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ARTICLE INFO ABSTRACT

Keywords: Immune checkpoint blockade (ICB) has revolutionised the treatment of solid tumours, yet most patients do not
Radiotherapy derive a clinical benefit. Resistance to ICB is often contingent on the tumour microenvironment (TME) and
Immunotherapy

modulating aspects of this immunosuppressive milieu is a goal of combination treatment approaches. Radiation
has been used for over a century in the management of cancer with more than half of all cancer patients receiving
radiotherapy. Here, we outline the rationale behind combining radiotherapy with ICB, a potential synergy
through mutually beneficial remodelling of the TME. We discuss the pleiotropic effects radiation has on the TME
including immunogenic cell death, activation of cytosolic DNA sensors, remodelling the stroma and vasculature,
and paradoxical infiltration of both anti-tumour and suppressive immune cell populations. These events depend
on the radiation dose and fractionation and optimising these parameters will be key to develop safe and effective
combination regimens. Finally, we highlight ongoing efforts that combine radiation, immunotherapy and in-
hibitors of DNA damage response, which can help achieve a favourable equilibrium between the immunogenic

Abscopal effect
Immunogenic cell death
DAMPS
Hypofractionation

and tolerogenic effects of radiation on the immune microenvironment.

1. Introduction

Radiotherapy has been one of the pillars for the management of
neoplastic burden in cancer patients for over a century. It is used as a
treatment modality in approximately 50% of cancer patients in the
neoadjuvant, adjuvant, curative and palliative settings. Radiotherapy
was employed for its ability to induce double strand DNA breaks,
resulting in cell death mainly through mitotic catastrophe and less
commonly by apoptosis and cellular senescence [1,2]. Since then, ra-
diation has been successfully integrated with surgery and chemo-
therapy, and ongoing efforts seek to combine radiotherapy with novel
systemic agents. Antibodies against cytotoxic T lymphocyte antigen 4
(CTLA-4), programmed cell death 1 (PD-1) or programmed cell death
ligand 1 (PD-L1) [3,4] aim to block negative regulators of immune ho-
meostasis known as immune checkpoints and reinvigorate exhausted
CD8™ T cells [5]. This immune checkpoint blockade (ICB) has reshaped
the treatment landscape of certain solid tumours, including non-small
cell lung cancer, melanoma, urothelial cancer and head and neck
squamous cell carcinoma [6-8]. Although some patients display dra-
matic and durable responses to ICB, the majority derive no benefit.

Therefore, there is considerable interest in combination regimens of ICB
and potential sensitising agents, including radiation [9].

Traditionally, radiotherapy research has focused on radiation
induced biological effects on cancer cells, with little focus on the sur-
rounding stroma. However, cancer cells can reprogram the local envi-
ronment to induce a tumourigenic milieu. This tumour
microenvironment (TME) is composed of blood vessels, extracellular
matrix, cancer-associated fibroblasts (CAFs) and a range of immune cells
including T and B lymphocytes, tumour-associated macrophages
(TAMs), natural killer (NK) cells and myeloid derived suppressor cells
(MDSCs) [10]. A growing body of evidence suggests the TME is not only
important in cancer development and progression but is altered
dynamically in response to radiotherapy. As these changes may be
critical in determining treatment success or failure, a deeper knowledge
of the TME following radiotherapy is needed to understand radio-
resistance and develop effective combination strategies. In this review,
we discuss the effect of radiation on the stroma, the vasculature and
immune cell composition of the TME. We outline a ‘double edged sword’
effect, where radiation can induce both immunogenic and immuno-
suppressive changes in the immune microenvironment. Finally, we
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propose how this milieu can be therapeutically targeted using a com-
bination of radiation and immune-based approaches to optimise radia-
tion induced microenvironment remodelling.

2. Immunogenic effects of radiation
2.1. The abscopal effect

The ‘abscopal effect’, first described in 1953 by Mole [11], refers to
regression of metastases outside the radiation field after irradiation of
one tumour site. This rare phenomenon could not be explained for de-
cades, but it has recently been linked to radiation-induced systemic
antitumour immunity [12]. Although the mechanism is not fully un-
derstood, it is thought that the initial step is radiation liberating neo-
antigens from tumour cells [13]. These antigens can be taken up by
antigen-presenting cells (APCs), which migrate to lymph nodes and
participate in the cross priming of naive CD8' T cell. Activated
tumour-specific CD8" cytotoxic T cells infiltrate both the primary
tumour and the non-irradiated metastatic lesion, where they contribute
to tumour cell elimination [13]. This effect is rare in tumours treated
with radiotherapy alone but is more common when radiation is com-
bined with ICB, both in preclinical and clinical models of PD-1 and
CTLA-4 blockade [12,14-18].

2.2. Immunogenic cell death

The precise delivery of radiotherapy can convert tumours into an in-
situ vaccine and augment the adjuvanticity of the TME. This is through
induction of immunogenic cell death, whereby activation of cell death
pathways in tumours promotes processing of tumour neoantigens. This
represents the first step in the cancer immunity cycle [19], mediated by
damage associated molecular patterns (DAMPs) including ATP, high
mobility group box 1 (HMGBL1), calreticulin and heat shock proteins
(HSPs). HMGB1 activates toll like receptor-4 and activates
cross-presentation of neoantigens by dendritic cells (DCs) as a result of a
reduction in phagosome degradation [20]. Calreticulin acts a
pro-phagocytic signal by binding to the CD91 receptor on macrophages
and DCs, promoting tumour antigen presentation [21]. Immunogenic
cell death releases intracellular ATP which activates the P2X7 purinergic
receptor on DCs [22]. This is an activation signal for the NLRP3
inflammasome, enhancing maturation and release of IL-1f which plays a
role CD8" T cell priming. The net effect of DAMP release is increased
cross presentation of tumour antigens which has been demonstrated
preclinically. Therefore, radiation can profoundly modify the immuno-
genicity of the TME by promoting the release and presentation of
tumour neoantigens.

2.3. The cGAS-STING pathway

The delivery of ionising radiation to cancer cells results in double-
strand DNA breaks. The main mechanism of DNA-damage induced cell
death is through mitotic catastrophe, where a dysregulated G2/M cell
cycle checkpoint allows aberrant mitotic entry with nuclear fragmen-
tation and micronuclei production, ultimately resulting in delayed cell
death [1]. DNA released following radiation-induced cell death has been
found to activate the cyclic GMP-AMP synthase (cGAS)-stimulator of
interferon genes (STING) pathway, a pattern recognition receptor that
senses cytosolic DNA [23]. DNA binds to cGAS, which converts ATP and
GTP to 2,3 -cGAMP, a second messenger that activates the STING pro-
tein attached to the endoplasmic reticulum. STING activates interferon
regulatory factor 3 (IRF3) that results in production of type I interferons
[24]. The substrate of this DNA-induced interferon production is
thought to be CD11c"CD8u™ BATF-lineage of DCs, a subtype specialised
in antigen cross presentation [25]. The classical model of the
cGAS-STING pathway involves type I interferon production in response
to cytosolic DNA, but newer data indicate that DNA recognition occurs
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within c¢GAS containing micronuclei [26,27]. These micronuclei are
produced by aberrant progression to mitosis in DNA damaged cells,
elegantly explaining the link between radiotherapy and delayed onset
DNA damage and immune signalling. There is debate regarding the
cellular compartment of STING signalling in the TME. Some preclinical
models indicate tumour cell intrinsic STING activation is necessary [28,
29], while others suggest tumour cell derived DNA in exosomes can
activate STING signalling in trans, which is responsible for radiation
induced anti-tumour immunity [30,31]. Type I interferons stimulate
cross presentation of tumour antigens by DCs and subsequently lead to
cross priming of CD8" effector T cells.

2.4. Infiltration and activation of T cells

The cytokine milieu is critically important for the immune cell
composition of the TME and is altered following radiotherapy. Effector
CD8™ T cells, interferon (IFN)-y expression, T helper 1 cells (Ty1) cells
and NK cells have potent anti-tumour effects. These cells express the
CXC-chemokine receptor 3 (CXCR3) which binds to Thl chemokines
CXC-chemokine ligand 9 (CXCL9) and CXCL10, which allow migration
into tumours [32]. In mice, radiation promotes transcription of CXCL10,
which can bind to CXCR3 and promote migration of CD8" effector T
cells [33]. CD11c*CD8a " BATF-lineage DCs were found to be important
in this CXCL10 and CXCL9 production [25]. Another preclinical study
found the addition of cisplatin to radiation and anti-PD-1 therapy can
promote abscopal responses, and this was contingent on
CXCL10/CXCR3 mediated CD8" T cell recruitment [34]. Radiation can
also induce the release of CXCL16 by tumour cells, which binds CXCR6
on Th1 cells and CD8" T cells to encourage tumour infiltration [35]. In
addition to chemokines, radiation affects leukocyte infiltration through
changes in cell adhesion molecule expression. IL-1p, TNF-a and type I
and II interferons are upregulated in response to radiation [36]. These
cytokines induce the upregulation of ICAM-1 and VCAM-1 on tumour
endothelium [37,38], promoting migration of lymphocytes into the
tumour parenchyma.

Radiotherapy can upregulate signals in the TME that promote
effector CD8" T cell mediated killing of tumour cells as CD8" T cells
recognise tumour cells by presentation of neoantigens on major histo-
compatibility complex (MHC)-I complex and radiation increases its
expression on tumour cells [39]. Radiation alters the intracellular pep-
tide pool, which can alter the repertoire of cellular MHC-I associated
peptide profiles [39,40]. DNA damage caused by radiotherapy induces
cellular stress, which can elevate expression of poorly expressed neo-
antigens [41]. An example is KPNA2 in non-small-cell lung cancer,
where expression was upregulated by radiation, and peptide fragments
trigger IFN production in patient-derived effector T cells [42]. Other
molecules including ICAM-1 and MIC A/B (an NKG2D ligand) are
upregulated by radiation in vivo and are important in CD8% T cell
mediated killing [42]. In mice, MHC-I, ICAM-1, RAE-1y and NKG2D are
central in T cell functional arrest, immune synapse formation and
tumour regression in response to a combination of radiation and anti
CTLA-4 therapy [43]. Therefore, inflammatory remodelling in the
microenvironment following radiation allows enhanced recruitment
and activation of effector T cells and enhanced immunogenicity in tu-
mours (Fig. 1).

2.5. Paradoxical effects of immunogenic signalling

The same immunogenic pathways highlighted above can also have
immunosuppressive effects and may even promote radio-resistance.
STING activation following high dose radiation (20Gy) upregulates CC
chemokine ligand 2 (CCL2), CCL7 and CCL12 leading to accumulation of
the monocytic MDSCs in the TME through the action of the CCR2 re-
ceptor [44]. Similar (>18 Gy) doses of radiation activate TREX1, an
endonuclease that cleaves cytosolic DNA and attenuates STING medi-
ated radiation induced anti-tumour immunity [45]. Moreover, STING
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Fig. 1. Double-edged sword of radiotherapy: immunosuppression and immunogenicity. DNA damage induced by radiation therapy (RT) leads to tumour cell stress
and death if the former surpasses a cell’s reparative capacity. Radiation can promote cell death by up-regulating major histocompatibility (MHC) class I and NKG2D
ligands which T cells and natural killer (NK) cells respectively recognise. Furthermore, damaged cells express and release damage-associated molecular patterns
(DAMPs): calreticulin expressed on the cell surface, and release of intracellular molecules including high-mobility group box 1 (HMGB1), DNA and ATP by passive or
active mechanisms activating antigen presenting cells such as dendritic cells (DCs) a key step in adaptive immunity. Cytokine release, including interleukin (IL)-1 and
tumour necrosis factor (TNF), by irradiated tumour cells also contributes to DC activation. DCs can cross-present tumour antigens to CD8" T cells. CD8" T cells
mature into cytotoxic lymphocytes and drive destruction of tumour cells; this process can lead to the phenomenon of epitope spreading as new antigens are released
and presented following destruction of heterogeneous cancer cells. Tumour-specific activated T lymphocytes can mediate regression of distant tumours which may
not have been irradiated themselves: known as the abscopal effect. Irradiation of tumour blood vessels leads to increased expression of leukocyte adhesion molecules
such as intercellular adhesion molecule 1 (ICAM-1) facilitating recruitment of anti-tumour immune cells. RT can also favour polarisation of M1 macrophages towards
a pro-tumour M2 phenotype in addition to activating cancer-associated fibroblasts (CAFs). Chemokines released by M2 macrophages and transforming growth factor-
B (TGF-B) secreted by CAFs work in tandem to recruit regulatory T (Treg) cells which suppress anti-tumour immunity. RT also causes a relative increase in these
immunosuppressive cell types by driving apoptosis of effector lymphocytes known as lymphodepletion. Furthermore, induction of co-inhibitory molecules on tumour
cells such as programmed death-ligand 1 (PD-L1) and CD47 suppress effector lymphocyte activity and phagocytosis by macrophages and DCs, respectively. PD-L1
mediates this effect via interactions with programmed cell death protein 1 (PD-1) on lymphocytes.

can activate the noncanonical NF-kB pathway in response to radiation,
which can reduce production of IFN-f in DCs [46]. Inhibiting this
pathway can enhance DC priming and treatment efficacy. Therefore, like
much of radiation’s effects on the TME, STING has a dual role in
anti-tumour immunity.

Type I interferons have opposing effects on tumour and immune
cells, augmenting the anti-tumour immune response while promoting
tumour cell survival. Basal high expression of interferon stimulated
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genes (ISGs) in tumours is linked to radioresistance and recent evidence
indicates this is mediated by autocrine and/or paracrine IFN signalling
[47]. Type I interferon signalling in tumour cells can upregulate a
myriad of T cell inhibitory ligands, including PD-L1, galectin 9 and
HVEM [48]. Furthermore, a pan-cancer analysis of tumours with
dysfunctional infiltrating lymphocytes showed upregulation of inter-
feron regulated pathways [49]. Once example is SERPINBY, a serine
protease inhibitor that inactivates granzyme B, thus preventing T cell
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mediated cytotoxicity [50]. IFNAR1 knockout or JAK inhibition in
mouse models enhanced the tumour response to radiation due to
increased effector CD8™ T cell mediated killing linked to a reduction in
SERPINBO [51]. Overexpression of SERPINB9 reversed this effect, sug-
gesting that radiation-induced interferon signalling restrains T cell
mediated cytotoxicity.

2.6. Immunosuppressive myeloid populations

Radiation can also induce changes in the cytokine profile of the TME
to promote an immunosuppressive milieu. Myeloid derived suppressor
cells (MDSCs) are increased in the TME following radiotherapy in mouse
models [52]. MDSCs inhibit T cell function and anti-tumour immunity
through arginase mediated arginine depletion, nitric oxide production
and reactive oxygen species release [52]. Accumulation in the TME
following radiotherapy is through CCL2 - CCR2 signalling, and CCL2
may be derived from tumour cells [53]. Therapies targeting CCL2 or
CCR2 can enhance radiotherapy efficacy in preclinical models, and has
been demonstrated in pancreatic cell line models [54]. Another che-
mokine axis involved in immune infiltration is CCR5, a receptor for
CCLS5. Radiation upregulates CCL2 and CCL5 production, which recruits
CCR2TCCR5™ suppressive monocytes to the TME [54]. Similarly,
administration of a dual CCR2 and CCR5 antagonist reversed this infil-
tration and increased radiotherapy efficacy. Radiation also upregulates
complement component C5a, which may activate DCs [55] but is also a
potent recruiter of MDSCs [56].

Another myeloid cell population, abundant in the irradiated TME are
tumour associated macrophages (TAMs), which generally exhibit pro-
tumour (M2-phenotype) properties. TAMs induce angiogenesis and
secrete immunosuppressive mediators like IL-10 and TGF-p, thus
inhibiting anti-tumour immunity and promote a radioresistant pheno-
type [57,58]. In autochthonous mouse models of glioblastoma, radiation
upregulates stromal derived factor 1 (SDF-1) which recruits TAMs
through the CXCR4 receptor, and inhibiting SDF-1 can prevent tumour
recurrence following radiotherapy [59]. Colony stimulating factor-1
(CSF-1) is upregulated in the irradiated TME, and is important in
recruitment of TAMs and MDSCs [60]. In preclinical models of glio-
blastoma and prostate cancer, CSF-1 receptor signalling blockade re-
duces accumulation of TAMs and MDSCs in the TME and suppresses
tumour growth more than radiation alone [60,61].

2.7. Regulatory T cells

Regulatory T cells (Tregs) are also increased in the TME following
radiotherapy. Tregs induce immunosuppression by CTLA-4 expression,
IL-10 release and the production of adenosine by the CD39 and CD73
ectonucleotidases [62]. Cells expressing CD39 and/or CD73 include
tumour cells, cancer-associated fibroblasts (CAF), endothelial cells,
Foxp3™ Tregs, Th17 cells, y8 T cells, NK cells, effector and memory T
cells, B regulatory cells (Bregs), myeloid-derived suppressor cells
(MDSC), macrophages and neutrophils, inter alia. Their presence is a
poor prognostic indicator across solid tumours [63]. Release of adeno-
sine by tumour cells, as well as upregulation of TGF-f, both mediators of
homeostatic tissue repair may contribute to Treg accumulation [64].
Another mechanism is tumour cell derived CCL2 release and release of
TNF-o from MDSCs which can activate CCR2" Tyeq cells to promote
immunosuppression [65]. Treg cells are more radioresistant than other T
and B cells, due to increased expression of the PI3K/Akt pathway which
renders them less susceptible to radiation induced apoptosis [66,67].
The effect of selective Trg cell ablation on tumour regression was not
increased by the addition of PD-1 or CTLA-4 blockade, but combined
with radiation reduced tumour burden and enhanced survival, high-
lighting a potential future therapeutic strategy [68].
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3. The tumour stroma and vasculature
3.1. Endothelial cells

The vascular component of the TME is composed of endothelial cells,
pericytes and supportive stroma. The tumour vasculature and endo-
thelial cells are perhaps the most well studied component of TME
following radiation, but changes depend on dose, fractionation, as well
as the type and location of the tumour [10]. Radiation induces endo-
thelial cell dysfunction which is characterised by increased perme-
ability, detachment and apoptosis [69,70] and is associated with the
expression of acid sphingomyelinase, which in turn induces endothelial
cell apoptosis [71]. This promotes a prothrombotic state, encouraging
platelet aggregation, microthrombus formation and adhesion of in-
flammatory cells with transmigration into the interstitial space [72].
Radiation can induce a senescent phenotype in endothelial cells [73],
where suppression of angiogenesis, oxidative stress and inflammation
contribute to long term vascular dysfunction [74]. Radiation induced
endothelial cell death can also promote anti-tumour immune signals,
including CXCL16, which activates macrophages and T cells [35].
Pro-survival processes in cancer cells can be upregulated following
endothelial cell irradiation. For example, tumour cells may secrete
vascular endothelial growth factor (VEGF) and fibroblast growth factor
(FGF), promoting survival of endothelial cells, maintaining vascular
function post radiation which in turn can promote cancer progression
[75]. Endothelial cells also induce other pro-survival processes,
including the phosphatidylinositol 3-kinase (PI3K)/Akt pathway [76]
and overexpression of the o, f3 integrin, which promotes radioresistance
with epithelial mesenchymal transition (EMT) [77]. Finally, adhesion
molecule expression, such as focal adhesion kinase (FAK), which is
important in the regulation of integrin signaling, cell adhesion, migra-
tion and proliferation of cells and its downstream effector paxillin are
increased following irradiation, which may help adherence of tumour
cells and the initiation of the metastatic cascade [78]. In summary,
activation, apoptosis and senescence of the endothelium can have
pleotropic pro- and anti-tumour effects.

3.2. The tumour vasculature

Understanding the functional impact of radiation on the tumour
vasculature is key to maximise therapeutic efficacy. On a macroscopic
level, irradiation of the vasculature results in dose dependant destruc-
tion of blood vessels, especially potent at the level of the microvessel
network [79]. This, in turn, reduces vascular density and the distance
between functioning vessels to promote an area of vessels with hypo-
perfusion. Vessels become thicker, with intimal proliferation and an
increased risk of atherosclerotic changes [80]. Later changes include
fibrosis and medial necrosis and high doses of radiation may induce a
permanent reduction in blood flow, implying that the post radiation
effects are irreversible [81]. Vessels in the TME may arise through
angiogenesis, vasculogenesis or vessel co-option and may lack basement
membrane or supporting pericytes, increasing radiosensitivity of the
local TME vasculature [82]. Moreover, endothelial cells in the TME have
high proliferation rates, which increases inherent radiosensitivity [83].

Similar to normal tissue, high dose radiation promotes acid sphin-
gomyelinase dependant endothelial apoptosis, microvascular damage
and tumour cell death in melanoma and fibrosarcoma xenografts [84].
Subsequent tumour revascularisation is by vasculogenesis, a less effi-
cient method of vessel development compared to angiogenesis, and
occurs through hypoxia inducible factor 1a (HIF-1a) dependant and
HIF-1la independent mechanisms [85]. HIF-dependant induction of
stromal cell derived factor (SDF-1) production in the TME is required for
recruitment of matrix metalloprotease 9 bone marrow derived cells
through the CXCR4 chemokine receptor [86]. Radiation can also acti-
vate a novel pathway of HIF-1a independent SDF-1 induction to promote
endothelial cell migration [87]. Inhibiting CXCR4 reduces
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vasculogenesis and prevents tumour recurrence post radiotherapy [85],
suggesting another pathway of vessel remodelling which could be tar-
geted by radiosensitisers.

3.3. Hypoxia

The dysfunctional microvasculature, inherent to the TME, contrib-
utes to radioresistance by promoting hypoxia and radiation-induced
microvascular damage further potentiates this as shown in Fig. 2 [88].
Hypoxia correlates with tumour recurrence and poor prognosis in
response to radiotherapy [89], and hypoxia directly and indirectly leads
to radioresistance through a number of mechanisms. Firstly, hypoxia
supports development of a cancer stem cell like phenotype through
epigenetic reprogramming [90], and has been shown to encourage
radioresistance in pancreatic cancer models [91]. Secondly, low intra-
cellular levels of oxygen prevent radiation induced reactive oxygen
species production (ROS), which is responsible for the indirect method
of radiation induced DNA damage [92].

Additionally, hypoxia leads to accumulation and stabilisation of HIF-
la [93], which has been demonstrated in irradiated glioma cells, pro-
moting angiogenesis and tumour progression [94]. This, amongst other
pathways, activates anaerobic glycolysis by expression of pyruvate
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kinase isoform M2, aldolase A, enolase and lactate dehydrogenase [95,
96]. Anaerobic glycolysis involves conversion of pyruvate to lactate
which is then secreted into the TME to prevent feedback inhibition.
Lactate levels in the TME diminish T and NK cell activation, leading to
immune escape and resistance to radiotherapy [97,98]. Lactate also
upregulates the HIF-1a pathway, creating a futile cycle of radio- and
immune resistance [99]. HIF-1a also upregulates the pentose phosphate
and the serine synthesis pathway, which increase the production of
NADPH [100]. NADPH is vital in the glutathione dependent antioxidant
pathway and upregulation further impedes ROS induced cell death in
the irradiated TME [100].

The HIF pathway can also modify the immune microenvironment.
HIF-1a dependent production of the chemokine CCL28 in hepatocellular
carcinoma cells recruits Treg cells to the TME [101]. This dampens
effector T cell function and promotes angiogenesis. Hypoxia also leads to
recruitment of TAMs with an M2 phenotype through p38 mitogen
activated protein kinase (MAPK) signalling [102]. In response to hyp-
oxia, TAMs can inhibit T cell proliferation in a HIF-la dependent
manner and targeted deletion of HIF in myeloid cells reduced tumour
growth in mouse models of breast cancer [103]. HIF-1a can also regu-
lates MDSC differentiation and function [104], signals secreted from
hypoxic tumours can promote the establishment of a premetastatic niche
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Fig. 2. The tumour microenvironment: a team effort. A key concept in tumourigenesis and progression is the corruption of surrounding stromal and immune cells
and soluble mediators to form a network, dubbed the tumour microenvironment, that aids, nourishes and protects the tumour. A major role of the tumour
microenvironment is to subvert anti-tumour immunity. This can be achieved by the expression of immune checkpoints such as programmed death 1 (PD-1) or
cytotoxic T-lymphocyte antigen 4 (CTLA-4) which induce anergy following ligation with their ligands programmed cell death protein 1 (PD-1) and CD80/86,
respectively. Tumours can also release soluble immune checkpoints, including sPD-L1 and sCTLA-4, to dampen anti-tumour responses. Recruitment of immuno-
suppressive cell types such as regulatory T (Treg) cells and myeloid-derived suppressor cells (MDSCs) is encouraged by expression of chemokines and cytokines from
transformed cells, M2 macrophages and cancer-associated fibroblasts (CAFs) and act to limit effector lymphocyte responses. CAFs are also critical in the remodelling
of the tumour microenvironment by depositing extracellular matrix (ECM) and promoting angiogenesis through expression of vascular endothelial growth factor
(VEGF) under hypoxic conditions along with tumour cells and macrophages. Stromal remodelling and angiogenesis are key facets of tumour progression: remodelling
of the ECM promotes invasion and metastasis while the nascent vasculature facilitates nutrient and oxygen delivery. Additionally, tumour blood vessels are char-
acterised by dysfunctional endothelium and abnormal pericyte coverage leading to increased vessel permeability; these factors assist the intravasation of potential
metastatic seedlings as well as exosomes and cell-free DNA which can circulate in the blood and prime pre-metastatic niches.
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by MDSC recruitment and suppression of NK cell cytotoxicity [105].
Hypoxia induced accumulation of these suppressive cell populations in
the TME is a potent means of radioresistance.

3.4. Cancer associated fibroblasts

Cancer associated fibroblasts (CAFs) are a heterogeneous population
that make up the majority of stromal cells in many carcinomas. CAFs
secrete extracellular matrix proteins and cytokines (such as SDF-1 and
TGF-p) that have diverse immunomodulatory roles but generally pro-
mote tumour progression [106,107]. Radiation can recruit CAFs and the
irradiated TME myofibroblasts undergo phenotypic transformation to
CAFs [108]. The role of CAFs in the immune response to radiotherapy is
poorly understood, largely due to heterogeneity in CAF function. CAFs
are predominantly immunosuppressive and can contribute to radio-
resistance by secretion of TGF-f to induce a radioresistance cancer stem
cell phenotype [91]. Cancer stem cells (CSC) represent an individual
subpopulation within a tumour exhibiting the capacity to self-renew and
differentiate, rendering CSC resistant to various therapies including ra-
diation therapy [109]. CAFs can also secrete RNA containing exosomes
that interact with tumour cell RIG-I, a pattern recognition receptor, and
activates STAT1 dependent signalling, which facilitates transcriptional
responses to NOTCH3 and expands therapy resistant tumour-initiating
cells to potentiate radioresistance in breast cancer [110]. Radiation
induced DNA damage can potentiate immune resistance, through
conferring a senescence CAF phenotype, via the release of different
factors by CAFs mediating fibrosis, EMT/invasion and treatment resis-
tance promoting tumour cell survival by promoting immunomodulation,
metabolism, ECM remodelling, autophagy and treatment resistance to
radiation therapy through a p; integrin mediated mechanism [111,112].
However, further work is needed to characterise the specific immuno-
suppressive role of irradiated CAFs in this context.

4. The effect of radiation dosing and fractionation

Conventional fractionated radiation is delivered in small 1.8-2 Gray
(Gy) daily fractions, but may provide a total radiation dose of up to 66
Gy [113]. Recent advances in radiation technique and delivery,
including intensity modulated radiotherapy (IMRT),
volumetric-modulated arc therapy (VMAT) and proton beam therapy
allow delivery of higher radiation doses while minimising acute and
long-term toxicity [114]. This has allowed a shift to ‘hypo-fractionated’
approaches, ranging from 5 to 10 Gy over three to five fractions to single
doses of up to 24 Gy using stereotactic ablative radiotherapy (SABR) or
stereotactic body radiotherapy (SBRT) [115]. Different cellular re-
sponses in the TME depend on the dose of radiation delivered, mediated
in part, by the intrinsic radioresistance of different immune cells [116].
The sensitivity of T cells to radiation depends on their activation state;
resting lymphocytes are more radiosensitive than activated forms. Tyeg
cells are more radioresistant than other T cells, allowing persistence
following radiation, while B lymphocytes are highly radiosensitive
[116]. Macrophages are generally more resistant to radiation than
monocytes under higher radiation doses [117,118], however, single
high doses (>30 Gy) reduce co-stimulatory receptor expression in
immature DCs, down-regulating the expression of CD86 and CD80
compromising their ability to capture and present antigens [119].

4.1. Dosing, fractionation, and immunity

Conventional fractionated radiotherapy is designed to exploit vul-
nerabilities in DNA repair and cell cycle arrest as described in Fig. 3, but
the fractionation required for the most effective anti-tumour immune
response is yet to be determined. Conventional fractionation is associ-
ated with increased MDSCs and Treg cells in the TME [15,120], but this
effect on MDSCs is also seen in single high (20 Gy) dose radiation [44].
Low dose radiotherapy also promotes TAM accumulation, but may also
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promote the polarisation of TAMs to an immunogenic M1 phenotype
[121] and a Th1 cytokine milieu [122]. Therefore, despite these putative
immunosuppressive effects, conventional radiation doses induce some
level of anti-tumour immunity, as tumour antigen specific T cells have
been isolated in prostate [123] and colorectal [124] cancer patients
receiving radiation treatment.

There is some evidence that hypofractionated radiotherapy (eg. 3 x
8 Gy) promotes more immunogenic changes in the TME. Upregulation of
MHC-I on tumour cells and expanding the peptide repertoire is dose
dependant, having an effect at single doses of >4 Gy in melanoma and
>8-20 Gy in colon cancer cells [39]. However, these preclinical studies
included single doses of radiation, and repeated high doses (as in
hypofractionation) was not directly compared to conventional frac-
tionation. Upregulation of ICAM-1 on tumour cells, as well as the CD95
death receptor are also contingent on total radiation dose [125].
Hypofractionated radiotherapy can promote cell death by necrosis and
senescence, which has traditionally been regarded as a more immuno-
genic form of cell death compared to apoptosis [20], but the increased
exposure of calreticulin in apoptotic cells is also involved in the immune
response to radiation [126]. Indeed, a single dose of 15 Gy radiation has
been found to enhance DC maturation compared to conventional frac-
tionation (5 x 3 Gy) in mice [127]. These immunogenic effects might
have implications for combining with ICB. In mouse models of oral
cancer, a hypofractionated regimen (2 x 8 Gy) induced greater CD8" T
cell infiltration and reduced MDSC accumulation compared to low dose,
conventionally fractionated radiotherapy (10 x 2 Gy) [16]. Further-
more, anti-PD-1 therapy reversed adaptive immune resistance and pro-
moted CD8" dependant local and distant tumour regression.

High ablative single doses (>20 Gy), such as those delivered by
SABR/SBRT have been shown to dramatically increase T cell priming,
CD8™" T cell infiltration and the induction of tumour regression in breast,
lung and melanoma mouse models [128,129]. Another preclinical study
in an inherent poorly immunogenic colon cancer mouse model found a
similar increase in CD8" infiltration with a single high (30 Gy) dose
compared to extended fractionation regimen (10 x 3 Gy), alongside
MDSC depletion [130]. These immunogenic effects of ablative radio-
therapy are not universal. In combination with anti-CTLA-4 therapy,
hypofractionated (3 x 8 Gy) radiotherapy was superior to an ablative
(20Gy) dose in promoting T cell infiltration and local and distant tumour
regression [14]. Consistent with this, single higher ablative doses (>20
Gy) of radiation induce TREX1, as mentioned previously, an exonuclease
that degrades cytoplasmic DNA and abrogates STING mediated IFN
production in mice [45]. This induction of TREX1 was not seen in a
hypofractionated (3 x 8 Gy) regimen, which instead amplified IFN-f and
resulted in accumulation of intratumoral Batf3" antigen presentation
cells. Finally, a single ablative (20 Gy) dose can also lead to MDSC
recruitment [54], further highlighting a ceiling on radiation’s dose
dependant immunogenicity.

4.2. Dosing, fractionation and the tumour vasculature

Radiation dosing and fractionation also have divergent effects on the
tumour vasculature. Low single doses (<5 Gy) of radiation not only
normalise vessels but even stimulate angiogenesis and vasculogenesis
through VEGF and SDF-1/CXCR12 signalling [87]. Even smaller single
doses (0.5-2 Gy) radiation can normalise dysfunctional vessels of the
TME, promoting inducible nitric oxide synthase (iNOS) and an
M1-phenotype in TAMs, allowing NO dependant vascular normalisation
[121]. The subsequent Thl pattern of cytokines allows recruitment of
CD8™ T cells and tumour rejection in mouse models. Therefore, con-
ventional radiation fractionation that uses repeated doses in this range
may be useful in immune-excluded tumours, where a dense stroma
prevents effector T cells from accessing the tumour parenchyma [9].

Ablative doses of radiation leads to the destruction of the tumour
vasculature. High single doses (>8-10 Gy) of radiation delivered
through SBRT/SABR promote endothelial cell apoptosis, through direct
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Fig. 3. Fractionation: more than the sum of its parts. Radiation therapy (RT) can be administered to patients in a variety of regimens: single or fractionated dose. In
contrast to a high dose of radiation administered at a single time-point, fractionated RT entails division of the total radiation dose into multiple, smaller doses which
are administered to a patient over a period of several days. Rationing the dose allows normal cells to recover or repair sublethal DNA damage whereas administering
a high single dose often overwhelms a cell’s ability to repair itself leading to toxicity. Cancer cells are often characterised by defective or repressed DNA repair, and
therefore, single and fractionated radiation exposure leads to accumulation of genomic aberrations driving cell death. The radiosensitivity of tumour cells varies
depending on progress through the cell cycle, with cells in S phase most radioresistant compared to those in G2-M phase. Administering multiple doses of radiation
subjects a higher proportion of cells to radiation in the appropriate cell cycle phase in a concept known as redistribution. However, the gaps between fractionated
treatments provide an opportunity for tumours to repopulate — this effect is mitigated somewhat by administering a single dose of radiation. RT is highly dependent
on the oxygenation status of a tumour as oxygen free radicals are a major mediator of cell damage; however, malignant tumours are renowned for their hostile
hypoxic microenvironments which can limit the success of RT. Additionally, the location of the hypoxic areas within tumours are highly variable, therefore, frac-
tionating the dose increases the number of cells with adequate oxygenation (re-oxygenation) and the yield of cells killed. High single dose radiation causes regression
of tumour blood vessels; however, the ensuing lack of perfusion may aggravate tumour hypoxia leading to angiogenesis and tumour progression. Conversely,
fractionated RT may induce vascular growth and normalisation via pro-angiogenic factor expression with resultant normoxia. While the differing effects of RT dosing
regimens on the immune system have yet to be fully elucidated it seems that a high single dose of radiation contributes to immunosuppression within the tumour
microenvironment while the fractionated RT appears to have immunostimulatory effects. High dose radiation can induce expression of Trex1 which degrades DNA
fragments that otherwise would have triggered cytokine production via the cGAS-STING pathway. Moreover, ablative doses of radiation are inherently lymphotoxic
and lymphopaenia often follows such treatments. In contrast, fractionated RT may stimulate adaptive immune responses via release of tumour antigens and damage-
Essociated molecular patterns (DAMPs) which prime DCs to activate anti-tumour T cells.

<

DNA damage and induced acid sphingomyelinase [84]. Although this prostate and non-small cell lung cancer (NSCLC). The phase III PACIFIC

disruption of the tumour vasculature can lead to cancer cell death, they trial investigated durvalumab (anti-PD-L1) following chemo-
may generate regions of hypoxia and promote radioresistance [89,92, radiotherapy in locally advanced NSCLC [113]. Compared to placebo,
131]. A computational model of tumour growth probability found that durvalumab improved overall survival (28.3 vs 16.2 months, hazard
single ablative doses result in impaired local control of hypoxic tumours ratio 0.68, p = 0.0025) and both arms reported similar rates of treatment
compared to hypofractionated regimens [131]. Therefore, the choice of related adverse events (NCT02125461). A phase III trial in metastatic
radiation may be tailored based on the specific goals of microenviron- castration resistant prostate cancer found no survival benefit of ipili-
ment modification, whether destruction or normalisation of vessels is mumab (anti-CTLA-4) following a single 8Gy dose of radiation, but a
favoured. benefit in the combination arm was reported among those with
favourable prognostic features [137]. These trials have employed con-

5. The microenvironment as a therapeutic target ventional fractionation or a single dose, whereas some conflicting pre-
clinical data indicate that hypofractionated radiotherapy could

Radiation has profound effects on the composition and organisation potentially be more immunogenic. One phase I trial of pembrolizumab

of the TME, depending on the dose, location and tumour type. The (anti-PD-1) alongside hypofractionated radiotherapy (3 x 8 Gy) in
immunogenic effects of radiotherapy promote tumour regression, metastatic solid tumours has reported early results [138]. No dose
whereas recruitment of immunosuppressive cell populations and exac- limiting toxicities were observed and three patients displayed durable or
erbation of tumour hypoxia can engender a radioresistant phenotype. complete responses to therapy. However, another trial of a similar
Boosting these positive effects while mitigating these undesirable effects regimen in bladder cancer was terminated early due to adverse events,
can be exploited to improve clinical responses. highlighting the potential toxicity issues of this combination [139]. Ef-

ficacy data is eagerly awaited from ongoing trials of hypofractionated
radiation and immunotherapy in NSCLC (NCT04351256), melanoma

5.1. Immune checkpoint blockade (NCT03646617), renal cell carcinoma (NCT04090710) and glioblas-
toma (NCT03743662).

The induction of immunogenic cell death, enhanced neoantigen Although pivotal trials to date have focused on the PD-1/PD-L1 and
expression and presentation, cGAS-STING activation and CD8" T cell CTLA-4 axes, targeting other immune surface receptors represent
activation and infiltration provide preclinical rationale for combinato- promising means of modifying the immunosuppressive TME. One
rial approaches of radiation and ICB. Radiation can also increase tumour example is CD47, a macrophage immune checkpoint that opposes the
and immune cell expression of PD-L1, thought to be related somewhat to effect of calreticulin in immunogenic cell death following radiotherapy
CD8™ T cell derived IFN-y secretion [132]. This is a method for adaptive [126]. CD47-mediated antiphagocytosis mediates radioresistance in
immune resistance to radiotherapy which can be overcome by mouse models of HER2 breast cancer, and dual blockade of HER2 and
PD-1/PD-L1 blockade [15]. The expression of PD-L1 was found to be CDA47 synergise with radiation to promote tumour elimination [140].
essential for ICB efficacy in some preclinical models [133] and a robust Another preclinical study suggests anti-CD47 therapy can enhance the
predictor of benefit of ICB in clinical trials [134], suggesting this means efficacy of radiation in glioblastoma [141]. This indicates a potential for
of radioresistance may also sensitise tumours to checkpoint inhibition. combining anti-CD47 with radiation, and one phase I trial is currently
These immunogenic effects of radiation are more pronounced in hypo- investigating an intratumoral injection of CD47 inhibitor alongside ra-
fractionated radiotherapy or SBRT, but these doses promote vessel diation in advanced solid tumours (NCT02890368). Interestingly, a
destruction, potentially exacerbating tumour hypoxia. Interestingly, triple regimen of anti-CTLA-4, anti-CD47 and radiation provided a sur-
anti PD-1 and anti-CTLA-4 therapy can result not only in tumour vival benefit in mouse models of melanoma [142]. This synergy was
regression, but can also reduce tumour hypoxia [135]. This vessel nor- mediated by enhanced adaptive T and NK cell immunity, providing
malisation was mediated by IFN-y producing CD8" T cells and was rationale for investigating the use of anti-CD47 therapy to complement
correlated with clinical efficacy. Another in silico analysis found that ICB and radiotherapy in future trials.

gene expression related to vessel normalisation correlates to immunos-
timulatory pathways with Th1 derived IFN-y normalising vessels [136].

This reduces hypoxia in vivo and provides evidence of the symbiotic 5.2. Soluble factor inhibition

relationship between ICB and RT, through mutually favourable remod-

elling of the microenvironment. Targeting chemokines has the potential to mitigate the immuno-
Prospective clinical data combining immunotherapy and radiation suppressive effects of MDSCs, Tyegs and TAMs on the irradiated immune

are in a nascent phase; phase III trials have not been published outside of microenvironment. MDSCs are recruited following radiation due to
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interactions of CCL2/CCR2 and CCL2/CCR5, and inhibition of these
chemokine axes can increase response to radiotherapy in preclinical
models [143]. This approach is being evaluated in a phase I/II trial,
combining a CCR2/5 dual antagonist (BMS-813160) with anti PD-1
therapy and hypofractionated radiation (5 x 6.6Gy) in pancreatic can-
cer (NCT03767582). Treg cells are recruited by CCL2 and TGF-p in an
immunosuppressive TME. Targeting TGF-p alongside hypofractionated
radiotherapy (3 x 7.5 Gy) has been examined in a phase I trial of met-
astatic breast cancer [144]. This combination was associated with grade
3/4 adverse events in 5/11 patients in the 1 mg/kg arm and in 2/12
patients in the 10 mg/kg arm, respectively. In addition to this, the higher
dose cohort had favourable immune markers and longer median survival
(16 vs 7.6 months) than those in the lower dose cohort, but this trial was
not adequately powered to detect a survival difference. Production of
adenosine by CD73 is a potent means of Tyeg induced immunosuppres-
sion and a recent preclinical study reported that combining CD73 inhi-
bition with radiation promotes DC infiltration and tumour rejection in
combination with anti-PD-L1 and anti-CTLA-4 therapy [145]. Anti-CD73
therapy alongside PD-L1 blockade and SBRT is being investigated in an
ongoing breast cancer trial by Institut Curie in collaboration with
AstraZeneca (NCT03875573). Another approach is inhibiting JAK1/2,
tyrosine kinases that play important roles in type I interferon signalling,
a mediator of response and resistance to radiotherapy [146]. A phase I
trial of ruxolitinib, a small molecule JAK1 and JAK2 inhibitor, is
ongoing in combination with temozolomide and radiation (30 x 2 Gy)
for glioblastoma patients (NCT03514069). There is also a strong pre-
clinical mechanistic rationale for combining JAK inhibition with CCR2
and CCR5 antagonists [44,48,53,54,65], and replication in clinical trials
would provide important insights.

5.3. Anti-angiogenic therapy

The combination of anti-angiogenic therapy and immunotherapy has
recently emerged as a novel therapeutic strategy. Anti-angiogenic
therapy can promote vessel normalisation, increasing immune effector
cell trafficking to the tumour site, and reduce hypoxia which is linked to
an immunosuppressive TME [147]. Indeed, this approach has led to a
robust overall survival benefit compared to sorafenib in the first line
treatment of advanced hepatocellular carcinoma [148], and promising
data is emerging in other tumour types [149,150]. As previously
mentioned, both ICB and radiation can promote vessel normalisation
through IFN-y producing CD8" T cells and iNOST macrophages
respectively [121,136]. This mutually favourable feedback loop could
be further amplified by the addition of anti-angiogenic therapy, and
could reduce hypoxia that is linked to resistance to both ICB and radi-
ation [147]. Furthermore, in melanoma models the improved
anti-tumour immune response following STING activation depends on
endothelial production of type I IFN [151], indicating that targeting
endothelial cells could be relevant to the synergy between ICB and ra-
diation. However, this may lead to additional challenges regarding
dosage, timing, but importantly the toxicities associated with combining
more than two treatments. For example, 50% (93/147) patients had
grade >3 adverse events in one phase I trial of pembrolizumab and
lenvatinib, an anti-angiogenic kinase inhibitor [152]. Nevertheless,
ongoing phase II trials are evaluating early efficacy and tolerability of
the addition of anti-angiogenic agents to ICB and radiotherapy in
non-small cell lung cancer (NCT04517526) and glioblastoma
(NCT03661723).

5.4. The DNA damage response

Cancer associated DNA damage response (DDR) defects can be tar-
geted to amplify radiation induced DNA damage [153]. Checkpoint ki-
nase 1 (CHK1), WEE1 and ataxia telangiectasia and Rad3-related protein
(ATR) are involved in the S phase and G2/M arrest following DNA
damage [154]. Inhibiting this pathway leads to premature M phase
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entry and results in increased micronuclei formation when combined
with radiation, which can enhance the STING induced type I interferon
release [155]. However, given the paradoxical effects of type I interferon
on the tumour and immune cells, further work is needed to elucidate the
full downstream therapeutic effects of this combination. Studies in mice
indicate that AZD6738, an ATR inhibitor, potentiates radiation induced
type I interferon production and modifies the TME; with an increase in
CD8™ T cells, NK cell and DC infiltration noted alongside MDSC deple-
tion compared to controls [40,156]. A phase I trial is evaluating the
addition of AZD6738 as a radiosensitiser to palliative radiotherapy
[157]. Another approach, the combination of a WEE1 inhibitor along-
side radiation and PD-1 blockade enhanced the efficacy of CD8" T cell
mediated cytotoxic activity in mice [158]. DNA protein kinase
(DNA-PK) is involved in non-homologous end joining repair of double
strand DNA breaks [153], and although it has not been studied pre-
clinically alongside radiation and ICB, clinical trials evaluating this
triplet combination are ongoing (NCT04068194, NCT03724890). As
these strategies of DDR inhibition represents a novel approach to
amplify the immunogenic effects of radiation, it may prove useful as a
radiosensitiser alone or to further optimise the combination of radio-
therapy and ICB.

5.5. Future prospects

Despite immense progress leveraging knowledge of the TME to in-
crease response to radiotherapy, certain challenges remain. First, there
is a paucity of studies that directly compares the immunogenicity of
different dosing and fractionation regimens, both in preclinical studies
and clinical trials. Many studies vary the overall radiation dose but do
not directly ascertain whether this dose would be better delivered in a
single ablative dose, a hypofractionated regimen or a conventional
1.8-2 Gy fractionation. A well-controlled comparison in preclinical
studies would provide useful mechanistic data, and a platform clinical
trial adequately powered for overall survival would determine the
optimal dosing regimen. Second, clinical trials of immunotherapy and
radiotherapy should incorporate basic and translational study end-
points. These will be useful to dissect mechanisms of action and resis-
tance to ICB and radiotherapy, complementing the existing data
available for single agent ICB [134,159]. Third, there is a need to ac-
count for TME heterogeneity, both within and between patients, in
deciding whether to add DDR inhibitors, anti-angiogenic therapies or
other immunomodulators to radiation and ICB [160]. Just like genomic
heterogeneity is a significant barrier to effective targeted and cytotoxic
therapies, heterogeneity in the cellular composition of TME could limit
combining immunotherapy with radiation [161,162]. A precision
oncology approach, incorporating interpatient microenvironment di-
versity, would aid development of effective combination strategies.

6. Conclusion

Signalling events following radiotherapy have profound effects in
altering the immune landscape of the TME. Advances have been made in
recent years to untangle the biology of radiation induced anti-tumour
immunity and how this knowledge can be used to design rational ther-
apeutic approaches. However, issues remain regarding the paradoxical
effects of radiation in recruiting suppressive cell populations, the com-
plex effects that radiation invokes on the tumour vasculature and the
radiation dosage and fractionation that influences these effects.
Although hypofractionated regimens display the promising immuno-
modulation in some preclinical studies, there is a lack of prospective
clinical data that directly compare different fractionation and dosing
approaches. Questions remain around the best way to promote immu-
nostimulatory effects of radiotherapy while minimising immunosup-
pression. We propose that combining radiation with immunotherapy,
DDR inhibition or anti-antiangiogenic therapy is a promising approach
to shift this balance and exploit the microenvironment’s untapped
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therapeutic potential.
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