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Abstract

The immune system has the power to modulate the expression of radiation-induced normal and 

tumor tissue damage. On the one hand, it can contribute to cancer cure, on the other it can 

influence acute and late radiation side effects, which in many ways resemble acute and chronic 

inflammatory disease states. The way radiation-induced inflammation feeds into adaptive antigen-

specific immune responses adds another dimension to the tumor-host crosstalk during radiation 

therapy and to possible radiation-driven autoimmune responses. Understanding how radiation 

impacts inflammation and immunity is therefore critical if we are to effectively manipulate these 

forces for benefit in radiation oncology treatments.
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1 RADIATION DAMAGE & ROS: A gift that keeps on giving

Radiation-damaged tissues often show cardinal signs of inflammation. In fact, rubor, tumor, 

calor, dolor and functio laesa may be reasons for the Radiation Oncologist to limit treatment 

dose. While the physicochemical and free radical events are over within a microsecond of 

radiation exposure, the inflammatory response that ensues perpetuates the response by 

generating recurring waves of ROS, cytokines, chemokines and growth factors with 

associated inflammatory infiltrates.1, 2 As a result, radiation-induced damage in normal 

tissues evolves with time as it is impacted by the various regulatory immune mechanisms 

associated with wound healing.3 There are many aspects to these complex scenarios but the 

progressive nature of events is in common. One example is the rapid remodeling of the 

extracellular matrix in an irradiated site that goes on for long after “healing” seems to be 
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over.4 Some of the ongoing events may be impacted by processes that are specific to 

irradiation. For example, although hypoxia is part of normal wound healing control 

mechanisms that drive angiogenesis, this may be dysregulated by radiation damage to the 

microvasculature causing the default vasculogenesis pathway to be engaged in an irradiated 

site.5

Importantly, the persistent crosstalk between the radiation-damaged lesion and the immune 

system in turn initiates inflammatory loops that feed back to the bone marrow to mobilize 

inflammatory cells, with further systemic consequences, as will be discussed later. One such 

consequence of radiation-induced inflammation is that it can lead to out-of-field effects.1, 6 

That the damage response can extend beyond the locally irradiated area was shown for 

example by bilateral pneumonitis that can occur after unilateral irradiation.7 Indirect support 

for a self-perpetuating pro-oxidant and pro-inflammatory scenario stems from the fact that 

non-steroidal anti-inflammatory drugs and antioxidants can alleviate some of that latent 

damage, at least in vivo, as well as reduce inflammation-induced mutations.8-10

Multiple features determine the host tissue response. There is a genetic component that 

dictates how different tissues deal with external and internal threats such as pathogens11, 12 

and injury, and the acute and late effects that are manifested following irradiation reflect this 

link. For example, different strains of mice develop pneumonitis or fibrosis following lung 

irradiation depending on the genetics of the host.13 The nature of the response that is 

stimulated however depends also on the type of the tissue.14 This is most obvious in tumor 

models where the tumor-host relationships are dictated by the type of the tumor and the 

genetic make-up of the host. As a result, palpable tumors have a chronic host cell infiltrate 

that may be dynamic, but is relatively stable functionally and phenotypically. This is 

exemplified by the fact that experimentally transplantable tumors have highly reproducible, 

characteristic infiltrates.15 This will not necessarily be the case for early lesions, which 

generate acute responses that may feed back and shape the tumor phenotype through 

immunoediting.16 Acute pro-inflammatory responses with highly oxidative stress may also 

contribute to tumor heterogeneity by generating additional genomic diversity.

In most cases, by the time radiation therapy is initiated the cancer already exists in a 

relatively stable state of equilibrium with inflammatory host cells and hypoxia already 

present. The impact of irradiation, and probably the outcome of treatment, will therefore 

depend upon the preexisting status quo. One contribution to the preexisting condition is the 

oxidative stress that tumors are under. This is often poorly defined but its consequences can 

be seen in the abnormalities in anti-oxidant genes, such as those in the NF-E2-related factor 

2 (Nrf2) pathway in many human cancers. For example, Kelch-like ECH-associated protein 

1 (Keap1) the factor that controls Nrf2 expression is frequently mutated (loss-of-function) in 

adenocarcinomas of the lung while Nrf2 itself is often mutated (gain-of-function) in lung 

squamous cell.17 Since Nrf2 controls numerous anti-oxidant genes, such targeted mutations 

that enhance expression may have major consequences for response to radiation therapy.

18-20 Furthermore, Nrf2, by controlling the redox balance in the cell can also dictate the 

Th1-M1/Th2-M2 equilibrium.21 When Nrf2 is absent, for instance, murine splenocytes 

respond to external stimulation with a seriously magnified IFN-γ profile while the IL-4/Th2 

axis seems unaffected (Figure 1). Tumors that have Nrf2 pathway activating mutations are 
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therefore likely to be in an anti-oxidant state, less likely to generate inflammation following 

irradiation, less likely to generate anti-tumor immunity, and less likely to respond to 

radiation therapy.

2 RESPONSE: Balances of opposing forces

General principles of immune regulation in normal and tumor tissues have been derived 

from animal models. These have taught us that irradiated tissues generally interact with the 

innate immune system in a manner similar to those damaged by pathogens.22 One common 

resulting paradigm is stimulation of granulocyte-macrophage colony formation with entry of 

early myeloid progenitors into the circulation and into the inflamed site within hours of 

irradiation.23 Such cells are often referred to as myeloid-derived suppressor cells 

(MDSC)24 but they may be of a broader functional phenotype as they are generated under 

the influence of multiple cytokine pathways, with SDF-1 and CSF-1 probably the most 

important.25-27 MDSC differentiate into more mature granulocytes and macrophages with 

time, the granulocytes being short-lived while the macrophage response may increase over 

1-2 weeks with the potential of being long lasting. In irradiated tumors, granulocytes 

gravitate towards areas of necrosis, while tumor-associated macrophages (TAM) infiltrate 

areas of hypoxia amplified by radiation-induced vascular damage.28 These myeloid cells 

may differentiate further and join pre-existing TAMs throughout the tumor mass. In normal 

and tumor tissues, these infiltrating macrophages should be considered as being distinct 

from resident tissue macrophages and pre-existing TAMs as they have obvious 

inflammatory functions.

Inflammatory macrophages are fascinating cells with a myriad of tools at their disposal 

including the ability to produce high levels of pro-inflammatory or anti-inflammatory 

cytokines and ROS/RNS and high pro-/anti-oxidants. They may even differentiate into 

antigen presenting cells in the right milieu and attract lymphocytic immune cell infiltrates so 

as to allow immunologically adaptive responses or, alternatively, they may drive 

angiogenesis and wound healing.3 They also appear to be required for stimulating growth of 

primary tumors and metastases.23, 28

These divergent functions reflect a basic principle of the immune system, namely a network 

of finely tuned but opposing cellular and soluble forces that appear functionally linked to 

classes of cytokines and to redox status.2 In the world of inflammation orchestrated by 

macrophages, the extremes of these forces are exemplified by two major phenotypes: the 

pro-inflammatory, iNOS expressing and ROS/IL-12 releasing M1 “killer” type that 

enhances antigen-specific responses and that are induced by Toll-like receptors and 

interferon gamma and the alternatively activated M2 “healer” type that is induced by IL-4/

IL-13, IL-10, or TGF-β and that are characterized by production of factors such as HIF-1, 

arginase, IL-10, IL-6 and VEGF which push angiogenesis, wound healing, and fibrosis and 

that are generally immunosuppressive.29 M1/2 are equivalents to the Th1/2 system in T cell 

biology and M1 and T1 cells tend to collaborate to reinforce their pro-inflammatory 

functions in cellular immunity, while Th2 and Treg cells do the same with M2 cells to 

emphasize an immunosuppressive environment.
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This immune dichotomy is generally valid and important in responses to pathogens and 

tumors. TAMs in most tumors seem to lean towards an M2 phenotype that promotes 

angiogenesis, tumor growth and metastasis.30, 31 However, in more immunogenic tumors, 

M1 and Th1 functions may predominate, at least while tumors are of moderate size. Such 

tumors proliferate rapidly and do not appear to metastasize because the small metastatic 

deposits they generate are effectively eliminated by the adaptive immune system.32 When 

such tumors are small they appear able to escape the immune system by inducing tolerance.

33 It is only when they grow larger that they can break through to switch on anti-tumor 

immunity. At this time TAMs that can present tumor antigens34 can be detected but the 

immune response is rapidly down regulated by Tregs and M2 cells that emerge to control the 

Th1/M1 response, ultimately allowing these tumors once more to escape immune 

surveillance.35 As they become very large non-specific, alternatively activated, 

immunosuppressive macrophages effectively shut down the immune system making 

individuals unresponsive to most antigens.35 Importantly, primary tumors of this type are 

easily controlled by radiation therapy with a good prognosis.32 In contrast, poorly 

immunogenic tumors tend to metastasize early and are more likely to generate MDSCs and 

M2 populations. Such tumors typically portend a poor patient prognosis.36-38

A major issue for understanding this aspect of radiation therapy is the extent to which tumor 

irradiation can switch the anti-oxidant/anti-inflammatory status of the tumor 

microenvironment to one that is pro-oxidant/pro-inflammatory and that favors tumor 

immunity. We know that in vitro irradiation can enhance the maturation of antigen 

presenting dendritic cells that makes them more able to cross present tumor antigens, in 

addition to the phenotypic changes that accompany pro-inflammatory cytokine production.

39 In general, macrophages seem more adaptable with respect to their phenotypes than 

dendritic cells. In fact, macrophages appear to have a plasticity unmatched by any other cell 

type and they readily respond to environmental cues. This plasticity may be one reason why 

the literature can be conflicting concerning their roles. For example, iNOS production can be 

associated with tumor growth promoting M2 TAMs40 as well as being an M1 characteristic; 

perhaps different levels of iNOS being involved. It should also be remembered that there are 

different macrophage subtypes, that resident macrophages in tissues are functionally very 

different from bone-marrow mobilized macrophages and that resident macrophages show 

distinct tissue-specific features. They also respond to in vivo/in vitro handling and simply by 

placing them in vitro one may stimulate high levels of cytokine production,41 making it 

difficult to interpret any response to irradiation or other stimuli.

In vivo, it seems that radiation, at least in the tumor models that have been studied, mostly 

reinforces the preexisting phenotypic proclivities.42, 43 This may also be the case in normal 

tissues. Some of the contradictory reports on the effects of radiation on macrophage 

polarization seem primarily due to differences in the genetic make-up of the model host that 

can dictate preferential M1/M2 polarization at baseline as well as following treatment.44 

However, irradiation may alter the preexisting equilibrium under some circumstances and it 

seems important to understand how this might be modulated. One way is through infiltrating 

MDSCs that are generally immunosuppressive but may be modifiable.27 There is some 

evidence that radiation at lower doses can reprogram macrophages towards a iNOS/M1 

phenotype that in turn mediates vascular normalization, T cell recruitment and promotes 
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efficient tumor rejection,45 although the general applicability of this concept has yet to be 

tested. The role of T cells in determining TAM status has however considerable support. In 

models where irradiation activates tumor immunity, Th1 cells appear to play a major role in 

redirecting the tumor microenvironment, including TAMs to M1, and towards enhanced 

anti-tumor cellular responses. It has long been known that the size of the radiation dose 

matters in particular for late responding normal tissues, but it also influences the extent of 

vascular damage and tumor cell death. This could be an important determinant of 

subsequent immune and inflammatory disturbances, be they pro- or anti-inflammatory.46, 

47 Clearly, one cannot ignore the potential implication of this in light of the recent trends in 

treating tumors with more sophisticated IMRT-based, higher dose per fraction radiation 

delivery systems and increased efforts to combine radiation with immunotherapy. It should 

be said that often dose schedules that are isoeffective with respect to tumor cure are not 

compared where tumor immunity is concerned, leaving some issues unanswered.

3 CONSEQUENCES: Radiation damage links inflammation to immune 

activation

It is becoming increasingly clear that one way to immunologically target a tumor is to re-

connect a broken link between an innate immune recognition of the tumor with the initiation 

of the adaptive arm of the immune system. It appears that the Type I IFN signature in the 

tumor microenvironment can do just that, namely initiate antigen cross-presentation by DCs, 

efficient T cells priming and tumor rejection.48-51

We know that irradiated tissues can have the same IFN signature 50 presumably through the 

release of “danger” signals (or Damage-Associated Molecular Pattern molecules; DAMPs) 

such as dsDNA, RNA, chromatin and HMGB-1 from stressed and dying cells. DAMPs then 

get recognized through common pattern recognition receptors (PRR) of the Toll like 

receptor (TLR) family, analogous to the recognition of pathogenic danger signals (or 

PAMPs). 52-57 The immune system has evolved to constantly scan for these danger signals 

and to swiftly act upon their detection. This is mostly done by macrophages through 

cytokine and chemokine networks that guide other immune cells to eliminate that danger 

and to turn the pro-inflammatory, prooxidant environment into one that is more compatible 

with homeostasis and healing.2, 3 Indeed there is increasing evidence in the literature for 

radiation-driven TLR activation.58 A case in point is the observation that 4Gy irradiation of 

primary human (but not murine) lymphocytes can drive gene expression of most of the TLR 

family members.59 Some of this innate TLR induction may actually be an integral part of 

the DNA damage response following radiation exposure and even lead to broad stress 

adaptation.60

A crucial consideration of the role of danger signaling in radiation responses is how it 

interacts with more classical triggers. From in vitro studies we know that danger signals 

such as LPS potently stimulate murine macrophages to release TNF-α, a bonafide pro-

inflammatory cytokine, and that this is more intense in macrophages that had previously 

been irradiated (Figure 2). However, this is not the case when radiation is given after LPS. 

Irradiation therefore primes these cells for further TLR responses, which could be clinically 

highly relevant to the generation of immunity. In light of the fact that LPS and many other 
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TLR agonists are much more potent radioprotectors61, 62 than they are mitigators63 at least 

of acute hematopoietic radiation syndrome in vivo (Cheng, unpublished), one has to wonder 

whether these observations are in fact related to danger perception and signaling by 

macrophages and what importance has the timing between signal 1 (DAMPs/PAMPs) to 

signal 2 (radiation) and the order in which they are received.

Of the diverse signaling network that lies downstream of TLR activation,64 it seems that the 

STING pathway sensing danger from cytosolic DNA may be a critical link between 

radiation-damaged, dying normal and tumor cells and type I IFN induction by DCs that 

drive adaptive immunity.49, 65 Indeed, the effectiveness of many cancer therapies, 

including radiation, seems to partially rely on intact danger signaling as patients without 

functional TLR4 were found to relapse quicker, even though it is not clear whether this 

extends to all of the TLR signaling network and to all tumors.66-68 Indirect evidence comes 

from activated lymphocytes being found in irradiated tissues both during acute and chronic 

phases and from radiation-induced autoimmunity.69-75

Conversely, one would expect that inhibiting this kind of danger signaling and hence 

immune recognition in the aftermath of radiation exposure would limit immune activation 

and progressive normal tissue inflammation and in doing so, aid recovery.76 In fact, this is 

precisely what we observed in lethally, whole-body irradiated mice that better survived 

acute radiation syndrome when treated with the inhibitor of HMGB-1 danger signaling, 

glycyrrhizin, (Figure 3). This dichotomy between macrophage-driven inflammatory 

resolution and normal tissue protection versus prolonged, pro-inflammatory tissue damage 

and anti-tumor immune activation was eloquently discussed by Gough et al.77 and is not 

unfamiliar to radiation oncologists thriving to maximize tumor cell kill at minimum normal 

tissue damage. In other words, the crucial link to anti-tumor immune activation may be 

time-sensitive and potentially lost as the normal tissue attempts to heal and resolve 

inflammation in the aftermath of radiation exposure (Figure 4).
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Figure 1. 
Nrf2 prevents excessive Th1 signaling in activated T cells. Splenocytes were isolated from 

Nrf2−/− mice and stimulated in vitro with aCD3/CD28 with or without LPS. IL-4 and IFN-γ 

releasing splenocytes were enumerated 36h later by ELISPOT and compared to splenocyte 

responses from C57Bl/6 WT mice.
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Figure 2. 
Radiation primes macrophages for pro-inflammatory signaling when given prior to TLR 

engagement. RAW264.7 murine macrophages were stimulated with 10ng/ml LPS either 

30mins before or after X-irradiation. Supernatants were harvested after 4h of stimulation and 

assayed for TNF-α production by ELISA.
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Figure 3. 
Inhibition of HMGB-1 aids the recovery of whole-body irradiated mice. Male C3H mice 

were lethally irradiated with 8Gy and treated with s.c. 330mg/kg Glycyrrhizin everyday for 

5 days starting 24h post exposure. Survival was monitored over 30days. N=8 animals/group.
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Figure 4. 
Recurring waves of inflammation link radiation-induced tissue damage to anti-tumor 

immune activation with potentially excessive normal tissue damage. This is being offset by 

attempts to resolve the inflammatory lesion, to heal and to regulate immunity at the price of 

possible tumor immune escape. Black (tumor), red (inflammation), green (healing).
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