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Abstract

The body senses “danger” from “damaged self” molecules through members of the same receptor
superfamily it uses for microbial “non-self”, triggering canonical signaling pathways that lead to the
generation of acute inflammatory responses. For this reason, the biology of normal tissue responses
to moderate and clinically relevant doses of radiation is inextricably connected to innate immunity.
The complex sequence of inflammatory events that ensues causes further cell and tissue damage to
eliminate potential invaders but also leads to cytoprotective responses that limit the spread of damage
and to wound healing through tissue regeneration or replacement. These sequential processes are
orchestrated through multiple feedback control mechanisms involving cyclical production of free
radicals and cytokines that are common to both radiation and immune signaling. This requires a
concerted effort by resident tissue and inflammatory cell types, with macrophages apparently leading
the way. The initial response to moderate doses of radiation therefore feeds into a pro-inflammatory
paradigm whose eventual outcome is critically dependent upon the properties of the immune cells
that are involved in tissue damage, regeneration and repair and that are in part under genetic influence.
Importantly, these canonical pathways provide targets for interventions aimed at modifying normal
tissue radiation responses. In this review, we examine areas of intersection between innate immunity
and normal tissue radiobiology.

INTRODUCTION

Mammals have evolved complex mechanisms to maintain tissue homeostasis in the face of a
vast array of challenges. More than any other category of agent, microbes have shaped host
immunity during evolution. Responses to other, more eclectic challenges like those posed by
moderate doses of ionizing radiation are not tailored but are dealt with through the same
canonical pathways that orchestrate host defense and maintenance of tissue homeostasis. The
biology of normal tissue responses to radiation therefore involves the immune system in
multiple ways. This review aims to cover those specific aspects of tissue inflammation and
immunity that we believe overlap and inform most on processes relevant to normal tissue
radiobiology.

PATTERN RECOGNITION RECEPTORS AND THE IMMUNE SYSTEM

A major recent development in innate immunity is the realization that microbial “non-self”
and “damaged self” are recognized by a shared system of receptors. Acute inflammation is
generated to deal with the “danger” inherent in such situations. Surprisingly, as will be
discussed later, non-pathogenic commensal microbes that are tolerated by the body are
recognized by the same system, suggesting regulatory control that is dictated by the nature of

© 2010 by Radiation Research Society.

1 Address for correspondence: University of California Los Angeles, Department of Radiation Oncology, 650 Charles E. Young Drive
South, Room B3-109 CHS, Los Angeles, CA 90995; wmchride@mednet.ucla.edu..



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schaue and McBride

Page 2

the challenge. Janeway (1) first fully recognized that innate immune cells must have evolved
a system for recognizing conserved “non-self” microbial products through pattern recognition
receptors (PRRs). His group later identified a Toll-like receptor (TLR) as a key PRR capable
of activating innate immune responses to bacterial lipopolysaccharide (LPS) (2). Recently, the
spectrum of PRRs has been widened to encompass intracellular nucleotide binding
oligomerization domain (NOD)-like and retinoic acid inducible gene (Rig)-like receptors (3)
and C-type lectins (4).

PRRs were originally proposed as a recognition system for exogenous (microbial) pathogen-
associated molecular patterns (PAMPS). However, the same receptor superfamily was later
found to recognize endogenous damage-associated molecular patterns (DAMPS), also known
as “alarmins” (5,6). This suggests that PRRs may have a role in maintaining tissue homeostasis,
wound healing and tissue regeneration after damage, for which there is some evidence (7). It
would therefore be surprising if they were not major players in radiation-induced normal tissue
damage and repair.

Most of what we know about PRRs today concerns TLRs, and we will focus on these as a
model for how PRRs interface with our microbial world and with tissue damage to maintain
homeostasis. TLRs are evolutionary ancient sensors that lie at the heart of our innate immune
system. They are members of a superfamily of receptors that has homology to the drosophila
Toll protein, but also to IL-1RI; all members share a TIR (Toll-IL-1 receptor) domain. There
are currently about 12 members of the TLR subfamily, with some species variation (8). The
ligands for some TLRs have yet to be identified, but TLR4/MD2 dimers are particularly
important in the response to LPS, a process that also involves CD14 in the formation of an
activation cluster and sends a stronger signal than other TLRs. Of the other TLRs, TLR2 can
form heterodimers with TLR1 or TLR6 and responds to lipopeptide components of gram-
positive and -negative bacteria, and TLR5 recognizes bacterial flagellins. In contrast to these
cell surface dimers, TLR3, TLR7 and TLR9 are intracellular receptors that sense mainly
microbial RNA and DNA, as do NOD- and RIG-like receptors (Fig. 1) [reviewed in ref. (7)].

DAMPS that we know are recognized by TLRs include the high-mobility-group box 1
(HMGB1) proteins. These are abundant chromatin-binding proteins that bind within the minor
DNA groove and are released from damaged and activated cells. They share with LPS the
ability to activate TLR4/MD2 but may also activate TLR2 (9). Other DAMPS include heat-
shock proteins, degradation products of extracellular matrix (surfactant protein A, fibronectin
extradomain A and hyaluronan fragments), and other damage-associated proteins, such as beta
defensin, uric acid, S100, minimally modified LDL and possibly proteins damaged by reactive
oxygen species (ROS) (5). As is the case with microbial nucleotides, endogenous DNA and
DNA-activated autoantigens activate cells through TLR9, and the role of TLRs in various
human autoimmune diseases is therefore an area of intense research (10). The exact
requirements for a molecule to act as a DAMP is not clear, but primarily only TLR2 and TLR4/
MD2 seem to act as receptors. Presumably this restricts the response that can be made, as may
the fact that a high concentration of DAMP is needed for TLR activation. Such control
mechanisms must exist to ensure that the need for the response outweighs the damage that
inflammation might cause.

In the real world, multiple TLRs will respond simultaneously to a challenge and the cellular
distribution of the TLRs, their co-receptors and accessory proteins, and their downstream
adaptor molecules form a mosaic signal that orchestrates the response. In general, immune
cells express varying TLR profiles and were thought for a while to be the only players. But
recently, epithelial, fibroblast and other cells also have been found to express TLRs, and
although they may have a more restricted profile, they appear to be functionally important (see
below). In spite of their complexity, all TLRs essentially signal through the adapter proteins,
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MyD88 and/or TRIF (11), to activate primarily the transcription factors NF-xB and AP-1 and
interferon regulatory factor (IRF) 3 or 7 (Fig. 1). Although this is an oversimplification, it is
certainly true that the pathways are restricted and the target genes for NF-xB and AP-1
activation are pro-inflammatory cytokines, while IRFs signal type | interferon production. In
fact, a spectrum of cytokines is produced in keeping with the need to eliminate viruses and
intracellular bacteria on the one hand and deal with extracellular microbes on the other. How
these polarized responses are orchestrated is not clear, but understanding the mechanism(s)
will be important if we are to manipulate such responses for therapeutic benefit. In particular,
while we know that radiation generates pro-inflammatory cytokines, the MyD88/TRIF
dependence of the profile in different tissues has not yet been defined.

A compelling aspect of PRR signaling is that PAMPS and DAMPS can be classified as
“danger” signals (12) that link inflammation to antigen-specific immunity (5,13). The signals
that are generated can license immature dendritic cells (DCs), which normally maintain
peripheral immune tolerance, to mature into potent antigen presenting cells that initiate antigen-
specific immunity (14,15). For DAMPS, this must be carefully controlled since autoimmunity
is the flip side of this coin.

PRRs in Radiation and Immunity

The importance of PRR signaling in radiation responses has yet to be fully explored, but there
are compelling hints as to its relevance. In retrospect, the older findings that LPS and IL-1
protect mice against lethal whole-body irradiation (16) might now be seen as implicating the
Toll-IL-1R superfamily. In fact, radiation has been shown to affect expression of TLR-related
molecules. Shan et al. (17) reported that 5 cGy to 2 Gy increased TLR4/MD2 and CD14
expression on mouse macrophages as well as elevating intracellular levels of MyD88, and this
was thought to be responsible for their radiation-enhanced secretion of IL-12 and IL-18. More
recently, a homolog of TLR4, but lacking the TIR domain, called radioprotective 105 (RP105)
has been discovered in mouse B cells (18). Its co-receptor, MD1, is a homolog of MD2. An
antibody to RP105 caused B cells to proliferate and protected them against radiation-induced
apoptosis. RP105 is also expressed in myeloid cells and, at least in some systems, it serves as
a negative regulator of LPS/TLR4 signaling and cytokine production (19). Thus, in the lung,
while TLR4/TLR27~ and MyD88~'~ mice are more sensitive to bleomycin-induced
epithelial injury and have decreased survival, the opposite seems to be true for RP105~~ mice
(19). Further work is needed to elucidate the situations in which TLR4 or RP105 is dominant,
but clearly these mutually antagonistic signaling pathways may dictate pro-inflammatory
cytokine production in response to radiation and TLRs may serve as useful targets for
radiotherapeutic intervention.

The most compelling emerging concept is that radiation-induced DAMP signaling through
TLR4 and TLR2 might affect the outcome of cancer treatment. Apetoh et al. have shown that
radiation releases HMGBL1 from dying tumor cells and that HMGB.1 is mandatory for host DCs
to become licensed to present tumor antigens and generate tumor-specific immunity (9).
Intriguingly, patients with breast cancer who carry a TLR4 loss-of-function allele, which
prevents HMGB1 binding, relapse more quickly after radiotherapy and chemotherapy than
those carrying the normal TLR4 allele (9).

The relationship between infection and cancer regression has a long history and has prompted
many attempts to use microbial products for cancer immunotherapy, as with Coley's toxins in
the early 20th century. Pathologists have frequently shown inflammation to correlate with the
outcome of cancer treatment, for example in colorectal cancer (20), and this response may in
fact be a little-recognized factor in conventional treatment success (21). It seems likely that

the discovery of TLRs will herald a new era of investigation into how the host balances anti-
tumor reactivity and normal tissue damage after radiation therapy and how to rebalance this
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equation to encourage a favorable outcome. In fact, we have known since the beginning of
radiation therapy that it has a pro-inflammatory component, and numerous studies have
explored the subsequent dialogue between the immune system and the mesenchymal and
epithelial components that is required for successful tissue repair. The recent discovery that
PRRs are not the sole property of immune cells but are expressed on other lineages, including
epithelial cells (22,23), and are key players in this dialogue forces a reassessment of these lines
of communication in irradiated tissues.

PRRS ON EPITHELIAL SURFACES

The fact that DAMPS and PAMPS can signal through TLRs suggests that sterile and non-
sterile inflammatory stimuli share canonical pathways, at least in part. In reality, after radiation
exposure, epithelial barrier function is often compromised and microbial invasion is facilitated,
so this distinction may be moot at times. However, it is true that the colon, for example, shows
considerable tolerance to the >1012 commensal microbes it contains. Although it has long been
known that there is a dynamic interaction between the host immune system and these
commensals and that they are a critical element in shaping the repertoire of potential immune
responses (24), the discovery that epithelial cells can express PRRs and are involved in barrier
maintenance and regeneration of epithelial tissue (7) challenges our concepts of how the host
immune system deals with barrier challenges and has profound implications for normal tissue
radiobiology.

PRRs, Epithelial Barriers and Radiation Sensitivity

While the array of PRRs on epithelial cells (Fig. 2) and their sometimes mutually antagonistic
actions present a complex picture, PRRs clearly act at the barrier level to modulate responses
to microbial and other potentially damaging challenges (23,25). Thus, in the gut, TLR4 can
mediate internalization of E. coli by enterocytes and their translocation to mesenteric lymph
nodes (26) and exacerbate the development of colitis in response to gram-negative organisms
(27). Probiatic bacteria, in contrast, inhibit TLR4/NF-xB signaling and the associated pro-
inflammatory cytokine production that causes colitis (28), suggesting that they trigger
counteractive signaling pathways. Somewhat paradoxically, TLR4 protected against dextran
sulfate-induced colitis (29), as it did in the lung response to bleomycin (19). PRRs therefore
seem able to respond differently depending on the challenge. Since TLR ligands are present
on both non-pathogenic and pathogenic bacteria, it is unclear how the host remains tolerant to
one while responding to the other. The most likely explanation is that under normal conditions
the system is under negative regulation, and this has to be overcome to trigger cytokine
production. Recently, a Toll-1L-1R member, SIGIRR, was found that negatively regulated TLR
activation in colon epithelial cells (30). Since it is commonly believed that chronic production
of pro-inflammatory cytokines is responsible not only for colitis but also for neoplastic
transformation of colon epithelial cells (31), understanding these regulatory mechanisms is of
paramount importance. It would be surprising if the response of the gut to radiation was not
determined in part by the microbiota and host PRR profiles.

In fact, we already know this to be the case and, furthermore, that direct targeting of PRRs can
be a useful strategy for ameliorating radiation-induced damage. The field is still in its infancy,
but the TLRS ligand flagellin has been found to protect enterocytes against radiation-induced
apoptosis (32) and mice against whole-body irradiation (33,34). Also, in the lung, flagellin
initiates an early TLR5-dependent inflammatory response that has been ascribed to stimulation
of radiation-resistant epithelial cells, although macrophages cannot be excluded (35).
Interestingly, radiobiological literature dating back to the 1960s shows that the basal intestinal
crypt turnover rate depends upon the strength of the microbial stimulus, being slower in germ-
free than conventionally housed mice (36,37). It would be interesting to know the contribution
of PRRs in such a model.
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Radiobiologists are keenly aware of the contribution of epithelial cell regeneration to normal
tissue radiation damage, in particular in a tissue that has rapid turnover like the gut. It is
therefore of interest that TLR4/TLR2/MyD88 signaling has been shown to stimulate the
proliferation of epithelial progenitor cells in the gut in response to injury (38). This regenerative
response is transmitted through macrophages (38), but it requires TLR expression by epithelial
cells; similar pathways may mediate crypt regeneration after radiation exposure. Because of
the focus of PRRs on microbes, their role in human radiation-induced colitis clearly requires
further investigation. Clinical interventions with TLR agonists or probiotics (39) might be of
value in prevention or mitigation of radiation-induced intestinal damage and its repair.

In disease situations, it is often difficult to extricate the role of PRRs on epithelial cells from
those of lymphoid cells in subepithelial and systemic compartments and, in reality, responses
by both compartments are important. Under normal conditions, the continuing host-microbe
interplay maintains the delicate balance between responding to pathogens and maintaining
tolerance to harmless commensals and incoming antigens, such as food. This delicate equation
may be set in part by the outcome of PRR signaling at the epithelial barrier, but it also involves
continuing interplay between immune cells producing pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF-a) and interleukin 1 (IL-1) as well as regulatory cytokines
such as IL-4, IL-10 and transforming growth factor beta (TGF). The importance of regulatory
cytokines in intestinal responses is vividly seen in IL-10 knockout mice, which spontaneously
develop colitis at 2-3 months of age (40,41). Initiation of this response is antigen-specific and
is dependent on the generation of T-regulatory cells (Treg), which are a major source of
regulatory cytokines. The effector mechanism is non-antigen-specific, a phenomenon known
as antigen-driven bystander suppression. The “antigen” in this model is most likely enteric
bacteria (42), and in several models, colitis has failed to develop if mice are housed under
germ-free conditions (43). Intestinal microbes or their products that cross a damaged epithelial
barrier can also have profound systemic immunological effects. For example, they can
seriously aggravate graft-versus-host disease in an allogeneic bone marrow transplant setting
(44), although in a syngeneic setting, they may cause “rebound” recovery in host immune cells
by stimulating their proliferation.

Overall, there is compelling evidence that PRRs can control the initiation of inflammatory
responses through recognition of PAMPS and DAMPS by immune and non-immune cells.
This sets in motion a remarkable sequence of events that influences the outcome of a radiation
challenge.

INFLAMMATION

The philosophy of the innate immune system in dealing with “danger” situations is to surround,
entrap, eliminate and repair the lesion. Since it does not distinguish greatly between “self”
damage and microbial challenge, the processes are quite stereotyped. An initial invasion of
polymorphonuclear leukocytes (PMNs) into the inflammatory site is followed by monocytes/
macrophages, with the presence of large numbers of lymphocytes often being diagnostic of a
more chronic condition. No attempt will be made to cover inflammation in any detail, but
certain “textbook” concepts that are relevant to radiation responses will be mentioned briefly.

The “surround” stage of an inflammatory process is exemplified in the cardinal signs of
inflammation described 2000 years ago by Celsus as redness and swelling with heat and pain
that clearly implicate the vasculature in the initial tissue response. Local release of nitric oxide,
prostacyclin, complement and other vasoactive mediators in the damaged area cause
endothelial cells to swell and retract, dramatically increasing blood flow to the affected area
and making the vessels leaky for fluids and cells. This process is amplified by changes in cell
adhesion molecules and integrins on the endothelial surface, trapping platelets that are activated
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to release histamine, serotonin, fibrin and other mediators, including the cytokines platelet-
derived growth factor (PDGF) and TGFf.

As a result of these vascular changes, fluid exudes and cells, initiallylargely PMNs,
activelyflowintothedamaged site down a concentration gradient of bioactive molecules.
Monocytes appear later and transform into classically activated macrophages under the
influence of bacterial products such as LPS and cytokines such as interferon gamma (IFN-y),
TNF-a and GM-CSF (45); lymphocytes and mast cells also often participate. The whole
response is orchestrated in large part by the key pro-inflammatory cytokines TNF-o. and IL-1,
aided by chemokines that primarily direct the cellular infiltrate. Importantly, ionizing radiation
is a pro-inflammatory signal, fully capable of causing all these effects [see ref. (46)].

Inflammation in Radiation Biology

Historically, the low power output of the first X-ray machines used in therapy necessitated
prolonged exposures and gave relatively high skin doses and erythema. To circumvent these
problems, clinicians fractionated the dose, something from which tissues other than the skin
were later found to derive benefit. It therefore could be said that inflammation has been a
deciding factor in shaping the strategies used in radiation therapy to minimize normal tissue
damage and increase the therapeutic benefit. Strangely, lower doses per fraction and lower
total doses of radiation can have anti-inflammatory effects (47,48) and can be used to treat
chronic inflammatory conditions (49). A mechanism has been proposed for this, but a full
explanation is not currently available (50).

Part of our current understanding involves the fact that, just as there is a DNA damage response
to radiation, there is also a cellular damage response that is independent of DNA damage, and
these pathways must be integrated to determine the final outcome. The first response is made
within minutes of exposure and is largely pro-inflammatory. Radiation induces cells to express
immediate early genes such as c-fos, c-myc, c-jun and beta-actin (51) as well as TNF-a, GM-
CSF, COX2 and ICAM-1. This occurs primarily through post-transcriptional mMRNA
stabilization (52-54) and often requires AU-rich 3'-untranslated regions that are common to
many pro-inflammatory mRNAs (55). Rapid radiation-induced activation of receptor tyrosine
pathways and mitochondrial-associated responses may also contribute. The timing of this
immediate early response suggests that it precedes DAMP signaling. Its role is uncertain,
however, because the initial flurry tends to fade before major transcriptionally initiated pro-
inflammatory responses are made. However, since inflammatory responses are amplified and
propagated through feedback control loops in a recurring fashion, they probably play at least
a modulatory role.

Numerous inflammatory molecules are involved at many levels in radiation responses, but the
TNFR family perhaps best exemplifies some of the interactions that exist. This family has in
excess of 27 members that have partial homology in their cysteine-rich extracellular domains.
Based on their intracellular sequences, TNFRs can be subdivided into three groups. Members
of the first group [TNF-R1, Fas (CD95), TRAIL-R1 (DR4), TRAIL-R2 (DR5), TRAIL-R4
(DcR2) and TRAMP (DR3)] have so-called intracellular death domains that can recruit adaptor
proteins to cause cell death by caspase 8-dependent apoptosis, although p53-, caspase 9-
dependent death (56) and non-apoptotic p53- and caspase-independent death (57) have also
been reported. It has been known for many years that radiation up-regulates TNF ligands and
TNF receptor expression in vitro and in vivo in many cells and tissues, as well as many other
pro-inflammatory genes2 (58-61). This can result in radiation-induced cell death by a

2W. H. McBride and T. Hussain, Effects of irradiation on monocyte function. Presented at the Thirty-seventh Annual Meeting of the
Radiation Research Society, Seattle, WA, 1989.
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mechanism that is independent of direct unrepairable DNA damage. Remarkably, the same
TNFR family members can also act through NF-kB-dependent pathways to enhance survival
of some cell types (62). Under normal circumstances, most normal cells survive and may even
proliferate in response to TNFR activation, although some are sensitive.

This critical balance between death and survival pathways is part of the yin-yang tradeoff
inherent in inflammatory responses. It is not clear how it functions, but receptor-interacting
protein (RIP) 1, which is downstream of TNFR, can act as an NF-kB-independent dual-function
switch molecule early in TNF signaling that can mediate survival or death depending on its
ubiquitination state (63). In addition, TNFRs that do not have death domains or soluble or
decoy receptors may protect some cells against radiation damage (64). Knockout or knockdown
experiments with TNFR family members clearly indicate their role in radiation-induced
responses in the intestine (65-67), lymphoid tissues (67), brain (64,67,68), liver (69) and lung
(70). In some cases the protective role of TNFR signaling in cells is seen, in others its
detrimental side.

The well-known vascular effects of TNF suggest that many radiation-induced vascular changes
may be mediated through pro-inflammatory cytokines and that at least some can be inhibited
by anti-TNF antibody (71). It important to note that not only are the TNFR pathways cell- and
tissue-dependent (72), they are also genetically determined, as is the pro-apoptosis tendency
of normal tissues (73). The relevance of this variation to radiation-induced normal tissue
radiation responses is not clear at this time, but caution should be exercised when drawing
broad conclusions.

TNF is used here simply to illustrate the range of radiation-induced responses that can be
modified through acute inflammation, and many other examples could have been presented of
other molecules that have been shown to be radiobiologically relevant. Remarkably, the
pathways that perpetuate acute inflammation are in fact limited and similar to those triggered
by PRRs, leading one to ask questions regarding the origins of inflammation, how it is
controlled when it is clearly harmful to the body, and how it is down-regulated to allow damage
resolution. Without a doubt, free radicals are major ancestral players that have been harnessed
as effectors in inflammation, which is another point of intersection between radiation and
immunity.

Free Radicals, Inflammation and Radiation

The biology of inflammation and ionizing radiation is intimately intertwined with that of free
reactive oxygen and nitrogen species (ROS and RNS), such as superoxide, hydroxy! radicals,
hydrogen peroxide, nitric oxide, peroxynitrite and their derived products (74). During the
elimination phase of an inflammatory lesion, phagocytic cells are activated to express more
integrins, extravasate and migrate to the lesion where they generate yet more inflammatory
mediators and become even more phagocytic. Although microbes are eliminated by multiple
mechanisms, ROS are critical for this and for many other aspects of inflammation. For example,
during phagocytosis, PMNs increase their oxygen uptake, sometimes more than 50-fold in a
respiratory burst, and large amounts of free radicals are generated through a membrane-bound
NADPH oxidase system. This is unassembled in resting cells but, when activated, produces
superoxide (O, 7), hydrogen peroxide (H202) via dismutase and hydroxyl radicals and
hydroxide-halide (HOCI) radicals via myeloperoxidase (75); about 10 nmol O~ min/10° cells
may be produced (76). These ROS, some more so than others, play a direct role in microbial
killing, although the half-life of these killing machines is short and indeed is actively curtailed.
The PMNs own death, and the death of surrounding cells contributes to antimicrobial killing,
through yet more ROS production, neutrophil extra-cellular traps (NETSs) that inhibit bacterial
spread (77), and release of considerable quantities of other bioactive agents, including DAMPS
and PAMPS that perpetuate the inflammatory response.
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The role of nitric oxide (NO) and the RNS formed from the reaction of NO either with oxygen
or super-oxide (78) extends well beyond the scope of this review. In inflammation, however,
classically activated macrophages produce high levels of inducible nitric oxide synthetase
(NOS2) that makes NO in a NADPH-dependent process from -arginine (79). Radiation is not
a strong stimulus for NOS2 induction, and low doses may even inhibit production (47,48), but
RNS can efficiently radiosensitize tumor cells (80,81), even under hypoxia (80). The evidence
for arole of RNS in cell death and survival is therefore more confusing than for ROS. In some
circumstances, RNS have been found to mediate cell death through inhibition of NF-xB (82),
whereas in other models, RNS inhibited cell death by inactivating caspases (83).

As pro-inflammatory cytokine levels increase, more and more ROS are generated. The link
between pro-inflammatory cytokines and ROS is most evident in that TNF-a-elevated ROS
levels are required for pathogen killing by phagocytes, for TNF-a-induced apoptosis, and for
TNF signaling (57,84,85). In turn, ROS activate NF-xB, leading to further TNF-o production.
Of interest to radiobiologists is the finding of the several cysteine-rich modules in the
extracellular domain of TNFRs that can directly promote TNFR oligomerization and
downstream NF-«xB activation in response to oxidative stress (57,86), and this may be a
mechanism by which radiation directly stimulates this pathway. ROS and RNS act as second
messengers, regulating numerous cellular processes, including cell proliferation through
activating EGFR, PDGR and other kinases (87,88), inactivating phosphatases such as Cdc25,
and affecting ion channels (89). Many of the molecules involved are directly redox-sensitive.
The spectrum of such molecules has yet to be fully defined, but it includes c-jun, c-fos, junB,
TP53, NF-kB, EGFR, PDGFR (90), TGFp (91) and the 26S proteasome (92), all of which link
free radicals and inflammation to radiation responses.

While it is true that ionizing radiation can generate ROS directly, the main sources of ROS in
cells are the mitochondrial respiratory chain and oxygen metabolizing enzymes, such as
NADPH oxidases, myeloperoxidases, cyclo-oxygenase and lipoxygenase, and hypoxanthine/
xanthine, so that radiation-induced ROS production is likely to be largely indirect. For example,
the prodigious amount of ROS generated by phagocytes, amplified and perpetuated through
inflammation, is far greater than what would be produced directly by moderate doses of
radiation. Therefore, radiation-induced oxidative damage most likely stems from many sources
within a cell and is perpetuated in vivo by feedback control signaling through pro-inflammatory
cytokines and cell death to last long beyond the initial radiation-induced burst. These ongoing
radiation-induced inflammatory responses contribute to molecular and cellular responses in
tissues and, in all likelihood, to genomic instability and cancer and radiation-induced late
effects.

Lesion Resolution

1. Focal responses—Inflammation is obviously a two-edged sword. On the one hand, its
purpose is to eliminate invaders and repair tissue damage. On the other hand, the free radicals,
hydrolytic/proteolytic enzymes, cytokines and other mediators that are generated for this
purpose are toxic and inevitably cause focal tissue destruction. The spread of cytotoxic
mediators outside the immediate vicinity of a lesion can cause a lacuna of cell death (93), while
further down the concentration gradient, cytoprotective and proliferative responses are
generated that limit the extent of damage and the spread of potential pathogens (Fig. 3). ROS/
RNS, prostaglandins and cytokines often show concentration-dependent, opposing effects on
cell death and proliferation that may account for such reactions, but the ligand-receptor
interactions that are responsible have yet to be fully identified. Clearly, DAMPS released after
irradiation are likely to play a role.

For a radiobiologist, it is tempting to draw parallels between spatially oriented inflammatory
responses and radiation-induced “non-targeted” effects, which are often referred to as
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“bystander” and “adaptive” responses. There is no real evidence to support such an
extrapolation; however, inflammation forms a useful paradigm for considering such responses.
For example, there is confusion in the literature as to whether non-target radiation-induced
responses are damaging, protective or adaptive, and multiple end points have been used. If one
considers damage as focal, various responses are possible depending on the spatial distance
from an irradiated site. It follows that bystander effects and adaptive responses may reflect
various aspects of an inflammatory response to radiation-induced stress and injury with a
variety of the manifestations, as has been pointed out by others (94).

Obvious examples of focal irradiation are brachytherapy, inhaled or injected radionuclides,
and stereotactic radiosurgery or therapy, and it is worth considering possible radiobiological
differences between these and standard large-field, homogeneous radiation delivery. For
example, high local doses might be expected to generate more “danger” signals and to be more
likely to generate anti-tumor immunity (46). As clinical radiotherapy moves toward more focal
delivery of radiation, the radiobiological concepts involved are likely to diverge from those
for conventional regimens. However, it is interesting to note that even when the radiation field
had been designed to be homogeneous, many radiation-induced late tissue complications seem
to be expressed, or initiated, focally: for example, white matter necrosis or certain cases of lung
fibrosis. This is consistent with a role for inflammatory foci in triggering parenchymal cell
death. The volume of tissue will also play a major role in dictating the extent of inflammatory
damage and what can be tolerated, irrespective of the extent of clonogen deletion.

2. Proliferative and cytoprotective responses—Epithelial cells, endothelial cells and
fibroblasts participate in angiogenesis, fibrogenesis and epithelialization to limit the damage
to an inflamed tissue and initiate tissue repair. The triggers for proliferative responses include
free radicals (89), TLRs (38) and growth factors such as fibroblast (FGF), epithelial (EGF),
vascular endothelial (VEGF) and platelet-derived growth factors (PDGF) as well as cytokines
like TNF-a and IL-1, with macrophages being a likely major source. When cells are activated
in this way, they appear to be protected and may be more resistant to radiation.

The relationship between cell death and proliferation is of particular interest to radiobiologists,
although the link to cytoprotection may not be readily apparent. In fact, there is ample evidence
that cells can gain radioresistance as a consequence of cytokine and growth factor stimulation
(95). This is the rationale driving combined cancer radiation therapy with growth factor
inhibitors (96). The fact that mitogen-stimulated cells switch their metabolism to aerobic
glycolysis (97) with mitochondrial uncoupling (98) and decreased ROS production (100) may
be one mechanism associated with radioresistance. In this respect, mitogen-driven responses
seem different from steady-state proliferation, which is often associated with a high apoptosis
index and where cells tend to be more radiation sensitive.

A radiation-related concern in tissues stimulated to proliferate in this way is that this canonical
inflammatory framework is being superimposed on cells that may have potentially lethally
damaged DNA. Induced proliferation could therefore result in mitotic cell death or, in the worst
case, carcinogenesis. Indeed, waves of induced cell death are one possible reason for the waves
of pro-inflammatory cytokine expression seen in many tissues after irradiation (100). This begs
the question as to whether such inflammation-induced cytoprotection/proliferation after
radiation exposure would be of benefit. It could contribute to the development of resistance
during a fractionated course, or it could precipitate tissue damage or even carcinogenesis.

It should be noted that proliferative responses during inflammation are not necessarily
regenerative. Some may be, but in tissues with limited regenerative potential, such as most
late-responding tissues, healing is often by fibrotic replacement of damaged tissue. Fibrin
leakage through damaged vasculature is an early event in inflammation, and its deposition
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within an extracellular matrix (ECM) serves as a scaffold for ensuing events. Angiogenesis,
epithelialization and organ recovery are normally associated with fibrogenesis or, in the central
nervous system, with gliosis and must proceed in a controlled way to result in tissue restoration.
This requires some ECM remodeling, which can continue for a long time. In fact, most tissues
in the body have a limited capability for regeneration and frequently resort to replacement
strategies that involve secretion of immature collagen by myofibroblasts stimulated by
cytokines such as TNF-a, TGF and PDGF. All too often, scarring, fibrosis, fistula formation,
stenosis, atherosclerosis or other conditions result. There is still controversy as to the sources
of myofibroblasts in these responses; some of the possibilities include preexisting fibroblasts,
bone marrow-derived mesenchymal stem cells, macrophages or epithelial-mesenchymal
transition (101,102).

3. Resolution of inflammation—The transition from acute inflammation to the remodeling
phase with angiogenesis and fibrogenesis is critical for tissue repair. It requires conversion of
a pro-inflammatory, pro-oxidant state into an anti-inflammatory, antioxidant one, which
involves changing key transcriptionally activated genetic programs. While NF-xB is a key
transcription regulator for acute inflammation, others such as NF-E2-related factor 2 (Nrf2)
may be important in down-regulating inflammation and initiating healing. Nrf2 produces
cytoprotective antioxidants such as manganese-superoxide dismutase (MnSOD), glutathione,
heme oxygenase 1 (HO-1), thioredoxin and peroxiredoxin (103,104) and is therefore able to
restore the redox balance. Related cytoprotective proteins that are up-regulated include
members of the Bcl-2 and inhibitor of apoptosis (IAP) families (105). The role of the Nrf2
pathway in inflammation is evident in the increase in NF-xB and pro-inflammatory cytokine
levels in Nrf2 knockout mice (106), and there is some evidence that the Nrf2 pathway can
attenuate NF-«xB signaling (107). The timing of these responses must be critical and highly
signal-dependent because inflammation must be maintained long enough to eliminate any
invader but short enough to minimize damage. In this respect, it is of interest that radiation
induces Nrf2 expression by cells in vitro only some days after exposure (McDonald,
unpublished results).

Macrophage subsets must play a major role in the transition from pro-inflammatory, pro-
oxidant to anti-inflammatory, antioxidant conditions (Fig. 3). In general, pro-inflammatory
cytokines (TNF-a, GM-CSF, IFN-y) and LPS generate classically activated macrophages (M1)
that mediate acute inflammation, kill intracellular microbes, and hinder tumor growth (45).
However, IL-4, IL-13, IL-10, TGFp or immune complexes generate various subsets of
alternatively activated macrophages (M2) (108), which promote angiogenesis and fibrogenesis
and are effective at encapsulating parasites but contribute to tumor progression. M2 cells are
generally immune suppressive and have high arginase levels, producing ornithine and
polyamines rather than NO from arginine. These classes of macrophages mirror their
reciprocity with Th subsets. M1 cells cooperate with Th1 cells, whereas M2 cells participate
in Th2 and Treg reactions.

The M1 phenotype predominates in the acute inflammatory phase, and this switches to M2
during angiogenesis and tissue repair (109). The outcome of radiation exposure may therefore
depend upon the involvement of these subsets, which can be determined genetically. For
example, C3H/HeN and C57BL/6 mice show little difference in their initial pro-inflammatory
cytokine profiles up to 1-2 months after lung irradiation, but the former appear to lack the
ability to switch from an M1 to an M2 pattern and die of fulminating pneumonitis after high
radiation doses. In contrast, C57BL/6 mice down-regulate pro-inflammatory cytokine
production during the subacute phase after lung irradiation and develop radiation fibrosis
(110). This provides a cautionary tale in that acute pro-inflammatory cytokine responses are
unlikely to predict the final outcome.
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The impact of radiation on macrophage subset function requires further study, but in one model,
tumor irradiation appeared to stimulate a predominantly M2 intratumoral phenotype that
promoted tumor growth (111). Irradiation of fibroblasts also has been shown to cause premature
terminal differentiation of progenitor fibroblasts to post-mitotic fibrocytes through a TGF
pathway leading to increased collagen deposition (112), which is likely to encourage
replacement of radiation-damaged tissue with fibrotic masses. M2 cells may promote such a
response invivo. Animportantissue here is whether the development of a wound healing profile
hinders organ regeneration. If it does, then later fibrogenesis is a bone fide target for
intervention. On the other hand, if inhibition of the later phase simply allows acute
inflammation to proceed unhindered, the result may be less than beneficial.

SUMMARY

The general thesis we have presented is that normal tissue radiation biology is joined at the hip
to inflammation and immunity through PRRs, “danger” signaling and ROS generation. Similar
canonical pathways are activated, leading to acute inflammation, and these provide targets for
intervention in normal tissue radiation protection and in cancer therapy. However,
inflammation is a two-edged sword that segues through many phases, and care must be taken
to understand the effects of radiation on the different phases if intervention is going to be
successful. Further, an individual molecule may be involved at several different times and
influence several different cell lineages in several different ways. Identifying the critical target
of any intervention may not be easy, and false conclusions are possible based on limited
knowledge.

Radiation-induced inflammatory cytokine production is generally considerably greater at
higher radiation doses, and it seems likely that dose fractionation may minimize the damage
that results from this source. Cell death after irradiation is often a slow process, and
fractionation may minimize the extent of cytokine-induced damage and allow tissue repair by
many possible mechanisms. Since the delivery of high single doses or a small number of
fractions of radiation has re-emerged as a force driving clinical practice, the radiobiology
behind its effectiveness may be very different from that underlying conventional treatment.
Although likely to generate more inflammation, focal irradiation with ablative doses may be
superior at generating “danger” signaling and rapid cell death and promoting the generation of
tumor-specific immune responses (113). A deciding factor in determining the outcome of many
tissue radiation responses may be the host macrophage that is generated, whether it is of the
acute inflammatory (M1) or the wound healing (M2) immunosuppressive phenotype. In a
broader sense, the genetics that dictate the nature of the host inflammatory response after
radiation treatment may prove critical in predicting tumor response, the nature of late
complications, the extent of persistent oxidative stress, and the incidence of second cancers.
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FIG. 1.

The Toll-like receptor system. DAMP and PAMP ligands activate dTLRs in the plasma
membrane (TLR4/2/1/6/5) or in lysosomal vesicles (TLR3/7/9) through MyD88 or TRIF
adapter proteins. NF-xB, AP1 or IRF3/7 transcription factors result in production of pro-
inflammatory cytokines and type | interferons.
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FIG. 2.

The Toll-like receptor system in the intestine. TLR signaling at the epithelial surface can be
protective or harmful to barrier function or can assist bacterial translocation to lymph nodes.
Microbial products (PAMPS) that pass the barrier stimulate an acute inflammatory response
with the release of pro-inflammatory cytokines, DAMPS and PAMPS that cause more
inflammation and that license dendritic cells to acquire the ability to present antigens to the
adaptive immune system in the lymph nodes and spleen.
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FIG. 3.

Acute inflammation and its evolution after radiation exposure. Cell death caused by radiation
or by the pro-inflammatory cytokines and ROS that are generated cause infiltration of PMNs
and macrophages (m¢) that expand the extent of damage. DAMPS are released that have the
ability to generate antigen-specific responses. This may occur for tumor-associated and
possibly even self antigens released from damaged normal tissue. Further away from the center
of the lesion, cells become protected, angiogenesis is initiated, and a proliferative response
ensues with the aim of healing the lesion. The acute inflammatory response transitions to a
wound-healing phase accompanied by a decrease in pro-oxidant cytokines and an increase in
the antioxidant profile with production of a collagen matrix. This is orchestrated in part by a
change in the macrophage phenotype from M1 to M2.
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