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Abstract

Cancer immunology largely depends on the effects of radiation therapy (RT). RT is predominantly focused
on inducing tumor cell death, triggering anti-tumor immune responses, and generating DNA damage.
Although the immune system has the ability to recognize and reject specific tumors, some tumors acquire
characteristics that allow them to evade immune destruction by expressing a highly immunosuppressive
microenvironment and decreasing their immunogenicity. Exposing the tumor site to radiation stimulates
tumor-specific antigens, making them perceptible to the immune system and stimulating the priming
and activation of cytotoxic T cells. In addition, tissue damage caused by radiation applied to the tumor
microenvironment moderates a release of inflammatory cytokines that assists in leukocyte infiltration
to the damage site and promotes an adaptive immune response. Furthermore, RT can reinforce tumor
cell susceptibility to T cells, enhancing their eradication and apoptosis. Cancer cell apoptosis can
manifest in the form of immunogenic cell death (ICD) or non-immunogenic cell death (non-ICD). While
non-immunogenic cell death fails to elicit an immune response, immunogenic cell death specializes in
antitumor immunity by modifying the surface composition of the cell and releasing soluble mediators,
such as danger signals, to prompt elimination of the tumor cells. With advancement in understanding
of immune cell types and pathways involved in the immune response, numerous preclinical studies
have suggested that a combination of radiation and immunotherapy could lead to a propitious strategy
against the challenges of cancer treatment. This paper examines the remedial adjustment of tumor
immune responses and how it synchronizes efficiency and resilience to RT as well as its immunologic
consequences.

Introduction

The immune system both inhibits and promotes cancer development. Immune cells have
the ability to act as suppressors or promoters of tumor initiation, progression, and metastasis.
Specifically, innate and adaptive immune cells within the tumor microenvironment interact
with the distinct tumor through direct contact or chemokine and cytokine signaling to modify
its behavior and response to therapeutic approaches [1]. The immune response to tumors is
extraordinarily similar to the immune response to normal infections and foreign antigens.
First, the innate immune cells that react to the damaged tissues initiate an inflammatory
cascade that stimulates the adaptive immune response. Then, the activated effector T cells
advance towards the tumor to eradicate it from the body. However, certain cancer cells are
capable of establishing a microenvironment that protects them from anti-tumor immune
responses, eventually evolving into metastatic cancer [2]. Under certain selective pressure,
they can also develop a series of immune resistance mechanisms to withstand immune
destruction, a process known as immunoediting [3].

Immunoediting consists of three phases that activate the innate and adaptive immune
mechanisms: elimination, equilibrium, and escape. In this process, the immune system
protects itself against cancer development and shapes the properties of the emanate
tumors [4]. Primarily, it attempts to decimate the cancerous cells in the elimination phase.
If the various attacker cells are ineffective, the immune system then reaches the equilibrium
phase in which the immune cells have control over cancer but are incapable of removing the
cancerous growth completely. Furthermore, the perpetual constraint of the immune system
can promote genetic modifications in cancer cells, leading to additional immune resistance.
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This event eventually stimulates the escape phase in which the
cancer cells progress and undermine the effects of the immune
system [5]. As a result of this tumor cell resistance technique,
advancements in radiation therapy have become more extensively
adapted to combat the further proliferation of cancer cells.

Radiation therapy plays an important role in treating both
localized and metastatic diseases [6]. Excited charged particles
within atoms induce a series of actions leading to an ultimate
biological outcome [7]. It has a wide range of cytotoxic anti-tumor
effects that instigate substantial changes in apoptosis, cancer
cell proliferation, morphology, and ultimately resulting in tumor
shrinkage. Specifically, it induces irreversible breakage in the
strands of DNA, prompting mitotic failure and eventually provoking
cellular senescence and apoptosis [8]. Cells respond to DNA damage
by a mechanism known as the DNA damage response (DDR), in
which it activates checkpoint signaling and DNA repair pathways to
stimulate cell survival [9].

Therole ofradiation asanimmune catalysthas beenincreasingly
acknowledged, and fields of investigation centering on integrating
radiotherapy in immune-based therapies are constantly evolving.
These therapeutic methods have produced promising outcomes and
have significantly furthered advancements in the understanding
of the interplay between effectors, tumor microenvironment,
and antigen-presenting cells [10]. Radiation therapy represents
one of the most substantial therapeutic approaches in combating

cancer. High precision techniques are currently available and are
constantly being researched to deliver a safer and more effective
treatment while sparing vicinal normal tissue [8].

Immune cell response to cancer development

Regulated by cytotoxicinnateimmune cellsand adaptiveimmune
cells, tumor growth originates from neoplastic tissue. During the
neoplastic process, effector T cells, NK cells and macrophages from
immunosurveillance components of the innate immune system help
induce cancer cell apoptosis [11]. The expression of tumor antigens
leads to mediation of recognition by host CD4+ and CD8+ T cells
and activation of tumor-specific T cells, effectively producing the
antitumor immune response [12]. Nonetheless, the development of
cancer cells continues to evade immunological responses depending
on the tumor microenvironment [13]. Because highly immunogenic
tumor cells are eradicated in earlier stages of cancer development,
immunogenic tumor cells causing an inferior immune response
are selected for proliferation. As a result, the proliferated inferior
immunogenic tumor cells become essentially imperceptible to the
immune system [14]. Generally, antitumor immune responses are
circumvented by two major groups of metastases identified through
gene expression profiling: the prevention of cancer development
detectability through dominant inhibition by immunosuppressive
pathways or immune system exclusion [15]. The former involves a
T cell-inflamed phenotype, including broad chemokine expression,
T cell markers, and a type I interferon (IFNs) signature, while the
latter has a non-T cell-inflamed phenotype [16].
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Figure 1: Immune cells play both pro-tumorigenic and anti-tumorigenic roles in the immune system. Cells can
either promote cancer growth, development, and metastasis or release cytotoxic proteins and produce immune
boosting effects on the tumor microenvironment.
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Tumors with the T cell-inflamed phenotype, in part caused
by their CD8 a+ dendritic cell lineage, exhibit active chemokine
expression which promotes the release of cytotoxic cytokines
through CD8+ effector T cells. However, the effector T cells are
inhibited by the immunosuppressive mechanisms programmed
death-ligand 1 (PD-L1), indoleamine-2,3-dioxygenase (IDO),
and FoxP3+ regulatory T cells (Treg) [15].
anti-tumorigenic properties including the ability to maintain
homeostasis and reduce chronic inflammation but also have pro-
tumorigenic properties, suppressing anticancer immune responses
and stimulating inflammatory cytokine production as shown in
Figure 1 [17]. These immunosuppressive mechanisms have shown
to be induced by interferon-y, and the production of CD8+ effector
T cells is induced by CCR4-binding chemokines [18]. In addition,
tumors with the T cell-inflamed phenotype have a tendency to also
bear traditional T cells with a dysfunctional anergic phenotype, in
which the lymphocyte is rendered in an inactive, unresponsive state
for a period of time [19].

Treg cells have

Within non-T cell-inflamed phenotypes, weak chemokine
expression and limited T-cell infiltration contribute to tumor
development, despite the lack of dominant immune inhibitory
pathways [16]. Although the non-inflamed phenotype is lacking
in immunosuppressive mechanisms compared to the inflamed
phenotype, the presence of blood vessels, fibroblasts, and
macrophages along with dense stroma continue to aid cancer
cell growth [20]. In a similar fashion to CD8+ effector T cells,
macrophage immune cells have both anti-tumorigenic and pro-
tumorigenic effects, assisting the release of cytotoxic cytokines and
antigen presentation to T cells while also promoting angiogenesis,
the rapid proliferation of tumor cells, chemotaxis, and metastasis
(Figure 1) [16,21].

Cancer immunoediting

Through the activation of the innate and adaptive immune
system, cancer immunoediting and the phases of elimination,
equilibrium, and escape provide the foundations of novel cancer
immunotherapy and radiotherapy. The basis for immunoediting
relies on the presentation of antigens to T cells, as itis the propulsive
force behind tumor cell apoptosis [22].

During the elimination phase, after traditional tumor
suppressing mechanisms such as p53 and ATM (ataxia-
telangiectasia mutation) have failed, tumor cells release tumor
antigens such as cell-surface calreticulin as MHC [ molecules and
NKG2D ligands for CD8+ T and NK cell recognition [23]. Effector
cells stimulate the release of IFN-y, preventing further cancer cell
proliferation and angiogenesis. Apoptosis is induced as effector
T cell proliferation, IFN-a/3/y release, and granzyme expression
increases [24]. The balance between anti-tumor immunity and

tumor immunity shifts towards anti-tumor immunity.

When unable to eliminate all cancerous cells, the tumor
microenvironment enters the equilibrium stage in which tumor
growth is controlled by the immune system and placed in an
inactive state [25]. The adaptive immune system causes changes

to tumor epigenicity, as cells attempt to avoid detection by the
immunosurveillance mechanisms by inducing antigen loss or
errors in antigen presentation and secreting immunosuppressants
such as the programmed death-ligand (PDL1) [26]. PDL1 prevents
immune cells from attacking harmless host cells. In tumors, an
excess of PDL1 decreases immunogenicity, escaping immunological
responses [27]. The balance is shifted from anti-tumor immunity
towards tumor immunity due to pressure from the adaptive
immune system; as a result this phase is referred to as equilibrium
in which the balance between tumor promoting interleukins (IL-
10, IL-23) and anti-tumor promoting interleukins (IL-12, IFN-y) is
virtually equal [26].

Tumor cells exponentially proliferate during the escape phase,
as the adaptive immune system is no longer able to constrain tumor
development. As a result of differentiated tumor immunogenicity
and loss of antigens, tumor cells escape identification by the
immune system [28]. Molecules assisting apoptosis and metastasis
are secreted, including anti-apoptotic bcl-2, a pathway that can
either induce or inhibit cell apoptosis through pore formation in
the mitochondrial membrane and signal transduction release of
cytochrome c, indoleamine-2,3-dioxygenase (IDO), tryptophan-2,3-
dioxygenase (TDO), and PD-L1 [29,30]. The secretion of cytokines
VEGE, TGF-, and IL-6 further drives the tumor microenvironment
to shift out of equilibrium towards rapid tumor cell proliferation
[26].

Effects of radiotherapy on the development of the
immune tumor microenvironment

The tumor constructs the tumor microenvironment (TME),
which is subjugated by tumor-induced interactions. It encompasses
the tumor stroma, blood vessels, rapidly dividing tumor cells,
inflammatory infiltrates, and an array of tissue cells associated with
the tumor. The tumor itself is capable of escaping from the host
immune system and modifying the functions of infiltrating cells to
create an advantageous microenvironment for tumor progression
[31]. Many immunosuppressive mechanisms facilitate immune
escape and contribute to the growth and proliferation of the tumor,
including downregulation of the major histocompatibility complex
(MHC), the presence of inhibitory immune cells, and enhancement
of tumor vasculature barrier [32]. In general, the immune system
is still able to recognize specific tumors and generate an immune
response accordingly.

The involvement of therapeutic approaches, such as RT, can aid
in a more effective response in cancer control (Figure 2). Under
certain constraints, the addition of RT can reprogram the anti-
immunogenic tumor microenvironment to make it more favorable
for antigen-presenting cells (APCs) and T cells to engage and
function, ultimately promoting the immune system to eradicate the
tumors with increased efficiency [32]. Furthermore, the influence
of RT has numerous binary effects on the host immune system
contributing to pro-tumorigenic and anti-tumor outcomes. RT
alters the TME by cytokines and chemokines secretion, effectively
increasing infiltration by leukocytes and amplifying the sensitivity
of tumor cells to immune-mediated tumor rejection [33].
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Figure 2: Tumor microenvironment with the addition
of radiation. RT promotes immunogenic cell death
of tumor cells, induces cytokines and chemokines,

increases the infiltration of leukocytes, and promotes

cross-presentation of tumor antigens. This contributes
to the eradication of the tumor and strengthens the
immune response.

Radiation-induced cytokine and chemokine secretion

The radiation-induced outburst of cytokines and chemokines
causesinflammationinthe tumor microenvironment predominantly
to expel foreign antigens from disrupting tissue homeostasis. These
molecules are messengers that allow the cells within the immune
system to communicate with each other to initiate a synchronized,
vigorous response to suppress microbial pathogens [34]. In some
cases, they may also induce cell transformation and malignancy
depending on the tumor microenvironment and balance of
pro- and anti-inflammatory cytokines [35]. Radiation-induced
interferons (IFNs) are the central effector molecules of the anti-
tumor immune response. In the tumor system, the functions of
type I IFNs are vaguely distinguished; however, evidence proposes
that they may contribute to controlling tumor growth. Particularly,
a study employing an IFN-a/f neutralizing anti-serum revealed
that the cytokine may limit the development of transplantable
tumors. The deprivation of type I IFN signaling stemmed a more
expeditious tumor growth and heightened mortality in multiple
tumor prototypes [36]. These effector molecules are critical for the
activation and function of Dendritic cells (DCs) and T cells that are
responsible for the distribution of IFN-y and tumor management
[32]. IFN-y is a type I1 IFN that upregulates the expression of VCAM-
1 and MHC-I to emphasize tumor antigen presentations. Hence,
radiation-induced interferons are a type of cytokine that plays
a substantial role in creating a tumor microenvironment that is
propitious for T cell infiltration and tumor cell target recognition
[37].

In contrast, the transforming growth factor-beta (TGFf),
also activated by RT, is the major immunosuppressive factor that
hinders the immune response [38]. This pleiotropic cytokine
is responsible for numerous cell functions including apoptosis,
differentiation, proliferation, epithelial-mesenchymal transition
(EMT) and migration [39]. Although it may normally enforce tissue
homeostasis and prevent developing tumors from progressing
towards malignancy, cancer cells are capable of availing TGF(
to their benefit to commence immune evasion, growth factor
production, and expand metastatic colonies if they lose TGFf(
tumor-suppressive responses. Essentially, TGF( is the key enforcer
in immune tolerance; tumors that produce elevated levels of this
cytokine are protected against immune surveillance, a process in
which the immune system identifies cancerous cells and eradicates
them before they inflict any harm [40]. TGFB can suppress the
immune response in the tumor microenvironment by inhibiting the
proliferation of T-cells and reducing the antigen-presenting ability
of DCs [41]. Generally, these pro-tumoral and antitumoral roles of
these various cytokines, induced by RT, primarily depend on the
balance of the different inflammatory mediators and stage of tumor
development [35].

Radiation-induced leukocyte infiltration

The inflammatory cytokines and chemokines induced by
radiation not only intensify tumor infiltration by leukocytes and
natural killer cells that augment anti-tumor immune responses,
but also immunosuppressive cells such as regulatory T cells (Treg
cells) and tumor-associated macrophages (TAMs) [32]. The net
balance between pro-tumorigenic signals and anti-tumorigenic
signals along with the function of radiation-induced chemokines
determine the infiltrating leukocyte cells’ composition and the final
effectiveness of tumor control. For example, RT-induced chemokine
(C-X-C motif) Ligand 9 (CXCL9), -10 and -16 productions stimulate
antitumor T cells and amplify tumor control; in contrast, secretion of
CXCL12 and colony-stimulating factor-1 (CSF-1) can prompt tumor-
promoting CD11b+ myeloid cells [8] to trigger tumor angiogenesis
and accelerate tumor metastasis. These inflammatory cells are part
oftheimmuneresponse whose aimis to invade tumors, slowing their
progression. Furthermore, tumor-infiltrating leukocytes (TILs) are
the primary component of immune infiltrates in tumors. However,
the antigens released in the tumor microenvironment affect them
substantially; they cause diminished lymphocyte proliferation and
T cell receptors signaling as well as a reduced ability to mediate
the cytotoxicity of tumor targets. This immunosuppressive
mechanism on these lymphocytes helps the tumor escape immune
destruction [39]. The influence of RT is capable of inducing DCs’
maturation and facilitating their movement from the tumor site to
the draining lymph nodes [42]. They are critical in tumor antigen
presentation and in the development and maintenance of T cells
and their successive tumor infiltration [43]. In addition, radiation
can amplify NK cell-mediated cytotoxicity to extirpate tumor cells
by increasing the expression of tumor ligands for NK cell-activating
receptors [32].

A significant immunosuppressive mechanism stimulated by
the radiation-induced release of inflammatory cytokines is Tregs.
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Tregs are a type of potent T cells that are able to proliferate in the
tumor microenvironment and generate excessive interleukins 10
(IL-10) and TGFp [44]. Interleukins contribute to tumor escape
from immune surveillance by stimulating cell growth and inhibiting
cell apoptosis. The behaviors of the IL-10 and TGFf cytokines are
complementary and prone to induce a positive feedback loop
where one amplifies the expression of the other [45]. Furthermore,
elevated levels of Tregs can also obstruct the functions of cytotoxic
T lymphocytes (CTLs), an anti-tumor effector cell, by impeding their
ability to signal for the destruction of tumor cells. Macrophages,
an essential leukocyte to immunal responses, have a dual effect
while infiltrating the tumor microenvironment. They can either
organize into tumor resisting M1 or tumor- promoting M2
macrophages. Studies have indicated that TAMs are similar to M2-
type macrophages, correlating with tumor invasion and metastasis.
TAMs also secrete anti-inflammatory cytokines such as IL-10 and
TGFp to impede the functions of effector T cells and regulate tumor
progression [46].

Radiation-induced tumor cell susceptibility

RT promotes T-cell and NK-cell-mediated lysis of tumor cells
by MHC-I and NK cell ligand regulation. Internal peptides are
presented using MHC class Il molecules to cytotoxic T lymphocytes
(CTLs). Many studies have observed the association between
the upregulation of MHC-I molecules as a result of radiotherapy
induction and the intensified lysis of irradiated tumor cells by
tumor antigen-specific T cells [8]. Increasing the expression of
MHC-I causes an increase in the presentation of tumor antigens
and renders tumor cells to be more susceptible to T cell attack
[47]. More specifically, the exposure to RT increases peptides for
antigen presentation exhibited by MHC-I molecules. Subsequently,
tumor-associated derived antigens (TAAs) are able to be seized by
DCs; The DCs use Toll-like receptors (TLRs) recognition to become
active and recognize danger signals emitted by dying tumor cells.
They eventually migrate to the secondary lymphoid organs to
present the TAAs to the CD4+ T cells, assisting in the eradication
of tumor cells [48]. CD4+ T cells can directly eradicate distinct
tumor cells expressing MHC-II molecules or indirectly eliminate the
ones lacking MHC-II expression. Additionally, CD4+ T cells are also
capable of improving the efficiency of CD8+ T cells in identifying
tumor peptides by MHC-I [49].

Another essential mechanism induced by RT is the expression
of Fas and intercellular adhesion molecule 1 (ICAM)-1 on tumor
cells. Enhanced Fas expression leads to a more efficient CTL killing
and improved antitumor activities. This generally influences the
tumor cells to be more receptive to T cell-mediated lysis [50]. ICAM-
1 is located on the surface of T cells and is predicted to engage in
signal transductions which contributes to controlling activation,
proliferation, cytotoxicity and cytokine production of cells. Overall,
studies have shown that regulating the MHC-I molecules and the
expression of Fas and ICAM-1 through radiation can significantly
improve therapeutic efficiency in inhibiting tumor growth [51].

Radiation-mediated immunogenic cell death

Immunogenic cell death (ICD) is a specific type of apoptosis
that releases soluble mediators such as immunogenic damage-
associated molecular patterns (DAMPS) and involves cell surface
composition alterations [52]. DAMPS function as danger signals
and have the ability to enhance the immunogenicity of dying cells
[53]. After exposure to radiation, major DAMPs such as adenosine
triphosphate (ATP), non-histone chromatin-binding protein high
mobility group box 1 (HMGB1) and calreticulin (CRT) mediate
effective ICD. This distinct mode of cell death transmits danger
signals to prompt tumor antigen presentation and subsequent
T cell priming, crucial to eliciting tumor rejection and impeding
distant dispersal [8]. Each danger signal binds to a specific receptor
on the surface of dendritic cells and induces phagocytosis of dying
cells as well as antigen processing and presentation. This event
eventually leads to an antitumor response via the recruitment and
activation of various T cells, shown in figure 3 [54].
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ICD results in the translocation of CRT to the cell surface; CRT
acts as a DC “eat-me” signal and instigates phagocytosis and the
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subsequent tumor antigen presentation to T cells. The CRT protein
makes up a large portion of the molecules in the endoplasmic
reticulum (ER) and shiftstowards the surface onlywhen the ER stress
response is involved. Specifically, this stress entails the eukaryotic
translation initiation factor 2a (elF2a) to undergo phosphorylation
[55]. Next, the extracellular release of HMGB1 mediates responses
to inflammation and injury by acting as a cytokine when dispersed
from dying cells. HMGB1 is a protein expressed in almost all cells
with an intact nucleus; HMGB1 has an important role in regulating
DNA associated events consisting of DNA repair and genome
stability [56,57]. Furthermore, HMGB1 expression outside of the
nucleus is involved with cell proliferation, inflammation, immunity,
and autophagy [57]. HMGB1 specifically interacts with toll-like
receptors-4 (TLR4) on dendritic cells, triggering them to present
tumor-associated antigens [58]. Lastly, the release of ATP acts as
a “danger” signal that triggers DCs and other antigen-presenting
cells (APCs) to the tumor site and promotes pro-inflammatory
cytokines such as IL-1f and IL-18 to be secreted [42]. It acts on the
P2XR7 purinergic receptors of immune cells to allow the secretion
of cytokines [54]. Antigen presenting cells that respond to ICD can
then instigate other immune cells that are capable of attacking the
remaining tumor cells [59].

In addition to the immunostimulant effects of DAMPs, they also
elicit an immunosuppressive effect. In contrast, to the CRT’s “eat
me” signal, the CD47 protein encodes the DC “do-not-eat-me” signal
expressed in solid tumor cells; its blockage is associated with tumor
rejection mediated by the immune system. However, exposure
to radiation therapy can effectively reduce the amount of CD47
expression in the tumor cells [56]. ATP, a critical effector in ICD,
also displays a dual effect, both acting as a chemotaxis initiator and
activator of the inflammatory pathway, dependent on extracellular
ATP concentration. Excess extracellular ATP can be converted
into adenosine to react with certain receptors, often resulting
in immunosuppressive effects to enhance tumor progression. In
addition, the instigation of A2A receptors promotes metastasis
by decreasing the maturation and cytotoxic functions of NK cells.
Studies have also shown Al and A3 receptors may also enhance
tumor proliferation [60]. HMGB1 interacting with various receptors
can exert immunosuppressive cell regulating effects. One example,
the receptor for advanced glycation end-products (RAGE), has been
displayed in multiple studies as a critical cell surface receptor for
HMGB1. Experimental data shows that upon interaction, HMGB1
and RAGE can activate various signaling pathways such as NF-kB,
MAPKs, or SrcK to induce tumor cell invasion and metastasis [61]. In
pancreatic tumor cells, targeted prostate RAGE prompts increased
apoptosis, decreased tumor cell survival and reduced autophagy.
Predominantly, these specific DAMPs exhibit a dual and paradoxical
role in preventing and developing cancer. Understanding the
distinct mechanisms that trigger the tumorigenic effects is critical
for the development of future treatments [62].

cGAS-STING pathway activation by radiation

Viral mimicry occurs when cytosolic DNA accrues in tumor
cells exposed to ionizing radiation and acts as the catalyst for T
cell activation by radiation [63]. Once in a viral mimicry state,

the anti-tumoral effect is produced, in which the cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) pathway is
activated [64]. Consequently, this leads to induction of type III IFNs
and interferon-stimulated genes (ISGs), a reduction in tumor cell
proliferation, and targeting of cancer-initiating cells (CICs) [65].
The cGAS-STING pathway is an essential defense instrument used
in DNA-sensing mechanisms in order to boost the innate immune
system and combat viral diseases.

Studies have shown the cGAS-STING pathway to have
immunosurveillance purposes, able to function as both a tumor
suppressant by increasing antitumor immunity [66]. cGAS and
STING pathways, however, may also act as immunosuppressants,
decreasing weakening immune defenses in the TME and promoting
cancer metastasis [67]. cGAS identifies pathogenic foreign DNA as
well as leaked host DNA as a result of cellular and genome damage
while STING triggers the release of inflammatory cytokines [68].
In addition to DAMPS, the innate immune system also activates
immune cells in response to pathogen-associated molecular
patterns (PAMPS). DAMPS and PAMPS are both forms of danger
signals able to bind to and be recognized by pattern-recognition
receptors (PRRs), allowing the initiation of the immune response
[69]. PRRs can be divided into categories of membrane-bound
receptors or cytosolic receptors, consisting of toll-like receptors
(TLRs), C-type lectin receptors (CLRs), and nucleotide-binding
oligomerization domain-like receptors (NLRs), respectively [70].
cGAS is a cytosolic PRR activated through DNA binding, thus
initiating a signal transduction cascade exhibited by the formation
of a cGAS2-DNA2 complex and conformational change in cGAS [71].
At the binding site, 2'3'-cyclic GMP-AMP (cGAMP) is formed through
ATP and GTP conversion.. cGAMP binds to STING in the endoplasmic
reticulum. STING subsequently mediates the phosphorylation of
interferon Regulatory Factor 3 (IRF3) by TANK-binding kinase 1
(TBK1), both proteins central to the innate immune response. This
phosphorylation triggers the binding of type I IFNs to type I IFN
receptors, activating the transcription and expression of ISGs [72].
Furthermore, STING signals regulatory protein IKKf for expression
of nuclear factor-kB (NF-kB) for purposes of proinflammatory
cytokine production [73]. Lastly, STING is degraded by cellular
lysosomes and autophagic molecules while cGAMP accumulates in
tumor cells through replication [72]. As a result, defensive immune
mechanisms are activated against cancerous growth, priming CD8+
T cells with anti-tumorigenic properties. The abscopal effect occurs
in response and creates tumor suppression both within and distant
to the irradiated area [72,74].

Inflammasome recognition of DNA damage

Inflammasomes are a class of multi-protein intracellular
oligomers belonging to the innate immune system whose function
is to initiate inflammatory reactions [75]. Common inflammasomes
include nucleotide-binding and oligomerization domain-like
receptors (NLRs), the adaptor protein (ASC), and pro-caspase-1
[76]. In response to high-dose radiation, innate immune signal
pathways are stimulated by radiation DNA damage [77]. lonizing
radiation causes initiation of endoplasmic reticulum stress
pathways, activating epidermal growth factor receptor (EGFR) and
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tumor necrosis factor receptor 2 (TNFR2) in the plasma membrane.
The damaged DNA is then recognized by Absent in Melanoma 2
(AIM2) and NOD-like receptor protein 3 (NLRP3) inflammasomes
and consequently, induction of pyroptosis and apoptosis occurs
[78]. While apoptosis is simply the process of programmed cell
death, pyroptosis is a form of highly inflammatory cell death,
specifically dependent on the enzyme caspase-1 [79].

AIM2 acts as a cytoplasmic dsDNA sensor, able to recognize viral
dsDNA, deviant host DNA, and bacterial DNA [80]. When activated
through binding to cytosolic double-stranded DNA in macrophages
at the AIM2 C-terminal HIN-200 domain, the PYDdomain interacts
with ASC [81]. In this way, the AIM2 inflammasome is assembled:
ASC signals pro-caspase-1 to bind to the multi-protein complex
already consisting of CARD9, Maltl, Bcl-10, and caspase-8,
successfully releasing proinflammatory cytokines and prompting
proinflammatory pyroptosis using caspase-1 [82,83]. Caspase-1
triggers the secretion of interleukins during this process in which
gasdermin 9 (GSDMD) is cleaved. The formation of GSDMD-p30
pores occurs on macrophages as a result allowing the release
of interleukins-1f (IL-1B) and IL-18 [83,84]. The assembly of
inflammasomes AIM2 and AIM2 is often present in individuals
with early-stage acute pancreatitis, prostatic diseases, and prostate
cancer [83].

NLRP1, NLRP2, NLRP3, NLRP4, NLRP6, NLRP12, NLRP14 and
NLRC4 are all inflammasome subsets of the NLR protein active in
the innate immune system. All such inflammasomes have the ability
of self-oligomerization due to their NOD domains [83]. NLR classes
of inflammasomes also include C-terminal leucine-rich repeats
(LRRs) used for ligand-recognition for receptors such as TLR and
other ligands [85]. NLRP3 inflammasome is activated through two
waves of signalling: TLR/nuclear factor (NF)-kB pathway signalling
and subsequently PAMP and DAMP signalling [86]. The TLR /nuclear
factor (NF)-xB pathway causes upregulation of NLRP3 and IL-18,
(precursor IL-1f3), and IL-18 (precursor 1L-18), as well as primes
the inflammasome for assembly. In other cases, reactive oxygen
species (ROS) uses TLR4/MyD88 signal pathways to prime NLRP3
inflammasomes [83]. Similar to AIM2, ASC and pro-caspase-1
join together to form a multi-protein complex in the second wave
of PAMP/DAMP signalling. Pro-IL-1f3 and pro-IL-18 are cleaved,
transitioning to their completed final forms IL-1f and IL-18, and
inflammasome assembly is finalized [87]. NLRP3 inflammasomes
are most commonly expressed in cancer of the cranial regions,
colorectal cancer, and oral squamous carcinoma, having the ability
to promote inflammatory tumor growth and tumor metastases
[83].

The Abscopal Effect and Bystander Effect

The abscopal effect is produced when localized radiation
induces systemic antitumor effects distant from the focal site [88].
Conversely, the bystander effect refers to the apoptosis of non-
irradiated cells at the focal site. These effects contribute to reducing
tumor growth outside the radiation field by helping prevent further
metastases and are relatively mediated by the immune system
[89]. The true mechanism by which the abscopal and bystander

effect manifests requires further study, as it is currently unknown.
However, it is widely accepted to be involved with the immune
response system as well as intercellular signaling and intracellular
communication through gap junctions [90]. The proposed
mechanism begins with tumor exposure to ionizing radiation,
causing the release of tumor antigens by the irradiated tumor
cells. Once tumor antigens interact with the antigen-presenting
cells (APCs), CD8+ T cells are prompted to propagate out of the
lymph nodes towards the primary tumors, directly lysing cancer
cells and releasing cytotoxic cytokines. CD8+ T cells then circulate
throughout the body traveling within lymph nodes and proceed to
eradicate non-irradiated tumor metastases as shown in Figure 3
[12].

Many clinical experiments have shown that the abscopal effects
in RT alone are very infrequent because of the counterbalance of
the pro-immunogenic signals induced with the immunosuppressive
effects [88]. Radiotherapy is restricted by normal tissue toxicity
and is predominantly used for treating localized tumors [91].
This has influenced scientists to stem research in combining
radiation therapy with immunotherapy techniques to improve the
effectiveness of treatments [92]. One of the earliest identifications
of the bystander effect was observed in Chinese hamster ovary
cells exposed to 0.31mGy 238PI a-particle radiation. 30% of ovary
cells exhibited induction of sister chromatid exchanges. However,
only 1% of ovary cells were traversed by an alpha particle,
indicating that low dosage radiation may have the ability to induce
genetic modifications in tumor cells not exposed to radiation
[93]. Similarly, other studies have shown analogous results: in
human T98G glioblastoma cells were irradiated using a single
cell microbeam with an exact measure of helium ions. 1% of cell
nuclei were targeted, yet 40% of the cells exhibited increased
levels of nitric oxide (NO). The addition of 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO), a nitric
oxide scavenger, caused cellular damage to reduce to normal levels,
suggesting NO is involved with the bystander effect [94]. Even more
studies have demonstrated cell-derived soluble factors such as
cytokines IL-1a, IL-6, IL-8, TGF-B1, TNF-q, transcription factor NF-
kB, and DNA damage repair ATM protein, to influence the bystander
effect [78,95].

A crucial basis for the presence of the abscopal effect was
identified in a 2015 clinical trial in which patients had metastatic
solid tumors. Subjects were treated with 35Gy/10fx radiotherapy
applied to one metastatic site and injected subcutaneously with
granulocyte-macrophage colony-stimulating factors (125pg/
m”2) daily for two weeks. 11 subjects out of the 41 in the study
experienced abscopal effects [96]. Abscopal effects were also found
in cancers ranging in areas such as the chest, breast, pancreas,
head, neck, colon, and lung, suggesting such effects are significant
in regard to establishing future in-situ cancer immunity [96,97].
Further experimentation has shown inflammatory regulators such
as cytokines and DAMPS activate dendritic cells, macrophages, and
cytotoxic .0T lymphocytes, contributing to development of the anti-
tumorigenic immune response [78].

Nov Appro in Can Study

Copyright © Yi Lu



NACS.000595. 4(4).2020

393

Combining radiation with immunotherapy

Combinations of radiation and immunotherapy can enhance the
possibility of systemic anti-tumorimmunity. RT acts as a supplement
to fortify the immune response resulting in neutralization of the
immunosuppressive effects of the tumor microenvironment.
Immunotherapy aims to inhibit the immune escape of cancer
and negate immune rejection in a complementary manner [98].
Different preclinical studies combining immunotherapy and
radiotherapy continuously exhibit substantial improvement in the
abscopal response rate compared to independent usage of either
one of the therapeutic approaches. Furthermore, the variety of
immunotherapeutic agents have the ability to target different
aspects of the immune-mediated response. For example, an anti-
CD40 antibody can be implemented to amplify the activation of
APCs, and immune checkpoint inhibitors can increase T cell activity
[78].

Currently, checkpoint inhibitors (CPI) are the one of the most
commonly used methods of immunotherapy and have presented
notable results in preclinical studies. Inhibitors targeting cytotoxic
T-lymphocyte antigen 4 (CTLA-4), programmed cell death protein
1 (PD-1), or programmed cell death 1 ligand 1 (PD-L1) have had
considerable positive benefits in regards to patient care as well
as an extensive range of late-stage malignant tumors. The effects
of combining radiotherapy and CPI involve an elaborate interplay
with the adaptive and innate immune systems [99]. Research on
RT has demonstrated that in RT-resistant tumors that overexpress
checkpoint molecules as feedback to RT, therapeutic responses are
amplified by CPI [100]. Specifically, after continual exposure to
antigens, T cell checkpoints (CTLA-4, PD-1), cell surface molecules,
inhibit T cell activation. Impeding these checkpoints enhances the
anti-tumor T cell activity, creating an immunostimulant response
[101]. Similarly, in a different research study in an MC38 cell
line model of colon cancer, RT exposure with PD-L1 blockage
substantially reduced tumor growth. Further improvements in
survival were exhibited when a dual checkpoint blockade of both
anti-PD-L1 and anti-CTLA-4 was implemented along with RT [100].

However, with the vast number of cancers, some patients do not
respond to immune checkpointinhibition using blocking antibodies
to CTLA-4 and PD-1/PD-L1. Thus, different immunotherapeutic
strategies are being examined. Understanding the mechanisms
involved in innate and adaptive immunity is a key principle in
successful cancer immunotherapy [102]. CD40 is a component of
the tumor necrosis factor (TNF) receptors expressed on various
APCs and tumor cells. Clinical trials associated with antibodies
against CD40 have been revealed to suppress tumor growth. For
example, in DCs, anti-CD40 amplifies cell-surface expression
of MHC molecules and instigates proinflammatory cytokines,
resulting in enhanced lymphocyte activation. In addition, on tumor-
associated macrophages, anti-CD40 treatment prompts phenotype
change from M2 to M1 type, influencing the induction of cytotoxic
T-cell and NK-cell responses against tumors [103]. Overall, the
development of new immunotherapies and further enhance the
immune response, especially with the abscopal effect (Figure 4).
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Figure 4: The proposed mechanism of the abscopal
effect. Local radiation causes tumor cell death
generating an adaptive immune response, generating
anti-tumor effects to the directly treated tumor cells as
well as secondary tumors distant from the treatment
site.

Immune response variation as a consequence of
radiation dose delivery

The inflammatory immune response is dependent on many
factors of RT and ionizing radiation, including radiation type, dose,
energy, fractionation, field size, RT delivery, and time of delivery [74].
For example, types of radiation may be categorized as o-particle,
[-particle, y-particle, x-ray, proton, neutron, or heavy ion. RT dose
rates, a/f3 ratio, and mode of delivery (e.g. brachytherapy, external
beam, and radioembolization) all vary in how they modulate the
tumor microenvironment and immune system [78].

The standard dose fractionation of delivered radiation is
commonly 2Gy [74,104]. In in vivo studies, the usage of larger doses
have resulted in improved pro-immunogenic tumor effects, so
theoretically similar results should manifest in in vitro studies, yet
in vitro studies suggest the relationship between RT and the tumor
microenvironment is more intricate than previously expected [74].
Larger dosages such as 30Gy compared to the conventional 2Gy
dosage and hypofractionated dosages ranging from 6Gy to 8Gy have
exhibited effects no more significant than their counterparts [105].

Ina 2018 study, mice were exposed to thoracicionizing radiation
using X-ray delivery at either 15Gy with a dose rate of 1.8Gy/min
or 20Gy Flash RT with a dose rate of greater than 2400Gy/min.
Both treatments resulted in similar anti-tumor immune responses.
However, Flash RT produced less fibrotic lesions [106]. Other
preclinical studies suggest higher single dosage RT promotes anti-
tumorigenic immune cells by increasing the amount of CD8+ T cells
through the cross-priming of antigen-specific dendritic cells [107].
One study applied 10 Gy Flash RT at a dose rate of greater than
1600 Gy/min compared to traditional RT hypofractionated dosage
at 6Gy/min to the murine cranial region. Subsequently, it was
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discovered that conventional RT resulted in worsened neurogenesis
capabilities, memory, and hippocampal function compared to Flash
RT [108]. o/ ratio radiosensitivity produces noticeable differences
in cell line immune response, as a larger o/f ratio has led to
considerable preclinical results [109,110]. Ultimately, the variance
of dosage rates, fractionation, and RT delivery method requires
extensive examination in regard to biological effectiveness in order
for application to future clinical settings.

Conclusion

There is significant evidence supporting the benefits of
incorporating radiation as a therapeutic approach to combat
the progression of cancer. RT is known for its ability to eradicate
and reprogram tumor cells, causing a number of immunogenic
consequences during immune system exposure. The immune
system has a substantial role in averting and promoting the
development of cancer. More specifically, the innate and adaptive
immune cells within the tumor microenvironment can directly
interact with the tumors by secretion of chemokines and
cytokines in response to tumor development. Radiation can alter
the surroundings to produce a more favorable medium for APCs
and T cells to engage and function, consequently promoting the
immune system to eradicate tumors more efficiently within the
tumor microenvironment. As a result, the release of cytokines and
chemokines creates an environment propitious for T cell infiltration
and tumor recognition. These molecules also increase tumor cell
susceptibility to leukocyte infiltration, augmenting the anti-tumor
response. Radiation further enhances the tumor cells weakness to
T cells and NK-cell-mediated lysis to improve antitumor activities.
The expression of Fas and ICAM-1 enhances CTL-killing activities
and improves therapeutic efficiency in inhibiting tumor growth.
cGAS-STING pathway activation and viral mimicry of tumor cells is
stimulated by radiation to prime CD8+ T cells with anti-tumorigenic
properties. Radiation influences ICD, a significant form of apoptosis
involving DAMPS such as ATP, HMG1, and CRT as danger signals to
prompt tumor antigen presentation and subsequent T cell priming
for tumor rejection.

In addition to these anti-tumor responses, there are pro-
tumorigenic consequences to the exposure
Cytokines and chemokines such as TGFf3 and CXCL12 generate an
immunosuppressive effect to aid in tumor escape by diminishing
lymphocyte proliferation, inhibiting T cell signaling, and reducing
APC abilities. Inflammasome recognition of DNA damage plays a
diverse role in interleukin induction, functioning to either promote
or inhibit cancer development. Distinct Treg cells obstruct the
functions of CTLs. For DAMPS, these danger signals may elicit pro-

of radiation.

tumor effects to enhance tumor growth by excess ATP secretion or
altering the receptors for HMGB1. Lastly, the abscopal effect is a
critical mechanism in diminishing the effects of tumor proliferation;
abscopal and bystander effects reduce tumor growth both distant
and focal to the radiation field to create a more efficient response.
Unfortunately, this phenomenon occurs infrequently in radiation
alone due to the counterbalance of pro-immunogenic signals
induced with the immunosuppressive effect. Combinations of

radiation and immunotherapy methods as well as radiation dose
delivery methods require further exploration to improve treatment
effectiveness. Ultimately, investigation of the effects of RT on
the immune system has led to the discovery of new information,
allowing future treatments to become more extensively adapted to
combat the further proliferation of cancer cells.
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