (12, 63)

(Figure 2). Compared with type I inducers, type II inducers

can increase the secretion of DAMPs, have higher transport

efficiency, and have superior effects compared with those of type

I inducers (64).
3.1 Chemical sources of ICD induction

Chemical agents are the most commonly used inducers in

clinical oncology treatment or basic research to induce ICD

development, including classical ICD inducers such as

anthracyclines (adriamycin, mitoxantrone, etc.), oxaliplatin, 5-

fluorouracil, and cardiac glycosides, which have been used in

clinical treatment (60, 62, 65, 66). They also include some newly

discovered inducers used in basic research that can induce ICD;

they have not yet been tested in clinical trials. The induction

mechanisms and effects of these two types of chemical inducers

are summarized in Table 1.

3.1.1 Metal-based inducers
Metal-based inducers are the most commonly used chemical

agents that induce ICD in tumor cells. In addition to oxaliplatin

(60), new metal-based inducers have been discovered, including

iridium (81), ruthenium (82), and copper (84). These newmetal-

containing compounds have been shown to release DAMPs in

basic research experiments, suggesting their potential to induce

ICD in tumor cells. Among them, platinum-based metal

compounds were the first discovered ICD metal inducers used

in clinical treatment. Oxaliplatin is the most representative

platinum metalloid, a third-generation platinum drug with low

nephrotoxicity and neurotoxicity, and is the most potent

platinum drug for killing tumor cells (89). Oxaliplatin, a type I

inducer, induces cell death indirectly by DNA damage and

intracytoplasmic effects on the endoplasmic reticulum (60). It

has excellent therapeutic effects on lung (67), liver (68), colon

(60), and other cancers.

In lung cancer mouse model experiments (67), a significant

surface CRT exposure and a significant increase in the release of

HMGB1 and ATP was found in oxaliplatin-treated cells.

Exposure to these DAMPs promoted the maturation of DCs,

increased the number of CD8+ T cells and the infiltration of
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tumor cells, decreased the number of regulatory T cells,

improved the immunogenic TME, effectively inhibited the

growth of tumor cells, and promoted tumor cell death. Tumor

cell response was dose-dependent on the oxaliplatin-induced

drug with a stronger response at higher concentrations. Lower

the viability of tumor cells is associated with a higher the

apoptosis rate and a significantly improved survival rate of

hosts (68).

PT-112, a combination of platinum and pyrophosphate, is a

novel platinum derivative that is capable of massive accumulation at

the site of tumorigenesis. Cells treated with PT-112 showed

increased CD8+ cytotoxic T lymphocyte infiltration and decreased

Treg-dependent immunosuppression, along with the release of

immunostimulatory DAMPs, suggesting that tumor cells undergo

ICD (90). In clinical trials, PT-112 was shown to be significantly

effective in patients with primary/metastatic tumors who failed

conventional therapy, improving patient survival (91, 92).

Ruthenium, iridium, and copper metal compounds are novel

ICD inducers. They are used in lung (81), colorectal (82), and

breast cancer (84) cell model experiments that exhibit ICD-

specific features, including surface exposure to CRT and

increased release of DAMPs such as extracellular ATP and

HMGB1. These three metal compound inducers entered the

endoplasmic reticulum of tumor cells and induced the release of

the DAMPs mentioned above by increasing the level of

intracellular reactive oxygen species (ROS) and oxidative stress

in the endoplasmic reticulum, leading to the development of

ICD in tumor cells. Based on this mechanism, these three

novel metal compounds can be classified as type II inducers

(81, 82, 84).
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Experiments on lung cancer cells showed that in response to

iridium-like metal compound inducers, tumor cells underwent

upregulation of CHOP and phosphorylation of EIF2a (81),

which are typical manifestations of the endoplasmic reticulum

stress response. Endoplasmic reticulum stress led to the release

of Ca2+ from the endoplasmic reticulum, altering the amount of

ER- mitochondrial Ca2+. Excess Ca2+ induced opening of the

mitochondrial permeability transition pore, breaking the

stability of the intracellular electron transport chain and

generating excess ROS. In response to the combined

endoplasmic reticulum stress and mitochondrial dysfunction,

tumor cells undergo ICD, cytotoxic T lymphocytes increased,

regulatory T cells decreased significantly, and tumor

development was inhibited significantly.

Plecstatin-1 is a ruthenium metal compound derivative that

can break the tumor cytoskeleton leading to structural

alterations of the tumor. In addition, the same ruthenium

metal compound can induce ROS generation and endoplasmic

reticulum stress, thereby contributing to ICD development.

Furthermore, DAMPs associated with ICD development,

HSP70 and HSP90, enter the extracellular space and bind to

antigen-presenting cell surface receptors, promoting DC

activation and maturation and further enhancing tumor-

associated immune effects (82, 83).

Disulfiram (DSF), a drug used to control alcoholism, acts on

tumor cells in a Cu-dependentmanner and can exert an inhibitory

effect on tumor cell proliferation. Its pharmacological mechanisms

include induction of oxidative stress through PI3K and NF-kB
signaling pathways and inhibition of proteasomal activity, a dose-

dependent increase in DAMPs associated with ICD development,
FIGURE 2

Difference between type I and type II inducers. After acting on tumor cells, type I inducers (anthracyclines, radiotherapy), affect the normal
functions of tumor cells, including hindering DNA replication and promoting the breaking of the DNA structure in the nucleus. Type I inducers
can increase the expression of P53 protein and enhance protein stability. p53 protein is involved in the activation process of PERK signaling in
tumor cells, EIF2a undergoes phosphorylation, and the endoplasmic reticulum undergoes a stress response under the influence of a series of
actions. Unlike type I inducers, type II inducers (PDT therapy, metal-based drugs), generate ROS in large quantities in the cytoplasm and
selectively act on the endoplasmic reticulum, which undergoes an oxidative stress response. Type I and type II inducers lead to stress responses
in the endoplasmic reticulum through indirect and direct pathways, which trigger the release of DAMPs and induce immunogenic cell death.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1017400
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xie et al. 10.3389/fimmu.2022.1017400
TABLE 1 Chemical sources of ICD induction.

Inducer
classification

Inducer Cell lines Induction mechanism Induction effect References

Type I Platinum-
based
anticancer
substances

LLC; KLN 205;
H22; HepG2;
CT26; HCT116

CRT exposure; release of DAMPs such as
HMGB1, ATP.

ICD induction; altered immunogenic TME;
cytotoxic T lymphocyte recruitment; DC
maturation; increased CD80 and CD86;
decreased number of Tregs; inhibition of TGF-b
secretion

(60, 67, 68)

Type I Anthracycline
anticarcinogens

LNCaP; 22RV1;
PC-3; RM-1

CRT exposure; ATP, HMGB1, and other
DAMPs release; EIF2a phosphorylation;
PERK/GCN2 pathway activation; P53 protein
non-dependent pathway

ICD occurrence; enhanced P53 protein stability;
enhanced antitumor immunity

(62, 69)

Type I Taxanes ID8; MDA-MB-
231

Irreversible cell damage; IKK2
phosphorylation; SNAP23 phosphorylation;
activation of TLR4/IKK2 signaling; CRT
exposure; release of DAMPs such as ATP,
HMGB1

ICD induction; CXCL10 upregulation;
significantly higher expression of MHC II and
CD86; DC maturation; altered TME; increased
IFN-g production

(70, 71)

Type I Cardiac
glycosides

MDA-MB-231;
mcf7; t47d

CRT exposure; release of DAMPs such as
ATP, HMGB1, and heat shock proteins;
PERK axis activation; ER stress response.

DC maturation and activation; cytotoxic T
lymphocyte recruitment; ICD induction;
increased CD80 and CD86; significantly
increased IL-2 and IFN-g levels; decreased IL-10
expression.

(66)

Type I 5-Fluorouracil HepG2; KYSE 30 CRT exposure; release of DAMPs such as
ATP, HMGB1.

ICD induction; DCs maturation; increased
proliferation of cytotoxic T lymphocytes;
elevated HLA class I surface expression;
upregulation of CD80 and CD86

(65, 72)

Type I CDK12/13
specific
inhibitors

MDA-MB-231;
MCF7; T47D;
4T1

IRE1 phosphorylation; EIF2a
phosphorylation; ER stress response; PERK
pathway activation; CRT exposure; ATP,
HMGB1, and other DAMPs release

ICD induction; DCs maturation; CD80, CD86
upregulation; infiltrating cytotoxic T
lymphocyte activation; IL-1b, TNF-a, IL-6 level
elevation; alteration of the TME

(73)

Type I AXL Inhibitors HCC827; H1975. EGFRI resistance; CRT exposure; release of
DAMPs such as ATP, and HMGB1;
irreversible cellular damage; inhibition of
cellular transcription

ICD induction; cytotoxic T lymphocyte
recruitment; antitumor immune enhancement

(74, 75)

Type I PLK1 inhibitor LLC Irreversible cell damage; blocked division
cycle; CRT exposure; release of DAMPs such
as ATP, HMGB1

ICD induction; DCs maturation; increased
surface expression of CD80, CD86, and MHCII;
cytotoxic T lymphocyte recruitment.

(76)

Type I ADI-PEG20 MC38; MDA-
MB-231

CRT exposure; release of DAMPs such as
ATP, HMGB1; blocking cell cycle

ICD induction; alteration of the TME. (77)

Type I BET-targeting
agents

HCT-116 Degradation of DR5; CRT exposure. ICD induction; increased cytotoxic T cell
infiltration; decreased immunosuppressive Tregs

(78)

Type I Mitochondrial
uncouplers

EOC CRT exposure; release of DAMPs such as
ATP, HMGB1; ER stress response.

ICD induction; increased proportion of
cytotoxic T lymphocytes; proinflammatory
cytokine production; antitumor immune
enhancement

(79)

Type I Belantamab
mafodotin

NCI-H929; EL4 CRT exposure; release of DAMPs such as
ATP, HMGB1, and heat shock proteins; eif2a
phosphorylation; PERK pathway activation;
ER stress response.

NK cell increase; ICD induction; activation of
tumor-specific cytotoxic T cells; enrichment of
tumor-infiltrating lymphocytes; DCs
maturation; CD40, CD86 increase

(80)

Type II Iridium-based
anticancer
substances

A549; A549R;
LLC; MDA-MB-
231; CT-26; HLF;
BEAS-2B

CRT exposure; HMGB1, ATP and other
DAMPs release; CHOP upregulation; eIF2a
phosphorylation; ROS-induced ER stress-
based response; activation of caspase 3/7
signaling

ICD induction; cytotoxic T lymphocyte
recruitment; significant reduction in Foxp3+ T
cells (CD3+CD4+Foxp3+ T lymphocytes)

(81)

Type II Ruthenium-
based
anticancer
substances

HCT-15; HCT-
116; HT-29

PERK signaling activation; enhanced
autophagy; irreversible cellular damage; CRT
exposure; release of DAMPs such as HMGB1,
ATP, and heat shock proteins.

ICD induction; DCs maturation; cross-
presentation to cytotoxic T cells.

(82, 83)

(Continued)
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cell activation of toxic T lymphocytes, ICD response, and further

promotion of tumor cell death (85). In conclusion, these metal

compound inducers can induce ICD responses in tumor cells,

inhibit tumor cell development, and promote tumor cell death,

providing a novel approach for patients with primary or

secondary tumors when conventional treatment fails.

3.1.2 Anthracycline inducers
Anthracycline anticancer drugs, including adriamycin and

mitoxantrone, are among the most commonly used drugs in

clinical oncology treatment. Their mechanisms of action include

inhibition of DNA replication and RNA synthesis through DNA

embedding, inhibition of topoisomerase II to hinder DNA

replication, and generation of free radicals to break the

structure of cellular DNA and proteins (93).

Mitoxantrone (MTX), a synthetic derivative of adriamycin,

causes DNA cross-linking and breakage through insertion,

thereby blocking DNA and RNA synthesis (94). In prostate

cancer cell experiments, MTX acting on tumor cells showed

typical features of DAMPs, including exposure to CRT,

increased extracellular release of ATP and HMGB1, and

induction of the ICD response in tumor cells. Moreover, the

mechanism of action of MTX lies in the enhanced stability of

P53 protein, which is also involved in activating the PERK

signaling pathway. Activation of the PERK signaling pathway

induces EIF2a phosphorylation in prostate cancer cells through

the P53 non-dependent pathway, suggesting the occurrence of

the endoplasmic reticulum stress response, which is an

important trigger for the ICD response in tumor cells.

Additionally, MTX enhanced the phagocytic ability of DCs

and strengthened anti-prostate tumor immunity (62). One

study showed that MTX combined with proteasome inhibitors
Frontiers in Immunology 08
resulted in enhanced prostate tumor growth and decreased

overall survival in experimental mice, suggesting that the

MTX-induced ICD process requires proteasome activation and

that proteasome inhibitor utilization significantly reduces the

release of ICD-associated DAMPs (69).

3.1.3 Taxol inducers
The most common chemical agent among the Taxol

inducers is paclitaxel, which is currently the first-line regimen

used in the clinical treatment of breast cancer. It is capable of

stabilizing microtubules, causing mitotic cell death, and blocking

the G2-M phase cell cycle (95). In experiments with ovarian

cancer cells (70), paclitaxel-induced CRT exposure increased

ATP expression, extracellular HMGB1 and ANXA1 expression,

and other DAMPs in mouse ovarian cancer cells. Paclitaxel can

also activate the PERK signaling pathway and induce the

phosphorylation of EIF2a, which can induce the secretion of

extracellular ATP in tumor cells. In conclusion, the induction of

ICD response in ovarian cancer by paclitaxel was associated with

TLR4 non-dependent and TLR4-dependent pathways, which

provides a theoretical basis for the clinical application of

paclitaxel in ovarian cancer.

3.1.4 Cardiac glycoside inducers
Cardiac glycosides are metabolic substances isolated from

plants or animals that regulate the rate of cardiac contraction by

acting on the cellular sodium-potassium ATPase pump, and are

therefore widely utilized in the treatment of various cardiac

diseases (96).

Recent studies have demonstrated the anticancer activity of

cardiac glycosides. The cytotoxic effects of cardiac glycosides on

tumor cells include cell-specific and dose-dependent inhibition
TABLE 1 Continued

Inducer
classification

Inducer Cell lines Induction mechanism Induction effect References

Type II Copper
anticancer
substances

CT26; 4T1;
HCT116

CRT exposure; ER stress response based on
ROS stimulation; ATP, HMGB1, and other
DAMPs release; JNK, NF-kB, PI3K signal
transduction

ICD induction; activation of cytotoxic T-cells;
reduced tumor size

(84, 85)

Type II Non-steroidal
anti-
inflammatory
substances

HCT-116; H29 CRT exposure; NSAID-induced ER stress; DR
signaling activation

ICD induction; increased tumor-infiltrating
lymphocytes (TILs); decreased
immunosuppressive regulatory T cells (Tregs)

(86)

Type II PKHB1 CCL-119CCRF-
CEM; CRL-
1582MOLT-4;
MDA-MB-231;
MCF7; 4T1

Activated caspase signaling; CRT exposure;
ATP, HMGB1, and other DAMPs release;
Ca2+-dependent cell death; ROS-stimulated
ER-based stress response

ICD induction; promotion of cytotoxic T cell
infiltration; DC maturation; reduction in
immunosuppressive Tregs

(87, 88)
fr
A549, human lung epithelial carcinoma cells; A549R, cisplatin-resistant human lung epithelial carcinoma cells; LLC, Lewis lung cancer; MDA-MB-231, MCF7, T47D, triple-negative human
breast cancer cells; CT-26, MC38, mouse colon cancer cells; HLF, normal human lung fibroblasts; BEAS-2B, normal human lung epithelial cells; KLN 205, mouse lung squamous carcinoma
cells; H22, mouse hepatocellular carcinoma cells; HepG2, human hepatocellular carcinoma cells; HCT-15, RKO, HCT-116, HT-29, human colon cancer cells; 4T1, mouse breast cancer cells;
SKOV3, A2780, human ovarian cancer cells; KYSE 30, human esophageal squamous carcinoma cells; HCC827, H1975, human non-small cell lung adenocarcinoma cells; CCL-119 CCRF-
CEM, CRL-1582 MOLT-4, human acute lymphoblastic leukemia; EOC, human epithelial ovarian cancer cells; NCI-H929, human myeloma cells; EL4, mouse lymphoma cells; TME, tumor
microenvironment.
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of tumor cell growth and induction of apoptosis, inhibition of

the MAPK/Wnt/PAM signaling pathway, inhibition of the G2/

M cell cycle in tumor cells, induction of DNA damage, and

inhibition of the PI3K/AKT/mTOR signaling pathway to

promote apoptosis (97). Cardiac glycosides have been found to

have beneficial effects on lung cancer (98), colorectal cancer (99),

glioblastoma (100), and breast cancer (101).

After using cardiac glycosides on breast tumor cells, CRT

exposure on the cell surface and extracellular release of ICD-

related DAMPs such as HSP70/90, ATP, and HMGB1 increased.

It was demonstrated that activation of the PERK-elF2a signaling

pathway induced ER stress response, leading to CRT exposure.

After administration of cardiac glycosides, CD80 and 86

expression increased and acted as a co-stimulatory signal to

activate cytotoxic T lymphocytes. In contrast, IL-2 and IFN-g
levels increased significantly, suggesting enhanced antitumor

immune effects of Th1 and NK cells and dose-dependent

changes in cytotoxic T lymphocytes (66).

In conclusion, cardiac glycosides can induce ICD responses

in tumor cells, improve the TME, inhibit tumor cell

development, and promote apoptosis, and are highly

promising ICD inducers.

3.1.5 Protein kinase inhibitor-based inducers
Protein kinase inhibitors are enzymes that catalyze protein

phosphorylation and play an important role in gene expression.

They are classified as serine/threonine protein kinase inhibitors

and tyrosine-protein kinase inhibitors, and alterations in their

activity are associated with the development of several

malignancies (102–104). Tyrosine protein kinase inhibitors

inhibit tumor cell growth and promote apoptosis by inhibiting

cell signaling. This class of protein kinase inhibitors includes

sunitinib, crizotinib, ceritinib and cabozantinib. These inhibitors

act on tumor cells to induce all features of the ICD response,

including ATP secretion, HMGB1 release, CRT exposure, and

other related DAMPs. Different doses of these inhibitors have

different effects on tumor cells, and high doses of tyrosine kinase

inhibitors inhibit the transcriptional process of DNA and affect

the growth of tumor cells (71, 75, 105).

Erlotinib is an epidermal growth factor receptor tyrosine

kinase inhibitor, and its long-term application leads to the

development of EGFRI resistance, which is characterized by an

increase in cellular autophagic flux. Its cytoprotective autophagic

flux is inhibited by the selective tyrosine kinase inhibitor

bemcentinib, which blocks the cloning of drug-resistant tumor

cells and further induces the development of ICD response in

tumor cells. Concurrently, proinflammatory cytokine release

was increased, cytotoxic T lymphocytes were activated and

proliferated, and antitumor immune effects were enhanced

with significant anticancer effects (74). The joint action of the

two tyrosine kinase inhibitors resolved the poor anticancer

effects of drug-resistant tumor cells. Surprisingly, the immune

TME was changed, further enhancing the antitumor immune
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effect, which provides a theoretical basis for the clinical

treatment of drug-resistant tumors.

PLK1 and CDK12/13 are both serine/threonine protein

kinases, and the application of inhibitors of these two protein

kinases in tumor cells revealed a dose-dependent increase in

CRT levels as well as an increased release of DAMPs, such as

ATP and HMGB1, and an ICD response. The mechanism of

ICD response induced by this type of protein kinase lies in the

phosphorylation of IRE1 and EIF2a, activation of the PERK

signaling pathway, stress response of the endoplasmic reticulum,

and alteration of the immune TME, including the maturation/

activation of DCs, increased release of proinflammatory

cytokines, enhanced expression of IFN-g, and increased

number of cytotoxic T lymphocytes. These changes

significantly enhanced the antitumor immune effect and

antitumor efficacy (73, 76).

In conclusion, protein kinase inhibitors are highly promising

ICD inducers that can improve the TME, promote tumor cell

death, and significantly improve antitumor efficacy of

tumor therapy.

3.1.6 Inducers for targeting tumorigenesis-
related substances

Proteins and substances related to protein synthesis are

involved in the metabolic pathways of tumor cells.

Furthermore, they play a coordinating role in the growth of

tumor cells by regulating their metabolism, immunity, and other

functions (106, 107).

Arginine is a critical amino acid in protein synthesis, and its

degradation promotes the death of tumor cells (108). Arginine

deiminase (ADI) is the most common arginine degradation

enzyme, and it can form ADI-PEG 20 when combined with 20

kDa polyethylene glycol. After ADI-PEG 20 was applied to

tumor cells, the intracellular mTOR signaling pathway was

activated, which plays an important role in cell death by

regulating cellular autophagy. Concurrently, ADI-PEG 20

inhibited the cell cycle in tumor cells and severely disrupted

intracellular Ca2+ homeostasis and mitochondrial membrane

depolarization. Under the effect of multiple factors, large

numbers of tumor cells died under the action of ADI-PEG

20 (77).

BET proteins have been shown to control the expression of

cancer-related genes, indicating that they play an important role

in tumor cytogenesis (109). Drugs targeting BET proteins,

including BETd246 and BETd260, have potent anticancer

activities. In colorectal tumor cells, drugs targeting BET

proteins activated the apoptotic signaling pathway caspase3/8/

9. Simultaneously, DR5 was also activated. Activation of the DR5

signaling pathway mainly originated from the endoplasmic

reticulum stress response, CHOP signaling activation, and

phosphorylation of EIF2a. DR5 signaling pathway-mediated

apoptosis occurred in colorectal tumor cells. During

apoptogenesis, colorectal tumor cells expose and release many
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DAMPs associated with the ICD response. Moreover, the TME

was greatly improved, cytotoxic T lymphocyte infiltration was

increased, immunomodulatory T cells were significantly

reduced, and antitumor immune function was greatly

improved (78).

3.1.7 Mitochondrial uncoupler-based inducers
The growth of tumor cells depends on the function of the

mitochondria, which produce tumor-associated metabolites

through aerobic glycolysis, causing adverse effects on the body

(110). Mitochondrial metabolism is the basis of tumor cell

activity and plays an important role in the growth and

metastasis of tumor cells (111, 112). The role of mitochondrial

uncouplers is to transfer protons from the inner membrane of

the mitochondria to the matrix through a pathway unrelated to

ATP synthase so that nutrient metabolism is not linked to ATP

production (113). Several mitochondrial uncouplers have been

shown to significantly affect tumor cell growth, including

classical mitochondrial uncouplers, such as niclosamide (114),

nitazoxanide (115), and oxyclozanide (116). Mitochondrial

uncouplers usually impede tumor cell growth by promoting

mitochondrial autophagy dysfunction, activating the AMPK

signaling pathway to inhibit mTOR signaling, inhibiting the

Wnt signaling pathway, and inducing massive ROS

production (117).

2,5-dichloro-N-(4-nitronaphthalen-1-yl) benzenesulfonamide

(Y3) is a mitochondrial uncoupler that acts on Y3 in epithelial

ovarian cancer (EOC). Y3 activated CHOP signaling, EIF2a
phosphorylation, and the endoplasmic reticulum stress response

in tumor cells. Concurrently, the AMPK signaling pathway was

also activated. Activation of this signaling pathway inhibited the

growth of tumor cells and promoted apoptosis. During apoptosis,

ATP, HMGB1, and other ICD-related DAMPs were released into

tumor cells. In the TME, the release of these DAMPs stimulated

the release of proinflammatory cytokines, the activation of

cytotoxic T lymphocytes, and the complete change in the

suppressive TME. The body’s antitumor immune response was

further enhanced, and ICD of tumor cells occurred (79).

3.1.8 Other chemical inducers
In addition to the inducers mentioned above, several novel

chemical agents have been recently shown to induce ICD

responses in tumor cells in basic experiments. These new ICD

inducers include resveratrol (118), non-steroidal anti-

inflammatory drugs (86), PKHB1 (88), and belantamab

mafodotin (80).

Resveratrol and non-steroidal anti-inflammatory drugs are

widely used in various applications, as anti-inflammatory, anti-

microbial, and anti-viral drugs (119, 120). In recent years,

experiments have also demonstrated the ability of these two

classes of drugs to exert antitumor effects (121, 122). Resveratrol

is synthesized in grape leaves and skin and is an antitoxin
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produced when the plant is irritated. When resveratrol was

applied to ovarian tumor cells, the proliferation of ovarian

tumor cells was inhibited and apoptosis occurred. During

apoptosis, CRT, HMGB1, ATP, and other ICD-related DAMPs

were released in large quantities or expressed on the tumor

surface, and ICD occurred. Concurrently, the TME was

substantially improved, and DC maturation and activation

occurred, accompanied by a significant increase in cytotoxic T

lymphocytes and a large release of proinflammatory cytokines.

The antitumor immune response was further enhanced. However,

the mechanism of resveratrol-induced ICD response in tumors

remains unclear and requires further investigation (118).

In the same way as in response to resveratrol, a similar ICD

response occurred after the application of NSAIDs on

colorectal tumor cells, and the proliferation of colorectal

tumor cells was inhibited. This is due to the severe

endoplasmic reticulum stress response of NSAIDs on

tumor cells, activation of intracellular PERK signaling,

phosphorylation of EIF2a, and enhancement of the DR5

signaling pathway mediated by this pathway. Simultaneously,

intracellular pro-apoptotic caspase-8 and BID proteins were

significantly increased. Under the combined effect of multiple

triggers, the antitumor immune response was enhanced, and

many tumor cells underwent ICD (86).

In addition to these two drugs, PKHB1 is a newly discovered

ICD inducer. PKHB1 is a stable agonist peptide that induces

tumor cell death associated with CD47 activation. Moreover, its

action on tumor cells induces alterations in mitochondrial

structure, Ca2+ accumulation, and calcium-dependent cell

death. In addition, it increased the number of cytotoxic T

lymphocytes, DC activation and maturation, and decreased

immunosuppressive cells such as Treg cells, promoting tumor

cell death (87, 88).

Surprisingly, in response to the BCMA-targeted antibody-

drug conjugate GSK2857916 under the effect of EIF2a
phosphorylation and PERK signaling pathway activation, the

endoplasmic reticulum of tumor cells underwent a stress

response and in vivo DC activation and maturation. The

number of cytotoxic T lymphocytes increased, but that of Treg

cells in the tumor increased significantly. This is contrary to the

expectation of an enhanced antitumor immune effect, which

may be related to the prevention of autoimmunity and avoidance

of adverse effects (80).

In conclusion, all of these novel ICD inducers showed

standard features of ICD responses after acting on tumor cells,

including CRT exposure and extracellular release of DAMPs

such as ATP and HMGB1. This inhibited the growth of tumor

cells by altering the immune TME, enhancing the recruitment of

immune cells and phagocytosis of tumor cells, and significantly

enhances the antitumor immune response by promoting the

death of a large number of tumor cells, significantly improving

the effect of antitumor therapy.
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3.2 Physical sources of ICD induction

Patients undergoing chemotherapy can experience severe

side effects and intolerable pain, and the use of physical methods

to induce an ICD response can effectively mitigate these side

effects (123). In recent years, the use of physical methods to

induce ICD in treating patients with tumors has become a hot

research topic. Physical methods demonstrated to induce ICD in

tumor cells include photochemotherapy, thermotherapy, high

hydrostatic pressure, and plasma irradiation (124–127). The

induction mechanisms of these physical methods and their

effects is shown in Table 2.

3.2.1 Radiotherapy
Conventional radiation therapy is one of the most

commonly used treatments for tumors with a long history. It

works by applying small doses of continuous radiation to the site

of tumorigenesis, inducing DNA double-strand breaks and other

damage to eliminate cells in specific areas of the body. Radiation

affects tumor and normal cells, resulting in growth restriction

and apoptosis of these cells, thus achieving the goal of

eliminating tumor cells. The aim is to eliminate tumor cells;

however, there are many side effects (133). Currently, radiation

therapy is widely used and has achieved good efficacy in the

clinical treatment of prostate (134), breast (135), cervical (136),

and other cancers.

Stereotactic body radiation therapy (SBRT) is a new type of

radiation therapy. Compared to conventional radiation therapy,
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this treatment method provides a higher single dose over a

shorter total treatment time. Moreover, the precise positioning

of radiation sites with the help of computer images can

effectively reduce the damage caused to the surrounding

tissues and cells, thus reducing the side effects and significantly

relieving the pain that patients with tumors endure during

physical therapy. It also improves the efficacy of tumor

treatment (137, 138).

After conventional radiation and stereotactic body radiation

therapies, the expression of DAMPs related to ICD response, such

as CRT, HSP, and HMGB1, increased in tumor cells. Moreover,

cytotoxic T lymphocytes proliferated, immunosuppressive cells

such as Tregs were suppressed, proinflammatory cytokine

expression increased, and TAA expression related to immune

evasion increased, suggesting that immune evasion was

suppressed. Furthermore, these changes in immunoregulatory

genes significantly altered the immune TME, promoted tumor

cell death, and improved the efficacy of immune therapy (61,

130, 139).

In conclusion, the conventional and new stereotactic body

radiation therapies are associated with the induction of

immunomodulatory genes, which cause an immune response

and induce immunogenic death of tumor cells.

3.2.2 High hydrostatic pressure
Application of high hydrostatic pressure (HHP) is a novel

treatment method in clinical oncology. The average hydrostatic

pressure on earth is 40 MPa. Different pressure ranges have
TABLE 2 Physical sources of ICD induction.

Inducer
classification

Induction
method

Cell
lines

Induction mechanism Induction effect References

Type I Infrared light
heat therapy

B16F10 Increased release of DAMPs such as ATP, HMGB1, and
heat shock proteins; cell injury

ICD induction; massive T cell proliferation;
significant upregulation of CD80, CD86,
MHC-II, CD40; DC maturation;
inflammatory cytokine release

(128)

Type I Oncology
treatment
field

LLC-1,
CT-26,
HepG2,
H520,
MOSE-L

EIF 2a phosphorylation; ER stress response; disruption of
cytokinesis; enhanced autophagic response; CRT
exposure; ATP and HMGB1 release

ICD induction; in vitro DC maturation; in
vivo leukocyte recruitment; increased IFN-g
production; enhanced antitumor immune
function

(129)

Type I Radiation
therapy

PC3;
DU145;
LNCAP

Increased release of DAMPs such as ATP and HMGB1. ICD induction; DC maturation; elevated
GM-CSF levels; inflammatory response

(130)

Type II High
hydrostatic
pressure

OV-90;
CT-26;
ALL;
LNCAP

ER stress response based on ROS stimulation; EIF 2a
phosphorylation; PERK signaling pathway activation;
caspase-2, 3, 8 activation, CRT exposure; HSP protein
expression; ATP, HMGB1, and other DAMPs release,

DC maturation; proliferation of antigen-
specific T cells; ICD induction; significant
upregulation of CD83, CD86, and HLA-DR;
production of inflammatory substances such
as IL-1, IL-6, and TNF-a

(124, 131)

Type II CAP Cold
atmospheric
plasma

HCT-116;
BCPAP;
CT26;
A431

CRT exposure; release of DAMPs such as HMGB1, heat
shock proteins; activation of MAPK and NF-kB pathways

ICD induction; G-CSF elevation; IL-4
decrease; IL-1, IL-6, and TNF-a
inflammatory factor release; enhanced
antitumor immune function

(125, 132)
fr
LLC-1, Lewis lung cancer; CT-26, mouse colon cancer cells; HepG2, human liver cancer cells; H520, human lung squamous cell carcinoma cells; MOSE-L, mouse ovarian surface epithelial
cells; PC3, DU145, LNCAP, human prostate cancer cells; ALL, acute lymphoblastic leukemia; B16F10, mouse melanoma cells; HCT-116, human colorectal cancer cells; BCPAP, human
thyroid cancer papillary cells; A431, human epidermoid cancer cells.
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different effects on biomolecules, cellular processes, and cell

viability. HHP is divided into physiological HHP (<100 MPa)

and non-physiological HHP (>100 MPa) (140). Pressures above

normal levels can have different effects on cells; for example,

hydrostatic pressure <100 MPa slightly affects cell morphology

but is not sufficient to cause cell death, that between 100–150

MPa causes cell death in mice, and that >200 MPa affects the

viability of human cells, and even causes apoptosis, depending

on the type and sensitivity of the cells; At a hydrostatic pressure

of >300 MPa, most cells are necrotic. Based on this information,

researchers have achieved a pro-apoptotic effect on tumor cells

by adjusting hydrostatic pressure, which significantly improved

the efficacy of antitumor therapy (140, 141).

Preclinical studies have used hydrostatic pressure therapy for

ovarian, colon, and prostate tumor cells. When these tumor cells

were treated with HHP, following changes occurred: excessive

ROS was produced, peroxidase activity increased, the PERK

signaling pathway was activated, EIF2a was phosphorylated,

caspase-2, 3, 8, and 9 were rapidly activated, and endoplasmic

reticulum stress response occurred. Concurrently, ICD-related

DAMPs, including CRT, heat shock proteins expressed on the

tumor surface, HMGB1, and ATP, were released in large

quantities. Moreover, the maturation and activation of DCs,

significant upregulation of CD83 and 86, proliferation of

cytotoxic T lymphocytes, release of proinflammatory cytokines

in large quantities occurred and immune TME were significantly

changed; ultimately, and the immune response was enhanced

(124, 131).

In clinical trials, HHP has been shown to induce the release of

many ICD-associated DAMPs during tumor cell development,

further promoting DC maturation. In addition, HHP kills tumor

cells while retaining many tumor-associated-specific antigens in

the TME. These characteristics of HHP therapy indicate its great

potential for whole-cell tumor or DC-based tumor vaccine

preparation (141). Whole-cell tumor vaccines prepared using

HHP therapy have shown to be effective in clinical trials for

multiple myeloma (142) and renal cell carcinoma (143). In

addition, the use of HHP therapy to prepare DC-based tumor

vaccines is advancing. DC-based tumor vaccines also achieved

positive outcomes in clinical trials, including those in prostate and

ovarian cancers (144).

In conclusion, cells treated with HHP are immunogenic, in

vivo, and the core of this ICD lies in the activation of the ROS-

PERK-EIF2a phosphorylation–caspase signaling pathway,

which is a reliable and effective physical method to induce

ICD response in tumor cells.

3.2.3 Near-infrared light-mediated
thermotherapy

Near-infrared light-mediated thermotherapy can damage

tumor cells. Thermotherapy achieves cell-killing effects

through mechanisms of action such as destabilization of the

cytoskeleton and effect on cell cycle progression. At high
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temperatures (>44°C), cells under the influence of thermal

mechanisms of action undergo extensive cell damage and cell

death, which is usually induced at moderate to high

temperatures (41–42°C) (145). In a study using NIR light

thermotherapy (41.5°C, 1 h) on melanoma cells, the treatment

resulted in the release of ICD-related DAMPs, such as tumor cell

HSP and HMGB1, maturation/activation of DC, and increased

release of proinflammatory cytokines, which induced a robust

antitumor immune response. Under the immune effect of the

ICD response, tumor cells die in large numbers (128). The

mechanism by which NIR light-mediated thermotherapy can

significantly reduce tumor resistance and induce an immune

response proves that this approach is a novel and effective

inducer of the ICD response, which can result in a better

prognosis for patients with tumors receiving this treatment.

3.2.4 Plasma irradiation therapy
Cold atmospheric plasma, an ionized gas operating at room

temperature, is a promising new physical method for inducing

tumor cell ICD reactions; however, its specific anticancer

mechanism is still unclear. Nevertheless, some studies have

shown that cold atmospheric plasma can activate intracellular

oxidative stress signals, causing DNA double-strand breaks and

thus apoptosis (146, 147). This cold-atmosphere plasma treatment

method is currently used for bladder (148), cervical (149),

esophageal (150), and prostate cancer (151). It effectively exerts

anticancer activity and reduces host mortality rate and incidence

of side effects. In a study of the effect of cold-atmosphere plasma

treatment on colorectal cancer cells, cold-atmosphere plasma

induced a robust antitumor immune response in the host by

activating the MAPK and NF-kB signaling pathways.

Furthermore, tumor cells were significantly externalized by CRT

and HSP during the cell death process, and ICD-related DAMPs

such as HMGB1 were released in large quantities, suggesting that

tumor cells in the apoptotic process with significant immunogenic

features underwent ICD. In contrast, the TME in the host was

altered, with the massive proliferation of cytotoxic T lymphocytes,

massive recruitment of immune-related cells, massive release of

proinflammatory cytokines, maturation and activation of DCs,

and further strengthening of the antitumor immune response in

the host (125, 132). In conclusion, cold atmospheric plasma

therapy is a highly effective ICD inducer with potent anticancer

activity and has broad prospects in the clinical treatment

of tumors.

3.2.5 Tumor treating fields
Tumor treating fields (TTFields) is a non-invasive tumor

treatment method with a low intensity (1–3 v/cm) alternating

electric field in the medium frequency range (100–300 kHz). The

mechanism of action involves interfering with cell proliferation

and promoting cell death by interfering with microtubule

assembly, exerting different directional forces to induce

antimitotic effects, and triggering the formation of abnormal
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1017400
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xie et al. 10.3389/fimmu.2022.1017400
structures during spindle formation (152, 153). Recent studies

have shown that the mechanism of action of TTFields is not only

to interfere with mitosis to inhibit tumor cell proliferation but

also to disrupt many biological processes, including blocking

DNA repair, and increasing cell permeability, thereby promoting

cell death (154). The application of TTFields can lead to

phosphorylation of EIF2a, an important marker for the onset

of the endoplasmic reticulum stress response, while CRT is

exposed on the cell surface. The action of TTFields leads to

enhanced autophagy, resulting in the release of DAMPs such as

ATP and HMGB1, suggesting the occurrence of ICD response in

tumor cells, along with DC maturation and activation, massive

recruitment of immune-related cells in vivo, and enhanced

antitumor immune effects. After the combined effect of

TTFields therapy and anti-PD-1, cytotoxic T lymphocytes

proliferated in large numbers, IFN-g was released in large

amounts, the TME was significantly improved, and antitumor

immune function was further enhanced (129).

In conclusion, the TTFields therapy is a new type of ICD

inducer, and its anticancer activity has been confirmed in

preclinical experiments. It is positive to note that the U.S.

Food and Drug Administration (FDA) approved the use of

TTFields for the clinical treatment of specific tumors in 2011

(155). These tumors include newly diagnosed or recurrent

glioblastoma and malignant pleural mesothelioma, and

TTFields have significantly prolonged the survival of patients

with these tumors (153). In addition, the clinical outcomes of

TTFields did not differ significantly from those of chemotherapy.

However, TTFields have minimal toxicity and a better prognosis,

providing a new option for many patients with tumors who

cannot tolerate chemotherapy (156). Clinical studies of TTFields

for other solid tumors are underway in addition to those on

glioblastoma and malignant pleural mesothelioma. These

include pancreatic (157), ovarian (158), non-small cell type

lung cancer, and non-small cell type lung cancer with brain

metastases (159). It is encouraging to note that the results of

these clinical studies have been positive, and it is expected that

TTFields will have a promising future in the clinical treatment of

tumors and bring hope to many patients with tumors.
3.3 Pathogen-derived ICD inducers

Oncological patients often experience tumor recurrence and

metastatic complications after receiving conventional

chemotherapy or physical therapy due to increased tolerance

to the treatment method (160). The advent of pathogen

derivative-mediated oncological therapies offers new options

for tumor treatment. Pathogen derivatives have been shown to

have positive effects on tumor killing and inhibition of tumor

metastases when used alone or in combination therapy (161,

162). Several pathogen-derived substances, including lysozyme

virus, mitomycin C, and Alternol, have been shown to induce
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ICD in tumor cells (163–165). The induction mechanisms and

effects of pathogen-derived ICD inducers are shown in Table 3.

3.3.1 Virus-derived ICD inducers
Biological therapies have long been effective in clinical

cancer therapy. Among these the most typical is tumor

oncolytic virus therapy, which can selectively replicate in

tumor cells and kill them through a lysis-reactions with

minimal impact on normal cells, effectively reducing the

occurrence of adverse effects. These drugs have passed

multiple rounds of clinical trials and have been applied in

many clinical treatments for tumors, significantly improving

the overall survival rate of patients (168–170).

Oncolytic viruses with anticancer activity have been identified,

including wild-type adenovirus, Semliki Forest virus (SFV),

vaccinia virus, and oncolytic Newcastle disease virus, which

release immunostimulatory molecules during cell lysis, thereby

enhancing the immune response. Additionally, all of these

oncolytic viruses increased the release of extracellular ATP and

HMGB1 and the surface exposure of DAMPs such as CRT and

heat shock proteins during the action, suggesting that tumor cell

ICD response occurred during the action of these viruses, further

enhancing the antitumor immune effect (165, 171). The process of

antitumor immunity varies among oncolytic viruses. Tumor cells

treated with wild-type adenovirus have enhanced cellular

autophagy, which induces IFN-g secretion through enhanced

STING signaling and triggers the antitumor response of

cytotoxic T lymphocytes while promoting APC recruitment and

phagocytosis. The antitumor immune response was enhanced by

DC activation and maturation in tumor cells acted upon by the

Semliki Forest virus, which produced Th1 and proinflammatory

cytokines (166). In the presence of oncolytic Newcastle disease

virus (NDV) in lung cancer cells, DC activation and maturation

occurred, and proinflammatory cytokines, NK cells, and cytotoxic

T lymphocytes were substantially increased. This ICD was

associated with autophagy-related genes in lung cancer cells,

independent of the apoptotic process mediated by cysteine

aspartate-specific proteases (caspases) and cellular necrosis (165).

3.3.2 Microflora-derived ICD inducers
The treatment with microbial derivatives is also an integral

part of the biological treatment of tumor cells. Mitomycin C, a

compound extracted from Streptococcus spp., exhibits genotoxic

and anticancer activities. The primary mechanism involves

inhibition of DNA, RNA, and protein synthesis (172). The

anticancer process of mitomycin induces ICD, increases

oxidative phosphorylation through metabolic reprogramming,

alters cellular mitochondrial permeability, promotes

inflammatory cytokines and DC activation and maturation,

and enhances antitumor immunity (164).

Alternol is a newly discovered compound found in microbial

mutagenic strains. Like most ICD inducers, this compound

triggers endoplasmic reticulum stress response through ROS
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production, which in turn causes the ICD response and massive

release of ICD-related DAMPs. After Alternol acts on tumor

cells, cytotoxic T lymphocytes increase, DC activation and

maturation occurs, Tregs are suppressed, and the immune

TME in vivo is altered, promoting occurrence of an antitumor

immune response (163).

The emergence of this series of biological therapies has

dramatically enriched the options available for cancer

treatment and has profound implications for the overall

survival of patients.
4 Combined effect of ICD inducers

In the process of tumor treatment, the long-term application

of a single treatment method can lead to poor antitumor efficacy

or tumor cell resistance. In addition, using a single treatment

method can reduce the survival of patients with tumors by

subjecting them to different side effects due to different factors,

such as high doses and longer treatment periods. Combination

therapy is a method to improve the efficacy of tumor treatment

and reduce the possibility of drug-resistant tumor cells.

Simultaneously, combination therapy can precisely control the

dose of each chemotherapy drug and the treatment period,

which can significantly reduce the side effects that patients

with tumors experience during treatment and improve the

survival of these patients (173, 174).
4.1 Combined use of multiple
chemical inducers

STAT3 is a transcription factor with many vital functions in

various cell types, including the regulation of cell proliferation,

differentiation, death, angiogenesis, inflammation, and immune

response. Abnormal STAT3 activity causes tumors to release

large amounts of immunosuppressive factors (175, 176).
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STATTIC, a STAT3 inhibitor, can selectively inhibit STAT3

dimerization, activation, and nuclear translocation, induce

STAT3-dependent apoptosis in tumor cells, and significantly

reduce tumor growth (177).

In a study on the combined application of oncolytic Newcastle

disease virus (NDV) and STATTIC in prostate cancer cells, ICD-

related DAMPs such as HMGB1, heat shock protein, and ATP

were released in large amounts after combined treatment

compared with those released after the application of oncolytic

virus alone. The expression of VEGF, as well as angiogenesis, was

inhibited in prostate cancer cells after the action of STATTIC. In

conclusion, inhibition enhanced NDV-induced oncolytic death in

prostate tumor cells (167). In contrast to STAT3 in prostate

tumors, STAT3 inhibition decreased the effect of NDV on

melanoma cells, further reducing the release of ICD-associated

DAMPs (178). Importantly, NDV is used to treat different tumor

types have different effects when the context of inhibiting STAT3

expression. This difference may depend on the different tumor

origins, and the underlying mechanisms remain to be explored.

In addition to oncolytic viral agents, STATTIC, combined

with adriamycin, can synergistically fight tumors with higher

secretion levels of ICD-related DAMPs. STATTIC can

significantly enhance the effect of chemotherapeutic agents in

reversing tumor immunosuppression and producing a strong

antitumor immune response (179).

Cisplatin is one of the most commonly used platinum

compounds for tumor chemotherapy. Studies have shown that

cisplatin alone does not induce an ICD response in tumor cells

or the onset of the endoplasmic reticulum stress response (180).

The combination of cisplatin and 5-fluorouracil also induced a

significant release of HMGB1, DC maturation/activation,

upregulation of CD80 and CD86 in tumor cell ICD response,

and further enhancement of the host antitumor immune

response with a favorable prognosis (72). These studies suggest

that combination therapy restored the immunogenicity of

cisplatin and promoted the development of ICD response in

tumor cells.
TABLE 3 Pathogen-derived ICD inducers.

Inducer
classification

Inducer Cell
lines

Induction mechanism Induction effect References

Type II Alternol LNCaP;
22RV1;
PC-3;
RM-1

ER stress response based on ROS stimulation; CRT exposure;
release of DAMPs such as ATP, HMGB1; EIF2a
phosphorylation.

Increased CD80 and CD86; ICD induction;
decreased immunosuppressive regulatory T
cells (Tregs); increased expression of
proinflammatory cytokines

(163)

Type II Mitomycin
C

5637 Mitochondrial metabolic reprogramming based on oxidative
phosphorylation; CRT exposure; release of DAMPs such as
ATP, HMGB1; activation of PERK, IRE signaling pathways

DC maturation; ICD induction; increased
expression of proinflammatory cytokines;
increased expression of CD80 and CD86

(164)

Type II Oncolytic
virus

A549;
HOS

CRT exposure; release of DAMPs such as ATP, HMGB1;
irreversible cellular damage.

ICD induction; cytotoxic T lymphocyte
recruitment; increased expression of CD86
and CD80; DC maturation; increased
secretion of proinflammatory cytokines

(166, 167)
fr
A549, human lung epithelial carcinoma cells; LNCaP, 22RV1, PC-3, human prostate cancer cells; RM-1, mouse prostate cancer cells; 5637, human bladder cancer cells; HOS, human
osteosarcoma cells.
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Paclitaxel analogs are also commonly used in oncology

chemotherapy, and this class of drugs has substantial side effects

(180). A study applied paclitaxel analogs in combination with

sunitinib for breast cancer treatment, and sunitinib was able to

reduce neovascularization and alter the immunosuppressive TME.

Compared with the application of paclitaxel analogs alone, the

combination resulted in complete release of HMGB1 from the

nucleus and a significant increase in CRT exposure on the cell

surface. Further ICD response in tumor cells was enhanced, DC

matura t ion/ac t iva t ion occurred , Tregs and other

immunosuppressive cel ls were reduced, and tumor

immunogenicity was further enhanced. Additionally, the

combined effect of the two drugs reduced the dosage of

paclitaxel when used as a single drug, the side effects suffered by

patients were significantly reduced, and the survival rate of hosts

with tumors was significantly improved (71).
4.2 Combined use of chemical inducers
and physical induction methods

Combining chemical and physical methods to induce an

ICD response in tumor cells can improve the effectiveness of

anticancer treatment and significantly reduce treatment

duration compared to the application of chemotherapy alone.

In the process of physically inducing an ICD response in tumor

cells, the presence of unique instruments makes it possible to

precisely locate the site of tumorigenesis and to apply chemical

agents to specific areas. Patients benefit from the use of precise

treatment during the combined treatment, the pain and

discomfort will be significantly reduced, and the patient’s

quality of life will be maintained while the efficacy of the

treatment is improved. Owing to the benefits of combination

therapy, this treatment method has been used in many clinical

treatments (181).

Radiotherapy using X-rays is one of the most widely used

methods of physical tumor therapy, and the use of radiation

therapy alone has a damaging effect on tumor cells, but this effect

is not significant. A study combined classical anticancer

chemotherapeutic drugs, such as oxaliplatin, 5-fluorouracil,

cisplatin, and adriamycin, with radiation therapy. Compared

to the application of radiation therapy alone, the combined

action showed a significant increase in CRT surface exposure, a

large release of ICD-related DAMPs such as HMGB1 and ATP,

and significant proliferation of cytotoxic T lymphocytes, and

recruitment of immune-related cells in large numbers. The

tumor cell ICD response was further enhanced. Based on the

antitumor mechanism of 5-fluorouracil, the cell cycle of tumor

cells is blocked, whereas in combination with radiation therapy,

the response rate of immunotherapy is increased, the growth and

metastasis of the primary tumor are inhibited, and the patient’s

prognosis is improved (61, 182–184). Moreover, radiation

therapy combined with chemotherapy upregulated PD-1
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expression in tumor cells, anti-PD-1 antibodies enhanced

antitumor immune activity, and the host antitumor immune

effect was further improved by adding anti-PD-1 antibodies after

combination therapy (185, 186).

In addition to radiation therapy, photodynamic therapy

(PDT) for tumors is used in a large number of clinical

treatments. Some studies combined PDT with oxaliplatin. The

combined therapy acts on the tumor cells by increasing ROS

levels and enhancing cytotoxic effects. Compared with

oxaliplatin treatment alone, CRT exposure and HMGB1

increased in large numbers, inducing cellular ICD responses.

Under DC maturation/activation, IFN-g mass expression, and

cytotoxic T lymphocytes proliferation, tumor cells underwent

immunogenic apoptosis and necrosis, and tumor growth was

inhibited. Additionally, high levels of perforin and granzyme had

killing effects on tumor cells, and the tumor immune effect was

further improved (187).

In conclusion, the combined use of physical and chemical

methods can enhance the release of each DAMP during ICD,

change the host immune TME, improve the efficacy of

anticancer treatment, and reduce side effects during the

treatment of patients with tumors. The clinical application of

this combined therapy provides a reliable option for

many patients.
4.3 Combined application of multiple
physical induction methods

Melanoma is a tumor that can tolerate radiation, and thus,

radiation therapy alone is ineffective in treating melanoma. One

study used a combination of heat and radiation therapies to treat

melanoma cells. Compared with radiation therapy alone, the

combined effect of heat and radiation therapy on tumor cells

induced ICD response, increased the release of ICD-related

DAMPs, altered the immunosuppressive TME, and further

enhanced the host antitumor immune effect (188).
4.4 Hazards of incorrect combination of
inducers

In addition to promoting apoptosis of tumor cells, an

inappropriate combination of various therapies can further

accelerate tumor cell development and deterioration of the

patient’s condition. Mitoxantrone-induced ICD response in

tumor cells requires proteasome activation. However, the

combination with proteasome inhibitors significantly

attenuates the release of ICD-related DAMPs, suggesting that

the mitoxantrone-induced ICD response inhibits tumor cell

growth and worsens the patient’s condition (69). Similarly, the

combination of 5-fluorouracil and MTIF2 also leads to

deterioration of the patient’s condition. Downregulation of
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MTIF2 affects tumor cell proliferation and migration. In

addition, the drug resistance of tumor cells is weakened, the

overexpression of MTIF2 and ICD-related DAMPs is

significantly reduced, DC maturation/activation is impaired,

tumor immunosuppression occurs, and tumor cells rapidly

proliferate and patients have a poor prognosis (65).

In conclusion, combination therapy is a future trend in

tumor treatment. Whether it promotes or suppresses

antitumor immune effects, combination therapy provides a

detailed theoretical basis for clinical treatment. The widespread

use of combination therapy can benefit tens of thousands of

patients with tumors.
5 New techniques for ICD induction

The ICD response can be induced by chemicals, pathogen

derivatives, and physical methods that promote apoptosis and

inhibit tumor cell development. However, these conventional

ICD-inducing agents have different limitations and challenges in

their practical clinical use, including their safety and efficacy

against different tumors (189). With the advancement of

technology, new techniques to induce ICD have emerged that

can effectively solve these problems. The induction mechanisms

and effects of these new techniques are summarized in Table 4.
5.1 Photodynamic therapy

PDT is a new type of tumor treatment that produces

biological effects through photophysical and photochemical

processes. In general, photosensitizers (PSs) are non-toxic

photosensitizing dyes used during PDT. PSs selectively

accumulate in tumor cells, and the sites of PS accumulation

are irradiated with specific wavelengths of light. Furthermore,

PSs can be activated via photophysical processes. In the presence

of oxygen in cells and tissues, PSs produce cytotoxic substances

and affect tumor cell signaling pathways, thus inducing tumor

cell death and damaging tumor structures (203). The mechanism

of action (123) can be divided into Type I and Type II reactions.

Type I reactions produce oxidation products via electron

transfer with cellular substrates, which then induce tumor cell

death. Type II reactions transfer energy to produce highly

reactive singlet oxygen, which is very powerful and can cause

significant damage to tumor cells (Figure 3).

5.1.1 Conventional photodynamic therapy
An increasing number of photosensitizers are being

discovered and actively used in lung (204), prostate (205),

head and neck (206), esophageal (207), and other cancers in

clinical treatment. Porphyrins (PZ I/III) and 8-methoxy

psoralen (8-MOP) are two typical photosensitizers that are

non-toxic. When acting on tumor cells, they can reduce tumor
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cell viability, at the same time trigger ROS-related endoplasmic

reticulum stress response, induce activation of the PERK

signaling pathway, and phosphorylate EIF2a and ICD-related

DAMPs, including CRT exposure and release of HMGB1 and

type I interferon. The release of these DAMPs suggests that ICD

response occurred in tumor cells after the administration of

PDT. At the same time, cytotoxic T lymphocytes proliferated,

DC activation and maturation occurred, co-stimulatory CD80

and 86 surface molecules were upregulated, immunosuppressive

cells such as Tregs were reduced, and the TME was significantly

improved and promoted the apoptosis of tumor cells (127,

190, 191).

5.1.2 Application of near-infrared light
immunotherapy

Near-infrared photoimmunotherapy (NIR-PIT) is a novel

physical tumor therapy that combines photodynamic and

targeted therapies. This treatment uses a targeted PS that

recognizes and binds to specific monoclonal antibodies on the

surface of tumor cells and induces cell death by exciting the PS

with 690 nm NIR light. NIR light can penetrate several

centimeters of tissues without harming DNA or normal cells,

and the PS combines with specific proteins on the surface of

tumor cells. The process of NIR light irradiation is only highly

lethal to the target cells when combined with the PS and does not

cause harm to normal cells, which significantly reduces the

probability of side effects and improves the efficacy of tumor

treatment (208, 209). This treatment method is currently used

for urological (210), gastric (211), and head and neck

cancers (212).

IRDye700DX is a targeted PS commonly used in NIR-PIT,

which is water-soluble, non-toxic, and non-biotoxic. Moreover,

it binds specifically to specific proteins on the surface of tumor

cells, with unsuccessfully bound photosensitizers excreted in the

urine (126).

In preclinical studies, NIR-PIT acts on skin squamous cell

carcinoma cells, which swell and rupture, causing rapid and

irreversible damage, during which the tumor cells undergo an

ICD response, and CRT and HSP expression increases on the

cell surface. Simultaneously, immunogenic signals such as ATP

and HMGB1 are rapidly released, rapid DC activation and

maturation occurs, and the anticancer immune response is

enhanced. Furthermore, cytotoxic T lymphocytes proliferate in

large numbers, immunosuppressive cells such as Tregs decrease

in large numbers, tumor cells die in large numbers, and

antitumor efficacy is significantly enhanced (192).

One study combined IRDye700DX with fibroblast activation

protein-specific antibodies to target tumor-associated

fibroblasts. After NIR-PIT acted on tumor-associated

fibroblasts, esophageal tumor cells with radiotherapy resistance

were re-sensitized to radiotherapy, and many tumor cells died

after treatment compared to the number that died before NIR-

PIT (193).
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NIR-PIT is currently in phase 3 clinical trials for recurrent

head and neck squamous cell carcinoma (213). Previous clinical

trials have shown that NIR-PIT is well tolerated and that patient

response and survival rates after treatment are positive and

clinically meaningful for this disease (214).

In conclusion, conventional PDT or targeted therapy,

mediated by NIR light, are noninvasive, highly spatially

specific, and have low systemic toxicity. They can induce ICD

response in tumor cells, eliminate tumor cell drug resistance, and

promote tumor cell death. Their safe and effective anticancer
Frontiers in Immunology 17
effects provide a reliable alternative for patients with tumors

suffering from underlying diseases who cannot tolerate

chemotherapy (215).
5.2 Nano-pulse stimulation technology

Nano-pulse stimulation (NPS) is the application of ultrafast

pulses of high irradiation energy to tumorigenic tissue, which

alters the permeability of tumor cell membranes and produces a
TABLE 4 New techniques for inducing immunogenic cell death in tumor cells.

Induction method Induction
medium

Cell
line

Characteristics and mechanism Effectiveness References

Photodynamic
therapy

Conventional
photodynamic
therapy

Conventional
photosensitizers
such as porphyrins
(PZ I/III) and 8-
methoxypsoralen (8-
MOP)

B16-
OVA;

MCA205

Activation of PERK signaling pathway;
eIF2a phosphorylation; ROS-related
endoplasmic reticulum-based stress
response; CRT translocation exposure;
ATP, HMGB1, and other DAMPs release

ICD response onset; cytotoxic T
lymphocyte recruitment; DC
maturation/activation; decreased
immunosuppressive regulatory T cells;
increased CD80 and 86 expression

(190, 191)

Infrared light-
mediated
targeted
therapy

IRDye700DX and
other targeted
photosensitizers

NIH3T3;
TE4;
OE19

Targeted recognition of tumor cell surface-
specific monoclonal antibodies; irreversible
cell damage; CRT and HSP translocation
exposure; release of DAMPs such as ATP
and HMGB1

ICD response onset; cytotoxic T
lymphocyte recruitment; DC
maturation/activation;
immunosuppressive regulatory T cell
reduction

(192, 193)

Nano-pulse stimulation
technology

—— 4T1 Alteration of tumor cell membrane
permeability; rearrangement of Ca2+;
endoplasmic reticulum stress response;
CRT, HSP translocation exposure; release
of DAMPs such as ATP, HMGB1

ICD response onset; DC maturation/
activation; reduction in
immunosuppressive regulatory T cells

(194)

Carrier-
mediated ICD
induction

Exogenous
vector-
mediated
induction of
ICD

CN@PHF 4T1 Under neutral conditions, the carrier has
high drug loading capacity, stability, and
targeting. Also, the drug accumulates faster
in the tumor and has a high concentration.

ICD response onset; DC maturation/
activation; immunosuppressive
regulatory T cell reduction; massive
release of proinflammatory cells;
proliferation of cytotoxic T
lymphocytes

(195)

HPMA copolymer 4T1;
MDA-
MB231;
CT26;

Hepa1-6;
B16

Good biocompatibility, good water
solubility, non-toxic, passive targeting;
inhibition of PI3K signaling pathway; CRT
translocation exposure; ATP, HMGB1, and
other DAMPs release

ICD response onset;
immunosuppressive regulatory T cell
reduction; massive release of
proinflammatory cytokines;
proliferation of cytotoxic T
lymphocytes

(196, 197)

Endogenous
vector-
mediated
induction of
ICD

Cell membrane
carrier

Mouse
lung
cancer
cell line

Extremely stable; high biocompatibility;
tumor homing properties; CRT
translocation exposure; release of DAMPs
such as ATP, HMGB1

ICD response onset; DC maturation/
activation; immunosuppressive
regulatory T cell reduction; cytotoxic T
lymphocyte proliferation

(198, 199)

Exosomes BM-
MSC

Contains biologically active substances;
low immunogenicity, able to avoid
accidental phagocytosis; CRT translocation
exposure; release of DAMPs such as ATP
and HMGB1

ICD response onset; massive release of
proinflammatory cytokines;
proliferation of cytotoxic T
lymphocytes

(200, 201)

Liposomes MCF7;
CT26;
CT26-
Luc;
PC3;
B16

ROS-based endoplasmic reticulum stress
response; CRT translocation exposure;
release of DAMPs such as ATP and
HMGB1; ability to load hydrophilic/
hydrophobic drugs

ICD response onset; cytotoxic T
lymphocyte proliferation

(202)
fr
MCA205, mouse fibrosarcoma; B16, mouse melanoma; TE4, HER2-positive squamous cell carcinoma; OE19, HER2-positive adenocarcinoma; 4T1, mouse triple-negative breast cancer cell
line; MDA-MB231, human triple-negative breast cancer cell line; Hepa1-6, mouse hepatocellular carcinoma cell line; MCF, 7 human breast cancer; CT26, Luc-luciferase labeled mouse
colon cancer; PC3, human prostate cancer; NIH3T3, mouse fibroblast cell line; MDA-MB-23, human breast cancer cells; BM-MSC, mouse bone marrow mesenchymal stem cells.
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wide range of physiological responses (216, 217). The most

significant changes were observed in Ca2+, where it was

internally rearranged and translocated, and the endoplasmic

reticulum stress response occurred under the effect of NPS,

along with a significant release of ICD-related DAMPs such as

heat shock proteins, ATP, and HMGB1, suggesting that NPS

induced an ICD response in tumor cells. The effect of NPS

resulted in a significant reduction of immunosuppressive cells

such as Tregs, DC maturation and activation, massive death of

tumor cells, enhanced antitumor immune effects, and inhibition

of distant metastases. NPS is another application of

nanotechnology, as a highly efficacious inducer of ICD, and its

unique therapeutic advantages provide a new option for

nanotechnological tumor treatment (194, 218, 219).
5.3 Carrier-mediated ICD induction

To further improve the precision of ICD inducers on specific

tumor cells, the use of vectors combined with conventional ICD

inducers on tumor cells has become a new research hotspot.

Depending on their source, we classify these carriers as exogenous

or endogenous. Exogenous carriers are substances artificially tailored

with specific nanomaterials that can respond to specific stimuli, such

as pH, temperature, and light, to release drugs at specific sites. The

exogenous carriers include PLA-HES-FA (PHF) as well as HPMA

copolymers. Unlike exogenous carriers, endogenous carriers are

naturally present in cells or body fluids. Compared with exogenous

carriers, endogenous carriers have natural advantages, including
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lower immunogenicity and biotoxicity as well as higher stability

and delivery efficiency. Endogenous carriers include cell membrane

carriers, liposomes, and exosomes (220, 221).

Using carrier-mediated ICD inducers to act on tumor cells

can protect inducers from misidentification by the immune

system and rapid removal. Simultaneously, vector-mediated

ICD inducers can accumulate in tumor cells and increase the

ICD response, further enhancing antitumor efficacy. Owing to

the high precision of vector-mediated ICD inducers, adverse

reactions during treatment were significantly reduced, and the

survival rate of patients was improved during treatment

(11, 222).

5.3.1 Exogenous vector-mediated ICD
induction

CPT-SS-NLG919 (CN) is an indoleamine 2,3-dioxygenase

(IDO) inhibitor. High concentrations of reducing substances in

tumor cells can degrade CN into camptothecin (CPT) and

NLG919 (NLG), which can induce ICD, inhibit IDO activity,

and improve the inhibitory TME. However, the disadvantage of

these two substances is that they are poorly soluble and require

high concentrations in tumor cells to be effective. One study

combined the synthetic nanocarrier PHF with CN to form a

CN@PHF. This carrier conjugate has a high drug-loading

capacity and stability under neutral conditions, with good

targeting properties, and can accumulate rapidly in tumor cells

with a high concentration of CN. After CN@PHF acted on

tumor cells, a high concentration of CN was degraded to CPT

and NLG by the action of reducing substances. CPT induces ICD
FIGURE 3

Mechanism of action of photodynamic therapy (PDT). In photodynamic treatment, the photosensitizer (PS) converts from a ground state to an
excited singlet state by absorbing light energy when exposed to specific light wavelengths. The PS in the excited singlet state is unstable, and its
energy is internally converted, lost as thermal energy, or radiated as fluorescence. The PS in the excited singlet state will reach the excited triplet
state by inter-system crossing. The PS in the excited triplet state can be transformed into the ground singlet state through phosphorescence. In
type I, the excited triplet state can generate oxygen radicals such as H2O2, OH-, and O2- through electron/proton transfer. In type II, the excited
triplet PS can convert 3O2 to singlet oxygen (1O2) by energy transfer. H2O2, OH-, O2-, and

1O2 are all reactive oxygen species, which can induce
ICD reaction, DNA damage, and ultimately tumor cell death when acting on tumor cells.
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in tumor cells; many DAMPs associated with ICD are released,

and many tumor cells die. At the same time, NLG in CN inhibits

IDO activity and improves the immunosuppressive TME.

During the immune response, DC cells mature and activate,

immunosuppressive cells such as Tregs are significantly reduced,

proinflammatory cytokines are released, cytotoxic T

lymphocytes proliferate, and the tumor development process is

hindered. Compared to the direct action of CN on tumor cells,

the use of vectors to transport CN to tumor cells enhances the

cytotoxic effect of the immune process, with a reduced

probability of adverse effects and an increased survival time

for the mouse. This therapeutic approach offers a new option for

future tumor treatment (195).

HPMA copolymer is also a novel drug delivery carrier with

good biocompatibility, water solubility, non-toxicity, and passive

targeting, which can preferentially accumulate at tumor sites and

reduce drug toxicity (223, 224). When adriamycin was

encapsulated in the HPMA copolymer and acted on tumor

cells, the expression of PI3K was significantly reduced in

tumor cells under the action of nanoformulations, PI3K

signaling pathway was inhibited, and tumor cells were

sensitive to chemotherapeutic drugs. At the same time, a large

amount of ROS was released, CRT was heavily expressed on the

surface, ATP and HMGB1 were released in large amounts, and

ICD response was further enhanced. Moreover, Tregs and other

immunosuppressive cells were significantly reduced,

proinflammatory cytokines were released, cytotoxic T

lymphocytes proliferated, antitumor immune response was

enhanced, and tumor cells died in large numbers (196, 197).

In conclusion, synthetic nanocarrier-mediated antitumor

drug therapy can significantly improve the efficacy of tumor

treatment in patients. However, synthetic nanocarriers also have

some drawbacks, including unknown risks to patients due to the

potential toxic effects of chemical drugs; therefore, there is a long

way to go before the widespread use of synthetic nanocarriers in

clinical tumor treatment (225).

5.3.2 Endogenous vector-mediated ICD
induction

Cell membrane vehicles (CVs) are derived from tumor cell

membranes and are endogenous carriers with a structure similar

to that of the parent body. They have the same tumor-targeting

properties and are a novel drug delivery system (226). The ICD

inducers doxorubicin (DOX) and sorafenib (SFN) were co-

encapsulated in the CV; this vehicle conjugate is referred to as

CV/D-S. Upon arrival at tumor cells, CV/D-S transports DOX to

induce an ICD response in tumor cells, and the SFN drug is able

to alter the TME in a dose-dependent manner. Compared with

the application of antitumor drugs alone, the tumor cell ICD was

further enhanced, DC maturation and activation occurred,

cytotoxic T lymphocytes proliferated in large numbers, Treg

immunosuppressive cells decreased in large numbers, and tumor

cell apoptosis increased (Figure 4). CV/D-S is a spherical particle
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with good stability and high biocompatibility, and its use enables

adequate drug loading and safe delivery of DOX and SFN drugs

in vivo. Owing to the tumor homing properties of these CVs,

CV/D-S can accumulate in large quantities at the site of

tumorigenesis and exert excellent antitumor properties,

making it a promising drug delivery platform that can

improve the effectiveness of multiple tumor treatments (198,

199, 227).

Exosomes, another type of endogenous carriers, are vesicular

structures actively secreted by cells. They are smaller, contain

various bioactive substances, are less immunogenic, and can

avoid misidentification and phagocytosis by the immune system

(228, 229). One study encapsulated oxaliplatin ICD inducer in

exosomes (IEXO-OXA). After IEXO-OXA acted on the tumor

cells, the cytotoxicity of the chemotherapeutic drug increased,

and the ICD response was further enhanced. Furthermore, the

immunosuppressed TME was significantly improved, cytotoxic

T lymphocytes were heavily activated, proinflammatory

cytokines were also heavily increased, tumor cell activity was

reduced, and apoptosis increased (200). In conclusion, as a

targeted drug delivery system, exosomes can promote drug

accumulation at the site of tumorigenesis, reduce the systemic

distribution of antitumor drugs, and minimize side effects.

Additionally, these endogenous carriers can be combined with

a variety of therapeutic drugs, and their highly engineered

characteristics can provide new options for various tumor

treatments (201).

Carrier drug delivery systems can promote physical therapy

of tumor cells by altering the cellular state. Liposomes are bilayer

vesicular structures in cells that are capable of loading

hydrophilic/hydrophobic drugs and delivering them into cells

through endocytosis/fusion/activation of target cells by specific

ligands. The liposome-mediated drug delivery system can

maintain a particular drug concentration in the plasma for a

long time, reduce the frequency of drug administration, and

further improve bioavailability and safety (230, 231). To solve

the problem of tumor cell hypoxia, hemoglobin and adriamycin

are co-encapsulated in liposomes (DOX-Hb-Lipo), which have

high oxygen-binding capacity and can effectively relieve tumor

tissue hypoxia. In contrast, tumor cells produce a large amount

of ROS, which mediate the ICD of tumor cells. CRT, HMGB1,

and other ICD-related DAMP levels were significantly increased

compared to those achieved with radiotherapy alone, tumor cell

growth was inhibited, and the tumor-killing effect was enhanced

considerably (202, 232).

5.3.3 Advantages and limitations of
carrier technology

In recent years, an increasing number of nanotechnology-

based drug carrier systems have been developed, and both

endogenous and synthetic carriers have been widely used in

tumor therapy. The combined action of nanocarriers and ICD-

inducing agent-based antitumor drugs has changed the
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immunosuppressive TME. Moreover, because of the precise

targeting action of nanocarriers, the systemic distribution of

antitumor drugs during administration is reduced, the amount

of drug accumulation at specific locations and the duration of

drug action are increased, the frequency of drug administration

is reduced, and the side effects are significantly reduced.

Antitumor immunotherapy is considerably enhanced and

many tumor cells die. However, there are limitations in the

development of nanotechnology, including the material, size,

and concentration of nanoparticles, which may cause specific

toxicity to cells, and artificial nanoparticles may be recognized as

“foreign substances” by the body, and then erroneously engulfed

and eliminated by the immune system. Most importantly,

nanotechnology research is extremely difficult and requires

increased funding, which hinders the full commercialization of

nanotechnology and makes the universal clinical treatment

using this technology difficult (233–235).

In conclusion, the clinical application of nanotechnology-

based drug carrier systems has a positive and far-reaching

impact on the clinical treatment of tumors. However, the

limitations of its application must be addressed by

further research.
6 Immunogenic cell death in
clinical trials

With the widespread application of immunotherapy in

clinical tumor treatment, research related to ICD inducers is
Frontiers in Immunology 20
also developing rapidly and has made specific achievements.

Currently, many ICD induction methods have been applied in

clinical trials as anticancer therapies to induce ICD responses in

tumor cells, increase the apoptosis of tumor cells, and improve

the prognosis of patients with tumors.

In a phase III clinical trial of metastatic colorectal cancer,

FOLFOXIRI plus bevacizumab was administered to tumor cells.

The chemical ICD-inducing oxaliplatin in the therapy enhanced

DC function and induced ICD by increasing the exposure to

tumor antigens. The trial results were positive, and this therapy

has also been shown to be an option for the pretreatment of

selected patients with metastatic colorectal cancer (236). Clinical

trials using DC-based tumor vaccines with a chemical ICD-

inducing agent for tumor cells are also underway. In phase I/II

clinical trials of breast cancer, chemical ICD-inducing DOX and

cyclophosphamide have been combined with a DC-based tumor

vaccine to act on breast cancer cells. This resulted in an

enhanced ICD response induced by the chemical ICD-

inducing agent, a boost in the patient’s T-cell response to

stimulation, and enhanced tumor immunogenicity. However,

the effect of this immune response on patient survival is subject

to ongoing observation (237). In addition, antigen-specific T cell

activity in patients was enhanced in phase II clinical trials of

ovarian cancer. This occurred after the DC-based tumor vaccine

was administered to ovarian tumor cells with carboplatin and

gemcitabine, which are chemical ICD inducers. The chemical

ICD inducers in this therapy have been shown to function as

active immune effector cells, and the tumor cell ICD response

occurred together. This clinical trial in ovarian cancer prolonged
FIGURE 4

Mechanism of action of cell membrane vehicle induced immunogenic cell death (ICD) response. Doxorubicin (DOX) and sorafenib (SFN) were
encapsulated in a cell membrane vehicle to form a highly stable spherical particle CV/D-S. After injecting CV/D-S into experimental animals, the
particle flowed along the blood vessels to the location of tumor tissues and accumulated in large quantities at the site of tumorigenesis. The
particle released SFN to regulate the TME. DOX induced ICD in tumor cells after entry.
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survival of patients with ovarian tumors and gave strong

confidence for further clinical trials of ICD (238).

The physical sources of ICD induction methods have also

been used in clinical trials. Irreversible electroporation is a

physical method that induces ICD response in tumor cells. In

clinical trials in advanced pancreatic cancer, the combination of

irreversible electroporation and Vg9Vd2 T cells acting on

pancreatic tumor cells resulted in a decrease in tumor marker

levels, enhanced antitumor immune effect, and a significant

increase in survival of patients with advanced pancreatic

cancer, compared to that before treatment (239).

Oncolytic viruses are typical pathogen-derived ICD inducers

and positive findings have been achieved in clinical trials on

oncolytic viruses. In phase I of a clinical study of recurrent

malignant glioma, oncolytic viruses underwent an oncolytic

response and induced an immune-related antitumor response

after acting on glioma cells. The clinical trial results were

promising, with 20% of the patients surviving more than 3

years after treatment. Furthermore, 60% of the patients who

survived, experienced a 95% reduction in tumor volume,

suggesting that oncolytic virus-induced antitumor immune

responses may offer new hope for treating patients with

recurrent malignant glioma (240). In addition, oncolytic

viruses have been used in phase I clinical trials of multiple

myeloma. After acting on myeloma cells, oncolytic viruses kill

multiple myeloma cells while generating a solid and durable

antitumor immune response in the patient’s body. When tumor-

associated antigens are released into the periphery, cytotoxic T

lymphocytes generate a strong antitumor immune response to

the tumor-associated antigens, creating positive feedback until

the effects caused by oncolytic viral infection are

eliminated (241).

In conclusion, clinical trials related to ICD are progressing

well. We believe that these ICD inducers can be used in clinical

treatment and bring new hope to more patients with tumors.
7 Conclusion

In conclusion, owing to the low immunogenicity of tumor

cells and tumor-killing immune cells, an immunosuppressive

TME is formed during tumor treatment. The application of

ICD inducers improves the immunogenicity of tumor cells and

the TME. During ICD induction, CRT, ATP, HMGB1, and other

DAMPs are released in large quantities, stimulating the activation

of ICD-related signaling pathways, triggering the endoplasmic

reticulum stress response, and promoting the onset of ICD

response in tumor cells. ICD response promotes DC

maturation/activation, increases the infiltration of cytotoxic T

lymphocytes, and produces a more durable antitumor response.

ICD inducers play an important role in chemotherapy and

physical therapy but are limited by toxicity and efficiency. The
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combined application of ICD inducers and nanotechnology-based

ICD inducer delivery systems has emerged as a new technology

that can substantially reduce the dosage and frequency of drugs

used in tumor treatment through combined targeting, and can

precisely achieve drug accumulation at the site of tumorigenesis.

These new technologies have further improved the efficacy of

antitumor treatment and reduced the occurrence of side effects,

significantly improving the patient’s quality of life during the

treatment process.

Whether using conventional methods or new technologies,

ICD-inducing agents act on tumor cells through various

mechanisms to induce the onset of the ICD response.

However, most experiments are still in the primary research

stage and have not been applied in clinical treatment.

Additionally, the number and types of ICD inducers that have

been elucidated and the tumor models used to verify the effects

of these inducers are insufficient to meet the needs of human

tumor treatment.

In the future, researchers need to discover more ICD

inducers and develop new biomarkers and more diverse tumor

models to further screen and validate the clinical effects of ICD

inducers. Furthermore, clinical trials are being actively

conducted to determine the exact mechanism of action,

required dose, duration of treatment, and side effects of ICD

inducers in the treatment of tumors to enable more types of ICD

inducers to be used in clinical treatment in the future. In a word,

ICD induction is a promising research field that requires further

research to unravel the mysteries, and ICD response based on

tumor cells will become the future trend in tumor treatment.
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