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Abstract  

Radiotherapy (RT) is a highly effective anti-cancer treatment that is delivered to over half 

of all cancer patients. In addition to the well documented direct cytotoxic effects, RT can 

induce immunomodulatory effects to the tumour and surrounding tissues. These effects are 

thought to underlie the so-called ‘abscopal responses’, where RT generates systemic anti-

tumour immunity outside of the irradiated tumour. In addition, RT may also result in an 

inflammatory immune response in the normal tissues surrounding the tumour. The full scope 

of these immune changes remains unclear but is likely to involve multiple tissue components 

and immune mediators. These include immune cells, the extracellular matrix, endothelial and 

epithelial cells and a myriad of chemokines and cytokines, including TGFβ, which is known to 

play a key role. In normal tissues exposed to RT during cancer therapy, acute immune changes 

may ultimately lead to chronic inflammation and RT-induced toxicity and organ dysfunction, 

which limits the quality of life of cancer survivors. Here, we discuss the emerging 

understanding of RT-induced immune effects with a particular focus on the lung and gut and 

the potential immune cross-talk that occurs between these tissues.  

  



3	

Introduction 

Radiotherapy (RT) is an important component of anti-cancer management and is delivered 

to around 50-60% of all cancer patients, with 40% of those cured of cancer having received 

RT. In the last century the focus was on the direct cytotoxic effects of RT on cancer cells to 

induce irreparable DNA damage. More recently the immunomodulatory effects of RT on both 

the tumour microenvironment (TME) as well as on the surrounding normal tissue are 

increasingly recognised1–3. The effects of RT on the immune system within the irradiated 

tumour can be either immunostimulatory or immunosuppressive, which is likely to be 

influenced by the immune contexture and dose and fractionation of RT4. Local RT may also 

promote systemic anti-tumour immunity, so-called ‘abscopal responses’, leading to the 

control of secondary metastases5. However, in the clinic such systemic responses are rare6, 

presumably secondary to the dominant immunosuppressive TME or insufficient escalation of 

anti-tumour responses. In addition to the RT-induced tumour effects, local RT may also lead 

to acute and late toxicity in surrounding normal tissue, that may also extend to distal sites 

outside of the irradiated field7–9. Given the recent major breakthrough of the immune 

checkpoint inhibitors, with anti-CTLA-4 and anti-PD-1/PD-L1 monoclonal antibodies (mAb) 

leading to durable remissions in some incurable cancers10, there has been intense recent 

interest in trying to further increase the immunostimulatory effects of RT in combination with 

immune checkpoint blockade or other immunomodulating agents, and to promote enhanced 

systemic immunity to secondary tumours4,11–13.  

The ability of RT to result in local tumour control is well established and integrated into 

routine management of many cancer types. However, despite recent technological advances 

in delivery7,14 that minimise exposure of surrounding healthy normal tissues, RT-induced 

normal tissue toxicity remains a major limitation to improving overall cancer outcomes and a 

significant cause of decreased quality of life of cancer survivors6,8. To date, RT-induced 

immunological responses underlying the acute and late-stage toxicity in normal tissue are 

poorly understood. In this Review, we will focus on RT-induced immune changes within 

tumours and the surrounding normal tissue. We will specifically discuss the RT-induced 

immunological effects in healthy gut and lung tissue, given that these mucosal barrier sites 

are the most commonly exposed normal tissues for thoracic, abdominal and pelvic cancers 

treated with RT, resulting in frequent and disabling acute and late toxicity7,9,15–17.  
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Immunomodulatory effects of radiotherapy 

RT can cause numerous changes to the tissue environment, including induction of cell 

death, alterations in cellular metabolism and local tissue damage to which inflammatory 

responses are rapidly escalated. These effects can be directly induced by RT, or indirectly 

mediated by the immune system which detect the release of alarmins and damage-associated 

molecular patterns (DAMPs) upon RT-mediated cell death18,19. Such inflammatory responses 

to irradiation have some similarities to those normally mounted in the presence of a pathogen 

but in contrast lead to the induction of sterile inflammation20. 

Thus, following RT-induced cell death, cells release their DNA and RNA which can be 

sensed by immune cells via a multitude of nucleic acid recognition molecules and pathways21. 

Of these, the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) 

pathway, which leads to activation of interferon (IFN) responses is considered of key 

importance to the propagation of RT-induced immune responses leading to tumour 

control5,22. RT also leads to the generation of reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) that are able to attract and activate immune effector cells of the innate 

immune system. These include neutrophils and natural killer (NK) cells, that are triggered to 

mount phagocytic and cytotoxic responses23–25, clearing tissue debris and damaged cells and 

preparing for potential further insult. Additionally, cells in the process of RT-induced cell 

death can upregulate a spectrum of DAMPs26 that recruit and enhance dendritic cell (DC)23 

activation and antigen processing, which can promote activation of both CD4+ and CD8+ T cell 

responses. RT is known to also activate monocytes and tissue macrophages which can be 

polarised to either M1-like or M2-like macrophage phenotypes18,27,28. 

Moreover, RT-induced effects on the immune system can be propagated via a plethora of 

cytokines that have been reported to accumulate in irradiated tissues29–32. Such cytokines 

include interferon gamma (IFNγ), interleukin (IL)-1β, IL-3, IL-4, IL-6, tumour necrosis factor 

(TNF) and transforming growth factor beta (TGFβ). Furthermore, increased levels of the 

chemokine ligands CCL2, CCL3, CCL5, CXCL9, CXCL10, and CXCL16 have also been reported in 

a range of tissues after RT33–36. The specific RT-related function of these inflammatory 

mediators is increasingly realised to be tissue-dependent, with contributions from other 

components of the tissue and cancer cells2,29,30,37,38.  
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The initial effects of RT on the immune system are in part dictated by the apparent 

differential cytotoxic effect on immune effector cells, with lymphocytes known to be more 

sensitive to RT-induced cell death than myeloid cell subsets39. RT-induced DNA damage in 

highly proliferating cells may underlie the higher radiosensitivity of circulating lymphocytes, 

with RT inducing lymphocyte apoptosis during the interphase40. Within the lymphocyte 

population, B cells were found to be the most sensitive to RT-induced death, while T cell 

subsets display a spectrum of sensitivity that appears to be correlated with the efficiency of 

DNA repair mechanisms or their activation status41. Resting T cells were relatively 

radiosensitive, with T cells stimulated with anti-CD3/anti-CD28 showing more resistance to 

RT compared with unstimulated and non-proliferating T cells41. This relative protection from 

RT in activated T cells was associated with reduced expression and less phosphorylation of 

ataxia–telangiectasia mutated (ATM) kinase41. Therefore, ATM and its targets were 

considered to be key in promoting responses to ionizing radiation as the major DNA damage 

response activated by double-stranded DNA (dsDNA) breaks41. Interestingly, patients with 

increased ATM expression may have altered radiosensitivity7.  

The pattern of RT sensitivity within T cell subsets has been investigated in multiple 

experimental and irradiation settings39 with a degree of conflicting results. Some studies 

report that memory T cells and T cells within the tumour or associated tissue are able to 

withstand more irradiation than naïve and circulating T cells42,43. Overall, CD4+ T cells are 

considered more radioresistant than CD8+ T cells, with regulatory T cells (Treg) even more 

resistant to RT39,43,44. While this enhanced resistance is associated with better DNA and 

oxidative repair mechanisms, the levels of certain immune mediators and cytokines such as 

TGFβ have also been shown to contribute to the radioresistance of tumour-infiltrating T 

cells42.  

Myeloid-derived cells such as monocytes and DCs are relatively more radioresistant than 

lymphocytes and NK cells, with macrophages and granulocytes showing even higher levels of 

resistance to radiation-induced death39,45,46. This enhanced radioresistance is likely due to 

myeloid cells not actively proliferating to the same extent as lymphocytes, and thus are less 

prone to RT-induced apoptosis. Interestingly, within the macrophage population, M2-like 

macrophages were found to be more resistant to RT than M1-like macrophages in an in vitro 
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assay47, potentially contributing to the observed accumulation of M2-like macrophages within 

irradiated tumours and normal tissues following RT27,28,37.  

Interestingly, differences in the radiosensitivity of human immune cells are observed 

between individuals, with sex- and age-related differences reported39. These differences in 

radiosensitivity are likely to be driven by additional mechanisms well beyond proliferative 

capacity and is an important and underexplored research area requiring further investigation. 

Thus, RT can have a variety of effects on immune cell populations, both directly and indirectly 

via changes to the tissue microenvironment. Differential sensitivity of immune cells to RT 

raises the possibility that certain subsets will be preferentially ablated following treatment. 

Given that lymphocytes are highly sensitive, it is possible that RT may lead to depletion of 

tumour-specific T cells and that the extent to which this occurs may be influenced by the dose 

and particularly number of fractions delivered over time. It is therefore possible that RT may 

bias the immune contexture towards more resistant populations, which are generally 

considered to be immunosuppressive37. However, there is likely a balance here between 

direct cytotoxic effects and the immunostimulatory effects of RT that drive T cell priming and 

activation. It is clear from preclinical models that RT can enhance T cell expansion within the 

TME42, although the RT fractionation regimen employed may be key, as most reports use 

single or a small number of fractions of RT. Understanding the impact and mechanistic basis 

of RT on the immune repertoire is important in enhancing future therapies aimed to stimulate 

immune responses in combination with RT.  

Immunological effects of RT on tumours 

RT has been shown to upregulate several cell surface molecules on tumour cells including 

MHC-I3, CD80, CD8623, the apoptosis-inducing death receptor FAS (also known as CD95), 

several NK group 2D (NKG2D) ligands and the intercellular adhesion molecule ICAM148. 

Upregulation of these molecules can enhance recognition of cancer cells by immune cells and 

promote more effective activation of anti-tumour immune responses. The release of dsDNA 

from dying irradiated tumour cells, activation of the cGAS–STING pathway and type I IFN 

production by tumour cells and DCs appears key in propagation of effective RT-induced anti-

tumour responses22. STING-dependent IFNβ production was associated with better 

recruitment of DCs and more efficient cross-priming of tumour antigens to CD8+ T cells in 
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irradiated tumours, which was also critical for better protection from distal metastases5,22. 

Thus, dsDNA is a key DAMP that enhances RT-induced immunogenic cell death5,22.  

Following RT-induced cellular stress and ROS release, several other DAMPs ― including 

ATP, high mobility group box 1 (HMGB1) and calreticulin (CRT) — are released by many 

tumour cells49–51. Via receptor-mediated interaction, these DAMPs accentuate more efficient 

immunogenic cell death following RT: ATP–P2X7 purinergic receptor (P2X7R) signalling 

enhanced immune cells recruitment, CRT–CD91 interaction enhanced phagocytosis and 

HMGB1–TLR4 signalling led to better processing and presentation of tumour antigens by 

DCs52,53. Additionally, RT may potentially liberate novel tumour-specific antigens (resulting 

from the high mutation rate in cancer cells) and thus enhance non-self-recognition by T 

cells3,54.  

The RT-induced immunomodulatory changes on tumour cells, together with the RT-

induced activation of immune cells and effects on other cellular and non-cellular tissue 

components, contribute to the production of pro-inflammatory cytokines and chemokine 

homing signals that enhance influx of effector immune cells into the TME, promoting anti-

tumour responses12,23,37,50. Increased levels of DC-derived IL-1β were linked to the release of 

ATP from dying tumour cells, which acted on P2X7Rs expressed by DCs and stimulated the 

NLRP3-dependent inflammasome53. Resultant IL-1β secretion enhanced CCL2 production, 

and increased CCR2+ monocyte and T cell recruitment33,55, promoting the further 

development of a pro-inflammatory microenvironment via production of TNF and IFNγ37. 

These pro-inflammatory cytokines have been reported to persist in irradiated tissues and in 

the blood of cancer patients even several weeks after RT32,37. However, efficient infiltration 

of effector immune cells into tumours might be hindered by the aberrant tumour vasculature 

and hypoxic regions that are known to exist within the TME of many solid tumours and 

promote an immunosuppressive environment37,56. Due to the immunostimulatory effects of 

RT on the surrounding tissues and vasculature2, low doses of RT may promote gradual re-

oxygenation of tumours and thus enhance influx of anti-tumour immune effector cells57.  

In contrast to these immunostimulatory effects, RT can also result in immunosuppressive 

consequences as outlined earlier, thought to dependent on the immune contexture and RT 

dose and fractionation4 (Box 1). RT and associated ROS can enhance generation and activation 

of TGFβ from multiple immune cells, tissue components and TME-associated cells58. In turn, 
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TGFβ can enhance polarisation of macrophages to an M2-like and tumour-associated 

macrophage phenotype27, that is associated with the secretion of anti-inflammatory and pro-

fibrogenic cytokines. Enhanced polarisation of Treg cells, differentiation of cancer-associated 

fibroblasts (CAFs) and recruitment of tumour-associated myeloid-derived suppressor cells 

(MDSCs) can also be driven by TGFβ32,59–61. Additionally, recruitment of CCR2+Ly6Chi MDSCs 

into irradiated tumours was dependent on RT-induced STING–IFN I pathway activation62. 

CAFs promote recruitment and survival of more Treg cells by secreting CXCL12, and their 

retention in the TME via OX40L and PD-L2 binding60.  

Some of these immunosuppressive effects are driven by the tumour-associated suppressor 

cells and RT may accelerate further expansion of these populations37,60. Furthermore, the 

enhanced radiosensitivity of immune effector cell populations versus cancer and cancer-

associated cells may also contribute to an immunosuppressive environment44. Moreover, 

tumour cells can also evade immune detection through the upregulation of immune 

checkpoint receptors (for example PD-L1 and CTLA-4) and RT can enhance the expression of 

immune checkpoint receptors on both cancer and immune cells25,63.  

In summary, RT may induce an immunostimulatory environment potentially enhancing 

tumour control but may also enhance the recruitment and phenotypic change of 

immunosuppressive cells within the TME that abrogate effective anti-tumour immune 

responses. The underlying factors that dictate the overall immunological consequences of RT 

are likely to be multifactorial and tumour-dependent (e.g. tumour mutational burden), organ-

dependent (e.g. skin, gut versus breast, prostate), and RT delivery-dependent (e.g. dose per 

fraction, total dose, time between fractions and overall treatment time).  

Acute immunological effects of RT on normal tissue 

Whilst the immunomodulatory effects of RT on the TME appear important for tumour 

control, the effects on the surrounding normal tissues are also critical and are frequently dose 

limiting for RT, leading to both acute and late side effects.  

Several components of the TME and surrounding normal healthy tissue included in the RT 

clinical target volume (CTV) may contribute to the observed elevation in inflammatory 

signalling following RT, including changes to the vascular and epithelial cells (Box 2). 

Alterations in chemokine expression appears key in promoting immune cell recruitment to 
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the irradiated CTV including normal tissues adjacent to RT-treated tumour sites64. For 

example, recruitment of effector T cells was found to be promoted by CXCL1635, while 

monocytes and neutrophils were attracted by increased levels of CCL2, CCL5 and CCL333,34,36. 

Macrophages can generate CXCL9 and CXCL10 and further promote effector T cell 

recruitment38. Within hours of RT exposure, infiltrating inflammatory immune cells can act to 

protect the normal tissues after RT-induced breakdown of endothelial and epithelial barriers2 

(Figure 1). In the next stages, the accumulating immune cells can induce further inflammation 

by secretion of pro-inflammatory cytokines, for example an increase in TNF and IL-6 that can 

trigger endothelial cell activation after RT exposure and escalation of the immune cell 

recruitment65. RT can also enhance the expression of certain adhesion molecules (VCAM1, 

ICAM1 and E-selectin)48, and further signals from endothelial cells and the endothelial 

glycocalyx (Box 3) that will attract and facilitate entry of more immune cells from the blood 

stream2. Additionally, the extracellular matrix (ECM) that surrounds and supports cells in all 

tissues can be remodelled in response to RT. The cytokine TGFβ is important in this process, 

as well as being a key regulator of immunity in tissues, with levels modulated by RT (Box 4). 

Overall, a certain level of inflammation appears to be necessary for promoting an anti-

tumour immune response, the protection of RT-damaged tissues and initiation of normal 

tissue healing and remodelling. This state might be transient if followed by appropriate 

resolution of inflammation and injury of the normal tissues (Figure 1). However, the clinical 

situation is further complicated by protracted fractions of RT which can be extended over 6 

or more weeks, which may be a factor leading to the establishment of chronic inflammation 

and hinder recovery of tissues and organs.  

Chronic immunological effects of RT on normal tissue 

After the RT-induced acute phase of inflammation within the TME and surrounding normal 

tissue, the immune response switches to attempt to resolve this acute phase, ideally without 

chronic inflammation and late organ toxicity. However, the reality of clinical practice is that 

late normal tissue toxicity is common, with severe chronic inflammation appearing 4-12 

weeks after RT, which can lead to tissue fibrosis (4-12 months with progression over several 

years)17,66. In the lung, this can lead to dyspnoea or even respiratory failure in 5-20% of 

patients treated with thoracic/chest RT7,67. In the gut, late onset mucosal enteritis associated 
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with bleeding and chronic diarrhoea is reported in approximately 20-60% of patients, which 

can eventually lead to fibrosis or necrosis of parts of the intestine following pelvic RT68,69. 

Interestingly, RT-induced late side effects (e.g. bowel and lung injury leading to chronic 

diarrhoea or pneumonitis respectively) have been reported to occur local to but outside of 

the specific RT field up to several months post-RT9,11,19,70, potentially linked to immune effects 

spreading beyond the RT field.  

The exact mechanisms for these delayed effects remain unknown, but the effects outside 

of the targeted RT field are potentially important when probing underlying mechanisms and 

suggest a systemic immune response may be important. Some evidence suggests that effects 

may be a consequence of the delayed cell senescence and mitotic catastrophe induced by 

RT7,71,72, promoting inflammatory responses and contributing to a failure of irradiated tissues 

to appropriately heal and resolve ongoing inflammation and injury2,67. Indeed, given the 

known induction of cellular senescence by RT73 and the importance of the immune system in 

clearance of senescent cells74, there are likely important mechanistic links between RT-

induced cellular senescence, alterations in the immune system and chronic effects in tissues. 

However, the immunological consequences of this are less clear and require further 

investigation. The failed remodelling of tissues is potentially exacerbated with additional 

consecutive fractions of RT and sustained/propagated by TME-associated pro-fibrogenic cells 

and mediators37,60,75.  

The observed late effects of RT on normal tissue have long been known to depend not only 

on total RT dose but also on the dose per fraction, as well as the volume of tissue treated57,76. 

In addition, certain patients appear to be at higher risk of chronic inflammation and 

associated fibrosis after RT, potentially related to genetic mutations or polymorphisms 

(radiogenomics) in genes encoding for DNA repair mechanisms, ROS scavengers or immune 

mediators like TGFβ, TNF, IL-18 or members of RAS signalling pathway67,71,77. The specific 

immunological aspects of chronic side effects in the lung and gut will be discussed in more 

detail below, given these organs are highly exposed during common thoracic, abdominal and 

pelvic RT treatments and the recent evidence of important immunological cross-talk between 

these mucosal sites78.  
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RT-induced chronic immunopathology in the lung. 

The irradiation of the surrounding lung tissue in the treatment of thoracic malignancies is 

common and can result in serious late normal tissue injury to the lung and heart. There are 

numerous reports investigating the underlying mechanisms of RT-induced lung toxicity 

leading to pneumonitis and fibrosis in preclinical models17,36,55. An important point to note is 

that the RT dose and timing may differ between the multitude of protocols used to study the 

immune effects of RT on the lung. However, some common themes in alteration of immune 

responses have emerged from different studies, which we summarise below.  

The specialised lung alveolar epithelium is heavily infiltrated with immune cells, including 

specialised alveolar macrophages17. Of the two types of pneumocytes, type I make up the 

alveoli, while type II have precursor functions, which help tissue remodelling as well as 

producing a thin layer of protective surfactant that together with the more recently identified 

lung microbiota acts to maintain an efficient mucosal barrier79.  

Following the initial RT-induced changes that may lead to an acute reduction in alveolar 

and immune cell numbers in the lung, at ~4 weeks, a substantial increase in the numbers of 

neutrophils, macrophages, monocytes and lymphocytes has been reported34,36,55,80. These 

immune infiltrations, often promoting type 2 immune responses, may persist for many weeks 

(~32 weeks) at which point tissue remodelling, fibroblast proliferation and differentiation to 

myofibroblasts, deposition of collagen and fibrosis was apparent in susceptible mouse 

strains28,81. Indeed, studies suggest that the balance between type 1 and type 2 immune 

responses might be critical for the development of fibrosis after RT32,54,80,81. Acute RT 

responses are associated with increased levels of Th1 cells and the type 1-associated 

cytokines IL-6, IL-12, TNF and IFNγ32,43,71. Th1 cells and IFNγ support an M1-like macrophage 

phenotype and together with Th17 cells are suggested to contribute to pneumonitis, 

persisting even for several weeks after RT32,43. However, fibrotic lung tissues, months after RT 

exposure, are often flooded with Treg cells, Th2 cells and the type 2-associated cytokines IL-

4 and IL-1332,43,81. TGFβ, IL-4 and IL-13 support M2-like macrophage polarisation which 

produce IL-10 and more TGFβ, the latter being a key fibrogenic mediator17,61,67 (Figure 2).  

Several pro-inflammatory chemokines have also been shown to contribute to RT-induced 

chronic pneumonitis29,31. Enhanced expression of CXCR1 and CXCR2 was associated with 

neutrophil infiltration in mice. When both of these receptors (accounting for ~60% of 
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neutrophil infiltration) were pharmacologically antagonised, the pneumonitis following high 

dose (18 Gray, Gy) thoracic RT was reduced and survival was improved34. However, 

pulmonary fibrosis still progressed34, suggesting the likely involvement of additional 

immunological pathways and immune effector cells. 

Inflammatory CCR2+ monocytes were shown to infiltrate irradiated lung in response to RT-

induced IL-1β-mediated CCL2 production. In mice lacking IL-1β, its receptor IL-1R, or CCR2, 

post-irradiation-induced fibrosis was reduced55. In another study, CCL3 levels increased after 

RT and persisted up to 32 weeks which was associated with increased levels of IL-4 and IL-13 

and polarisation of M2-like macrophages36. In mice lacking CCL3 or its receptor CCR1, a 

reduction in numbers of CD8+ T cells and macrophages was correlated with reduced pro-

inflammatory cytokines, lower collagen deposition and better survival36. These effects 

appeared independent of CD4+ T cell numbers, neutrophils, Treg and B cells and fibrosis was 

not seen in Ccr1-/- mice36. Interestingly, when another CCL3 receptor, CCR5 was ablated, the 

mice developed an exacerbated fibrotic phenotype after single high dose of RT36, suggesting 

that the presence of CCR5 expression, usually found on CD4+ Th1 cells, monocytes and 

macrophages82, might provide some protection from fibrosis. Further, when IL-13 was directly 

targeted, mice were protected from fibrosis following fractionated irradiation83. In contrast, 

while the inhibition of IL-4 reduced M2-like macrophage levels, this did not reduce fibrosis 

after a single high dose28, implying a key role for IL-13 in driving RT-induced lung fibrosis. M2-

like macrophages are a major producer of TGFβ, and levels of this pro-fibrotic cytokine were 

found to be elevated and persistent for at least 32 weeks in irradiated lungs29 but were 

reduced in fibrosis-free Ccl3-/- or Ccr1-/- mice36.  

More recently, alveolar and interstitial macrophages were found to contribute 

differentially to the development of RT-induced fibrosis80. In a radiation-induced lung fibrosis 

model in mice, depletion of alveolar macrophages via intranasal administration of clodronate 

liposomes had no effect on development of fibrosis, whereas depletion of interstitial 

macrophages via injection of an anti-CSF1R antibody significantly blocked RT-induced 

pulmonary fibrosis80. Together, studies described above support a key role for macrophages 

in the development of RT-induced pulmonary fibrosis and give insight into the phenotypical 

changes and specific subsets that are driving the disease. 
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Whilst chronic inflammation has been shown to precede fibrotic events31, some pro-

inflammatory mediators are suggested to be protective71,84. For example, M1-like 

macrophage-derived TNF produced during tissue healing has been linked to a reduction in 

expression of fibrosis-associated ECM genes, while Th1 cell-derived IFNγ has been shown to 

downregulate TGFβ and suppress collagen synthesis71. However, it should be noted that these 

data were obtained using a bleomycin-induced lung fibrosis mouse model, which is 

characterised by accelerated fibrosis and potentially altered cytokine profile compared to RT-

induced models84.  

Thus, although the total RT dose, fractionation and delivery techniques vary considerably 

across studies, important general observations showing alterations in numerous innate and 

adaptive immune cells and the cytokines they produce have been observed in the lung post-

RT. The important consequences of these alterations to the immune system and their role in 

promoting interstitial RT-induced lung fibrosis requires further investigation.  

Immune mechanisms of RT-induced gut injury. 

Abdominal and pelvic RT is delivered to many cancer patients including patients with upper 

and lower gastrointestinal (GI) tumours, pancreatic cancers as well urinary and gynaecological 

malignancies. Some studies indicate that up to 90% of cancer survivors who have received 

pelvic RT may develop some symptoms suggestive of late RT-induced side effects68,69,85. While 

the acute symptoms are relatively easy to manage, chronic radiation-induced intestinal 

toxicity can be much more difficult to diagnose and treat66,68. Considering the extended time 

of development and progression of the RT-induced GI effects (from 6 months to 3 years or 

even decades after RT exposure)66,68,86 the pathophysiology appears complex, involving 

multiple cellular compartments (Figure 3).  

The intestine is extremely susceptible to acute RT-induced injury, due at least in part to 

the high proliferation rate of intestinal epithelial cells lining the gut. The high turnover of 

these cells allows for recovery within weeks87,88. However, it is possible that the extent of the 

injury and repeated fractions of RT might prolong or interrupt the repair process86 and allow 

the leakage of the lumen content and the microbiota into the underlying intestinal tissue, 

which can induce inflammation to promote both acute and chronic damage16,89.  
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In a mouse model of intestinal injury, macrophage accumulation was observed starting 

from week 6 after fractionated pelvic RT, and persisted up to 30 weeks88. The macrophages 

were seen aggregating in close proximity to vessels and degenerated crypts, creating an 

inflammatory milieu and perhaps contributing to an abnormal division of crypts (crypt fission) 

and hindering tissue regeneration for weeks after RT. Similar observations were made within 

intestinal biopsies from cancer patients after RT and in other preclinical models16,88.  

Increased expression of monocyte and macrophage-derived CXCL1 and CXCL2 chemokines 

that can attract neutrophils was observed in the fibrotic small bowel of patients with radiation 

enteritis16,90. CXCL8 (or its homologues in mice) can be produced by macrophages, but also 

by other immune cells, endothelial and epithelial cells. By binding to the CXCR1 and CXCR2 

receptors, CXCL8 can promote recruitment of neutrophils, as seen in irradiated lungs34. 

Following a high dose (27Gy) RT, in murine models of radiation-induced proctitis, CXCL1 and 

CXCL2 levels increased as early as 3h post-RT exposure91. This was followed by increased 

numbers of neutrophils which were seen to persist within the irradiated tissue up to 26 weeks 

after RT and was also confirmed in biopsies from cancer patients receiving pelvic RT (45Gy in 

~2Gy fractions)91. However, as reported in the lung, increased neutrophil presence did not 

always correlate with detrimental effects and rather provided a degree of protection from 

excessive inflammation. In other models of inflammation, in mice lacking CXCR2, which show 

markedly impaired neutrophil infiltration, an exacerbated inflammatory response was 

observed, which correlated with reduced expression of cytokines associated with the 

resolution of inflammation and an increase in inflammatory macrophage accumulation92. 

Indeed, in a model of radiation-induced proctitis in mast cell deficient mice, increased 

neutrophil numbers were associated with reduced intestinal tissue damage91. 

In mouse models of radiation-induced proctitis and in patients receiving RT, accumulation 

of mast cells was observed in the inflamed and fibrotic sections of the intestine91. However, 

in rat models, mast cells were severely depleted after fractionated RT, and mast cell-deficient 

animals developed severe acute mucosal damage but were protected from collagen 

accumulation following irradiation of the small intestine93. It is not certain if the differences 

in mast cell contribution to the intestinal RT-induced injury are due to the varied responses 

within the different sections of the gut, different RT regimes, species-specific or if there are 

additional factors involved.  



15	

Intestinal eosinophils were seen to accumulate after single dose of RT and were reported 

to contribute to RT-induced intestinal fibrosis94. Eosinophils expressing CCR3 can be recruited 

primarily by endothelial cell-derived IL-5 and CCL11, but also by IL-3 and GM-CSF and have 

been implicated in driving inflammation in inflammatory bowel disease (IBD)95. Recruitment 

of eosinophils into the inflamed gut appears independent of the microbiota and involves 

binding of eosinophil-expressed integrins to the intestinal endothelial adhesion molecule 

MADCAM-196. Secretion of cytolytic mediators from eosinophilic granules can mediate long 

term inflammation95. In mice lacking total eosinophils, CCR3 or the IL-5 receptor the RT-

induced accumulation of eosinophils, intestinal wall thickening and collagen accumulation 

were reduced significantly 12 weeks post-RT94. Eosinophil-mediated intestinal injury was 

associated with RT-induced release of ATP from dying crypt cells, which in turn activated 

expression of CCL11 by pericryptal alpha-smooth muscle actin positive (α-SMA+) cells in the 

submucosa94, strengthening the role of the CCL11–CCR3 axis in eosinophil recruitment82. 

Activated α-SMA+ cells also expressed GM-CSF which stimulated eosinophils to express TGFβ, 

accelerating the fibrogenic effects of α-SMA+ myofibroblasts94. Th2 cells and type 2 innate 

lymphoid cells (ILC2s) are also a source of IL-5 in the intestine but the observed RT-induced 

eosinophilic recruitment was mediated in a Th2 cell-independent manner94. Even though the 

intestinal lamina propria harbours a pool of dedicated DCs and innate lymphoid cells (mainly 

ILC2) little is known about their role in RT-induced bowel toxicities.  

The balance of Th1/Th2 cell responses and its correlation with chronic tissue injury32,81 was 

also evaluated in the gut after cumulative (4Gy x 3 fraction/week) colorectal irradiation in 

rats97. An early increase in CCL2, TNF and IL-1β was followed by an increase in neutrophil and 

macrophage numbers and was observed following RT, along with increased levels of the Th2-

associated chemokine CCR4 and the transcription factor GATA397. At this early stage, 

suppression of the Th1 cell-associated molecules IFNγ, CXCR3, CXCL10 and T-bet was 

apparent97. This suppression of the Th1 cell-associated IFNγ–STAT1 pathway and upregulation 

of Th2-type mediators persisted up to 26 weeks post-RT exposure and was correlated with 

detrimental changes in the intestine97. Additionally, there was also enhanced expression of 

suppressor of cytokine signalling 3 (SOCS3), which was associated with suppression of the IL-

10–STAT3 regulatory pathway97. This suppression appeared to tip the balance towards a Th2-

mediated immune response and chronic immune effects associated with fibrosis16,81.  
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Similarly to irradiated lung, irradiated gut tissue is flooded with a myriad of pro-

inflammatory cytokines, including IL-1β, TNF and TGFβ29,30,32. An increase in the mRNA of 

TGFβ was reported transiently within epithelial and smooth muscle cells, but persisted in 

lamina propria, fibroblasts, and endothelial cells at least up to 26 weeks after RT in rats, and 

was associated with RT-induced dose-dependent fibrosis98. In rats and humans who 

developed late enteritis after abdominal fractionated RT, increased activation of matrix 

metalloproteinase 2 (MMP-2) and MMP-9 was associated with the high levels of TGFβ in the 

irradiated intestine and resulted in ECM and collagen deposition99. As stated in Box 4, certain 

αv integrins are also key activators of TGFβ. However, their role in TGFβ-mediated RT-induced 

effects in the intestine is unclear at present.  

RT and ROS-induced regions of hypoxia may also lead to tissue damage associated with an 

inflammatory microenvironment17,100. In a mouse model of radiation-induced enteritis, a 

selective deletion of hypoxia-inducible factor 1 alpha (HIF-1α) in endothelial cells, protected 

mice from RT-induced intestinal damage, and increased their survival101. This protection was 

associated with preserved vasculature, reduced hypoxia, reduced macrophage numbers and 

reduced levels of pro-inflammatory IL-1α, IL-1β, IL-6 and TNF101.  

Growing evidence suggests that shifts in the diversity of the intestinal microbiota following 

bowel irradiation may mediate local and even systemic immune effects89,102,103. Important 

immune effects of the microbiota can be mediated by various metabolites produced by the 

different types of microbes, of which the short-chain fatty acids (SCFAs) acetate, propionate 

and butyrate have been most studied104,105. Butyrate can promote recruitment and 

maturation of immune cells and was shown to enhance DC cross-priming efficiency after 

tumour irradiation and RT-induced anti-tumour CD8+ T cell responses, even in distant 

metastatic cancer sites outside of the RT field102.  

The change in the diversity of microbiota and the breakdown of epithelial barriers can 

activate epithelial cell-microbial sensing capabilities and trigger expression of various 

receptors for microbial-associated patterns and a subsequent array of cytokines, chemokines 

and immune effectors106. In a model of faecal transfer, the transfer of microbiota from 

irradiated mice enhanced IL-1β and TNF expression in germ-free mice when compared with 

the transfer of microbiota from non-irradiated mice107. Administration of an IL-1R antagonist 

mitigated some of the RT-induced damage, supporting the role for IL-1β and microbiota 
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perturbations as potential drivers of radiation-induced enteritis. In another study, total body 

irradiated mice were given faecal matter from non-RT-treated mice, which provided some 

protection from RT-induced GI side effects and extended survival108. All these data support 

the idea that the microbiome is key in regulating immune responses to RT, although the exact 

mechanisms and the mediators involved are still being uncovered.  

Overall, the precise mechanisms leading to the chronic bowel inflammation months after 

the initial RT-induced bowel injury require further attention. Pathologically, some similarities 

are observed with other types of intestinal inflammation initiated by different causes such as 

Crohn’s disease, ulcerative colitis or dietary enzymatic deficiencies. While RT-induced gut 

injury is used as a model of IBD, the extent of the overlap of the underlying mechanisms 

between these different conditions remains unclear15.  

The potential for RT-induced immune cross-talk between lung and gut. 

Recently, data has shown the potential for important immune-mediated cross-talk 

between distal organs with reports identifying cross-regulation of immunity between the gut 

and lung104,105,109–111. Indeed, RT-induced effects at distal organs, outside of the RT field have 

been described70,112. However, abscopal immune responses are rare. Thus, greater 

understanding of how RT can induce immune responses at distal sites may identify potential 

pathways that can be targeted to enhance abscopal responses.  

The mechanisms of immunological cross-talk between organs are still poorly understood, 

but could involve the non-specific circulation of immune cells and immune mediators or more 

specific modulation of tissue-specific homing signals104,109. Examples of non-specific 

circulation might include the circulation of microbiota components and their products after 

RT-induced mucosal barrier damage, circulating cancer cells or progenitors and immature 

immune cells. Indeed, there is clear evidence that alterations in the gut microbiota can have 

significant effects on lung health and disease and vice-versa113. Thus, RT-induced changes to 

the microbiota are likely an important mechanism for gut-lung immunological cross-talk, and 

therefore a potential therapeutic target is manipulation of the microbiota post-RT to promote 

health. Additionally, certain circulating factors, for example heparinase or cytokines, can 

promote endothelial glycocalyx damage, facilitating immune cell infiltration in distal 
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tissues24,65,114. Additionally, adhesion molecules and integrins that are ubiquitously expressed 

could also facilitate a non-tissue-specific cell recruitment.  

More specific tissue-homing signals may also be important in RT-induced cross-talk 

between gut and lung. Activated antigen-bearing DCs migrate from tissues to local draining 

lymphoid structures. Within the gut, Peyer’s patches and mesenteric lymph nodes are part of 

the gut-associated lymphoid tissues (GALT), which in conjunction with the bronchus-

associated lymphoid tissue (BALT) is part of the mucosa-associated lymphoid tissue (MALT), 

which can facilitate connections between the intestine and lung115. Gut-derived DCs imprint 

T and B cells within the GALT by upregulation of their expression of integrin α4β7 and CCR9. 

These bind to MADCAM1 and CCL25 respectively, which are mainly expressed in the small 

intestine116 (Figure 4). Additionally, DCs that migrate from the lung to the BALT can imprint T 

cells to express CCR4, that can bind to CCL17 expressed by lung epithelial and endothelial 

cells117. The imprinting on B cells in the BALT was reported to result in upregulation of integrin 

α4β1 and CCR10 that could bind to VCAM1 and CCL28 respectively, which are found within the 

colon but also lung tissue116. For B cells, additional expression of CD62L upon respiratory 

inflammation was linked to binding to the peripheral lymph node addresin (PNAd) that is 

abundant on endothelial cells within the BALT, homing these plasma cells back to the site of 

inflammation116.  

Thus, DCs can imprint T and B cells to home back to local organs. However, there is also 

evidence that DC-mediated imprinting in the lung can promote migration of cells to the gut. 

Consequently, lung-derived DCs were able to imprint expression of the gut-homing integrin 

α4β7 and CCR9 on co-cultured T cells in vitro and on adoptively transferred cells in vivo118. In 

a model of mouse respiratory influenza infection, intestinal immune injury was mediated by 

lung-derived CCR9+ T cells that home to the intestine. Within the intestine, T cells from the 

lung mediated IFNγ-induced intestinal microbiota shifts that resulted in a Th17-mediated 

inflammatory response111.  

These examples represent the plasticity of the tissue-specific homing signals and open up 

opportunities for ‘cross-organ’ targeting. This might be a potential mechanism also for the 

RT-induced immune effects observed at distal sites, outside of the irradiation field19,22. Likely 

many more homing signals take part in these targeted migration processes, but these remain 

to be elucidated.  
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The mitigation of RT-induced toxicity 

Despite normal tissue toxicity remaining a dose-limiting effect of RT and a major cause of 

morbidity for cancer survivors, current treatment options to alleviate these side effects are 

limited, with anti-inflammatory drugs commonly used. More recently, novel agents aimed at 

mitigating various underlying toxicities are in development8. These novel targets include the 

prevention of acute cell death (by targeting the p53 or NF-kB pathways), restoration of the 

redox equilibrium (for example, ROS scavengers and hypoxia pathway inhibitors), and 

modulation of inflammatory and fibrogenic signals (for example, TNF, TGFβ and collagen 

inhibition)8.  

TGFβ has been a longstanding target119 given that it is implicated as a mechanism of 

action59 at multiple steps of RT-mediated effects; from regulating the balance between 

effector and suppressive immune responses to facilitating resolution of inflammation, healing 

of tissues, fibroblast proliferation and differentiation to myofibroblasts, ECM remodelling and 

fibrosis. However, there are potential toxicities related to the systemic and long-term 

inhibition of such pleiotropic and ubiquitously expressed molecules. Indeed, TGFβ 

dysregulation is implicated in several inflammatory conditions and mice lacking TGFβ1 die 

early in life from multi-organ inflammation120,121. Therefore, the targeting of TGFβ signalling 

has to be considered carefully and perhaps, locally administered specific inhibitors may be of 

benefit. For TGFβ, there is great interest in targeting site and context-specific activators of 

this cytokine; for example, certain integrins that can liberate the active TGFβ cytokine from 

its latent complex121. In support of this approach, mice lacking expression of integrin αvβ6 are 

completely protected from RT-induced lung fibrosis122.  

Some other promising immune targets may include specific cell subset depletion at the 

right phase of the immune response by targeting chemokines or their receptors. Examples 

include inhibition of CCR2 and CCR533, which in preclinical models led to reduced infiltrating 

monocytes and fewer M2-like tumour-associated macrophages within the TME, which could 

therefore target both inflammatory and pro-fibrotic immune cells. Considering the apparent 

redundancy and specificity of the chemokine families82,123 potentially the best therapeutic 

strategies would involve targeting several of the collaborative chemokines in order to inhibit 

the recruitment of a specific immune cell subset. 
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Every strategy to modulate normal tissue toxicity should aim to maintain the early efficient 

anti-tumour responses while mitigating the late excessively inflammatory effects. This 

temporal separation may allow for a window of opportunity to enhance the RT therapeutic 

index and prevent the limiting adverse effects.  

Future directions 

The recent “breakthrough status” of immune check point inhibitors and other emerging 

immuno-oncology (IO) agents have provided an unprecedented opportunity to combine 

these novel agents with RT to further enhance the anti-tumour immune response. Indeed, 

there are now thousands of clinical trials ongoing or in development combining RT and IO 

agents. Most of these studies have pragmatic designs and fail to address the important 

questions of RT dose, fractionation, optimal scheduling of the IO agent, and few have 

translational research to address fundamental mechanisms of immunological response and 

resistance4. Furthermore, little attention has been given to the potential for IO agents to 

increase immune-mediated RT-induced toxicities. The majority of published RT and IO agents 

trials have not observed substantially increased normal tissue toxicity. However, the 

importance of dose-limiting normal tissue toxicity was recently illustrated in the Phase I 

PLUMMB trial (Pembrolizumab in Muscle-invasive/Metastatic Bladder cancer) 

(NCT02560636), where patients have been treated with a combination of weekly 6Gy per 

fraction RT and the anti-PD-1 mAb pembrolizumab in patients with metastatic bladder cancer. 

The trial was paused after only 5 patients were treated, as significant toxicity was observed 

(urinary toxicity attributable to therapy in 2 patients, rectal perforation in another)124. This 

study illustrates the need to carefully investigate the effects of RT total dose, dose per 

fractions and RT treatment volumes when combining with IO agents, especially when normal 

tissues such as bladder, bowel and lung are irradiated.  

In order to make rapid progress and minimise such severe normal tissue toxicity in the 

clinic, preclinical RT delivery platforms using in vivo orthotopic tumour models will likely prove 

very useful. As mentioned (Box 1), the dose and fractionation of RT is crucial in both tumour 

outcome and normal tissue toxicity. Such animal models will allow us to test how RT total 

dose and dose per fraction, in combination with IO agents, affect anti-tumour efficacy and 

normal tissue toxicity, and inform clinical trial design to reduce the risk to patients. This is 

perhaps most important, when testing higher dose per fraction used in stereotactic ablative 
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radiotherapy (SABR)125. Animal models such as fibrosis-susceptible mouse strains and other 

genetic backgrounds28,81 may also play a role in informing clinical trial design about RT dose 

per fraction and scheduling questions. Partial tumour irradiation or varied doses may also be 

important emerging approaches that require more thorough investigation126. The hypothesis 

that requires further testing is that partial tumour irradiation or differential higher and lower 

doses of RT to the same tumour may lead to preferential anti-tumour immune responses and 

limit normal tissue toxicity (so-called RADSCOPAL effect). 

The clinical use of proton beam therapy (PBT) is increasing, but the immunological and 

normal tissue toxicities of PBT remain unexplored and require urgent further investigation. 

FLASH radiotherapy is gaining increasing interest and involves the ultra-fast delivery at dose 

rates several orders of magnitude higher than those currently used in clinical practice127. 

Emerging data suggest that ultra-fast dose rates allow normal tissue tolerance levels to be 

exceeded with a greater probability of tumour control and little or no normal tissue damage. 

The underlying mechanisms of this normal tissue sparing and the effects of FLASH on the 

surrounding immune contexture are unknown and require further investigation. 

There is currently little research focused on addressing the potentially important local and 

systemic “organ to organ” communication that RT may induce. This is novel but potentially 

important area of research, given the increasing use of IO agents, and research is needed to 

further understand the immunological mechanisms that might underlie both acute and late 

toxicity which are often the dose-limiting toxicity in organs such as bowel and lung. The 

advances in deep phenotyping, allowing more in-depth analysis of the complex immune 

network and heterogeneity in tumours128 and how that might be influenced by RT, is likely to 

result in new insights regarding the underlying mechanisms.  

 

In conclusion, these are exciting times with new opportunities to deliver RT in an entirely 

different way from much of last century, where the focus has been on enhancing the ability 

of RT to directly kill cancer cells. The understanding of RT-induced immune responses in the 

TME and surrounding normal tissues is likely to be critical to further enhancing the efficacy of 

RT. Key to success will be manipulating the immune system to increase the anti-tumour 

immune responses and decrease or modulate the RT-induced inflammatory responses in 

normal tissues. To achieve this goal, an enhanced understanding of the mechanisms 
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underlying anti-tumour immune responses induced by RT and normal tissue organ toxicities 

will help identify targets for therapeutic interventions. Novel immune-directed therapeutics 

that are able to enhance the anti-tumour immune response and ameliorate the RT-induced 

immune-related acute and late toxicity would greatly enhance the therapeutic ratio of RT. 

Such therapeutic manipulation of the immune response to RT holds a great promise in 

transforming modern cancer care by improving cure rates and enhancing the quality of life of 

cancer survivors.  
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Figures 

 

 

Figure 1. Timeline of acute and late radiotherapy (RT)-induced effects encompassing several 

tissue components. A) RT has an initial cytotoxic effect on resident immune cells and leads to 

transient cell death. The initial pro-inflammatory responses are more of Th1/Th17 phenotype 

following the recruitment of immune cells into the tissue facilitated by chemokines, 

glycocalyx and adhesion molecules. In the second phase, the immune responses switch to Th2 

for resolution of inflammation and initiation of tissue healing. This stage is facilitated by 

activation and release of TGFβ by multiple cells and from extracellular matrix (ECM) stores 
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(Box 4). B) Soon after RT exposure, the endothelial and epithelial damage leads to the release 

of damage-associated molecular patterns (DAMPs), immune mediators 

(cytokines/chemokines) and upregulation of adhesion molecules that will activate and attract 

immune cells into the tissue. In time, the RT-induced damage of these barriers facilitates 

chronic immune cell recruitment (Box 2, 3). Moreover, RT-induced wounds do not heal well 

and often a chronic inflammation persists or recurs in waves and contributes to secondary 

damage and fibrosis. This stage can perpetuate for months/years and the full mechanism 

leading to the late toxicities remains unknown. ROS – reactive oxygen species, RNS – reactive 

nitrogen species, GAG – glycosaminoglycan, MSC – mesenchymal stem cell, Fb – fibroblast, 

iM – inflammatory monocyte, CTL – cytotoxic T cell, DC – dendritic cell, N – neutrophil, MΦ1, 

MΦ2 – macrophage type 1 and 2, Th – T helper cell.  
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Figure 2. Immune cells and mediators involved in radiotherapy (RT)-induced chronic 

inflammation and fibrosis of the lung. Initially, RT can activate the extracellular matrix (ECM) 

metalloproteinases (MMP) and integrins that liberate TGFβ from the latency associated 

peptide (TGFβ-LAP) complex tethered to ECM proteins. The active form of TGFβ can promote 

differentiation of fibroblasts (Fb) to myofibroblasts leading to collagen deposition, ECM 

remodelling and eventually fibrosis. Inflammatory monocytes (iM) and type 2 macrophages 

(Mϕ2) contribute to chronic pneumonitis and fibrosis via IL-1β-mediated CCL2/CCR2 and 

CCL3/CCR1 axis. Abundance of IL-13 and TGFβ (but not IL-4) is supportive of M ϕ 2 

differentiation and contributes further to pro-fibrotic events. High numbers of neutrophils (N) 

are seen during acute and chronic pneumonitis, however in mice lacking neutrophils, the 

fibrosis still occurs, suggesting only partial, if any, involvement of neutrophils in the process. 

Similarly, the presence of regulatory T cells (Treg) is not directly associated with fibrosis. 

However, the accumulation of Th2 cells expressing CCR1 is implicated in driving the fibrotic 
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processes. In contrast, the presence of Th1 CD4+ T cells expressing CCR5, Mϕ1, cytotoxic T 

cells (CTL), and their associated mediators TNF and IFNγ are associated with some protection 

from the chronic fibrosis.  
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Figure 3. Immune aspects involved in radiotherapy (RT)-induced chronic inflammation and 

intestinal damage. (1,2) RT-induced damage of endothelial and epithelial cells results in the 

release of immune mediators that activate and recruit immune cells. (3) RT releases ROS/RNS 

from distressed cells leading to activation of matrix metalloproteinases (MMP) that liberate 

TGFβ from its inactive LAP-complex. TGFβ acts on fibroblast (Fb) proliferation, and promotes 

their differentiation to myofibroblasts, resulting in collagen and extracellular matrix (ECM) 

deposition and eventually fibrosis. (4) Eosinophils (E) bearing IL-5 receptor and CCR3 bind to 

IL-5 and CCL11 enhanced after RT. Chronic accumulation of inflammatory monocytes (iM) and 

differentiation of type 2 macrophages (Mϕ2) happens upon RT-induced release of TGFβ from 
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multiple sources. Endothelial cells, iM and Mϕ2 produce chemokines that attract neutrophils 

(N). (5) RT and ROS/RNS accumulation contribute to hypoxia and activation of hypoxia-

inducible factor-1 alpha (HIF-1α) that can result in upregulation of several immune mediators 

and vascular endothelial growth factor (VEGF) contributing to angiogenesis and immune cell 

recruitment. Involvement of dendritic cell (DC), mast cell (MC) and innate lymphoid cell (ILC) 

is poorly understood. The presence of Th1 and cytotoxic T cell (CTL) does not have deleterious 

effects. (6) RT induces microbiota dysbiosis leading to the release of short-chain fatty acid 

(SCFA) and IL-1β, propagating immune responses.  
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Figure 4. Potential homing signals for immune cross-talk between the mucosal sites of lung 

and gut. Few homing signals imprinted in the local draining lymph nodes by dendritic cells 

(DC) onto T and B lymphocytes are known for homing to the tissue of origin. Mucosal sites 

are hypothesised to form a network with potential migratory interactions. Reports show a 

possibility of cross-imprinting of the known homing signals to divert the traffic of immune 

cells across organs. This might be a potential mechanism also for the RT-induced immune 

responses observed at distal sites, outside of the irradiation field. Additionally, RT has been 

shown to influence local and distal diversity of microbiota populations. These shifts might be 

due to the circulating products of microbiota like short-chain fatty acid (SCFA) or IL-1β 

traveling within the mucosal system between the gut and the lung. At this stage, the full 

mechanism of these homing signals and the gut-lung cross-talk remains unknown.  
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Boxes 

Box 1. Radiotherapy dosing regimes and preclinical models  

Current clinical RT plans include fractionated doses, often 1.8-2Gray (Gy) fractions 

delivered over a course of several weeks. However, these lower dose hyperfractionated 

regimes might not induce sufficient immune control in more resistant types of cancers and 

hypofractionated higher doses (3–20Gy/fraction) are used in fewer increments. 

More recently, image-guided radiotherapy (IGRT), intensity-modulated radiotherapy 

(IMRT), stereotactic ablative radiotherapy (SABR), FLASH RT and proton beam therapy (PBT), 

enable higher intensity, more precise and focused radiation to be delivered to a smaller target 

volume in fewer doses14. These approaches are aimed at better protecting healthy tissues, 

with data from preclinical models and clinical settings suggesting improved tumour 

control127,129. However, such technology is still in the early stages and better understanding 

of the biological responses, especially how such methods alter the immune system, is 

required to identify potential therapeutic targets that could be modulated in synergy with 

these RT delivery methods. To this end, complementary preclinical models will be essential. 

Advances in preclinical models have provided important insights into the biological effects 

of RT that might be translatable to human clinical benefit. However, different dose and 

fractionation protocols are frequently used across preclinical studies, leading to contrasting 

results. For example, many preclinical models using low doses of RT (<2Gy) show overall 

immunostimulating effects, can reprogram tumour-associated macrophages from an M2-like 

to M1-like phenotype, and have the ability to induce tumour control42,126,130. However, some 

studies using higher RT doses (>8Gy), although also showing tumour control, can result in a 

more immunosuppressive TME, greater M2-like macrophage polarisation and greater normal 

tissue toxicity (e.g. late lung and gut inflammation and fibrosis)17,57,66,130,131. Furthermore, 

many animal studies use RT doses of >10Gy to induce sufficient acute effects that result in 

chronic inflammation as a means to study mechanisms of RT-induced fibrotic 

changes36,55,80,91,94. Thus, care needs to be taken when comparing different preclinical studies, 

based on precise methodology used.  

More recently, matching the advances of clinical RT delivery, preclinical models are starting 

to use fractionated RT doses (e.g. 3 x 8Gy)97,99, and in combination with potential 
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immunomodulating agents4,76. Additionally, small animal radiation research platform (SARRP) 

allows delivery of image-guided precise X-rays, more closely matching clinical delivery 

patterns. The use of proton irradiators to deliver higher energy RT and more efficient 

stimulation of the immune responses14,132 is likely to become more common in preclinical 

models. Thus, future work using preclinical models of RT is likely to mirror the technological 

advances seen in the clinic, and will uncover important mechanisms by which new RT 

technology promote beneficial responses.  

 

Box 2. RT-induced vascular and epithelial changes 

RT-related effects on cells of the vasculature and epithelial barriers are often important 

contributors to the propagation of inflammatory changes and driving immune cell 

recruitment.  

Cells associated with the vasculature, like bone marrow-derived endothelial progenitors, 

mesenchymal stem cells (MSCs) and vascular smooth muscle precursors (pericytes), can be 

attracted to the site of injury to aid the initiation of tissue remodelling after RT2. Pericytes 

function to stabilise and regulate vascular permeability and endothelial proliferation in 

response to injury and can be attracted to the site by platelet-derived growth factor β 

(PDGFβ), TGFβ, and CXCL12 released by activated endothelial cells and platelets133,134. 

Pericytes also contribute to collagen production and together with the RT-induced 

endothelial activation can lead to endothelial-to-mesenchymal transition (EndoMT), the first 

stage of normal vascular wound healing. This may lead to tissue fibrosis via excessive 

differentiation of fibroblast to activated myofibroblasts expressing α-smooth muscle actin (α-

SMA) and an excessive collagen deposition within ECM2,31,67. Tissue resident fibroblasts and 

myofibroblasts are closely associated with and are probably the biggest producers of ECM 

components.  

Epithelial cells can respond to RT insult in a similar way as endothelial cells, resulting in a 

breakdown of tissue barriers. The disruption of epithelial barriers after RT leads to an 

additional influx of immune cells into tissues, but can cause the microbiota to enter tissues at 

mucosal barrier sites79,89,108,135. This in turn can lead to resident microbiota dysbiosis and 

introduce a potential infectious threat that evokes an immune response. RT can also stimulate 
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epithelial-to-mesenchymal transition (EMT), that is activated by TGFβ signalling and leads to 

collagen and ECM deposition and eventually to fibrosis55,61,67. All these events are known to 

be RT dose-dependent, with widely different effects observed with lower or higher RT 

doses57,76.  

 

Box 3. The glycocalyx  

 

The glycocalyx is an extracellular matrix (ECM) structure that controls vascular 

permeability and chemokine presentation24. The glycocalyx barrier lines blood vessels and in 

a resting state inhibits leukocyte adhesion to the endothelium, thus preventing leukocyte 

recruitment to underlying tissues. The glycocalyx is composed of proteoglycans, protein cores 

embedded in the endothelial membrane, for example syndecans, decorated with 

glycosaminoglycan (GAG) sugar chains. GAGs are un-branched linear chains of repeating 

disaccharide units that are modified with differential sulphation patterns136 and are important 

in binding to and presenting chemokines114.  

During inflammation GAG chains within the glycocalyx are structurally modified, via 

changes in their sulphation patterns, to facilitate specific chemokine presentation and 
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leukocyte recruitment123. RT has been shown to reduce GAG levels and produce alteration in 

GAG sulphation137. Also, RT-induced production of ROS can degrade the glycocalyx and 

facilitate leukocyte recruitment to underlying tissues24,71.  

The glycocalyx and its content are likely altered in response to RT and may be key to both 

the beneficial and negative effects of RT via regulation of immune cell recruitment.  

 

Box 4. ECM remodelling and immune regulation by TGFβ 

Extracellular matrix (ECM) surrounds and supports cells of all tissues and organs138. 

Endothelial cells of vasculature and lymphatics and epithelial cells lining organs are tightly 

connected with the ECM. Anchored to the intracellular actin cytoskeleton, via 

transmembrane integrin receptors, are adhesive glycoproteins (like fibronectin, laminin) that 

connect to structural collagen fibres and proteoglycans138. There are also associated 

proteolytic enzymes (like matrix metalloproteinases, MMPs) that upon activation may result 

in abnormal ECM remodelling. A central cytokine in remodelling of the ECM, but also in 

regulating the immune system, is TGFβ59. This cytokine is produced by many cells (e.g. 

fibroblasts, pericytes, epithelial and immune cells) but is always secreted in an inactive form, 

with the latency associated protein (LAP) portion of TGFβ wrapping around the active 

cytokine to block the ability of TGFβ to bind to its receptor139. This latent cytokine complex is 

often tethered to ECM components from which it can be cleaved and activated by various 

integrins and MMPs59,140 and both have been shown to be upregulated after RT37,58,99,122. 

Immune cells including Treg cells, DCs, monocytes and macrophages are known to express 

the integrin αvβ8 which has the ability to activate TGFβ139. Additionally, expression of integrin 

αvβ6 on intestinal and lung epithelial cells also contributes to TGFβ activation. TGFβ is crucial 

for maintaining tolerogenic immune responses and facilitates resolution of inflammation and 

wound healing, relevant for early and intermediate responses after RT exposure of normal 

tissues59,61. Dysregulated TGFβ activation has been reported in several infection and 

inflammatory states including inflammatory bowel disease (IBD) and idiopathic pulmonary 

fibrosis120,139. Similar dysregulation of TGFβ might occur in irradiated tissues, where increased 

levels of TGFβ have been reported98,141. Thus, accumulation of bioactive TGFβ is thought to 
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be central in the processes leading to the late toxicities of irradiated normal tissues often 

associated with recurrent inflammation and fibrosis.  
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Glossary  

 

Tumour microenvironment (TME) 

Solid tumours are embedded within a collection of stromal cells comprised of immune 

cells, endothelial cells and fibroblasts, structural components like extracellular matrix as well 

as signalling components including cytokines, chemokines and growth factors. The main role 

of the tumour-associated niche is to protect and propagate the tumour, and to promote 

metastasis.  

Abscopal responses 

Systemic immune responses that are triggered following radiotherapy to a local tumour 

site. Such responses are believed to mainly be propagated by DC and CD8+ T cell responses, 

and lead to control of secondary tumour at distal tissue sites outside the initial radiotherapy 

area. 

Immune checkpoint inhibitors 

Clinically used monoclonal antibodies targeting specific regulatory immune cell receptors 

that are important for maintaining self-tolerance and limiting inflammatory responses. 

Certain cancer cells use these so-called ‘checkpoint’ immune pathways to evade host 

immunity. The main immune checkpoint inhibitors used as anti-cancer immunotherapy target 

the cytotoxic T lymphocyte associated protein 4 (CTLA-4), programmed cell death 1 (PD-1) or 

its ligand (PD-L1). 

RT-induced cell death  

Following exposure to ionising radiation cells can undergo cellular death primarily due to 

DNA damage. Different types of RT-induced cell death are described for different types of 

cells and cancers depending on their molecular profile. These include death by necrosis, 

apoptosis or autophagy. Importantly, each of these types of death has the ability to initiate a 

cascade of immune signalling following the release of damage-associated molecular patterns. 

M1-like or M2-like macrophage phenotypes  

‘M1’ and ‘M2’ are classifications historically used to define macrophages activated in vitro 

as pro-inflammatory (when ‘classically’ activated with IFNγ and LPS) or anti-inflammatory 
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(when ‘alternatively’ activated with IL-4 or IL-10), respectively. However, macrophages in vivo 

are highly specialized and heterogeneous with regards to their phenotypes and functions, 

which are continuously shaped by their tissue microenvironment. Therefore, the M1/M2 

classification is too simplistic to explain the true nature of macrophages in vivo, although 

these terms are still often used to indicate whether the macrophages in question are more 

pro- or anti-inflammatory. 

Sterile inflammation 

‘Sterile inflammation’ is an inflammation induced in the absence of pathogenic threat, 

instead being triggered by tissue damage and release of danger-associated molecular 

patterns (DAMPs). Release of DAMPs leads to recruitment of immune cells, which are 

required to clear damaged cells and initiate the tissue repair. Sometimes, sterile inflammation 

might become excessive and result in pathology, like in RT-induced damage and breakdown 

of mucosal barriers. 

Mitotic catastrophe and delayed cell senescence 

‘Mitotic catastrophe’ is a type of RT-induced cell death in which the cell is prematurely 

entering into mitosis or is trapped in a cell cycle arrest for a prolonged time. The resultant 

aberrant mitosis or ‘delayed senescence’ leads to cells that are still metabolically active, but 

can acquire chromosomal aberrations or a pro-inflammatory phenotype (senescence-

associated secretory phenotype) or even lead to development of secondary cancerous sites, 

and thus contribute to long-term irradiation toxicity. Some cells trapped in these states will 

die over time via one of the cellular death pathways (necrosis, apoptosis or autophagy). The 

full mechanism and extent of deleterious effects following these cellular arrests remain 

unknown. 

NLRP3-dependent inflammasome 

The ‘NLRP3-dependent inflammasome’ is an important regulator of inflammatory 

responses and can be triggered by a wide range of danger and inflammatory stimuli. This 

intracellular multimolecular complex acts via the activation of caspases leading to secretion 

of pro-inflammatory cytokines IL-1β and IL-18. 

Myeloid-derived suppressor cells (MDSCs)  
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Tumours can attract myeloid cells to the tumour microenvironment. These cells often have 

an immunosuppressive phenotype and provide the tumour with protection from host 

immunity by hindering anti-tumour effector T cell responses. MDSCs can be of monocytic 

(CD11b+Ly6C+Gr-1+ in mouse, CD11b+CD14+CD15-HLA-DRlow in human) or 

granulocytic/polymorphonuclear (CD11b+Ly6G+Gr-1+ in mouse, CD11b+CD14-CD15+ in 

human) phenotype. 

Endothelial-to-mesenchymal and epithelial-to-mesenchymal transition (EndoMT and EMT) 

‘Endothelial-to-mesenchymal transition’ (EndoMT) together with ‘epithelial-to-

mesenchymal transition’ (EMT) are two processes that are the drivers of 

endothelial/epithelial progenitor and mesenchymal stem cell differentiation into 

myofibroblasts in response to either endothelial or epithelial signals as a part of normal 

wound healing of these two barrier sites. Both the EndoMT and EMT can be accelerated by 

RT and TGFβ and are implicated in the late normal tissue toxicity and fibrosis of irradiated 

organs. 


