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Introduction

Radiotherapy is one of the most effective and frequently used treatments for a variety
of cancers. Approximately half of cancer patients receive radiotherapy at some point
in their treatment [1], whether in the curative or palliative settings. Radiotherapy
causes cell death or senescence via DNA damage. In general terms, necrotic or
apoptotic cell death occurs depending on cell type, radiotherapy dose and fraction-
ation schedule [2]. Cancer cells that evade apoptosis and continue to divide with
accumulated DNA damage may die via mitotic catastrophe. Classically, the outcome
of fractionated radiotherapy is governed by the principles of the 5 Rs of radiobi-
ology, one of which is repair of DNA damage [3]. Therefore, combining radiation
with agents that can target, and inhibit, DNA damage repair pathways represents an
important new avenue towards enhanced therapeutic outcomes.

In addition to its direct anti-cancer cytotoxicity, ionising radiation can promote
anti-tumour immune responses by triggering pro-inflammatory signals, DNA
damage-induced immunogenic cell death (ICD) and innate immune activation. Anti-
tumour innate immunity can arise from recruitment and stimulation of directly active
natural killer (NK) cells. In addition, dendritic cells (DCs) can be recruited and acti-
vated with subsequent tumour-specific adaptive T-cell priming and immunostimula-
tory cell infiltration. The reverse effect can also occur through radiotherapy-induced
immunosuppression and generation of anti-inflammatory mediators that can confer
radioresistance. Approaches that target the DNA damage response (DDR) concomi-
tantly with radiotherapy are attractive strategies for circumventing radioresistance,
by enhancing the radiosensitivity of tumour relative to normal tissues, but also by re-
programming the tumour microenvironment to create an immunostimulatory milieu.
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This doubly-targeted approach seeks to exploit tumour-intrinsic genomic instability
as a means of preventing immune evasion.

Here, we review targeting of ataxia telangiectasia and Rad3-related kinase (ATR)
and the potential this brings for interactions with druggable immunomodulatory
signalling pathways, including nucleic acid-sensing mechanisms (Toll-like recep-
tors (TLR); cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING) and retinoic acid-inducible gene-I (RIG-I)-like receptors), and immune
checkpoint inhibitors (ICPI). Central to these discussions are considerations of how
these approaches might be exploited to enhance the effects of radiation therapy.

Immunostimulatory Effects Mediated by Radiotherapy

The innate immune system uses pattern-recognition receptors (PRRs) to detect
microbial pathogenic molecules known as pathogen-associated molecular patterns
(PAMPs). However, these pathways are not exclusively limited to foreign molecules
and immune activation can also occur without microbial infection. In such cases,
it may be triggered by inflammatory signals released from stressed or dying
cells, collectively known as damage-associated molecular patterns (DAMPs) [4].
Radiotherapy-induced cellular stress and ICD can stimulate immune responses
through the generation of DAMPs [5], which can be detected by their cognate PRRs
[6]. ICD has been defined as the chronic expression of DAMPs in the tumour microen-
vironment (TME) and this can induce innate and adaptive anti-tumour immune
responses in the host [7].

Classically, ICD-related DAMPs include: adenosine triphosphate (ATP) secretion;
high-mobility group box-1 (HMGBI1) protein release; and calreticulin expression on
the cell surface. Extracellular ATP functions as a “find-me” chemoattractant signal
[7] and promotes recruitment and activation of dendritic cells [§8, 9]. HMGB/1 protein,
released from the nucleus during ICD, binds to TLR-4 and is critical for activating
DCs and facilitating antigen-processing and presentation to T-cells [10]. Calreticulin
exposure on the external surface of dying cells provides an “eat-me” signal to antigen-
presenting cells (APCs) and results in their phagocytosing target cells [11]. ICD leads
to release of tumour-associated antigens (TAA) and, subsequently, their acquisition,
processing and presentation by APCs, potentially leading to priming of a cancer-
specific adaptive immune response.

Radiotherapy-induced DNA damage can act as a viral mimic through the accu-
mulation of cytosolic DNA or RNA in irradiated cells [12]. Cytosolic DNA and
RNA activate cGAS-STING and RIG-I/mitochondrial antiviral-signalling protein
(MAVS) pathways, respectively [13]. These pathways activate complex downstream
signalling via interferon regulatory factor-3 (IRF-3)/TANK-binding kinase 1 (TBK1)
and nuclear factor kappa B (NF-kB) that results in production of Type I interferon
(IFN) and other inflammatory cytokines (e.g. interleukin [IL]-1, tumour necrosis
factor [TNF]-a) [12]. Detailed consideration of all of these pathways is beyond
the scope of this review, but there are a number of active programmes of research
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seeking to generate activators of cGAS-STING, RIG-I and TLR pathways to augment
anti-tumour immune responses.

There are also data demonstrating that radiation can enhance cancer cell anti-
genicity through upregulation of genes involved in DNA damage repair and cellular
stress responses [ 12]. Immune cell recruitment is increased via expression of adhesion
molecules (e.g. intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1) and E-selectin) [14] and chemokines (e.g. CXCL16) [15].
Within the appropriate inflammatory environment, APCs take up antigens in periph-
eral tissues, mature and migrate to draining lymph nodes, where they activate naive
T-cells and promote their differentiation into effector T-cells [16]. Radiotherapy-
induced ICD increases TAA presentation that can lead to specific T-cell priming,
expansion of tumour reactive CD8+ T-cells and infiltration into the TME [17].

In summary, inflammatory DAMP signalling generates a favourable TME for
activated DCs to process and cross-present TAAs from irradiated cells as a “tumour
vaccine” to naive T-cells. These primed and expanded T-cells can sustain a systemic
tumour-specific immune response, in effect converting an initial innate to an adaptive
anti-tumour response with the potential for durable, systemic activity and the devel-
opment of long-lasting anti-tumour memory. The T-cell receptor (TCR) repertoire is
also known to be shaped following radiotherapy, including when used in conjunction
with ICPI [18-20].

Immunosuppressive Mechanisms Triggered
by Radiotherapy

Pro-inflammatory signalling, as reviewed above, can trigger beneficial anti-tumour
effects, but cancer cells learn to adapt and survive with mechanisms such as hypoxia
resistance and unrestricted proliferation that can result in a state of chronic inflam-
mation and evasion of immune surveillance [21-23]. Cancer cells can also adapt to
down-regulate or lose TAA expression and interferon signalling pathways. In addi-
tion, tumours frequently evolve to use the programmed cell death 1 (PD-1)/ligand 1
(PD-L1) axis as a means of nullifying attack by immune cells. Evasion of immune
recognition or immune escape [24] is now enshrined as a hallmark of cancer [8].
This proliferative signalling is mediated by changes in cytokine signalling (TNF-q,
IL-1B, IL-6, IL-10 and TGF-) [25, 26] and recruitment of suppressive immune cells
such as tumour-associated macrophages (TAMs), myeloid-derived suppressor cells
(MDSCs) [27] and regulatory T-cells (Tregs) [28, 29] into the TME.
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Targeting DNA-Damage Response (DDR) Pathways

Ionising radiation induces lesions in DNA, ranging from simple purine and pyrimi-
dine lesions to single-strand (SSB) and double-strand breaks (DSB) in the DNA [30].
DSB are potentially the most lethal DNA lesions induced by radiotherapy and ther-
apies that can prevent their repair/resolution have the potential to be profoundly
radiosensitising. There are specific mechanisms to detect and repair radiation-
induced abnormalities in DNA structure: DSBs are repaired by non-homologous
end-joining (NHEJ) repair during G1 phase of the cell cycle and by high-fidelity
homologous recombination (HR) in S and G2 phases; SSBs and base damage are
repaired through the base excision repair (BER) pathway [31].

Different types of radiation-induced DNA damage are sensed by mechanisms
that activate specific DDR kinases: ataxia telangiectasia-mutated (ATM) and ATR,
which phosphorylate the checkpoint kinases, Chk1 and Chk2. In turn, these proteins
transfer the signal to different effector molecules that mediate cell cycle arrest, initiate
repair functions or trigger cell death — depending on the level of damage sustained
by the cell and its capacity to survive and repair that damage. The specific pathways
involved are illustrated in simplified form in Fig. 3.1.

ATM and ATR Inhibitors

ATM and ATR are key mediators of the DSB signalling response that induce cell
cycle arrest to facilitate DNA repair [32]. Conditions that activate ATM and ATR as
part of DDR may also participate in regulating the innate immune system and alert
it to potentially ‘dangerous’ tumour cells [33].

In response to DSB, the MRE11-RAD50-NBS1 (MRN) complex assembles at
DSB sites to act as a DNA damage sensor that activates and recruits ATM to
DSB sites [34]. Briefly, when a cell triggers the DDR, ATM initiates a massive
signalling cascade with the phosphorylation of hundreds of substrates, including
p53 and CHK2 kinase. Activated p53 transactivates the expression of p21¢iPI/kiPl
which inhibits cyclin-dependent kinase 2 (CDK?2) and CDK4/6 to induce G1/S arrest
[30]. Inhibition of the ATM/Chk?2 axis can lead to replication stress and accumula-
tion of cytosolic DNA that subsequently activates the cGAS-STING-mediated innate
immune response [34].

Inhibition of either ATM or ATR has the potential to improve radiotherapy
outcomes since they are both key mediators of the DDR [32]. ATM inhibitors such
as caffeine [35], wortmannin [36], CP-466722 [37], KU-55933 [38], KU-60019
[39] and KU-59403 [40] increase cell radiosensitivity [41, 42], particularly in p53
low/deficient and PI3K highly-expressing cells [35, 43]. In a preclinical study in vivo
with KU60019 and radiotherapy, in addition to tumour cell sensitisation, combination
treatment enhanced TBK1 activity, type I interferon production and antigen presenta-
tion and increased tumour-infiltrating CD8+ T-cells; moreover, complete responders
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Fig. 3.1 A simplified schematic of the DNA damage response. The ATM pathway is activated by
DNA double-strand breaks (DSBs), causing activation of Chk2 and p53 with subsequent G1 cell
cycle arrest. Diverse inputs converging on RpA-coated single-stranded DNA(ssDNA) activate the
ATR-ATRIP complex, with downstream phosphorylation of Chk1, amongst other targets, resulting
in G2/M cell cycle arrest arrest. The ATR pathway also plays an important role in S-phase progres-
sion and replication fork stabilisation. There is evidence of substantial crosstalk between these
pathways (indicated by the dotted arrows). Both ATM and ATR inhibitors (ATMi, ATRi) are in
clinical development. (adapted from Dillon et al. Clin Oncol (R Coll Radiol). 2014;26(5):257-65).
Key: ATM -ataxia telangiectasia-mutated kinase; ATR —ataxia telangiectasia and Rad3-related
kinase; ATRIP —ATR-interacting protein; cdc25A —cell division cycle 25 homolog A; cdc25C —cell
division cycle 25 homolog C; cdkl —cyclin-dependent kinase 1; cdk2 —cyclin-dependent kinase
2; Chkl —checkpoint kinase 1; Chk2 —checkpoint kinase 2; CyA —cyclin A; CyB —cyclin B; CyE
—cyclin E; G1 —gap (or growth) 1 phase of cell cycle; G2 —gap (or growth) 2 phase of cell cycle;
IR —ionizing radiation; M —mitosis phase of cell cycle; MRN —Mrell, Rad50 and Nbs1 complex;
RpA —replication protein A; S —synthesis phase of cell cycle; UV —ultraviolet light

had established immunological memory with the ability to resist tumour re-challenge
[44]. The ATM inhibitor (AZD1390) and radiotherapy is being investigated in a phase
I clinical trial in brain cancer (NCT03423628). A dual ATM and DNA-dependent
protein kinase (PKc) inhibitor (XRD-0394) is also in clinical development with a
phase I trial in combination with radiotherapy recruiting patients (NCT05002140).
ATR is activated by single-stranded DNA (ssDNA) structures that may arise at
resected DNA DSBs or stalled replication forks. ATR is recruited via interaction of
the regulatory protein ATRIP with ssDNA-bound replication protein A (RPA) [45]
(Fig. 3.1). RPA-ssDNA complexes stimulate loading of the RAD9-HUS1-RAD1
(9—1-1) heterotrimer, that recruits TopBP1 which activates ATR [46]. Once ATR is
activated, downstream targets, including Chk1, promote DNA repair [47, 48], restart
stalled replication forks [49] and intra-S and G2/M cell cycle arrest [50, 51]. In
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response to DNA damage, activation of the intra-S-phase cell cycle checkpoint slows
progression of DNA replication to allow time for resolution [50, 51]. In addition,
the ATR-dependent G2/M cell cycle checkpoint is activated through degradation
of Cdc25A [51], and phosphorylation of Cdc25C phosphatase inhibits its ability
to activate nuclear Cdc2 and, hence, entry into mitosis [52]. Most cancer cells are
defective in DNA damage-induced checkpoints, for example through p53 pathway
mutations, and this leads to dependence on the intra-S-phase and G2/M checkpoints
for cell survival [32]. Therefore, ATR inhibition will lead to accumulation of DNA
damage, premature entry into mitosis, mitotic catastrophe and cell death [32].

ATR inhibitors include schisandrin B [53], NU6027 [54], NVP-BEZ235 [55],
VE-821 [56], VE-822 [57], AZ20 [58] and AZD6738 [59]. NVP-BEZ235 has been
reported to induce marked radiosensitivity in Ras-overexpressing cancers [60], and
NU6027 has been shown to increase sensitivity to DNA-damaging agents in breast
and ovarian cell lines [54]. VE-822 results in selective sensitisation of pancreatic
tumours to radiation in vivo by increasing persistent DNA damage, decreasing cell
cycle checkpoint maintenance and reducing homologous recombination repair [57].
In vitro, ATR inhibition downregulates radiotherapy-induced PD-L1/2 expression to
sensitise cancer cells to T-cell killing, in addition to potentiating DNA damage [61].

Immune Effects of ATR Inhibition

Promising preclinical in vivo studies of the ATR inhibitor AZD6738 in combina-
tion with radiotherapy have shown an enhanced type I/Il interferon response and
increased immune cell infiltrate [62], increased RT-stimulated CD8+ T-cell infil-
tration [63, 64], NK-mediated anti-tumour immunity [65], as well as reversal of
the Treg immunosuppressive effect [63, 64]. Dillon et al. [62] reported significant
radiosensitization to radiotherapy by ceralasertib alongside a marked increase in
immune cell infiltration. Increased numbers of CD3+ and NK cells were identified,
but the greatest part of the inflammatory infiltrate was composed of myeloid cells.
Ceralasertib plus radiation produced a gene expression signature matching a type
I/IT interferon response with upregulation of genes involved in nucleic acid sensing.
Increased major histocompatibility complex class I (MHC-I) levels were observed on
tumour cells, with transcript-level data indicating increased antigen processing and
presentation within the tumour. Significant modulation of cytokine gene expression
(particularly CCL2, CCL5 and CXCL10) was found in vivo, with in vitro data indi-
cating CCL3, CCL5 and CXCL10 are produced from tumour cells after combined
therapy with ATR inhibitors (ATR1) and radiation. All of these data point towards
opportunities to modulate immune responses triggered by ATRi and radiotherapy
through the use of ICPIs that target key regulatory immune checkpoints.

In further studies, Patin et al. [65] evaluated the addition of ICPI (i.e. anti-PD-
1, anti-PD-L1, anti-TIGIT) to the ceralasertib and radiotherapy combination, with a
view to evaluating if there was further improved response and long-lasting immunity.
They showed that ATR inhibition potentiated radiation-mediated tumour control in



3 DNA Repair Mechanisms as a New Target in Head and Neck Cancer 29

mouse models of head and neck cancer (MOC?2, AT84). ATRi enhanced radiotherapy-
induced inflammation in the tumour microenvironment, with NK-cells playing a
central role in maximising the effect of treatment. Anti-tumour activity of NK-cells
could be further boosted with ICPI targeting TIGIT and PD-L1. In addition, NK-
cells were shown to be critical for the induction of T-cell-based immune memory
response in mice cured by radiotherapy/ATRi/ICPI combination regimens. Interest-
ingly, analyses of clinical samples from patients receiving ceralasertib confirmed the
translational potential of the preclinical studies, including evidence of NK and T-cell
activation. Further evaluation of clinical trial material should shed more light on the
potential value of ATR inhibitors as adjunctive treatments to immunotherapy-based
therapy strategies.

There are, to date, three early phase clinical studies investigating ATR inhibition
and radiotherapy. PATRIOT, a phase I study of AZD6738 in combination with pallia-
tive radiotherapy, has completed recruitment and is awaiting report (NCT(02223923)
(Fig. 3.2). BAY 1895344 in combination with radiotherapy and pembrolizumab in
recurrent head and neck squamous cell carcinoma (HNSCC) (NCT04576091) and
M6620 with radiotherapy and chemotherapy in solid cancers (NCT03641547) are
also ongoing studies. For at least some of these trials, additional analyses of the
immune effects of treatment have the potential to provide further insights into the
potential integration of DDR-targeted agents alongside radiation and immunotherapy
for the treatment of head and neck (and other) cancers.

Conclusions

In this brief review, we have introduced the concept of targeting the DDR pathway, in
this case through ATR inhibition, as a means of sensitising to radiation-induced cell
death and triggering anti-tumour immunity. There are, however, a number of clinical
challenges that need to be overcome in combining radiotherapy with DDR-targeted
agents. These include: (i) the need to define optimal radiation dose-fractionation
schedules to be used with DDR inhibitors and ICPIs; (ii) the need to understand
how to integrate standard chemoradiation-based therapy regimens into a treatment
paradigm based on combining radiation, DDR inhibition and ICPI; and (iii) consid-
erations related to the potentially deleterious effects of wide-field irradiation, for
example treatment that encompasses large volumes of tissue containing tumour-
draining lymph nodes and large blood vessels (and the circulating immune cells
within the bloodstream). In addition, careful attention will need to be paid not
just to the acute effects of combination regimens potentially involving radiation,
chemotherapy, DDR inhibition and immunotherapy, but also the risks of long-term
toxicities. Nonetheless, this is an exciting time for the development of novel treat-
ment strategies that have the potential to change outcomes for patients being treated
with curative intent for newly diagnosed locally advanced head and neck cancers.
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