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Introduction

Summary

The immune system can influence cancer development by both impeding and/
or facilitating tumour growth and spread. A better understanding of this com-
plex relationship is fundamental to optimise current and future cancer thera-
peutic strategies. Although typically regarded as a localised and
immunosuppressive anti-cancer treatment modality, radiation therapy has
been associated with generating profound systemic effects beyond the
intended target volume. These systemic effects are immune-driven suggest-
ing radiation therapy can enhance anti-tumour immunosurveillance in some
instances. In this review, we summarise how radiation therapy can positively
and negatively affect local and systemic anti-tumour immune responses, how
co-administration of immunotherapy with radiation therapy may help promote
anti-tumour immunity, and how the use of immune biomarkers may help steer
radiation therapy-immunotherapy personalisation to optimise clinical out-
comes.

Key words: cancer immunology; immune system; radiation immune modula-
tion; radiation therapy; tumour microenvironment.

Tumour-driven perturbations of the immune system
can affect both its innate and adaptive components, with

Radiation therapy (RT) is central to the management of
an estimated 50% of cancer patients, either on its own
or in combination with surgery and/or systemic treat-
ment, in both curative and non-curative settings.!:?
Although tumour response to RT is traditionally attribu-
ted to its direct cytoreductive effect, an increasing body
of evidence suggests that crosstalk between tumour and
immune cells within the tumour microenvironment (TME)
can play a significant role in this process.>” The immune
system, which is also responsible for the body’s defence
against cancer development and progression, can either
be influenced to become inactivated and ineffective or be
directed to develop tumour-promoting phenotypes by
the tumour cells.® Increasing evidence suggests that
these tumour-promoting immune landscapes can also
limit the effectiveness of RT.9"1!

the TME being the site and orchestrator of subsequent
immunological responses.'? The TME is a complex milieu
of cancerous and non-cancerous cells that also include
immune cells.®*3 The interplay between cancerous cells
and infiltrating immune cells significantly influences
tumour development, response to therapy and conse-
quently the clinical outcomes.®'* Cancer cells can
manipulate the immune landscape of the TME to create a
pro-cancer microenvironment affecting treatment out-
comes and prognosis.® For instance, higher tumour infil-
trates of regulatory T cells (Tregs) and myeloid cells are
often associated with immunosuppression and correlate
with tumour development and progression as well as
unfavourable treatment outcomes and poorer progno-
sis.'®*® In contrast, higher titres of some tumour-
infiltrating immune cells, such as CD4" helper T cells,
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CD8" cytotoxic T cells, natural killer (NK) cells and den-
dritic cells are associated with more favourable treat-
ment outcomes and improved prognosis due to their
ability to attack and destroy cancer cells.2°

Given the increasing appreciation of the importance of
the immune landscape in cancer prognosis, there is a
growing need for therapeutic modalities that can rejuve-
nate the immune response to attack and destroy the
tumour.32* Exploiting RT-mediated changes to the TME is
the focus of much research, which to date has demon-
strated that immune signature of the TME is a useful pre-
dictor of RT response, with tumours enriched with
infiltrating T cells faring better compared with tumours
infiltrated with immunosuppressive myeloid cells.?? Sub-
sequently, understanding the TME immune balance and
how RT affects it may be an important pre-requisite for
designing future RT courses, particularly when delivered
in conjunction with immunotherapy. This review
attempts to describe some of the key factors involved in
the complex interplay between tumour-driven immune
effects and RT and highlights some of the potential diag-
nostic and therapeutic approaches to position RT to opti-
mise anti-tumour immunity.

Anti-tumour immune responses

Central to the complex immune response against cancer
is the generation of tumour-specific effector T cells, such
as CD4" helper T cells (TH) and CD8" cytotoxic T cells
(CTL), which mediate and influence tumour-specific
destruction.?®> There are several key steps involved in
the generation of effector T cells (Fig. 1), including:

1 uptake of tumour antigens by antigen-presenting cells
(APCs) at the tumour site and maturation of APCs in
response to the release of damage-associated molec-
ular patterns (DAMPs)?*2> that results in:

a presentation of the tumour antigens by cell surface
major histocompatibility complex (MHC) molecules,

b upregulation of cell surface T cell costimulatory
molecules, and

¢ migration of mature APCs to the draining lymph
node where they can interact with circulating T
cells; and

2 APC selection of T cells with relevant tumour-specific T
cell antigen receptors (TCR) and subsequent activa-
tion of these T cells through costimulatory molecules
resulting in proliferation and differentiation into effec-
tor T cells.

Effector T cells then migrate to the tumour site to
mediate anti-tumour immune responses (Fig. 1) where a
developing or established tumour can thwart many of
these steps resulting in progressive disease. RT can have

both a positive and a negative effect on these processes
as detailed in Table 1 and summarised below.

Effects of RT that enhance anti-tumour
immunity

Radiation therapy induces cancer cell death through a
number of mechanisms,””*® some of which may
enhance anti-tumour immune responses.>>%° Perhaps
the most widely reported example of this is immunogenic
cell death (ICD).3'* RT-mediated ICD exposes intracel-
lular DAMP molecules—a type of so-called ‘danger sig-
nal’®1%2__that collectively enhance immune responses by
promoting antigen presentation by APCs (Fig. 1). At the
cellular level, RT induces tumour cells to express calretic-
ulin—an ‘eat me signal~—that binds CD91 (a2-
macroglobulin receptor) on APCs, enhancing tumour cell
endocytosis for antigen presentation.3'>* RT further
enhances APC endocytic activity by interfering with the
CD47-signal regulatory protein o (SIRPa) phagocytic
checkpoint pathway.®3"%® CD47 is a marker of self—don't
eat me signal—and its loss on aged or damaged cells
leads to homeostatic phagocytosis.®” Critically, CD47 is
overexpressed in a number of tumours,®® and CD47
blockade has been identified as an attractive
immunotherapy target.®® RT-induced CD47 loss report-
edly enhances immune-mediated tumour clearance.®®

Tumour ICD, including by RT, also results in the release
of high-mobility group box protein 1 (HMGB1) and heat
shock proteins (HSP) as well as accumulation of frag-
mented DNA in the cytoplasm of tumour cells.”%7!
Cytosolic DNA is sensed by the cyclic GMP-AMP
synthase-stimulator of interferon genes (cGAS-STING)
pathway, a fundamental innate immune pathway that
culminates in CD8" T cell activation.”? HMGB1 and HSP
are recognised by pattern recognition receptors (PRRs)
such as toll-like receptors (TLRs),%'/? ultimately leading
to the upregulation of costimulatory molecules, such as
CD40, CD80, CD83 and CD86 on APCs, and the produc-
tion of type-I interferons that can also aid in T cell activa-
tion through a variety of mechanisms.26-28

DNA damage responses to RT also results in interferon-
v (IFN-y) and tumour necrosis factor-o. (TNF-o) production
by NK cells**?773 and interleukin-6 (IL-6), IL-12, TNF and
IFN-y by TH type 1 (TH1) cells—typically aiding tumour
cytotoxic immune responses?!74 that boosts motility and
tumour killing capacity of cytotoxic immune cells.

Collectively, these mechanisms result in enhanced
tumour cell recognition by the immune system and gen-
eration of effector T cells such as CTL and TH1 cells that
can help mediate tumour destruction (Fig. 1).6%7>76.77

Effects of RT that suppress anti-tumour
immunity

While RT-induced immune modulation within the TME can
generate an anti-tumour immune response, it can also
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Fig. 1. Anti-tumour immunity and its manipulation by RT. Tumour-specific immune responses are driven by a series of events including APC tumour antigen
uptake and APC maturation (1), and APC-mediated T cell selection and activation at the draining lymph node (2) that results in T cell expansion and differen-
tiation into Tef (3) that lead to anti-tumour immune responses (3). RT affects anti-tumour immunity at the TME in several ways (green arrows indicate steps
that can have a positive effect, whereas red arrows indicate steps that can have a negative effect). RT can promote anti-tumour immunity by inducing ICD of
cancer cells resulting in the release of DAMPs that aid antigen uptake and APC maturation (1), enhancing their capacity to selectively generate Tef (2 & 3).
RT also improves cancer cell recognition by NK cells (3). Conversely, RT can also suppress anti-tumour immunity and promote cancer growth and spread by
enhancing tissue repair and chronic inflammatory responses via ROS, RNS and MMP effects. This results in ECM breakdown and angiogenesis that can pro-
mote metastasis (4) and the accumulation of immunosuppressive cells such as MDSCs, M2 Mac and Tregs and expression of PD-1 and PD-L1 (5) that inhibit
anti-tumour immune responses (6). The complex interaction of the immune system, the TME and RT, is mediated by direct cell-cell communication and via
soluble factors including cytokine and chemokines and can have several consequences on tumour immunity depending on the context in which they are pre-
sent. To monitor this complexity, multiple immune biomarkers may help personalise RT-IO combinations aimed to counteract factors that have a negative
effect on anti-tumour immunity and/or promote factors that have a positive effect on anti-tumour immunity (lower left and right panels). APC, antigen-
presenting cells; CAR T, chimaeric antigen receptor T cell; CTLA-4, cytotoxic T lymphocyte-associated protein 4; ECM, extracellular matrix; GzmB, granzyme
B; ICD, immunogenic cell death; ICI, immune checkpoint inhibitors; IFN-y, interferon-y; LN, lymph node; Mac, macrophage; MDSC, myeloid-derived suppressor
cell; MMP, matrix metalloprotease; NanoMed, nanomedicine; NK, natural killer cell; PD-1, programmed cell death protein 1; PD-L1, programmed cell death
ligand 1; PFN, perforin; RA, retinoic acid; RNS, reactive nitrogen species; ROS, reactive oxygen species; TAM, tumour-associated macrophage; Tef, T effector
cells; TLR, toll-like receptor; TNF-a, tumour necrosis factor-o; Treg, T regulatory cells. Created with BioRender.com.

lead to immune suppression and tumour growth and mechanisms and chronic inflammation also trigger

spread through complex and often overlapping mecha-
nisms.

Radiation therapy can activate tissue repair mecha-
nisms and chronic inflammation skewing TH cells from a
type 1 phenotype (TH1) towards a TH type 2 phenotype
(TH2)—typically associated with a pro-angiogenic, pro-
inflammatory and immunosuppressive microenvironment
favourable for tumour growth.”*7® Tissue repair

macrophages to travel across the extracellular matrix
(ECM) into the TME to clear dying/dead irradiated cancer
cells. Here, they produce matrix metalloproteases
(MMPs) that can facilitate cancer metastasis.*>7°:8% RT
also leads to reactive oxygen species (ROS), reactive
nitrogen species (RNS) and MMP accumulation within the
TME promoting the accumulation of active transforming
growth factor-p (TGF-B) and hypoxia-inducible factor 1o
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Table 1. Immunomodulatory effects of radiation therapy (RT) enhancing (shaded green) and suppressing (shaded red) anti-tumour immunity

Component RT effect Function Target cell or Consequence Downstream Tumour Reference
compartment immune outcome
effect
Effects of RT enhancing anti-tumour immunity
DNA damage Release of dsDNA e Activates cGAS/ + DCs e Activation of « Type-l interferon « Activation and 5,26,27,28,
response micro-nuclei STING pathway NF-xB and IRF3 (IFN-B) cytokine upregulation of 29,30
from irradiated transcription production costimulatory
cancer cells factors molecules on
DCs facilitate
cross-priming of
CTLs with
enhanced IFN-y
production
Immunogenic cell Release of ATP » Chemoattractant + Macrophages <« Recruit phago- -« Efficient clear- * Repopulation of  24,31,32,33
death (ICD)— from cancer for phagocytes/ and DCs cytes/APCs ance of dead the TME with
release of cells APCs into the TME and dying phagocytes and
DAMPs » Binds to puriner- « Caspase-1 tumour cells pre- APCs
gic receptors dependent vents chronic + Tumour antigen
P2Y2/P2X7 on NLRP3 inflam- inflammation presentation by
APCs masome acti- + Mature DCs DCs for T cell
« Activates NLRP3 vation in DCs release IL-1B and priming
inflammasome in IL-18 for efficient
APCs T cell priming
Translocation of + ‘Eat me’ signal * Macrophages < Endocytosis of < Efficient clear- » Source of 24,31,34
calreticulin to for phagocytes and DCs damaged irra- ance of dead tumour antigen
cancer cell * Binds CD91/LAPR diated tumour and dying cells for T cell
surface on phagocytes cells prevents chronic priming
« Uptake of inflammation
tumour anti-
gens
Release of HMGB1 ~ « Immunostimu- * DCs » Upregulates « Improved cross- ¢ Increased popu- 24,3135,
from irradiated lants for APCs TLR4 and cos- priming of lation of tumour 36,37
cancer cells » Binds TLR4 on timulatory T cells by DCs specific CD4* T
DCs molecules cells CTLs and
CD40, CD80, NK cells
CD83 and
CD86 on DCs
» Upregulates
MHC-I expres-
sion on DCs
and promotes
antigen cross-
presentation
Collective effects of « Activation signal « Endothelial » Upregulation « Recruit mono- e Increased infiltra- 24,38,39,40
DAMPs; HSP70, for endothelial cells of adhesion cytes into TME, tion and matura-
HMGB1 and cells via TLR4 * lrradiated molecule later maturing tion of APCs in
S100A8/A9 tumour ICAM-I, VCAM-| into phagocytes TME with
cells and E-selectin and APCs enhanced ability
on endothelial  « Influx of neu- to phagocytose,
cells trophils into process and pre-
« Endothelial TME; RT sent tumour anti-
cells release polarises to anti- gen to
chemoattrac- tumour pheno- generations of
tants IL-6, type of TAN tumour-specific T
CCL7, CXCL1/  » VCAM-1 and cells
KC, CXCL2/ CXCL16 facilitate « Neutrophil-
MCP-1, CXCLS, CTLs trafficking derived ROS pro-
CCL2, RANTES/ into TME motes tumour
CCL5, IL-1B cell death via
and G-CSF apoptosis
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Table 1. (continued)

Component RT effect Function Target cell or Consequence Downstream Tumour Reference
compartment immune outcome
effect
* Irradiated
tumour cell
release of
CXCL16
DNA damage Upregulation of « Activates DNA « lrradiated » Upregulation * Boosts recogni- + Improved NK- 41
response NKG2DL on damage tumour cells of NKG2DL on tion by NK cells mediated tumour
irradiated cells response path- irradiated via NKG2D- control
way via ATM tumour cells, NKG2DL interac-
and Chk1 protein ligands for tion
kinases NKG2D on NK
Immune Direct activation of « Activates P38- « Irradiated + Increases pro- e+ Expansion of NK < Further killing of 42
activation NK cells by sub- MAPK pathway NK cells liferation of in TME with tumour cells in
lethal/low-dose in NK cells irradiated NK boosted cytolytic TME
RT cells functions
e Increases NK
IFN-y and TNF-
o productions
Immune Delayed TH2-type + TH2-type « Eosinophils » Upregulates * Robust CTLs » Improved RT- 43
activation responses response to signature priming with mediated
associate with counteract post- genes associ- enhanced ability tumour control
eosinophilia RT acute inflam- ate with eosi- to produce IFN-
mation nophil lineage vy, Granzyme-A/B,
selection, dif- and perforin
ferentiation,
activation, sur-
vival, and
chemotaxis;
also expands
CD103" DCs
+ Eosinophil,
then DCs and
subsequently
CTLs infiltration
into the TME
Cancer antigen Directly increases + Activates mTOR  « Irradiated  Increases intra- * Increases MHC-I- « Increases CTLs 44
presentation antigen pathway for anti- tumour cellular peptide peptide com- clones, promotes
presentation on gen processing cells in irradiated plexes on irradi- further killing of
irradiated and presentation tumour cells ated cancer cell tumour cells
tumour cells on irradiated surface
tumour cells
Effects of RT suppressing anti-tumour immunity
Inflammation Induction of pro- + Activates pro- * lrradiated « Activates NK-  « Skewing from * Pro-inflammatory 45
inflammatory survival macro- macrophages kB and upreg- anti- to pro- irradiated macro-
macrophages phages ulates Bcl-xL inflammatory phages may pro-

+ Generates pro- * RT skews from macrophages mote chronic
inflammatory anti- to pro- * MMP-2 and inflammation
macrophages inflammatory MMP-9 may facil- < Irradiated macro-

phenotype; itate tumour phages are pro-
subsequent metastasis and invasive and pro-
exposure to release ECM- angiogenic, may
exogenous bound TGF-B favour tumour
stimuli repo- * Increased angio- metastasis
larises towards genesis may

anti- or pro- favour tumour

inflammatory rebound
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Table 1. (continued)

Component RT effect Function Target cell or Consequence Downstream Tumour Reference
compartment immune outcome
effect
* Retains notice-
able MMP-2
and MMP-9
productions;
promotes
angiogenesis
Tissue repair and  Release of TGF-f « Tissue repair and ¢ ECM-bound < Increased TGF- « M2 TAMs « Net immunosup- 46-51
stress and HIF-1a in revascularisation TGF-B B results in: (i) secrete Arg-1, pression impairs
response the TME « Irradiated polarises NOS2, COX-2 anti-tumour
cancer cells M1->M2 TAMs, and more TGF-B CTLs, together
« Endothelial (i) promotes promote tumour with increased
cells Treg prolifera- growth angiogenesis
tion and func-  « Tregs express promote tumour
tions, and (iii) TGF-B, IL-10 and survival and
impairs CD8" T IL-35 and CTLA-4 metastasis
cell recruit- to inhibit CTLs
ment into TME « MDSCs express
* HIF-1o upregu- Arg-1 and NOS2
lates VEGF to inhibits CTLs
promote angio- * Increase angio-
genesis genesis may
* TGF-B, HIF-1a, favour tumour
Type- inter- rebound
feron and
CCL2 facilitate
MDSCs infiltrat-
ing TME
Immune Immune » Suppress CTL « Cancer cells « RT-enhanced « Increase inhibi-  + Dampened 52-56
suppression suppression functions * Tcells CTLs provides tion of CTLs via tumour killing
via PD-L1-PD-1 feedback loop PD-1-PD-L1 inter- allow tumour
axis to cancer cells action escape

to upregulate
PD-L1 via IFN-
Y-JAKISTAT1
pathway

RT-
upregulation of
IL-6 in TME
enhances PD-
L1 expression
RT may upreg-
ulate PD-1 on
T cells

ECM, extracellular matrix; HIF-1a, hypoxia-inducible factor 1alpha; HMGB1, high-mobility group box protein 1; HSP, heat shock protein; ICAM-1,
intercellular adhesion molecule 1; IFN, interferon; IL, interleukin; IRF3, interferon regulatory factor 3; JAK, Janus kinase; M1 TAM, pro-inflammatory
macrophage; M2 TAM, anti-inflammatory macrophage; MAPK, mitogen-activated protein kinase; MHC-1, major histocompatibility complex-l; MMP,
matrix metalloproteinase; mTOR, mammalian target of rapamycin; NF-kB, nuclear factor kappa B; NK, natural killer cells; NKG2D, natural killer
group 2D; NKG2DL, natural killer group 2D ligand; NLRP3, NLR family pyrin domain containing 3; NOS2, nitric oxide synthase 2; P53, tumour pro-
tein 53; PD-1, programmed cell death protein 1; PD-L1, programmed death ligand 1; ROS, reactive oxygen species; RT, radiation therapy; STAT1,
signal transductor and activator of transcription 1; STING, stimulator of interferon genes; TAM, tumour-associated macrophage; TAN, tumour-
associated neutrophils; TGF-B, tumour growth factor beta; TH2, T helper type 2; TLR4, toll-like receptor 4; TME, tumour microenvironment; VCAM-

1, vascular cell adhesion molecule 1; VEGF, vascular endothelial growth factor.
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(HIF-1a), with a range of consequences in promoting
immune responses favouring tumour growth.?”% For
example, TGF-B and HIF-1o can induce the production of
type-I interferons and the chemokine, CCL2, which act in
synergy to recruit myeloid-derived suppressor cells
(MDSCs). MDSCs inhibit immune responses in the TME
via secretion of arginase-1 (ARG1) and nitric oxide syn-
thase 2 (NOS2).11/46:77.81 HIF-14 can also induce angio-
genesis by upregulation of vascular endothelial growth
factor (VEGF) expression® promoting tumour growth.
TGF-B can polarise macrophages from an M1 phenotype,
which typically promotes anti-tumour responses, to an
M2 phenotype that typically helps tumour growth via
secretion of ARG1, NOS2, cyclooxygenase-2 (COX-2)
and more TGF-p.#7-83:84 TGF- also inhibits T cell surface
expression of CXCR3, a chemokine receptor important
for TME infiltration,?°®> and also stimulates the differen-
tiation and maintenance of Tregs®® that inhibit T effector
cells by the production of immunosuppressive cytokines,
such as TGF-B, IL-10 and IL-35, and expression of the
immune checkpoint molecules such as cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4).%84° RT can
also induce upregulation of immune checkpoint inhibitory
molecules such as programmed cell death ligand 1 (PD-
L1) on tumour cells and programmed cell death protein 1
(PD-1) on CTLs, which can directly inhibit cytotoxic
immune cell effector functions.>2:53:87

Collectively, RT can induce conditions favouring the
recruitment of TH2 cells, MDSCs, M2 macrophages and
Tregs as well as upregulation of immune checkpoint inhi-
bitors (ICIs) in the TME that can reduce the cytotoxic
immune responses against the tumour’’-88 (Fig. 1).

RT and anti-tumour immunity: Frenemies?

In addition to RT-mediated immune modulatory effects
having either a positive or negative influence on
anti-tumour immunity, some of the induced responses
reflecting the inflammatory state of the TME®® can have
opposing effects depending on the context in which they
are produced. For example, RT triggers APC secretion of
IL-1B and IL-18, critical components of the inflamma-
some pathway with reported dual roles in tumorigenesis,
IL-18 and IL-18 can boost T cell activation but also
enhance the accumulation of cells with immunosuppres-
sive phenotypes.3132:8990 DAMPs released by irradiated
cancer cells can also activate the tumour vasculature
endothelium to upregulate cell adhesion molecules—such
as ICAM-1, VCAM-1 and E-selectin—and the production
of chemoattractants—such as IL-6, CXCL1, CXCL2,
CCL7, CXCL8, CCL2, IL-1p and G-CSF.2%387551 In fact,
many of these molecules are reported to have conflicting
roles in tumour development because of their pro-
inflammatory functions.8° Although neutrophils are well
documented to stimulate tumour progression,®?°3 RT-
induced inflammation can result in the recruitment of
ROS-producing neutrophils to the TME exacerbating the

Irradiation immunity interactions

oxidative stress and promoting apoptosis of cancer cells
that may lead to further DAMP release.?*3°

An equilibrium (or lack thereof) of these overlapping
immune-mediated pathways govern the anti- and pro-
tumorigenesis responses. Strategies aiming to tip this
precarious balance present therapeutic challenges and
opportunities for enhancing anti-tumour immune
responses.

The earliest indication of the existence of important
synergy between RT and the immune system is founded
on Mole’s 1953 report highlighting that local RT could
induce systemic effects resulting in tumour reduction at
distant sites,®* coining the term abscopal (‘off target’)
effect to describe the phenomenon. Preclinical evidence
has now strongly and reproducibly demonstrated that
the RT abscopal effect is immune driven and that it can
be amplified by co-administration of immunotherapy.®>"
97 Immunotherapies, now an established pillar of cancer
therapeutics, have drawn attention to the critical role the
immune system plays in cancer development and rein-
forced the view that the immune system can be
exploited to improve patients’ outcomes.“8°°

Over the last decade and a half, ICIs have disrupted
the systemic treatment paradigm for several malignan-
cies. While they can provide durable cancer control,
overall, they appear to benefit only a small proportion of
patients. Of the 43.63% of US cancer patients identified
to be eligible for ICIs in 2018, only 12.46% were esti-
mated to respond to the treatment.'® Hence, improving
the outcome of immunotherapy by incorporating RT is an
attractive prospect, and strategic combinations of ICIs,
RT and other immunomodulators hold great promise.

Understanding the key mechanisms that govern resis-
tances to ICIs as well as systemic effects of RT will
involve a closer study of the immune contexture in an
attempt to improve clinical outcomes. At the preclinical
stage, this requires RT studies to be conducted in
immune-competent subjects to ensure the intricate and
dynamic nature of the interactions between cancer and
immune cells is preserved. Secondly, clinically relevant
surrogate markers of immune modulation need to be
systematically assessed. Together, this will ensure a sys-
tematic and data-driven approach to unravelling the
immune-mediated outcomes of RT. Here, we highlight
some immunotherapy approaches that may work well
with RT towards generating clinically relevant anti-
tumour immunity (Fig. 1).

Immune checkpoint inhibitors

Immune checkpoint inhibitors act by preventing the acti-
vation of the pathways, which blocks T cells from
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destroying cancer cells.®101:102 These negative immune
checkpoints have been successfully targeted for blockage
using monoclonal antibodies including anti-CTLA-4, anti-
PD-1 and anti-PD-L1. CTLA-4 blockade heightens T cell-
mediated immunity by maintaining T cell activation and
restoring T cell proliferation.'®® Combining these with RT
has sparked much interest because of the obvious synergy
between these modalities. For example, a recent retro-
spective review of patients, primarily with non-small-cell
lung cancer (NSCLC), suggests potential improvement in
local control of brain metastases following treatment with
stereotactic radiation therapy combined with ICI.103
Another review of retrospective and prospective studies
suggests patients with a low tumour burden may be the
ideal candidate for combination of ICI and RT approach.1%*

The toxicity profile of the combination of RT and ICI is
also an active area of research. Although a systematic
review demonstrated comparable grade 3-4 toxicities
compared with ICI alone in central nervous system mela-
noma metastases, NSCLC and prostate cancer,'®® a
phase 1 study demonstrated dose-limiting urinary toxic-
ity with the combination treatment of RT and pem-
brolizumab in bladder cancer patients.'°® Further
highlighting the need to identify patients appropriate for
the combined approach, it appears patients with prior
immune-related adverse events may be at a very high
risk for clinically significant and persistent radiation
pneumonitis following thoracic RT.1%”

Adoptive cell transfer therapy using CAR
T cells

Cell-lysing chimeric antigen receptors (CAR)-T cells are
cancer patient-derived T lymphocytes that are engi-
neered to target the corresponding ligand-expressing
cancer cells.1%8110 promising results for CAR T cell ther-
apy have been reported in haematological malignancies.
However, the utility of this approach in solid tumours
remains unproven owing to factors such as the TME’s
dysregulated chemokine/cytokine signature and its
enrichment in inhibitory checkpoints and immunosup-
pressive cells, the heterogeneity of tumour-specific anti-
gens, T cell exhaustion and anergy, and tumour stroma
that creates a physical barrier to T cell entry.°

Combining RT with CAR T cells presents exciting possibil-
ities to expand the current role of RT from a bridging or
salvage therapy following relapse to more sophisticated
applications such as eliminating immune suppressive cells
like MDSCs, Tregs and cancer-associated fibroblasts (CAFs)
that are often enriched in the TME. These approaches war-
rant a better understanding of the RT parameters needed
to achieve these precise biological effects.'!

Oncolytic virus therapy

The roots of this therapy can be traced back to William
Coley in 1891, when he demonstrated tumour regression

in patients with sarcoma inoculated with live and inacti-
vated bacteria.’*> Modern oncolytic virus therapy is
based on the use of genetically engineered viruses that
selectively replicate in tumour tissue inducing a local
pro-inflammatory response and resulting in augmented
anti-tumour immunity.!*3> This strategy leads to the
approval of talimogene Ilaherparepvec (T-Vec/
Imlygic),'* a genetically modified herpes simplex virus
for intra-tumoural injection in patients with advanced
melanoma and unresectable metastatic melanoma.t®
The phase 3 study that underpinned its approval
reported superior response rate and overall survival
compared with GM-CSF at a median follow-up of
4 years.''® The potential for the pro-inflammatory effect
of oncolytic therapy to augment the anti-tumour
immunomodulatory effects of RT is attractive; however,
intra-tumoural administration and substantial costs of
oncolytic virus therapy remain significant obstacles.*”

Anti-angiogenic therapy

There is clear interdependence between inflammation
and angiogenesis: tumour-derived immune cells release
pro-angiogenic factors that promote the growth of new
blood vessels, and the new blood cells facilitate the
migration of immune cells from circulation into the
tumour.**811% A reciprocal relation also exists between
RT and tumour vasculature. Generation of reactive oxy-
gen species (ROS) in the presence of adequate tumour
vascularisation enhances RT efficacy.!2°

Anti-angiogenic strategies have been evaluated based
on the premise that tumours secure vascular supply
through the expression of immune system derived pro-
angiogenic growth factors, such as those of the VEGF
family. VEGF ligands are expressed in most solid can-
cers,'?! and specific inhibitors such as bevacizumab,
sunitinib and aflibercept have shown activity in certain
settings.'??> However, inhibition of VEGF signalling has
largely proven to be a disappointing strategy2® prompt-
ing the need to further understand how the vasculature
can be effectively targeted in tumours. RT also induces
changes to the vasculature, though this appears to be
dose dependent and is poorly understood.'?* Moreover,
VEGF expression can be enhanced by RT.82

Combining RT with angio-regulators is an attractive
strategy to modulate the TME by affecting angiogenesis,
but biomarker-driven systematic studies of the effect of
dose and scheduling are needed before this can be trans-
lated in the clinic.

TLR agonists

Toll-like receptors (TLR) are pattern recognition recep-
tors usually expressed on macrophages and dendritic
cells. They play a vital role in innate and adaptive
immune responses. Immunostimulatory properties of
TLR agonists can enhance anti-tumour ICD. HMGB1
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modulation, for example, has been proposed as a poten-
tial strategy to improve RT outcomes, and various
HMGB1-targeted therapeutics are currently in develop-
ment.*2512% In addition, a small number of TLR activa-
tors have already been in clinical use for several years,
including the TLR7 activator R837/imiquimod,2712° the
TLR2/4 activator Bacillus Calmette-Guerin (BCG), and
the TLR4 ligand monophosphoryl lipid A (MPLA). Notably,
their use remains restricted to local (including topical)
applications that may restrict their potential for combina-
tion with RT, until newer modalities become available for
systemic use.

Tumour-associated macrophage (TAM)
targeting strategies

Macrophages are myeloid cells, and their recruitment at
sites of injury is associated with important tissue repair
functions.'3° Macrophages can comprise up to half of the
TME, and their presence has been associated with dis-
ease progression and resistance to therapy.'*! However,
at the same time, therapeutic stimulation of the path-
ways involved in the recruitment, polarisation and meta-
bolism of TAMs—using agents such as antagonists for
colony stimulating factor 1 receptor (CSF1R) and chemo-
kine receptor type 2 (CCR2), or agonists for toll-like
receptors (TLR4, TLR7/8 and TLR9), CD40 and CD47—
can stimulate cytotoxic T cell activation and synergise
with ICI in preclinical testing.'3?2 These observations
make TAM targeting strategies frontline candidates to
influence the TME composition and promote the immuno-
genic potential of RT. Early clinical trials so far, however,
report modest anti-tumour effects by targeting CD40133
and downright disappointing results for CD47-targeting
agents.'®* Combination of pembrolizumab with intra-
tumoural TLR9 agonist, on the contrary, was reported to
induce immune activation at the tumour site.*3> Overall,
although this approach holds promise, better biomarkers
are needed to improve clinical translation of these
agents.

Retinoic acid (RA)

Retinoic acid is a steroid hormone important in regulating
mucosal immunity in the gut and promoting myeloid dif-
ferentiation.*3® All-trans-RA (ATRA) reportedly affects
the development, differentiation, apoptosis and function
of immune cells.?37 Its potential benefit in cancer treat-
ment is best exemplified in the treatment of acute
promyelocytic leukaemia (APL) where it is used to pro-
mote differentiation of immature myeloid cells.!3® ATRA
also promotes the survival of tumour-specific CD8" T
cells, increases the expression of MHC-I on tumour
cells3° and eliminates MDSCs and promotes their differ-
entiation, thereby enhancing anti-tumour immunity in
patients with renal cell carcinoma.*° Combination of RT
with ATRA has shown to induce a marked increase in

Irradiation immunity interactions

TNF-o and inducible nitric oxide synthase as well as
inflammatory macrophages in local and distal nonirradi-
ated tumours in a preclinical study of colon adenocarci-
noma model.'** The clinical utility of ATRA has been
limited to APL so far, and its use in the treatment of solid
tumours warrants further exploration.#2

Nanomedicine

Nanoparticles are synthetic material with overall dimen-
sions in the nanoscale (<100 nm). In modern medicine,
they are utilised in various clinical applications ranging
from imaging to drug or gene delivery into the
tumours.'*® Nanoparticles can enhance preferential
accumulation of a drug in the tumour through active and
passive targeting facilitated by the abnormal tumour
vasculature coupled with ineffective lymphatic drai-
nage.'** They may also be used to target immune cells
in circulating blood or lymphoid tissues to modulate sys-
temic and TME immune polarisation.'#>*4¢ Nanomedici-
nes thus present an attractive approach to enhance
anti-tumour immune responses by the therapeutic
agents listed above, especially for those agents targeting
the innate immune system, and would be an attractive
RT co-therapy. 145,147,148,149

Rationale

Given the immune system is intertwined with cancer
development® and RT outcomes,®® immune features have
immense potential as biomarkers to predict cancer pro-
gression and RT efficacy. This has implications for per-
sonalisation of future RT schedules and cancer
treatments in general.*>® While there have been several
studies looking at the use of tumour biopsies to identify
immune features predictive of treatment response,®!
liquid biopsy-based biomarkers have also received con-
siderable attention recently'®? as they meet many of the
criteria for an optimal biomarker!®>3: being minimally
invasive, potentially more cost effective and easily imple-
mentable. Analysis of blood specimens would be particu-
larly well suited for the detection of immune-based
biomarkers, since cancer growth and treatment can alter
blood leukocytes and plasma immune factors.'>* This
approach would also be amenable to dynamic longitudi-
nal biomarker sampling, to potentially allow for monitor-
ing of disease progression and to guide therapeutic
strategies throughout treatments to maximise efficacy
and reduce toxicity.'>>

Current evidence

There are an increasing number of reports on using
blood immune biomarkers to predict RT efficacy in a
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Table 2. Blood immune biomarkers for RT response predictions

Cancer Treatment Immune biomarker Outcome Reference
NPC IMRT SlI, PLR, NLR and MLR 1 SlI, NLR, PLR, MLR associated with ¢ OS 158
HNSCC IMRT Treg and CTLA-4/PD-1 expressing CD4" T cells RT-induced changes 157
NSCLC CRT SlI, NLR and PLR * Sll, NLR and PLR associated with ¢ 0S 159
NSCLC RT and antiCTLA4 Interferon-p and blood T cells clones Predictive of responses 160
GBM Partial brain RT and TMZ ~ SIRI * SIRI associated with ¥ OS 156
ESCC dCCRT NLR * NLR post dCCRT associated with ¢ 0S 161
csce CRT Lymphopenia * Lymphopenia associated with | 0S 164
HCC 3D-CRT or IMRT MDSCs * MDSCs associated with ¥ OS and early 162
lung metastasis
HCC CRT or SBRT sPD-L1 * sPD-L1 associated with ¥ OS 163
Rectal cancer ~ SC-RT and TME MDSCs and Tregs RT-induced changes 165

Rectal cancer CRT and surgery VEGF, PIGF, IL-8 and IL-6

Treatment-induced changes; 1 PIGF associated 166
with { disease

3D-CRT, three-dimensional conformal radiation therapy; CRT, chemoradiotherapy; CSCC, cervical squamous cell carcinoma; dCCRT, definitive con-
current chemoradiotherapy; ESCC, oesophageal squamous cell carcinoma; GBM, glioblastoma multiforme; HCC, hepatocellular carcinoma; IL, inter-
leukin; IMRT, intensity-modulated radiation therapy; MDSCs, myeloid-derived suppressor cells; MLR, monocyte lymphocyte ratio; NLR, neutrophil
lymphocyte ratio; NPC, nasopharyngeal carcinoma; NSCLC, non-small-cell lung cancer; PIGF, placental-derived growth factor; PLR, platelet lympho-
cyte ratio; SBRT, stereotactic body radiotherapy; SC-RT, short-course preoperative radiotherapy; Sll, systemic immune-inflammation index (peri-
pheral lymphocyte, neutrophil and platelet); SIRI, systemic immune response index (neutrophils, monocytes and lymphocytes); sPD-L1, soluble
programmed cell death ligand 1; TME, total mesorectal excision; TMZ, temozolomide; VEGF, vascular endothelial growth factor.

variety of cancers, including in the treatment of glioblas-
toma, % head and neck cancer,*>” nasopharyngeal carci-
noma,*>® non-small-cell lung cancer,>%1¢° pesophageal
squamous cell carcinoma,®! hepatocellular carci-
noma,%%163 cervical squamous cell carcinoma'®* and
rectal cancer'®>1%6 (Table 2) Although there appear to
be some common prognostic markers in these studies,
such as blood myeloid cell features typically correlating
with poor prognosis, it is also clear that the number of
potential cancer outcome-associated blood immune fea-
tures is vast.®®'®” This area is, therefore, of increasing
interest and presents research opportunities to define
and optimise the use of immune parameters in the clinic.

Challenges

Perhaps the most challenging aspect of using immune fea-
tures as dynamic biomarkers is their known variations in
concentration in human blood and the presence of various
factors that may influence their signature. Ethnicity,*%®
age,®® RT,'’° chemotherapy,!’! ICIs!’? and tumour
types!>* can all influence blood immune features. While
many of these induced changes may be important in
determining clinical outcomes, detailed studies need to be
performed to differentiate these from the confounders.

Multiparameter approach, preclinical models
and machine learning

As the field of immune-based biomarkers matures, there
is potential for identifying a few key parameters that could
be useful for RT personalisation.’® However, in many
instances, to gain the most out of immune-based biomark-
ers and indeed biomarkers in general, the interaction of

several features may be required.'”® To define the scope
of these, initial research in preclinical models of cancer
and RT schedules may be more practical, allowing more
flexibility and control over prospective aims, and is made
more relevant with new state-of-the-art preclinical RT
platforms now being implemented.!”* While technical
advances allow several features to be extracted from biop-
sies for this type of research,'”>17¢ interpreting such mul-
tivariate data suits a machine learning approach to build
models on data as it comes to hand to supplement clinical
decisions.'””*78 Indeed, machine learning approaches are
seen as being integral to future cancer treatment manage-
ment'’® and so a greater understanding of these
approaches will be helpful as the clinical environment
evolves to include these approaches of immune
biomarker-based treatment personalisation (Fig. 1).

Conclusions

For well over a century now, RT has established itself as
a highly effective cancer treatment modality in both
curative and non-curative clinical settings. Although it
was recognised quite early on that some interplay exists
between the immune system and anti-tumour RT
responses,®**8° variable success of ICIs in a variety of
malignancies over the last decade and a half has made
the appreciation of this interaction mainstream.®! with
a better understanding of the cancer dissemination pro-
cess, 827184 3long with expansion of more effective sys-
temic treatments in parallel with the development of
highly conformal and accurate RT delivery techniques,
the indications for RT are constantly evolving particularly
in the setting of metastatic malignancies.'®>18° It is
especially in this clinical context, a better recognition of
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immunomodulatory effects of RT has the potential of
changing clinical practice.

Radiation therapy can have both favourable and unfa-
vourable effects on anti-tumour immunity, and the inter-
actions between RT and the immune system are
complex, often overlapping, and on many occasions
paradoxical.?!"”# The challenges, and hence the opportu-
nities, lie in identifying how best to manipulate and uti-
lise these immunomodulatory effects of RT to improve
treatment outcomes.

Exploitation of the potential synergism between RT and
other immune-modulating modalities in reversing the
immunosuppressive effects of certain cancers on the TME
and beyond warrants understanding of how best to com-
bine these treatments, how to sequence them and how to
select the optimal RT dose-fractionation schedules and tar-
get volumes. Biologically relevant biomarkers diagnostic of
tumour-induced immune polarisation and predictive of
treatment response are needed to guide the systematic
evaluation of the plethora of possible combinatorial strate-
gies leading to improved personalisation of treatments.

The survival benefits attributed to local treatments in
the recent clinical studies in the setting of metastatic dis-
ease are very promising.*®5 8% Future studies will shine
more light on whether the clinical effects are direct
results of enhanced anti-tumour immunomodulation
and/or indirect outcomes of tumour cytoreduction rein-
vigorating the dampened immune system.

This work is partly supported by the Radiation Oncology
Private Practice Fund, Canberra Health Services; and
Research and Innovation Fund, Centre for Health and
Medical Research, ACT Health, ACT Government.

Open access publishing facilitated by Australian National
University, as part of the Wiley - Australian National Uni-
versity agreement via the Council of Australian Univer-
sity Librarians.

All data analysed for this study are present in the sub-
mitted files and/or stored in an institutional public repos-
itory server.

1. Siamof CM, Goel S, Cai W. Moving beyond the pillars of
cancer treatment: perspectives from nanotechnology.
Front Chem 2020; 8: 1088.

2. Baskar R, Lee KA, Yeo R, Yeoh K-W. Cancer and
radiation therapy: current advances and future
directions. Int J Med Sci 2012; 9: 193-9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Irradiation immunity interactions

. Ansems M, Span PN. The tumor microenvironment and

radiotherapy response; a central role for cancer-associated
fibroblasts. Clin Transl Radiat Oncol 2020; 22: 90-7.

. Demaria S, Ng B, Devitt ML et al. Ionizing radiation

inhibition of distant untreated tumors (abscopal effect) is
immune mediated. Int J Radiat Oncol 2004; 58: 862-70.

. Burnette BC, Liang H, Lee Y et al. The efficacy of

radiotherapy relies upon induction of type I interferon-
dependent innate and adaptive immunity. Cancer Res
2011; 71: 2488-96.

. LeeY, AuhSL, Wang Y et al. Therapeutic effects of ablative

radiation on local tumor require CD8+ Tcells: changing
strategies for cancer treatment. Blood 2009; 114: 589-95.

. Rodriguez-Ruiz ME, Rodriguez I, Garasa S et al.

Abscopal effects of radiotherapy are enhanced by
combined immunostimulatory mAbs and are dependent
on CD8 T cells and crosspriming. Cancer Res 2016; 76:
5994-6005.

. Gonzalez H, Hagerling C, Werb Z. Roles of the immune

system in cancer: from tumor initiation to metastatic
progression. Genes Dev 2018; 32: 1267-84.

. Barbosa AM, Gomes-Goncalves A, Castro AG, Torrado

E. Immune system efficiency in cancer and the
microbiota influence. Pathobiology 2021; 88: 170-86.
Wisdom AJ, Hong CS, Lin AJ et al. Neutrophils promote
tumor resistance to radiation therapy. Proc Natl Acad
Sci USA 2019; 116: 18584-9.

Liang H, Deng L, Hou Y et al. Host STING-dependent
MDSC mobilization drives extrinsic radiation resistance.
Nat Commun 2017; 8: 1736.

Whipple CA. Tumor talk: understanding the conversation
between the tumor and its microenvironment. Cancer
Cell Microenviron 2015; 2: e773.

Umansky V, Blattner C, Gebhardt C, Utikal J. The role
of myeloid-derived suppressor cells (MDSC) in cancer
progression. Vaccine 2016; 4: 36.

Chan T-S, Shaked Y, Tsai KK. Targeting the interplay
between cancer fibroblasts, mesenchymal stem cells,
and cancer stem cells in desmoplastic cancers. Front
Oncol 2019; 9: 688.

Kitamura T, Qian B-Z, Pollard JW. Immune cell promotion
of metastasis. Nat Rev Immunol 2015; 15: 73-86.
Pages F, Mlecnik B, Marliot F et al. International
validation of the consensus immunoscore for the
classification of colon cancer: a prognostic and
accuracy study. Lancet 2018; 391: 2128-39.

Zhang S, Ma X, ZhuC, Liu L, Wang G, Yuan X. The role of
myeloid-derived suppressor cells in patients with solid
tumors: a meta-analysis. PLoS ONE 2016; 11:
e0164514.

Fridman WH, Zitvogel L, Sautés-Fridman C, Kroemer
G. The immune contexture in cancer prognosis and
treatment. Nat Rev Clin Oncol 2017; 14: 717-34.
Ohue Y, Nishikawa H. Regulatory T (Treg) cells in
cancer: can Treg cells be a new therapeutic target?
Cancer Sci 2019; 110: 2080-9.

Dong Y, Wan Z, Gao X, Yang G, Liu L. Reprogramming
immune cells for enhanced cancer immunotherapy:
targets and strategies. Front Immunol 2021; 12: 664.

© 2022 The Authors. Journal of Medical Imaging and Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Royal Australian and New 529

Zealand College of Radiologists.

d ‘v ‘20T 'S8Y6rSLT

woyy

85U8017] SUOLLILIOD SATIR.D 3|11 U} AQ PoUBAOB 912 SBPIE O ‘38N 10 S3N1 10} ARRIdlIT 3UIUG 4B\ UO (SUOIPUOD-PUB-SULIBILID A5 AR 1[pUI LO//SCHIu) SUORIPUGD PUE SWB L 811885 [Z02/S0/ET] UO Ar1q 17 2UIIUO AB]IA [19UN0D) U0IES3Y EOIPBIAl PUY LIIESH [BUOIN Ad B6EET S876-7G.T/TTTT OT/I0pLIOY KB I



DA Simon Dauvis et al.

21. Barker HE, Paget JTE, Khan AA, Harrington KJ. The 36. Apetoh L, Ghiringhelli G, Tesniere A et al. The
tumour microenvironment after radiotherapy: interaction between HMGB1 and TLR4 dictates the
mechanisms of resistance and recurrence. Nat Rev outcome of anticancer chemotherapy and radiotherapy.
Cancer 2015; 15: 409-25. Immunol Rev 2007; 220: 47-59.

22. Gajewski TF. The next hurdle in cancer immunotherapy: 37. Wang B, Li Q, Qin L, Zhao S, Wang J, Chen X.
overcoming the non-T-cell-inflamed tumor Transition of tumor-associated macrophages from MHC
microenvironment. Semin Oncol 2015; 42: 663-71. class IThi to MHC class Illow mediates tumor

23. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer progression in mice. BMC Immunol 2011; 12: 43.
immunotherapy: from T cell basic science to clinical 38. Lugade AA, Moran JP, Gerber SA, Rose RC, Frelinger
practice. Nat Rev Immunol 2020; 20: 651-68. JG, Lord EM. Local radiation therapy of B16 melanoma

24. Krombach J, Hennel R, Brix N et al. Priming anti-tumor tumors increases the generation of tumor antigen-
immunity by radiotherapy: dying tumor cell-derived specific effector cells that traffic to the tumor.

DAMPs trigger endothelial cell activation and J Immunol 2005; 174: 7516-23.
recruitment of myeloid cells. Onco Targets Ther 2019; 39. Takeshima T, Pop LM, Laine A, Hannan R. Key role for
8: e1523097. neutrophils in radiation-induced antitumor immune

25. Hernandez C, Huebener P, Schwabe RF. Damage- responses: potentiation with G-CSF. Proc Natl Acad Sci
associated molecular patterns in cancer: a double- USA 2016; 113: 11300-5.
edged sword. Oncogene 2016; 35: 5931-41. 40. Matsumura S, Wang B, Kawashima N et a/. Radiation-

26. Mackenzie KJ, Carroll P, Martin CA et al. cGAS induced CXCL16 release by breast cancer cells
surveillance of micronuclei links genome instability to attracts effector T cells. J Immunol 2008; 1950:
innate immunity. Nature 2017; 548: 461-5. 3099-107.

27. Yum S, Li M, Fang Y, Chen ZJ. TBK1 recruitment to 41. Gasser S, Orsulic S, Brown EJ, Raulet DH. The DNA
STING activates both IRF3 and NF-kB that mediate damage pathway regulates innate immune system
immune defense against tumors and viral ligands of the NKG2D receptor. Nature 2005; 436:
infections. Proc Natl Acad Sci USA 2021; 118: 1186-90.
€2100225118. 42. Yang G, Kong Q, Wang G et al. Low-dose ionizing

28. Deng L, Liang H, Xu M et al. STING-dependent radiation induces direct activation of natural killer cells
cytosolic DNA sensing promotes radiation-induced type and provides a novel approach for adoptive cellular
I interferon-dependent antitumor immunity in immunotherapy. Cancer Biother Radiopharm 2014;
immunogenic tumors. Immunity 2014; 41: 843-52. 29: 428-34.

29. Lim JYH, Gerber SA, Murphy SP, Lord EM. Type I 43. Cheng J-N, Luo W, Sun C et al. Radiation-induced
interferons induced by radiation therapy mediate eosinophils improve cytotoxic T lymphocyte
recruitment and effector function of CD8(+) T cells. recruitment and response to immunotherapy. Sci Adv
Cancer Immunol Immunother 2014; 63: 259-71. 2021; 7: eabc7609.

30. Gupta A, Probst HC, Vuong V et al. Radiotherapy 44. Reits EA, Hodge JW, Herberts CA et al. Radiation
promotes tumor-specific effector CD8+ T cells via modulates the peptide repertoire, enhances MHC class
dendritic cell activation. J Immunol 2012; 1950: 558- I expression, and induces successful antitumor
66. immunotherapy. J Exp Med 2006; 203: 1259-71.

31. Gameiro SR, Jammeh ML, Wattenberg MM et al. 45. Teresa Pinto A, Pinto ML, Cardoso AP et al. Ionizing
Radiation-induced immunogenic modulation of tumor radiation modulates human macrophages towards a
enhances antigen processing and calreticulin exposure, pro-inflammatory phenotype preserving their pro-
resulting in enhanced T-cell killing. Oncotarget 2014; invasive and pro-angiogenic capacities. Sci Rep 2016;
5: 403-16. 6: 18765.

32. Ghiringhelli F, Apetoh L, Tesniere A et al. Activation of 46. Corzo CA, CondamineT, Lu L et al. HIF-1a regulates
the NLRP3 inflammasome in dendritic cells induces IL- function and differentiation of myeloid-derived
1B-dependent adaptive immunity against tumors. Nat suppressor cells in the tumor microenvironment. J Exp
Med 2009; 15: 1170-8. Med 2010; 207: 2439-53.

33. Saez PJ, Vargas P, Shoji KF et al. ATP promotes the fast 47. Chiang C-S, Fu SY, Wang S-C et al. Irradiation
migration of dendritic cells through the activity of promotes an m2 macrophage phenotype in tumor
pannexin 1 channels and P2X7 receptors. Sci Signal hypoxia. Front Oncol 2012; 2: 89.

2017; 10: eaah7107. 48. Vignali DAA, Collison LW, Workman CJ. How regulatory

34. Gardai SJ, McPhillips KA, Frasch SC et al. Cell-surface T cells work. Nat Rev Immunol 2008; 8: 523-32.
calreticulin initiates clearance of viable or apoptotic 49. Walker LSK, Sansom DM. The emerging role of CTLA4
cells through trans-activation of LRP on the phagocyte. as a cell-extrinsic regulator of T cell responses. Nat Rev
Cell 2005; 123: 321-34. Immunol 2011; 11: 852-63.

35. Apetoh L, Ghiringhelli F, Tesniere A et al. Toll-like 50. Moeller B], Cao Y, Li CY, Dewhirst MW. Radiation
receptor 4-dependent contribution of the immune activates HIF-1 to regulate vascular radiosensitivity in
system to anticancer chemotherapy and radiotherapy. tumors: role of reoxygenation, free radicals, and stress
Nat Med 2007; 13: 1050-9. granules. Cancer Cell 2004; 5: 429-41.

530 © 2022 The Authors. Journal of Medical Imaging and Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Royal Australian and New

Zealand College of Radiologists.

85USD17 SUOWILLOD BAIERID 3|qed!dde aup Ag peusenob a1e SDIPNE YO 88N JO S3INJ 10} ARG 1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SLLBYWOD™ A8 I ARe1q 1 pUTIUO//SANY) SUORIPUOD PUE SWLB L U3 885 *[7202/S0/ET] U0 ARIqIT 8UIuO AB]IM ‘[10UN0D UoIEesaY IIPSIN PUY UIIESH [BUOIRN Ad 66EET S8Y6-YSLT/TTTT OT/I0PALIOD M| 1M ARIq1BuI|UO//SANY W1} poPeo|umMOd ‘v ‘20T ‘SBYEYSLT



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Vujaskovic Z, Anscher MS, Feng QF et al. Radiation-
induced hypoxia may perpetuate late normal tissue
injury. Int J Radiat Oncol Biol Phys 2001; 50: 851-5.
Lim YJ. 83P - radiation-induced change of PD-1/PD-L1
immune checkpoint in mouse colon cancer models.
Ann Oncol 2019; 30: vii24.

Illidge T, Lipowska-Bhalla G, Cheadle E et al. Radiation
therapy induces an adaptive upregulation of PD-L1 on
tumor cells which may limit the efficacy of the anti-
tumor immune response but can be circumvented by
anti-PD-L1. Int J Radiat Oncol Biol Phys 2014; 90: S776.
Azad A, Lim SY, D'Costa Z et al. PD-L1 blockade
enhances response of pancreatic ductal
adenocarcinoma to radiotherapy. EMBO Mol Med 2017;
9: 167-80.

Chen M-F, Chen P-T, Chen W-C et al. The role of PD-L1
in the radiation response and prognosis for
esophageal squamous cell carcinoma related to IL-6
and T-cell immunosuppression. Oncotarget 2016; 7:
7913-24.

Dovedi SJ, Adlard AL, Lipowska-Bhalla G et al.
Acquired resistance to fractionated radiotherapy can be
overcome by concurrent PD-L1 blockade. Cancer Res
2014; 74: 5458-68.

Adjemian S, Oltean T, Martens S et al. Ionizing
radiation results in a mixture of cellular outcomes
including mitotic catastrophe, senescence, methuosis,
and iron-dependent cell death. Cell Death Dis 2020;
11: 1003.

Perillo B, Donato MD, Pezone A et al. ROS in cancer
therapy: the bright side of the moon. Exp Mol Med
2020; 52: 192-203.

Janopaul-Naylor JR, Shen Y, Qian DC, Buchwald ZS.
The abscopal effect: a review of pre-clinical and clinical
advances. Int J Mol Sci 2021; 22: 11061.

Sia J, Szmyd R, Hau E, Gee HE. Molecular mechanisms
of radiation-induced cancer cell death: a primer. Front
Cell Dev Biol 2020; 8: 41.

Matzinger P. Tolerance, danger, and the extended
family. Annu Rev Immunol 1994; 12: 991-1045.
Ashrafizadeh M, Farhood B, Eleojo Musa A, Taeb S,
Najafi M. Damage-associated molecular patterns in
tumor radiotherapy. Int Immunopharmacol 2020; 86:
106761.

Vermeer DW, Spanos WC, Vermeer PD et al. Radiation-
induced loss of cell surface CD47 enhances immune-
mediated clearance of human papillomavirus-positive
cancer. Int J Cancer 2013; 133: 120-9.

Matlung HL, Szilagyi K, Barclay NA, van den Berg TK.
The CD47-SIRPq signaling axis as an innate immune
checkpoint in cancer. Immunol Rev 2017; 276: 145-
64.

Candas-Green D, Xie B, Huang J et al. Dual blockade of
CD47 and HER2 eliminates radioresistant breast cancer
cells. Nat Commun 2020; 11: 4591.

Veillette A, Chen J. SIRPa-CD47 immune checkpoint
blockade in anticancer therapy. Trends Immunol 2018;
39: 173-84.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Irradiation immunity interactions

Chao MP, Weissman IL, Majeti R. The CD47-SIRPa
pathway in cancer immune evasion and potential
therapeutic implications. Curr Opin Immunol 2012;
24: 225-32.

Huang C-Y, Ye Z-H, Huang M-Y, Lu J-J. Regulation of
CD47 expression in cancer cells. Trans/ Oncol 2020;
13: 100862.

Feng R, Zhao H, Xu J, Shen C. CD47: the next
checkpoint target for cancer immunotherapy. Crit Rev
Oncol Hematol 2020; 152: 103014.

Liao Y, Liu S, Fu S, Wu J. HMGB1 in radiotherapy: a
two headed signal regulating tumor radiosensitivity
and immunity. Onco Targets Ther 2020; 13: 6859-71.
Storozynsky Q, Hitt MM. The impact of radiation-induced
DNA damage on cGAS-STING-mediated immune
responses to cancer. Int J Mol Sci 2020; 21: 8877.
Jiang M, Chen P, Wang L et al. cGAS-STING, an
important pathway in cancer immunotherapy.

J Hematol Oncol 2020; 13: 81.

Arina A, Beckett M, Fernandez C et al. Tumor-
reprogrammed resident T cells resist radiation to
control tumors. Nat Commun 2019; 10: 3959.

Cytlak UM, Dyer DP, Honeychurch J, Williams KJ, Travis
MA, Illidge TM. Immunomodulation by radiotherapy in
tumour control and normal tissue toxicity. Nat Rev
Immunol 2021; 22: 124-138. https://doi.org/10.
1038/s41577-021-00568-1

Zhu M, Yang M, Zhang ] et al. Immunogenic cell death
induction by ionizing radiation. Front Immunol 2021;
12: 705361.

Fucikova J, Kepp O, Kasikova L et al. Detection of
immunogenic cell death and its relevance for cancer
therapy. Cell Death Dis 2020; 11: 1013.

Brandmaier A, Formenti SC. The impact of radiation
therapy on innate and adaptive tumor immunity.
Semin Radiat Oncol 2020; 30: 139-44.

Burkholder B, Huang R-Y, Burgess R et al. Tumor-
induced perturbations of cytokines and immune cell
networks. Biochim Biophys Acta 2014; 1845: 182-201.
Qian B-Z, Pollard JW. Macrophage diversity enhances
tumor progression and metastasis. Cell 2010; 141:
39-51.

Shi X, Shiao SL. The role of macrophage phenotype in
regulating the response to radiation therapy. Trans/
Res 2018; 191: 64-80.

Kho VM, Mekers VE, Span PN, Bussink ], Adema GJ.
Radiotherapy and cGAS/STING signaling: impact on
MDSCs in the tumor microenvironment. Cell Immunol
2021; 362: 104298.

Lee K, Zhang H, Qian DZ et al. Acriflavine inhibits HIF-
1 dimerization, tumor growth, and vascularization.
Proc Natl Acad Sci USA 2009; 106: 17910-5.

Tsai C-S, Chen F-H, Wang C-C et al. Macrophages from
irradiated tumors express higher levels of iNOS,
arginase-I and COX-2, and promote tumor growth. Int
J Radiat Oncol Biol Phys 2007; 68: 499-507.

Wang J, Xu Z, Wang Z, Du G, Lun L. TGF-beta signaling
in cancer radiotherapy. Cytokine 2021; 148: 155709.

© 2022 The Authors. Journal of Medical Imaging and Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Royal Australian and New 531
Zealand College of Radiologists.

d ‘v ‘20T 'S8Y6rSLT

woyy

85U8017] SUOLLILIOD SATIR.D 3|11 U} AQ PoUBAOB 912 SBPIE O ‘38N 10 S3N1 10} ARRIdlIT 3UIUG 4B\ UO (SUOIPUOD-PUB-SULIBILID A5 AR 1[pUI LO//SCHIu) SUORIPUGD PUE SWB L 811885 [Z02/S0/ET] UO Ar1q 17 2UIIUO AB]IA [19UN0D) U0IES3Y EOIPBIAl PUY LIIESH [BUOIN Ad B6EET S876-7G.T/TTTT OT/I0pLIOY KB I


https://doi.org/10.1038/s41577-021-00568-1
https://doi.org/10.1038/s41577-021-00568-1

DA Simon Dauvis et al.

85. Gunderson AJ, Yamazaki T, McCarty K et al. TGFB 102. Barber DL, Wherry EJ, Masopust D et al. Restoring
suppresses CD8+ T cell expression of CXCR3 and tumor function in exhausted CD8 T cells during chronic viral
trafficking. Nat Commun 2020; 11: 1749. infection. Nature 2006; 439: 682-7.

86. Muroyama Y, Nirschi TR, Kochel CM et al. Stereotactic 103. Kowalski ES, Remick JS, Sun K et al. Immune
radiotherapy increases functionally suppressive checkpoint inhibition in patients treated with
regulatory T cells in the tumor microenvironment. stereotactic radiation for brain metastases. Radiat
Cancer Immunol Res 2017; 5: 992-1004. Oncol 2020; 15: 245.

87. Pizon M, Schott D, Pachmann UA, Pachmann K, Maeurer 104. Mazzola R, Jereczek-Fossa BA, Franceschini, D et al.
M. Upregulation of programmed death ligand 1 (PD-L1) Oligometastasis and local ablation in the era of
on circulating epithelial tumor cells (CETCs) as systemic targeted and immunotherapy. Radiat Oncol
consequence of adjuvant radiation therapy in primary 2020; 15: 92.
breast cancer patients. J Clin Oncol 2019; 37: 3-3. 105. Sha CM, Lehrer EJ, Hwang C et al. Toxicity in

88. Haist M, Stege H, Grabbe S, Bros M. The functional combination immune checkpoint inhibitor and radiation
crosstalk between myeloid-derived suppressor cells therapy: a systematic review and meta-analysis.
and regulatory T cells within the immunosuppressive Radiother Oncol 2020; 151: 141-8.
tumor microenvironment. Cancer 2021; 13: E210. 106. Tree AC, Jones K, Hafeez S et al. Dose-limiting urinary

89. Zhao H, Wu L, Yan G et al. Inflammation and tumor toxicity with pembrolizumab combined with weekly
progression: signaling pathways and targeted hypofractionated radiation therapy in bladder cancer.
intervention. Signal Transduct Target Ther 2021; 6: 1-46. Int J Radiat Oncol Biol Phys 2018; 101: 1168-71.

90. Hamarsheh S, Zeiser R. NLRP3 inflammasome 107. Shaverdian N, Beattie J, Thor M et al. Safety of
activation in cancer: a double-edged sword. Front thoracic radiotherapy in patients with prior immune-
Immunol 2020; 11: 1444, related adverse events from immune checkpoint

91. Meeren AVD, Bertho J-M, Vandamme M, Gaugler M-H. inhibitors. Ann Oncol 2020; 31: 1719-24.

Ionizing radiation enhances IL-6 and IL-8 production by 108. Khalil DN, Budhu S, Gasmi B et al. The new era of cancer
human endothelial cells. Mediators Inflamm 1997; 6: immunotherapy: manipulating T-cell activity to overcome
185-93. malignancy. Adv Cancer Res 2015; 128: 1-68.

92. Masucci MT, Minopoli M, Carriero MV. Tumor associated 109. Khalil DN, Smith EL, Brentjens RJ, Wolchok JD. The
neutrophils. Their role in tumorigenesis, metastasis, future of cancer treatment: immunomodulation, CARs
prognosis and therapy. Front Oncol 2019; 9: 1146. and combination immunotherapy. Nat Rev Clin Oncol

93. Furumaya C, Martinez-Sanz P, Bouti P, Kuijpers TW, 2016; 13: 273-90.

Matlung HL. Plasticity in pro- and anti-tumor activity of 110. Larson RC, Maus MV. Recent advances and discoveries
neutrophils: shifting the balance. Front Immunol 2020; in the mechanisms and functions of CAR T cells. Nat
11: 2100. Rev Cancer 2021; 21: 145-61.

94. Mole RH. Whole body irradiation; radiobiology or 111. DeSelm C. The current and future role of radiation
medicine? Br J Radiol 1953; 26: 234-41. therapy in the era of CAR T-cell salvage. Br J Radiol

95. Munro AJ. Bystander effects and their implications for 2021; 94: 20210098.
clinical radiotherapy. J Radiol Prot 2009; 29: A133-42. 112. Coley WB. The treatment of malignant tumors by

96. Grassberger C, Ellsworth SG, Wilks MQ, Keane FK, repeated inoculations of erysipelas. With a report of ten
Loeffler JS. Assessing the interactions between original cases. 1893. Clin Orthop 1991; 262: 3-11.
radiotherapy and antitumour immunity. Nat Rev Clin 113. Zhang Y, Zhang Z. The history and advances in cancer
Oncol 2019; 16: 729-45. immunotherapy: understanding the characteristics of

97. Grass GD, Krishna N, Kim S. The immune mechanisms tumor-infiltrating immune cells and their therapeutic
of abscopal effect in radiation therapy. Curr Probl implications. Cell Mol Immunol 2020; 17: 807-21.
Cancer 2016; 40: 10-24. 114. Harrington KJ, Puzanov I, Hecht JR et al. Clinical

98. Robert C. A decade of immune-checkpoint inhibitors in development of talimogene laherparepvec (T-VEC): a
cancer therapy. Nat Commun 2020; 11: 3801. modified herpes simplex virus type-1-derived oncolytic

99. Donlon NE, Power R, Hayes C, Reynolds JV, Lysaght J. immunotherapy. Expert Rev Anticancer Ther 2015;
Radiotherapy, immunotherapy, and the tumour 15: 1389-403.
microenvironment: turning an immunosuppressive 115. Andtbacka RHI, Kaufman HL, Collichio F et al.
milieu into a therapeutic opportunity. Cancer Lett Talimogene laherparepvec improves durable response
2021; 502: 84-96. rate in patients with advanced melanoma. J Clin Oncol

100. Haslam A, Prasad V. Estimation of the percentage of 2015; 33: 2780-8.

US patients with cancer who are eligible for and 116. Andtbacka RHI, Collichio F, Harrington KJ et al. Final
respond to checkpoint inhibitor immunotherapy drugs. analyses of OPTiM: a randomized phase III trial of
JAMA Netw Open 2019; 2: e192535. talimogene laherparepvec versus granulocyte-

101. Leach DR, Krummel MF, Allison JP. Enhancement of macrophage colony-stimulating factor in unresectable
antitumor immunity by CTLA-4 blockade. Science stage III-IV melanoma. J Immunother Cancer 2019;
1996; 271: 1734-6. 7: 145.

532 © 2022 The Authors. Journal of Medical Imaging and Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Royal Australian and New

Zealand College of Radiologists.

85USD17 SUOWILLOD BAIERID 3|qed!dde aup Ag peusenob a1e SDIPNE YO 88N JO S3INJ 10} ARG 1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SLLBYWOD™ A8 I ARe1q 1 pUTIUO//SANY) SUORIPUOD PUE SWLB L U3 885 *[7202/S0/ET] U0 ARIqIT 8UIuO AB]IM ‘[10UN0D UoIEesaY IIPSIN PUY UIIESH [BUOIRN Ad 66EET S8Y6-YSLT/TTTT OT/I0PALIOD M| 1M ARIq1BuI|UO//SANY W1} poPeo|umMOd ‘v ‘20T ‘SBYEYSLT



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

O’Cathail SM, Pokrovska TD, Maughan TS, Fisher KD,
Seymore LW, Hawkins MA. Combining oncolytic
adenovirus with radiation—a paradigm for the future of
Radiosensitization. Front Oncol 2017; 7: 153.

Ribatti D, Crivellato E. Immune cells and angiogenesis.
J Cell Mol Med 2009; 13: 2822-33.

Albini A, Bruno A, Noonan DM, Mortara L.
Contribution to tumor angiogenesis from innate
immune cells within the tumor microenvironment:
implications for immunotherapy. Front Immunol
2018; 9: 527.

Overgaard J. Hypoxic radiosensitization: adored and
ignored. J Clin Oncol 2007; 25: 4066-74.

Duffy, A. M., Bouchier-Hayes, D. J. & Harmey, J. H.
Vascular endothelial growth factor (VEGF) and its role
in non-endothelial cells: autocrine signalling by VEGF.
Madame curie bioscience database [internet]. Landes
Bioscience, 2013.

Lopes-Coelho F, Martins F, Pereira SA, Serpa J. Anti-
angiogenic therapy: current challenges and future
perspectives. Int J Mol Sci 2021; 22: 3765.

Haibe Y, Kreidieh M, Hajj HE et al. Resistance
mechanisms to anti-angiogenic therapies in cancer.
Front Oncol 2020; 10: 221.

Goedegebuure RSA, de Klerk LK, Bass AJ, Derks S,
Thijssen VLIL. Combining radiotherapy with anti-
angiogenic therapy and immunotherapy; a therapeutic
triad for cancer? Front Immunol 2019; 9: 3107.
Venereau E, De Leo F, Mezzapelle R, Careccia G, Musco
G, Bianchi ME. HMGB1 as biomarker and drug target.
Pharmacol Res 2016; 111: 534-44.

Yang H, Wang H, Andersson U. Targeting inflammation
driven by HMGB1. Front Immunol 2020; 11: 484.
Walter A, Cecconi V, Matter C et al. Aldara activates
TLR7-independent immune defence. Nat Commun
2013; 4: 1560.

Urban-Wojciuk Z, Khan MM, Oyler BL et al. The role of
TLRs in anti-cancer immunity and tumor rejection.
Front Immunol 2019; 10: 2388.

Smith M, Garcia-Martinez E, Pitter MR et al. Trial
watch: Toll-like receptor agonists in cancer
immunotherapy. Oncoimmunology 2018; 7:
e1526250.

Wynn TA, Chawla A, Pollard JW. Macrophage biology in
development, homeostasis and disease. Nature 2013;
496: 445-55.

Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L.
Macrophages and metabolism in the tumor
microenvironment. Cell Metab 2019; 30: 36-50.
Pathria P, Louis TL, Varner JA. Targeting tumor-
associated macrophages in cancer. Trends Immunol
2019; 40: 310-27.

Li D-K, Wang W. Characteristics and clinical trial results
of agonistic anti-CD40 antibodies in the treatment of
malignancies (review). Oncol Lett 2020; 20: 1-1.

Jalil AR, Andrechak JC, Discher DE. Macrophage
checkpoint blockade: results from initial clinical trials,
binding analyses, and CD47-SIRPa structure-function.
Antib Ther 2020; 3: 80-94.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

Irradiation immunity interactions

Ribas A, Medina T, Kummar S et al. SD-101 in
combination with pembrolizumab in advanced
melanoma: results of a phase Ib, multicenter study.
Cancer Discov 2018; 8: 1250-7.

di Masi A, Leboffe L, De Marinis E et al. Retinoic acid
receptors: from molecular mechanisms to cancer
therapy. Mol Aspects Med 2015; 41: 1-115.

Larange A, Cheroutre H. Retinoic acid and retinoic acid
receptors as pleiotropic modulators of the immune
system. Annu Rev Immunol 2016; 34: 369-94.

de Thé H, Pandolfi PP, Chen Z. Acute promyelocytic
leukemia: a paradigm for oncoprotein-targeted cure.
Cancer Cell 2017; 32: 552-60.

Guo Y, Pino-Lagos K, Ahonen CA et al. A retinoic acid—
rich tumor microenvironment provides clonal survival
cues for tumor-specific CD8+ T cells. Cancer Res 2012;
72: 5230-9.

Mirza N, Fishman M, Fricke I et al. All-trans-retinoic
acid improves differentiation of myeloid cells and
immune response in cancer patients. Cancer Res
2006; 66: 9299-307.

Rao E, Hou Y, Huang X et al. All-trans retinoic acid
overcomes solid tumor radioresistance by inducing
inflammatory macrophages. Sci Immunol 2021; 6:
eabaB426.

Schenk T, Stengel S, Zelent A. Unlocking the potential
of retinoic acid in anticancer therapy. Br J Cancer
2014; 111: 2039-45.

Murthy SK. Nanoparticles in modern medicine: state of
the art and future challenges. Int J Nanomedicine
2007; 2: 129-41.

Magnussen AL, Mills IG. Vascular normalisation as the
stepping stone into tumour microenvironment
transformation. Br J Cancer 2021; 125: 324-36.

Du J, Zhang YS, Hobson D, Hydbring P. Nanoparticles
for immune system targeting. Drug Discov Today
2017; 22: 1295-301.

Schmid D, Park CG, Hartl CA et al. T cell-targeting
nanoparticles focus delivery of immunotherapy to improve
antitumor immunity. Nat Commun 2017; 8: 1747.

Hu G, Guo M, Xu J et al. Nanoparticles targeting
macrophages as potential clinical therapeutic agents
against cancer and inflammation. Front Immunol
2019; 10: 1998.

Conniot J, Silva JM, Fernandes JG et al. Cancer
immunotherapy: nanodelivery approaches for immune
cell targeting and tracking. Front Chem 2014; 2: 105.
Korangath P, Barnett JD, Sharma A et al. Nanoparticle
interactions with immune cells dominate tumor
retention and induce T cell-mediated tumor
suppression in models of breast cancer. Sci Adv 2020;
6: eaay1601.

Willis JCD, Lord GM. Immune biomarkers: the
promises and pitfalls of personalized medicine. Nat
Rev Immunol 2015; 15: 323-9.

Binnewies M, Roberts EW, Kersten K et al.
Understanding the tumor immune microenvironment
(TIME) for effective therapy. Nat Med 2018; 24: 541
50.

© 2022 The Authors. Journal of Medical Imaging and Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Royal Australian and New 533
Zealand College of Radiologists.

d ‘v ‘20T 'S8Y6rSLT

woyy

85U8017] SUOLLILIOD SATIR.D 3|11 U} AQ PoUBAOB 912 SBPIE O ‘38N 10 S3N1 10} ARRIdlIT 3UIUG 4B\ UO (SUOIPUOD-PUB-SULIBILID A5 AR 1[pUI LO//SCHIu) SUORIPUGD PUE SWB L 811885 [Z02/S0/ET] UO Ar1q 17 2UIIUO AB]IA [19UN0D) U0IES3Y EOIPBIAl PUY LIIESH [BUOIN Ad B6EET S876-7G.T/TTTT OT/I0pLIOY KB I



DA Simon Dauvis et al.

152. Wan JCM, Massie C, Garcia-Corbacho ] et al. Liquid 166. Willett CG, Duda DG, di Tomaso E et al. Efficacy,
biopsies come of age: towards implementation of safety, and biomarkers of neoadjuvant bevacizumab,
circulating tumour DNA. Nat Rev Cancer 2017; 17: radiation therapy, and fluorouracil in rectal cancer: a
223-38. multidisciplinary phase II study. J Clin Oncol 2009;

153. Ludwig JA, Weinstein JN. Biomarkers in cancer staging, 27: 3020-6.
prognosis and treatment selection. Nat Rev Cancer 167. Cheng S, Cheadle EJ, Illidge TM. Understanding the
2005; 5: 845-56. effects of radiotherapy on the tumour immune

154. Hiam-Galvez KJ, Allen BM, Spitzer MH. Systemic microenvironment to identify potential prognostic and
immunity in cancer. Nat Rev Cancer 2021; 21: 345 predictive biomarkers of radiotherapy response.

59. Cancer 2020; 12: 2835.

155. Lesterhuis WJ, Bosco A, Millward MJ, Small M, Nowak 168. Coates S, Wang D, Pierscionek T et al. Time- and race-
AK, Lake RA. Dynamic versus static biomarkers in specific haematological reference intervals for healthy
cancer immune checkpoint blockade: unravelling volunteer trials: a retrospective analysis of pooled data
complexity. Nat Rev Drug Discov 2017; 16: 264-72. from multiple phase I trials. Front Pharmacol 2020;

156. Topkan E, Kucuk A, Ozdemir Y et al. Systemic 11: 314.
inflammation response index predicts survival 169. Mahlknecht U, Kaiser S. Age-related changes in
outcomes in glioblastoma multiforme patients treated peripheral blood counts in humans. Exp Ther Med
with standard Stupp protocol. J Immunol Res 2020; 2010; 1: 1019-25.

2020: €8628540. 170. Zachariah B, Jacob SS, Gwede C et al. Effect of

157. Baldzs K, Kis E, Badie C et al. Radiotherapy-induced fractionated regional external beam radiotherapy on
changes in the systemic immune and inflammation peripheral blood cell count. Int J Radiat Oncol Biol Phys
parameters of head and neck cancer patients. Cancer 2001; 50: 465-72.

2019; 11: 1324. 171. Verma R, Foster RE, Horgan K et al. Lymphocyte

158. Jiang W, Chen Y, Huang J et al. Systemic immune- depletion and repopulation after chemotherapy for
inflammation index predicts the clinical outcome in primary breast cancer. Breast Cancer Res 2016; 18: 10.
patients with nasopharyngeal carcinoma: a propensity 172. de Lima VAB, Hansen M, Spanggaard I et al. Immune
score-matched analysis. Oncotarget 2017; 8: 66075- cell profiling of peripheral blood as signature for
86. response during checkpoint inhibition across cancer

159. Tong Y-S, Tan J, Zhou X-L, Song Y-Q, Song Y-J. types. Front Oncol 2021; 11: 869.

Systemic immune-inflammation index predicting 173. Bai R, Lv Z, Xu D, Cui J. Predictive biomarkers for
chemoradiation resistance and poor outcome in cancer immunotherapy with immune checkpoint
patients with stage III non-small cell lung cancer. J inhibitors. Biomark Res 2020; 8: 34.

Transl Med 2017; 15: 221. 174. Ghita M, Brown KH, Kelada OJ, Graves EE, Butterworth

160. Formenti SC, Rudqvist N-P, Golden E et al. KT. Integrating small animal irradiators with functional
Radiotherapy induces responses of lung cancer to imaging for advanced preclinical radiotherapy
CTLA-4 blockade. Nat Med 2018; 24: 1845-51. research. Cancer 2019; 11: 170.

161. Koh HK, Park Y, Koo T et al. Neutrophil-to-lymphocyte 175. Guo J, Su J, He Q et al. The prognostic impact of
ratio after definitive concurrent chemoradiotherapy multiparameter flow cytometry immunophenotyping
predicts survival in patients with esophageal and cytogenetic aberrancies in patients with multiple
squamous cell carcinoma. In Vivo 2021; 35: 1133-9. myeloma. Hematology 2016; 21: 152-61.

162. Wang D, An G, Xie S, Yao Y, Feng G. The clinical and 176. Chuah S, Chew V. High-dimensional immune-profiling
prognostic significance of CD14(+)HLA-DR(—/low) in cancer: implications for immunotherapy. J
myeloid-derived suppressor cells in hepatocellular Immunother Cancer 2020; 8: e000363.
carcinoma patients receiving radiotherapy. Tumour 177. Heyen NB, Salloch S. The ethics of machine learning-
Biol 2016; 37: 10427-33. based clinical decision support: an analysis through

163. Kim HJ, Park S, Kim K-J, Seong J. Clinical significance the lens of professionalisation theory. BMC Med Ethics
of soluble programmed cell death ligand-1 (sPD-L1) in 2021; 22: 112.
hepatocellular carcinoma patients treated with 178. Giordano C, Brennan M, Mohamed B, Rashidi P,
radiotherapy. Radiother Oncol 2018; 129: 130-5. Modave F, Tighe P. Accessing artificial intelligence for

164. Onal C, Yildirim BA, Guler OC, Mertsoylu H. The utility clinical decision-making. Front Digit Health 2021; 3:
of pretreatment and posttreatment lymphopenia in 65.
cervical squamous cell carcinoma patients treated with 179. Igbal MJ, Javed Z, Sadia H et al. Clinical applications of
definitive chemoradiotherapy. Int J Gynecol Cancer artificial intelligence and machine learning in cancer
2018; 28: 1553-9. diagnosis: looking into the future. Cancer Cell Int

165. Napolitano M, D'Alterio C, Cardone E et al. Peripheral 2021; 21: 270.
myeloid-derived suppressor and T regulatory PD-1 180. Stone HB, Peters LJ, Milas L. Effect of host immune
positive cells predict response to neoadjuvant short- capability on radiocurability and subsequent
course radiotherapy in rectal cancer patients. transplantability of a murine fibrosarcoma. J Nat/
Oncotarget 2015; 6: 8261-70. Cancer Inst 1979; 63: 1229-35.

534 © 2022 The Authors. Journal of Medical Imaging and Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Royal Australian and New

Zealand College of Radiologists.

85USD17 SUOWILLOD BAIERID 3|qed!dde aup Ag peusenob a1e SDIPNE YO 88N JO S3INJ 10} ARG 1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SLLBYWOD™ A8 I ARe1q 1 pUTIUO//SANY) SUORIPUOD PUE SWLB L U3 885 *[7202/S0/ET] U0 ARIqIT 8UIuO AB]IM ‘[10UN0D UoIEesaY IIPSIN PUY UIIESH [BUOIRN Ad 66EET S8Y6-YSLT/TTTT OT/I0PALIOD M| 1M ARIq1BuI|UO//SANY W1} poPeo|umMOd ‘v ‘20T ‘SBYEYSLT



Irradiation immunity interactions

181.

182.

183.

184.

185.

186.

Postow MA, Callahan MK, Barker CA et al. Immunologic
correlates of the abscopal effect in a patient with
melanoma. N Engl J Med 2012; 366: 925-31.

Rubin P. Comment: are metastases curable? JAMA
1968; 204: 612-3.

Hellman S, Weichselbaum RR. Oligometastases. J Clin
Oncol 1995; 13: 8-10.

Weichselbaum RR, Hellman S. Oligometastases
revisited. Nat Rev Clin Oncol 2011; 8: 378-82.

Gomez DR, Tang C, Zhang J et al. Local consolidative
therapy vs. maintenance therapy or observation for
patients with oligometastatic non-small-cell lung
cancer: long-term results of a multi-institutional, phase
11, randomized study. J Clin Oncol 2019; 37: 1558-65.
Palma DA et al. Stereotactic ablative radiotherapy
versus standard of care palliative treatment in patients
with oligometastatic cancers (SABR-COMET): a

187.

188.

189.

randomised, phase 2, open-label trial. Lancet 2019;
393: 2051-8.

Phillips R, Shi WY, Deek M et al. Outcomes of
observation vs stereotactic ablative radiation for
oligometastatic prostate cancer. JAMA Oncol 2020; 6:
650-9.

Parker CC, James ND, Brawley CD et al. Radiotherapy
to the primary tumour for newly diagnosed,
metastatic prostate cancer (STAMPEDE): a
randomised controlled phase 3 trial. Lancet 2018;
392: 2353-66.

You R, Liu Y-P, Huang P-Y et al. Efficacy and safety
of locoregional radiotherapy with chemotherapy vs
chemotherapy alone in de novo metastatic
nasopharyngeal carcinoma: a multicenter phase 3
randomized clinical trial. JAMA Oncol 2020; 6:
1345.

© 2022 The Authors. Journal of Medical Imaging and Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Royal Australian and New

Zealand College of Radiologists.

535




	 Sum�mary
	 Intro�duc�tion
	 Tumour anti�gen-speci�fic immune responses and their mod�u�la�tion by RT
	 Anti-tu�mour immune responses
	 Effects of RT that enhance anti-tu�mour immu�nity
	 Effects of RT that sup�press anti-tu�mour immu�nity
	ara13399-fig-0001
	 RT and anti-tu�mour immu�nity: Fren�e�mies?

	 Manip�u�lat�ing local and sys�temic immune bal�ance to enhance RT out�come using immune co-ther�a�pies
	 Immune check�point inhibitors
	 Adop�tive cell trans�fer ther�apy using CAR 	T cells
	 Oncolytic virus ther�apy
	 Anti-an�gio�genic ther�apy
	 TLR ago�nists
	 Tumour-as�so�ci�ated macrophage (TAM) tar�get�ing strate�gies
	 Retinoic acid (RA)
	 Nanomedicine

	 Immune sig�na�ture as mul�ti�pa�ram�e�ter biomarker to per�son�alise RT sched�ules
	 Rationale
	 Cur�rent evi�dence
	 Chal�lenges
	 Mul�ti�pa�ram�e�ter approach, pre�clin�i�cal mod�els and machine learn�ing

	 Con�clu�sions
	 Fund�ing
	 Acknowl�edge�ment
	 Data avail�abil�ity
	 Ref�er�ences

