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Abstract

The prevalence of non-small-cell lung cancer (NSCLC) is rising every year all around the world. The interaction between
cancer cells and the tumor microenvironment (TME) is a crucial factor in determining the development of human neoplasms.
Organellar and cellular stress are induced during immunogenic cell death (ICD), a particularly functional response pattern.
ICD is a separate but poorly characterized entity caused by various cancer treatments. The induction of ICD has the potential
to change TME and the recruitment of tumor-infiltrating lymphocytes (TILs), and the coupling of ICD-inducers and other
therapeutic approaches can have a synergistic role in boosting anticancer impacts. The purpose of this study is to review the
studies in the field of NSCLC using ICD-inducers as a treatment strategy or as a combination therapy. This review provide

for researches a better view of what has been done so far and the challenges they face in the future.
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Introduction

Many different genetic and epigenetic abnormalities are
linked to the highly varied and complicated group of dis-
eases characterized as cancer. The primary cause of cancer-
related mortality is lung cancer. Small cell lung carcinoma
(SCLC) and non-small-cell lung carcinoma (NSCLC), which
account for 15% and 85% of all instances of lung cancer,
respectively, are the two primary subtypes of lung cancer
distinguished by their histological characteristics. Squamous
cell carcinoma (SCC), adenocarcinoma (ADC), and large-
cell carcinoma (LCC) are the subtypes that fall under the
NSCLC. Among all cases of pulmonary cancer, 25-30%
are SCC, and 5-10% are LCC (undifferentiated carcinoma).
The ADC subtype of pulmonary cancer is by far the most
prevalent, accounting for around 40 percent of all cases of
pulmonary cancer [1].
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A group of cellular characteristics required for malignant
transformation and tumor maintenance makes up the char-
acteristics of cancer. Among them are the ability to resist
apoptosis, persistent proliferative signaling, stimulated neo-
vascularization, activation of invasion and metastasis, and
evade immunological surveillance. All constitute the immu-
nological system to identify and eradicate many damaged
cells. Immunological surveillance is considered a regulator
of normal cell differentiation, cancerous cell multiplication,
and apoptosis processes during the multiphase development
of cancer. Malignant cells evolve several tactics to control
the immunological system and produce an environment that
encourages their multiplication to avoid immunological sur-
veillance. It is possible that the incidence and recurrence
rates of cancer will rise if the functionality of the immune
system is impaired over an extended length of time [84].
To describe a functionally unusual type of apoptosis that,
in immunocompetent hosts, can elicit an immunological
response against dead cell-associated antigens in the absence
of any adjuvant, Kepp et al. coined the term “immunogenic
cell death” (ICD) in 2005 [2, 3]. In fact, syngeneic mice
were sufficiently protected against a subsequent challenge
with malignant cells of the same kind by subcutaneous injec-
tion of cancerous cells susceptible to doxorubicin (an anthra-
cycline recognized by regulatory bodies for the treatment of
numerous malignancies), but not by cancerous cells from a
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different origin [3]. The potential of a particular stimulus to
cause ICD as opposed to a non-immunogenic instance of
apoptosis, as well as the host's capacity to recognize ICD
and then develop a therapeutically relevant immunological
reaction to dying cells, have all been explained by a variety
of research [4-6]. ICD was recently proposed to be defined
by Legrand et al. based on the communication between
dying cells and immunological cells as a successful inter-
action between a dying cell and an immune system that is
correctly disposed of [7]. ICD depends on the coordinated
discharge of several damage-associated molecular patterns
(DAMPs) [8-10]. These DAMPs include the accessibility of
endoplasmic reticulum (ER) chaperones on the cell surface,
the efflux of ATP, and the discharge of the non-histone chro-
matin-binding protein high mobility group box 1 (HMGBI1)
[11-14], as well as immunostimulatory cytokines, like type
I interferon [15]. These DAMPs, once discharged in the
appropriate spatiotemporal pattern [16], engage antigen-pre-
senting cells (APC), such as dendritic cells (DC), to the site
of ICD and stimulate them to engulf killed cell-associated
antigens, process and introduce them to CD4*% and CD8"
T lymphocytes in the context of co signals. This results in
the induction of a powerful, antigen-specific immunological
reaction [17-19] (Fig. 1). In this study, we will review the

)

use of ICD-inducers in the treatment of NSCLC to have a
complete view of what has been done so far.

Non-small cell lung cancer (NSCLC)

Globally, there were an anticipated 18.1 million new cancer
cases in 2018, according to the GLOBOCAN 2018 study
[20]. Pulmonary cancers accounted for 2,093,876 new
cases (11.6%) across all ages and sexes (cumulative risk:
2.75) and were the most prevalent malignancy, followed by
breast, prostate, and colorectal tumors. The most frequent
cause of cancer-related death worldwide, pulmonary cancer
accounted for 18.4% of all cancer-related deaths, followed
by colorectal, stomach, and hepatic cancers [20]. NSCLC
accounts for the vast majority of pulmonary cancer diag-
noses. The three subtypes of NSCLC are referred to above:
ADC, SCC, and LCC. In the airway epithelial cells of the
bronchial tubes in the middle of the lungs, SCC develops
from initial forms of squamous cells. Small airway epithe-
lial type II alveolar cells that release mucus and other com-
pounds give rise to ADCs. Due to the fact that LCC does
not exhibit any signs of squamous or glandular growth, it is
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Fig.1 Schematic illustration of the mechanism of immunogenic cell death (ICD)-inducers in NSCLC. Damage-associated molecular patterns
(DAMPs), Dendritic cells (DCs), Toll-like receptor 4 (TLR4), T cell receptor (TCR), Antigen (Ag), Major histocompatibility complex (MHC)
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frequently identified by default after all other possibilities
have been ruled out [21].

Over the past two decades, thanks to increased knowledge
of cancer biology, the landscape of therapy options for meta-
static NSCLC has improved significantly [22]. In advanced
or metastatic disease, the steady increase in overall survival
and quality of life has been attributed to introducing various
novel and more efficient molecules into therapeutic manage-
ment [23]. Despite this, the five-year survival rates for total
resected stage I cancer vary from 50 to 70%, while stage IIIA
NSCLC survival rates range from 10 to 30% [24]. A moder-
ate survival advantage has been demonstrated by adjuvant
chemotherapy (with an absolute enhancement in the survival
of 4% at five years); however, based on the stage [25, 26],
more than half of patients will still relapse [27]. In a similar
manner, a neoadjuvant strategy only results in a five percent
absolute gain in 5 year survival [28], providing potential for
further development.

Immunogenic cell death (ICD)

A growing body of evidence suggests that dying cells
dynamically control immunological reactions by releasing
or exposing compounds that act as danger signals to activate
the innate immunological system. Despite this, the interplay
between the apoptosis trigger and the downstream molecular
mechanisms, which define the immunogenicity of apoptosis,
is extremely complex. In an immunocompetent environment,
ICD, a type of regulated cell death (RCD), is adequate to
elicit an adaptive immunological reaction [81]. It ends with
apoptosis, followed by the exposure, active secretion, or pas-
sive release of multiple DAMPs [9, 29-31]. Different pattern
recognition receptors (PRRs), including Toll-like receptors
(TLRs) and NOD-like receptors (NLRs), can be used by both
the innate and adaptive immunological systems to identify
DAMPs. These PRRs are responsible for chemoattraction,
homing, stimulation, and/or maturation, which in turn leads
to the cross-presentation of tumor antigens to CD8" CTLs in
the context of powerful immune stimulation [32-34]. In sup-
port of this idea, mounting preclinical and clinical evidence
suggests that a number of DAMPs and DAMP-associated
mechanisms may be useful in predicting the prognosis of
individuals experiencing a range of cancers [35, 86]. In addi-
tion, there is a substantial body of research indicating that
treatment-driven ICD has the potential to trigger antitumor
immunological reactions that augment the curative impacts
of traditional cancer treatments such as chemotherapy and
radiotherapy [36-38].

ICD can be triggered by a relatively small number of
stimuli, including both chemical and physical substances at
this point [39]. ICD can be triggered by various stressors,
such as (1) intracellular pathogens [40, 41]; (2) traditional
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chemotherapeutic, including doxorubicin [42], epirubicin
[42], idarubicin [43], mitoxantrone [42], bleomycin [44],
bortezomib [45, 46], cyclophosphamide [47], oxaliplatin
[48], and patupilone [49, 50]; (3) targeted antitumor com-
pounds, like tyrosine kinase inhibitor, crizotinib, the epi-
dermal growth factor receptor (EGFR)-specific monoclonal
antibody (7A7) [51, 52], cetuximab and poly-ADP-ribose
polymerase (PARP) inhibitors [52, 53]; and (4) several
physical approaches, including hypericin- and redaporfin-
based photodynamic treatment [80], extracorporeal pho-
tochemotherapy [80], different types of ionizing radiation,
high hydrostatic pressure, and severe heat shock [13, 54, 55].
It is possible that these medicines will be especially useful in
the creation of combinatorial chemotherapy strategies that
will effectively stimulate the host immunological system in
combating cancerous cells.

It is valuable to note that several apoptosis inducers, but
not all of them, are competent to induce ICD [56], and struc-
tural or functional factors cannot predict this characteris-
tic [57, 58]. Oxaliplatin is the sole drug that causes ICD
because it causes a pre-mortem ER stress response, despite
the fact that both cisplatin and oxaliplatin cause inter-and
intra-strand DNA adducts [59-61], which have both cyto-
static/cytotoxic effects [62, 63]. Consequently, the standard
gold method for establishing whether a cytotoxic interven-
tion induces ICD is still vaccination trials employing murine
cancer cells and syngeneic, immunocompetent mice [4, 85],
despite the availability of tests for the identification of alter-
native ICD markers [64]. The ER chaperones calreticulin
and heat-shock proteins (HSPs) presented on the cell sur-
face, the non-histone chromatin-binding protein HMGBI1,
the cytoplasmic protein annexin A1 (ANXA1), and the small
metabolite ATP released from dying cells into the extracel-
lular space, as well as type I interferons (IFNs) discharged
upon de novo synthesis are primary ICD hallmarks [65, 66,
83]. Phosphorylation of eukaryotic translation initiation
factor 2 subunit-o (EIF2S1, also recognized as elF2a) and
autophagy stimulation are two further markers of ICD [67,
68].

ICD-inducers in NSCLC

ICD opens up a fresh door of possibility to enhance the effi-
cacy of cancer treatment and bring some measure of relief to
sufferers. ICD comprises the destruction of cells generated
not only by ICD inducers but also dying cancerous cells,
which operate as a tumor vaccine by eliciting a tumor-spe-
cific immunological reaction that attacks surviving cancer
cells and remaining tumor tissue. According to Fucikova
et al., the level of eIF2 phosphorylation and calreticulin
expression on tumor cells had a beneficial impact on the
clinical outcome of NSCLC. A larger density of invading
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mature DC and effector memory T cell subsets and increased
calreticulin expression on tumor cells were both related to
the activation of adaptive immune responses in the TME.
Therefore, individuals who showed intratumoral infiltration
of DC or CD8* T cells and increased calreticulin expression
due to the ICD had better clinical outcomes [69].
According to research by Liu et al. cisplatin, a non-ICD-
inducing medication, combined with high-dose crizotinib,
an ICD-inducing tyrosine kinase inhibitor, successfully sup-
pressed the development of several orthotopic NSCLC mod-
els that are transplantable, carcinogen- or oncogene-induced.
These anticancer effects are associated with an increase in
T lymphocyte recruitment and are reversed by IFN-y neu-
tralization or T cell depletion. The combination of crizo-
tinib and cisplatin increased the expression of programmed
death-ligand 1 (PD-L1) and PD-1 in NSCLC and strongly
sensitized NSCLC to immune checkpoint inhibitors [70].
In Liu et al. study, concurrent administration of cisplatin,
crizotinib, and PD-1 blocking antibodies to mice results in
acute hepatotoxicity, which can be prevented by administer-
ing these drugs in a sequential manner by first administering
cisplatin plus crizotinib, then PD-1 blockade one week later
[71]. Yu et al. study showed that pemetrexed plus cisplatin
therapy prevented the growth of A549 cell-driven tumors in
nude mice and controlled the expression of genes involved in
apoptosis and the cell cycle. Using pemetrexed and cisplatin
in combination, the STING pathway and ICD were further
stimulated. With this form of sequential treatment, TNF-a,
IFN-f, and IL-12 levels, Cytotoxic T lymphocytes (CTL)
infiltration, and PD-L1 expression were elevated [72].
Furukawa et al. study determined the efficacy of seven
chemotherapy drugs (cisplatin, carboplatin, pemetrexed,
gemcitabine, docetaxel, paclitaxel, and vinorelbine) and
the third-generation EGFR-tyrosine kinase inhibitors (TKI)
osimertinib to induce ICD in NSCLC cell lines. In A549,
H1299, EBCI1, PC9, H1650, and L858R NSCLC cell
lines, antimetabolites and microtubule inhibitors increased
the phosphorylation of elF2, which increased calreticulin
expression at the cell surface. In NSCLC cells treated with
various chemotherapeutic drugs, calreticulin expression
was strongly linked with the induction of apoptosis. The
pan-caspase inhibitor Z-VAD-FMK inhibited the drug-
induced up-regulation of calreticulin in NSCLC cells. In
five NSCLC cell lines with EGFR mutations, osimertinib
also boosted calreticulin expression and apoptosis [73].
Moreover, according to Flieswasser et al., in three of the
four NSCLC cell lines, docetaxel and its combinations with
carboplatin or cisplatin induced high levels of calreticulin,
HMGBI, and ATP. These regimens also caused the phago-
cytosis of NSCLC cells and the maturation of DCs. Besides,
all C57BL/6 J mice vaccinated with docetaxel and cispl-
atin-treated NSCLC cells remained a tumor-free following
challenge. Data from both in vitro and in vivo experiments,

however, indicated that oxaliplatin was unable to cause ICD
in NSCLC cells [74].

According to research by Zhou et al. blocking Polo Like
Kinase (PLK)-1 might change the TME by enhancing T cell
recruitment and maturation of DCs. As ICD inducers, PLK1
inhibitors effectively activated DCs by increasing phagocy-
tosis and surface expression of costimulatory molecules in
DCs. Additionally, when PLK1 was targeted, ICD-treated
tumor cells were transformed into an endogenous vaccine
that induced immunological memory responses and shielded
the mice from tumor development [75]. To control the TME
and enhance the ICD-induced immune response against lung
cancer, Wan et al. designed a cell membrane vehicle (CV)
to co-deliver doxorubicin and sorafenib. Sorafenib was able
to modify the TME, suppress Treg, activate T lymphocytes,
and reduce PD-1 expression, and doxorubicin could signifi-
cantly increase ICD [76].

According to research by Wang et al., the iridium (III)
complex (Irl) can trigger ER-localized ICD in NSCLC. In
A549 lung cancer cells, Irl caused the release of DAMPs,
which included calreticulin cell surface exposure, extracel-
lular exclusion of HMGB1, and ATP, along with an increase
in ER stress and ROS. Immunocompetent mice were vac-
cinated with dying cells treated with Ir1 to induce an anti-
tumor CTL response and Treg depletion, which ultimately
led to the activation of ICD in lung cancer cells to provide
antitumor immunity [77]. Lotsberg et al. study showed that
bemcentinib, a selective AXL kinase inhibitor, treatment-
induced ICD in drug-resistant NSCLC in vitro, as well
as the transcription of genes related to autophagy in vivo.
Autophagic flux was reported to be inhibited by bemcentinib
or siRNA-mediated AXL gene silencing [78]. Moreover,
the effectiveness of PT-|,,, a pyrophosphate-platinum ICD-
inducer, in the treatment of NSCLC patients was examined
by Karp et al. NSCLC patients treated with PT-,,, experi-
enced persistent immune responses in this phase 1 clinical
study (NCT02266745) [79].

Conclusion

ICD-inducers have garnered a lot of attention from research-
ers ever since it was discovered that ICD has a special role
that allows it to eradicate cancer cells. Scientists have been
investing more time and money in recent years to find new
ICD-inducers that may prove to be useful instruments and
aid in the indirect long-term anticancer properties. Almost
all in vivo and in vitro showed the effectiveness of this thera-
peutic approach in the treatment of NSCLC. ICD-inducers in
combination with chemotherapy, immunotherapy, and irra-
diation appeared to have far more significant clinical and
therapeutic consequences than ICD induction via chemo-
therapy alone. However, to make a final judgment about the
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effectiveness of ICD-inducers in NSCLC, more clinical tri-
als are needed, as well as predicting the consequences and
side effects of different combinations on the overall health
of patients.
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