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Abstract

Purpose: As part of the special issue on ‘Women in Science’, this review offers a perspective on 

past and ongoing work in the field of normal (non-cancer) tissue radiation biology, highlighting 

the work of many of the leading contributors to this field of research. We discuss some of the 

hypotheses that have guided investigations, with a focus on some of the critical organs considered 

dose-limiting with respect to radiation therapy, and speculate on where the field needs to go in the 

future.

Conclusions: The scope of work that makes up normal tissue radiation biology has and 

continues to play a pivotal role in the radiation sciences, ensuring the most effective application of 

radiation in imaging and therapy, as well as contributing to radiation protection efforts. However, 

despite the proven historical value of preclinical findings, recent decades have seen clinical 

practice move ahead with altered fractionation scheduling based on empirical observations, with 

little to no (or even negative) supporting scientific data. Given our current appreciation of the 

complexity of normal tissue radiation responses and their temporal variability, with tissue- and/or 

organ-specific mechanisms that include intra-, inter- and extracellular messaging, as well as 

contributions from systemic compartments, such as the immune system, the need to maintain 
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a positive therapeutic ratio has never been more urgent. Importantly, mitigation and treatment 

strategies, whether for the clinic, emergency use following accidental or deliberate releases, or 

reducing occupational risk, will likely require multi-targeted approaches that involve both local 

and systemic intervention. From our personal perspective as five ‘Women in Science’, we would 

like to acknowledge and applaud the role that many female scientists have played in this field. We 

stand on the shoulders of those who have gone before, some of whom are fellow contributors to 

this special issue.
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Introduction

There has been a trend for normal tissue biology to play second fiddle to other radiobiology 

fields, especially those more directly associated with cancer per se. As a result, participation 

in, and support for, this particular subfield has fluctuated over the decades, affected 

by scientific trends and economics (Groves and Williams 2019). This relative lack of 

engagement is unfortunate since it flies in the face of the fact that many of the major 

imperatives applied in radiation therapy were built on an understanding of the mechanisms 

of normal tissue radiation response (e.g. the use of fractionation, application of the 

therapeutic ratio, etc.); an understanding of these mechanisms also is a necessary tool in 

the fields of radiation epidemiology and protection.

In this review, and as part of the special issue on ‘Women in Science’, we discuss the past 

and current trends in normal tissue biology, tracing the evolution of our understanding of 

this complex field and speculating on future trends. Given our specific fields of expertise, we 

have chosen to focus on some of the critical organs considered dose-limiting in radiotherapy 

practice, namely the immune/inflammatory and cardiovascular systems, lung, and brain; we 

acknowledge (and apologize for the omission of) other equally important organs, such as the 

hematopoietic system, bone, etc. Finally, to all of those women whose work is recognized in 

this review, we salute and thank you.

Overview

The study of normal tissue reactions has been a subfield of radiation biology almost since 

the discovery of X-rays; the need to understand the impact of radiation exposure, whether 

beneficial or detrimental, on biological tissues was quickly recognized. Indeed, even as 

radiation was being developed as both a diagnostic tool and therapeutic application, its 

potential to induce injury in non-targeted tissues and organs, particularly in the skin, was 

quickly recognized (Johnston et al. 2010; Timins 2011). Interestingly, although ionizing 

radiation was identified as an environmental mutagen as early as the 1920s (Muller 1927), it 

was decades later before studies of workers, such as the radium dial painters (Sherk 2001) 

and uranium miners, (McLaughlin 2012) etc., and even some patient populations, such as 

those receiving Thorotrast®, etc. (Lipshutz et al. 2002) led to broad acknowledgement of its 

carcinogenic risk. Observations of leukemia in the survivors of the Japanese atomic bombs 
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(Folley et al. 1952) and later reports of increased incidence of not only hematologic, but 

also solid tumors, following analyses of the Life Span Study (Hsu et al. 2013; Grant et 

al. 2017) left no further doubt. Ultimately, radiation-induced acute and late normal tissue 

effects, whether cancer or non-cancer, have been recognized as occurring in every tissue and 

organ, imposing limits on the use of radiation as a therapeutic modality.

Overall, it appears that enthusiasm for radiation’s clinical utilization took precedence over 

basic radiobiologic research for much of the first half of the 20th century. However, as 

the realization of its detrimental effects grew, and in conjunction with advancements in 

science and technology, came an evolution in our understanding of the mechanisms that 

drive the biological effects of radiation, including an appreciation of the complexity in 

response patterns, whether at the molecular, cellular or tissue/organ/systemic levels. For 

example, during the 1960s to 1980s, as radiation pathology became more sophisticated 

and precise (Fajardo 1982) and the interconnectivity between radiation physics and biology 

was better appreciated (Fowler et al. 1963; Williams and Newhauser 2019), competing 

hypotheses surfaced to explain the diverse range of observed normal tissue radiation injuries. 

One of the more simplistic explanations put forward, commonly referred to as the ‘target 

cell theory’, was that the majority of normal tissue deficits could be explained in terms of 

radiation sterilization of parenchymal clonogenic cells (Michalowski 1984). Alternatively, 

some investigators focused on the microcirculation together with the radiation sensitivity 

of endothelial cells, proposing that the critical event in normal tissue injury was loss 

of capillary function (Reinhold 1974). As part of a more integrated view, which took 

greater account of cellular diversity with respect to sensitivity and proliferation kinetics, 

Casarett and others suggested a more compartmentalized concept (Rubin and Casarett 

1968), secondarily proposing that populations of injured cells communicate with each 

other. Every theory garnered its own supporters, generating competing philosophies and 

approaches across the radiation community. However, some scientists made stalwart efforts 

to rise above the fray and unite the various hypotheses under a more flexible umbrella. 

Notable among these was the pioneering radiobiologist, Tikvah Alper, who not only worked 

on ‘target theory’ in the 1950s (Alper 1956), but also proposed cell membranes as an 

alternative to DNA as a critical lesion (Gasinska 2016), as well as her coworker at the Gray 

Lab, Juliana Denekamp (Denekamp 1986), who adapted and modified her hypotheses in 

response to the emerging data, an approach that reflected not only her interest in a broad 

range of normal tissues, but also her conviction of letting the data guide the scientist and not 

the other way around (Emery et al. 1970; Stewart et al. 1978; Hirst et al. 1980; Stewart et 

al. 1980; Williams and Denekamp 1983, 1984; Douglas et al. 1986; Johansson et al. 2000, 

2002).

Arguably, since the turn of the century, our understanding of the enormity and complexity 

of the biological radiation response in normal tissues has undergone its greatest evolution. 

(Figure 1). From the concept of tissue compartments communicating through unspecified 

channels (Rubin et al. 1998; Figure 1(A)), we have moved through an holistic overview of 

radiation disrupting homeostatic balance, resulting in autocrine and paracrine expression of 

chemokines and cytokines (McBride et al. 2004; Figure 1(B)), to our current, more granular, 

subcellular understanding of the mechanistic intra- and extracellular pathways involved at 

each phase of the response, developed through the integration of various -omics technologies 
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and systems biology (Figure 1(C)) (Chua and Rothkamm 2013; Choudhary et al. 2020). 

In this review, we offer an overview of the current status of normal tissue radiobiology, 

providing a historical narrative of the progress that has been made in the field through a 

focus on some of the critical tissues and organs that are deemed dose-limiting in radiation 

therapy, namely the immune system, lung, cardiovascular system and brain.

Immune system

Most of the radiobiological parameters that describe normal tissue effects, such as dose 

dependency, dose fractionation sensitivity, and latency, directly relate to tissue-specific, 

often highly differential, characteristics, such as intrinsic radiosensitivity, capacity for 

sublethal damage repair, turnover kinetics, and tissue organization (Hall and Giaccia 2019; 

Joiner MC & van der Kogel, 2019). However, despite significant cell type differentials 

within these parameters, the stages in progression of all radiation-damaged tissues appear 

to converge with respect to their interactions with the immune system, with the majority of 

observed responses progressing along common inflammatory and immune pathways before 

finally diverging into their tissue- or organ-specific pathologies.

Historically, skin was the first tissue in which the role of the immune system in the radiation 

response was recognized when, in 1895, many of the investigators using low power X-ray 

tubes in order to reproduce Röntgen’s findings subsequently developed dermatitis (Timins 

2011). A unique aspect of radiation-induced skin injuries, their characteristic latency, led 

Marie and Pierre Curie and others to auto-experiment in attempts to elucidate relationships 

between latency, dose, and the persistence of radium and other radiation-induced lesions 

(Dutreix et al. 1998). Such studies resulted in early clinical dosimetrists using the skin 

inflammatory response to calibrate radiation tubes, with the minimal erythematous dose as 

a ‘unit’, i.e. the first bona fide biodosimeter; indeed, skin reactions have played a major 

role in the radiobiology modeling of many important response parameters (Willers H & 

Beck-Bornholdt 1996). Furthermore, and in parallel with these findings, was the early 

clinical realization that immune components themselves, and lymphocytes in particular, 

were directly and adversely affected by radiation (Heineke 1903; Heineke 1905). So, even 

though interest in the radiation response has broadened to most other tissues, each with its 

own pathophysiological format, inflammation and the immune system as a whole have long 

been considered to play critical roles in normal tissue effects.

The inflammatory kickoff

The immediate biochemical response to radiation damage is rapid and largely redox-

regulated, leading to alterations in membrane permeability and purinergic signaling that 

affect the composition of intra- and extracellular milieus. Changes in redox-sensitive 

molecular switches can have many effects, including activation of multiple transcription 

pathways, with the release of damage-associated molecular patterns (DAMPs) that signal 

through members of the pattern recognition receptor (PRR) superfamily, including Toll-like 

receptors (Khodarev 2019); some DAMPs have been shown to translocate to the cytoplasm 

and may be released as paracrine factors. One of the proposed downstream outcomes is 

senescence, as elegantly shown by work from Judith Campisi’s group and others (Rodier et 
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al. 2009); following irradiation, cells undergo stable cell cycle arrest and display persistent 

DNA segments with chromatin alterations, which reinforce senescence (DNA-SCARS) 

alongside a senescence-associated secretory phenotype (SASP), structures that have the 

potential to drive persistent immune infiltration (Le et al. 2010; Rodier et al. 2011). The 

possibility of persistent DNA damage driving immune involvement has been posited by 

some (Li et al. 2018; Ishida et al. 2019), and provides an explanation for the cyclical waves 

of inflammation that have long been seen as part of the late effects in different organs and 

tissues (Rubin et al. 1995; Fink et al. 2012; Gandhi and Chandna 2017). It also ties in with 

a general concept of danger-sensing by innate cells, as well as the inflammatory phenotype 

seen, for instance, in ATM patients (Härtlova et al. 2015; Beach et al. 2018).

Myeloid cells to the fore

Building on the ideas of Polly Matzinger regarding limitations in the self/non-self-immune 

recognition system (Matzinger 2002), radiation-damaged tissues may be considered as a hub 

for ‘danger’ signals, activating downstream pathways with a broad array of consequences 

(McBride et al. 2004). Subsequent expression of signaling cascades is dose-, volume- and 

tissue-dependent, involves multiple signaling families, and may be seen both intra- and 

extracellularly. For example, irradiated skin produces proinflammatory cytokines, such as 

the interleukins (IL)-1, IL-6, IL-17, IL-23, tumor necrosis factor (TNF)-α, as well as growth 

factors (e.g. transforming growth factor (TGF)-B) and chemokines (e.g. IL-8 and eotaxin), 

with many of these messengers being expressed in both tissue and plasma (Müller and 

Meineke 2007).

One effect of proinflammatory cytokine and chemokine expression is to orchestrate 

increased vascular permeability and mobilize circulating bone marrow-derived cells, in 

particular those of the myeloid lineage, causing them to undergo trans-endothelial migration 

into inflamed tissues (Figure 2). As a result, resident and infiltrating innate immune cells, 

in particular macrophages, are activated, promoting communication between endothelial 

cells, fibroblasts, and other cells, many of which contribute to further cytokine production 

and/or respond through the expression of an ever-changing array of PRR and cytokine 

receptors. The pluripotential nature of many of these signals increases the complexity of the 

response by further broadening the number of potential targets and outcomes. For example, 

danger signaling matures dendritic cells to present antigen to lymphocytes and break 

tolerance, whereas paracrine bystander effects can either increase or decrease cell survival 

and proliferation (Lotze et al. 2007; Tang et al. 2010). Furthermore, tissue irradiation – 

even localized exposures – frequently causes a persistent myeloid shift within the immune 

system, perhaps another illustration of the intimate link that ties peripheral inflammation 

to the bone marrow niche and adaptive hematopoiesis (Zhang et al. 1995; Zhao et al. 

2014; Groves et al. 2015; Groves et al. 2018; Chavakis et al. 2019). The longevity of 

these responses is supported by data from the A-bomb survivor cohorts showing persistent 

residual injury, alongside hematopoietic myeloid bias and general immune-senescence 

(Yoshida et al. 2019).

Boerma et al. Page 5

Int J Radiat Biol. Author manuscript; available in PMC 2022 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The counter-response and impact on tissue-specific late effects

Localized irradiation can induce systemic consequences evolved to prepare the whole body 

for additional challenges. As a result, although the initial response is rapid, the subsequent 

contributions of the various cellular and molecular players change over time, possibly as 

part of homeostatic maintenance and restoration. For example, repeated adjustments and re-

adjustments of the pro/anti-oxidant and pro/anti-inflammatory balances seen post-radiation 

within the cellular microenvironment vary the downstream net effects of redox-sensitive 

NF-κB, Nrf2 and pentose phosphate pathways. Homeostatic disruption following certain 

injuries, including high dose radiation, induces the entire cellular rheostat to react as 

if under threat, for example by exhibiting mitochondrial leakage and altered metabolic 

status (Yamamoto et al. 2018), with regulatory T cells, myeloid-derived suppressor cells 

and immune checkpoints operating to prevent excessive autoimmunity at the tissue level. 

While these networks are, to some extent, self-sustaining, an additional factor seen in 

irradiated tissues is programmed cell turnover and the release of more DAMPs; these 

events correspond with avalanches of cell loss resulting from the timed entry of cells 

into proliferation and subsequent cell death through mitotic catastrophe, phenomena that 

distinguish acute from late responding tissues. Critically, molecular ‘danger’ responses 

to radiation exposure occur in practically all tissues in the body; these responses differ 

qualitatively between tissues, although the relevance of such differences has yet to be 

determined.

The range of signal responses seen following radiation injury in tissues raises the question as 

to the role played by each specific signal or pathway within radiation-induced inflammatory 

lesions. For example, Angela Groves et al. highlighted a critical role for the IL-1ß/CCR2/

CCL2 axis in the development of radiation lung fibrosis (Groves et al. 2018), secondarily 

noting that baseline cytokine expression differences exist between pneumonitis- versus 

fibrosis-prone mice, as seen by a number of investigators (Johnston et al. 1995; Chiang et 

al. 2005; Paun and Haston 2012). However, in similar studies focused on brain, late effects 

appeared more closely associated with waves of increased TNF-α expression, with the 

greatest increases seen following doses that caused radionecrosis (Chiang et al. 1997). This 

finding was supported by work from Jennifer Daigle et al., who showed that knocking out 

TNFR2, generally considered a negative control pathway, led to increased radiation-induced 

TNF-α levels, making mice more susceptible to brain injury (Daigle et al. 2001). Of course, 

the practice of using inbred murine models in this field likely adds to the confusion, 

given the known strain-dependent variations with respect to genetics (Franko et al. 1991; 

Haston 2012), which do not necessarily or consistently correlate with pathological outcomes 

(Sharplin & Franko, 1989b, 1989a). Other investigators have pointed to a more holistic, anti- 

versus proinflammatory mechanism as the signaling imperative, with the anti-inflammatory 

growth factor, TGF-B, being frequently identified as a critical player (Anscher et al. 1998a; 

Martin et al. 2000; Okunieff et al. 2002). Finally, taking a more cell-based approach, 

endothelial damage has been suggested as the primary cause of intestinal radiation damage 

(Paris et al. 2001), although this has been disputed (Brown 2008); indeed, even if true, it can 

be argued that any mechanistic involvement of these cells would likely require an immune 

component.
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Interestingly, dose is a poorly defined variable in the context of the immune response 

to radiation. The production of a full spectrum of proinflammatory cytokines appears to 

require moderate doses in the hypofractionated range; for example, from our own work, 

as well as that of Claire Vanpouille-Box and Sandra Demaria, it appears that the optimal 

dose needed for radiation to act as an immune adjuvant in the clinical setting is in 

the range of 6-8 Gy (Demaria and Formenti 2012; Schaue et al. 2012; Vanpouille-Box 

et al. 2018). Although the resultant type I interferon response acts as a cross-over to 

the adaptive immune arm, inadvertently this may drive chronic inflammatory pathologies 

through relentless monocyte recruitment via CCL2/CCR2, preventing the development of 

tissue-healing phenotypes (Lee et al. 2009). However, not yet fully addressed and a question 

relevant to this review, is whether human tumors induce the same danger response(s) as 

their normal tissue counterparts, given the evident differential in benign versus oncogenic 

microenvironmental influences. Ironically, lower radiation doses have long been considered 

to be anti-inflammatory and have been used to treat patients with a variety of inflammatory 

diseases (Trott and Kamprad 1999), including for COVID-19 (Prasanna et al. 2020).

Lung

Clinical incidence and observations

The first reported observations of pulmonary damage following radiation therapy for breast 

cancer were reported in 1922 (Groover et al. 1922; Hines 1922), with numerous subsequent 

reports describing clinical, radiological, and histological manifestations of lung injury that 

appeared several weeks to months after treatment of the thoracic region with radiation 

therapy (Desjardins 1926; McIntosh and Spitz 1939; Warren and Spencer 1940; Leach et 

al. 1942). By 1940, clinical reports, with supporting data from animal studies, provided a 

well-defined clinical picture of the lung damage that results from radiation exposure, which 

manifests in two stages with respect to time and histological sequelae: an early onset, acute 

radiation pneumonitis or alveolitis followed by late onset, chronic fibrosis. Presciently, one 

of the early reports described two major issues regarding the observation of lung damage 

after radiation therapy that remain a challenge for physicians today: firstly, the contribution 

of pneumonitis/fibrosis to morbidity/mortality, and, secondly, an inability to differentiate 

radiation-induced changes from disease progression (McIntosh and Spitz 1939). Indeed, 

despite improvements in radiation delivery, the lung remains a major dose limiting organ in 

the treatment of thoracic tumors, as well as following the use of total body irradiation, e.g. 

as part of conditioning regimens for stem cell transplantation (Shinde et al. 2019; Jang et al. 

2020).

In general, radiation oncologists consider the lung to be an acutely radiosensitive organs, 

with clinical manifestations taking weeks to months to appear. Early clinical symptoms 

range from mild dyspnea, nonproductive cough, chest discomfort, and low grade fever to 

respiratory insufficiency, cyanosis, and fulminant organ failure in the most extreme cases 

(Davis et al. 1992). In addition, focal to diffuse ground-glass opacification and increased 

lung density, observed by computed tomography (CT) and single photon-emission computed 

tomography (SPECT)-defined reductions in lung ventilation and perfusion, are common 

during the symptomatic phase (Marks et al. 2003). In contrast, the late phase of chronic 
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lung fibrosis is a progressive disease that occurs months to years after treatment. The disease 

tends to stabilize approximately 2 years post-treatment, although lung volumes may continue 

to retract until ~5 years post-exposure; of note, fibrosis can develop in patients who have 

not presented with the acute clinical symptoms of radiation pneumonitis (Movsas et al. 

1997). Corresponding characterization of lung changes in animal models have been made 

by multiple preclinical researchers, with the seminal work from Elizabeth Travis requiring 

specific mention (Travis 1980; Travis et al. 1980).

Bench to bedside and back

Throughout the latter half of the 20th century, translational radiation biologists and clinicians 

worked together to define the best treatment regimens for thoracic patients through a bi-

directional flow of information from bench to beside. Although there was early recognition 

of normal tissue sparing through the use of split dose radiation (Regaud and Nogier 1911), 

attribution of the phenomenon to sublethal damage repair, reassortment of cells between 

fractions, and cell repopulation was not made until the 1960s, through the (mostly in vitro) 

work from such investigators as Mortimer Elkind and H. Rodney Withers (Elkind et al. 

1965; Withers and Elkind 1969). Preceding and subsequent reports from small clinical trials, 

assessing responses in patients undergoing thoracic irradiation (Newton and Spittle 1969), 

also demonstrated a clear difference in survival outcomes between those patients receiving 

>3 Gy per fraction compared to those receiving treatment in <1.5 Gy per fraction, providing 

some of the earliest clinical evidence that the tolerance of the lung to radiation can be 

improved when treatment is limited to 1.5-2 Gy fractions.

In the early 1970s, collaborative work from Shirley Hornsey and Stan Field helped propel 

greater acceptance of the mouse lung as a surrogate for the human (Hornsey et al. 1975; 

Field et al. 1976). Subsequently, the majority of investigators used murine models to define 

the relationships among total dose, fraction number and size, and overall treatment time 

based on similarities in overall survival time (e.g. 40-180 days), pulmonary symptoms, and 

histopathologic sequelae (Travis 1980). The predictive value of data generated from such 

preclinical models, as well as their translation to the clinic, was further enhanced by the 

characterization of a noninvasive functional assay by Elizabeth Travis and colleagues, which 

enabled monitoring of the onset, severity, and duration of lung injury using whole body 

plethysmography (Travis et al. 1979; Travis et al. 1980). Interestingly, using this breathing 

rate assay in a CBA mouse model of whole lung irradiation, Travis and Down confirmed the 

dissociation of early pneumonitis from late fibrosis using treatment fractionation (Travis and 

Down 1981), an observation that was the basis for the hypothesis that the affected cells and 

molecular mechanisms underlying acute versus late stages of injury, not only in lung but also 

in other tissues, may be independent (Travis et al. 1984).

Key players in radiation-induced lung disease (RILD)

Despite its putative acute radiation sensitivity, following clinically relevant, or even 

relatively high (~10 Gy single dose), doses, histological features of lung damage do 

not become evident under light microscopy until several weeks after exposure, thus, 

the classic target cell theory appears insufficient to describe the early lung response. 

However, exhaustive characterization of the natural progression of RILD at the cellular 
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level, using both transmission and scanning electron microscopy, has shown that, in reality, 

sub-structural changes appear in the lung of irradiated mice within hours of exposure 

(Maisin 1970; Oledzka-Slotwinska & Maisin 1970; Penney and Rubin 1977) (Figure 3). 

For example, a dose-dependent infiltration of inflammatory cells, including lymphocytes, 

macrophages, and neutrophils, into the lung tissue has been observed (Johnston et al. 2010; 

Johnston et al. 2011), although this is likely a component of the natural wound response of 

the organ. Release of surfactant into the alveolar space from the type II pneumocytes also is 

a rapid and early event (Rubin et al. 1980; Rubin et al. 1983); of note, although our group 

has shown that apoptosis of surfactant producing-type II pneumocytes appears to correlate 

with morbidity/mortality during the acute pneumonitic phase (Jackson et al., 2018), other 

groups have suggested that damage in alternative cell types may play an equally significant 

role (Figure 3), with candidates including club (Clara) cells (Kathiriya et al. 2020) and lung 

endothelial cells (Qiu et al. 2011). Interestingly, the potential for epithelial cells to play a 

critical role in both the initiation and progression of RILD has been a perennial hypothesis 

(Maisin et al. 1982), most recently in the context of combined injuries (Manning, Johnston, 

Hernady et al. 2013; Manning, Johnston, Reed et al. 2013).

Identifying a single cell type as being singularly responsible for the early lung response 

is contentious given that, during the immediate and latent (i.e. asymptomatic) phases, 

ultrastructural changes have been seen in almost all of the 90+ cell types found within 

the lung (Maisin 1970). Pathologic alterations have included changes in the pulmonary 

vasculature (e.g. cytoplasmic swelling of endothelial cells with vessel occlusion and platelet 

aggregation, together with interstitial edema (Maisin 1970; Moosavi et al. 1977; Penney 

and Rubin 1977)) and the inflammatory environment (e.g. recruitment of bone-marrow 

derived inflammatory cells and shifts in macrophage polarization (Groves et al. 2016; Park 

et al. 2019)). In addition, coincident with the pulmonary cellular events, a broad spectrum 

of pro- and anti-inflammatory signals are expressed within milliseconds of the ionizing 

radiation event and subsequently span the symptomatic latent phase and beyond. Described 

by some as a ‘perpetual cascade’ (Rubin et al. 1995), elevated circulating and lung tissue 

levels of proinflammatory and profibrogenic cytokines, chemokines and growth factors 

have been demonstrated across the timeline of RILD progression, with levels and temporal 

expression patterns being dose, volume and strain-specific (Johnston et al. 1995; Chiang et 

al. 2005; Cappuccini et al. 2011; Jackson et al., 2018). Without spontaneous resolution 

or pharmacological intervention to subdue the resultant vascular dysfunction, cytokine 

storm, and inflammatory processes, ultimately, clinically-symptomatic lung damage ensues. 

Successful identification of specific interventions has proved elusive, despite the plethora of 

altered signaling pathways offering a large array of tantalizing targets, e.g. oxidative stress 

(Antonic et al. 2015; Murigi et al. 2015), angiogenesis (Mahmood et al. 2014; Ackermann 

et al. 2017; Jackson et al. 2017), inflammation (Williams et al. 2004; Tian et al. 2018), 

as well as specific molecules such as gastrin-releasing peptide (Zhou et al. 2013). Indeed, 

the observations of vascular injury and ischemia/reperfusion, chronic inflammation and, 

most especially, persistent DNA damage have led many investigators to describe RILD as 

an aberrant wound healing response (Fleckenstein et al. 2007; Ghita et al. 2019), with the 

breadth of homeostatic disruption suggesting that resolution will require a multi-targeted 

approach (Williams et al. 2010).
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As mentioned earlier and in the preceding discussion of the immune system, species, sex 

and, in particular, strain affect expression of radiation-induced lung injury across animal 

models, and these factors have been closely studied in mouse lung (Dabjan et al. 2016). 

For example, Janet Sharplin and Allan Franko performed a comprehensive survival and 

histological analysis of acute and late lung injury seen among the most commonly used 

mouse strains (Sharplin & Franko, 1989b, 1989a). Interestingly, exploitation of such strain 

differences in the progression and manifestation of lung injury has enabled some researchers 

to identify genes and/or protein products that may influence susceptibility to pneumonitis 

and/or fibrosis (Haston and Travis 1997; Haston et al. 2002; Paun and Haston 2012; 

Jackson et al. 2016; Jackson et al., 2018). Importantly, using RNA sequencing and systems 

analysis of tissues from irradiated fibrosis-prone mice, progressive upregulation of pathways 

has been demonstrated in association with persistent DNA damage, acute and chronic 

inflammation, and cellular senescence (Beach et al. 2017), which, together with indications 

of myeloid phenotypic shifts during RILD progression (Groves et al. 2015; Groves et 

al. 2018), draws direct parallels with the mechanisms implicated as part of the immune 

response; potential interactions among the various cell types, together with direct pathways 

and feedback loops, are illustrated in Figure 3.

Cardiovascular system

Radiation-induced heart disease (RIHD) in the clinic

By the late 1950s, publications began reporting adverse cardiac effects following irradiation, 

seen not only in animal models (Kohn et al. 1957; Senderoff et al. 1959), but also in clinical 

subjects (Catterall 1960; Jones and Wedgwood 1960). By the early 1970s, the use of large 

thoracic fields, such as mantle or mediastinal irradiation, both of which involve high doses 

of radiation to the heart, was clearly seen as associated with late cardiac disease (Landberg 

et al. 1972; Martin et al. 1975; McReynolds et al. 1976). Indeed, since that time, systematic 

analyses of cardiac disease risk in survivors of Hodgkin’s disease have provided unequivocal 

proof of RIHD, including the influence of other cardiovascular risk factors (Hancock et al. 

1993a; Darby et al. 2005; Hooning et al. 2007; Taylor et al. 2007; Henson et al. 2013; van 

Nimwegen et al. 2016). Futhermore, for several decades, radiation therapy for breast cancer, 

especially of the left breast, included all or part of the heart. Retrospective analyses of large 

cohorts of long-term breast cancer survivors, looking at cardiac morbidity and mortality, 

have provided insight into the radiation sensitivity of substructures in the heart, as well as 

determining the risk of delayed cardiac disease from even low radiation doses (Darby et al. 

2005).

While the clinical approaches used to administer radiation therapy to thoracic tumors have 

undergone considerable improvements in recent decades, resulting in an increase in tumor 

control and a reduction in normal tissue radiation exposure, nonetheless sub-cohorts of 

patients with esophageal cancer, lung cancer, lymphomas and thymomas continue to receive 

significant radiation doses to the heart (Tomita et al. 2020; Garant et al. 2021). In these 

patient populations, radiation-induced heart disease (RIHD) has been shown to negatively 

affect long-term survival (Dess et al. 2017). Specific attention is drawn to late effects studies 

from clinicians in the field, such as Sarah Donaldson and her various collaborators, who 
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through the auspices of national clinical trials groups, have tracked the cardiac outcomes 

of cancer patient populations (Hancock et al. 1993b), with a particular focus on survivors 

of pediatric disease (Mefferd et al. 1989; Mulrooney et al. 2009; Inskip et al. 2016), 

reconstructing the radiation dose to the heart in large cohorts of cancer patients and 

determining dose response (Taylor et al. 2007; Taylor et al. 2008; Taylor et al. 2009a; Taylor 

et al. 2009b; Ntentas et al. 2020). In a much cited article, Darby and colleagues concluded 

that radiotherapy for breast cancer increased the rate of major coronary events by 7.4% per 

Gy mean dose to the heart (Darby et al. 2013). Although not studied as extensively as the 

heart per se, large and small blood vessels in the radiation therapy field also show significant 

damage, as observed by Nicola Russell, Fiona Stewart and colleagues in tissue samples from 

cancer patients (Russell et al. 2009; Russell et al. 2015).

Taken together, these studies indicate that radiation-induced cardiovascular disease in 

cancer survivors can involve loss and deformation of the microvasculature, accelerated 

atherosclerosis and artery wall fibrosis, while in the heart, acute and chronic pericarditis, 

myocardial fibrosis, cardiac valve dysfunction, conduction defects, and ischemic heart 

disease can develop. Moreover, as seen in other critical organs and tissues, despite the 

development of FDA-approved mitigators for the acute radiation syndrome following 

situations of accidental or malicious radiation exposure, the development of delayed effects 

of acute radiation exposure (DEARE) in long-term survivors remains a concern; the heart 

is among the organs highlighted as being prone to developing clinically significant DEARE 

with symptoms similar to those seen in thoracic cancer survivors (Micewicz et al. 2019).

Evolving preclinical studies

Using animal models, early preclinical workers mapped out the pathology of RIHD, and 

determined α/β values for various biological endpoints of whole heart irradiation using dog 

(Gillette et al. 1992), rabbit (Fajardo and Stewart 1971) and rat models (Lauk et al. 1987). 

However, the majority of these studies employed whole thorax irradiation or exposure of the 

whole heart with some shielding of the lungs, limiting their translation to current clinical 

practice. Importantly, as seen in other complex normal tissues and organs, we have come to 

realize that the heart should not be considered as homogeneous; instead, the various cardiac 

substructures, such as the ventricles, atria, and coronary arteries, may exhibit differential 

radiation sensitivities, each of which needs to be taken into consideration when optimizing 

radiation therapy planning (Ghita et al. 2020) (Figure 4). Furthermore, it is important to keep 

in mind that in most, if not all, animal models of heart exposure using photons, a portion of 

the lungs will be exposed to radiation. This is relevant since models using precise exposures 

of lungs and heart with proton beams have shown that the two organ systems influence each 

other during the development of their respective radiation injuries, although the mechanisms 

by which this occurs are not yet fully understood (Ghobadi et al. 2012; van der Veen et al. 

2015).

Fortunately, the more recent developments of sophisticated imaging and irradiation 

technologies have enabled investigators in the field to administer partial heart irradiation to 

animal models, allowing researchers to more closely recapitulate current cardiac therapeutic 

exposures (Ghita et al. 2020; Dreyfuss et al. 2021; Lee et al. 2021). As a result, the 
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data emerging from this work, using models with image-guided whole- or partial-heart 

irradiation, have provided insight into some of the biological mechanisms by which the heart 

responds to radiation injury. For instance, both genetic animal models and the combination 

of local heart irradiation with pharmacological modifiers confirm a role for TGF-B in 

the development of cardiac radiation fibrosis (Boerma et al. 2013; Seemann et al. 2013). 

This finding is not novel, since TGF-B has been consistently associated with radiation-

induced fibrosis in other tissues over the years (Richter et al. 1997; Anscher et al. 1998b; 

Straub et al. 2015), but now provides a link between tissue remodeling and inflammatory 

processes (Richter et al. 1997; Yu et al. 2017). Interestingly, while radiation seems to 

induce an accumulation of proinflammatory macrophages in atherosclerotic vasculature, 

studies involving inhibition of macrophage function using thalidomide did not affect RIHD 

outcomes in a mouse model (Hoving et al. 2013; Gabriels et al. 2014). Furthermore, results 

from local heart irradiation in a genetic rat model suggest that mast cells may play a 

predominantly protective role in the development of RIHD (Boerma et al. 2005); other 

immune cells have not yet been studied extensively. Proteomic assessments of irradiated 

human and animal hearts have identified additional molecular pathways that may be 

involved, such as the peroxisome proliferator-activated receptor-α pathway that is central to 

the regulation of cardiac metabolism, supporting further mechanistic studies (Subramanian 

et al. 2017; Azimzadeh et al. 2020). In addition, local heart irradiation has been shown 

to cause persistent changes in cardiac mitochondrial morphology (Sridharan et al. 2014), 

supported by studies in a consomic rat strain (Schlaak et al. 2020), again expanding the 

potential for mitigation ‘targeting’ beyond the DNA.

Variations in RIHD: cardiovascular risk factors, lifestyle and sex

As may be expected, prior cardiovascular disease, as well as common cardiovascular risk 

factors, appear to increase the incidence of RIHD (Darby et al. 2013). This may explain why 

the rate of RIHD seems relatively high in cohorts of lung cancer patients since, in general, 

they are likely to have poor cardiovascular health (Dess et al. 2017). Lifestyle factors may 

also influence the risk of cardiovascular disease following low dose radiation exposures, as 

determined by data from the Japanese Life Span Study (Douple et al. 2011) and relevant 

occupational populations (Gillies et al. 2017). A recent review article from Tapio et al. 

provides an overview of our current understanding of the roles that lifestyle and genetic 

factors may play in predisposition to radiation-induced cardiovascular disease (Tapio et al. 

2021), however additional research is still needed to determine the precise genetic factors 

involved.

Interestingly, there are well-known differences in the risk of developing cardiovascular 

disease between male and female individuals (Kouvari et al. 2020), and the disease itself 

presents differently in the two sexes (Cushman et al., 2021). However, little is known 

about the influence of sex on the development of RIHD. While both male and female 

patients are included in clinical studies of thoracic cancer therapy, very few reports make 

a direct comparison between the sexes (Christiansen et al. 2016). Moreover, until recently, 

the majority of experiments in animal models were performed with only one sex, and 

differences in size and anatomy between male and female animals may have led to radiation 

exposures of different portions of the lungs (Schlaak et al. 2019). Such factors will need to 
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be taken into consideration in future studies when determining whether sex plays a role in 

the development of RIHD.

Brain

Evolving views of radiation-induced brain injury (RIBI)

Historically, since the majority of cells within the brain are not actively dividing, it 

was long considered to be a relatively radioresistant organ, with necrotic damage only 

seen following high doses (Greene-Schloesser et al. 2012). Even until recently, given 

the advancements made in conformal radiotherapy delivery and the use of fractionation, 

with single exposures being typically less than 2 Gy, the risk of RIBI induction has 

been deemed limited, particularly with respect to acute injury (Greene-Schloesser and 

Robbins 2012; Greene-Schloesser et al. 2012). However, countering this dogma has been 

the clinical observations, reported since the mid-1980s, of a biphasic delayed response: 

an early reversible injury, occurring at 1–6 months post-irradiation, involving transient 

demyelination with somnolence (Mandell et al. 1989); and a late irreversible, progressive 

injury, characterized histopathologically by vascular abnormalities, demyelination, and 

ultimately white matter necrosis (Schultheiss et al. 1995), and often associated with 

cognitive dysfunction (Hochberg and Slotnick 1980; Crossen et al. 1994). Importantly, a 

retrospective analysis of men, who had received relatively low doses of brain radiation (>250 

mGy) as part of their treatment for cutaneous hemangioma during childhood, demonstrated 

a strong treatment influence on learning ability and logical reasoning into adulthood, 

suggesting sensitivity over a wider dose range and persistence not previously suspected (Hall 

et al. 2004). Significantly, a large proportion of patients receiving fractionated RT exhibit 

profound cognitive dysfunction following treatment (Greene-Schloesser and Robbins 2012; 

Makale et al. 2017), an apparent contradiction to the sparing effect of fractionation.

As interest in these effects increased, preclinical studies of RIBI primarily focused on 

effects in the subgranular zone of the dentate gyrus of the hippocampus (Makale et al. 

2017), one of two distinct neurogenic niches within the vertebrate brain that, therefore, 

contain actively dividing cells. A range of doses, including low single fraction doses 

(e.g. ≤2 Gy), have been shown to induce apoptosis and alter differentiation of neural 

stem and progenitor cells (Monje et al. 2002; Mizumatsu et al. 2003; Monje et al. 

2003; Monje 2008). As a result, novel RT-avoidance techniques were developed, where 

the hippocampal neurogenic niche is spared, dramatically reducing the dose delivered 

to this region while maintaining appropriate tumor coverage. Subsequently, both clinical 

and preclinical work with hippocampal avoidance have shown attenuation of RIBI and 

subsequent cognitive dysfunction (Tome et al. 2015; Redmond et al. 2017; Gui et al. 

2019; Brown et al., 2020; Gui et al. 2020). However, while neurogenesis is undoubtedly 

important to the function of the brain and cognitive processes (Dietrich et al. 2008; Monje 

and Dietrich 2012), recent evidence demonstrates the exquisite radiation sensitivity of brain 

components previously considered radiation resistant, such as mature neuronal, glial, and 

brain endothelial structures (Tofilon and Fike 2000; Greene-Schloesser et al. 2013; Peiffer et 

al. 2014; Andrews et al. 2017; Begolly et al. 2018; Andrews et al. 2019). This evolution has 
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paved the way for a more in-depth understanding of RIBI and opened new avenues for the 

development of novel treatment strategies.

The role of neuronal dysfunction in RIBI

Neuroinflammation and reactive gliosis (Figure 5) result from radiation-induced damage 

to neurons and glial cells, stimulating the release of cytokines, chemokines, and 

other molecules into the parenchyma (Lumniczky et al. 2017). Currently, chronic 

neuroinflammation is viewed as a key process in RIBI, including the development of 

long-term cognitive deficits, due to the resultant persistent disruption of the neuronal 

microenvironment and downstream deleterious effects on mature neurons (Andrews et al. 

2017; Lumniczky et al. 2017; Andrews et al. 2019; Paladini et al. 2021). Interestingly, 

while radiation alone appears to induce chronic neuroinflammation, preclinical data show 

that tumor breakdown after RT further exacerbates inflammation, associated with greater 

and more persistent neurobehavioral dysfunction (Parihar et al. 2014; Chu et al. 2020). 

Microglial activation has been seen as a common feature following irradiation (Chiang et al. 

1993; Kyrkanides et al. 1999; Yang et al. 2016), with an overlap in the expression of key 

proinflammatory signals among brain and other organs of interest, namely the interleukins 

(Hong et al. 1995; Kyrkanides et al. 1999), TNF-α (Kyrkanides et al. 1999; Daigle et al. 

2001; Cho et al. 2017), chemokines (Olschowka et al. 1997; Moravan et al. 2016), etc., as 

well as anti-inflammatory signals, such as TGF-B (Kim et al. 2002; Pineda et al. 2013). 

Interestingly, recent evidence also has suggested a role for phenotypic polarization in brain 

injury resolution (Wang et al. 2021), drawing parallels with the lung and further supporting a 

role for the immune system.

Pharmacological inhibition of neuroinflammation, in addition to the use of novel RT 

delivery methods (e.g. FLASH), has been shown to attenuate neurobehavioral dysfunction 

in both tumor-bearing and non-tumor-bearing preclinical models, suggesting potential 

mechanisms for ameliorating RIBI (Monje et al. 2003; Acharya et al. 2016; Baulch et 

al. 2016; Feng et al. 2016; Feng et al. 2018; Montay-Gruel et al. 2018; Montay-Gruel 

et al. 2021). However, it is important to note that these effects are exacerbated by the 

early loss of endothelial cells and their subsequent activation, likely due to an increase in 

the permeability of the blood-brain barrier (BBB), leading to the infiltration of peripheral 

immune cells through chemotactic mechanisms (Belarbi et al. 2013; Morganti et al. 2014; 

Acharya et al. 2015a; Andrews et al. 2017). BBB perturbation also impacts the structure and 

function of mature neurons and the cerebrovasculature (Andrews et al. 2017) and has led 

many investigators to embrace a vascular hypothesis to explain the mechanisms of late brain 

injury (Greene-Schloesser et al. 2012).

A more recent, but growing, body of evidence has supported synaptic dysfunction, found 

within the hippocampus and prefrontal cortex (PFC), primarily at glutamatergic synapses, as 

another important mechanism underlying RIBI (Chakraborti et al. 2012; Parihar and Limoli 

2013; Parihar et al. 2015; Kugelman et al. 2016; Duman et al. 2018; Zhang et al. 2018; 

Zhang et al. 2020). At early time points following exposure, an increase in hippocampal 

dendritic spines and excitatory synapses has been observed (Duman et al. 2018), in addition 

to increased excitability of PFC neurons (Zhang et al. 2020). These changes are followed by 
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a reduction in density and complexity of spines, protein expression, and decreased neuronal 

excitability, seen days, weeks, and months after exposure (Chakraborti et al. 2012; Parihar 

and Limoli 2013; Shirai et al. 2013; Acharya et al. 2015b; Parihar et al. 2015; Feng et al. 

2016; Duman et al. 2018; Zhang et al. 2018; Zhang et al. 2020). Functional connections 

between the hippocampus and PFC are also altered (Zhang et al. 2018; Zhang et al. 2020), 

likely mediated by radiation-induced presynaptic inhibition of hippocampal neurons that 

causes enhanced excitation within the PFC (Zhang et al. 2020) and altered expression of 

excitatory synaptic proteins (Parihar and Limoli 2013; Parihar et al. 2015). Treatment with 

memantine, an N-methyl-D-aspartate receptor antagonist, reduces these effects, suggesting 

these changes are a function of toxicity at glutamatergic synapses (Shi et al. 2006; Duman 

et al. 2018; Lynch 2019; Brown et al., 2020). The PFC is essential to cognition and is 

now being viewed by some as an important, but understudied region involved in RIBI 

(Makale et al. 2017). Taken together, cognitive dysfunction would arise from not only 

altered neuronal structure and function within the hippocampus and PFC, but also from 

changes in connectivity between these regions.

Individual variations in RIBI: sex and genetics

Sexual dimorphism affects numerous aspects of the CNS, including development and 

growth of the brain and its response to injury, and also has been seen with respect to 

RIBI and cognitive dysfunction. In the clinic, females often appear more sensitive to the 

development of RIBI (Ris and Noll 1994; Moore BD, 3rd, 2005; Panwala et al. 2019), 

although not all studies have confirmed a sex difference (Tonning Olsson et al. 2014). 

Sex differences are also seen in preclinical radiation studies, with males and females 

showing different mechanisms of injury and often a different time course of neurobehavioral 

dysfunction (Hinkle et al. 2019). For example, expression of microRNA (miR-29 family) is 

differentially altered in male and female brains, with the maintenance of DNA methylation 

in the frontal cortex of females hypothesized to be a protective mechanism by attenuating 

radiation-induced DNA hypomethylation in the brain (Kovalchuk and Baulch 2008; Acharya 

et al. 2017). Interestingly, in contrast to clinical findings, several preclinical studies have 

reported a lack of neurobehavioral deficits in female subjects exposed to low doses of high 

LET radiation, with, instead, males displaying greater microglia activation and decreased 

dendritic spines and synapses within the hippocampus (Krukowski et al. 2018; Hinkle et 

al. 2019; Parihar et al. 2020). Arguably, increased basal microglia activation within the 

female brain might provide a protective mechanism for radiation-induced deficits (Parihar 

et al. 2020). However, several earlier studies from the Kovalchuk laboratory (Kovalchuk et 

al. 2016a; Kovalchuk et al. 2016b) suggested that the female PFC is profoundly sensitive 

to low doses of photon radiation from both bystander effects and clinically-relevant scatter 

radiation, even though both sexes display decreased dendritic spines and behavioral deficits.

Cognitive deficits in cancer survivors also differ by individual, with not every patient 

receiving cranial RT developing cognitive dysfunction (Wefel et al. 2016). Genetic 

differences in oxidative stress, repair, and neuronal function exist within the CNS and 

impact cognition. For example, apolipoprotein (Apo), a glycoprotein critical for neural 

repair, has been associated with neurobehavioral outcomes in clinical and preclinical studies 

(Ahles et al. 2003; Correa et al. 2014; Koleck et al. 2014) and the ApoB/ApoA1 ratio 

Boerma et al. Page 15

Int J Radiat Biol. Author manuscript; available in PMC 2022 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has been shown to correlate with the development of radiation-induced cerebrovascular 

dysfunction (Li et al. 2020). ApoE status is modulated by sex in Alzheimer’s disease, 

with female ApoE4 carriers being at greater risk (Hohman et al., 2018). Supportive, albeit 

limited, preclinical work also has reported greater radiation-induced neurobehavioral deficits 

in ApoE4 female mice compared to males (Villasana et al. 2006), but exactly how this 

applies to clinical populations is not known. Other candidate genes important for neuronal 

functioning, including brain-derived neurotrophic factor, catechol-O-methyltransferase, 

monoamine oxidase, dopamine, and the folate pathway (Krull et al. 2013; Correa et 

al. 2019), also have been proposed as being involved in treatment-induced deficits in 

attention and executive function. Preclinical studies using normal tissue models support 

these pathways in individual variations in radiation-induced damage and the severity of 

subsequent deficits in attention and memory (Villasana et al. 2006; Davis et al. 2014).

Discussion

There is a fundamental conundrum that lies at the heart of normal tissue radiation biology: 

namely, what aspect(s) of the physicochemical injury and/or the biological response leads 

to the characteristic effects seen after radiation injury when compared with almost all other 

toxic insults? In other words, why do we get outcomes beyond wound repair and scarring if 

the basic outcomes from radiation damage are either cell death or survival? From a purely 

physical point of view, the sheer magnitude in number of ionizing events and their random 

distribution within each cell likely plays a role, with the list of potential targets expanding 

beyond nuclear DNA to include cellular structures, such as the mitochondria, cellular 

membranes, and even specific biomolecules, offering explanations for the observation 

of downstream genomic, epigenomic, transcriptomic, etc., changes. From the biological 

perspective, although cell death and associated loss of function are critical events in some 

of the more classic, acute radiation effects, e.g. the acute radiation syndromes and radiation 

dermatitis, the evolving and seemingly indiscriminate nature of progression to the delayed 

and late effects observed across different tissues has proved immensely complex, making 

identification of global (or even tissue-specific) mechanisms elusive. Nonetheless, as should 

be evident from this review, commonalities have begun to emerge, despite, or maybe 

because, of our growing appreciation of the multifaceted nature that these interactions 

display at the intra- and extracellular, microenvironmental, tissue and systemic levels.

In the broadest of terms, and irrespective of the tissue, as the timeline of radiation-induced 

effects unfolds, the acute expression of damage to cellular structures and tissue architecture 

transitions to the pathological changes associated with delayed radiation effects. When 

present, these latter events are characterized not only by an overt and dysregulated 

wound healing response, including the infiltration, and frequently chronic presence, of 

inflammatory cells (Zhao and Robbins 2009; Ratikan et al. 2015; Wang et al. 2019), 

altered vasculature with poor perfusion and ischemia (Chin et al. 2013; Wang et al. 2019; 

Zhuang et al. 2019), and aggravated connective tissue accumulation/scarring (Hwang et 

al. 2006; Curigliano et al. 2016; Veiga et al. 2020), but also by more subtle alterations 

that can affect the homeostatic status of a tissue’s microenvironment, such as shifts in 

macrophage polarization (Groves et al. 2016; Andrews et al. 2019), epithelial-mesenchymal 

cell/fibroblast-myofibroblast transition (Judge et al. 2015; Park et al. 2019) and the 

Boerma et al. Page 16

Int J Radiat Biol. Author manuscript; available in PMC 2022 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



development of a senescence phenotype (Turnquist et al. 2019; Hansel et al. 2020). 

Although each of these events is not specific to radiation injury and have been seen under an 

array of disease conditions, it is their combined presence and involvement that characterizes 

the radiation response. Interestingly, and with potential relevance to the translation of data 

from the normal tissue radiobiology field to the clinic, many if not all of these pathological 

processes can precede radiotherapy as part of the general imbalance that comes with a 

growing tumor, whether treated or untreated (Zawaski et al. 2017; Oh et al. 2019), making 

understanding their role in a dysregulated microenvironment all the more necessary.

Not surprisingly, each transition in the radiation response is preceded or accompanied by 

changes in regulation, accomplished through a host of signaling pathways, likely reflecting 

attempts by the tissue to maintain or restore balance within the microenvironment (Williams 

et al. 2016; Davis et al. 2017). As highlighted previously, many of the altered regulatory 

pathways are associated with DNA damage, oxidative stress and inflammation, all seen 

both acutely and persistently. When signal transduction leads to paracrine signaling, this 

introduces the potential for abscopal or systemic involvement, even when the final overt 

effect remains localized. Indeed, as noted, there is communication between heart and lung 

following irradiation (Ghobadi et al. 2012; van der Veen et al. 2015), brain and gut (Jones 

et al. 2020), as well as between lung and brain, especially in the presence of tumor (Zhang 

et al. 2016). Clinically, the systemic phenomenon following irradiation has opened up 

new therapeutic avenues, most notably through the recent increased use of immunotherapy 

(Schaue 2017).

Whichever way one looks at this, it is hard to avoid the conclusion that the interplay 

between tissue-resident immune/non-immune cell populations and bone marrow-derived 

infiltrating immune cells, as well as the attempts to maintain tissue homeostasis, mediated 

in large part by cytokines and chemokines, are all clearly important to normal tissue 

radiobiology; nonetheless, a multitude of questions remain. Many of the so-called acute 

radiation responses, for example in lung, heart, CNS and skin, are obviously inflammatory 

in nature, rather than resulting from stem/progenitor cell death leading to functional cell 

depletion, throwing cold water on some of the old hypotheses, such as the target cell theory. 

The fact that dysregulated immune cell networks seem to play a prominent role in a wide 

range of radiation late effects, including life shortening and even cancer induction, as noted 

in Patricia Lindop’s work (Lindop and Rotblat 1961), only underscores this point. This is 

not to say that the classical responses with defined function endpoints seen in many normal 

tissues such as lung and kidney do not involve cell turnover and cell loss; nevertheless, 

it would be a mistake to underestimate the complexity of the interplay between immune 

and/or the non-immune elements within each tissue. Importantly, such considerations may 

prove critical with respect to the role of normal tissue radiobiology in radiation protection, 

especially when performing risk calculations in the low dose range where cell death is less 

evident. Indeed, although normal tissue effects are considered nonstochastic in nature, with a 

practical threshold of ≥0.5 Gy for most tissues (Stewart et al., 2012), the increasing concerns 

regarding radiation-induced effects associated with the growing use of medical imaging 

(Kuefner et al. 2015; Jaschke et al. 2020), air travel (Beck et al. 2008; Grajewski and 

Pinkerton 2013) and proposed space expeditions (Boerma et al. 2015; Furukawa et al. 2020), 

suggests that a more rigorous analysis of induction pathways, including the identification 
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of contributing factors and critical events (Preston et al. 2020), needs to be undertaken to 

ensure future patient and worker safety.

In conclusion, it should be considered telling that, from the clinical radiotherapy perspective 

and despite the many advances in delivery systems, normal tissue toxicity remains a limiting 

factor for many treatment regimens (Pollom et al. 2017; Constine et al. 2019; De Ruysscher 

et al. 2019) and, therefore, needs to be an ongoing, if not expanding, area of research. In 

order to identify and develop appropriate countermeasures and treatment strategies, work 

must continue on defining key cells, their critical substructures and contributions to the 

various radiation-induced diseases. Such an understanding, in the context of individual 

susceptibilities, based on sex, genetic traits, lifestyle factors, preexisting diseases, etc., 

will be of enormous value toward individualizing radiation therapy, both for increased 

efficacy and safety. Indeed, many of the recent technological advances, such as FLASH 

(Vozenin et al. 2019), microbeam radiotherapy (Smyth et al. 2016), particle therapy (Mohan 

and Grosshans 2017), etc., all emphasize their ability to reduce normal tissue toxicity 

and subsequent improvement in the therapeutic ratio as support for their development 

and use. An appreciation of radiation sensitivities and temporal patterns enables a more 

science-based approach to prevention and mitigation; under best-case-scenarios, this would 

be combined with targeted (localized) and systemic interventions, with scheduling driven 

by easily accessible biomarkers. Importantly, given the coordinated multi-system nature 

of the biological response to radiation injury and the manifestation of normal tissue 

effects, translation from the bench to the clinic will require close collaborative efforts 

between physicians and basic scientists in equal measure. Following the examples set by 

earlier leaders in our field, such as Tikvah Alper, Juliana Denekamp, Elizabeth Travis, 

Fiona Stewart, and others too many to mention, we believe that through open minds, an 

appreciation for meticulous science, and collaborative efforts, we can look forward to finally 

solving the enigma of normal tissue radiation effects.
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Abbreviations:
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BBB blood-brain barrier

CCL2 chemokine ligand 2

CCR2 chemokine receptor 2

CT computed tomography
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DAMPs damage-associated molecular patterns

DEARE delayed effects of acute radiation exposure

DNA-SCARS DNA segments with chromatin alterations reinforcing senescence

FLASH ultra-high dose rate

IL- interleukin-

LET linear energy transfer
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miR microRNA

NF-κB nuclear factor-κB

Nrf2 nuclear factor erythroid 2-related factor 2

PRR pattern recognition receptor

PFC prefrontal cortex

RIBI radiation-induced brain injury

RIHD radiation-induced heart disease

RILD radiation-induced lung disease

RT radiotherapy

SASP senescence-associated secretory phenotype

SPECT single photon-emission computed tomography

TGF-B transforming growth factor beta

TNF-α tumor necrosis factor alpha

TNFR2 tumor necrosis factor receptor 2
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Figure 1. 
Examples of the evolution in hypotheses and approaches taken to decipher the mechanisms 

underlying normal tissue radiation responses. (A) A paradigm of tissue compartments 

communicating through unspecified channels (Rubin et al. 1998); (B) An holistic overview 

of radiation disrupting a tissue’s homeostatic balance, resulting in autocrine and paracrine 

expression of chemokines and cytokines (McBride et al. 2004); (C) A simplified overview 

of the potential integration of -omics data at the DNA (genes, red), RNA (transcripts, dark 

blue) and protein (red) levels, as well as the regulation (red broken lines) at the transcription 

(yellow) miRNA (orange) and epigenetic (green) levels (modified from Unger 2014.).
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Figure 2. 
The feed-forward loop between radiation-induced inflammation, bone marrow myeloid 

skewing and persistent tissue damage. This illustrates the link between the initial tissue 

damage, which signals danger to the immune system, and the recurring waves of 

inflammatory responses, driven by persistent DNA damage and senescence-associated 

phenotypes. Positive feed-back to the bone marrow leads to hematopoiesis being adjusted 

toward emergency myelopoiesis, thereby maintaining a pool of inflammatory myeloid cells 

that prevents resolution and, instead, causing further inflammatory-related collateral tissue 

damage. Red circle = self-renewing hematopoietic stem cells.
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Figure 3. 
The development of radiation-induced lung injury is biologically complex. Of the 90+ cell 

types in the lung, there is no single target cell that initiates the response, although several are 

currently considered candidates. Progression to the early (pneumonitic) and late (fibrotic) 

phases involves multiple, parallel events, including initial and/or delayed hypoxia due to 

occlusion and permanent loss of blood vessels, respectively, waves of inflammatory cell 

recruitment and activation (including macrophages, lymphocytes and platelets), and chronic 

oxidative stress. Adapted from Bentzen 2006, Schaue et al. 2012 and Leiva-Juárez et al. 

2018.
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Figure 4. 
Research in preclinical models and analyses of patient samples have identified several cell 

types and cellular mechanisms that may contribute to the development of cardiovascular 

dysfunction after exposure to ionizing radiation. Additional insight into biological 

mechanisms needs to be obtained. ER: Endoplasmic Reticulum; MPTP: mitochondrial 

permeability transition pore.
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Figure 5. 
Clinical and preclinical research supports several mechanisms underlying RIBI and 

subsequent cognitive deficits, including apoptotic cell death, neuroinflammation, genetic/

epigenetic changes, and changes to the neuronal microenvironment, which are prolonged 

by continued neuroinflammation and vascular damage. Damage depends on total dose 

delivered, fractionation, and dose-rate, and not all models display all changes. NSC: neural 

stem cell; LTP: long-term potentiation; NT: neurotransmitter.
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