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Abstract | The development of immune checkpoint inhibitors (ICIs) is revolutionizing the way we think 
about cancer treatment. Even so, for most types of cancer, only a minority of patients currently benefit 
from ICI.  therapies. Intrinsic and acquired resistance to ICIs has focused research towards new combination 
therapy approaches that seek to increase response rates, the depth of remission and the durability of 
benefit. In this review, we describe how radiotherapy, through its immunomodulating effects, represents a 
promising combination partner with ICIs. We describe how recent research on DNA damage response (DDR) 
inhibitors in combination with radiotherapy may be used to augment this approach. Radiotherapy can kill 
cancer cells while simultaneously triggering the release of pro-inflammatory mediators and increasing 
tumor-infiltrating immune cells – phenomena often described colloquially as turning immunologically ‘cold’ 
tumors ‘hot’. Here, we focus on new developments illustrating the key role of tumor cell-autonomous 
signaling after radiotherapy. Radiotherapy-induced tumor cell micronuclei activate cytosolic nucleic acid 
sensor pathways, such as cyclic GMP-AMP synthase (cGAS)– stimulator of interferon genes (STING), and 
propagation of the resulting inflammatory signals remodels the immune contexture of the tumor 
microenvironment. In parallel, radiation can impact immunosurveillance by modulating neoantigen 
expression. Finally, we highlight how tumor cell-autonomous mechanisms might be exploited by combining 
DDR inhibitors, ICIs and radiotherapy.  
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[H1] Introduction  

 
After decades of effort, attempts to enlist the aid of the immune system in cancer treatment have begun to 
bear fruit with the emergence of immune checkpoint inhibitors [G] (ICIs), such as antibodies against 
programmed cell death protein 1 (PD-1), PD1 ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated 
protein 4 (CTLA4). Although some patients show dramatic and potentially durable responses, the majority 
derive no benefit. The reasons underpinning these diverse outcomes from ICIs, the opportunities presented 
by alternative immuno-oncology agents and the role of combination approaches to improve tumor 
responses are all currently areas of intense research activity. 
 
Approximately half of all cancer patients will receive radiotherapy as part of their treatment 1. First used to 
treat cancer over a century ago, radiotherapy has become a mainstay of first-line treatment in a number of 
solid tumors. We now know that radiotherapy can have profound immunostimulatory effects and, as such, 
it is increasingly viewed as a promising combination partner with ICIs and other immuno-oncology agents 2,3. 
 
In addition to its ability to mediate DNA damage-induced cancer cell death 4, radiotherapy can modulate 
both the immunogenicity and adjuvanticity of tumors by triggering release of pro-inflammatory (and anti-
inflammatory) mediators, increasing tumor-infiltrating immunostimulatory (and immunoinhibitory) cells and 
enhancing the expression of neoantigens 2,5-7. Collectively, in their positive, immunostimulatory 
manifestations, these phenomena are often summarised as turning immunologically ‘cold’ tumors ‘hot’. 
This binary classification has become a powerful concept for patient classification 8. Two further immune 
classifications of tumors, immunosuppressed and T-cell excluded, have been described 9. 
Immunosuppression has been linked to chronic interferon signaling 10, while exclusion has been linked to 
pathways such as β-catenin and transforming growth factor-β (TGFβ)9,11. Tumors with a lower mutational or 
neoantigen burden respond poorly to ICIs 11,12. Even so-called “hot” tumors with high levels of tumor 
mutations (leading to more tumor neoantigens [G]) and immune cell infiltrates may show poor responses to 
ICIs due to subclonal neoantigens [G] 12. Radiotherapy, by driving immune cell infiltration and enhancing 
immunogenicity, has the potential to increase the immunoresponsiveness of tumours. 
 
Radiation has a direct impact on the tumor stroma, including on cancer-associated fibroblasts (CAFs), blood 
vessels and immune cells 13. Recent studies on these direct effects are discussed in Box 1. However, rapid 
recent advances have revealed that tumor cell-intrinsic events driven by DNA damage are central to the 
immunomodulatory actions of radiotherapy 5,6. Such tumor cell-autonomous effects and how they may 
guide future therapeutic combinations are the focus of this review. 
 
We summarize how radiotherapy-induced tumor genome fragmentation initiates an inflammatory response 
through cytosolic nucleic acid sensors. This is discussed in the context of new research in the area of DNA 
damage response (DDR) inhibitors and with a tumor-cell centric focus. Signal propagation to the tumor 
microenvironment occurs through tumor cell production of cytokines as well as indirect immunostimulatory 
signaling by the cyclic dinucleotide cyclic GMP-AMP [G] (cGAMP). DNA damage and altered gene 
transcription due to radiotherapy can modulate tumor neoantigen expression. These events result in 
activation of innate and/or adaptive anti-tumor immune priming. We highlight how these tumor cell-
autonomous characteristics may be harnessed to rationally direct new combinations of DDR inhibitors and 
ICIs with radiotherapy. 
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[H1] Cytoplasmic Nucleic Acid Sensing  
 

[H2] Radiation Induces Cytoplasmic DNA Sensing Through cGAS–STING  

Cytoplasmic nucleic acid sensors were initially described as intracellular pattern recognition receptors [G] 
which initiate innate immune responses to viral and other pathogenic infections 14. Our understanding of 
the mechanistic basis of radiotherapy as an anti-cancer treatment has been transformed by the recent 
discovery that DNA damage in cycling tumor cells (discussed later) can activate these intracellular sensors 
5,6. The cytoplasmic DNA-sensing cyclic GMP-AMP synthase (cGAS)– stimulator of interferon genes (STING) 
pathway appears to be phenotypically dominant 15,16 in this process and recent findings, described in this 
section, have begun to highlight the complexity of both induction and regulation of this pathway. These 
findings have substantial implications for how genomic instability, both basal and in response to radiation-
induced DNA damage, can impact inflammatory responses. The regulatory mechanisms and feedback loops 
described in the following section are illustrated in Figure 1 

Initial studies discovered that cytoplasmic B-form DNA binding to cGAS triggered production of the second 
messenger and immunotransmitter cGAMP 17. Upstream of cGAS, the cytoplasmic deoxyribonuclease TREX1 
(induced by radiotherapy at doses between approximately 12 and 18 Gy) degrades cytoplasmic double-
stranded DNA (dsDNA) and therefore prevents the production of cGAMP by cGAS 18. Binding of cGAMP to 
STING induces type-I interferon [G] (IFN) production 19,20. This was followed by findings that STING and 
interferon-α/β receptor 1 (IFNAR1) in immune cells play critical roles in therapeutic responses to 
radiotherapy 15. Finally, exogenous cGAMP or synthetic STING agonists can enhance the efficacy of radiation 
in mouse models 15,21,22. STING activation can also result in nuclear factor-κB (NF-κB) activation 23-25, but 
much of the literature has focused on type-I IFN signaling. 

The cellular compartment in which STING activation mediates its biological effects remains unclear at 
present, but non-tumor cell STING is consistently reported as a crucial factor in immune activation 15,21,26.In 
some in vivo models, tumor cell-intrinsic STING activation is necessary 5,27,28. In others, preclinical data 
suggest that tumor cell-derived DNA in exosomes [G] and/or cGAS-derived cGAMP can activate immune cell 
cGAS–STING signaling in trans and this contributes to radiotherapeutic responses 18,22,27,29,30.  

 

[H2] Inter- and Extra-Cellular Signaling via cGAMP and Exosomes 

Conflicting data on the exact roles of cGAS and STING in tumor versus non-tumor cells is linked to the 
concept of cGAMP as an immunotransmitter. Cytoplasmic tumor-derived cGAMP can diffuse to adjacent 
cells via gap junctions [G] 15,16. Recent studies have uncovered novel regulatory and transmembrane 
transport mechanisms for cGAMP 31,32 which, in its extracellular form, preliminary data indicates is largely 
tumor-derived 22. Mammalian cGAMP is degraded by ectonucleotide pyrophosphatase/phosphodiesterase 
1 (ENPP1), an ectoenzyme [G] present both in membrane-bound and cleaved soluble forms 33. Preliminary 
data have shown that loss of ENPP1 enhanced the efficacy of both radiotherapy alone and in combination 
with anti-CTLA4 22. In parallel with the discovery of the importance of extracellular cGAMP, SLC19A1 has 
recently been identified as the first known importer of cGAMP 31,32, and the presence of an as yet 
unidentified cGAMP export mechanism is implied in another preliminary study 22. 

In addition to cGAMP, exosomes represent another mechanism of immunostimulatory inter-cellular 
signaling. Radiation alters the composition of tumor-derived exosomes 30,34,35. For example, tumor-derived 
exosomes produced following radiation can shuttle immunostimulatory tumor DNA to dendritic cells (DCs). 
The resulting IFN response in DCs was dependent on STING in DCs and abolished by expression of dsDNA-
degrading TREX1 in tumor cells 30. 

 

[H2] Co-Factors and Post-Translational Modifications Regulate cGAS and STING Activation 

One might expect that a key role in anti-tumor immunity would drive selection for loss of cGAS–STING 
function in tumors. From The Cancer Genome Atlas (TCGA) analysis, inactivation of cGAS or STING is rare, 
although 4-6% of tumors exhibit deep deletion in the IFN gene cluster 25. Although allelic variation (STING 
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has five haplotypes), epigenetic silencing or loss-of-function mutations 26,36-38 may have consequences for 
radiotherapy-induced immune effects, complex pathway regulation may be more critical.  

The cGAS–STING pathway is subject to both negative and positive crosstalk with other nucleic acid sensors. 
Alongside cGAS, NLRC3 (NOD-like receptor family CARD domain containing 3), IFI16 (IFNγ-inducible protein 
16) and DDX41 (DEAD-box helicase 41) all bind dsDNA with positive consequences for STING-mediated type-
I IFN signaling. NLRC3 binds to and blocks STING activity through sequestration, and binding of dsDNA to 
NLRC3 facilitates release of STING 39. IFI16 can bind DNA via two HIN domains [G] and subsequently 
interacts via a pyrin domain with STING 40,41. While one study found no role for IFI16 in IFNβ expression 42, 
overall the literature suggests IFI16–STING interaction enhances STING-dependent IFNβ production in 
response to cGAMP 40,41,43,44. DDX41 can bind dsDNA 45,46. Bruton’s tyrosine kinase (BTK)-mediated 
phosphorylation of DDX41 promotes dsDNA binding to DDX41 47, with the E3 ubiquitin ligase TRIM21 
negatively regulating DDX41 by ubiquitination and degradation 48. Binding of DNA to DDX41 leads to DDX41 
binding to STING and enhanced downstream type-I IFN production 45-48. 
 
Both cGAS and STING are subject to extensive post-translational modifications regulating activity. TRIM56 
monoubiquitinates cGAS, increasing dimerization, DNA binding and cGAMP production 49. G3BP1 also 
promotes dsDNA binding to cGAS 50. Polyglutamylation by TTLL6 (removed by CCP6) blocks DNA binding to 
cGAS, while TTLL4 monoglutamylation (removed by CCP5) blocks cGAMP synthase activity 51. Sumoylation 
and desumoylation of cGAS and STING by TRIM38 or sentrin-specific protease 2 (SENP2), respectively, 
regulate degradation due to phosphorylation of STING by TANK-binding kinase 1 (TBK1) 52. Regulation 
through TBK1 also occurs through HER2-dependent recruitment of AKT1, which phosphorylates a site on 
TBK1 that decreases the association between STING and TBK1 in response to cGAMP 53. A comprehensive 
overview of post-translational modifications in the cGAS–STING pathway has recently been published 54. 

The caveat with research in this area still being at an early stage is that detailed mechanistic studies into 
cGAS–STING signaling are based on model cell lines known to be fully pathway-competent. The cancer cell-
specific status of many of these regulatory mechanisms and how they might influence tumor cell-intrinsic 
effects of radiotherapy is not currently known. 

 

[H2] Negative-Regulation of cGAS–STING by Caspases 

Although the nucleic acid sensor Toll-like receptor 9 (TLR9) is upregulated post-radiotherapy 7, evidence 
does not support a role for TLR9 or downstream signaling through MYD88 or TRIF in the type-I IFN response 
to endogenous DNA 15,20,40,55. Cytoplasmic DNA can activate inflammasome [G] signaling pathways with 
positive and negative crosstalk between cGAS-STING and the inflammasome shown in studies. cGAMP or 
IFNβ upregulate the inflammasome linked genes AIM2 (absent in melanoma 2), NLRP3 (NACHT, LRR and 
PYD domains-containing protein 3), caspase-1, IL-1β 56 and ZBP1 (Z-DNA-binding protein 1) 7,57,58. AIM2 is a 
cytosolic dsDNA sensor that forms the AIM2–ASC–caspase-1 inflammasome, resulting in cleavage of the 
pro- forms and secretion of interleukin 1β (IL-1β) and IL-18, and subsequent pyroptosis [G] 53. Exogenous IL-
1β-mediated activation of the IL-1 receptor (IL-1R) can induce mitochondrial DNA release and activation of 
cGAS 59. Similar to cGAS, AIM2 is activated by cytoplasmic DNA release with activation reduced by TREX1 60. 
However, AIM2 has been shown to be dispensable for type-I IFN production 42. ZBP1 was originally 
identified to bind dsDNA leading to type-I IFN production 61, but this is not supported by data from knock-
out mice 62. ZBP1 has been reported to bind Z-form, rather than B-form, dsDNA but the exact ZBP1 ligand in 
the context of radiotherapy remains unclear. The emerging consensus is that ZBP1 is upstream of receptor-
interacting serine/threonine kinase 3 (RIPK3)–caspase-8 and the NLRP3–ASC–caspase-1 inflammasome, 
subject to negative regulation by RIPK1 57,58.  

Negative regulation of cGAS –STING appears to converge on caspase activation. Caspase-1 has been shown 
to directly cleave and inactivate cGAS 63. Caspase-1 also cleaves and activates gasdermin D. This forms a K+ 
efflux pore at the cell membrane that negatively regulates cGAS activity 64. This K+ efflux can also activate 
NLRP3, though it is not known if ZBP1 is required 57,58. In addition to inflammasome linked caspase-1 
activity, apoptotic caspase activation can also negatively regulate the cGAS-STING pathway. Caspase-3 
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cleaves cGAS, interferon regulatory factor 3 (IRF3) and mitochondrial antiviral-signaling protein (MAVS) with 
cGAS cleavage enhanced if it is bound to DNA 65. Loss of caspase-3 (Casp3 knockout) boosts type-I IFN 
production due to radiotherapy and the efficacy of radiotherapy alone or in combination with anti-CTLA4 in 
mice66.  Together, these studies have shown substantial crosstalk between cGAS-STING and caspase activity 
that regulates the inflammatory response to cytosolic dsDNA. 

 

[H2] Crosstalk with RNA Sensors 

Many nucleic acid sensors are upregulated in tumor cells in mice post-radiotherapy, including the RNA 
sensors and pattern recognition receptors retinoic acid inducible gene-I (RIG-I, also known as DDX58) and 
melanoma differentiation-associated protein 5 (MDA5, also known as IFIH1) 7. A degree of crosstalk has 
been identified between DNA-sensing pathways and cytoplasmic RNA-sensing pathways. Binding of double-
stranded RNA (dsRNA) to cytoplasmic RIG-I or MDA5 leads to type-I IFN signaling through the adaptor 
protein MAVS. MAVS and RIG-I have been shown to be necessary to achieve maximal type-I IFN production 
induced by radiotherapy 67,68. Radiotherapy can induce endogenous small non-coding RNAs (sncRNAs) 68, 
dsRNA from endogenous retroviral elements (ERVs) downstream of signal transducer and activator of 
transcription 1 (STAT1) activation 69, and RNA with a 5’-triphosphate moiety, which is synthesized by DNA-
dependent RNA polymerase III from AT rich dsDNA 70,71. These can all activate RNA-sensing MDA5 and RIG-I 
pathways. An interesting recent finding is pro-survival effects and negative regulation of type-I IFN signaling 
by radiation-dependent induction of the helicase LGP2 (also known as DHX58)67,68. This is mediated through 
LGP2 interaction with TNF receptor-associated factor 2 (TRAF2), TRAF3, TRAF4 and TRAF6 downstream of 
MAVS. LGP2 negatively regulates both type-I IFN and NF-κB signaling downstream of RNA sensors and 
cGAMP-mediated STING activation 72. 
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[H1] Radiotherapy and the DDR 
 

[H2] Surveillance of Micronuclei by cGAS 

At the time that cytoplasmic DNA-induced type-I IFN production through cGAS–STING pathway activation 
was described, the precise mechanism linking this process to radiotherapy was not fully understood. A 
number of pivotal studies revealing surveillance of micronuclei [G] by cGAS 5,6,73 have transformed our 
understanding of how radiotherapy and DNA repair defects in cancer cells intersect with the immune 
system. The mechanisms discussed in this section are illustrated in Figure 2. 

Initial studies into micronuclei were carried out in the context of chromothripsis [G] , where whole 
chromosome-containing micronuclei undergo defective asynchronous DNA replication and exhibit defective 
nuclear import 74. This is due to bundled spindle microtubules inhibiting the assembly of non-core nuclear 
envelope proteins including nuclear pore complexes (NPCs) 75. Micronuclei irreversibly lose 
compartmentalization of nuclear material from the cytoplasm in interphase, linked to depletion of lamin B1 
76,77. The ESCRT-III (Endosomal Sorting Complex Required for Transport-III) membrane-remodeling complex 
subunits CHMP7 and CHMP4B are enriched in NPC-negative micronuclei, likely as a result of attempted but 
defective nuclear envelope repair 77. Micronuclear membrane breakdown (rupturing) is followed by DNA 
damage and invasion of endoplasmic reticulum (ER) membranes into micronuclear chromatin 76,77. 

Induction of micronuclei in cancer cells by radiotherapy is a well-established phenomenon 78, as is DNA 
damage- or radiation-induced type-I IFN production 79,80. The discovery that cGAS localizes to ruptured 
micronuclei 5,6,77 linked these two areas of radiation research. Interferon-stimulated gene (ISG) transcripts 
were present only in micronucleated cells, in a cGAS- and STING-dependent manner 5,6,77. Regulatory 
feedback loops linked to micronuclei are already being identified. Direct inhibition of DNA repair by cGAS 
may promote micronucleus formation 81,82, while STING activation induces WIPI2- and ATG5-dependent 
autophagic clearance of micronuclei and cytosolic DNA 6,83,84. Autophagy and NF-κB activation downstream 
of STING have been postulated to be evolutionarily conserved functions pre-dating interferon signaling 84,85. 
The critical observations outlined above have bridged the knowledge gap as to how radiotherapy, through 
cytoplasmic micronucleus-derived DNA, propagates an inflammatory type-I IFN response from irradiated 
tumor cells. 

 

[H2] Interferonopathies and DNA Repair-Defective Cancer  

Defects in cGAS–STING signaling have been identified in disorders such as STING-associated vasculopathy 
with onset in infancy [G] (SAVI) 36 and Aicardi-Goutières syndrome [G] (AGS) 86. AGS and SAVI are 
interferonopathies, a group of autoinflammatory disorders mechanistically linked by chronic interferon 
production. This is driven by cytosolic DNA in the case of AGS, through defective TREX1, or constitutive 
STING activation in SAVI. Following the discovery of cGAS surveillance of damaged DNA in micronuclei, a 
number of studies have identified upstream DNA repair defects to be responsible for similar autoimmune 
disorders. Mutations in ATM (ataxia telangiectasia-mutated), Artemis and BLM (Bloom syndrome protein) 
result in upregulation of ISGs associated with cytosolic DNA 87-89. These DDR-defect driven inflammatory 
disorders are mechanistically identical to STING-driven interferonopathies. 

An inextricable link between DDR signaling directly upstream of type-I IFN signaling has consequences for 
our understanding of cancer biology and cancer treatment. While ataxia telangiectasia patients are more 
susceptible to multiple cancers 88, homologous recombination defects are best known for their role in 
breast cancer 90. In keeping with the interferonopathies described, BRCA1- and BRCA2-mutant cell lines are 
characterized by cGAS bound to cytoplasmic DNA in micronuclei and type-I IFN signaling 91,92. DDR-deficient 
breast cancer patient samples with BRCA or Fanconi anemia [G] pathway-mutations contain higher T-cell 
infiltration 91. Cancers containing defective DNA repair pathways have spurred the development of 
numerous DDR inhibitors driven by the concept of synthetic lethality 90. It is now becoming clear that this 
therapeutic approach, alone or in combination with radiotherapy, may have profound immunostimulatory 
consequences through generation of micronuclei and downstream type-I IFN signaling.  
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[H2] DDR Inhibitors and Radiosensitization 

Cancer-associated DDR defects in G1 cell cycle checkpoint control and homologous recombination repair [G] 
(HRR) have been seen as exploitable traits for drug development. This approach has led to the development 
of poly(ADP-ribose) polymerase (PARP) inhibitors for cancers with BRCA1 or BRCA2 defects and checkpoint 
kinase 1 (CHK1), WEE1 and ataxia telangiectasia and Rad3-related protein (ATR) inhibitors that prevent S 
and G2/M cell cycle arrest after DNA damage. Other radiosensitization approaches such as inhibition of non-
homologous end joining by DNA-PK, or depletion of CHK1, ATR and RAD51 through inhibition of the 
chaperone HSP90 have also been developed. Since radiation doses are constrained by normal tissue toxicity, 
the use of tumor-selective radiosensitizers may allow improved tumor control without increased normal 
tissue toxicity. A common theme of tumor-centric radiosensitization studies of ATR, CHK1, DNA-dependent 
protein kinase (DNA-PK), and HSP90 inhibition has been increased micronucleus generation in combination 
with radiotherapy 4,93-95. The confluence of DDR defects, micronucleus generation and inflammatory 
pathway activation, has led to a number of recent studies showing that DDR inhibitors can enhance the 
inflammatory response to radiotherapy. These studies are listed in Table 1.  

ATR and WEE1 kinases are critical components in cell cycle arrest post-radiotherapy. Cancer cells treated 
with radiation and the ATR inhibitor AZD6738 showed abrogation of G2 arrest coinciding with the 
generation of micronuclei that bore the hallmarks of nuclear envelope rupture 4. Studies in mice indicated 
that ATR inhibition potentiated the radiation-induced type-I IFN response, significantly enhancing immune 
cell infiltration 7. In vitro, WEE1 inhibition in combination with radiotherapy increased granzyme B-
dependent killing of tumor cells by cytotoxic T-lymphocytes (CTLs) 96. The addition of anti-PD-L1 to 
radiotherapy plus WEE1 inhibition significantly increased survival in a MOC1 syngeneic mouse model. 
Maximal T-cell tumor antigen-specific responses were observed with this triple combination 96. Tumor cell 
killing by NK cells was also enhanced by WEE1 inhibition alone, linked to reversal of granzyme B-induced 
G2/M arrest 97. 

While ATR is the apical DNA replication stress-response kinase, ATM is the apical kinase responsible for 
global cellular responses to DNA double-stranded breaks (DSBs). ATM loss corresponds to an increased IFN 
response signature in pancreatic TCGA data 98. ATM loss or inhibition boosted type-I IFN production in 
response to radiotherapy 98. One study found STING-dependence while the other showed this to be cGAS-
STING-independent, but SRC-dependent 87,98. Efficacy of ATM knockdown or ATM knockdown plus 
radiotherapy was increased in combination with anti-PD-L1, with CD8+ T cell infiltration significantly 
improved by the triple combination 98. 

PARP inhibition is synthetically lethal with HRR defects 90. This synthetic lethality may go hand-in-hand with 
type-I IFN signaling. PARP inhibition stimulates an interferon response in tumors lacking BRCA1 or BRCA2, 
with no effect in wild-type cells 99. The DNA excision repair protein ERCC1 has also been linked to sensitivity 
to PARP inhibitors. Low ERCC1 expression in non-small cell lung cancer (NSCLC) correlated with higher 
numbers of tumor-infiltrating lymphocytes, while PARP inhibition induced higher cGAS-positive chromatin 
fragments and type-I IFN signaling in ERCC1-deficient cell lines versus wild-type 100. In wild-type HCT116 
colon cancer cells, radiosensitization by PARP inhibition markedly increased ISG expression 101. In keeping 
with these data, depletion of the HRR protein RAD51 and radiotherapy leads to cytoplasmic DNA, STING 
activation and production of IL6 and TNF transcripts 102. 

These recent studies highlight the role of DDR inhibitors alone or in combination with radiotherapy to 
enhance tumor inflammation. A number of early findings highlight the potential this has in combination 
with ICIs, as discussed below.  
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[H1] Radiation-Induced Antigen Presentation 
 

[H2] Radiation-Induced Tumor-Associated Neoantigen Presentation 

As outlined, activation of nucleic acid sensors triggers production of type-I IFNs and inflammatory cytokines. 
This is frequently referred to as “viral mimicry” with the potential to stimulate anti-tumor CD8+ T-cell 
responses 2,18. The addition of ICIs may extend this effect to non-irradiated distal lesions, referred to as the 
abscopal effect 18,103-105. However, elimination of cells by cytotoxic CD8+ T-cells requires recognition of 
antigens presented on major histocompatibility complex I [G] (MHC-I) on the target cell’s surface. In this 
regard, radiotherapy has been shown both to increase and modulate antigen presentation on cancer cells. 

A number of studies have investigated changes in the tumor cell surface presentation of both existing and 
novel radiation-upregulated neoantigens [G]. Radiation increases MHC-I expression on the surface of tumor 
cells 7,106-109. The addition of DDR inhibitors can further increase radiation-induced tumor cell MHC-I surface 
expression 7. Radiation expands intracellular peptide pools, altering the MHC-I-associated peptide profile 
107, while enhancing levels of existing peptide presentation as shown by MHC-I–SIINFEKL [G] in vivo 109. 
Radiation upregulated MHC-I on CEA-expressing human tumor cell lines in vitro. This was associated with 
enhanced cell killing by CEA-specific CD8+ T-cells 106. In the syngeneic 4T1 mouse breast carcinoma model, 
CD8+ T-cells reactive with the known AH1 antigen increased in response to radiation plus anti-CTLA4 
blockade 110. Clinical evidence of this occurrence has also been reported. In colorectal cancer patients, 
radiotherapy increased the percentage of survivin-reactive T-cells in circulation 111.  

The acute genotoxic stress induced by radiation triggers a transcriptional program necessary for the 
resolution of DNA damage. This also extends to genes downstream of nucleic acid sensors, with radiation 
dose and fractionation shown to influence the extent of these changes 79. The finding that radiation can 
trigger anti-tumor immunity through the expression of poorly or unexpressed tumor neoantigens has 
caused substantial excitement. CTLA4 blockade in combination with radiotherapy induced systemic anti-
tumor T cells in chemo-refractory metastatic NSCLC. In a patient with complete response, neoantigen 
prediction identified a mutation in KPNA2, with KPNA2 gene expression upregulated by radiotherapy. 
Peptides corresponding to mutant, but not wild-type, KPNA2 led to IFNγ production from the patient’s CD8+ 
T cells 2. It has been postulated that this IFNγ may trigger antigen spread. This may occur when initial rounds 
of T-cell mediated destruction lead to recognition and responses against secondary non-radiation-induced 
tumor-associated antigens. Excellent reviews on the topics of antigen spread and radiation-induced 
exposure of immunogenic mutations have recently been published 112,113. 

 

[H2] Radiation-created Neoantigens and T-Cell Receptor Repertoire 

It is now accepted that mutational burden and tumor neoantigen load typically predict clinical response to 
ICIs 8,12,114. Cancers can develop high mutational burdens through exposure to mutagens (UV, smoking), 
DNA modification and replication errors (via APOBEC3B expression, or mutation of POLE or POLD1) or either 
inherited or acquired DNA repair defects 115. Somatic alterations and epigenetic silencing of genes in DDR 
pathways is prevalent across many cancer types 116. Tumors in this group of patients may possess both high 
mutation and neoantigen burden as well as cytosolic DNA-driven inflammatory signaling 91. 

While preclinical data suggest that radiotherapy and DDR inhibitors may therapeutically replicate this 
phenotype, there are some concerns that this may not translate to clinical benefit. Lung cancer patients in 
the upper quartile of clonal neoantigen [G] burden had higher levels of CD8A and CD8B transcripts, the T-
cell migration chemokines CXCL9 (chemokine (C-X-C motif) ligand 9) and CXCL10, increased PD-L1 and 
granzymes compared to the lower quartile 12. This is similar to changes induced by radiotherapy or DDR 
inhibitors in preclinical models7. The lung and DDRi studies both described a similar inflamed tumor 
microenvironment enriched with activated effector T cells and immune checkpoint molecules 7,12. However, 
in melanoma patients who received dacarbazine chemotherapy before anti-CTLA4 therapy, there were 
concerns that chemotherapy-induced DNA damage may have generated subclonal neoantigens that 
resulted in poorer responses. This was in keeping with findings that the baseline prevalence of subclonal 
neoantigens in NSCLC and melanoma predicted poor response to anti-CTLA4, or anti-PD-1 12. 
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With the caveat that preclinical models study homogenous cell populations, dilution of response due to 
excessive T cell receptor (TCR) diversity has not been reported 105,110,117. Radiation increases the number of 
unique TCRs and T-cell clonality, with additional anti-PD-1 therapy necessary to extend this increased 
diversity to tumor sites out of the radiation field. The majority of TCR clones were high abundance, with the 
level of concordance observed between tumors in- and out-of-field suggestive of an expansion of pre-
existing clones 105. In studies of the TCR repertoire in response to radiotherapy and anti-CTLA-4 blockade in 
mice, radiation increased the diversity of the TCR repertoire of intratumoral T cells and increased tumor 
control in combination with anti-CTLA-4 110,117. Nevertheless, tumors treated with these radiation and anti-
CTLA-4 combinations were still dominated by a small number of high frequency T cell clones 110.  

The clinical importance of immune responses against new radiation-created tumor antigens versus 
increased activity against pre-existing tumor antigens is not yet clear. High mutational burden may increase 
the probability that radiotherapy triggers transcription of a tumor- associated antigen as has been shown in 
lung cancer 2. Preclinical data suggests increased antigen presentation of basally detectable MHC-I peptides 
(such as SIINFEKL, AH1, CEA) is beneficial to radiotherapy and ICI combinations 106,109,110. Likewise, 
upregulation of pre-existing but poorly or non-expressed tumor neoantigens (such as KPNA2) has been 
shown clinically to correlate with response to radiotherapy and anti-CTLA4 combinations 2. Radiation-
created highly subclonal neoantigens, potentially exacerbated by the addition of DDR inhibitors, would be a 
distraction to the goal of expansion of T-cells against clonal tumor neoantigens. Detailed studies of 
radiation, DDR inhibitors and ICI clinical combinations are needed to address these concerns about 
subclonal neoantigen creation. 
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[H1] TME Remodeling by Irradiated Tumor Cells 
This section is restricted to tumor-driven changes in the tumor microenvironment (TME) post-radiation, 
with a focus on areas where substantial recent advances in knowledge have occurred. Key non-tumor 
effects are summarized in Box 1, with extensive reviews available covering the broader implications of 
radiation on the tumor microenvironment 13,118. The interaction between the immunostimulatory and 
immunosuppressive effects of radiotherapy outlined below are illustrated in Figure 3. 

 

[H2] Impact of Radiotherapy on Dendritic Cells 

In addition to the effects of radiation and DDR inhibition on tumor MHC-I presentation, cross presentation 
of tumor antigens post-radiotherapy has been demonstrated preclinically. MHC-I–SIINFEKL on DCs was 
shown in lymph nodes, with radiotherapy increasing MHC-I–SIINFEKL-specific effector memory CD8+ T-cells 
at this site 109. Human papillomavirus (HPV)-driven cancer models have also demonstrated that 
radiotherapy contributes to HPV E7-based vaccination strategies 119,120, with radiation dose-dependently 
increasing DC maturation and peptide-specific T-cell responses 120.  

Immunogenic cell death corresponds to the release of damage-associated molecular patterns [G] (DAMPs), 
such as calreticulin, HMGB1 (High mobility group box 1) and ATP, all of which are increased by radiotherapy 
121. Calreticulin acts as a pro-phagocytosis eat-me signal in opposition to CD47 122. Release of HMGB1 from 
tumor cells, via TLR4 activation, promotes antigen presentation by DCs by blocking lysosomal degradation of 
phagosomes 123. DC function has been shown to be vital to the immune response to radiation. CD11c+CD8α+ 
BATF3-lineage DCs have been shown to be key to the therapeutic efficacy of radiation and anti-CTLA-4 
responses 18, while deletion of IFNAR1 on CD11c+ DCs in mice reverses efficacy 15. ATP released into the 
tumor microenvironment binds P2X7 purinergic receptors on DCs, resulting in IL-1β release via NLRP3. This 
has been shown to be required for the priming of IFNγ-producing tumor antigen-specific CD8+ T-cells in mice 
124. 

 

[H2] T-Cell Infiltration 

Parallel to effects on DC function, radiotherapy promotes cytokine secretion necessary for T-cell infiltration. 
Radiation induces secretion of tumor cell-intrinsic CXCL16, which binds to C-X-C chemokine receptor type 6 
(CXCR6) on T helper 1 (Th1) cells and activated CD8 T cells 125. The T-cell chemoattractants CXCL9 and 
CXCL10 bind to CXCR3 on T-cells. CHK1 inhibitors or PARP inhibitors induce STING-dependent CXCL10 
transcription from small cell lung cancer (SCLC) cell lines in vitro 27. Use of the pan-immune cell marker CD45 
to sort irradiated tumors in mice into CD45- and CD45+ samples indicate both populations significantly 
upregulate CXCL10 transcription following combined radiation and ATR inhibitor treatment 7. In a separate 
study, CD103+CD8α+ BATF3-lineage DCs have been shown to be important for CXCL9 and CXCL10 production 
126. ICAM1 and the NKG2D ligand RAE-1γ (Raet1g) are upregulated on tumor cells in vivo after irradiation. 
Upon T cell infiltration, MHC-I, ICAM1, RAE-1γ and NKG2D play a role in T-cell arrest, tumor cell 
engagement, and the therapeutic efficacy of radiation and anti-CTLA4 in combination in mice 127. 

Unfortunately, positive aspects of radiotherapy in relation to antigen presentation, DC function and CD8+ T 
cell infiltration are counter-balanced by suppressive signaling. In cancer, this can lead to a chronic inflamed, 
but suppressed, immune response or subsidence of therapy-induced inflammation. Regulatory CD4+FOXP3+ 
T-cells (Treg cells) also increase in mouse tumors following radiotherapy and are further elevated by ATR 
inhibition 7,128,129. Treg cells contribute to immunosuppression through CTLA4 signaling, production of TGFβ 
and IL-10, as well as ATP conversion to adenosine by CD39 and CD73 13,129-131. An extensive body of 
literature indicates that targeting Treg cells in combination with radiotherapy can be beneficial 2,18,110,117,132.  

 

[H2] Suppressive Myeloid Populations 

Classical inflammatory monocytes are recruited to tissues during inflammation where they can differentiate 
into macrophages or DCs that can exhibit pro- or anti-inflammatory characteristics, depending on the 
cytokine milieu. Such immunosuppressive populations have earned the alias myeloid-derived suppressor 
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cells (MDSCs). C-C motif chemokine 2 (CCL2)– C-C chemokine receptor type 2 (CCR2) signaling has been 
shown to increase such populations with immunosuppressive consequences post-radiotherapy in mouse 
models 129,133-135. Radiotherapy-induced CCL2 can be tumor cell-derived 7,129,134, with Ccr2 knockout or CCL2 
blockade able to counteract such populations and increase tumor control by radiotherapy 129,133-135. 

CCR5, the receptor for CCL5, has also been associated with immune infiltration. Radiation increases the 
production of CCL5 and CCL2, driving the infiltration of CCR2+ CCR5+ inflammatory macrophages 
intratumorally and in the circulation in mice 7,133. A CCR2 and CCR5 antagonist reversed this radiation-
induced increase and enhanced radiation efficacy 133. Ccl2 and Ccl5 were two of the most significantly 
increased tumor-specific transcripts in mice treated with the combination of radiotherapy and an ATR 
inhibitor 7. A parallel increase in tumor infiltration of macrophages and MDSCs was observed, indicating that 
both immunosuppressive and immunostimulatory signals are increased by DDR inhibitor combinations with 
radiotherapy. 

Radiation alone, or in combination with an ATR inhibitor, increased PD-L1 expression on MDSCs in mice 
7,105,128. In one study, ATR inhibition increased radiation-induced PD-L1 on tumor cells 7, while another study 
indicated that ATR inhibition reduced PD-L1 136. Numerous anti-PD-1 or anti-PD-L1 plus radiotherapy 
combination trials are ongoing. In this context, recent studies in mice found that PD-L1 on tumor cells was 
dispensable for ICI efficacy 137,138. As was the case for CTLA4, targeting PD-1  or PD-L1 combined with 
radiotherapy was beneficial in multiple preclinical studies 98,105,109,128,139,140.  

 

[H2] Tumor Cell versus Immune Cell Responses to Type-I IFNs 

Radiation-induced or exogenous IFNβ is critical for tumor control and is dependent on non-tumor cells, in 
particular IFNAR on CD11c+ DCs  15,18,55,141. However, pre-existing expression of ISGs are predictive of 
resistance to radiation and/or chemotherapy in a number of human cancers 142-145. Recent evidence 
suggests that this is driven by autocrine or paracrine type-I IFN signaling on tumor cells. 

ISGs linked to resistance to ICIs are predominantly expressed in cancer cells 146. An earlier study showed this 
resistance could develop if tumors in mice were allowed to establish longer before the start of radiation and 
anti-CTLA4 treatment. Knock-out of Ifnar and Ifngr on tumor cells showed that type-I IFN signaling through 
these receptors was responsible for the upregulation of an array of T-cell inhibitory ligands, including PD-L1, 
Galectin 9, MHC-II and HVEM 10. 

Across multiple cancer types, in patients who had T-cell infiltration but markers of T147. In melanoma 
patients treated with anti-CTLA4, higher serpin family B member 9 (SERPINB9) corresponded to poorer 
prognosis 147. Serpinb9 in mouse models has been shown to be upregulated by IFNα and IFNγ , and 
mediates immune escape by inactivating granzyme B 147,148. Dual Ifnar and Ifngr knockout restored 
responsiveness to radiotherapy plus anti-CTLA4 treatment 10,146. Ifnar1 knock-out or Janus kinase (JAK) 
inhibition in mouse models enhanced tumor response to radiation due to increased CD8+ T-cell-mediated 
cell killing linked to reduction in SERPINB9. Overexpression of SERPINB9 reversed the effect of Ifnar1 
knockout 10,149. In this context, radiotherapy, DDR inhibitors, and ICI combinations may only benefit tumors 
with low ISG signatures, without the addition of inhibitors targeting tumor IFNAR1 signaling. It remains to 
be determined if a transient radiation-induced type-I IFN signal suffers the same consequences as a chronic 
IFN-driven basal ISG dysfunctional phenotype.  
  



12 
 

[H1] Clinical Implications  
[H2] Radiotherapy and Immune Checkpoint Inhibitor Trials 

A huge number of radiation plus ICI combination studies are currently recruiting patients. A comprehensive 
list of combination trials with reported results (radiotherapy plus either anti-CTLA4, anti-PD-1 or anti-PD-L1) 
is shown in Supplementary Table 1. After numerous phase I studies showed the combination of radiation 
plus an ICI to be safe, further studies are now investigating the benefit from concurrent immunotherapy and 
chemoradiotherapy in various patient groups. 

The PACIFIC trial showed significantly longer overall survival when durvalumab (anti-PD-L1) was given after 
standard chemoradiotherapy in patients with unresected stage III NSCLC 3. Ipilimumab (anti-CTLA4) in 
combination with palliative radiotherapy in chemorefractory metastatic NSCLC resulted in objective 
responses in 18% of patients, with changes in serum IFN-β and early changes of T cell clonality predictive of 
response 2. The two studies described benefit either from large patient numbers 3, or extensive analysis of 
immune biomarkers in a focused patient population 2. 

Many trials listed in Supplementary Table 1 are early phase with toxicity endpoints and hence conclusions 
regarding efficacy are limited by small, heterogeneous patient groups. Multiple agents have been 
investigated including ipilimumab, anti-PD-1 (pembrolizumab or nivolumab) and anti-PD-L1 (durvalumab or 
atezolizumab). Currently tumor types responsive to ICIs are lead candidates for combination studies with 
radiotherapy. This can make the contribution of radiation to response unclear. This is further compounded 
by the variety of dose-fractionation schedules being tested and the number of lesions that are irradiated. 
Most commonly, moderately hypofractionated radiotherapy [G] such as three 8 Gy fractions or five 6 Gy 
fractions have been selected based on preclinical data suggesting that these offer the highest degree of 
favorable immunomodulation 18,105. Few clinical trials are directly comparing different radiation dose-
fractionations in combination with ICIs. The use of concomitant chemotherapy, where even few preclinical 
studies have been done, further adds to this complexity (Table 1). Well-designed later phase combination 
clinical trials may help to unpick some of these issues. 

Clinical trials involving some of the targets outlined in earlier sections (for example, CD47, CD73, CCR2 or 
CCR5) in combination with radiotherapy, as well as other novel immunotherapies, are listed in Table 2. The 
goal of many of these early phase I and II studies is to establish tolerable dose levels. However, many of the 
studies share some of the limitations outlined above (patient heterogeneity or concomitant chemotherapy) 
which may complicate the interpretation of results. Studies on CCR2 and CCR5 antagonists with the JAK1 
and JAK2 inhibitor ruxolitinib are supported by strong preclinical mechanistic datasets 10,129,133-135. 
Replication of preclinical analyses in these clinical trials would be hugely beneficial in directing both future 
trials and preclinical research in this area.  

 

[H2] Future Trials Investigating DDR inhibitors and Immune Readouts 

Based on the preclinical data presented earlier, we believe that additional immunomodulation, such as that 
induced by DDR inhibitors with radiation, may further improve response rates. While radiation and ICI 
combination trials are now a highly active area, immune readouts from clinical trials of radiation combined 
with DDR inhibitors are rare. This is changing after seminal publications on cGAS surveillance of micronuclei 
in response to DNA damage 5,6. The ATR inhibitor AZD6738 increases radiation-induced CD8+ T-cell 
infiltration and enhance effector functions in preclinical studies 7,136. An ongoing phase I trial of AZD6738 in 
combination with palliative radiotherapy 150 may be one of the first to evaluate immune modulation by a 
DDR inhibitor combined with radiotherapy 150.  

While DNA-PK inhibition has not been studied preclinically in combination with radiotherapy and ICIs,  
clinical trials in combination with the anti-PD-L1 agent avelumab are already recruiting (Table 2). A trial of 
the PARP inhibitor olaparib and durvalumab is also recruiting in patients with SCLC. The addition of DDR 
inhibitors may, however, further complicate interpretation of clinical findings. As DDR inhibitor plus 
radiotherapy trials incorporating immune readouts, or DDR inhibitor plus radiotherapy and an ICI trials 
begin to appear, it would be prudent to be aware of the limitations observed so far for radiotherapy plus ICI 
trials. These early stage clinical trials will do much to direct future trial design and preclinical research. The 
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progression of preclinical and clinical analyses for radiotherapy and anti-CTLA4 2,18,110,151 is a benchmark in 
this regard. 

 

[H1] Conclusions 
Intrinsic tumor cell signaling events following radiotherapy have a profound effect in remodeling the 
inflammatory tumor microenvironment. Huge progress has been made in understanding the underlying 
biology whereby sensing of damaged host DNA is transformed into intensified immunosurveillance of tumor 
cells. Understanding the variability within this response will be critical to unlocking the full potential of the 
immune system to improve outcomes for patients treated with radiotherapy. Challenging questions remain 
around the best way to potentiate the immunostimulatory effects of radiotherapy without eliciting the 
negative effects of immunosuppression. Enhancing the immunogenic effects of radiotherapy through DDR 
inhibitors while negating immunosuppressive aspects through ICIs represents a particularly promising 
therapeutic approach. 
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Table 1 | Preclinical radiotherapy and DDR inhibitor or cisplatin combination studies with immune 
readouts 
 

RT and DDR 
inhibitor 
Combination 

Immunotherapy/Im
munostimulant 

Murine tumor 
model 

Immunological effects Refere
nce  

RT and ATR 
inhibitor 
(AZD6738) 

None 
 

CT26 
(colorectal) 

Increased CD8 infiltration, decreased Tregs, promotion of 
immunological memory, decreased PD-L1 due to AZD6738 

136 

RT and ATR 
inhibitor 
(AZD6738) 

None TC-1 (HPV 
positive) 

Enhanced type-I and type-II IFN signature, increased PD-
L1, increased numbers of DCs, T-cells and NK cells due to 
AZD6738 

 7 

RT and 
Cisplatin (+ 
CTX and NOS 
inhibitor) 

None mEER (HPV 
positive) 

Increased proportions of inflammatory monocytes and M1-
macrophages, increased CD8 T-cell activity, increased 
CD8:Treg ratio 

 152 

RT and 
Cisplatin 

Anti-PD-1 and 
CD137 agonist 

AT-3 (breast 
cancer) 

Small increase of CD8:CD4 T-cell ratio and small decrease 
of CD43+ CD8 T cell percentage 

153 

RT and ATM 
silencing 

Anti-PD-L1 mT4 and KPC2 
(pancreatic) 

Increased numbers of CD8 T cells  98 

RT and WEE1 
inhibitor 
(AZD1775) 

Anti-PD-1 MOC-1 
(HNSCC) 

Increased lymphocyte activation and IFN-γ production  96 

RT and 
Cisplatin 

Anti-PD-1 MC38 and C51 
(colorectal) 

Increased CD8 T-cells in primary, secondary tumors 
(biflank model), increased chemokine expression 

154 

RT and 
Cisplatin 

CXCR4 inhibitor 
(plerixaflor) 

Cervial cancer 
PDX models 

Decreased CXCL12–CXCR4 signaling and myeloid cell 
infiltration 

 155 

 
Cisplatin, as a radiosensitizer, was included alongside DDRi studies. CTX, cyclophosphamide; ND, none 
described; NK cell, natural killer cell; NOS, nitric oxide synthase; PDX, patient-derived xenograft; RT, 
radiotherapy. 
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Table 2 | Selected trials investigating radiotherapy with novel immuno-oncology or DDR inhibitor 
combinations  
 

Target (drug) Radiotherapy Phase Patient 
population 

N Response Toxicity NCT or 
reference 

Intra-tumoral anti-
CD47 (TTI-621)   

Regimen not 
stated  

I/II 
 

Relapsed and 
refractory 
percutaneously 
accessible solid 
tumors or 
mycosis 
fungoides.* 

240 Not reported Not 
reported 

NCT02890368 

Anti-PD-1 
(pembrolizumab) +/- 
Flt-3 ligand (CDX-
301)  

8 Gy x 3 
fractions 
alternative days 

II Localized breast 
cancer 

100 Not yet 
recruiting 

Not yet 
recruiting 

 NCT03804944 

Anti-PD-L1 
(durvalumab) +/- 
anti-CD73 
(oleclumab)  
combined with 
various 
chemotherapies  

SBRT 8 Gy x 3 
fractions pre-
operatively  

II Luminal B 
breast cancer 

147 Not yet open Not yet 
open 

NCT03875573 

Anti-PD-1 
(nivolumab) and 
CCR2/CCR5 dual 
antagonist (BMS-
813160) with or 
without GVAX 
following 
chemotherapy and 
radiotherapy  

6.6 Gy x 5 
fractions 

I/II Locally-
advanced 
pancreatic 
ductal 
adenocarcinoma  

30 Not yet open Not yet 
open 

NCT03767582 

JAK1 and JAK2 
inhibitor (ruxolitinib) 
and chemotherapy 
(temozolomide)  

60 Gy in 30 
fractions over 6 
weeks 

I Grade III glioma 
and 
glioblastoma 

36 Recruiting Recruiting  NCT03514069 

TLR9 agonist (SD-
101) plus anti-OX40 
(BMS-986178) 

Low dose I Low-grade B 
cell non-
Hodgkin 
lymphoma 

15 Not 
available 

Not 
available 

NCT03410901 

Intra-tumoral 
injections of a CpG 
enriched TLR9 
agonist (PF-
3512676) 

4 Gy in 2 
fractions over 2 
days 

I/II Mycosis 
fungoides* 

15 Distant site 
clinical 
response 
seen in 5 
patients 

Mild 
injection 
site reaction 
and mild 
flu-like 
symptoms 

156  

Intratumoral TLR9 
agonist (SD-101) at 
a single irradiated 
tumor site 

4 Gy in 1 fraction  I/II Indolent 
lymphomas 
(follicular, 
marginal zone, 
small 
lymphocytic, 
chronic 
lymphocytic or 
cutaneous B-
cell)  

29 24 had 
tumor 
reduction in 
non-treated 
site; 5/25 
had PR and 
1/25 had CR 

No 
treatment 
related 
grade 4 or 
SAE 
occurred. 
8/25 had 
grade 3 
drug-related 
AE 

157  

DNA-PK inhibitor 
(M3814) and anti-
PD-L1 (avelumab) 

Hypofractionated 
5 fractions  

I/II Advanced 
hepatobiliary 
malignancies 

92 Not yet 
recruiting 

Not yet 
recruiting 

NCT04068194 
 

DNA-PK inhibitor 
(M3814) and 
capecitabine 

45-50 Gy in 25-
28 fractions over 
5 weeks 

Ib/II  Rectal cancer 165 Recruiting Recruiting NCT03770689 
 

DNA-PK inhibitor 
(M3814) and anti-
PD-L1 (avelumab) 

30 Gy in 10 
fractions over 2 
weeks 

I  Various 
advanced solid 
tumor 

24 Recruiting Recruiting NCT03724890 

Anti-PD-L1 
(durvalumab) 
monotherapy or 
combined with anti-

30 Gy in 10 
fractions over 2 
weeks 

I/II Extensive stage 
SCLC 

54 Recruiting Recruiting NCT03923270 
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CTLA4 
(tremelimumab) or a 
PARP inhibitor 
(olaparib) 

Trials were selected based on those showing evidence of efficacy of mechanistically related preclinical 
studies. *Mycosis fungoides is a type of cutaneous T-cell lymphoma.  
GVAX is pancreatic cancer vaccine of irradiated patient specific cancer cells which have been modified to 
secrete granulocyte-macrophage colony stimulating factor. AE, adverse effect; CR, complete response; PR, 
partial response; SAE, serious adverse effect; SBRT, stereotactic body radiotherapy. 
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Figure 1 | Crosstalk between cGAS–STING, inflammasome and ribonucleic acid sensing pathways. 
Radiotherapy induces cytoplasmic DNA that is sensed by a number of intracellular sensors. cGAS–cGAMP–
STING (shown in red) drives downstream signaling pathways which lead to type-I IFN production in response 
to cytoplasmic DNA. cGAMP acts as an immunosignaling molecule, activating STING in other cells of the 
tumor microenvironment. Many direct regulators (dark blue) of cGAS, cGAMP or STING function have 
emerged from recent research. These include TREX1, which degrades cytoplasmic DNA preventing cGAS 
activation; and IFI16, DDX41 and NLRC3, where DNA binding has been shown to potentiate STING activity. 
Extracellular cGAMP can be degraded by membrane-bound and cleaved soluble forms of ENPP1. 
Cytoplasmic DNA can also activate AIM2–ZBP1 inflammasome signaling (yellow). This results in pyroptosis, 
an inflammatory form of cell death characterized by IL-1β and IL-18 secretion, as well as gasdermin D-
mediated potassium channel formation. Inflammasome activation of caspase 1, as well as apoptotic caspase 
3 (also shown in yellow), regulate interferon signaling negatively through cleavage of cGAS, IRF3 and MAVS. 
Radiotherapy-induced type-I IFNs can also induce RNA sensor activation (pink). In addition to RNA pol III 
conversion of AT-rich DNA to 5’-triphosphate (5’-ppp) dsRNA, autocrine and paracrine signaling of type-I IFN 
through STAT1 induces dsRNA synthesis from endogenous retroviral elements (ERVs). These can activate 
MDA5 and RIG-I alongside small non-coding RNAs (sncRNAs) induced by radiotherapy. These three 
pathways, through positive and negative cross-talk, help shape the inflammatory response to radiation-
induced cytoplasmic DNA. ASC, apoptosis-associated speck-like protein containing a CARD; CCP, Cytosolic 
carboxypeptidase; G3BP1, GAP SH3 domain-binding protein 1; IKK, IκB kinase; MLKL, Mixed lineage kinase 
domain-like pseudokinase; RIPK, Receptor-interacting serine/threonine-protein kinase; SENP2, Sentrin-
specific protease 2; TRAF, TNF receptor-associated factor; TRIM, Tripartite motif-containing protein; TTLL, 
Tubulin Tyrosine Ligase-Like. 
 
Figure 2 | Radiation-induced micronucleus formation and the role of the DNA damage response. 
Radiation-induced DNA damage, such as double- and single-stranded breaks, induce the DNA damage 
response (DDR). Depending on the context of damage, repair is activated and this is mediated by the three 
central DDR kinases, DNA-dependent protein kinase (DNA-PK), ataxia telangiectasia mutated (ATM) and 
ataxia telangiectasia and Rad3-related protein (ATR), which facilitate non-homologous end-joining (NHEJ), 
homologous recombination repair, and stabilization of stalled replication forks. Downstream cell cycle 
arrest by checkpoint kinase 1 (CHK1) and WEE1, as well as parylation by poly(ADP-ribose) polymerase 1 
(PARP1), also facilitate repair proficiency. Loss of function or inhibitors against a number of key DDR kinases 
(pink) have been show to induce type-I interferon production, as have defects or knockdown of other DNA 
repair proteins (light blue). Defective DNA repair results in micronuclei due to separation of chromosomal 
fragments from the primary nucleus at cell division. Formation of core envelope proteins (lamina-associated 
polypeptide 2α (LAP2α) and Emerin) is unaffected, but non-core protein incorporation (nucleoporin 133 
(NUP133) and lamin-B receptor (LBR)) is blocked due to the interaction of micronuclei with spindle 
microtubules. This leads to nuclear import defects, loss of RNApol III activity and DNA replication, lamin B1 
depletion and futile attempts at nuclear envelope repair by ESCRT-III. Rupturing of the micronuclei coincides 
with DNA damage, invasion of the ER membrane into micronuclear chromatin, and surveillance of 
cytoplasmic DNA by cGAS. By this mechanism, micronuclei link DNA damage by radiotherapy and/or DDR 
inhibitors, to cytoplasmic nucleic acid sensors and type-I IFN signaling. STING can also nucleate 
autophagosome formation at the ER–Golgi intermediate compartment (ERGIC). This is dependent on ATG5 
and WIPI2 and has been shown to clear micronuclei and cytoplasmic DNA. ; CHMP, Charged multivesicular 
body protein. 
 
 
Figure 3 | Tumor-cell centric immune signaling in the tumor microenvironment post-radiotherapy. 
Radiotherapy-induced type-I IFN signaling is illustrated in (1) cells deficient in both cGAS and STING through 
exosomal transfer of tumor dsDNA to DCs, (2) indirect cGAMP signaling via cancer-associated fibroblasts 
(CAFs) from tumor cells competent in cGAS only, and (3) fully cGAS–STING competent tumor cells. 
Immunostimulatory effects are illustrated at the top left. Release of DAMPs such as ATP, HMGB1 and 
calreticulin (CRT) promotes phagocytosis and cross-presentation by dendritic cells (DCs). Cross-presentation 
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of tumor-associated antigens (shown as red ovals) leads to expansion of tumor-reactive T-cells in lymph 
nodes. Chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10 and CXCL16 from both tumor cells and DCs promote 
T-cell infiltration, with radiation-induced upregulation of MHC-I, intercellular adhesion molecule 1 (ICAM1) 
and RAE-1γ on tumor cells promoting T-cell engagement. Immunostimulatory effects are balanced by 
radiotherapy-induced immunosuppressive signaling, shown on the bottom of the figure. C-C motif chemokine 
5 (CCL5) and CCL2 production from tumor cells promotes MDSC and Treg cell infiltration. This leads to the 
inhibition of CD8+ T-cells and production of immunosuppressive transforming growth factor β (TGFβ). IFNAR1 
activation on DCs has been shown to be required for effective adaptive immune responses to radiotherapy-
induced type-I IFN. However, IFNAR1 and IFNGR activation on tumor cells by IFNβ and IFNγ upregulate 
granzyme B resistance due to serpin family B member 9 (SERPINB9) upregulation. This combined with cell 
surface inhibitory molecules promotes a T-cell exhaustion phenotype. BTLA, B- and T-lymphocyte attenuator; 
CCR, C-C chemokine receptor; CTLA4, cytotoxic T-lymphocyte-associated protein 4; CXCR, C-X-C chemokine 
receptor; HVEM, herpesvirus entry mediator; JAK, Janus kinase; LFA-1, lymphocyte function-associated 
antigen 1; STAT, signal transducer and activator of transcription; TIM3, T cell immunoglobulin mucin 3; TLR, 
toll-like receptor; PD-1, programmed cell death protein 1; PD-L1, PD1-ligand 1. 
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Box 1 | Direct Effects of Radiotherapy on Non-Tumor Cells 

Concerns exist around radiosensitivity of immune cells and adverse normal tissue effects in response to 
radiotherapy. A problematic issue is the finding that STING activation is toxic to T-cells 158. These concerns 
are somewhat counterbalanced by studies where achieving higher levels of cGAMP–STING activation is 
therapeutically beneficial 15,22,159. Similar concerns have been raised around direct damage to T-cells from 
radiotherapy. New data points to tumor resident T-cells being resistant to radiotherapy 160. However, in 
preclinical models CD8+ T-cells in the lymph node are substantially more sensitive to radiotherapy and this 
has been shown to have negative therapeutic consequences 128,160. Radiotherapy also has severe 
deleterious effects on vascular density and function 161. Somewhat unexpectedly, ATR inhibition reverses 
reductions in vessel density due to radiotherapy in mice 7. It is not yet clear how the balance of decreased 
vascular area and permeability, along with increased hypoxia, can be manipulated for therapeutic benefit in 
the context of inflammation post-radiotherapy 162. 

 
The role of cancer-associated fibroblasts (CAFs) in the immune response to radiotherapy is not well 
understood, in part because of heterogeneity in CAF function. CAFs are predominantly thought to have 
immunosuppressive roles in tumors 163, and can contribute to radioresistance by the secretion of TGF-β to 
promote a radioresistant cancer stem cell phenotype 164. CAFs also secrete exosomes that interact with 
tumor cells via RIG-I, further contributing to radioresistance 143. More broadly, the DNA damage-induced 
senescent-messaging secretome from irradiated CAFs is thought to have diverse effects including the 
promotion of tumor cell survival via epithelial-mesenchymal transition and increased expression of β1-
integrins 165,166. Further work is needed to improve our understanding of how these diverse immune and 
non-immune mechanisms contribute to radioresistance. 
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Glossary 
 
Immune Checkpoint Inhibitors 
Therapeutic blockade of negative immune checkpoint signaling. Most notable of these are the 
clinically approved agents targeting CTLA4 and PD-L1–PD-1. 
 
Tumor neoantigens 
Neoantigens can arise when mutations in tumor cells alter peptide fragments presented to the 
immune system. The immune system can recognize these as foreign vs the non-mutated self-
sequence. 
 
cyclic GMP-AMP 
Mammalian 2’3’-cyclic guanosine monophosphate–adenosine monophosphate, shortened to 
cGAMP, is a second messenger produced by cGAS binding to cytosolic DNA. It is frequently called 
an immunotransmitter due to extensive indirect signaling.  
 
Pattern recognition receptors 
Innate immune receptors that recognize viral or microbial molecules (pathogen-associated 
molecular patterns, PAMPs) or host cell molecules released during damage (damage-associated 
molecular patterns, DAMPs) activating host immune signalling 
 
Type-I Interferon 
This class of interferons includes interferon-α isoforms and interferon-β. Interferon-α/β receptor 1 
(IFNAR1) and IFNAR2 form the type-I interferon receptor. 
 
Gap Junctions 
Intercellular channels composed of connexin transmembrane proteins. They permit direct cell–cell 
transfer of ions and small molecules. 
 
Ectoenzyme 
An enzyme that is found on the cell surface or that is secreted and functions outside a cell 
 
Exosomes 
Extracellular vesicles released from cells and shown to contain proteins, lipids, RNA and/or DNA. 
They are thought to act as a means of intercellular communication through transmission of 
bioactive macromolecules. 
 
HIN Domain 
The DNA binding domain present on IFI16 and AIM2 that facilitates recognition of cytosolic dsDNA. 
HIN is an acronym for hematopoietic expression, interferon-inducible nature, and nuclear 
localization.  
 
Inflammasome  
A multiprotein intracellular complex that activates the pro-inflammatory cytokines IL-1β and IL-18. 
This can be due to pathogens or sterile stimuli leading to activation of caspase-1. 
 
Pyroptosis 
A highly inflammatory form of cell death resulting from inflammasome activation of caspase-1. 
 
Micronuclei 
Small nuclear structures formed by mitotic errors or chromosome breakage. They form within a 
nuclear envelope isolated from the primary nucleus. 
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Chromothripsis 
Clustered chromosomal rearrangements in one or a few chromosomes, which are thought to occur through 
a one-step catastrophic genomic event. 
 
STING-associated vasculopathy with onset in infancy  
(SAVI) An autoinflammatory disorder driven by activating mutations in STING. 
 
Aicardi-Goutières syndrome 
An inflammatory disorder driven by a number of mutations (TREX1, SAMHD1, RNASEH2A-C,  
ADAR1 and IFIH1) that lead to increased activation of cytoplasmic nucleic acid sensors and type-I 
interferon production.  
 
Fanconi anemia 
A rare genetic disorder that results in aplastic anaemia, leukaemia and cancer susceptibility, and 
hypersensitivity to DNA crosslinking agents. The pathway is responsible for the repair of DNA 
interstrand crosslinks and overlaps somewhat with homologous recombination repair. 
 
Homologous recombination repair  
An identical or nearly identical DNA sequence from a homologous chromosome is used as a 
template for the repair of a DNA break.  
 
Major histocompatibility complex I  
(MHC-I) 
This complex is composed of an α and β chain and is expressed on all nucleated cells. It presents 
peptide fragments of intracellular proteins to the immune system. 
 
Radiation Upregulated Neoantigens 
Radiation can increase existing tumor neoantigens through either radiation-induced transcription or 
increased antigen presentation. It is also possible for radiotherapy to create neoantigens due to 
DNA damage-induced mutations.  
 
SIINFEKL 
A peptide sequence from chicken ovalbumin presented by MHC-I and used as a model peptide to 
study antigen presentation. 
 
Antigen 
In this context, an MHC-I presented peptide capable of stimulating an immune response. 
 
Subclonal Neoantigens  
Subclonal neoantigens are only present in a subset of tumor cells. 
 
Clonal neoantigen 
A clonal neoantigen is present in all tumor cells. 
 
Damage-associated molecular patterns 
Stimuli released by stressed, dying or injured cells that may trigger an inflammatory response by 
the activation of a number of pattern recognition receptors.  
 
Hypofractionated radiotherapy 
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Radiation treatment where the total dose of radiation is divided into larger doses and given over a 
smaller number of fractions than standard radiation therapy. 
 
Table of Contents Summary  
This Review focuses on the role of tumor cell-autonomous signaling after radiotherapy. It describes how radiotherapy, 
through its immunomodulating effects, might be combined with immune checkpoint inhibitors and other 
immunotherapies and how DNA damage response inhibitors in combination with radiotherapy may be used to further 
augment this approach. 
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