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Abstract

The organism responds to physical, chemical and biological threats by a potent inflammatory
response, aimed at preserving tissue integrity and restoring tissue homeostasis and function.
Systemic effects in an organism refer to an effect or phenomenon which originates at a
specific point and can spread throughout the whole body affecting a group of organs or
tissues. lonizing radiation (IR)-induced systemic effects arise usually from the local exposure
of an organ or part of the body. This stress induces a variety of responses in the irradiated
cells/tissues, initiated by the DNA damage response and DNA repair (DDR/R), apoptosis or
immune response, including inflammation. Activation of this IR-response (IRR) system,
especially at the organism level, consists of several subsystems and exerts a variety of
targeted and non-targeted effects. Based on the above, we believe that in order to better
understand this complex response system one should follow a ‘holistic’ approach including all
possible mechanisms and at all organization levels. In this review, we describe the current
status of knowledge on the topic, as well as key molecules and main mechanisms involved in
the ‘spreading’ of the message throughout the body or cells. Last but not least, we discuss the

danger-signal mediated systemic immune effects of radiotherapy for the clinical setup.

Keywords: Systemic effects, ionizing radiation, inflammation, danger signals, anti-tumor therapy
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Introduction

A general, commonly accepted assumption in radiation biology was that the nucleusis the only target
of radiation, i.e. the classical target paradigm of radiation biology. In addition, it has been believed for
many years that DNA damage (especially complex) occurs only in irradiated cells through direct
deposition of energy or through reactive oxygen species (ROS) produced by radiolysis of water the so
called ‘indirect effect’. DNA injury was thought to be the most important biological effect of ionizing
radiation (IR). This paradigm has been frequently challenged by a plethora of research findings,
demonstrating that the radiation-induced effects are not solely attributed to the direct targeting of
DNA or exposed cells. The findings also point to the induction of more complex effects, the so-called
‘non-targeted effects’ (NTE), in cells that are not directly interacting with radiation as described above

7 The range of evidence that has emerged thus far supports that IR induces complex, global cellular

4,8-11 12-19

responses, such as radiation-induced bystander effects (RIBE) , radioadaptive response and

%2025 The effects have been observed not only in irradiated, but also in non-

genomic instability
irradiated bystander cells that receive molecular signals emitted by the irradiated ones. Main features
of NTE are that direct nuclear exposure by radiation is not required for their manifestation and that
they play a more important role at ‘low’ doses (<1 Gy). Damage-associated molecular patterns
(DAMPs) seem to play an important role in the communication of this stress system-wide and at

26, 27

different organism levels from plants to humans . The spectrum of non-targeted effects still

continues to broaden; currently it includes many types of exogenous and endogenous stressors that

induce a systemic genotoxic response with the oxidative mechanisms to hold a pivotal role®® *°.

Regarding probably the most important of all the NTE, RIBE, is broadly described as the phenomenon
whereby deleterious effects of radiation (chromosome aberrations, sister chromatid exchanges - SCE,
micronucleation, mutations, apoptosis) are detected in cells that have not been irradiated, but are in

3032 RIBE show non-linear dose-response; they are frequently prominent

the vicinity of those that have
at low doses of radiation and tend to vanish at high radiation doses. Thus they are mainly linked to

low-dose radiation effects and radiation protection **. Early evidence upholding RIBE emerged in

5
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studies performed in lymphoid cells by Murphy and Morton at the beginning of the 20" century **, but
Nagasawa and Little were the first to report this radiobiological phenomenon, in 1992 **. Their
research showed a significant increase in the frequency of SCE in 30% of CHO cells analyzed, even
though less than 1% of the cells’ nuclei were actually traversed by an a-particle. Subsequent studies
with normal human lung fibroblasts also confirmed this finding *®. Evidence suggests this phenomenon

involves the secretion of soluble factors (e.g. cytokines and other molecules) by the irradiated cells,

37-40

contributing to the upregulation of oxidative metabolism in the bystander cells’ ™. Interestingly, RIBE

have been observed in a plethora of biological endpoints including DNA damage induction****,

45, 46 20, 47, 48 47, 49-52
’

micronucleation™ ™, genomic instability , alteration in the microRNAs (miRNAs) profile

53-55 56, 57

oxidative stress and cell death or apoptosis . Such evidence of RIBE in various in vitro and in

vivo systems, including human, rodents, fish and plants are summarized in Table 1.

While RIBE are well documented at the phenomenological level, the exact determination of the level,
impact, types and especially mechanisms behind these multiparameter effects in the non-irradiated
cells or tissues remains a great challenge in current radiobiology. The published results are often
controversial and the mechanisms of RIBE both in vivo and in vitro still remain incompletely
characterized®. Of note is the complexity of experimental framework and how it can be interpreted as
a function of dose/radiation quality °%. It is likely that different multifactorial pathways are implicated
in signaling the response from an irradiated cell to a non-irradiated one. It is also possible that not all
the types of cells will respond similarly to the signaling pathways stimulated. There is experimental
evidence mainly from in vitro studies that RIBE may have at least two separate, but not necessarily
mutually exclusive mechanisms for the transmission of a bystander signal: either by direct cell-cell

59, 60

communication via gap junctions or through the release of soluble factors into the targeted cells’

61,62

medium . The gap junction intercellular communication is mediated by a junction between cells,

which consists of many pores (connexons) and is mainly regulated by the expression and

) 63-65

phosphorylation of connexin43 protein (Cx43 . The second proposed mechanism of RIBE lies on

the ability of irradiated cells to excrete intracellularly-generated low-molecular-weight factors into the
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culture medium. The signal inducing bystander effects has been shown to include factors such as

ROS®®, cytokine(s)®®, interleukin(s) ** ’°, cyclooxygenase-2 (COX-2)*7

, tumor necrosis factor a
(TNFa)’®”* and transforming growth factor B1 (TGF-B1)* ’*”>. The interaction of that signal with the

neighboring or a distant cell can lead to variable types of cellular and sub-cellular damage.

For the study of RIBE transduction several different approaches have been adopted, based on the
different cellular mechanisms proposed so far. These approaches can be classified in two main
categories, in vitro or in vivo, depending on the type of study. On one hand, in vitro methods offer a
relative control over the parameters of the problem and a relatively simplified system to work with.
On the other hand, the in vivo setup is far more realistic and interesting, since it takes into account the
response of a living organism. Of note are studies such as>®, which combine in vitro experiments with
mathematical modeling, in an attempt to identify how the experimental conditions perturb the

system.

Typically the study of in vitro RIBE comprises three distinct methods. One approach is the transfer of

20, 44, 49, 67

medium from cultured irradiated cells to non-irradiated cells . This technique allows

simultaneously the detection and analysis of secreted RIBE factors in the conditioned medium and the

study of their effect on non-irradiated (bystander) cells. Another method is the in vitro co-culture®®**

686 often with some kind of compartmentalization to separate the groups of irradiated and non-
irradiated cells. In this case the medium is freely diffusing between compartments. It is not uncommon
for both medium transfer and co-culture approaches to be investigated in parallel®® **. The third

technique uses microbeam generated charged particles to irradiate a precisely known number of cells

in the population®® and study the effects on non-irradiated neighbors.

A method usually employed in fish studies in vivo is housing non-irradiated fish in containers

previously occupied by irradiated fish (medium transfer analog) °. Several researchers used the same

)77-80

container for housing both irradiated and non-irradiated fish (co-culture analog . In rodents a quite

common approach includes partial body exposure and subsequent detection of effects in the shielded
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42,43,47,50, 63,72, 81, 82

(non-irradiated) area . Other quite diverse methods have also been employed and

are summarized in Table 1, along with the techniques already described.

Inflammation: a self-amplifying process

It has been postulated that in cases of tissue injury or invasion from foreign to the host
microorganisms an innate immune response is generated”. Infectious inflammation in the organism is
initiated by the detection of microorganism-specific Pathogen Associated Molecular Patterns (PAMPs)
such as lipopolysaccharides (LPS), flagellin or peptidoglycan. The process can also be triggered by
products of tissue damage, such as extra-cellular matrix degradation products. These molecules are

884 which encompass Toll-

sensed by receptors of the Pattern-Recognition Receptors (PRRs) family
like receptors (TLRs), the receptor for advanced glycationend-products (RAGE) and C-type lectin

receptors (CLRs), among others. These receptors are mostly expressed by various subsets of immune

85-87 88, 89

cells, but can also be found on other cell types such as keratinocytes and endothelial cells
Some of them, for example TLR3 and TLR9, are expressed intracellularly. TLRs detect, among others,
microbacterial-derived motifssuch as lipopolysaccharide (TLR2), peptidoglycan (TLR4), flagelin (TLR5),
CpG rich DNA (TLR9) and double stranded RNA (TLR3). The binding of their cognate ligands triggers a
signaling cascade, culminating with the activation of NF-KB and/or the interferon responsive factors.
Importantly, there is also production of inflammatory mediators such as pro-inflammatory cytokines
and chemokines, which take over the regulation of the inflammatory reaction. Indeed, inflammation
involves temporal changes in the local tissue environment. Local inflammatory processes are initiated
by tissue resident innate immune cells, such as macrophages and dendritic cells. Development and
amplification of the inflammatory reaction depends strongly on the mobilization, recruitment and
activation of additional blood-borne myeloid cells in response to soluble factors produced by these
cells. In turn, this process increases the expression of adhesion molecules (or their receptors) on

90, 91

endothelial cells”™ . This up-regulation flags the site of injury and allows the directional recruitment
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of circulating leukocytes, including monocytes and neutrophils into the affected tissue. Infiltrating
monocytes then differentiate into effector macrophages and dendritic cells that secrete pro- and anti-
inflammatory mediators to orchestrate the development and eventual termination of the response.
Interestingly, accumulating evidence in mice and humans supports the notion that, like the Band T
cells of the adaptive immune system, natural killer (NK) cells can be educated during development,
retain antigen-specific receptors, go through clonal expansion during infection and generate long-lived
memory cells®>. Neutrophils, macrophages and dendritic cells are phagocytes that can directly engulf
invading pathogens and destroy them in phagolysosomes, where they produce highly genotoxic
reactive oxygen and nitrogen species. In most cases, these steps are sufficient to contain the infection.
However, if this first line of defense is inefficient, dendritic cells will prompt T lymphocytes to mount
an antigen specific response directed against the pathogen to facilitate its eradication. The
cooperation between the innate and adaptive branches of the immune system allows an efficient
protection to the organism. In general, it is accepted that innate immune response system holds no
memory. But recent advances indicate that innate immune cells can retain an intrinsic memory of
prior stimulation, a function until now ascribed only to antigen-specific adaptive immune cells®.
Importantly, inflammation is a self-limiting process. The recruited macrophages exhibit a high level of
functional plasticity and evolve from a pro-inflammatory M1 phenotype to an anti-inflammatory M2

phenotype that will recruit cells able to promote wound healing and stop the reaction® *®

. The profile
of secreted mediators evolves during the reaction to signal its resolution®. If for any reason the
reaction does not subside, it will transition to a persistent, chronic inflammatory state. Such chronic

inflammation is known to promote the development of several diseases including cancer,

cardiovascular and neurodegenerative diseases”’.

In recent years it became clear that innate immune system components can also mount an
inflammatory reaction to protect the organism against injuries resulting from physical trauma such as

heat exposuresg, exposure to ionizing99 or UV radiation'®, ischemia reperfusion injury101 or contact

102, 103

with nanoparticles . This reaction was termed sterile inflammation, by opposition to the classical
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infectious inflammation. Several pathways can lead to the induction of a sterile inflammatory
response following radiation exposure. In addition to genotoxic stress, irradiation induces tissue and
cell damage, which may result in a transient alteration or even the loss of cytoplasmic membrane
integrity. Thus, molecules usually expressed or found only inside the cells as adenosine triphosphate
(ATP), high-mobility group protein B1 (HMGB1), DNA, uric acid) may leak from damaged cells. They are
also released from the cells as a consequence of un-programmed cell death such as necrosis.
Therefore, their presence in the extra-cellular milieu denotes the occurrence of a severe stress that
may endanger tissue function. Accordingly, they are referred to as “danger signals” or, by analogy with

the microbial products able to induce an infectious inflammation, damage associated molecular

» 104 » 101

patterns (DAMPs) as already mentioned above. The “danger theory , or “injury hypothesis ,
postulates that the immune system makes no discrimination between self/non-self immunogenic
stimuli. This means that the immune system responds to tissue stress or destruction signals,
regardless of their origin. In this sense, PAMPs are a subgroup of DAMPs and can be referred to as
‘exogenous DAMPs’. To further stress this view, DAMPs can be sensed by neighboring tissue-resident
innate immune cells through some of the same PRRs that recognize and detect PAMPs. In contrast to
PAMPs, which are predominantly recognized by a single receptor, DAMPs can be recognized by and
activate a large panel of receptors. For example HMGB1, which is released from necrotic cells, is
recognized at least by TLR2, TLR4, TLR9 and RAGE. Conversely, TLRs and RAGE can recognize many
different endogenous ligands'® '°. There is a lot of promiscuity at the level of DAMPS/PRRs
interactions. Importantly, as myeloid cells express an array of different PRRs, their response will
depend on the combined activation of all the engaged PRRs. Hence, PAMPs and DAMPs will evoke
qualitatively and quantitatively different responses on the same cells. This is for example illustrated by
the different dynamics of secretion of inflammatory cytokines like interleukin-1B (IL-18) and IL-6 and
chemokines like IL-8 and MIP-1a following stimulation in vitro of human monocytes with HMGB1 or

LPS'”. These differences may translate into the recruitment of different immune cell subsets, and

therefore shape the ensuing inflammatory response. Uric acid released from dead/dying cells

10
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following exposure of mice to ionizing radiations is also a potent inducer of the inflammasome
complexes (NLRs), like NLR protein family NLRP1, NLRP3, or NLRP6 etc. The inflammasome is the
molecular complex responsible for the processing IL-1B before its secretion, as revealed by the

108

proteolytic activation of caspase 1 in irradiated mice™ . The activation of one of the most well-known

inflammasomes, NLRP3, has been associated with various danger signals (PAMPs, DAMPs), linked to

1

innate and adaptive immune response against dying tumor cells *® and acceleration of radiation-

induced lung inflammation and fibrosis in mice'*°

. To this direction, it has been shown that low doses
of X-rays (0.5 or 0.7 Gy) induce an anti-inflammatory phenotype of activated macrophages by lowering
the amount of secreted IL-1beta in a NF-kappaB dependent manner'*!. The combination of HMGB1
and uric acid crystal signaling will add another layer of complexity to the response, and all the
cytokines secreted upon DAMPs detection will participate in the control of the inflammatory reaction.
Hence, the development of sterile inflammation will depend on the combination of initiating signals,
which most probably depend on the nature of the affected tissue and cells.

Beside the release of extracellular DAMPs, cellular stress can also be detected and evoke an
inflammatory response from within the cells, by the presence of nucleic acids in the cytosol, either of
endogenous or exogenous origin. Indeed, although it is commonly thought that DNA is confined to the
nucleus and the mitochondria, DNA replication byproducts are present in the cytosol, where they are

rapidly degraded by three prime repair exonuclease 1 (TREX1)™?

, Which digests single- and double-
stranded DNA. If the degradation is hampered, these DNA molecules can be recognized by various
cytoplasmic DNA sensors such as AIM (absent in melanoma), MRE11 (meiotic recombination 11),
RAD50, DAI(DNA-dependent activator of IFN-regulatory factors).In turn, the receptors stimulate the
production of cytokines like interferon gamma (IFNy) through stimulator of interferon genes (STING)

113,114

and IL-1PB through inflammasome activation . Interestingly, TREX1 was shown to be less efficient

on oxidized DNA, as the latter contains 8-oxoG bases which are not readily processed by this
115

enzyme . Hence, after radiation exposure, especially low-dose, or in situations of oxidative stress,

accumulation of nuclear or mitochondrial oxidized DNA molecules in the cytoplasm will contribute to

11
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the development of a sterile inflammatory reaction through the secretion of inflammatory cytokines.
Regarding fragmented mtDNA, which may be released due to apoptotic, necrotic, and necroptotic cell

death, it has been shown that it can also act as a DAMP**®

. In addition, exogenous DNA can also act as
a pro-inflammatory danger signal''’. Oxidized DNA released following the death of cells exposed to
oxidative stress can be delivered to the endosomal compartment of phagocytes. There it will be

Y8 1t is not

recognized by and activate TLR9, through association with HMGB1 and recognition by RAGE
yet known whether endogenous RNA can also act as a danger signal following IR exposure, but it was
recently shown that UVB-damaged noncoding RNA can be internalized by keratinocytes and induce

the secretion of inflammatory cytokines through TLR3 activation'®

. Interestingly, it was shown that
several DNA damaging agents, including the radiomimetic etoposide, were also able to activate

interferon regulatory factor 3 (IRF3), one of the downstream effectors of TLR3 activation'?°. Whether

this activation requires the recognition of damaged cellular RNA is currently under investigation.

In addition to these pathways of induction via DAMP-mediated PRR activation, several lines of
evidence indicate that radiation exposure can also activate inflammation more directly, through the
transactivation of the transcription of pro-inflammatory genes. Radiation exposure generates DNA
lesions which trigger the activation of the DNA damage response and the cell cycle checkpoints to
orchestrate the cellular response and cell fate decision. The ataxia telangiectasia mutated (ATM) and
p53 proteins play key roles in these events. The recruitment and activation of ATM to double strand
breaks sites by the Mre11/Rad50/NBS1 complex initiates a complex cascade of phosphorylation that
leads, among others, to the stabilization and activation of the tumor suppressor p53, which can then
trans-activate the expression of its target genes. The outcome of p53 activation depends on the extent
of the damages and the cellular context: the damaged cells will either make a pause in their cell cycle
progression to allow DNA repair before resuming their functions or enter programmed cell death or
senescence to avoid the transmission of mutation that could eventually lead to cell transformation®".
Interestingly, among the numerous genes trans-activated by p53 are several inflammatory genes or

genes coding for proteins involved in the inflammatory reaction, providing a direct link between

12
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irradiation, the DNA damage response, p53 and inflammation*

. This is for example the case of the
genes coding for some adhesion molecules like intercellular adhesion molecule-1 (ICAM-1) and cluster
of differentiation 31 (CD31), which play a role in the marking of the inflammation site and the
transmigration of myeloid cells from the circulation to the inflamed tissue '2*. The induction of CD31
expression on irradiated human umbilical cord vein endothelial cells (HUVEC) results in an increased
transmigration of leukocytes through HUVEC monolayers ***. ICAM-1 and CD31, but not vascular cell
adhesion molecule-1 (VCAM-1) expression is induced on human dermal microvasculature endothelial
cells (HDMEC) following radiation exposure. Interestingly, when stimulated with TNF-a these cells are
able to express high levels of VCAM-1'**. This differential response of HDMEC to radiation and an
inflammatory cytokine suggest that different subsets of leukocytes may be recruited in the inflamed
tissue according to the signals received'®®. This further illustrates the specificity of the different
inducers of inflammation. Interestingly, it was later found that, in human primary fibroblasts,

induction of ICAM-1 expression following irradiation is controlled by p53**.

Beside this role in the events controlling inflammatory cell migration, p53 was also shown to directly
contribute to the ability of immune cells to sense danger signals in their environment. It has also been
found that it regulates the expression of pro-inflammatory cytokines in these cells, together with NF-
kB. Exposure to IR, or treatment with the genotoxic agents 5 fluorouracil or doxorubicin induced the

127

up-regulation of TLR gene expression in human T lymphoblasts . This process most likely takes place

through direct p53-dependent transactivation of TLR genes expression, as these genes were found to

122

contain functional p53 responsive elements*“. This modulation was largely prevented by the pre-

incubation with the p53 inhibitor pifithrin-a, and there is was a large degree of inter-individual

variation*?’

. The level of TLR protein expression was also markedly induced. Consequently, IL-1b and
IL-8 transcription was enhanced in isolated T cells following stimulation with a TLR agonist. The
transcriptional regulation of TLR genes after p53 stabilization or doxorubicin treatment was observed

in alveolar macrophages as well, but with a different pattern: not all the TLR genes were induced, and

for those that were, the level of induction was lower. Another striking difference was that alveolar

13
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macrophages, but not T lymphocytes, responded to p53 stabilization by a strong up-regulation of pro-

128 This response was also observed in monocytes and

inflammatory cytokine and chemokine genes
monocyte-derived macrophages, but not in neutrophils and primary macrophages. Interestingly, in
monocyte-derived macrophages this response concerned only about 20% of the genes up-regulated in

response to LPS, a bacterial cell major wall component used to mimic infectious inflammation, and the

levels of induction of these common genes were very different.

The overall picture that emerges from these ex-vivo experiments is the complexity of the regulatory
networks governing the cellular responses and the onset of sterile inflammation after IR and other
genotoxic agents. p53 activation will raise the sensitivity of circulating T lymphocytes or tissue
macrophages to DAMPs. At the same time it is exposing them to a rich cocktail of inflammatory
cytokines and chemokines produced by monocytes and macrophages. This complexity is further
illustrated by gene set enrichment analysis of gene expression in whole blood irradiated ex vivo, by El-
Saghire et al."®. Again, this study clearly showed the involvement of immune signaling pathways
following radiation exposure. In addition, it pointed out a very interesting dose-dependence of this
response. Exposure to low dose radiation (0.05 Gy) mainly involved immune signaling pathways,
whereas the transcriptional response at higher dose (1 Gy) was dominated by the p53/DNA damage-
dependent response. This dose dependency was later confirmed by PCR, ELISA and western blot

130

analysis on isolated human monocytes irradiated ex vivo™™. More importantly, the involvement of

immune signaling networks in the response of blood cells to radiation was also confirmed in vivo by

the analysis of blood from radiotherapy-treated prostate cancer patients***

, who received an average
total body dose per fraction of 30.97 +/-8.12 mGy. This low-dose radiation exposure was found to
activate several aspects of immune signaling, including TLR and cytokine signaling and interferon

secretion that could result from the sensing of and reaction to DAMPs generated by stress cells, in

addition to a direct effect of p53.

In any case, these studies show that radiation exposure results in the induction of numerous events

related to inflammation and immune defense of the organism, including a direct induction of pro-

14
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inflammatory cytokines and chemokines by monocytes and macrophages. As the nature and relative
abundance of the inflammatory mediators produced in this context are clearly different from that

elicited in response to bacterial stimulus'*®

, the ensuing inflammatory reaction will undoubtedly be
different. It could be said that the inflammatory reaction will be tailored to the nature of the initiating
events, DNA damage or pathogenic infection. Importantly, these studies address only the onset of the
sterile inflammatory reaction, while it is not known if and how the profile of secreted inflammatory

mediators will switch from pro- to anti-inflammatory®* **

to signal the resolution and cessation of this
process. This point is extremely important, as inflammation resolution is essential to ensure a return
to normal homeostasis and terminate the stress response to avoid chronicity. Since for example
radiation-induced fibrosis is primarily the result of an ongoing chronic inflammation®?, it might also be
the case that radiation-induced sterile inflammation does not resolve at all. Thus one might speculate

that one mechanism for the development of radiation-induced fibrosis is a genetic damage in the

molecular pathways responsible for inflammation resolution.

This response to local trauma is detectable at the systemic level in the blood by an increased level of
circulatory cytokines and the activation of immune cells. The effects of radiation exposure are
therefore amplified and become more easily measurable. Activated p53 directly induces inflammatory

128

mediators expression in circulating myeloid cells and genotoxic stress-induced ATM

phosphorylation modulates NF-kB activation and cytokine gene expression’?

. Hence, activation of the
ATM/p53 DNA damage checkpoints, together with the sensing of radiation-induced DAMPs will both
contribute to the initiation of specific inflammatory process following radiation exposure. The pivotal
role of ATM as a connecting hub between DDR and immune response is further emphasized by
Pateras et al.**. One aspect that has to be mentioned at this point is that certain activation markers
(such as NKG2D on NK cells) are directly upregulated by cellular DNA damage and in general.
Accumulating evidence suggested that DDR may alert the immune system to the presence of
potentially dangerous cells by upregulating the expression of ligands that can induce the activation of

135,136

innate and adaptive immune cells .Therefore, we believe that we should combine biomarkers of

15
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immune activation and biomarkers of stress response to establish a specific signature of radiation

exposure.

Insights from the “genomics era”

The fact that IR can influence the expression of certain genes at mRNA level was known long before
the onset of the “genomics era”; however due to technical limitations, gene expression studies were
restricted to certain genes only (mostly oncogenes and tumor suppressor genes). Once large-scale
gene expression arrays had become widespread, extensive gene expression profile analyses were
carried out after various irradiation types, doses and dose rates in a wide range of biological systems.
The analyses were performed both after in vitro and in vivo irradiation, with the scope to identify
cellular mechanisms and molecular pathways responsible for the direct and/or non-targeted effects of
radiation. These studies proved that transcriptional profiling is a sensitive biomarker of radiation
exposure both after low and high doses **’.

Genes most frequently altered by irradiation are those responsible for genotoxic and physiological
stress response, including DNA damage sensing and repair as well as inflammation and immune
response***°. While all these pathways are generally shown to be altered acutely after irradiation,
expressional alterations in genes linked to DNA damage response are less characteristic at later time
points. On the other hand, inflammatory responses with or without signs of a chronic oxidative stress,
as well as immune response alterations, become more preponderant. In addition, different studies
indicate that in vivo experiments generally show a higher level of alterations in the expression profile
of genes related to inflammation and immune response compared to studies conducted in vitro,
highlighting the importance of micro and macro environmental factors in modulating the direct
cellular effects of IR™*.

Cellular responses due to direct radiation exposure can be mediated by multiple signaling pathways
initiated either directly by radiation-induced DNA damage or at the cell membrane or within the

cytoplasm. These signaling pathways converge within the nucleus to the activation of a restricted

number of transcription factors; the most important ones are p53, AP-1, early growth response factor

16

Page 16 of 57



Page 17 of 57

Toxicology Research

1 (Egrl) and NF-kB, as mentioned above. The interplay between the downstream signaling of these
transcription factors is an important determinant of the cell fate after IR. While activation of the p53
pathway has a pro-apoptotic effect by upregulating genes directly involved in initiation of apoptosis,
NF-kB, in contrary has anti-apoptotic function by competing with p53 for p300/CREB-binding protein

%2 0On the other hand, NF-kB and p53 cooperate in radiation-

transcriptional coactivator complexes
induced cell cycle arrest. It was also shown that certain NF-kB-regulated genes (such as cyclin B1,
cyclin D, and human inhibitor of apoptosis-HIAP) may play a role in p53-independent radiation

138 Despite the fact that the NF-kB pathway can be activated by ROS, the regulated

resistance
downstream targets depend on the factors that elicited ROS production. Thus, distinct genes are
regulated by ROS produced after IR, UV, cytotoxic drugs or physiological T cell activation, indicating
parallel signaling pathways working in a concerted manner in cells after NF-kB activation. The
mechanism for the activation of these alternative pathways is not entirely elucidated yet. However,
there is evidence indicating that different physiological or pathological stress factors activate different
transcriptional regulators of NF-kB. For instance, it was shown that RELB, a modifier of NF-kB,

143, 144

exhibited upregulated subunit binding affinity only by IR .The upregulation was much stronger

145

after in vivo irradiation than after in vitro irradiation . Many of the immune response and

inflammatory genes, which are up- or downregulated by IR, are usually NF-kB downstream target
genes. For a comprehensive review of the impact of radiation on NF-kB function please see **°.
Similarly to NF-kB, AP-1 and Egrl are also redox-sensitive transcription factors and have a major role in
the radiation-induced upregulation of inflammatory cytokine genes. The importance of NF-kB in
mediating irradiation-induced inflammatory responses has been recently shown by Manna et al, who,
by selectively inhibiting NF-kB activity, could successfully reverse IR-induced stress response and
inflammation development by downregulating the expression of CRP (C reactive protein), MCP-1
(monocyte chemotactic protein) and iNOS2 (inducible nitric oxide synthase 2)**’.

Radiation-induced cytokine gene upregulation is often a biphasic process. Several inflammation-

related cytokine genes are characteristically immediate early response genes that are activated within

17
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minutes to hours after irradiation. Such cytokines are G-CSF, IFNs, IL-1, IL-6, IL-8, TNFa. Early cytokine
production can be considered as part of danger signaling in response to radiation and it is a main
source of further ROS production. This secondary ROS production is in turn partly responsible for the
late increase in the expression of inflammatory cytokines '°.

The effect of high doses of irradiation (2 Gy or above) on gene expression profiles is relatively well
characterized, although the overall majority of the studies evaluated immediate or acute effects of
irradiation, while data regarding long-term expression studies are relatively rare. One category of
studies focuses on gene expression profile changes of various tumor cells in order to predict sensitivity

141,144,148

of the particular tumor to radiotherapy , while another category explores expression profile

analysis of healthy cells in order to predict variations in individual radiosensitivity and to estimate the

149-154

probability of radiation-induced side effects . The most studied cell types are peripheral blood

mononuclear cells and fibroblasts *****!; the former ones are chosen because they could reflect overall
radiation damage due to their increased radiosensitivity, while the latter ones are responsible for the
most frequent radiation-induced late damages and are considered a good model of senescence.
Relatively few studies explore radiation-induced expression profile alterations in other tissues, despite

132154 A common

the fact that they are also characteristic targets for radiation-induced late side effects
feature of these experiments is the great variability in radiation-induced gene expression pattern not
only among the different cell- or tissue types, but also among the same cells/tissues of different

individuals ***

. Despite this variability to radiation-response, several papers could identify a core gene
set that responded in a consistent way to irradiation **’.

Schmidt-Ullrich et al. were among the first groups showing that radiation influenced the expression
level of certain genes involved in inflammation. They could demonstrate that both single (2-50 Gy) and
fractionated irradiation (60 Gy cumulative dose) upregulated the expression of the epidermal growth
factor receptor (EGFR) and transforming growth factor alpha (TGFa), while downregulated the

156

expression of estrogen receptor (ER) in a murine mammary carcinoma cell line °°. Khodarev et al.'*®

investigated dose- and time-dependent changes in the gene expression profile of the U87 glioma cell

18
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line and HEL fibroblasts after both in vitro and in vivo irradiation of nude mice transplanted with the
U87 tumor cell line. By analyzing the expression characteristics of 4132 unique human genes, they
could show both cell-type specific and cell-type independent changes in the expression of certain
genes after irradiation. Genes responding to irradiation could be classified in nine clusters out of which
the organism defense and homeostasis cluster, cell-cell interactions and cellular defense cluster as
well as oxidative stress and apoptosis cluster contained several immune response and inflammation-
related genes. The B2-microglobulin gene was one of the 15 genes that were equally affected by
irradiation in both investigated cell types and also after in vivo irradiation. Although its upregulation
was moderate-to-medium and not dose-dependent, its consistent alteration to IR most probably
indicated an elevated and stabilized MHC-I complex formation, with enhanced capacity to present
cellular antigens derived from IR-induced protein degradation. Another interesting observation of the
above mentioned study was that certain genes showed much stronger upregulation under in vivo
irradiation than after in vitro irradiation, which most probably indicated the relevance of the
microenvironment in modulating IR-induced gene expression. Several of these genes were immune-
and inflammation-related, such as ICAM, IL-10 receptor, RANTES.

Expression-profile analysis of irradiated fibroblasts was evaluated by several research groups mainly
with the purpose to identify mechanisms/pathways responsible for the development of radiation-

1.°° evaluated radiation-

induced fibrosis and key genes that are affected in this process. Kis et a
induced immediate-early transcriptional alterations (2 hours after irradiation) in primary human
fibroblasts and could identify 30 consensus radiation-response genes. Seven of these genes were
commonly identified in other cell/tissue types. Radiation-responding genes could be classified in 9
functional clusters and the authors identified 3 genes that previously were not known to be radiation-
responsive (TP53INP1, IER5 and GDF15). Interestingly the only gene directly linked to inflammation
and/or immune response identified in this study was GDF-15, which is most probably due to the very

early time point after irradiation when expression analysis was performed **°. In another study by

Johnston et al late gene expression profiles were analyzed in pulmonary fibroblasts derived from
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mouse strains sensitive and resistant to radiation-induced fibrosis. They could show the massive
upregulation of a panel of chemokines and chemokine receptors in these cells 26 weeks after
irradiation, proving the role of radiation-induced persistent inflammation in the development of
fibrosis **°.

A recent study by Aryankalayil et al. investigated radiotherapy-induced immune gene signatures in

17 Their data showed that multifractionated

human prostate cancer cells with different p53 status
doses could activate immune response genes more robustly than single-dose treatment, with a
relatively larger number of immune genes upregulated in p53-null cells compared to wild-type or p53
mutant cells. Although both single dose (1x10 Gy) and multifractionated dose (10x1 Gy) altered
DAMPs and cytokine levels, the effect was more pronounced with multifractionated treatment. Thirty-
one genes were modulated more than two-fold 24 hours after multifractionated radiation, with seven
genes showing strong (10-34 fold) upregulation. These genes encoded proteins involved in sensing
viral/ pathogen infection to trigger an immune response. Single dose irradiation induced a max 3-fold
upregulation of five genes. Two genes overlapped between the two irradiation modalities, while the
other 3 genes were involved in inflammatory responses by T cells and macrophages **’. This study
clearly demonstrated that the different irradiation modalities and doses not only induced a different
activation level of the genes, but also the pattern of activated genes and thus the initiated immune
and inflammatory mechanisms differed. Very similar results were obtained by Palayoor et al. in human

coronary artery endothelial cells™®

. They found that multifractionated irradiation (5x2 Gy) led to more
pronounced modulation of immune response and inflammatory genes than single dose (1x10 Gy)
irradiation. The majority of the genes were upregulated. These genes were adhesion molecules
(ICAM1, VCAM1), chemokines (CXCL10, CXCL11, CXCL12, CXCL16, CCL2, CCL5, CCL20, CCL23),
chemokine receptors (CXCR4 and CXCR7), cytokines (IFNE, IFNA4, IL1A, IL1B, IL15, TGFB1, and TGFB2),
IFN-induced signalling factors, diverse integrins and genes regulating the MHC-I molecules. The

authors also investigated miRNAs regulating the above mentioned genes and found a strict inverse

correlation between the level of mRNAs and their corresponding regulatory miRNAs **%. These
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observations underline the importance of miRNAs in regulating radiation-induced immune and
inflammatory pathways. The importance of miRNA in the regulation of low-dose induced
inflammatory and immune responses was also shown by Luzhna et al.*°. Slightly different results have
been recently published by Paul et al, who showed that after ex vivo irradiation of human peripheral
blood cells with doses ranging between 0.5 and 8 Gy of y-radiation, the majority of immune-related
genes were heavily down-regulated 48 hours after irradiation. The pathway most sensibly affected
was NK cell-mediated immune response *®°.

Recently Georgakilas et al. performed a meticulous meta-analysis of all relevant literature data and
identified 24 common genes altered in inflammatory conditions, immune reactions and after
irradiation in both normal and cancerous cells. These gene signatures are the most probable molecular
links between irradiation, inflammation and immune response. They appear to be the main inductors
and maintainers of radiation induced inflammatory reactions in both healthy and tumor tissues. A
relatively high number of differentially expressed genes were identified in healthy and tumor tissues
linked to irradiation, inflammation and immune response. Most probably this different molecular
signature is responsible for the distinct temporal evolution and long-term pathological consequences
of radiation-induced inflammation in cancer versus healthy tissue®®".

In contrary to high doses of irradiation, low dose effects on gene expression signatures are much less
understood. Wyrobek et al. have recently performed a comparative analysis of low-dose irradiation
induced gene expression in two human lymphoblastoid cell lines and their results were compared with

other similar studies performed in other cell/tissue types™®

. These common comparative studies led
to several interesting conclusions. It was clearly shown that in human lymphoblastoid cells doses as
low as 10 mGy or even below were sufficient to induce gene expression alterations with the majority
of genes being upregulated. Fifty-two (52) out of the eighty-one (81) consensus genes altered after
low dose irradiation were assigned to signal transduction pathways associated with immune response

and cell signaling. Most of the affected signal transduction pathway genes were members of several

major signaling networks such as the p38 MAPK (mitogen activated protein kinases), SAPK/JNK (stress
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activated protein kinases/c-Jun N-terminal kinases), JAK/STAT (Janus kinase/signal transducers and
activators of transcription), JAK/AKT, IL-2, IL-4, NF-kB. Altogether the 81 consensus genes could be
classified in two major networks, broadly associated with maintenance of cellular homeostasis, signal
transduction pathways and immune response. If low dose induced expression profile analysis in
lymphoblastoid cells were compared with low-dose irradiation-induced gene expression signatures in
other cell/tissue types (HUVEC, primary human keratinocytes of mouse brain) several common
networks could be identified, such as the MYC, FOS, TP53 and MYCN. These data suggest that
functions associated with the above networks are conserved in the low-dose damage response among
the different biological systems. However, a set of cell-type specific low-dose responsive genes could
be also identified, which were mostly linked to lymphocyte functions. It was proven that many of the

low-dose responding genes showed non-linear dose-response relationship *** ¢

. Comparison of low-
dose and high-dose responses indicated that although certain high-dose responsive genes such as
CDKN1A, RAD54 and GADD45A were induced after low doses as well, still, most of the affected genes
after low dose irradiation were different from the genes typically affected by high dose irradiation.

There are relatively few studies assessing low-dose irradiation induced gene expression alterations in
vivo. Lowe et al investigated early gene expression changes in the brain tissue after low dose
irradiation and they could show a high degree of concordance in transcriptional responses of low-dose
irradiated mouse brain, non-irradiated healthy human aging brain and brain tissue from patients with

Alzheimer’s disease. High dose irradiation, on the other hand did not show this correlation ***.

%3 fter

Similarly, different gene expression profiles were identified in the mouse liver *** and thymus
low and high doses. Luzhna et al. studied low-dose irradiation effects on gene expression signatures of
the mammary gland and, surprisingly, they could show that high-energy low dose X-irradiation was
the only irradiation modality that led to large-scale gene expression alterations (567 genes in total).
On the other hand, high energy high dose or low energy high dose irradiation had only minor effects

on gene expression signatures. The majority of the altered genes could be classified in different

immunological pathways such as antigen processing and presentation (CD74, CD8a, the interferon
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gamma inducible protein Ifi30), natural killer (NK) cell-mediated cytotoxicity pathway (CD247, ICAM1,
ICAM2), B and T cell receptor signaling, chemokine signaling, genes related to inflammation
(phagocytosis, leukocyte activation and transendothelial migration). The authors concluded that the
overall activation of diverse immune responses, including inflammatory pathways after low dose
irradiation, might indicate anti-tumor protection and eradication of damaged cells *°. A slightly
different dose-response of gene expression was observed in Balb/c mice internally contaminated with

low doses of !

I. In this case gene expression was not dose-dependent but rather tissue-specific, with
the exception of immune-related processes, which were equally affected by irradiation in all studied

tissues .

GDF-15, as a potential novel biomarker of radiation exposure

GDF-15 is a divergent member of the TGF-B family also known as MIC-1 (macrophage inhibitory
cytokine 1), NAG-1 (non-steroidal anti-inflammatory drug [NSAID]-activated gene-1), PLAB (placental
BMP, PTGF-B or PDF) with multiple roles. The gene is a downstream target of p53 and its mRNA
expression can be induced by TNF-a or IL-6. Although GDF-15 was identified many years ago, its
specific receptor and signaling pathways are still uncertain. Thus its principal functions remain to be
elucidated. It has been reported to interfere with inflammatory and immune reactions and to exhibit
immune suppressive functions by inhibiting proliferation of peripheral blood mononuclear cells and
inducing the expression of Foxp3 in CD4*and CD25" regulatory T cells*®.

GDF-15 is considered a general marker of disease, and it is associated with all-cause mortality. This
was proven by two recent studies by Wiklund et al.*®*® and Daniels et al.’®’. The former ones followed
more than 800 Swedish male adults, while the latter group followed community-dwelling older
persons for more than 11 years. Their common conclusion was that serum GDF-15 levels predicted

overall mortality irrespective of case and GDF-15 levels correlated with time of death. Increased GDF-

15 expression is a common feature of many cancers. Serum GDF-15 levels are frequently elevated in
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metastatic tumors, often in parallel with the stage and extent of disease '*®'*°. GDF-15 has been
reported to play a similar role as TGF-B in carcinogenesis. It is antitumorigenic in the early phase of
tumor development and protumorigenic later, contributing to the malignant progression of tumors
and promoting the ability of tumor cells to invade their surrounding tissues. Another important
disease category where GDF-15 is considered as a potential biomarker are cardiovascular diseases,
especially of ischemic nature. It has been shown to be both a predictive marker, with its elevated

70 and also a

serum levels indicating an increased risk for the onset of cardiovascular events
prognostic marker, since its elevated serum levels constitute a bad prognostic factor for patients with
chronic heart failure *’*.

In the view of all above data, it is not surprising that GDF-15 is modulated by radiation as well. Kis et
al. were among the first to identify GDF-15 as a new radiation-consensus gene upregulated in primary

150

human fibroblasts both after low and high doses of irradiation ~". In a later study, a dose-dependent

72 This observation has been

increase in GDF-15 gene expression was shown between 0.1 and 2 Gy
lately further strengthened by Chauhan et al '3, who also showed that GDF-15 was a radiation-
responsive gene in human lung fibroblasts after a-irradiation, which as a high-LET radiation is
expected to induce primarily clustered DNA damage'”.

Sandor et al. showed that GDF-15 was responsible for fibroblast radioresistance, since silencing the
gene rendered the cells more radiation-sensitive'’>. The same group investigated potential
downstream targets of GDF-15 and showed that it could regulate some TP53 target genes such as
TP53INP4, but it did not affect CDKN1A or GADD45A. Moreover, it was shown that one possible
mechanism by which GDF-15 exerted its radioprotective effect is by abrogating radiation induced early
G2 block.

Recently it has been suggested to be a predictive marker in oral squamous cell carcinoma as
aresponse to radiotherapy. Schiegnitz et al. demonstrated that oral squamous cell carcinoma cell lines

had an increased basal level of GDF-15 compared to normal gingival cells, which grew further after

irradiation, indicating its role in radioresistance®’®. The authors hypothesized that the anti-apoptotic
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effect of GDF-15 was one possible mechanism responsible for GDF-15 mediated radioresistance.
Similar findings were reported in an earlier study by Okazaki et al.*’” in human colon cancer cells and
by Lin et al, who identified 6 potential biomarkers suitable for predicting radiation-sensitivity of head-

and neck tumors, including GDF-15 '7®

.In conclusion, we can say that GDF-15 is a promising new
inflammation-related biomarker of radiation-response and radiation sensitivity of both normal and

tumor cells, which was identified through expression-profile analysisinvarious experimental setups.

Systemic immune effects in radiotherapy

Anti-tumor therapies aim to stop the proliferation of the tumor cells, kill them and ideally induce

systemic anti-tumor immunity'”’

. This results not only in the deletion of the primary tumor but also
prevents metastasis and recurrences. An obvious prerequisite for initiating an immune response

against the tumor is that the immune cells recognize the tumor cells. Only activated immune cells,

which recognize the tumor as foreign, can fight the tumor™’.

However, tumors can also efficiently escape immune surveillance when being established and during

development. The tumor immune editing is divided in three steps™®

. The first step is the elimination
phase including the surveillance of the tumor by immune cells. It starts with the recruitment of innate
immune cells such as natural killer (NK) cells, NKT cells, Y3 T cells, macrophages and dendritic cells
(DCs) *#2. Especially NK cells kill tumor cells independent of MHC molecules, which results in the
release of tumor specific antigens. These antigens are phagocytosed and consecutively processed by
DCs. The latter migrate to the nearest lymph node while presenting or cross-presenting the tumor
antigen via MHC-Il or MHC-I, respectively. This finally leads to activation of naive CD4" and CD8" T
cells. These activated T cells migrate back and kill the tumor cells'®. This immune surveillance results

in destroying of premalignant cells so that tumors do not develop. But the anti-tumor immune

response might be too weak to prevent cancerogenesis. Consecutively, the system enters an
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equilibrium phase which can last for years. In this phase, cells and mediators of the adaptive immune
system prevent the outgrowth of tumor cells but cannot destroy them completely. The main actors

are CD4" and CD8" T cells and the cytokines INFy and IL-2.

In the third phase, the escape phase, tumor cells begin to expand in an uncontrolled manner **. The
escape may result from the enrichment of immunosuppressive immune cells, mediators and cytokines
in the tumor microenvironment. Galectin-1, indoleamine 1,2-dioxygenase (IDO), immunosuppressive
cytokines such as IL-10 and TGFB, as well as regulatory T cells (Tregs) or myeloid derived suppressor

cells (MDSCs) are part of it '®.

Further, secreted products of the tumor can also obviate
differentiation, maturation and migration of DCs and therefore their effect or function '*°. Of note is
that tumor cells do not only escape from the innate and adaptive immune system, but also change
processing and presentation of tumor associated antigens by altering expression of MHC-I or HLA

187-189

molecules . Additionally, vesicles with tumor antigens — tumor exosomes — are able to induce

190

tolerance against the tumor ~". Radiation-induced systemic effects are partially mediated by such

exosomeslgl.

Besides immune cells in the tumor microenvironment, infiltrating ones impact on prediction of

radiochemotherapy treated tumors **?

. Hereby the distinct phenotype of the immune cells assumes a
role. Tumor associated macrophages (TAMs) e.g. are mainly“anti-inflammatory”M2 macrophages
which induce TH2 (regulatory) responses through the production of prostaglandin E2, TGFB and IL-10.
In contrast, “pro-inflammatory” M1 macrophages induce TH1 (effector) responses by production of IL-
12 and TNFa **3. Primary tumors with lymphogenic metastases have been demonstrated to show a
significantly increased count of M2 macrophages compared to non-metastasized tumors'®*. The
impact of irradiation on macrophage polarization has been scarcely examined. However, hints exist

195 Different mediators impact on the

that M2 macrophages are less prominent in irradiated lesions
phenotype of macrophages. TNF-a, LPS or INFy lead to a shift towards M1 macrophages, while IL-4, IL-

10 or TGFPB favor M2 macrophages™®. Irradiation of tumors with a single dose of 2 Gy alters the
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phenotype of macrophages from M2 towards M1 in dependence of iNOS and therefore of nitric oxide

production. This affects the endothelium of the vasculature and consecutively increases T cell

197

infiltration into the tumor™"’. Very recent data revealed that also eosinophils guided T cells into the

tumor, which resulted in tumor eradication. Again macrophage polarization and consecutive

198

normalization of the tumor vasculature was mandatory to foster tumor rejection™°. Inflammatory

mediators originating from immune cells thus impact on other immune cells, the tumor vasculature,
but also on the tumor itself. It has become obvious that ionizing radiation modulates inflammatory

161, 199

events both in benign inflammatory and in malign diseases . But radiotherapy (RT) is especially

capable of inducing immunogenic forms of tumor cell death .

Cancer cells can be rendered visible to the immune system by standard therapies such as

chemotherapy (CT) or RT, either alone or in combination with (further) immune stimulation (e.g. with

hyperthermia (HT))**

. The resulting tumor microenvironment determines which immune cells get
recruited and triggers the activation or suppression of DCs. Independent of the way of necrosis
induction, this cell death form is generally more immunogenic compared to apoptotic cell death.
Specialized phagocytes, especially macrophages, swiftly take up apoptotic cells. This process results in
non- or even anti-inflammatory events. The activated macrophages secret anti-inflammatory
cytokines like IL-10 or TGFB 2°%. In contrast, necrotic cells that have lost their membrane integrity have
immune stimulatory potential. These dead cells release DAMPs that alert the immune system®®.
Various preclinical work has proven that DAMPs are released after combined treatment of tumor cells

204-206

with RT and additional immune modulation . Irradiation is therefore one central trigger of DAMPs

release and consecutive immune activation.

Immunogenic cancer cell death is characterized by the release of danger signals such as HMGB1

protein, Heat shock protein (HSP) 70 and Adenosin-5"-triphosphate (ATP) as well as by the exposure of

207

calreticulin (CRT) on the cell surface”™’. RT and also cell death induction by high hydrostatic pressure

208, 209

for tumor vaccine generation are capable of inducing it . Of note is that danger signals are

present in every cell and necessary for survival of the cells. They are physiologically located
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intracellularly, but act as danger signals when being released into the extracellular space. This can

cause “immunotoxicity”, but is beneficial when regarding cancer cells**°.

One of the most prominent danger signals is HMGB1. It is ubiquitously expressed in the nucleus of
mammalian cells and highly conserved between different species. It acts as a non-histone chromatin-
associated protein, it binds to DNA and facilitates the binding of transcription factors. Another
function is its role in recognition of DNA damages in the process of mismatch repair’™.
Immunologically, it comes into play when cells are dying. Since necrosis leads to plasma membrane
rupture, intracellular HMGB1 gets passively released®'?, but inflammatory cells such as macrophages

13 HMGB1 preferentially binds to the receptor for advanced glycation

even secrete HMGB1 actively
end products (RAGE) and to toll like receptors (TLR), especially to TLR2 and TLR4*'*. HMGB1 thereby
represents a strong activator of DCs: it fosters antigen cross presentation by DCs and consecutive
activation of naive T cells*®. Standard tumor therapies like RT or CT have been shown to induce the
release of HMGB1 **>?*®*and RT can even enhance CT-induced immunogenic cell death when given

217

concomitantly “*’. Radiochemotherapy often induce both apoptosis and necrosis. This mixture of dying

and dead cells is especially immunogenic 2. Further, RT often primarily induces senescent tumor

218

cells™™®. The impact of the senescence-associated secretory phenotype (SASP) on tumor progression is

under current intensive investigation **°.

Other prominent DAMPs are HSPs, especially HSP70 *%°

. Inside the cell, HSPs protect it from stress.
They act as chaperones and thereby stabilize proteins or can ubiquitinate damaged proteins, leading
to their degradation in the proteasome. Of note is that outside the cell HSPs can efficiently activate
the immune system. Many HSPs chaperone tumor proteins. When HSP70 gets released, it delivers the
bound antigens to antigen presenting cells (APCs). The latter internalize the HSPs and thereby also the
antigens by receptor mediated endocytosis. Finally, the tumor antigens get cross-presented via MHC-I
molecules and can stimulate the CD8" T cell response (cytotoxic T cells; CTLs) in this way??’. That CD8"

T cells are important for anti-tumor responses is further underlined by the fact that radiation-induced

apoptosis in these cells was demonstrated to be a predictive factor for survival in cervical carcinoma
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patients “““.Another immune stimulatory effect of HSPs is the enhanced secretion of pro-inflammatory

cytokines by APCs like DCs following binding of HSPs to PRRs. Taken together, extracellular HSPs act as

danger signals resulting in maturation and activation of APCs. But HSPs do not only act on APCs, they

also stimulate and activate cells of the innate immune system, namely NK cells*.

Another DAMP is ATP, the key transporter of chemical energy. Usually, the intracellular concentration

224

of ATP is relatively high (3-10mM) but the extracellular concentration is pretty low (400-700nM)
Different sorts of stress induce the release of ATP by cells. ATP acts on purinergic receptors, especially
on P2RX7, and becomes thereby a potent mediator of IL-1B and IL-18 processing and release’”. ATP
also binds the P2RX7 receptor on DCs which leads to the activation of the NLPR3 inflammasome .
Stimulation by ATP results in the aggregation of NLRP3 with apoptosis-associated speck-like protein
(ASC) and caspase-1. The mature caspase-1 consecutively cleaves pro-IL-1B and active IL-1B is
released. The latter is important for priming of CD8" T cells. Therefore, the activation of the
inflammasome establishes a link between the innate and the adaptive immune system and is an
important part of anticancer immunity'®. The release of ATP is stress-induced and controlled by

different mechanism. Recent studies have shown that ionizing radiation also influences its release®”’.

A big challenge for the future is to identify multimodal tumor therapies that lead to maximal activation

228,229

of the immune system by triggering the release of distinct DAMPs . Radiotherapy is an integral

230

part of it since it can render tumor cells immunogenic™". Radiation-induced TNF-a release may add to

231

radiation lethality through autocrine and paracrine mechanisms~". Further, the death receptor Fas

232 233
. T

can be upregulated by RT and concomitantly also tumor suppressor proteins such as p53 o]

foster immune recognition, radiation further enhances the expression of MHC-I on tumor cells as well

234,235

as the surface exposure of HSP70 . Radiation also impacts on the protein pool and novel peptides

are made in response to gamma-irradiation”**. Since T cells especially recognize mutated tumor
proteins and melanoma has many of them, this tumor entity is most accessible for additional immune

236

therapy~™. The expression of adhesion molecules such as ICAM-1 on endothelial cells is also increased
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after genotoxic stress and might thereby contribute to radiation-induced inflammatory reaction of the

endothelium *¥.

The immunogenic potential of radiotherapy is summarized in?*® and distinct fractionation schemes or
single high dose application of radiation might result in different immunological outcomes **°. The
DNA damage response known to arrest the cell cycle and to enhance DNA repair or to trigger
apoptosis may also participate in alerting the immune system to the presence of danger coming from

135

damaged cells>”. The modulation by radiation of immune checkpoints, namely co-stimulatory and

inhibitory molecules on T cells, is under current intensive examination to pave the way for multimodal

240, 241

treatments consisting of radiochemotherapy plus immune therapy . The immunological effects of

RT are mostly described in patients with melanoma®?. Non-redundant immune mechanisms get

activated in cancer by combining RT with checkpoint inhibitors®*®

. This highlight the manifold immune
modulatory properties of ionizing radiation that have to be utilized by finding the most beneficial

combination and chronology of application with selected immune therapies.

Conclusions

Systemic effects hold a critical role in the response of all organisms in some types of stress, usually
exogenous like tissue injury, infection or irradiation. In all cases, the danger signals released by the site
of ‘attack’ have the role to prime the organism’s defense mechanisms, as part of a general response to
secure homeostasis. In the case of radiation-induced injury or tissue damage the danger signals
released vary greatly. They can range from ROS, damaged DNA, RNA, ATP, heat-shock proteins,
HMGB1, uric acid and different cytokines and chemokines. The NLRP3 inflammasome activation by

these danger signals has been shown in several cases to hold an orchestrating role.

Based on all evidence and as summarized above and in Table 1, it becomes clear that these types of
effects do exist, but a more analytical and mechanistic in-depth approach is needed. A better

understanding of NTE and even more the systemic immune-mediated-effects (SIME) may have great
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effect on health risk assessment and radiation protection, as well as on clinical applications of IR for
cancer treatment. Furthermore, the knowledge of the molecules mediating the signal and initiating
the responses to radiation is considered critical for radiation protection (low doses), effective

radiation therapy (immunomodulation) and minimizing radiation toxicity and adverse effects. We
believe that the response to radiation and the signaling cascade and acute or most

importantly chronic effects should be viewed under the prism of a holistic approach and at

| 134

the whole organism level. As discussed recently in Pateras et al.”", vital cellular danger signals

stimulate the defense at the systemic (organism) level and vice versa. Disruption of DDR, DNA
repair and immune response crosstalk can compromise (multi)-cellular/tissue integrity,
setting the seed for cell cycle related and immune defects and consequently genomic

instability.
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Table 1: Key findings on the systemic effects induced by ionizing radiation of different type. In this

table, we have included the biological system and the affected organs or tissues as well as the main

biological molecules and mechanisms involved based on experimental evidence and current status of

knowledge.
Radiation type | Surrounding or distant organ/
Organism . Molecules involved - Key Refer
(Targeted tissue affected:
/System Mechanisms proposed ence
organ/ tissue) Observed effect
in-vivo
Roentgen-ray
therapy prior to
chronic Bone marrow: - Production of “clastogenic
Human granulocytic - Decrease in bone marrow factors”in the circulating blood 244
leukemia cellularity of exposed individuals
treatment
(Spleen)
Human Radiotherapy Liver:
(hepatoc | Prior to thoracic | - Regression of hepatocellular
- Host immune response 74
H ellular vertebral bone carcinoma
) involving cytokines (TNF-a)
U carcinom metastasis - Increased serum levels of TNF-
a patient) (Thorax) o
M
A in-vitro
N Non-
on Non-irradiated cells treated
Il cell . . .
smail ce with radiation-conditioned
lun
ung ? medium from irradiated cells: TGF-B1 — miR-21 — ROS pathway 49
carcinom
- ROS level increase
acells
(H1299) - DNA damage increase
Human HUVECs co-cultured with y- - p38 pathway
umbilical y-irradiation irradiated U937: - Irradiated U937 cells release
vein (U937 - Induction of additional nitric oxide and thereby further <6
endotheli macrophage micronuclei and apoptosis triggers apoptotic and
al cells cells) - Overexpression of p38 inflammatory responses in the
(HUVEGs) mitogen-activated protein bystander HUVECs
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kinase (MAPK)

- Increase of the contents of
vascular cell adhesion
molecule-1 (VCAM-1) and the
activities of matrix
metalloproteinase-9 (MMP-9)

in HUVECs culture medium

Non-irradiated cells co-
incubated with irradiated cells
in well dishes allowing diffusion
of medium components

between them:

- Reduction of survival

- Increased level of cellular ROS

in irradiated cells may cause

Neonatal these bystander effects
- Increased frequency of
human - i -

u apoptosis Increased secretion of IL-6
dermal UVA, UVB, UVC . suggests its role as a molecular 66
] - Increased intracellular

fibroblast (NHDF-Neo) o bystander signal released by
oxidation
s (NHDF- irradiated cells, but mutual
- Generation of
Neo) signaling between irradiated and
proinflammatory cytokines .
bystander cells modulates this
- Increased levels of cellular secretion
ROS
- Increase of IL-6 concentration
in the medium (especially in
UVB and UVC experiments)
- Lower clone forming,
Lung
apoptosis and survival, and cell
adenocar
6MV X-rays circle arrest in phase G2 in both | - Cytokine production induces o
cinoma
(A549) irradiated and irradiated changes of the bystander cells
cells
conditioned medium (ICM)-
(A549)
treated cells
in-vivo
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nw 4 Z2 m O O

Lung apex: - Clastogenic factor produced in
6o - Micronuclei induction the plasma following irradiation
Rats Co y-
(Sprague- irradiation - Partial blocking of the DNA - Production of oxygen radicals 70
damage in the unirradiated by the induction of
Dawley) (Lung base)
lung apex by superoxide inflammatory cytokines (TNF-a,
dismutase IL-1)
- Cytokine release
Spleen, bone marrow:
137 L ) - Signaling pathways initiated by
Cs y-radiation | - Macrophage and neutrophils 68
Mice extensive macrophage activity
(Whole body) accumulation
- Communication between
- Increase phagocytic activity
phagocytic cells
125 Subcutaneous tumor:
_ I - Various signaling pathways sas
Mice - Tumor growth arrest/ . 125
(Whole body) triggered by I decay
retardation
X-rays Cutaneous tissues: - Internal organ exposure
Mice (Whole body/ | - DNA double strand breaks - DNA double strand breaks 2
half body) - Upregulation of Rad51 repair activity proteins
Spleen:
X-rays - DNA hypomethylation
(Whole body/ - Altered levels of histone . .
- miR-194 (miRNA)-regulated 5
Rat whole body methylation and DNA
pathway
without cranial methyltrasferases
exposure) - Upregulation of non-coding
RNA molecules
Skin:
X-rays
Mice - Oxidative clustered DNA - Oxidative stress metabolism >3

(Partial body)

lesions induction
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Mice

(Whole body/

X-rays

cranial

exposure)

- DNA damage - Apoptosis

- Upregulation p53 expression

- Gender specific abnormal

Spleen:

- Abnormal cellular

proliferation

mRNA levels

- Cell cycle changes

- DNA repair

43

Mice

Bcs y-radiation

(Whole body)

Haemopoietic
clonogenic stem cells:
- TNF-a secretion

- Macrophage activation

- Inflammatory mechanisms

- Oxidative stress

54

Mice

X-rays
(Whole body/
whole body

excluding head)

Cerebellum:

Double strand breaks

- Apoptotic cell death

- Tumor induction

- Erroneous DSB repair or
complete lack of it, leading to

genetic changes

- Clastogenic factors in blood

stream

81

Mice

X-rays
(Whole body/
cranial

exposure)

Spleen, Skin:

- Epigenetic changes: DNA

hypomethylation

- Reduction of MeCP2 (methyl-

binding protein) expression

- miR-194 (miRNA)-regulated
pathway
- Genomic instability

- DNA repair pathways

47

Mice

Bcs y-radiation

(Whole body)

Bone marrow:

- Colony-forming efficiency

(CFE) reduction

- Genomic instability

- Genetic susceptibility

- Complicated signaling

processes

- Activation of cytokines

69

Mice

X-rays

(Cerebellum)

Cerebellum:
- Upregulation of Cx43

- Adenosine triphosphate

release

- Gap junctions intercellular
communication via connexin43

(Cx43)

- Oxidative metabolism

63
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Bladder:

- Clonogenic death induced by

- Intracellular calcium levels

. 60 o e
Mice Co y-radiation 0
the medium harvest from - Genetic background dependent
(C57BL6) (Whole body)
bladder tissues from acutely RIBE
irradiated mice
- Genetic susceptibility
o Bone marrow:
_ y-radiation - Cytokine secretion "
Mice - Fasligant (FasL) and TNF-a
(Whole body) o - Inflammatory pathway of
activation
cyclooxygenase (COX-2)
Hematopoietic stem cells
(HSCs):
co V-
- Acute cell death
Mice irradiation - Oxidative stress metabolism >
- Accelerated proliferation of
(Whole body)
the bystander HSCs
- Increase of intracellular ROS
Mice Skin:
Patched1 X-rays - Early responses to DNA
- Gap junctions intercellular 82
heterozyg (Partial body damage o
communication
ous exposure) - Apoptosis
+/-
(Ptch1™) - Skin basal cell carcinoma
Lungs:
- Induction of COX-2 in the non-
targeted bronchial epithelial
Mice X-rays cells
(gptdelta (Lower - Increased levels of - COX-2 mediated bystander 7
transgeni abdominal prostaglandin and 8- effects
c) region) hydroxydeoxyguanosine
- Induction of DNA DSBs
- Apoptosis in bystander lung
tissues
in-vitro
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Co-culture with (pre-
carcinogenic) v-src-transformed
rat fibroblast (208Fsrc3):
Normal o )
-Extracellular signaling proteins
rat
(focus on TGF-B1)
fibroblast . .
- Gene expression analysis: -In non-irradiated bystander
cells lls: ER st Il cycl
perturbed cell cycle related- cells: ER stress, cell cycle
(208F) turbati ltered
and interleukin-related perturbation, altere
. L . 246
X-rays pathways interleukins signaling pathways
point to fast-released molecules
involved in the induction of
Co-culture with (pre- apoptosis (IIA).
Normal . .
carcinogenic) v-src-transformed
human )
rat fibroblast (208Fsrc3):
fibroblast
-Extracellular signaling proteins
cells
(focus on TGF-B1)
(MRC-5)
Co-culture and media transfer
experiments:
Murine - Decrease of clonogenic
MRC val ; ) - Genomic instability may be
primary — survival, suggesting a major
Plutonium-238 tributi f bvstand I significantly induced in
haemopo . contribution of bystander ce
a-particle ill bystander cells whether or not 20
ietic stem Iling
source cells communicate during
cells from . - Appearance of delayed . o
. (murine cells) irradiation
CBA mice aberrations (genomic instability
induction)
in-vivo
Skin, Fin, Kidney, Spleen, Gill of
Fl unirradiated trout incubated - The irradiated fish released
S Rainbow with an irradiated one in the factors into the water that can "
X-rays .
trout same container : cause bystander responses in
H .
- Reduction of clonogenic unexposed fish
survival of HPV-G reporter cells
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Increased expression of
oxidative metabolism and
polarity maintenance proteins

(hemopexin-like protein,Rho

Rainbow GDP dissociation inhibitor - 76
X-rays - Protective proteomic response
trout RhoGDlI, pyruvate
dehydrogenase -PDH) in gills of
nonirradiated trout placed in a
container previously occupied
by an irradiated one
Skin, Gill of unirradiated
Zebrafish incubated with an
. . . - The irradiated fish released
irradiated one in the same
. factors into the water that can 78
Zebrafish X-rays container:
cause bystander responses in
- Reduction in HPV-G reporter )
unexposed fish
cell growth of both irradiated
and naive fish
Unirradiated Zebrafish embryos
incubated with irradiated
Zebrafish . - The irradiated fish released
embryos in the same agarose
embryos factors into the medium that can .
a-particles plate:
(Danio cause bystander responses in
- Increase of cell death signals
rerio) unexposed Zebrafish embryos
for both irradiated and naive
embryos
Unirradiated Zebrafish embryos
incubated with irradiated ones
Zebrafish . . - The irradiated fish released
in the same container:
embryos ) factors into the water that can 27
. a-particles - Decrease in apoptotic signals .
(Danio cause bystander responses in
in both irradiated and
rerio) unexposed fish
unirradiated bystander
embryos
Naive embryos partnered in the
- Bystander effect on the
Partnered same medium with irradiated ) )
High-dose X- interorganism level.
zebrafish ones: 7
rays Effect mediated by NO signalling
embryos - 47% increase of

apoptotic signal in

pathways.
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bystander embryos

compared to control

the reporter GUS gene

transcript

in-vitro
- A soluble factor contained in
the culture medium of irradiated
cells is responsible of the DNA
. . DSBs appearance in non-
Non-irradiated cells co-cultured
o . ) irradiated cells, which has a
Embryoni with irradiated cells or with
Chronic low o . molecular weight higher than
c irradiated culture medium:
dose of ©*’Cs V- 3kDa and is inactivated by
zebrafish - DNA DSBs occurrence . 4
rays heating
fibroblast - Increase in global methylation , ) "
(ZF4) - Neither secretion of specific
s (ZF4) of both irradiated and ) o
proteins, nor the oxidation of
bystander cells .
these secreted proteins may be
responsible for bystander
effects, although a slight
increase of oxidation was noted
Whole organism:
- Direct damage to the shoot
P apical meristem
L Arabidop - Inhibition of root hair
Protons ) o
A sis differentiation - Long distance effect in whole va
. (Shoot apical .
N | thaliana - Primary root elongation organisms
meristem)
T embryos - Lateral root initiation
S - Decrease in accumulation of
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Shoot and root apical

meristem:

- Inhibition of postembryonic

x m I —+ O

Arabidop Heavy ions development (germination,
sis (Shoot and root root hair differentiation, - Oxidative metabolism
thaliana apical primary root elongation, lateral disruption and increased 249
(intact meristem) root initiation and survival) of generation of ROS
seeds) both irradiated and non-
irradiated shoot apical
meristem and root apical
meristem cells
Distal primary roots of young
seedlings:
- Increase in the frequency of
Arabidop homologous recombination
sis . (HR) in aerial plants, which
a-particles - Oxidative metabolism and ROS -
thaliana occurred in every true leaf )
(Whole plant) ) production
(whole during rosette development
plant) - Short-term up-regulated
expression of the HR-related
AtRAD54 gene in non-irradiated
aerial plants
- Presence of transgenerational
effects
Non-exposed first-generation
Daphnia . N - Detrimental effects of 251
acute y-rays offspring of irradiated parents:
magna deleterious mutations induced
- Compromised viability
in the germline of irradiated
parents
- CEP-1/p53-dependent germ
Apoptotic germ cell death after
C. Proton cell death -
] microbeam-localized irradiation
elegans microbeam - Bystander effect mediated via

of pharynx tissue

MAPK pathways
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