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Abstract

Radiotherapy remains a cornerstone of cancer treatment, yet treatment response contin-
ues to be limited by tumour radioresistance and considerable biological heterogeneity.
Although advances in radiation delivery have substantially improved dose conformity
and reduced toxicity, increasing evidence suggests that optimising therapeutic outcomes
will require greater integration of tumour biology into treatment strategies. This review
examines emerging molecular approaches that seek to enhance anti-tumour responses to
radiotherapy beyond direct tumour cell killing. We discuss the DNA damage response as a
therapeutic target for radiosensitisation, highlighting the evolving role of DNA damage
response inhibitors in promoting both tumour cytotoxicity and immune activation. We
further examine the mechanisms linking radiation-induced DNA damage to anti-tumour
immunity, including immunogenic cell death, cGAS–STING signalling, and remodelling
of the tumour microenvironment, together with the opportunities and challenges of com-
bining radiotherapy with immune checkpoint inhibition. Finally, we review emerging
concepts in precision radiation oncology, including spatially tailored irradiation strategies,
genomically informed radiation prescription, radiogenomics, and the influence of the
gut microbiome on treatment response. Collectively, these advances support a shift from
anatomically guided radiotherapy towards biologically personalised treatment, integrating
molecular, immunological and genomic information with normal-tissue susceptibility to
improve the therapeutic ratio and enable more precise, patient-centred cancer care.

Keywords: radiotherapy; DNA damage response; radiosensitisation; immunotherapy;
cGAS–STING; tumour microenvironment; precision radiation oncology; radiogenomics;
genomic-adjusted radiation dose (GARD); microbiome

1. Introduction
Radiotherapy (RT) remains one of the most widely utilised anti-cancer therapies,

delivered to over half of all patients during the course of their disease and forming
a cornerstone of both curative and palliative treatment strategies [1]. Technological
advances over recent decades, including image guidance, intensity-modulated radio-
therapy (IMRT), volumetric modulated arc therapy (VMAT), and stereotactic body
radiotherapy (SBRT), have enabled increasingly conformal dose delivery, facilitating
dose escalation whilst reducing normal tissue toxicity [2]. However, local recurrence
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within the irradiated field remains a significant clinical challenge across many tumour
types, highlighting the persistent influence of tumour-intrinsic biology and mechanisms
of radioresistance [3]. Yet radiotherapy prescription remains guided predominantly by
anatomical and clinicopathological parameters, with comparatively limited integration
of tumour biology into treatment decision-making.

Historically, the anti-tumour effects of ionising radiation have been attributed primar-
ily to direct and indirect DNA damage, culminating in genomic instability and cancer cell
death. The therapeutic efficacy of RT is enhanced by the intrinsic genomic vulnerabilities
of malignant cells, many of which harbour defects in DNA damage response (DDR) path-
ways [4]. However, it is now clear that radiation exerts effects extending far beyond direct
cytotoxicity. Radiation-induced DNA damage initiates a complex network of molecular
and immunological responses involving innate immune sensing, cytokine signalling, and
remodelling of the tumour microenvironment (TME), all of which may influence treatment
outcome [5].

These observations have fundamentally altered our understanding of RT. Rather than
functioning solely as a local cytotoxic therapy, RT is increasingly recognised as a potent
modulator of anti-tumour immunity. Yet the immunological consequences of radiation
remain highly context-dependent, capable of promoting both immune activation and
immune suppression. This complexity likely contributes to the discrepancy between
compelling preclinical data supporting RT–immunotherapy combinations and the more
modest benefits observed in many clinical studies, highlighting the need for a deeper
understanding of the molecular determinants of response [5].

As oncology increasingly embraces precision medicine, radiotherapy must simi-
larly evolve beyond conventional population-based treatment paradigms. Precision
radiation oncology can be defined as the integration of biological, clinical, imaging,
and dosimetric information to optimise the therapeutic ratio for an individual patient.
This encompasses several related but distinct objectives: predicting intrinsic tumour
radiosensitivity and normal-tissue toxicity; selecting patients most likely to benefit from
radiotherapy or a particular systemic combination; adapting radiation dose and fraction-
ation; and personalising the spatial distribution of dose according to intratumour and
normal-tissue heterogeneity. Precision radiotherapy therefore extends beyond increas-
ingly accurate anatomical targeting to address whether, when, where, and how radiation
should be delivered.

This review focuses on the molecular and immunological dimensions of precision
radiation oncology rather than providing a disease-specific account of radiotherapy indica-
tions or delivery techniques. We examine how DNA damage response dependencies may
be exploited for radiosensitisation, how radiation-induced damage engages innate and
adaptive immunity, and how the tumour microenvironment influences treatment response.
We then consider emerging spatially tailored irradiation strategies and the potential contri-
butions of genomics, imaging-derived biomarkers, immune phenotype, and host factors
to treatment individualisation. By integrating these previously fragmented areas within
a translational framework, we aim to distinguish biological association from clinically
actionable prediction and to identify the steps required to convert mechanistic insights into
treatment selection, dose or fractionation adaptation, rational systemic combinations, and
ultimately prospective clinical validation.

2. DNA Damage Response as a Foundation for Immunogenic Radiotherapy
2.1. DDR Pathways and Synthetic Lethality

To preserve genomic integrity, cells rely on a highly coordinated signalling network
responsible for detecting, signalling, and repairing DNA damage. Collectively termed

https://doi.org/10.3390/ijms27219396

https://doi.org/10.3390/ijms27219396


Int. J. Mol. Sci. 2026, 27, 9396 3 of 27

DDR, this system is activated following genotoxic insults and involves a complex in-
terplay between sensor proteins, signal transducers, cell-cycle checkpoints, and repair
machinery. Central to this process are checkpoint kinases including ataxia telangiec-
tasia mutated (ATM), ATM and Rad3-related (ATR), checkpoint kinase 1 (CHK1), and
DNA-dependent protein kinase (DNA-PK), which coordinate DNA repair, cell-cycle
arrest, and cellular survival following genotoxic stress. The DDR plays a fundamental
role in maintaining genomic stability, and its disruption is increasingly recognised as
a defining feature of oncogenesis [6,7]. Indeed, defects in DDR pathways contribute
to genomic instability, mutational accumulation, and malignant transformation, while
simultaneously creating therapeutic vulnerabilities that may be exploited to enhance
treatment response [8].

As illustrated in Figure 1A, ionising radiation exerts its anti-tumour effects primarily
through the induction of DNA damage, including base damage, single-strand breaks (SSBs)
and double-strand breaks (DSBs), as well as clustered DNA lesions in which multiple
lesions occur in close proximity. DSBs are considered particularly lethal because inadequate
repair can result in chromosomal rearrangements, mitotic catastrophe or cell death. DSB
repair occurs predominantly through two major pathways: homologous recombination
(HR) and non-homologous end joining (NHEJ). HR facilitates high-fidelity repair through
the use of a sister chromatid template and is therefore most active during the S and G2
phases of the cell cycle. In contrast, NHEJ functions throughout the cell cycle, particularly
during G1, enabling rapid but more error-prone repair through direct ligation of DNA
ends. Additional repair pathways, including base excision repair (BER), nucleotide excision
repair (NER), and mismatch repair (MMR), contribute to the repair of oxidative damage,
SSBs, and replication-associated errors [9,10].

The genomic instability characteristic of many tumours frequently results in de-
pendence on residual DNA repair mechanisms, creating opportunities for therapeutic
exploitation. These dependencies underpin the principle of synthetic lethality, whereby
simultaneous disruption of complementary DNA repair mechanisms results in irrepara-
ble genomic instability and cell death. The clinical success of therapies targeting DNA
repair vulnerabilities has validated DDR inhibition as an effective anti-cancer strategy
and stimulated growing interest in combining DDR-targeted agents with radiotherapy
to enhance tumour response [11]. The relationships between lesion-specific repair, cell-
cycle checkpoint signalling and candidate tumour DDR dependencies are summarised
in Figure 1A–C.

Figure 1. Cont.
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Figure 1. Radiation-induced DNA damage responses and candidate therapeutic dependencies. (A) Ma-
jor forms of radiation-induced DNA damage and the principal pathways responsible for their repair,
including base-excision and single-strand-break repair, nucleotide-excision repair, mismatch repair,
the Fanconi anaemia pathway, homologous recombination and non-homologous end joining. The
panel also illustrates repair-pathway crosstalk and the conversion of replication-associated lesions into
double-strand breaks. (B) Cell-cycle checkpoint signalling following DNA damage and the principal
sites of pharmacological inhibition within the ATM-CHK2, ATR-CHK1, WEE1 and DNA-PK pathways.
(C) Candidate DNA-damage-response dependencies arising from homologous-recombination deficiency,
defective G1-checkpoint control or reliance on DNA double-strand-break repair, together with their
proposed therapeutic consequences and interactions. These biological contexts remain candidate rather
than validated biomarkers for selecting radiotherapy combinations; the corresponding clinical evidence
and translational limitations are summarised in Table 1.

2.2. Radiation-Induced Cell Fates: Beyond Direct Cell Death

The biological consequences of radiation-induced DNA damage extend beyond a
binary outcome of repair or cell death. Irradiated tumour cells may undergo apoptosis,
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necrotic forms of cell death, or loss of reproductive capacity following aberrant mitosis,
while other cells enter prolonged cell-cycle arrest or senescence. Mitotic catastrophe
describes an oncosuppressive process arising from premature or abnormal mitosis in
the presence of unrepaired damage, which ultimately leads to cell death or irreversible
loss of clonogenic potential rather than representing a distinct molecular death pathway.
Radiation may also engage regulated processes including necroptosis and ferropto-
sis, while autophagy can either support cellular survival or contribute to treatment
response depending on the biological context. The balance among these outcomes is
influenced by radiation dose and fractionation, damage complexity, tumour lineage,
oxygenation, cell-cycle state, TP53 status and the integrity of DNA repair and checkpoint
pathways [4,12,13]. Importantly, cell fate may influence the subsequent immune re-
sponse: preclinical evidence suggests, for example, that radiation-induced ZBP1-MLKL
necroptotic signalling can promote cytosolic DNA accumulation, cGAS–STING activa-
tion and anti-tumour immunity [14].

These divergent responses provide a biological rationale for combining RT with in-
hibitors of compensatory DDR pathways. Tumours with defective G1 checkpoint con-
trol may become particularly reliant on ATR-CHK1- and WEE1-mediated S- and G2/M-
checkpoint signalling; inhibition of these pathways can force cells containing unrepaired
DNA into mitosis, thereby promoting mitotic catastrophe. Similarly, PARP inhibition
increases replication-associated DNA damage, whereas inhibition of ATM or DNA-PK
impairs the coordination or repair of radiation-induced DSBs. Although these combinations
can increase tumour cell killing, radiosensitisation should not be considered synonymous
with synthetic lethality. Classical synthetic lethality describes a setting in which concurrent
disruption of two complementary pathways is lethal despite either defect being individu-
ally tolerated, whereas radiosensitisation encompasses any intervention that increases the
biological effect of radiation [9,15,16].

One particularly important radiation-induced cell fate is cellular senescence: a state
of sustained proliferative arrest commonly associated with persistent DDR signalling and
activation of the p53-p21 and/or p16-RB pathways. Senescent cells remain metabolically
active and may develop a senescence-associated secretory phenotype (SASP), characterised
by the release of cytokines, chemokines, growth factors and proteases. The consequences
are context-dependent. Senescence can suppress tumour growth and promote immune-
mediated clearance; in an experimental model of radiation-induced osteosarcoma, RB1-
dependent senescence and interleukin-6 (IL-6) signalling supported natural killer T-cell
recruitment and tumour immune surveillance [17]. Conversely, persistent senescent tumour
or stromal cells may promote chronic inflammation, immune suppression, tissue remod-
elling and the survival or proliferation of neighbouring malignant cells. Radiation-induced
senescence and SASP signalling have been associated with accelerated glioblastoma growth
in experimental models, including through effects arising from both irradiated tumour cells
and non-malignant astrocytes within the irradiated microenvironment [18,19]. Evidence of
therapy-induced senescence in human tumour samples further supports its potential clini-
cal relevance, although its prevalence and phenotype vary substantially between treatment
and tumour contexts [20].

These observations have stimulated interest in senotherapy as an adjunct to RT.
Senolytic agents aim to selectively eliminate senescent cells by targeting acquired sur-
vival dependencies, whereas senomorphic approaches seek to suppress detrimental
SASP signalling without necessarily inducing cell death. A potential sequential strategy
would use RT to induce tumour damage and senescence, followed by appropriately
timed senotherapy to remove persistent senescent cells or limit their pro-tumour effects.
In preclinical glioblastoma models, navitoclax-mediated clearance of senescent astro-
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cytes attenuated tumour growth, while more recent work identified cellular inhibitor of
apoptosis protein 2 (cIAP2) as a survival dependency in radiation-induced senescent
glioma cells and demonstrated that the second mitochondria-derived activator of cas-
pases (SMAC) mimetic birinapant could reduce post-RT recurrence [19,21]. However,
senotherapy remains experimental. Its translation will require robust biomarkers of
clinically relevant senescence, careful treatment sequencing, and discrimination between
beneficial transient senescence and persistent tumour-promoting states. The cellular
origin and timing of senescence may therefore be as important as its presence when
selecting patients for future RT-senotherapy combinations.

2.3. DDR Inhibition as a Strategy to Enhance Radiotherapy

Given the central role of DNA damage in mediating the anti-tumour effects of ra-
diotherapy, pharmacological inhibition of DDR pathways has emerged as a compelling
strategy to enhance radiosensitivity and exploit tumour-specific repair dependencies [9].
Beyond augmenting tumour cell kill, unresolved DNA damage may also shape down-
stream immune responses, raising the possibility that DDR inhibition could potentiate
both the cytotoxic effects of RT and its immunogenic effects; that is, its capacity to promote
immune recognition and activation against tumour cells [22].

2.3.1. PARP Inhibition: Proof-of-Principle

PARP inhibitors were the first DDR-targeted therapies to achieve successful clinical
translation and remain standard-of-care in BRCA-mutant ovarian, breast and prostate
cancers. Their success provided proof-of-principle for exploiting tumour-specific DNA
repair vulnerabilities through synthetic lethality [15]. This success generated considerable
interest in extending PARP inhibition beyond systemic therapy and into combination with
RT. Ionising radiation induces substantially more SSBs than DSBs [4]. PARP inhibition
impairs repair of these lesions, promoting persistence of DNA damage and conversion of
SSBs into replication-associated DSBs during cell division. Importantly, this radiosensitising
mechanism is distinct from classical synthetic lethality in HR-deficient tumours and may
therefore extend beyond BRCA-mutant cancers. By increasing the burden of unrepaired
radiation-induced DNA damage, PARP inhibition enhances tumour cell kill and provides a
strong biological rationale for combination with RT [15].

Despite promising preclinical rationale, clinical translation of PARP–RT combinations
has proven challenging, with several studies limited by treatment-related toxicity, including
mucosal toxicity in head and neck cancers [23] and oesophagitis in thoracic malignan-
cies [24]. However, the phase I PARADIGM study demonstrated encouraging tolerability
of olaparib combined with hypofractionated RT in patients with glioblastoma unsuitable for
radical chemoradiotherapy, suggesting that acceptable therapeutic windows may exist in
selected clinical settings and tumour types [25]. Nonetheless, the overall clinical impact of
PARP–RT combinations has been modest, prompting increasing interest in next-generation
DDR targets with broader radiosensitising and immunomodulatory potential.

2.3.2. ATR Inhibition: Next-Generation Radiosensitisation

In recent years, ATR has emerged as a particularly promising target for enhancing
the effects of RT. ATR plays a central role in the DDR by sensing replication stress, in-
cluding stalled replication forks and regions of single-stranded DNA generated during
DNA repair, and coordinating cell-cycle arrest through ATR-CHK1 signalling at the S and
G2/M checkpoints. This function is particularly relevant in malignant cells harbouring
defective G1 checkpoint control, most commonly through TP53 dysfunction, rendering
tumours increasingly reliant on ATR-mediated cell-cycle regulation for survival following
genotoxic stress. Consequently, ATR inhibition (ATRi) has attracted significant interest as
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a radiosensitisation strategy capable of promoting persistent DNA damage, checkpoint
abrogation, and mitotic catastrophe following ionising radiation [16].

Importantly, the therapeutic implications of ATR inhibition may extend beyond en-
hanced tumour cell kill. Accumulating evidence suggests that unresolved DNA damage
following ATR inhibition promotes the generation of cytosolic DNA and micronuclei, en-
hancing inflammatory signalling and innate immune activation [26,27]. Preclinical studies
have demonstrated increased interferon signalling, immune cell infiltration, and TME
remodelling following combined ATRi and RT. In murine head and neck cancer models,
ATR inhibition combined with RT increased activation of T cells co-expressing natural
killer group 2A (NKG2A) and programmed cell death protein 1 (PD-1) and expanded T-cell
receptor repertoire diversity. Furthermore, dual NKG2A and programmed death-ligand 1
(PD-L1) blockade following ATRi–RT induced durable anti-tumour responses, highlighting
the potential for rational combinations of DDR inhibition, RT, and immune checkpoint
blockade [28].

However, emerging evidence also underscores the complexity of the DDR–immune
interface. The immunological consequences of ATR inhibition appear highly dependent on
treatment scheduling, with inflammatory signalling and T-cell proliferation observed fol-
lowing cessation of ATR inhibition, while prolonged exposure may paradoxically suppress
immune activation [29]. Such findings emphasise the importance of temporal optimisation
when designing combination immuno-radiotherapy strategies and may partly explain
the discrepancy between strong mechanistic rationale and more modest clinical success
observed across some RT–immunotherapy paradigms.

Encouragingly, early clinical translation has demonstrated promising signals of fea-
sibility and efficacy. In the phase Ib PATRIOT Part C trial, ceralasertib combined with
palliative RT was well tolerated and associated with durable responses, including complete
responses in selected patients. Notably, increased peripheral T-cell and natural killer cell
activation was observed over the course of treatment, providing early human evidence
that the immunomodulatory effects observed preclinically may translate into clinical ben-
efit [30]. Although considerable challenges remain, ATR inhibition represents one of the
most compelling examples of how DDR targeting may evolve beyond radiosensitisation
towards a broader paradigm of immunogenic radiosensitisation.

2.3.3. Emerging DDR Targets Beyond PARP and ATR

Beyond PARP and ATR, a number of additional DDR targets are being explored to en-
hance radiosensitivity and exploit tumour-specific repair dependencies. DNA-PK, a central
mediator of NHEJ, represents a particularly attractive radiotherapy-specific target given
its critical role in repairing radiation-induced DSBs [31]. Pharmacological inhibition of
DNA-PK impairs DSB repair and prolongs radiation-induced genomic instability, thereby
enhancing tumour cell kill. In a phase I study, peposertib was tolerable at biologically rele-
vant exposure when combined with palliative RT. However, when added to curative-intent
cisplatin chemoradiotherapy, the tolerable dose produced insufficient drug exposure and
a recommended phase II dose was not established, illustrating the difficulty of achieving
tumour radiosensitisation without intensifying normal-tissue toxicity [32,33].

ATM, an apical regulator of DSB sensing and G1/S checkpoint signalling, has simi-
larly emerged as a promising radiosensitisation target [34]. Preclinical studies suggest
ATM inhibition may potentiate radiation-induced cytotoxicity through impaired DNA
repair and checkpoint dysfunction, although clinical translation remains limited by the
need for biomarker-driven patient selection and optimisation of the therapeutic win-
dow [35]. The brain-penetrant inhibitor AZD1390 has demonstrated radiosensitising
activity in preclinical glioma and brain-metastasis models and measurable central ner-
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vous system exposure in humans, providing a rationale for its early-phase evaluation
with cranial RT. However, published clinical outcome data remain limited, and the
optimal biomarker strategy is uncertain: loss of ATM may confer intrinsic radiation
sensitivity, but a tumour lacking functional ATM may not necessarily remain susceptible
to pharmacological ATM inhibition [36,37].

Downstream checkpoint kinases, including WEE1 and CHK1, are also under active
investigation, particularly in TP53-mutant tumours characterised by defective G1 check-
point control and increased dependence on G2/M checkpoint regulation. Inhibition of
these pathways may enhance radiosensitivity by forcing mitotic progression despite
unresolved DNA damage, promoting mitotic catastrophe and tumour cell death [38].
Early-phase clinical studies have evaluated adavosertib or the CHK1 inhibitor prex-
asertib with RT and chemoradiotherapy. These studies demonstrate that checkpoint
inhibition can be delivered with RT in selected settings, but haematological and mucosal
toxicities have limited some combinations, and efficacy has not been established. For
example, adavosertib with cranial RT was tolerable in paediatric diffuse intrinsic pontine
glioma but did not improve survival relative to historical controls, while prexasertib
could not be combined safely at the tested dose with cisplatin chemoradiotherapy in
locally advanced head and neck cancer [39,40].

The relative promise of these strategies reflects not only their ability to radiosen-
sitise tumour cells, but also the selectivity, therapeutic window and clinical context in
which this can be achieved. PARP inhibitors have the greatest clinical maturity as sys-
temic anti-cancer agents, but their combination with RT has frequently been constrained
by overlapping normal-tissue and haematological toxicity, particularly when extensive
normal-tissue volumes are irradiated [24,41,42]. ATR inhibition may offer broader tumour
selectivity because cancers with high replication stress, defective G1 checkpoint control or
loss of ATM signalling become particularly dependent on the ATR-CHK1 axis following
radiation-induced damage [30]. Its effects may also extend to immune activation, although
these are strongly schedule-dependent [29,30]. DNA-PK inhibition provides perhaps the
most direct means of preventing repair of radiation-induced DSBs, but the importance of
NHEJ in irradiated normal tissues creates a potentially narrow therapeutic window [32].
ATM and WEE1/CHK1 inhibition may be most applicable in molecularly selected tumours
with defined checkpoint dependencies, but candidate biomarkers and optimal treatment
schedules remain insufficiently validated [43]. Among these approaches, ATR inhibition
appears particularly promising, but no DDR inhibitor has yet demonstrated sufficient
prospective clinical utility with RT to guide routine treatment selection. The candidate
biological contexts, current RT-specific evidence and principal translational limitations of
these approaches are summarised in Table 1.

Table 1. Translational status of DDR-targeted radiosensitisation strategies.

Target Candidate Biological Context Current RT-Specific
Evidence

Principal Translational
Limitation

HR deficiency

PARP

HR deficiency may enhance
tumour selectivity in particular
contexts, but radiosensitisation is
not restricted to HR-deficient
tumours and no RT-specific
selection biomarker is validated.

Multiple phase I and phase II
studies. Some combinations
are feasible, but randomised
studies have not demonstrated
clinical benefit [23–25,41,42].

Variable normal-tissue and
haematological toxicity,
including potential late
toxicity; limited efficacy
despite strong preclinical
rationale.
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Table 1. Cont.

Target Candidate Biological Context Current RT-Specific
Evidence

Principal Translational
Limitation

Defective G1 checkpoint

ATR

High replication stress, ATM loss
or reduced signalling, and
defective G1 checkpoint control
are candidate contexts; none is
prospectively validated for RT
selection.

Phase I human RT evidence,
including pharmacodynamic
and immune-activation signals;
comparative efficacy remains
unproven [26,28–30].

Schedule-dependent effects,
haematological and
normal-tissue toxicity, and
absence of a validated
selection biomarker.

CHK1
High replication stress or defective
G1 checkpoint control; no
validated RT-selection biomarker.

Limited phase I evidence:
cisplatin–RT was intolerable at
the tested dose, whereas
cetuximab–RT was feasible
[39].

Prominent haematological
and mucosal toxicity and
limited clinical evidence.

WEE1

TP53/G1-checkpoint dysfunction
and high replication stress are
candidate contexts but are not
validated selection biomarkers.

Multiple phase I RT or
chemoradiotherapy studies
demonstrate feasibility in
selected settings; efficacy
remains unestablished [40,43].

Haematological and
mucosal toxicity,
combination intensity and
uncertain molecular
selection.

DNA-PK–mediated NHEJ and DSB signalling

DNA-PK

No validated biomarker;
complementary repair defects and
highly conformal RT may provide
greater tumour selectivity.

Phase I data with palliative RT.
With cisplatin
chemoradiotherapy, a tolerable
dose produced insufficient
exposure and no
recommended phase II dose
was established [32,33].

Essential role of NHEJ in
irradiated normal tissues,
potentially narrow
therapeutic window and
difficulty combining with
intensive
chemoradiotherapy.

ATM

ATM-expressing tumours; central
nervous system tumours are of
particular interest for
brain-penetrant inhibitors. No
predictive biomarker is validated.

Preclinical radiosensitisation
and human central nervous
system pharmacokinetic
evidence; therapeutic RT
evaluation remains early phase
[36,37].

No published clinical
efficacy evidence, uncertain
molecular selection and
potential normal-tissue
radiosensitisation.

Rows are grouped and colour-coded to match the targets in Figure 1A–C. DDR, DNA damage
response; DSB, double-strand break; HR, homologous recombination; NHEJ, non-homologous end
joining; RT, radiotherapy.

2.4. From DNA Repair to Immune Activation: The DDR–Immunity Interface

Increasing evidence suggests that the biological consequences of radiation-induced
DNA damage extend beyond direct tumour cell kill, positioning the interplay between DDR
and immune activation as a central molecular determinant of radiotherapy response [44].
Radiation-induced DNA damage and incomplete repair can result in the accumulation of
cytosolic DNA, including chromosomal fragments sequestered within micronuclei follow-
ing aberrant mitosis. These structures act as potent danger-associated signals capable of
stimulating innate immune responses, providing a mechanistic link between genotoxic
stress and anti-tumour immunity [45].

Importantly, the immunological effects of RT appear highly dose-dependent. Up
to a threshold, ionising radiation promotes type I interferon signalling, dendritic cell
(DC) recruitment, and activation of anti-tumour T-cell responses, processes associated
with improved immunotherapy efficacy. However, preclinical studies suggest that higher
single-fraction radiation doses may paradoxically suppress this immune response through
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induction of three-prime repair exonuclease 1 (TREX1), a cytosolic DNA exonuclease that
degrades cytosolic DNA and attenuates downstream immune signalling. Such findings
may partly explain the disappointing results observed in several radiotherapy–immune
checkpoint inhibitor trials and highlight the importance of optimising radiation dose and
fractionation to maximise immunogenicity and systemic anti-tumour responses [46]. Col-
lectively, these observations position DDR not merely as a determinant of radiosensitivity,
but as a critical regulator of radiation-induced anti-tumour immunity. Understanding
how RT shapes immune activation therefore represents a central challenge in precision
radiation oncology.

3. Radiation and the Immune System: From Immunogenic Cell Death
to cGAS–STING
3.1. Immunogenic Cell Death and Antigen Presentation

Beyond direct cytotoxicity, RT is recognised to exert profound immunomodulatory
effects capable of reshaping anti-tumour immune responses [47]. Ionising radiation can
induce immunogenic cell death, a form of tumour cell death characterised by the release
of damage-associated molecular patterns (DAMPs), including high mobility group box 1
(HMGB1), calreticulin, adenosine triphosphate (ATP), and heat shock proteins. RT-induced
reactive oxygen species play an important role in facilitating this process, promoting cellular
stress responses and DAMP release. Collectively, these signals can transform tumour cell
death into an immunogenic event, enhancing immune recognition of malignant cells [48].

DAMP-induced activation promotes the maturation of antigen-presenting cells, par-
ticularly DCs, which engulf tumour-derived antigens. Mature DCs subsequently migrate
to tumour-draining lymph nodes, where cross-presentation of tumour antigens primes
cytotoxic CD8+ T cells capable of recognising and eradicating malignant cells. In this
way, RT may initiate local and systemic anti-tumour immune responses extending beyond
direct tumour cell kill. While DAMP-mediated antigen presentation provides one mech-
anism through which RT enhances anti-tumour immunity, radiation-induced cytosolic
DNA sensing represents another important pathway linking genotoxic stress to immune
activation [49].

3.2. DDR–cGAS–STING Interface

Among the pathways linking radiation-induced DNA damage to anti-tumour immu-
nity, the cyclic GMP-AMP synthase (cGAS)–stimulator of interferon genes (STING) axis
has emerged as particularly important. Cytosolic DNA generated following irradiation
is sensed by cGAS, triggering production of cyclic GMP-AMP (cGAMP) and subsequent
activation of STING [50]. Downstream signalling through interferon regulatory factor 3
(IRF3) and nuclear factor-κB (NF-κB) promotes type I interferon production, DC maturation,
antigen presentation, and priming of tumour-specific CD8+ T cells [50–52].

The central role of cGAS–STING signalling in coordinating innate and adaptive immu-
nity has made it an attractive therapeutic target. Preclinical studies demonstrate that intact
STING signalling is required for optimal radiation-induced type I interferon responses
and durable anti-tumour immunity, providing a strong mechanistic rationale for com-
bining RT with immunotherapy and for the development of STING-directed therapeutic
strategies [53].

However, the consequences of cGAS–STING activation depend on its magnitude,
duration and cellular context. Whereas acute or transient activation can promote type I
interferon production, antigen presentation and T-cell priming, persistent cytosolic DNA
sensing may have paradoxical tumour-promoting effects. In chromosomally unstable
tumours, recurrent micronuclear rupture can sustain tumour-cell-intrinsic cGAS–STING
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signalling and favour non-canonical NF-κB, endoplasmic-reticulum stress and inflamma-
tory programmes associated with immune suppression and metastatic progression [54,55].
Prolonged downstream interferon signalling may additionally induce multigenic resistance
programmes involving both immune-checkpoint and checkpoint-independent pathways,
potentially contributing to T-cell dysfunction and resistance to immune checkpoint block-
ade [56]. These findings suggest that effective therapeutic exploitation of cGAS–STING may
require appropriately timed and spatially controlled activation rather than indiscriminate
or sustained pathway stimulation.

Conversely, radiation-induced cGAS–STING activity may also be attenuated by
endogenous “STING checkpoints”, limiting the magnitude or duration of productive
anti-tumour immunity and potentially contributing to radioresistance [57]. For ex-
ample, radiation-induced interferon signalling can increase expression of YTH N6-
methyladenosine RNA binding protein 1 (YTHDF1) within DCs, promoting lysosomal
degradation of STING through cathepsin-mediated pathways and attenuating downstream
immune activation [58]. Similarly, radiation-induced expression and cleavage of heme
oxygenase-1 (HO-1) may suppress cGAS–STING signalling through disruption of STING
oligomerisation and inhibition of cGAS-mediated cGAMP production [59]. Such findings
suggest that cGAS–STING activation exists within a tightly regulated immune network and
may partly explain the discrepancy between strong mechanistic rationale and the mixed
clinical results observed with radiotherapy–immunotherapy combinations [5].

Collectively, cGAS–STING signalling provides one of the clearest mechanistic links
between radiation-induced DNA damage and anti-tumour immunity, but its effects are
highly dependent on signalling intensity, duration and cellular context. Both insufficient ac-
tivation and persistent maladaptive signalling may constrain therapeutic benefit. Defining
how radiation dose, fractionation and treatment sequencing shape these distinct immune
states—and identifying which tumours retain a therapeutically productive cGAS–STING
response—will therefore be important for the rational development of future radiotherapy–
immunotherapy combinations.

3.3. Dose, Fractionation and Radiation Quality as Determinants of Immune Response

The immunological consequences of RT depend not only on total dose, but also
on dose per fraction, fraction number, treated volume and sequencing with systemic
therapy. Conventionally fractionated schedules may provide repeated opportunities for
tumour-antigen release and immune priming, but can also expose circulating and intratu-
moural lymphocytes to repeated irradiation. Hypofractionated or stereotactic schedules
deliver greater damage per fraction and may enhance immunogenic cell death, antigen
release and inflammatory signalling; however, uniformly ablative doses may also induce
TREX1, damage tumour vasculature and deplete immune cells within the irradiated vol-
ume. Direct preclinical comparisons confirm that conventional fractionation, moderate
hypofractionation and single-fraction irradiation generate distinct lymphoid and myeloid
responses, but the preferred regimen varies between tumour models and therapeutic com-
binations [46,60,61]. Treatment sequencing is similarly context-dependent: the optimal
timing of immune modulation relative to RT may differ according to whether the systemic
agent acts through regulatory T-cell depletion, immune-checkpoint blockade or stimulation
of antigen-activated effector cells [62]. Consequently, no universally immunogenic radia-
tion schedule has been established, and dose-fractionation should be evaluated alongside
treatment volume, tumour immune context and the mechanism of the accompanying
systemic therapy.

Radiation quality provides an additional determinant of biological response. Photons
and clinical proton beams are predominantly low-linear-energy-transfer (LET) modali-
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ties, although proton LET increases towards the distal end of the Bragg peak, whereas
carbon ions produce substantially higher LET and denser ionisation tracks. Increasing
LET generally produces more spatially clustered and complex DNA damage that is less
readily repaired and may alter cell fate, micronucleus formation and downstream innate
immune signalling [63]. Complex DSBs have been demonstrated in human tumours fol-
lowing carbon-ion irradiation, supporting the biological relevance of these differences [64].
Emerging experimental comparisons also suggest that proton and photon irradiation can
generate distinct immune and microenvironmental responses and may interact differently
with immune-checkpoint blockade [65]. However, these observations remain predomi-
nantly preclinical, and there is currently insufficient evidence to select a radiation modality
primarily according to its anticipated immune effects.

3.4. Radiotherapy–Immunotherapy Combinations and the Abscopal Effect

The advent of immune checkpoint inhibitors (ICIs) has transformed the systemic
treatment landscape across multiple tumour types, generating considerable enthusiasm for
combining immunotherapy with RT to enhance radiation-induced anti-tumour immunity.
A strong mechanistic rationale exists for RT–ICI combinations: tumour irradiation promotes
antigen release, type I interferon signalling, DC activation, T-cell priming, and remodelling
of the tumour microenvironment towards a more inflamed phenotype. Consequently,
combining RT with immune checkpoint blockade, including inhibition of PD-1, PD-L1,
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), has emerged as an attractive
strategy to amplify endogenous anti-tumour immune responses [5,66].

Despite compelling preclinical rationale, translation into clinical benefit has proven
more challenging than initially anticipated. Although selected settings have demonstrated
encouraging synergy, many clinical trials investigating RT–ICI combinations have produced
mixed or disappointing results [5]. This likely reflects the complexity of radiation-induced
immune modulation, in which dose, fractionation, treated volume and sequencing interact
with tumour type and baseline immune contexture to determine treatment response [5,67].
These variables form part of a broader and highly dynamic interaction between RT and the
tumour immune microenvironment.

An intriguing and biologically important aspect of the radiotherapy–immune in-
teraction is the abscopal effect, whereby tumour regression occurs at sites distant from
the irradiated field following local RT. Although rare and clinically unpredictable, the
abscopal effect provides compelling proof-of-principle that RT can induce systemic anti-
tumour immunity. Early clinical evidence emerged from reports of metastatic melanoma
patients treated with RT and immune checkpoint blockade demonstrating regression of
non-irradiated lesions alongside immunological correlates of response [68].

In the era of RT–ICI combinations, considerable interest has focused on strategies to
deliberately augment systemic immune activation and increase the likelihood of abscopal
responses in metastatic disease. Experimental approaches include combining ICIs with
single-site or multi-site irradiation, ablative or sub-ablative RT, and low-dose (<1 Gy)
RT intended to induce complementary immunomodulatory effects within the tumour
microenvironment [5]. Such approaches have led to the proposed concept of a “radscopal
effect,” which is distinct from the conventional abscopal effect and describes the use of low-
dose irradiation to enhance the systemic efficacy of immunotherapy in combination with
focal higher-dose RT [67]. However, despite promising preclinical rationale, these strategies
remain largely investigational and require further mechanistic and clinical validation.

The unpredictability of durable systemic responses despite strong mechanistic ratio-
nale underscores the complexity of radiation-induced immune modulation. Increasing
evidence suggests that the tumour microenvironment plays a critical role in determining
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whether RT promotes effective anti-tumour immunity or, conversely, reinforces immune
suppression and treatment resistance [5].

3.5. The Tumour Microenvironment as an Immune Modulator

Although RT can stimulate anti-tumour immunity, it can also induce immunosup-
pressive processes that limit sustained tumour control. Increasing evidence suggests that
radiation induces dynamic remodelling of the TME, simultaneously promoting immune ac-
tivation while also facilitating adaptive resistance through immune exhaustion, recruitment
of suppressive immune populations, and escape from immune surveillance. Consequently,
the balance between immunostimulatory and immunosuppressive effects within the irradi-
ated TME may ultimately determine whether RT generates durable anti-tumour immunity
or treatment resistance [69].

Metabolic conditions within the TME provide an additional link between radiore-
sistance and immune suppression. Hypoxia reduces the oxygen-dependent fixation of
radiation-induced DNA damage, diminishing the biological effectiveness of low-LET
radiation [70]. Glycolytic tumours may also generate lactate-rich, acidic and nutrient-
depleted microenvironments that impair T-cell and natural killer-cell function and restrict
immune-cell metabolism [71,72]. These spatially heterogeneous conditions may therefore
influence both tumour radiosensitivity and radiation-induced immune responses. Al-
though metabolic imaging and therapeutic modulation of hypoxia or tumour metabolism
are attractive precision-RT strategies, validated biomarkers capable of guiding radiation
prescription remain lacking.

The importance of biomarker context is illustrated by exploratory translational analy-
ses of JAVELIN Head and Neck 100, a phase III trial in which the addition of avelumab
to definitive chemoradiotherapy did not improve progression-free survival in an unse-
lected population. Subsequent profiling of trial specimens identified tumour ecosystem
features associated with differential outcomes, including immune-inflamed phenotypes
and myeloid-, neutrophil- and intratumoral-bacteria-associated states. These analyses
provide hypotheses about mechanisms of sensitivity and resistance but do not establish
prospectively validated predictive biomarkers for selecting patients for RT–ICI combina-
tions. Further validation in independent cohorts and biomarker-stratified trials is therefore
required [73].

Accordingly, increasing attention has focused on therapeutic strategies capable of
reprogramming the post-radiation tumour microenvironment to overcome adaptive resis-
tance. Preclinical work has begun to characterise key drivers of resistance to combined RT
and immune checkpoint inhibition, identifying suppressive immune signalling pathways
that may limit durable anti-tumour responses. In murine bladder and prostate cancer
models resistant to RT and ICI therapy, the addition of an agonistic anti-CD40 monoclonal
antibody to RT enhanced interferon-γ signalling, promoted T-helper 1 (Th1) immune
pathways, and increased infiltration of cytotoxic CD8+ T cells within the tumour microen-
vironment. Notably, this inflammatory remodelling was accompanied by activation of
compensatory CTLA-4 signalling, providing mechanistic rationale for further combinatorial
immune targeting. Importantly, therapeutic reprogramming of the TME resulted in durable
tumour clearance in otherwise resistant models, suggesting that future progress may de-
pend less on intensifying treatment and more on rationally reshaping radiation-induced
immune states. Such approaches raise the possibility of converting immunologically “cold”
tumours into more treatment-responsive phenotypes [74].

Emerging evidence further suggests that radiation-induced immune remodelling may,
in some contexts, paradoxically facilitate immune escape and metastatic progression. While
SBRT achieves excellent local control in oligometastatic disease and may suppress metastatic
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seeding, recent translational work has highlighted potentially adverse systemic immune
consequences of irradiation. Mechanistically, radiotherapy may upregulate amphiregulin
(AREG), an epidermal growth factor receptor ligand implicated in monocyte differentiation
towards immunosuppressive macrophage phenotypes. In preclinical models, this shift
was associated with enhanced metastatic progression and inferior survival, suggesting that
radiation-induced alterations within the tumour–immune ecosystem may simultaneously
promote local tumour control while limiting durable systemic responses. Although prelimi-
nary, such findings reinforce the complexity of radiation-induced immune modulation and
identify AREG as a potential biomarker and therapeutic target for improving the efficacy
of metastasis-directed therapies [75]. Collectively, these observations demonstrate that
the immunological consequences of RT depend on tumour biology, radiation dose and
fractionation, treated volume and spatial dose distribution.

4. Spatially Tailored Radiotherapy to Harness the Microenvironment
While these biological insights identify new therapeutic targets, they also raise a

broader question: should radiation itself be delivered differently to maximise immune
activation? Growing interest has focused on whether spatially tailored radiotherapy ap-
proaches may better preserve immune function, enhance systemic anti-tumour responses,
and improve synergy with immunotherapy. Such strategies challenge the conventional
paradigm of treating the entire tumour uniformly, instead exploring whether variable
dose delivery, or even deliberate under-treatment of selected regions, may more effectively
exploit tumour–immune interactions, as demonstrated in Figure 2 [76].

Figure 2. Spatially tailored RT strategies and their effects on the TME. (A) Conventional RT delivers a
uniform high dose across the target volume, achieving effective local cytotoxicity but also promoting
lymphocyte depletion, vascular injury and an immunosuppressive TME. (B) SFRT, including GRID
and LATTICE techniques, delivers heterogeneous high-dose regions interspersed with lower-dose
areas, promoting immunogenic cell death while preserving immune cell niches and vascular integrity.
(C) Partial tumour irradiation combined with a low-dose peripheral immune-modulating field
represents an emerging strategy that concentrates ablative doses within the tumour core while
preserving surrounding immune and stromal components, facilitating immune cell recruitment,
reducing radiation-induced lymphocyte depletion and potentially enhancing systemic anti-tumour
immune responses.
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4.1. Spatially Fractionated and Heterogeneous Intratumour Irradiation

One emerging strategy is spatially fractionated radiotherapy (SFRT), also termed
heterogeneous intratumour irradiation, in which selected regions of a tumour receive
high-dose radiation while the remainder is treated with a substantially lower dose [77].
Techniques including GRID [78], LATTICE [79], and other heterogeneous dose-painting ap-
proaches are based on the premise that not all tumour regions necessarily require identical
radiation exposure to achieve effective tumour control. Instead, strategic dose heterogeneity
may permit simultaneous tumour cytoreduction and immune preservation [77].

The mechanistic rationale for SFRT is increasingly compelling. Focal high-dose regions
may induce profound tumour cell death, immunogenic cell death, and antigen release,
while lower-dose regions may preserve vascular integrity and immune cell populations
within the TME, potentially facilitating ongoing immune infiltration and anti-tumour activ-
ity following irradiation. In contrast, irradiation of the entire tumour at uniformly ablative
doses may unintentionally deplete lymphocytes and antigen-presenting cells required to
sustain effective immune responses [80]. Preclinical evidence increasingly supports the con-
cept that non-uniform dose delivery may promote more favourable immune remodelling
than conventional homogeneous irradiation [81].

Recent studies have demonstrated that spatially heterogeneous irradiation can reshape
the tumour immune landscape and enhance systemic immune activation, further support-
ing the hypothesis that selective high- and low-dose regions may work synergistically
to optimise both local control and anti-tumour immunity [81]. However, despite grow-
ing enthusiasm, substantial uncertainties remain. The optimal spatial dose distribution,
fractionation schedule, and relative proportion of tumour requiring ablative versus im-
munomodulatory doses remain undefined, and whether preservation of immune function
outweighs the benefits of conventional full-dose irradiation remains unclear [82]. Ac-
cordingly, SFRT remains an intriguing but highly experimental strategy requiring further
mechanistic and clinical validation.

4.2. Partial Tumour Irradiation and Low-Dose Immune Modulation

A related but conceptually distinct strategy involves deliberate partial tumour irradia-
tion and low-dose radiotherapy aimed at immune modulation rather than maximal tumour
cytotoxicity. Rather than treating the entire tumour uniformly, emerging evidence suggests
that combining focal high-dose radiation with lower-dose treatment of selected tumour
regions may better harness immune-mediated anti-tumour responses. Recent preclinical
work demonstrated that partial tumour irradiation combining high-dose and low-dose RT
enhanced anti-tumour responses in murine colorectal and breast cancer models when com-
bined with immune checkpoint blockade. Mechanistically, high-dose RT promoted tumour
cell kill, while lower-dose regions enhanced infiltration of interferon-activated cytotoxic
CD8+ T cells. Importantly, resistance appeared partly mediated through C-X-C chemokine
receptor type 2 (CXCR2)-driven neutrophil infiltration, with addition of the CXCR2 antag-
onist SB225002 further improving tumour control and survival. These findings suggest
that deliberate manipulation of intratumour dose gradients may augment anti-tumour
immunity while identifying novel therapeutic vulnerabilities within the TME [81].

Recent clinical and mechanistic evidence has also raised the possibility that low-dose
irradiation outside the tumour may modulate systemic treatment responses. Chen et al.
reported associations between incidental intestinal low-dose irradiation and improved
outcomes across retrospective patient cohorts, supported by mechanistic experiments and
an early interventional phase II proof-of-concept study in patients with immunotherapy-
resistant metastatic cancer [83]. Although these findings are provocative, intestinal low-
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dose irradiation remains an experimental strategy whose efficacy, safety, optimal dose and
patient-selection criteria require confirmation in prospective randomised trials.

Additional preclinical evidence further supports a role for low-dose RT in enhanc-
ing immunotherapy responses through mechanisms including ferroptosis induction [84],
tumour microenvironment remodelling, augmentation of anti-CTLA-4 activity [85], and
enhancement of PD-L1 blockade with associated abscopal responses [86]. Collectively, these
studies provide a hypothesis-generating extension of spatially tailored RT, in which selected
low-dose or partial-volume exposures are investigated for their potential biological and
immunological effects rather than regarded solely as unintended dose. These approaches
remain experimental and should not presently be interpreted as alternatives to established
principles of target coverage and normal-tissue protection.

5. Biological Personalisation of Radiotherapy: Toxicity, Genomics and
Host Factors

As radiation oncology moves beyond anatomical precision towards biological indi-
vidualisation, increasing attention has focused on interpatient variation in both tumour
response and normal-tissue toxicity. Precision radiotherapy therefore requires integration
of tumour radiosensitivity with the susceptibility of surrounding healthy tissues, alongside
imaging phenotypes, immune context and host factors. Emerging approaches seek to com-
bine these complementary sources of information to guide treatment selection, radiation
dose and fractionation, spatial dose distribution and rational combinations with systemic
therapy, while preserving the therapeutic ratio [87,88]. The candidate biological inputs and
translational pathway discussed in this section are summarised in Figure 3.

Figure 3. Conceptual framework for biological personalisation of radiotherapy. Candidate genomic,
imaging, immune, microenvironmental and host factors may contribute to models of tumour response
and normal-tissue toxicity. Their use in treatment selection requires reproducible measurement,
integration into a prespecified predictive model and prospective demonstration of clinical utility.
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The extent to which tumour subtype or molecular alteration currently determines an
RT-containing regimen varies considerably. At the most clinically established level, molecu-
lar classification can define disease entities for which particular multimodality regimens are
recommended; for example, IDH-mutant, 1p/19q-codeleted oligodendroglioma is treated
using an RT–alkylating-chemotherapy strategy [89], while MGMT promoter methylation
helps determine the likely benefit of adding temozolomide to hypo-fractionated RT in
older patients with glioblastoma [90]. A second category comprises biologically selected
de-intensification strategies under prospective evaluation, including reduced-dose RT in
favourable-risk, human papillomavirus-associated oropharyngeal cancer [91]. A third, less
mature category uses candidate genetic dependencies, such as homologous-recombination
deficiency, TP53 dysfunction, ATM loss or high replication stress, to select PARP, ATR,
WEE1 or related inhibitors for combination with RT. These examples illustrate that molecu-
lar information may influence treatment indication, systemic combination or investigational
dose adaptation, but direct alteration of radiation dose or fractionation according to tumour
genotype remains uncommon and generally requires prospective validation.

5.1. Normal-Tissue Radiosensitivity and Optimisation of the Therapeutic Ratio

The central objective of precision radiotherapy is not simply to maximise tumour re-
sponse, but to optimise the therapeutic ratio by balancing tumour-control probability (TCP)
against normal-tissue complication probability (NTCP). Radiation toxicity may develop
during treatment or emerge months to decades later, reflecting distinct but overlapping
biological processes. Acute toxicity commonly results from DNA damage, inflammatory
signalling and depletion of rapidly proliferating epithelial or haematopoietic cell popula-
tions. In contrast, late effects may involve persistent DNA damage, cellular senescence,
microvascular dysfunction, loss of tissue stem and progenitor cells, chronic inflammation,
extracellular-matrix remodelling and fibrosis. Their incidence and severity are influenced
by total dose, dose per fraction, irradiated volume and organ architecture, as well as age,
comorbidity, baseline organ function, concurrent systemic therapy and individual biologi-
cal susceptibility [87]. Consequently, patients receiving apparently comparable treatment
plans may experience markedly different toxicities.

Current toxicity prediction relies predominantly on clinical characteristics and dose-
volume parameters incorporated into NTCP models. Genomic variants and molecular
signatures may provide additional information regarding DNA repair capacity, inflam-
matory responses and fibrotic susceptibility; however, many reported associations have
shown limited replication or only modest predictive performance when added to clinical
and dosimetric factors. Functional radiosensitivity assays offer a complementary approach
by directly measuring an individual cellular phenotype. These include radiation-induced
lymphocyte apoptosis, chromosomal aberration and micronucleus assays, comet assays,
and quantification of γ-H2AX formation and resolution as a measure of DSB repair kinetics.
Patient-derived cellular or organoid models may eventually provide more tissue-specific
assessment. Although several assays have been associated with subsequent normal-tissue
toxicity, methodological heterogeneity, uncertain thresholds, limited prospective validation
and practical barriers to standardisation currently preclude their routine use for treat-
ment selection [88]. Functional, genomic and clinical measurements should therefore be
regarded as complementary components of an integrated prediction model rather than
interchangeable or independently treatment-guiding biomarkers.

A toxicity biomarker becomes clinically useful only when it changes a specified
treatment decision and improves net clinical benefit. Potential applications include selection
of radiation modality or treatment plan, modification of dose or fractionation, avoidance
or altered sequencing of radiosensitising systemic therapy, and intensified surveillance
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or preventive intervention for patients at elevated risk. Toxicity may also be mitigated
through established approaches including image guidance, adaptive treatment, organ-at-
risk dose constraints and, in selected settings, proton therapy or other modalities that reduce
normal-tissue exposure [87]. However, dose reduction or treatment omission based on an
insufficiently validated toxicity marker could compromise tumour control. Prospective
evaluation must therefore assess both TCP and NTCP and demonstrate that biomarker-
guided adaptation produces a clinically meaningful improvement in the overall therapeutic
ratio. Integrating functional radiosensitivity, genomic information and clinical-dosimetric
modelling provides a plausible framework for this objective, but remains an important
research priority rather than established routine practice [88].

Throughout this review, it is important to distinguish prognostic association from pre-
dictive and treatment-guiding utility. A prognostic biomarker is associated with outcome
irrespective of the treatment received, whereas a predictive biomarker identifies differential
benefit from a particular treatment, dose or fractionation strategy. For a biomarker to guide
radiotherapy prescription, its analytical validity, reproducibility and incremental value
over established clinical and dosimetric factors must be demonstrated, and the resulting
treatment decision should be evaluated prospectively. Accordingly, associations identified
in retrospective cohorts or exploratory translational analyses should generally be regarded
as hypothesis-generating until their clinical utility has been confirmed.

5.2. Radiogenomics and Genetic Profiling of Radiosensitivity

The term radiogenomics has been used in two related but distinct ways. In imaging
research, it describes the association of quantitative imaging phenotypes with underlying
genomic characteristics of a tumour. In radiation oncology, it has also been used to describe
the study of genomic variation—particularly germline variation—in relation to radiation
response and normal-tissue toxicity [92]. Although both approaches seek to improve
biological personalisation of RT, they measure different aspects of treatment response and
should not be considered interchangeable.

Imaging-based radiogenomics combines features extracted from MRI, PET, CT or
other imaging modalities with genomic and clinical data to characterise tumour biology
non-invasively [93]. Such features may provide spatially resolved correlates of molecular
heterogeneity that are not fully represented by a single tumour biopsy. For example, MRI-
derived models have been investigated for the non-invasive classification of isocitrate
dehydrogenase (IDH) mutation status in glioma [94,95]. However, these studies primarily
demonstrate associations between imaging phenotype and tumour genotype; they do not
necessarily predict differential benefit from RT or provide a validated basis for modifying
radiation prescription. Translation is further limited by differences in image acquisition,
segmentation and feature extraction, together with limited external validation and potential
model instability across institutions.

In the second usage, radiogenomics investigates whether inherited genetic variation
contributes to interpatient differences in radiation response, particularly susceptibility to
normal-tissue toxicity [96]. Candidate-gene and genome-wide approaches have examined
variants affecting DNA repair, inflammatory signalling and tissue responses to radiation.
For example, an association between an XRCC1 polymorphism and late toxicity following
breast radiotherapy has been reported [97]. However, individual common variants gen-
erally have small effect sizes, and reported associations require replication in adequately
powered, ancestrally diverse cohorts with standardised toxicity phenotyping and detailed
dosimetric adjustment. Germline genomic information may ultimately contribute to mul-
tivariable normal-tissue complication models, but it has not yet demonstrated sufficient
prospective clinical utility to guide routine dose or fractionation decisions. Thus, both
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forms of radiogenomics remain promising components of precision RT, but their clinical
value depends on demonstrating that they improve prediction beyond established clinical
and dosimetric factors and lead to a defined, prospectively validated treatment decision.

5.3. GARD: Towards Genomically Adjusted Radiation Prescription

An important application of biological stratification is the use of genomic biomarkers
to individualise radiation dose. The genomic-adjusted radiation dose (GARD) framework
represents one of the most extensively studied attempts to integrate tumour gene expression
with the physical radiation dose. GARD combines the radiosensitivity index with the linear-
quadratic model to estimate the biological effect of a prescribed dose. Retrospective and
pooled cohort analyses have reported associations between higher GARD values and
improved outcomes following RT and have examined statistical interactions between
GARD and receipt of RT [98,99]. These findings support further evaluation of biologically
informed dose modelling but do not, by themselves, demonstrate that GARD-guided dose
adaptation improves patient outcomes.

GARD has subsequently been evaluated across several tumour types. In nasopharyn-
geal carcinoma, Chiang et al. reported substantial interpatient variation in GARD despite
standardised treatment, with higher GARD values associated with improved locoregional
control [100]. Similarly, a retrospective analysis in locally advanced rectal cancer reported
associations between GARD and treatment response and disease-free survival despite a
uniform prescribed dose [101]. These studies provide further evidence that the biological
effect of a given physical dose may vary between tumours. However, they should be
regarded as retrospective validation of association rather than evidence that GARD can yet
be used to select or modify an individual patient’s radiation prescription.

GARD therefore remains investigational. Important limitations include uncertainty
regarding its direct predictive value for locoregional control, limited prospective validation,
challenges in applying the model to altered fractionation, and failure to account for spatial
intratumour heterogeneity [102,103]. Its reproducibility across tumour types, incremental
value over established clinical models, and safety when used to inform dose escalation or
de-escalation require evaluation in prospective trials in which the biomarker is linked to
a predefined treatment decision. Nevertheless, GARD provides an important conceptual
framework for investigating genomically informed radiation prescription, while illustrating
the distinction between an outcome-associated biomarker and one with demonstrated
treatment-guiding clinical utility.

5.4. Gut Microbiome and Antibiotic Exposure as Candidate Modulators of RT–ICI Response

Beyond tumour-intrinsic genomics, host factors may influence response to im-
munotherapy and potentially to RT–ICI combinations. The gut microbiome contributes
to systemic immune regulation, and clinical studies have reported associations between
microbial composition, antibiotic exposure and outcomes following immune checkpoint
inhibition [104,105]. Greater microbial diversity and the relative abundance of particular
taxa have been associated with favourable ICI outcomes in some cohorts, whereas dysbiosis
has been linked to resistance [104,105]. However, the taxa implicated have varied between
studies, and most clinical evidence concerns patients receiving ICIs rather than RT–ICI
combinations. Microbiome features should therefore be regarded as candidate biomarkers
requiring prospective validation, rather than established predictors of treatment response.

Antibiotic exposure is a clinically relevant potential modifier of this relationship.
By disrupting microbial composition, antibiotics may alter antigen presentation and sys-
temic effector T-cell responses. Observational studies have associated antibiotic exposure
around the initiation of ICIs with inferior outcomes [104,105], but these findings do not
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establish causality: infection, comorbidity, disease burden and treatment indication may
themselves influence prognosis. Antibiotic exposure should therefore not currently be
used as an independent basis for treatment selection. Conversely, selective targeting of
tumour-associated bacteria may offer a more directed therapeutic strategy. In preclinical
colorectal cancer models, liposomal antibiotic targeting of Fusobacterium nucleatum gen-
erated microbial neoantigens, increased anti-tumour immune responses and enhanced
immunotherapy activity [106]. This approach remains mechanistic and preclinical rather
than clinically validated.

For precision radiation oncology, these observations suggest that host microbial factors
may contribute to the biological context in which radiation-induced immune signalling oc-
curs. Nevertheless, there is currently insufficient evidence to incorporate microbiome com-
position into routine selection of RT–ICI combinations or radiation prescription. Prospective
studies will need to define reproducible microbial signatures, control for diet, geography,
medication exposure and other confounders, and demonstrate that microbiome-informed
interventions improve outcomes. Microbiome profiling and manipulation therefore remain
experimental components of precision RT rather than treatment-guiding tools.

Translating these heterogeneous inputs into precision RT requires more than their
inclusion in a conceptual framework. A candidate biomarker must first be measured
reproducibly and shown to add information beyond established clinical, pathological
and dosimetric variables. It must then be incorporated into a prespecified predictive
model linked to a defined treatment decision—for example, whether to use RT, alter dose
or fractionation, modify the spatial dose distribution, select a systemic combination or
introduce additional toxicity-mitigation measures. The complete biomarker-model-decision
pathway must subsequently undergo independent validation and prospective assessment
of clinical utility. Because no validated method currently exists for weighting all the
molecular, imaging, immune and host factors illustrated in Figure 3, the figure should be
interpreted as a conceptual research framework rather than an immediately deployable
clinical algorithm.

6. Conclusions
Radiotherapy is moving beyond anatomical precision and uniform population-based

prescription towards treatment informed by tumour biology, immune context and normal-
tissue susceptibility. However, precision RT should not be equated solely with increasing
tumour dose or adding radiosensitising agents. Its central objective is to improve the
therapeutic ratio by identifying which patients require treatment intensification, which may
benefit from altered dose, fractionation or systemic combinations, and which are at greatest
risk of toxicity. Molecular association alone is insufficient: a biomarker becomes clinically
useful only when it reproducibly informs a defined treatment decision and improves patient
outcomes prospectively.

In our view, the most credible near-term opportunity lies in biomarker-enriched
development of rational RT–drug combinations rather than immediate genome-directed
alteration of radiation dose. Among DDR targets, ATR inhibition appears particularly
promising because radiation-treated tumours with high replication stress, defective G1
checkpoint control or loss of ATM signalling may become dependent on the ATR-CHK1
axis. Nevertheless, its therapeutic window, optimal scheduling and selection biomarkers
remain unresolved, and no DDR inhibitor currently has sufficient prospective evidence to
guide routine use with RT. Similarly, the future of RT–ICI combinations is likely to depend
less on their indiscriminate application and more on disease-specific selection, treatment
sequencing, dose and fractionation, and the pre-existing immune state. Transient activation
of pathways such as cGAS–STING may support anti-tumour immunity, whereas sustained
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signalling and radiation-induced immunosuppression illustrate why mechanistic context
and timing are critical.

Other approaches remain further from clinical implementation. Spatially fraction-
ated and partial-tumour irradiation warrant prospective investigation, particularly where
conventional homogeneous irradiation is limited by tumour volume or normal-tissue con-
straints. However, deliberate low-dose irradiation of non-tumour tissues, microbiome
manipulation and related systemic immune-modulation strategies remain hypothesis-
generating and should not displace established principles of target coverage and normal-
tissue protection. GARD, imaging-based radiogenomics, germline toxicity markers and
functional radiosensitivity assays provide valuable frameworks for biological stratifica-
tion, but none yet justifies routine biomarker-directed dose escalation, de-escalation or
treatment omission.

Progress will therefore require a disciplined translational pathway from mechanistic in-
sight to reproducible biomarkers, a prespecified predictive model, defined treatment decisions
and prospective demonstration of clinical utility. Trials should evaluate tumour-control proba-
bility and normal-tissue complication probability together, while distinguishing exploratory
associations from genuinely predictive biomarkers. Precision radiation oncology will advance
not through a single molecular target or universal algorithm, but through the integration of
biological evidence with clinical judgement, dosimetry and technological delivery. The goal
is not merely to deliver radiation more accurately, but to determine more reliably whether,
when, where and how it should be delivered for each patient.
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Abbreviations
The following abbreviations are used in this manuscript:

RT Radiotherapy

IMRT Intensity-modulated radiotherapy

VMAT Volumetric modulated arc therapy

SBRT Stereotactic body radiotherapy

DDR DNA damage response

TME Tumour microenvironment
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ATM Ataxia telangiectasia mutated

ATR ATM and Rad3-related

CHK1 Checkpoint kinase 1

DNA-PK DNA-dependent protein kinase

SSBs Single-strand breaks

DSBs Double-strand breaks

HR Homologous recombination

NHEJ Non-homologous end joining

BER Base excision repair

NER Nucleotide excision repair

MMR Mismatch repair

PARP Poly(ADP-ribose) polymerase

ATRi ATR inhibition

DC Dendritic cell

TREX1 Three-prime repair exonuclease 1

DAMPs Damage-associated molecular patterns

HMGB1 High mobility group box 1

ATP Adenosine triphosphate

cGAS Cyclic GMP-AMP synthase

STING Stimulator of interferon genes

cGAMP Cyclic GMP-AMP

IRF3 Interferon regulatory factor 3

NF-κB Nuclear factor-κB

YTHDF1 YTH N6-methyladenosine RNA binding protein 1

HO-1 Heme oxygenase-1

ICIs Immune checkpoint inhibitors

PD-1 Programmed death-1

PD-L1 Programmed death-ligand 1

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4

Th1 T-helper 1

AREG Amphiregulin

SFRT Spatially fractionated radiotherapy

TCP Tumour-control probability

NTCP Normal-tissue complication probability

GARD Genomic-adjusted radiation dose
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