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Abstract
Cancer is the second leading cause of death globally and in the United States, second only to cardiovascular 
disease. Unlike many cardiovascular conditions, cancer is often less preventable, manageable, and 
curable—even with ongoing technological advancements in medicine. The adverse effects of cancer 
treatments on cancer patients remain profound due to shared cellular characteristics between cancerous 
and normal cells; one of the primary adverse effects is treatment-induced inflammation. These 
inflammatory responses aim to eliminate cancerous cells but often damage normal tissues. Notably, 
inflammatory side effects vary considerably across the growing diversity of therapeutic approaches. This 
study reviewed studies between 2007 and 2024, comparing the inflammatory profiles associated with five 
major radiation therapies (RTs): Three-Dimensional Conformal Radiation Therapy (3D-CRT), Intensity-
Modulated Radiation Therapy (IMRT), Image-Guided Radiation Therapy (IGRT), Stereotactic Body 
Radiation Therapy (SBRT), and Proton Beam Therapy (PBT)—each characterized by distinct mechanistic 
and therapeutic features. In addition to each radiation modality eliciting distinct inflammatory responses, 
tissue-specific variability further complicates clinical outcomes. Accordingly, this review also undertakes a 
cross-tissue comparison of radiation-induced inflammation, with a focus on the gastrointestinal (GI) 
system, central nervous system (CNS), and skin. However, the variation in treatment modalities and organ-
specific inflammatory biomarkers greatly hinders direct comparison across studies. Finally, this review 
highlights potential inflammatory mitigations, including ambroxol, that may be employed synergistically 
with RTs, minimizing side effects and enhancing patient outcomes. Taken together, while all modalities 
offer therapeutic value alongside certain limitations, proton-based therapy demonstrates the greatest 
potential for minimizing toxicity though its broader adoption remains limited by cost-effectiveness 
concerns.
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Introduction
Radiation therapy (RT) is one of the most prominent treatments for most cancer types, and currently, the 
primary modalities in RT are external radiation beams or brachytherapy. Both methods involve radioactive 
sources; however, brachytherapy, best for localized, easily accessible tumors, allows high doses of radiation 
to be delivered to a localized area by placing the radioactive source inside or very close to the tumor, 
minimizing the impact on surrounding tissue [1]. On the other hand, external radiation beams, widely 
applicable for many cancer types, utilize advanced techniques to direct a high-energy beam (photon or 
electron beams) at the tumor from outside the body; with a high degree of precision, external radiation 
beams effectively target and eradicate malignant tissues while limiting off-target effects on normal tissue 
[2].

XRTs (external beam RTs) such as 3D-CRT (Three-Dimensional Conformal Radiation Therapy) use 
advanced, computer-generated 3D imaging to precisely conform the radiation dose to the spatial geometry 
of the tumor. This approach enhances therapeutic efficacy while minimizing radiation exposure to adjacent 
normal tissues, thereby reducing potential off-target effects [3]. In addition to inducing tumor cell death via 
direct DNA damage, SBRT (Stereotactic Body Radiation Therapy) also exerts effects by disrupting tumor 
vasculature and exacerbating tumor hypoxia. These mechanisms contribute to secondary or indirect tumor 
cell death, amplifying its therapeutic impact [4]. Furthermore, the substantial release of tumor-associated 
antigens and various immunomodulatory factors, arising from both primary and secondary cell death, 
potentiates the activation of anticancer immune responses [5].

An immune response is intentionally induced in RT to target the tumor cells. Immunogenic cell death 
(ICD) is when irradiated tumor cells from RT release damage-associated molecular patterns (DAMPs) that 
induce inflammation and an immune response. The benefit of ICD is that the host’s immune system can 
attack the tumor cells not just at the irradiated site but also at distant sites using the CD8+ anti-cancer 
response. The types of DAMPs from the damaged tumor cells after RT include calreticulin (CALR), 
adenosine triphosphate (ATP), type I interferon (IFN), heat shock proteins (HSPs), S100 proteins, and 
interleukin-1 beta (IL-1β) [6]. DAMPs play a significant role in antigen-presenting, promoting inflammation, 
recruiting innate and adaptive immune cells, and promoting and activating CD8+ cytotoxic T cells [6].

RT induces necrosis in targeted tumor cells. During necrosis, DAMPs, which could be damaged 
organelles, misfolded proteins, or DNA, will be released. DAMPs will trigger the innate immune response by 
activating pattern recognition receptors (PRRs) [7]. The antigen-presenting cells (APCs), such as dendritic 
cells (DCs), natural killer (NK) cells, neutrophils, and macrophages, will migrate to the irradiated cells and 
phagocytose the dead and dying tumor cells. The secondary or adaptive immune response happens when 
DCs phagocytose the antigens of the tumor cells and migrate to the lymph nodes. DCs will present the 
antigens to T cells, initiating adaptive immunity [8]. While innate immunity focuses on the site of irradiated 
tumor cells, adaptive immunity is at work to attack and regress tumor cells outside of the irradiated area. 
This phenomenon is called the abscopal effect (Figure 1) [9].

However, previous studies have also discovered that radiation-induced inflammation can harm 
immunocompromised patients.

Considering the profound effect RT has had on cancer and non-cancer diseases recently and the 
significant increase in cancer prevalence and incidence over the next 50 years, the objective of this review 
is to evaluate five of the most prominent and contemporary types of RT and patients’ responses to 
regulating each therapy’s toxicity, in particular, via patients’ inflammation and immune response [10–12].
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Figure 1. Mechanism of radiation-induced immune activation and the abscopal effect in metastatic cancer. Radiation 
therapy causes damage in cancer cells, and the damage-associated molecular patterns (DAMPs) released from the cancer cells 
are detected by dendritic cells (DCs) and antigen-presenting cells (APCs). These DAMPs bind DCs and APCs, travel to the 
distal cancer cells via circulation, and activate CD8+ T cells and natural killer (NK) cells to induce apoptosis in the distal tumor 
cells. Created in BioRender. Sheng, Y. (2025) https://BioRender.com/lvdqhb9

Radiation-induced inflammation and toxicity
Conversely, when normal tissues are unintentionally exposed to radiation during cancer therapy, the 
resulting immune activation can lead to sustained inflammation. Over time, this radiation-induced toxicity 
may contribute to progressive tissue damage, organ dysfunction, and a significant decline in the quality of 
life among cancer survivors [13]. The following subsections will explore the underlying mechanisms of 
radiation-induced inflammation and associated toxicity, supported by both experimental findings and 
clinical data. Additionally, emerging strategies for mitigating these adverse effects will be discussed, with an 
emphasis on improving patient outcomes and supporting individuals throughout the course of their 
radiation treatment.

Mechanisms of radiation-induced inflammation

As with any inflammation process, RT-induced inflammation starts with acute inflammation and then 
progresses into chronic inflammation. Activated DCs induce inflammatory responses via cross-presenting 
tumor antigens to prime tumor-containing CD8+ T cells, polarizing immune cells into tumor suppression, or 
stimulating NK cells to sustain T-cell responses. However, if acute inflammation persists, it transitions into 
chronic inflammation; cancer cells not only hijack DCs to inhibit tumor antigen presentation, preventing 
innate and anti-tumor immunity, but also recruit extensively more immunosuppressive cells, providing a 
rich proangiogenic and pro-tumoral environment [14].

Biomarkers of inflammatory toxicity

Inflammatory toxicity is a common adverse effect of RT, driven by both local tissue damage and systemic 
immune responses. As our understanding of radiation-induced inflammation deepens, a variety of 
circulating biomarkers have emerged as valuable tools for assessing the extent and severity of this toxicity, 
particularly due to their accessibility in peripheral blood. Among these, C-reactive protein (CRP) is a liver-
derived acute-phase protein upregulated by proinflammatory cytokines such as IL-6, and reflects systemic 
inflammatory burden, while interleukin-1 receptor antagonist (IL-1Ra) acts as a natural inhibitor of IL-1 
signaling, often elevated in response to excess proinflammatory cytokine activity. On the other hand, the 
neutrophil-to-lymphocyte ratio (NLR) captures the balance between innate immune activation and 
adaptive immune suppression, with elevated NLR indicating neutrophil-driven inflammation and reduced 
lymphocyte-mediated anti-tumor immunity. Similarly, yet distinctively, the monocyte-to-lymphocyte ratio 
(MLR) reflects chronic inflammation mediated by monocyte activation and a concurrent reduction in 
lymphocyte-driven anti-tumor immunity. Together, these biomarkers offer mechanistic insight into the 
inflammatory processes underlying radiation-related side effects, including fatigue, tissue injury, and poor 
clinical outcomes.

https://BioRender.com/lvdqhb9
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Previous studies have identified inflammatory biomarkers such as CRP and IL-1Ra as key downstream 
indicators of proinflammatory cytokine network activation. These markers not only reflect systemic 
inflammation but have also been significantly associated with fatigue during RT for breast and prostate 
cancers [15]. This association is likely due to the heightened release of proinflammatory cytokines—
including IL-1β, IL-6, and TNF-α (tumor necrosis factor-alpha)—not only within the tumor 
microenvironment but also in adjacent healthy tissues, a consequence of the limited precision in 
conventional radiation techniques. These findings underscore the relevance of CRP and IL-1Ra as 
biologically meaningful indicators of radiation-induced inflammatory toxicity and their potential value in 
predicting therapy-related fatigue.

In addition, MLR has been identified as a potential indicator of radiation-induced toxicity and patient 
prognosis. In a study by Tanaka et al. [16], patients with elevated MLR exhibited a significantly lower 6-
month overall survival (OS) rate (49.8%) compared to those with lower MLR values (79.8%). While this 
finding underscores the prognostic value of MLR, it is important to consider the study population—patients 
with stage IV lung cancer receiving palliative radiotherapy. The inherently aggressive nature of the disease 
and limited life expectancy in this group, though a sobering clinical reality, impose constraints on long-term 
biomarker analysis and mechanistic exploration. Although the study provides valuable insight into MLR as 
a prognostic tool in the palliative care setting, further investigations involving longer-term follow-up in 
more diverse patient populations may be necessary to fully elucidate the biological significance of MLR in 
radiation-induced inflammatory toxicity.

Interestingly, a study by Takaoka et al. [17] investigating helical tomotherapy for liver metastases 
originating from pancreatic cancer has underscored the potential utility of inflammatory biomarkers as 
prospective prognostic indicators. The authors found that low pretreatment levels of NLR and MLR were 
paradoxically associated with poorer clinical outcomes, whereas lower MLR was otherwise typically 
correlated with improved OS rates in other contexts. This finding further reinforces the prognostic 
relevance of immune-based markers such as NLR and MLR in understanding cancer progression and 
guiding therapeutic decision-making.

Collectively, inflammatory biomarkers such as CRP, IL-1Ra, NLR, and MLR offer a valuable snapshot of 
the dynamic interplay between pro- and anti-inflammatory forces during RT. Elevated levels may reflect an 
exaggerated immune response involving both malignant and surrounding healthy tissues, contributing to 
adverse outcomes such as fatigue, reduced survival, and overall poor prognosis. The routine monitoring of 
these biomarkers could facilitate early detection of radiation-induced toxicity and inform personalized 
treatment strategies. Nonetheless, numerous questions remain in this field—particularly regarding the 
optimal patient populations for long-term follow-up. Carefully designed prospective studies with extended 
observation periods will be essential for bridging existing knowledge gaps. Importantly, future research 
integrating these hematologic biomarkers with cytokine profiling may further elucidate their predictive 
utility and support the development of inflammation-targeted interventions in radiotherapy.

Acute versus chronic inflammatory toxicities

Previous studies have discovered that RT can induce ICD of irradiated tumor cells. DAMPs such as proteins, 
nucleic acids, and metabolites leak from damaged, dying cells. DCs and other APCs are activated by binding 
to these DAMPs. After APC and DC activation, they mediate anti-tumor T-cell responses [18]. Additionally, 
the innate immune response plays a significant role in self-amplified anti-tumor response. Activated anti-
tumor T-cells will migrate to the irradiated site, inducing apoptosis in the damaged tumor cells. This will 
result in increased DAMPs concentration due to more tumor cells being damaged and dying. These DAMPs 
will induce more DCs and APCs at the site, increasing the immune response [19]. Adaptive immune 
response mediated by T-cells prevents metastasis and induces anti-tumor immunity by killing distant 
tumor cells after developing anti-tumor immunity [9].

Although previous studies have shown the benefits of having an innate immune response after RT 
through ICD, Wu et al. [20] demonstrated that radiation can induce inflammation through the IL-6/STAT3 
signaling pathway, helping tumor cells facilitate invasion and survival after therapy. Additionally, studies by 
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Culig and Puhr [21] have shown that silencing IL-6 using siRNA prevents tumor recurrence following 
radiotherapy in prostate cancer and increases tumor cells’ sensitivity to radiation.

Chronic inflammation is known as one of the key players in cancer development [22]. Previous studies 
done by Greten and Grivennikov [23] in 2019 demonstrated that cancer-associated genes recruit and 
activate pro-inflammatory cells, leading to tumor progression. Browning et al. [24] in 2018 showed that 
inflammation induces pro-inflammatory IL-6, which then activates the JAK/STAT3 pathway for malignant 
tumor proliferation. Studies done by Theoharides [25] in 2008 demonstrated that the oncogenic MYC gene 
induces the recruitment of mast cells, which are responsible for angiogenesis and expansion to tumor sites.

Furthermore, previous studies have shown that RT can reinforce the harmful side effects of 
inflammation. Zhang et al. [26] demonstrated that RT can potentially induce a cytokine storm (Figure 2). 
The three pathways they demonstrated are: (1) pro-inflammatory responses initiated by DAMPs 
interacting with PRRs; (2) the release of chemokines like CXCL16 and CCL5; and (3) the activation of 
neoantigen presentation alongside the cGAS-STING signaling pathway. Previous studies, done by Schaue et 
al. [27], have demonstrated that radiation affects both acute and chronic inflammatory disease.

Figure 2. Mechanisms of radiation-induced cytokine storm and inflammation. Radiation treatment can trigger cytokine 
storms via 3 different pathways. Radiation treatment induces damage in cancer cells, and damage-associated molecular 
patterns (DAMPs) released from the cancer cells are sensitized by pattern recognition receptors (PRRs), leading to cytokine 
storms. These DAMPs can also induce the release of chemokines such as CXCL16 and CCL5, which lead to cytokine storms. 
When nuclei of cancer cells are damaged, DNA particles can accumulate in the cytosol, and these DNA particles can activate 
the cGAS pathway, which will induce a DNA-driven immune response via type I interferon (IFN) and ultimately induce cytokine 
storms. Created in BioRender. Sheng, Y. (2025) https://BioRender.com/x03tud5

Organ-specific inflammatory responses

Different organs respond differently to RT due to variations in their cell types and immune response 
programming. Evidence suggests that RT-induced inflammation activates endothelial cells to produce 
inflammatory mediators. As a result, the CD11/CD18 on leukocytes is up-regulated, increasing NF-κB-
dependent endothelial cell adhesion molecule (CAM) expression. This will assist the leukocyte adhesion and 
reinforce the extravasation of inflammatory cells into the GI (gastrointestinal) tissues, thus inducing organ 
damage [28].

https://BioRender.com/x03tud5
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Unlike the GI tract’s reliance on endothelial cells, the CNS (central nervous system) depends on 
microglia to detect and respond to radiation. Upon ionizing radiation (IR), microglia swiftly engage 
neurons, astrocytes, and oligodendrocytes to orchestrate CNS-specific defenses—modulating the blood-
brain barrier (BBB), controlling peripheral immune cell entry, and inhibiting neurogenesis [29]. Although 
IR universally activates DNA damage pathways (NF-κB, CREB, AP1) and upregulates IL-1β, TNF-α, COX2, 
and MCP1, the CNS’s inflammatory response is uniquely gated by microglial expression of tight junction 
proteins like claudin5, which more stringently limits peripheral infiltration than in other tissues [30]. 
Radiation also disrupts the anatomical support between neural progenitors and their microvasculature; the 
ensuing microglial inflammation alone suffices to sever neurovascular contacts and suppress stem cell 
function [31]. Coupled with the brain’s inherently poor regenerative capacity, these effects explain the 
progressive deficits in memory, attention, and executive function observed months to years after cranial 
irradiation [32].

Skin is one of the most common sites to experience radiation-induced damage after RT. Previous 
studies have revealed that 95% of the patients who were treated with RT experienced skin changes [33]. In 
part of the skin’s innate response, Langerhans cells reside in the epidermal layer, and DCs and resident T 
cells reside in the dermal layer. They have a significant role in initiating immune responses against barrier 
injury. Antigen-specific effector T cells, such as CD4+, CD8+, and Treg, are responsible for adaptive 
immunity. There are also unconventional lymphocyte subsets, such as αβ and γδ T cells, which are 
considered part of innate immunity [34]. Radiation dermatitis refers to skin inflammation resulting from 
exposure to IR, commonly occurring as a side effect of RT or, less frequently, due to accidental nuclear 
exposure. Studies have shown that radiation-induced skin damage is driven by IL-17—producing γδ T cells 
and innate lymphoid cells. This process involves increased expression of IL-1β and IL-23 at the site of 
injury, which subsequently promotes keratinocyte hyperproliferation [35]. This hyperproliferation of the 
keratinocytes will induce an imbalance in the keratinocytes in the skin layer, which ultimately contributes 
to skin damage.

While resident DCs and unconventional lymphocytes like γδ T cells play a significant role in immune 
response to RT in the skin system, the respiratory system relies heavily on innate immune cells, particularly 
macrophages. Previous studies on mice demonstrated that radiation damage activates cGAS-STING 
signaling through CCL2 and induces the M1 polarization of microphages. The M1 macrophages secrete 
proinflammatory mediators such as cytokines, ILs, and IFNs, ultimately leading to the development of 
radiation pneumonitis [36].

Comparative analysis of inflammatory responses across radiation therapy modalities

Modern photon-based RTs triumph in their increasingly refined precision, which directly correlates with 
reduced inflammation and toxicity—two critical determinants of both patient tolerability and survival.

For instance, SBRT demonstrates high precision coupled with high-dose delivery over a limited 
number of fractions. In the study by Van’t Land et al. [37], the systemic immune-inflammation index (SIII)—
a composite biomarker derived from neutrophil, platelet, and lymphocyte counts—was used to assess 
immune response. While no significant group-wide change in SIII was observed post-SBRT, patients who 
experienced a reduction in SIII demonstrated markedly improved OS (24.0 vs. 11.6 months; P < 0.036) [37]. 
This suggests that SBRT’s precision may limit unintended immune activation, and SIII may serve as a useful 
prognostic indicator to guide candidate selection and predict response.

By contrast, 3D-CRT—an earlier-generation photon-based modality—relies on static beam shaping and 
lacks the adaptive modulation seen in techniques like SBRT. Theoretically, its fixed geometry and broader 
treatment margins render it less precise than SBRT, potentially exposing more surrounding healthy tissues 
to radiation and increasing the risk of inflammatory toxicity. However, recent findings suggest a more 
nuanced profile: in a study on advanced bladder cancer, 3D-CRT combined with chemotherapy resulted in 
significantly lower post-treatment IL-6 levels than chemotherapy alone (63.43 ± 7.95 vs. 132.75 ± 16.12 
ng/L), indicating a capacity to attenuate systemic inflammation [38]. More importantly, this anti-
inflammatory effect translated into improved survival outcomes: the 1-year survival rate in the 3D-CRT 
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combination group was 76.19% compared to 47.62% in the chemotherapy-only group, and the 2-year 
survival rate was 47.62% vs. 19.05%, respectively [38].

This outcome highlights a potential therapeutic synergy. While 3D-CRT alone may theoretically induce 
more collateral damage than other precision modalities such as IMRT (Intensity-Modulated Radiation 
Therapy), IGRT (Image-Guided Radiation Therapy), SBRT, or even Proton Beam Therapy (PBT), its role 
alongside chemotherapy appears to blunt harmful cytokine surges. Unlike the other therapies typically 
used as standalone treatments, 3D-CRT may derive greater utility when employed as a supportive 
adjunct—leveraging its spatial coverage to enhance tumor response, while relying on systemic agents to 
help control treatment-induced inflammation.

IMRT represents a significant leap in conformal dosing, enabling selective targeting even in 
anatomically complex regions. In a prospective analysis of patients with advanced non-small-cell lung 
cancer, IMRT significantly reduced the incidence of grade ≥ 3 pneumonitis compared to 3D-CRT (3.5% vs. 
7.9%; P = 0.039), despite being applied to patients with larger and more advanced tumors [39]. This 
reduction in treatment-induced lung inflammation highlights the clinical significance of IMRT’s superior 
spatial precision, which allows for precise sculpting of dose away from critical normal lung tissue, thereby 
minimizing collateral damage. This finding underscores IMRT’s unique clinical utility in managing complex 
tumor presentations, particularly those located near critical structures such as the heart, esophagus, or 
major airways. While IMRT and SBRT share similar beam-shaping and image-guidance technologies, IMRT 
holds a distinct advantage in treating irregularly shaped or voluminous tumors. This is likely due to its 
ability to gradually deliver radiation over a larger number of fractions, allowing for effective dose 
distribution with reduced risk to surrounding normal tissues. In contrast, SBRT’s strength lies in its ultra-
high-dose, high-precision delivery, which, although extremely effective for small, well-defined lesions, may 
not be suitable for larger or anatomically complex targets. The IMRT data in advanced lung cancer thus not 
only support the principle that greater spatial precision reduces toxicity but also illustrate the importance 
of fractionation flexibility in balancing tumor control and normal tissue preservation.

Last but not least, IGRT builds upon IMRT by integrating real-time imaging corrections to account for 
inter- and intrafractional motion. In a meta-analysis involving over 5,000 prostate cancer patients, IGRT 
was associated with significantly reduced rates of acute and late toxicity across multiple systems—GI [RR 
(relative risk) = 0.55, P = 0.007], GU (genitourinary) (RR = 0.82, P = 0.006), and late GI complications [HR 
(hazard ratio) = 0.25, P = 0.03] [40]. The data imply that IGRT’s precision extends beyond planning to 
execution, minimizing healthy tissue exposure and allowing for tighter margins without compromising 
safety.

In summary, the progression from 3D-CRT to IMRT, SBRT, and IGRT illustrates a clear trajectory: as 
spatial and temporal precision improve, inflammation-induced toxicity tends to decline, leading to 
improved patient outcomes and greater treatment tolerability. A common misconception, however, is the 
treatment of IGRT as a standalone radiation modality. In reality, IGRT serves as a powerful adjunctive 
technology whose primary function is to enhance the precision of other radiotherapy modalities by 
enabling real-time imaging and positional verification during treatment delivery.

Notably, the integration of IGRT benefits different modalities to varying degrees. While its impact on 
3D-CRT is relatively limited—due to the broader treatment fields and static beam shaping inherent to that 
technique—its combination with IMRT and SBRT significantly amplifies their precision and safety profiles. 
This further reinforces why 3D-CRT, though once standard, is increasingly considered less favorable or 
even obsolete, not only for its limited responsiveness to IGRT enhancement, but also due to its higher risk 
of damaging healthy tissues. This further reinforces why 3D-CRT, though once standard, is increasingly 
considered less favorable or even obsolete, not only for its limited responsiveness to IGRT enhancement, 
but also due to its higher risk of damaging healthy tissues. However, it is important to note that the 
perceived precision hierarchy among IMRT, SBRT, and IGRT should not be oversimplified. While the overall 
trend reflects advancements in targeting accuracy, IMRT and SBRT each serve distinct roles based on tumor 
geometry, location, and clinical goals. SBRT offers unparalleled precision for small, well-defined lesions, 
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whereas IMRT excels in conformal treatment of irregular or anatomically complex tumors. In this context, 
precision must be evaluated alongside tumor-specific characteristics rather than ranked in isolation. 
Importantly, precision alone does not determine clinical suitability; the anatomical complexity, size, and 
shape of the tumor often dictate whether IMRT or SBRT is more appropriate. Yet in both cases, the addition 
of IGRT confers substantial advantages by reducing setup uncertainties and enabling tighter treatment 
margins.

Even though this review has primarily examined photon-based modalities as standalone treatments, 
the observed benefits of integrating IGRT raise a critical question: Could the addition of IGRT to proton 
therapy similarly enhance its therapeutic precision by incorporating real-time image guidance? This 
possibility sets the stage for the emerging role of proton therapy as a highly precise modality and explores 
how it compares—both in targeting accuracy and immune response profiles—to its photon-based 
counterparts.

Photon-based therapies like SBRT, 3D-CRT, IMRT, or IGRT have revolutionized cancer treatment, but 
they still pose a challenge due to the unintended radiation exposure to nearby healthy tissues. In contrast, 
proton therapy stands out with its remarkable precision, reducing collateral damage and presenting a 
compelling alternative. A study by Li et al. [41] explored the effects of stereotactic body proton therapy 
(SBPT) compared to SBRT. Interestingly, SBPT cases showed a more rapid inflammatory response in the 
lungs than SBRT. While this heightened inflammatory reaction doesn’t appear to cause additional cellular 
toxicity or negatively affect patient outcomes, it could unlock exciting opportunities for synergy with 
immunotherapies, such as immune checkpoint inhibitors (ICIs). This accelerated immune response might 
offer a therapeutic edge in combining SBPT with ICI-based treatments.

Similarly, a study done by Davuluri et al. [42] has also shown the benefit of PBT compared to IMRT in 
esophageal cancer patients. This study focused on the measurement of lymphocyte count and divided it into 
4 grades, 4 being the worst. The importance of immunity and lymphocytes has made lymphopenia a crucial 
topic when studying different cancer treatments. The study has shown a significant proportional 
association between mean body dosage (MBD) and grade 4 absolute lymphocyte count (G4 ALC) nadir. 
Likewise, patients with G4 ALC nadir had a higher MBD than those without (12.7 Gy vs. 10.8 Gy, P < 0.001). 
At last, the discovered patients treated with PBT had a significantly lower MBD (8.0 Gy vs. 13.2 Gy, P < 
0.001) and a higher likelihood of having an MBD < 10 Gy (88.6% vs. 11.4%, P < 0.001) than did patients 
treated with IMRT concluded the benefits of proton ration therapies do not only reside in the lower MBD 
but more importantly in its protection toward host’s immunity.

Mitigation and management strategies

Although normal tissue toxicity remains a major dose-limiting factor in RT and a significant contributor to 
long-term complications in cancer survivors, effective treatment options to mitigate these side effects are 
still limited. Currently, anti-inflammatory drugs are among the most commonly used interventions. At the 
same time, ongoing research is exploring novel therapeutic strategies to counteract radiation-induced 
toxicities. These approaches focus on reducing RT-induced apoptosis through various pathways, restoring 
post-radiation redox balance, and directly targeting inflammatory and fibrogenic signaling cascades [43].

When it comes to apoptosis, we cannot avoid talking about p53. In a study investigating the inhibition 
of p53-dependent apoptosis, Wang et al. [44] identified PUMA as a key p53 target that mediates radiation-
induced apoptosis through a cell-intrinsic mechanism. Their findings further highlight CHIR99021, a GSK-3 
inhibitor, as a potent radioprotective agent, offering a potential strategy to mitigate radiation-induced 
cellular damage. Although Wang et al. [44] could not directly assess radiation responses in human subjects, 
they examined the effects of CHIR99021 in human intestinal cultures derived from two unrelated donors. 
These cultures contained all differentiated epithelial lineages, providing a relevant model for studying 
intestinal regeneration. Their findings were promising: enteroid formation significantly improved 10 days 
after exposure to 5 Gy radiation in cultures treated with CHIR99021. Additionally, blocking PUMA induction 
led to a notable increase in the expression of key intestinal stem cell (ISC) markers, including Olfm4, Lgr5, 
Ascl2, and CD44. These molecular changes were accompanied by a significant reduction in apoptosis, 
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decreased DNA damage, and enhanced cell proliferation, highlighting CHIR99021’s potential as a 
radioprotective agent.

In addition, free radicals are another main reason for cell damage, even in healthy individuals. 
Therefore, modulating these free radicals to restore redox equilibrium to reverse normal tissue injury is 
another critical mitigation for post-radiation patients. A study done by Mahmood et al. [45] discovered the 
benefit of a genistein diet toward radiation-induced oxidative damage in rats. They utilized the levels of 8-
hydroxy-2-deoxyguanosine (8-OHdG), a marker of oxidative damage in the DNA, and levels of 
malondialdehyde (MDA), a measure of lipid peroxidation. As expected, the treatment group showed a 
decreasing trend in 8-OHdG, and MDA concentration was also significantly decreased by the genistein diet. 
Furthermore, a higher survival rate of irradiated rats was associated with the treatment group, where a 
proportion of the control group had to be euthanized due to excessive morbidity between 6–18 weeks; 
however, almost all rats in the treatment group survived to the end of the study at 36 weeks. Even though 
genistein is only one substance dedicated to restoring redox equilibrium, it also sheds light on the 
inflammatory and fibrogenic pathways contributing to tissue damage post-RT, supporting research in 
direct signal intervention targeting inflammatory and fibrogenic signals.

Lastly, an effective substance, ambroxol, is a great protective agent against the transforming growth 
factor beta 1 (TGF-β1) and TNF-α, studied by Xia et al. [46]. TGF-β1 is believed to have the closest 
relationship with the generation of radiation lung fibrosis, significantly diminishing patients’ quality of life. 
The study showed a significant decrease in the level of TGF-β1 in the treatment group compared to the 
control. In addition, ambroxol was also observed to significantly abolish the production of post-radiation 
TNF-α. The dual effect, on early-phase radiation pneumonitis (TNF-α) and late-phase lung fibrosis (TGF-
β1), makes ambroxol a novel supplement for RT patients.

Impact on quality of life and survivorship

In a recent comparative study of proton radiotherapy (PT) versus photon therapy, Baumann et al. [47] 
found no significant difference in disease-free or OS between the two modalities. However, they observed a 
two-thirds reduction in adverse events associated with unplanned hospitalizations of the proton 
chemoradiotherapy cohort, even though that cohort was significantly older and had less favorable 
Charlson-Deyo comorbidity scores.

Similarly, a prospective randomized phase II trial presented its favorable preliminary results for PT 
when compared to IMRT on glioblastoma. Although there was no significant difference in time to cognitive 
failure, progression-free survival (PFS), or OS, the PT cohort reported a lower rate of fatigue at 24% 
compared to 58% for the IMRT population. Furthermore, PT showed a significant reduction in the radiation 
dose in all structures; as a result, it only showed a mean of 0.35 grade of between 0–3 grade toxicities. On 
the other hand, IMRT had a range of grade 0–6 toxicities and an average number of 1.15, which is 
significantly higher in grade toxicity and the number of them [48].

In another randomized phase IIB trial carried out by Lin et al. [49], PT and IMRT were compared again 
for locally advanced esophageal cancer. In agreement with the previous trial, a total toxicity burden (TTB) 
was calculated to be 2.3 times higher in the IMRT group than the PT, and similar 3-year PFS rate and OS 
rates were observed in IMRT and PT to be 44.5% vs. 44.5% and 50.8% vs. 51.2%, respectively. Once again, 
a lower toxicity is observed in the proton cohort; however, no increase in survival rate has been observed 
due to the significant difference in toxicity.

Lastly, de González et al. [50] are working on the first large-scale systematic comparison between 
proton and photon therapy in a variety of pediatric cancers that are commonly treated with radiation from 
2007 to 2022. This comparison between the two modalities and the analysis of subsequent cancer risk is an 
effort to shine light on the clinical practice of pediatric patients, but also hopefully transcend beyond the 
pediatric cohort, into the lives of everyone else.

Whether it is glioblastoma or advanced esophageal cancer, cohorts showed a better tolerance toward 
proton therapy, even though the OS rate has consistently shown no significant difference. Such an effect 
might be explained by the mechanisms and pathways each modality affects. And we must combine their 
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fundamentalities with the clinical data explained above to comprehensively assess which therapy would be 
more beneficial to cancer cells, but also to patients themselves.

One of the most significant distinctions between proton and photon therapies is the mechanism 
responsible for proton therapy’s low toxicity—the Bragg peak—which is considered a cornerstone of 
proton therapy. This unique physical characteristic allows particle therapy to precisely deliver calculated 
radiation doses to the tumor while effectively sparing surrounding healthy tissues. The advantage lies in 
proton therapy’s superior ability to preserve normal tissues while providing radiation doses equivalent to, 
or even greater than, those administered by photon therapy. According to Byun et al. [51], charged particle 
beams exhibit a distinct depth-dose distribution as they traverse biological tissues towards cancerous 
lesions; specifically, a steep, localized peak of radiation occurs when particles deposit the majority of their 
energy in the last few millimeters of their path as they decelerate. This delayed yet concentrated energy 
deposition enables protons to effectively target abnormal tissues without prematurely releasing radiation 
energy into healthy structures, thereby maximizing therapeutic efficacy while minimizing toxicity.

In contrast, photons immediately release most of their dose upon their entry and gradually decrease as 
a function of distance. As a result, there will not only be a dampened effect on cancerous tissues, but also 
there is a significantly greater toxicity experienced by healthy tissues [50]. However, after the arrival of 
radiation dosage, both modalities will induce similar biological mechanisms at the cellular level—DNA 
damage and G2/M arrest, inhibition of cell proliferation, and controlled and quantifiable apoptosis [52].

Discussion
The role of inflammation and immune response in RT has become a critical area of investigation, 
particularly as our understanding of tumor microenvironments and immune modulation evolves. This 
review explored the complex interplay between radiation-induced inflammation and immune system 
activation, highlighting how various RT modalities, including 3D-CRT, IMRT, IGRT, SRT, and PBT, influence 
these biological processes. While RT primarily targets tumor cells, its impact on surrounding normal tissues 
and the immune response has gained increasing attention as a key determinant of treatment success and 
therapeutic enhancement.

Notably, radiation-induced inflammation can cause significant damage to cancer patients, further 
compromising their overall health. Among the studies we reviewed, PBT appears to be a less harmful 
treatment option. However, as noted in previous sections, there are ongoing investigations into various 
mitigation strategies, including the use of ambroxol. Its promising effects should be further explored to 
protect the health of cancer patients undergoing RT, potentially improving survival rates.

One of the principal reasons photon RT induces substantial collateral damage lies in its underlying 
dose-distribution mechanism. Photon beams exhibit an exponential dose fall-off with depth, delivering 
substantial energy to all tissues along their path and lacking a comparable mechanism for concentrated 
deposition at a specific depth. In contrast, photon radiation dissipates rapidly upon entering tissue, 
depositing most of its energy in superficial layers; while effective for surface-level tumors, this limits its 
efficacy against deep-seated malignancies, as insufficient energy reaches tumor cells at depth to elicit 
robust cytotoxic or immune-mediated responses (Figure 3A).

Although photon and proton therapies share fundamental biological mechanisms, proton beam depth-
dose modulation enables precise control over penetration: higher-energy protons travel farther through 
tissue with minimal energy loss along their path, conserving dose for maximal deposition at the deep tumor 
site; conversely, lower-energy protons deposit most of their energy more superficially, limiting penetration 
beyond superficial malignancies. This dose-dependent, depth-varying energy release—termed the Bragg 
peak—permits high-precision targeting of tumor volumes while minimizing exposure to both intervening 
and downstream healthy structures. The hallmark Bragg peak of proton beams confers superior dose 
conformity—maximizing tumoricidal effects while sparing surrounding healthy tissue (Figure 3B).

Despite proton therapy’s dosimetric advantages, it has not demonstrated a clear OS benefit, and its 
substantial cost can easily outweigh these subtle clinical gains [53]. A comprehensive analysis by Doyen et 
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Figure 3. Comparative effects of photon and proton radiation on tumor cells and tissue penetration. (A) Photon radiation 
rapidly dissipates energy as it enters tissue, delivering most of the dose to superficial layers regardless of energy level. This 
limits its effectiveness for treating deep-seated tumors, as insufficient energy reaches the tumor site. Additionally, healthy 
tissues along the beam path absorb much of the radiation, increasing the risk of collateral damage. (B) Proton radiation induces 
comparable tumor cell responses—including apoptosis, senescence, and immune signaling—but features a unique physical 
property known as the Bragg peak. By adjusting beam energy, clinicians can concentrate radiation at a specific tissue depth 
with minimal entry and exit dose. This enables greater precision, reduced damage to healthy tissue, and more effective 
treatment of tumors located deeper in the body. Created in BioRender. Sheng, Y. (2025) https://BioRender.com/8vryot1

al. [54] across eleven cancer types—from pancreatic adenocarcinoma to pleural mesothelioma and Hodgkin 
lymphoma to prostate adenocarcinoma—arrived at a similar conclusion: the theoretical benefits of proton 
therapy may not justify its routine use in all patients, yet should be prioritized in younger individuals and 
those with longer expected survival. This is particularly true for conditions such as Hodgkin lymphoma and 
breast cancer, where proton therapy’s reduced cardiac toxicity and lower risk of radiation-induced 
secondary malignancies translate into meaningful improvements in long-term quality of life.

PBT yielded the most favorable clinical outcomes in our review; however, its relative novelty, markedly 
higher costs compared with conventional modalities, and restrictive insurance coverage—evidenced by a 

https://BioRender.com/8vryot1
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63 percent initial denial rate—have limited its availability [55]. Interestingly, the real reason why PBT is so 
costly is due to its astronomical upfront cost; first-generation proton therapy facilities require the 
construction of entirely new buildings with ample space to accommodate large, multi-room machines and 
the substantial concrete shielding necessary for safe operation. Historically, conventional multiroom proton 
therapy facilities—typically equipped with four to five treatment suites—have required capital investments 
ranging from $100 million to $300 million, with annual operational expenditures estimated between $15 
million and $25 million [56]. However, recent technological advancements have significantly illuminated 
the potential to reduce these exorbitant expenses. The shift from multi-room to single-room proton 
machines has dramatically lowered the cost of establishing a new proton center to approximately $30 
million—an order of magnitude less than previous models [57]. Importantly, these compact single-room 
systems maintain high levels of accuracy and reproducibility when compared with conventional multiroom 
technology [58]. Additionally, the reduced physical footprint of compact proton therapy systems facilitates 
their integration into existing cancer centers, eliminating the need for standalone facilities in major 
metropolitan areas. This advancement not only lowers the threshold for patient volume required to sustain 
operations but also creates the potential for implementation in already established rural hospitals, thereby 
expanding access to underserved regions. This can be made increasingly feasible through governmental 
grants or private investment, making proton therapy more financially accessible to patients across diverse 
socioeconomic and geographic backgrounds. These avenues of support should be actively considered as 
part of the strategic development and future direction in the domain of proton therapy.

These promising developments continue to enhance the clinical appeal of proton therapy, positioning it 
as a potential mainstream, cutting-edge cancer treatment. However, emerging research has raised concerns 
regarding the distinct biological effects of proton therapy’s IR, which may diminish its clinical advantages 
over conventional photon RT. A review by Mavragani et al. [59] examined the impact of IR on complex DNA 
damage and reported that protons, particularly at high linear energy transfer (LET) levels (e.g., ~ 10 
keV/μm), not only induce conventional DNA lesions such as single-strand breaks and base lesions but also 
generate clustered, spatiotemporally localized damage involving multiple lesions. These complex DNA 
damages are more difficult to repair, as evidenced by a slower repair rate of double-strand breaks (DSBs) 
induced by high-LET radiation. While proton therapy allows for more precise tumor targeting, its biological 
effects—though spatially confined—are characterized by greater complexity and delayed repair, potentially 
resulting in more severe cellular consequences than the diffuse yet simpler DNA damage typically 
associated with photon therapy.

Nevertheless, a direct comparison between the cumulative but simpler DNA damage from photon 
therapy and the more localized, complex damage from proton therapy is not straightforward, as cellular 
response varies widely by cancer type and individual patient factors. This highlights the need for more 
case-specific evaluations and expanded future research in this area. Notably, studies have shown that 
proton therapy induces a higher frequency of DSBs and micronuclei formation compared to photon therapy 
at equivalent doses (2–12 Gy) [60]. These DSBs initiate a cascade of DNA damage responses, including 
micronuclei formation, which in turn activates innate and adaptive immune pathways [61, 62]. For 
instance, a single 16.4 Gy dose of proton radiation was found to activate type I IFN signaling and enhance 
cytolytic activity via antigen recognition, as demonstrated by Mirjolet et al. [63]. Thus, although the 
complex DNA damage caused by proton therapy may appear detrimental, it also contributes to enhanced 
immune activation, making its biological mechanisms comparable in benefit to those of photon therapy. 
This underscores the difficulty of characterizing proton therapy solely by its DNA damage profile. Despite 
the variability in findings across studies, a consistent theme is the urgent need for further investigation into 
the unique mechanisms of proton-induced DNA damage and their therapeutic implications, particularly in 
relation to immune modulation. Future studies employing advanced analytical tools may offer more 
comprehensive insights into this complex interplay.

Given that proton therapy remains an evolving modality with many of its biological mechanisms and 
long-term clinical benefits still being studied, it is challenging to rely solely on current clinical data to guide 
its implementation. Nevertheless, establishing contemporary parameters for patient selection—grounded 
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in existing evidence and mechanistic insights—can help optimize its judicious use in appropriate 
populations, while also minimizing the risks associated with effects still under investigation and reducing 
the financial burden placed on patients. In other words, patient selection should be guided by a careful 
evaluation of both medical necessity and socioeconomic feasibility. For example, a recent study by 
Nantavithya et al. [64] found that although PBT is substantially more expensive than XRT, it is more 
effective in treating medulloblastoma due to its reduced neurocognitive side effects. The study highlighted 
that the IQ (intelligence quotient) decline associated with XRT can lead to downstream opportunity costs in 
education and employment, particularly in younger patients. Accordingly, the researchers emphasized the 
need for future studies to guide PBT utilization based on patient demographics. Younger patients, who 
stand to gain more from preserved cognitive and functional capacity, may ultimately offset the high 
treatment cost through improved quality of life and long-term productivity.

In contrast, older patients or those with limited life expectancy may derive less benefit from PBT, as 
they are less likely to experience significant opportunity losses in the post-treatment phase. In such cases, 
cost-effective photon therapy may be more appropriate. In addition to age, other important considerations 
include tumor location and biology. Tumors located near critical organs or demonstrating aggressive 
behavior may justify the use of PBT, while more indolent tumors in less sensitive regions may not.

Future research incorporating biomarkers and patient-specific tumor characteristics may further 
refine these decisions. As PBT continues to mature and becomes more financially attainable, research 
should not only explore which tumor types benefit most from this modality, but also which patient 
populations—based on socioeconomic status, age, and life trajectory—stand to gain the most. This 
comprehensive approach would empower clinicians to offer more personalized, evidence-based guidance 
to patients choosing between proton and photon therapies.

Although current research on the benefits of PBT across various cancer types and patient populations 
remains limited—largely due to its evolving technological landscape, high implementation costs, and 
restrictive insurance coverage—its clinical potential is undeniable. By carefully evaluating and selecting 
appropriate patient candidates, the medical community can utilize existing evidence to optimize treatment 
outcomes and help patients regain the highest possible quality of life following diagnosis. Nevertheless, 
significant gaps persist. Ongoing and future research is essential to better define the clinical, biological, and 
socioeconomic contexts in which PBT offers the greatest value. Following the future directions outlined in 
this review may serve as a useful guide for researchers and policymakers aiming to expand and refine the 
role of PBT in modern oncology.

Limitations
During our research, we encountered considerable difficulty in standardizing search results and comparing 
different RT modalities. Each RT approach offers distinct advantages depending on tissue type, cancer 
staging, and clinical context, making direct comparisons inherently complex. Furthermore, the limited 
number of studies involving human subjects significantly restricts the generalizability of current findings. 
Ethical constraints make it nearly impossible to conduct controlled trials in which patients with identical 
cancer types and stages receive different RT modalities, and even among such patients, individual 
variability—such as genetic differences—can lead to markedly divergent responses to therapy. Although 
some insights were gleaned from available clinical trials, these studies remain relatively scarce.

Another important limitation lies in the heterogeneity of study designs and outcome measures. Some 
studies focused on inflammatory biomarkers, while others prioritized endpoints such as OS or organ-
specific toxicity, making it difficult to draw consistent conclusions regarding the immunologic impact of 
different modalities. Nevertheless, we have attempted to synthesize these disparate findings to offer a more 
unified understanding of the immunoinflammatory landscape of concurrent RT.

Additionally, potential publication bias must be acknowledged, as studies reporting positive or novel 
findings are more likely to be published. A further limitation is the frequent absence of long-term follow-up 
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data, which is critical for assessing chronic inflammatory responses and delayed adverse effects. Lastly, the 
reliance on preclinical models—while necessary due to practical and ethical constraints—limits the 
applicability of some results to human physiology, particularly in the case of PBT, which remains under 
active clinical development. These challenges underscore the urgent need for more standardized, 
longitudinal, and patient-centered research, despite the considerable logistical and ethical barriers 
involved.

Conclusions
This study highlights the evolving landscape of RT and the importance of understanding the immune 
system’s role in shaping patient outcomes. Our comparison of various modalities—particularly focusing on 
the inflammatory responses induced by conventional photon-based therapies versus PBT—demonstrates 
that radiation’s impact extends beyond direct cytotoxicity and involves complex immunological 
mechanisms.

While acute inflammation may enhance tumor eradication, sustained or dysregulated inflammatory 
responses can exacerbate tissue damage and compromise patient recovery. Thus, tailoring radiotherapy to 
strike a balance between efficacy and toxicity is crucial.

This study has three important implications for future research. First, understanding the immune 
system’s role in radiation-induced responses is crucial for optimizing therapeutic strategies. Second, while 
early and acute inflammation triggered by radiation can support the eradication of cancer, prolonged 
inflammation can lead to further patient injury, underscoring the need for a balance in treatment protocols. 
Third, PBT holds the potential to revolutionize RT in a way similar to how conventional RT did over 
130 years ago, marking the beginning of a new era in cancer treatment.

Overall, advancing our understanding of the immunological landscape shaped by radiation modalities 
may open new doors for synergistic treatment approaches, such as combining immunotherapy with PBT, 
ultimately enhancing long-term outcomes for cancer patients.
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Demaria O, Cornen S, Daëron M, Morel Y, Medzhitov R, Vivier E. Harnessing innate immunity in cancer 
therapy. Nature. 2019;574:45–56. Erratum in: Nature. 2019;576:E3.  [DOI] [PubMed]

19.     

Wu CT, Chen MF, Chen WC, Hsieh CC. The role of IL-6 in the radiation response of prostate cancer. 
Radiat Oncol. 2013;8:159. [DOI] [PubMed] [PMC]

20.     

Culig Z, Puhr M. Interleukin-6: a multifunctional targetable cytokine in human prostate cancer. Mol 
Cell Endocrinol. 2012;360:52–8. [DOI] [PubMed] [PMC]

21.     

Wen Y, Zhu Y, Zhang C, Yang X, Gao Y, Li M, et al. Chronic inflammation, cancer development and 
immunotherapy. Front Pharmacol. 2022;13:1040163. [DOI] [PubMed] [PMC]

22.     

Greten FR, Grivennikov SI. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. 
Immunity. 2019;51:27–41. [DOI] [PubMed] [PMC]

23.     

Browning L, Patel MR, Horvath EB, Tawara K, Jorcyk CL. IL-6 and ovarian cancer: inflammatory 
cytokines in promotion of metastasis. Cancer Manag Res. 2018;10:6685–93. [DOI] [PubMed] [PMC]

24.     

Theoharides TC. Mast cells and pancreatic cancer. N Engl J Med. 2008;358:1860–1. [DOI] [PubMed]25.     
Zhang C, Liang Z, Ma S, Liu X. Radiotherapy and Cytokine Storm: Risk and Mechanism. Front Oncol. 
2021;11:670464. [DOI] [PubMed] [PMC]

26.     

Schaue D, Micewicz ED, Ratikan JA, Xie MW, Cheng G, McBride WH. Radiation and inflammation. 
Semin Radiat Oncol. 2015;25:4–10. [DOI] [PubMed] [PMC]

27.     

Molla M, Panes J. Radiation-induced intestinal inflammation. World J Gastroenterol. 2007;13:3043–6. 
[DOI] [PubMed] [PMC]

28.     

Liu Q, Huang Y, Duan M, Yang Q, Ren B, Tang F. Microglia as Therapeutic Target for Radiation-Induced 
Brain Injury. Int J Mol Sci. 2022;23:8286. [DOI] [PubMed] [PMC]

29.     

Haruwaka K, Ikegami A, Tachibana Y, Ohno N, Konishi H, Hashimoto A, et al. Dual microglia effects on 
blood brain barrier permeability induced by systemic inflammation. Nat Commun. 2019;10:5816. 
[DOI] [PubMed] [PMC]

30.     

Pereira Dias G, Hollywood R, Bevilaqua MC, da Luz AC, Hindges R, Nardi AE, et al. Consequences of 
cancer treatments on adult hippocampal neurogenesis: implications for cognitive function and 
depressive symptoms. Neuro Oncol. 2014;16:476–92. [DOI] [PubMed] [PMC]

31.     

Pazzaglia S, Briganti G, Mancuso M, Saran A. Neurocognitive Decline Following Radiotherapy: 
Mechanisms and Therapeutic Implications. Cancers (Basel). 2020;12:146. [DOI] [PubMed] [PMC]

32.     

Wei J, Meng L, Hou X, Qu C, Wang B, Xin Y, et al. Radiation-induced skin reactions: mechanism and 
treatment. Cancer Manag Res. 2018;11:167–77. [DOI] [PubMed] [PMC]

33.     

Rübe CE, Freyter BM, Tewary G, Roemer K, Hecht M, Rübe C. Radiation Dermatitis: Radiation-Induced 
Effects on the Structural and Immunological Barrier Function of the Epidermis. Int J Mol Sci. 2024;25:
3320. [DOI] [PubMed] [PMC]

34.     

Liao W, Hei TK, Cheng SK. Radiation-Induced Dermatitis is Mediated by IL17-Expressing γδ T Cells. 
Radiat Res. 2017;187:454–64. [DOI] [PubMed] [PMC]

35.     

https://dx.doi.org/10.1158/1078-0432.CCR-08-2584
http://www.ncbi.nlm.nih.gov/pubmed/19706826
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2884979
https://dx.doi.org/10.1016/j.ijrobp.2024.07.619
https://dx.doi.org/10.1002/cam4.2651
http://www.ncbi.nlm.nih.gov/pubmed/31663296
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6912035
https://dx.doi.org/10.3389/fimmu.2021.705361
http://www.ncbi.nlm.nih.gov/pubmed/34489957
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8417736
https://dx.doi.org/10.1038/s41586-019-1593-5
http://www.ncbi.nlm.nih.gov/pubmed/31578484
https://dx.doi.org/10.1186/1748-717X-8-159
http://www.ncbi.nlm.nih.gov/pubmed/23806095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3717100
https://dx.doi.org/10.1016/j.mce.2011.05.033
http://www.ncbi.nlm.nih.gov/pubmed/21664423
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3409376
https://dx.doi.org/10.3389/fphar.2022.1040163
http://www.ncbi.nlm.nih.gov/pubmed/36313280
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9614255
https://dx.doi.org/10.1016/j.immuni.2019.06.025
http://www.ncbi.nlm.nih.gov/pubmed/31315034
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6831096
https://dx.doi.org/10.2147/CMAR.S179189
http://www.ncbi.nlm.nih.gov/pubmed/30584363
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6287645
https://dx.doi.org/10.1056/NEJMcibr0801519
http://www.ncbi.nlm.nih.gov/pubmed/18434656
https://dx.doi.org/10.3389/fonc.2021.670464
http://www.ncbi.nlm.nih.gov/pubmed/34094967
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8173139
https://dx.doi.org/10.1016/j.semradonc.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25481260
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4378687
https://dx.doi.org/10.3748/wjg.v13.i22.3043
http://www.ncbi.nlm.nih.gov/pubmed/17589918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172609
https://dx.doi.org/10.3390/ijms23158286
http://www.ncbi.nlm.nih.gov/pubmed/35955439
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9368164
https://dx.doi.org/10.1038/s41467-019-13812-z
http://www.ncbi.nlm.nih.gov/pubmed/31862977
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6925219
https://dx.doi.org/10.1093/neuonc/not321
http://www.ncbi.nlm.nih.gov/pubmed/24470543
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3956361
https://dx.doi.org/10.3390/cancers12010146
http://www.ncbi.nlm.nih.gov/pubmed/31936195
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7017115
https://dx.doi.org/10.2147/CMAR.S188655
http://www.ncbi.nlm.nih.gov/pubmed/30613164
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6306060
https://dx.doi.org/10.3390/ijms25063320
http://www.ncbi.nlm.nih.gov/pubmed/38542294
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10970573
https://dx.doi.org/10.1667/RR007CC.1
http://www.ncbi.nlm.nih.gov/pubmed/28406748
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5524538


Explor Target Antitumor Ther. 2025;6:1002334 | https://doi.org/10.37349/etat.2025.1002334 Page 18

Ni J, Guo T, Zhou Y, Jiang S, Zhang L, Zhu Z. STING signaling activation modulates macrophage 
polarization via CCL2 in radiation-induced lung injury. J Transl Med. 2023;21:590. [DOI] [PubMed] 
[PMC]

36.     

Van’t Land FR, Aziz MH, Michiels N, Mieog JSD, Bonsing BA, Luelmo SAC, et al. Increasing Systemic 
Immune-inflammation Index During Treatment in Patients With Advanced Pancreatic Cancer is 
Associated With Poor Survival: A Retrospective, Multicenter, Cohort Study. Ann Surg. 2023;278:
1018–23. [DOI] [PubMed] [PMC]

37.     

Li J, Liu M, Sun P, Zhao W, Song M, Liu Y. Three-Dimensional Conformal Radiotherapy Combined with 
Gemcitabine and Docetaxel in the Treatment of Advanced Bladder Cancer and Its Effects on 
Inflammatory Factors and Immune Function. J Oncol. 2022;2022:9347218. [DOI] [PubMed] [PMC]

38.     

Chun SG, Hu C, Choy H, Komaki RU, Timmerman RD, Schild SE, et al. Impact of Intensity-Modulated 
Radiation Therapy Technique for Locally Advanced Non-Small-Cell Lung Cancer: A Secondary 
Analysis of the NRG Oncology RTOG 0617 Randomized Clinical Trial. J Clin Oncol. 2017;35:56–62. 
[DOI] [PubMed] [PMC]

39.     

Wang S, Tang W, Luo H, Peng H, Jin F, He H, et al. The Impact of Image Guided Radiation Therapy 
(IGRT) on Efficacy and Toxicity of Prostate Cancer: A Systematic Review and Meta-Analysis. Int J 
Radiat Oncol Biol Phys. 2022;114:e562–3. [DOI]

40.     

Li Y, Dykstra M, Best TD, Pursley J, Chopra N, Keane FK, et al. Differential inflammatory response 
dynamics in normal lung following stereotactic body radiation therapy with protons versus photons. 
Radiother Oncol. 2019;136:169–75. [DOI] [PubMed] [PMC]

41.     

Davuluri R, Jiang W, Fang P, Xu C, Komaki R, Gomez DR, et al. Lymphocyte Nadir and Esophageal 
Cancer Survival Outcomes After Chemoradiation Therapy. Int J Radiat Oncol Biol Phys. 2017;99:
128–35. [DOI] [PubMed]

42.     

Montay-Gruel P, Meziani L, Yakkala C, Vozenin M. Expanding the therapeutic index of radiation 
therapy by normal tissue protection. Br J Radiol. 2019;92:20180008. [DOI] [PubMed] [PMC]

43.     

Wang X, Wei L, Cramer JM, Leibowitz BJ, Judge C, Epperly M, et al. Pharmacologically blocking p53-
dependent apoptosis protects intestinal stem cells and mice from radiation. Sci Rep. 2015;5:8566. 
[DOI] [PubMed] [PMC]

44.     

Mahmood J, Jelveh S, Calveley V, Zaidi A, Doctrow SR, Hill RP. Mitigation of lung injury after accidental 
exposure to radiation. Radiat Res. 2011;176:770–80. [DOI] [PubMed] [PMC]

45.     

Xia D, Xi L, Xv C, Mao W, Shen W, Shu Z, et al. The protective effects of ambroxol on radiation lung 
injury and influence on production of transforming growth factor beta1 and tumor necrosis factor 
alpha. Med Oncol. 2010;27:697–701. [DOI] [PubMed]

46.     

Baumann BC, Mitra N, Harton JG, Xiao Y, Wojcieszynski AP, Gabriel PE, et al. Comparative 
Effectiveness of Proton vs Photon Therapy as Part of Concurrent Chemoradiotherapy for Locally 
Advanced Cancer. JAMA Oncol. 2020;6:237–46. [DOI] [PubMed] [PMC]

47.     

Brown PD, Chung C, Liu DD, McAvoy S, Grosshans D, Feghali KA, et al. A prospective phase II 
randomized trial of proton radiotherapy vs intensity-modulated radiotherapy for patients with newly 
diagnosed glioblastoma. Neuro Oncol. 2021;23:1337–47. [DOI] [PubMed] [PMC]

48.     

Lin SH, Hobbs BP, Verma V, Tidwell RS, Smith GL, Lei X, et al. Randomized Phase IIB Trial of Proton 
Beam Therapy Versus Intensity-Modulated Radiation Therapy for Locally Advanced Esophageal 
Cancer. J Clin Oncol. 2020;38:1569–79. [DOI] [PubMed] [PMC]

49.     

de González AB, Gibson TM, Lee C, Albert PS, Griffin KT, Kitahara CM, et al. The Pediatric Proton and 
Photon Therapy Comparison Cohort: Study Design for a Multicenter Retrospective Cohort to 
Investigate Subsequent Cancers After Pediatric Radiation Therapy. Adv Radiat Oncol. 2023;8:101273. 
[DOI] [PubMed] [PMC]

50.     

Byun HK, Han MC, Yang K, Kim JS, Yoo GS, Koom WS, et al. Physical and Biological Characteristics of 
Particle Therapy for Oncologists. Cancer Res Treat. 2021;53:611–20. [DOI] [PubMed] [PMC]

51.     

https://dx.doi.org/10.1186/s12967-023-04446-3
http://www.ncbi.nlm.nih.gov/pubmed/37667317
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10476398
https://dx.doi.org/10.1097/SLA.0000000000005865
http://www.ncbi.nlm.nih.gov/pubmed/37010512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10631500
https://dx.doi.org/10.1155/2022/9347218
http://www.ncbi.nlm.nih.gov/pubmed/35466316
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9023190
https://dx.doi.org/10.1200/JCO.2016.69.1378
http://www.ncbi.nlm.nih.gov/pubmed/28034064
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5455690
https://dx.doi.org/10.1016/j.ijrobp.2022.07.2206
https://dx.doi.org/10.1016/j.radonc.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31015121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6592748
https://dx.doi.org/10.1016/j.ijrobp.2017.05.037
http://www.ncbi.nlm.nih.gov/pubmed/28816138
https://dx.doi.org/10.1259/bjr.20180008
http://www.ncbi.nlm.nih.gov/pubmed/29694234
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6435054
https://dx.doi.org/10.1038/srep08566
http://www.ncbi.nlm.nih.gov/pubmed/25858503
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4392360
https://dx.doi.org/10.1667/rr2562.1
http://www.ncbi.nlm.nih.gov/pubmed/22013884
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3252890
https://dx.doi.org/10.1007/s12032-009-9271-3
http://www.ncbi.nlm.nih.gov/pubmed/19636975
https://dx.doi.org/10.1001/jamaoncol.2019.4889
http://www.ncbi.nlm.nih.gov/pubmed/31876914
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6990870
https://dx.doi.org/10.1093/neuonc/noab040
http://www.ncbi.nlm.nih.gov/pubmed/33647972
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8328012
https://dx.doi.org/10.1200/JCO.19.02503
http://www.ncbi.nlm.nih.gov/pubmed/32160096
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7213588
https://dx.doi.org/10.1016/j.adro.2023.101273
http://www.ncbi.nlm.nih.gov/pubmed/38047226
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10692298
https://dx.doi.org/10.4143/crt.2021.066
http://www.ncbi.nlm.nih.gov/pubmed/34139805
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8291193


Explor Target Antitumor Ther. 2025;6:1002334 | https://doi.org/10.37349/etat.2025.1002334 Page 19

Keam S, MacKinnon KM, D’Alonzo RA, Gill S, Ebert MA, Nowak AK, et al. Effects of Photon Radiation on 
DNA Damage, Cell Proliferation, Cell Survival, and Apoptosis of Murine and Human Mesothelioma Cell 
Lines. Adv Radiat Oncol. 2022;7:101013. [DOI] [PubMed] [PMC]

52.     

Aldenhoven L, Ramaekers B, Degens J, Oberije C, van Loon J, Dingemans AC, et al. Cost-effectiveness of 
proton radiotherapy versus photon radiotherapy for non-small cell lung cancer patients: Exploring 
the model-based approach. Radiother Oncol. 2023;183:109417. [DOI] [PubMed]

53.     

Doyen J, Falk AT, Floquet V, Hérault J, Hannoun-Lévi J. Proton beams in cancer treatments: Clinical 
outcomes and dosimetric comparisons with photon therapy. Cancer Treat Rev. 2016;43:104–12. 
[DOI] [PubMed]

54.     

Gupta A, Khan AJ, Goyal S, Millevoi R, Elsebai N, Jabbour SK, et al. Insurance Approval for Proton Beam 
Therapy and its Impact on Delays in Treatment. Int J Radiat Oncol Biol Phys. 2019;104:714–23. [DOI] 
[PubMed] [PMC]

55.     

LaRiviere MJ, Santos PMG, Hill-Kayser CE, Metz JM. Proton Therapy. Hematol Oncol Clin North Am. 
2019;33:989–1009. [DOI] [PubMed]

56.     

Mohan R. A Review of Proton Therapy - Current Status and Future Directions. Precis Radiat Oncol. 
2022;6:164–76. [DOI] [PubMed] [PMC]

57.     

Feldman J, Pryanichnikov A, Achkienasi A, Polyansky I, Hillman Y, Raskin S, et al. Commissioning of a 
novel gantry-less proton therapy system. Front Oncol. 2024;14:1417393. [DOI] [PubMed] [PMC]

58.     

Mavragani IV, Nikitaki Z, Kalospyros SA, Georgakilas AG. Ionizing Radiation and Complex DNA 
Damage: From Prediction to Detection Challenges and Biological Significance. Cancers (Basel). 2019;
11:1789. [DOI] [PubMed] [PMC]

59.     

Green LM, Murray DK, Bant AM, Kazarians G, Moyers MF, Nelson GA, et al. Response of thyroid 
follicular cells to gamma irradiation compared to proton irradiation. I. Initial characterization of DNA 
damage, micronucleus formation, apoptosis, cell survival, and cell cycle phase redistribution. Radiat 
Res. 2001;155:32–42. [DOI] [PubMed]

60.     

MacDonald KM, Benguerfi S, Harding SM. Alerting the immune system to DNA damage: micronuclei as 
mediators. Essays Biochem. 2020;64:753–64. [DOI] [PubMed] [PMC]

61.     

Gajewski TF, Schreiber H, Fu Y. Innate and adaptive immune cells in the tumor microenvironment. Nat 
Immunol. 2013;14:1014–22. [DOI] [PubMed] [PMC]

62.     

Mirjolet C, Nicol A, Limagne E, Mura C, Richard C, Morgand V, et al. Impact of proton therapy on 
antitumor immune response. Sci Rep. 2021;11:13444. [DOI] [PubMed] [PMC]

63.     

Nantavithya C, Prayongrat A, Laohavinij W, Techavichit P, Srilanchakon K, Utoomprurkporn N, et al. 
Cost-Effectiveness of Proton Versus Photon Therapy for Medulloblastoma Using Updated Clinical 
Outcomes. Int J Part Ther. 2025;17:100754. [DOI] [PubMed] [PMC]

64.     

https://dx.doi.org/10.1016/j.adro.2022.101013
http://www.ncbi.nlm.nih.gov/pubmed/36420194
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9677206
https://dx.doi.org/10.1016/j.radonc.2022.11.006
http://www.ncbi.nlm.nih.gov/pubmed/36375562
https://dx.doi.org/10.1016/j.ctrv.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26827698
https://dx.doi.org/10.1016/j.ijrobp.2018.12.021
http://www.ncbi.nlm.nih.gov/pubmed/30557673
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10915745
https://dx.doi.org/10.1016/j.hoc.2019.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31668216
https://dx.doi.org/10.1002/pro6.1149
http://www.ncbi.nlm.nih.gov/pubmed/36160180
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9499036
https://dx.doi.org/10.3389/fonc.2024.1417393
http://www.ncbi.nlm.nih.gov/pubmed/39575421
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11578985
https://dx.doi.org/10.3390/cancers11111789
http://www.ncbi.nlm.nih.gov/pubmed/31739493
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6895987
https://dx.doi.org/10.1667/0033-7587(2001)155[0032:rotfct]2.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/11121213
https://dx.doi.org/10.1042/EBC20200016
http://www.ncbi.nlm.nih.gov/pubmed/32844183
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7588664
https://dx.doi.org/10.1038/ni.2703
http://www.ncbi.nlm.nih.gov/pubmed/24048123
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4118725
https://dx.doi.org/10.1038/s41598-021-92942-1
http://www.ncbi.nlm.nih.gov/pubmed/34188135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8241828
https://dx.doi.org/10.1016/j.ijpt.2025.100754
http://www.ncbi.nlm.nih.gov/pubmed/40678409
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12269849

	Abstract
	Keywords
	Introduction
	Radiation-induced inflammation and toxicity
	Mechanisms of radiation-induced inflammation
	Biomarkers of inflammatory toxicity
	Acute versus chronic inflammatory toxicities
	Organ-specific inflammatory responses
	Comparative analysis of inflammatory responses across radiation therapy modalities
	Mitigation and management strategies
	Impact on quality of life and survivorship

	Discussion
	Limitations
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

