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ABSTRACT 

This thesis presents multidisciplinary and collaborative research aimed at translating 

microbeam radiation therapy (MRT) to clinical trials. MRT is a novel pre-clinical 

synchrotron-based radiation therapy modality that is a potential substitute for 

conventional radiotherapy (CRT) modalities due to its improved therapeutic index 

facilitated by remarkable tolerance of normal tissues with successful tumour ablation. 

One of the main limitations of CRT is that while tumour ablation is dependent on 

radiation dose, the maximum tumour dose is limited by the radiation tolerance of the 

surrounding healthy normal tissues. A key attribute of MRT is the normal tissue sparing 

effect that is thought to occur due to the physical geometry of the MRT beam. MRT 

involves synchrotron-generated X-rays that are spatially fractionated to generate an 

array of wafer-thin parallel microbeams, known as peaks, separated by hundreds of 

microns, known as valleys. The valleys typically receive 2-4% of the peak dose. 

Presently there is no conclusive evidence that can fully explain the efficacy of MRT 

compared to synchrotron BB radiotherapy (a radiation modality that resembles CRT). 

Various hypotheses have been proposed to explain MRT effects including: radiation-

induced bystander/abscopal effects (RIBE/RIAE), microvascular effects, increased 

tumour cell migration, increased cell proliferation and stem cell survival in normal 

tissues, and changes in gene regulation and immune response in tumours and normal 

tissues. My contribution in our multidisciplinary group is to investigate the biological 

mechanisms associated with synchrotron MRT. 

 

To establish if radiation parameters influence the RIAE, a range of variables including 

beam modality, dose and size of irradiation field were tested in vivo at 1 and 4 days post 

irradiation following local synchrotron X-ray BB and MRT. DNA damage, apoptosis 

and local and systemic immune responses were monitored in directly irradiated tissue 

and out-of-field tissue. We demonstrated that irradiation dose and size of irradiation 

field do not substantially influence RIAE in out-of-field tissues and a short pulse of 

MRT and BB irradiation was sufficient to induce persistent systemic and genotoxic 

effects in mice. While immune responses have been proposed as a possible mechanism 

that facilitates RIAE, it has never been demonstrated before. To identify which immune 

response components are involved in RIAE propagation, various RIAE endpoints 

(including DNA damage and apoptosis) were tested in a range of out-of-field tissues of 
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immune-deficient mice treated with MRT. We demonstrated that the abscopal effect 

relies on a functional immune response, particularly the involvement of macrophages, 

monocyte chemotactic protein 2 (CCL2) and TGFβ in order for RIAE to be transmitted 

to out-of-field tissues.  

 

Due to the complex dose profile of MRT, MRT dosimetry is problematic using current 

physical dosimeters. An alternative is to use γH2AX (a biomarker of DNA damage) as a 

biodosimeter to measure the biologically equivalent valley dose following MRT. A 

range of BB doses were used to generate a BB standard curve, which was used to 

extrapolate the biologically equivalent valley dose of a range of MRT peak doses. The 

results revealed that γH2AX may not be an appropriate biodosimeter to predict the 

biological valley dose of MRT due to the non-linear dose response observed in MRT-

irradiated mouse skin and human fibroblast cells.  

 

The response of gastrointestinal tract (GIT) to MRT was also investigated since no 

normal toxicity data for GIT response to MRT exists. We investigated alterations in 

gene expression of 6 radiation responsive genes at 4 and 48 hrs post-irradiation in male 

and female mice using qRT-PCR following partial body irradiation of the abdomen 

using MRT and BB. The results showed that MRT and BB are able to induce significant 

modulations in gene expression in directly irradiated GIT tissues. MRT may induce 

more oxidative stress and reduce macrophage infiltration in GIT compared to BB, due 

to the significant downregulation of inflammation and DNA repair genes. Both 

modalities induced a protective response in the GIT by upregulating MDM2 and IL-10 

at 4 hrs post-irradiation. MDM2 was most abundant in the colon compared to the upper 

GIT tissues. Unlike MRT, BB induced differential inflammation response via NFκβ2 

expression in female mice compared to male mice, indicating that gender-specific 

mechanisms may play a role in response to BB irradiation.  

 

These studies provide further information on the biological mechanisms that contribute 

to the normal tissue sparing effects of MRT and could assist in optimisation of MRT 

treatment protocols. Further knowledge in mitigating or reducing normal tissue 

toxicities and increasing tumour control would greatly benefit cancer patients that 

require radiation therapy. 
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CHAPTER 1  

 

Introduction 

 
1.1 PROBLEM STATEMENT 
 
Cancer is the fourth leading cause of death in Australia (AIHW, 2016) and the sixth 

leading cause of death in the world according to the World Health Organization (World 

Health Organisation., 2016). Conventional broad beam (BB) radiation therapy is one of 

the major treatments used to treat cancer patients today, with approximately half of the 

cancer patient population undergoing radiation therapy during some point of their 

cancer management in Australia (Barton et al., 2014). One of the main limitations of 

current radiation therapy is that while tumour ablation is dependent on radiation dose, 

the maximum tumour dose is limited by the radiation tolerance of the surrounding 

healthy normal tissues. Thus, the main challenge in radiation therapy (RT) is to 

maintain a balance between the dose that generates the highest acceptable normal tissue 

complications whilst also being high enough to eradicate the tumour.  

Synchrotron facilities provide the opportunity to investigate a promising pre-clinical 

modality known as Microbeam radiation therapy, or MRT for short. Synchrotron MRT 

has been shown to increase the therapeutic benefits of ionising radiation while reducing 

toxicity to the normal tissue in comparison to conventional radiotherapy (Brauer-Krisch 

et al., 2010b; Dilmanian et al., 2002; Dilmanian et al., 2003c). The high efficiency is 

accompanied by low normal tissue toxicity.  Some studies have shown that MRT has 

lower than expected normal tissue toxicity at doses that are still effective at controlling 

tumour growth.  

The remarkable normal tissue sparing effect and successful tumour ablation ability 

provided by MRT is thought to occur due to the unique physical geometry of the MRT 

beam. The normal tissue sparing effect of MRT is also due in part to the high dose rate 

that is typically above 100 Gy/sec (FLASH) (Montay-Gruel et al., 2017). The FLASH 
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effect will be discussed later in Chapter 2. MRT involves synchrotron-generated X-rays 

that are spatially fractionated to generate an array of wafer-thin parallel microbeams 

separated by hundreds of microns. The microbeams create “peaks” where the highest 

dose is delivered to tissue/cells in the microbeam path, while the space between the 

peaks receive “valley” doses which are approximately 2-4% of the peak dose and 

essentially represent scattered radiation from the MRT peaks. Conversely, BB RT 

involves uniform delivery of irradiation to the entire irradiation field. When delivering 

BB RT, the dose rates are typically low, however new equipment is currently available 

that delivers BB RT at FLASH dose rates. There are modern radiotherapy techniques 

like intensity modulated radiotherapy (IMRT) (Webb, 2015) and volumetric arc therapy 

(Thomas et al., 2014) that deliver non-uniform dose patterns to a tumour on a 

millimetre to centimetre scale.  

Early studies in tumour-bearing rodent models showed that MRT facilitates tumour 

growth suppression (Dilmanian et al., 2003c; Miura et al., 2006) and prolongs the life 

of the tumour-bearing rodents (Laissue et al., 1998) with minimal toxicity to the 

surrounding normal tissue. Theories used to explain the improved therapeutic benefits 

offered by MRT include: preferential tumour microvasculature damage compared to 

normal brain microvasculature (Blattmann et al., 2005; Bouchet et al., 2013a; Bouchet 

et al., 2010; Dilmanian et al., 2002; Laissue et al., 1998) and differential modulation of 

immune and inflammatory pathways in tumour compared to normal tissues (Bouchet et 

al., 2015; Bouchet et al., 2013b; Sprung et al., 2012; Yang et al., 2014). 

In order for MRT to be translated into clinical use, more biological-based studies are 

required to investigate the molecular and cellular mechanisms that facilitate the normal 

tissue sparing effect provided by MRT. The normal tissue sparing effect is theorised to 

be due to the regenerative ability of the normal surviving cells in the “valleys” that 

assist in repair and replenishment of the tissues that received “peak” doses (Curtis, 

1967; Laissue et al., 2007). However, the biological mechanisms that are associated 

with the normal tissue sparing effect remain poorly understood. Currently, several 

hypotheses have been proposed including: bystander effects (Mothersill et al., 2014; 

Smith et al., 2013), intercellular communication (Crosbie et al., 2010), microvascular 

effects (Serduc et al., 2009; Serduc et al., 2008), and differential gene regulation in 

normal tissue irradiated with MRT compared to BB (Sprung et al., 2012).  
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This thesis aims to contribute to the ongoing investigations in translating MRT to 

clinical trials. Synchrotron MRT studies require large collaborative teams to 

successfully achieve this research goal. My contribution in our multidisciplinary team is 

to investigate the biological mechanisms induced by MRT and BB in normal healthy 

tissues. This knowledge will improve our understanding of the normal tissue sparing 

effect and assist in optimisation of MRT treatment protocols in preparation for its 

ultimate use in the clinic. There are 4 specific aims of this thesis, which are described in 

the next section.  

 

 

1.2 AIMS 
 

MAIN AIM 

To investigate the biological mechanisms associated with synchrotron MRT in order to 

facilitate its use as a future radiotherapy treatment for cancer patients.  

 

SPECIFIC AIMS 

1. To investigate the role of radiation parameters in propagating systemic effects of 

synchrotron MRT and BB. 

2. To investigate the role of the immune system in the propagation of systemic 

effects of synchrotron MRT. 

3. To determine the biologically equivalent valley dose of MRT using γH2AX 

biodosimetry and in vivo and in vitro models.  

4. To identify key biomarkers following partial body irradiation of the abdomen 

using MRT and BB, in order to understand the GIT response to both irradiation 

modalities.  
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1.3 OVERVIEW OF THE THESIS 
 

Chapter 1 is an introduction to the thesis that identifies key problems from the current 

literature and highlights the significance of the thesis in the field of radiation biology 

research.  

 

Chapter 2 describes the relevant background literature in radiation biology and critically 

analyses current knowledge of the biological mechanisms associated with Synchrotron 

MRT. This chapter also outlines the physics of MRT, but a full description of MRT 

physics is beyond the scope of this thesis.  

 

Chapter 3 investigates the radiation induced abscopal effects (RIAE) of MRT and BB 

modalities, and determines how size of irradiation field and dose impact the response in 

out-of-field tissues in vivo. DNA lesions including bi-stranded oxidative clustered DNA 

lesions (OCDLs) and double stranded breaks (DSBs) were measured to monitor the 

non-targeted effects in vivo and in vitro. The modulations in frequency of apoptotic 

cells, macrophages/dendritic cells (DC), neutrophils, and T and B cells were also 

monitored along with the Ki67 proliferation marker, oxidative stress and inflammation. 

Changes in the systemic immune response were also investigated by monitoring the 

levels of a panel of 20 plasma cytokines. This chapter was published in the journal of 

Cancer Research in November 2017. An extra-view that further discusses the themes 

described in the Cancer Research paper can be viewed in Appendix 1.  

 

Chapter 4 investigates the role of immune system components, particularly 

macrophages, in driving the RIAE, a known consequence of RT. This study is the 

subject of a publication in the International Journal of Radiation Oncology, Biology 

and Physics. The study involved monitoring the levels of OCDLs, γH2AX foci (a 

marker for DNA damage), and apoptosis. The components associated with innate and 

adaptive immune responses and plasma levels of inflammatory cytokines in wild type 

(WT) and immune deficient mice were compared. My contribution to this study 

involved describing the DNA damage response in a range of immune compromised and 

deficient mice following synchrotron-generated MRT. This chapter describes all 

relevant information related to the DNA damage response observed in the study. 
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Chapter 5 provides evidence that γH2AX biodosimetry may not be a useful tool to 

measure the biological valley dose of MRT-irradiated mammalian cells in both in vivo 

and in vitro settings, in particular for peak doses of greater than 50 Gy. The γH2AX 

assay was used to determine the biologically equivalent valley dose of MRT-irradiated 

mouse skin, and human skin fibroblasts and melanoma cells. A comparison of the 

biological and theoretical valley dose was performed using the γH2AX assay and Monte 

Carlo simulations respectively. Monte Carlo simulations were also used to establish the 

theoretical peak-to-valley-dose-ratio (PVDR) in vivo and in vitro. This chapter also 

involves the development of macros for the Fiji program used to accurately count 

γH2AX foci. This chapter is currently being prepared for publication. 

 

Chapter 6 involved the use of qRT-PCR to establish changes in gene level in a range of 

GIT tissues from female and male mice at 4 and 48 hours after partial body irradiation 

of the abdomen using synchrotron MRT and BB irradiation. A panel of 6 genes were 

chosen on the basis of their association with pathways of inflammation and immune 

response (CSF1R, IL-6, IL-10, NFκβ2), and DNA repair (ATM, MDM2) in response to 

ionising radiation. The study investigates whether time post-irradiation, different GIT 

locations or gender, influence gene expression following MRT and BB treatment.  

 

Chapter 7 includes the overall discussion and conclusions from this thesis and ties 

together each specific aim to show its contribution to providing a step forward in 

understanding the biological mechanisms involved in the normal tissue sparing effect 

provided by MRT. Future directions for MRT-related research are also outlined in this 

chapter.  
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CHAPTER 2  

 

Literature review 

 
2.1 INCIDENCE OF CANCER WORLDWIDE AND IN 
AUSTRALIA 
 
Cancer has a significant impact worldwide with cancer incidence and mortality rates 

continually increasing (Bray, 2014).  These rates are expected to increase to over 20 

million new cases by 2025 (Bray, 2014). In the 2012 GLOBOCAN report, the most 

commonly diagnosed cancers (excluding non-melanoma skin cancers) were lung (1.82 

million), breast (1.67 million) and colorectal (1.36 million) (Ferlay et al., 2015). The 

most common cause of cancer-associated death was for lung cancer (1.6 million deaths, 

19.4% of the total), liver cancer (745,000 deaths, 9.1%), and stomach cancer (723,000, 

8.8%) worldwide (Ferlay et al., 2015).  

 

Unsurprisingly in 2011, cancer was also the greatest cause of disease burden in 

Australia, accounting for around one-fifth (19%) of the total disease burden (AIHW, 

2018). The Australian Institute of Health and Welfare reports that in 2018 an estimated 

138,300 new cases of cancer will be diagnosed in Australia, with more than half (54%) 

of these cases being diagnosed in males (AIHW, 2018). The most common diagnosed 

cancers for men are prostate cancer (17,700 cases), colorectal cancer (9,300), melanoma 

of the skin (8,700) and lung cancer (7,200) (AIHW, 2018). While for females the most 

common diagnosed cancers are breast cancer (18,100 cases), colorectal cancer (7,700), 

melanoma of the skin (5,700) and lung cancer (5,500) (AIHW, 2018). Interestingly, 

between 1982-2008 the combined incidence of cancers rose from 383 per 100,000 

population in 1982 to a peak of 504 per 100,000 in 2008, followed by a decrease to 484 

per 100,000 in 2014 (AIHW, 2018). Based on projections, the incidence rate is expected 

to fall further to 472 per 100,000 in 2018. The rise in incidence rate in 2008 was 

thought to occur due to the rise in the number of diagnosed prostate cancers in males 

and breast cancer in females, which could have occurred due to increased screening of 
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the cancers, as well as improvements in technologies and techniques aimed at 

identifying and diagnosing cancer (AIHW, 2018).  

 

According to AIHW, in 2010-2014 in Australia, individuals diagnosed with cancer had 

a 69% lower chance of survival for a minimum of 5 years following cancer diagnosis 

compared to the general population. However, for individuals who survived 5 years 

after their diagnosis they had a 91% chance of survival for an additional 5 years 

(AIHW, 2018). Between 1985-1989 and 2010-2014, the chance of surviving at least 5 

years following diagnosis of all cancers rose from 49% to 69% (AIHW, 2018). It is 

estimated that between 1982 and 2018, the age-standardised mortality rate for all 

cancers will drop by 24% from 209 deaths per 100,000 population to 159 deaths per 

100,000 (AIHW, 2018). However, there is limited national registry data on the 

treatments for each cancer, the frequency of reoccurrence of cancer following treatment, 

or the incidence of common non-melanoma skin cancers such as basal cell carcinomas 

and squamous cell carcinomas (AIHW, 2018).  

 

 

2.2 HALLMARKS OF CANCER 
 

Tumours are complex tissues comprised of multiple distinct cell types that are involved 

in heterotypical interactions with each another. Recruited normal stromal cells are often 

present in the tumour microenvironment and are now believed to actively participate in 

the development and expression of certain hallmarks of cancer. In the Hallmarks of 

cancer report (Hanahan & Weinberg, 2000) the authors present 6 predominant 

hallmarks that all cancers have in common; each trait is distinctive and facilitates the 

growth of tumours and their metastatic distribution. These hallmarks include: 

maintenance of chronic proliferation, evading growth suppressors, resisting cell death, 

inducing angiogenesis, enabling replicative immortality and activating invasion and 

metastasis. Two additional characteristics were later identified in a follow up 

publication in 2011 and have been shown to enable the 6 core hallmarks; these are: 

genomic instability, which is known to enhance susceptibility of cancerous cells to 

undergo mutations, subsequently resulting in tumour progression, and tumour-

promoting inflammation, where innate immune cells promote tumour growth (Hanahan 
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& Weinberg, 2011).  Further, hallmarks that have been proposed as “emerging 

hallmarks” that require further validation, include: modification of cellular metabolism 

to ensure neoplastic proliferation continues, and avoidance of immunological 

surveillance and destruction, particularly by T and B lymphocytes, macrophages and 

natural killer (NK) cells (Hanahan et al., 2011). There is evidence that supports the 

notion that tumourigenesis in humans follows a multistep process involving genetic 

alterations that controls the progressive transformation of normal human cells into 

cancer cells (Foulds, 1954; Nowell, 1976). 

 

The hallmarks of cancer add further layers of complexity to an already complex body of 

scientific literature on cancer biology. This complexity explains the high incidence of 

cancer mortality despite advances in cancer treatments over the last decades.  

 

 

2.3 BRIEF HISTORY OF RADIATION THERAPY FOR 

THE TREATMENT OF CANCER 
 

Anti-cancer therapies have significantly changed in the last 2 decades largely due to 

improved knowledge of tumour molecular biology, cell biology treatment paradigms, 

and development of technologies and techniques aimed at identifying and diagnosing 

cancer. Despite this, further progress is still required. In the past, cancer was treated on 

the basis of organs of origin or the basic histomorphological features of the tumour 

(Zugazagoitia et al., 2016). Today cancer can be treated with a wide range of therapies 

including: surgery, RT, chemotherapy and immunotherapy. This thesis will focus on the 

role of RT in cancer treatment.  

 

RT is consistently considered to be one of the most effective anti-cancer treatments; 

with 48% of all cancer patients in Australia estimated to receive RT as a major part of 

their cancer management (Barton et al., 2014). RT also serves as a good alternative to 

surgery for the long-term control of a range of tumours, particularly head and neck, 

lung, cervix, bladder, prostate and skin, as it is able to provide an acceptable probability 

of tumour control and cosmetic results (Joiner et al., 2009). RT is also effective as a 

palliative treatment. RT also works in combination with other cancer therapies, for 
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instance it is used to reduce relapse after surgery (Mendenhall et al., 2006), as an 

adjuvant to chemotherapy (Ayanian et al., 2003) and in combination with 

immunotherapy approaches (Golden & Apetoh, 2015; Larson et al., 2015; Vatner et al., 

2014). 

 

The use of ionising radiation (IR) to treat cancer was largely developed by radiation 

physicists, whose main objective was to improve the quality and quantity of radiation 

delivered to a tumour. The field of radiation oncology emerged in the early 20th century 

as a result of collaborations between health and science professionals from different 

disciplines due to a shared interest in developing more effective anti-cancer therapies 

that are able to increase cytotoxicity of the tumour mass whilst preserving healthy 

normal tissues (Bernier et al., 2004).  

 

During the first half of the 20th century oncologists could only use ortho-voltage X-rays 

(100-500 keV) to irradiate deeply imbedded tumours (Bernier et al., 2004). Some of the 

possible disadvantages of such therapy include:  

 

1. Low tissue penetration: typically 4-6 cm in soft tissue, due to tissue attenuation 

and shorter treatment time to prevent overheating of the X-ray tube. 

2. High dose absorbed by surface layer: large fraction of the high doses 

administered to the tumour was absorbed by healthy skin tissue causing severe 

acute and late side effects to the area. 

3. Bone attenuation: the dose was attenuated by bone structures that often resulted 

in increased incidence of bone fractures and inhomogeneous dose distribution to 

the target soft tissue.  

4. Large areas of the body were irradiated with substantial normal tissue damage. 

 

Further, RT treatment planning during this time was very basic. It wasn’t until the early 

1920s when oncologists used isodose distribution diagrams to determine the dose 

delivered to each anatomical body section (Failla, 1925). In 1927 the founding father of 

radiobiology and RT, Claudius Regaud, discovered that smaller doses administered over 

a period of time were effective in sterilizing a ram testis with minimal scrotum skin 

reactions, such as necrosis (Regaud & Ferroux, 1927). This was thought to be the first 

instance that describes what is now known today as fractionated RT. Regaud was able 
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to demonstrate that fractionated therapy could eradicate spermatogenesis permanently. 

Coutard later showed that by administering external beam therapy using the fractionated 

therapy approach, head and neck cancers could be better controlled with no severe 

reactions or late effects as were associated with single large doses (Coutard, 1934). 

These studies demonstrated that normal tissues were more radiation resistant than 

cancer cells and therefore dose fractionation therapy began to be employed by radiation 

oncologists. The main rationale behind fractionated therapy is to reduce normal tissue 

injury during the treatment period and to increase the effectiveness of the treatment to 

the target area (Balcer-Kubiczek, 2012; Dunne-Daly, 1999). 

 

Despite the advances in RT techniques one of the main limitations of current radiation 

therapies is that while tumour ablation is dependent on radiation dose, the tumour dose 

is limited by radiation tolerance of the surrounding healthy normal tissues. The main 

challenge with RT is to maintain a balance between a dose that is high enough to 

eradicate the tumour but does not cause unacceptable normal tissue complications. This 

can be difficult to achieve due to differences in tumour shape and/or adjacent critical 

organs, such as the spinal cord, and parotid glands in head and neck cancers, and the 

rectum for prostate cancer. The normal tissue toxicity side effects of RT will be outlined 

later in this review.  

 

Other disadvantages of RT include tumour location and size, insufficient oxygen supply 

or hypoxia, and genetic factors (Pawlik & Keyomarsi, 2004). Numerous advances 

during the 1900s were developed to overcome some of these. These included the 

development of megavoltage linear accelerators in the 1950s, which were used to 

generate high energy X-rays that offer deep tumour penetration and greater skin sparing. 

This greatly improved tumour control rates due to the higher doses delivered (Berry, 

1987; Kaplan, 1979). Other advances included the introduction of computed 

tomography (CT) in the 1970s (Verellen et al., 2008), which was incorporated into 

treatment planning procedures. In 1977, other tumour imaging techniques were 

developed including magnetic resonance imaging (MRI), which provides better soft-

tissue contrast than CT and patients are not exposed to an additional imaging dose 

(Menten et al., 2017), and positron emission tomography (PET) (Wagner Jr, 1998).  
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Other techniques developed during the late 20th century and early 21st century made it 

possible to optimise delivery of high doses to target tissues whilst reducing adverse 

effects experienced by the surrounding normal tissues. These techniques included 

conformal radiation therapy (CRT), IMRT, conformal proton beam radiation therapy, 

stereotactic radiosurgery and stereotactic ablative radiation therapy (SABR) and 

intraoperative radiation therapy (IORT). However, despite these advances in radiation 

therapy treatment techniques, conventional RT is still limited by the critical issue of 

normal tissue toxicity side effects.  

 

 

2.4 BIOLOGICAL EFFECTS OF RADIOTHERAPY 
 

IR causes a wide spectrum of biological phenomena, two of which are cell death, and 

induction of DNA mutations and transformations. Studies of each of these 

consequences are of high priority in radiation biology, for instance: information about 

the mechanisms of cell transformation to malignant status is important for radiation 

protection, whilst studies in mechanisms of radiation-induced cell death can inform 

oncologists in development of improved protocols for the treatment of cancer using IR 

(Fei & El-Deiry, 2003; Iliakis, 1991; Pollard & Curtin, 2018). 

 

Many studies in the last few decades have been dedicated to understanding the 

mechanisms by which IR interacts with biological matter. While radiation is known to 

damage many components within living cells, many conclude that its mode of action is 

interference with fundamental components of the cell, particularly DNA structures, 

which consequently can result in cell death, induction of chromosomal aberrations and 

transformations (Iliakis, 1991; Pollard et al., 2018). These ideas arose due to studies 

where the cell nucleus and cytoplasm were targeted separately with beams of ionising 

particles (Cole et al., 1980; Munro, 1990), or radioactive compounds that can be 

directed to the DNA (Warters et al., 1978). These studies revealed that cells were able 

to survive following administration with high doses of irradiation targeted to the 

cytoplasm. However, when the nucleus was targeted, cells died at doses several orders 

of magnitude lower than those used on the cytoplasm. The idea that radiation-cell death 

occurred due to vulnerability of DNA to IR, was further proven by investigations 
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involving replacement of thymidine with halogenated pyrimidines in DNA (Szybalski, 

1971).  Szybalski discovered that this exchange of pyrimidines caused the cells to be 

more radiosensitive. More recent reports show that halogenated thymidine analogues 

are effective radiosensitisers in vitro and in vivo in human cancers and therefore has 

shown favourable results in Phase I and II clinical trials (Kinsella, 2008; Taverna et al., 

2003). 

 

IR may be classified as directly ionising or indirectly ionising. The direct effect is when 

the radiation carries enough kinetic energy to directly eject an electron from 

atoms/molecules that it collides with, which can result in chemical and biological 

changes. In the case of DNA, direct irradiation can damage components of DNA 

including: pyrimidine and purine bases, and its sugar phosphate backbone (Huttermann 

et al., 1984; Powell & McMillan, 1990; Santivasi & Xia, 2014)(Figure 1). Indirect IR 

damage can be induced by X-rays and γ-rays that cause radiolysis which involves the 

removal of an electron from the surrounding water molecules, the ionised water 

molecule splits, generating ∗OH and H
+

(Figure 1)(Alizadeh et al., 2013; Cadet et al., 

2003; Desouky et al., 2015). This hydroxyl radical (∗OH) is highly reactive and is 

thought to contribute to genomic instability by removing an electron from DNA 

nucleotides, particularly guanine, which was discovered to be more prone to oxidative 

damage due to its low ionising potential
 
(Candeias & Steenken, 2000). If the cell is 

unable to repair the induced DNA damage one of the primary outcomes is cell death and 

thus the biological consequences provoked by IR formed the motivation behind the use 

of radiation in cancer treatment.  
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Figure 1 – Direct and indirect actions of ionising radiation. Direct effect involves 
absorption of an X-ray photon, resulting to production of secondary electron, which 
interacts with DNA causing damage. The indirect effect involves secondary electron 
interacting with the surrounding water molecules generating ∗OH, which consequently 
causes DNA damage. Reproduced with permission from (Hall & Giaccia, 2012). 

 

The classical understanding of the early and late effects of IR was the target-cell 

hypothesis, which is based on the notion that the main mode of action of IR on tissue 

and cells is directly related to cell death, which ultimately leads to functional deficiency 

(Bentzen, 2006). This idea prevailed till the mid-1990s. This hypothesis was challenged 

following reports that demonstrated the importance of intercellular communication 

following irradiation. These reports revealed that when single cells were irradiated with 

high-precision microbeams, non-irradiated cells that surrounding the targeted cells were 

killed (Prise et al., 2005). This phenomenon was termed “bystander effects”. Bystander 

effects are outlined in greater detail in section 2.7. The need to update the target-cell 

hypothesis arose when investigating the late side effects of IR particularly radiation-

induced fibrosis, which manifests as reduced tissue flexibility, reduced compliance and 

strictures (Bentzen, 2006), and can lead to long term disability and discomfort following 

RT. Radiation induced fibrosis is a classic example of an orchestrated biological 
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response, which is a concept used to understand the late effects of RT. Shortly after 

irradiation, cytokine cascades are activated (Rubin et al., 1995; Williams et al., 2003) 

which in-turn activate inflammatory, stromal, endothelial and parenchymal cells that 

secret cytokines, growth factors or chemokines (Gervaz et al., 2009). These events can 

lead to development of late normal tissue injury. Cytokines are key proteins that 

instigate immune stimulatory effects of ionising radiation as they mediate intercellular 

communication (Desai et al., 2013). One such cytokine is IFN–γ, which interacts with 

tumour cells to alter expression of major histocompatibility complex (MHC) class I and 

stimulate infiltration and cytotoxic activity of T cells (Lugade et al., 2008). Tumour 

necrosis factor alpha (TNF-α) is another pro-inflammatory cytokine that is upregulated 

following RT and is believed to mediate local and systemic activity of cytotoxic 

immune cells (Hallahan et al., 1989). Chemokines such as CCL2 (monocyte 

chemotactic protein 1: MCP-1) also play a key role in immune cell chemotaxis and 

migration into tumours. CCL2 is produced following irradiation, and it was found that 

p53 prompts tumour cells to secrete CCL2 leading to tumour cell clearance via the 

recruitment of NK cells (Iannello et al., 2013). 

Radio-immunotherapeutic approaches are promising new anti-cancer treatments 

(Golden et al., 2015; Larson et al., 2015; Vatner et al., 2014). Due to the sensitivity of 

naïve immune cells to radiation-induced apoptosis, radiation therapy was traditionally 

considered to have immunosuppressive abilities (Wasserman et al., 1989). However 

recent findings indicate that it may also support host immune effector mechanisms that 

lead to control and/or ablation of cancer (Barsoum et al., 2014; Formenti & Demaria, 

2009; McBride et al., 2004; Topalian et al., 2016). An in-depth review on the 

relationship of ionising radiation with immune response can be found in (Haikerwal et 

al., 2015; Pateras et al., 2015). These reviews report on the changes in immune response 

following various doses of irradiation. At low doses of IR (0.05 Gy) an 

immunosuppressive effect was reported in some instances, suggesting that the level and 

type of DNA damage dictates how IR affects the immune system (Scheithauer et al., 

2014). At doses as low as 2 Gy, macrophages have been shown to promote anti-

inflammatory responses in the form of reduced production of nitric oxide and IL-1β and 

increased release of IL-10 and TGF-β (Thanik et al., 2010). Also, tumour cells and 

tumour–associated fibroblasts have been shown to repair DNA damage induced by low 

dose radiation, which leads to a decline in cell death (Haikerwal et al., 2015). Low 
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doses have also been shown to stimulate angiogenesis and vasculogenesis within 

tumours, which in turn has been shown to improve oxygenation resulting in increased 

tumour radiosensitivity (Kallman, 1972; Klug et al., 2013). At doses as high as 15 Gy, 

the vascular network is damaged due to apoptosis of endothelial cells leading to tumour 

cell starvation (Schneider et al., 1997). These high doses of radiation have also been 

shown to increase the hypoxic state of tumours consequently supporting radioresistance 

(Brown, 1999).  IR was reported to cause alterations in MHC class I expression, which 

in-turn increased T cell recognition of irradiated tumour cells leading to tumour growth 

suppression in vivo in colon adenocarcinoma-bearing mice (Reits et al., 2006). The 

irradiation of tumour cells also causes increased expression of various death receptors 

including CD95 (Chakraborty et al., 2003), NKG2D ligands (Gasser et al., 2005) and 

heat shock protein 70 (Gehrmann et al., 2005) which can enhance tumour cell 

vulnerability.  

 

2.5 TYPES OF DNA LESIONS AND REPAIR 

IR induces complex DNA lesions including DSBs, single stranded breaks (SSBs), 

oxidized bases and abasic sites (Georgakilas et al., 2013), which can stimulate multiple 

pathways involved in DNA damage response (DDR) and repair. One of the most serious 

cellular lesions induced by IR is DNA DSBs. This form of DNA lesion can threaten the 

integrity of the cells’ genetic material, which is necessary to ensure accurate encoding 

of cellular components, and compromises the chromosome’s physical integrity, which is 

important during mitosis and meiosis (Jeggo et al., 1995; Mladenov & Iliakis, 2011). 

This complex form of DNA damage presents a challenge for cells since it is not 

uncommon for the complementary sequence of both DNA strands to be lost thus 

rendering the cell unable to recreate the original genetic information (Sedelnikova et al., 

2003). This loss of chromosomal DNA can prevent transfer of critical genes to its 

subsequent progeny. Since a variety of DSB lesions exist, the rate of DNA repair of 

these lesions is dependant on the severity of the break (Asaithamby et al., 2011; Redon 

et al., 2009). Following DSB formation, DDR proteins are recruited to the lesion in an 

attempt to repair the lesion. A critical component of DDR is histone protein H2AX, 

which is rapidly phosphorylated to form γH2AX (Bonner et al., 2008). High levels of 



	 -	16	-	

γH2AX molecules form in chromatin around the DSB lesion, producing a focus that is 

used as a docking station for additional DDR and chromatin remodelling proteins to 

accumulate (Rogakou et al., 1999). As the γH2AX molecules accumulate it amplifies 

the signal allowing for individual DSBs to be detected with an antibody to γH2AX 

(Bonner et al., 2008). The presence of DSBs and visible γH2AX foci follows a close 1:1 

ratio (Sedelnikova et al., 2002), and forms the basis for using γH2AX as a sensitive 

quantitative method to detect DNA DSBs in mammalian cells. The idea that DSBs and 

visible γH2AX foci follow 1:1 equivalence has been disputed by several groups that 

have demonstrated that γH2AX foci are markers of chromatin modification that occurs 

following DNA damage rather than as a surrogate marker of DSBs (Costes et al., 2010). 

γH2AX foci mark regions of the chromatin that function as a scaffold to keep broken 

DNA in place while allowing DDR enzymes to access the damage site, therefore while 

DSBs lead to γH2AX formation, its formation does not always indicate the presence of 

DSBs (Cleaver et al., 2011; de Feraudy et al., 2010; Revet et al., 2011). This 

observation was also apparent in chapter 5. 

Cells and organisms have evolved to deal with both exogenous and endogenous agents 

that can alter DNA integrity, by developing a series of complex processes and pathways 

to cope with DNA damage. There are a variety of pathways to repair or restore a range 

of DNA lesions. These pathways are activated when danger signals are released due to 

damage that exceeds the level that occurs during normal cellular processes (Nikitaki et 

al., 2015). The DDR is a signal transduction pathway that is tightly regulated to 

optimise and prevent unnecessary and potentially detrimental alterations to DNA during 

normal cellular processes (Ciccia & Elledge, 2010). These danger signals in-turn trigger 

systemic effects which initiates additional signals including cytokines and chemokines, 

and/or reactive oxygen and nitrogen species (ROS/RNS), oxidised proteins and lipids 

(Georgakilas et al., 2015). The most common mechanisms for DNA repair include base 

excision repair (BER), homologous recombination (HR) and non-homologous end 

joining (NHEJ) (Jeggo, 1998; Kanaar et al., 1998; Kerr, 1998; Rathmell & Chu, 1998; 

Sancar et al., 2004; Wouters & Begg, 2009). These specialised repair processes have 

each been associated with repair and detection of a specific DNA lesion, for example: 

the BER pathway is associated with damaged bases, such as SSBs, and HR and NHEJ 

repairs DSBs (Wouters et al., 2009). Since DSBs are arguably the most lethal DNA 
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lesion, whose repair is predominantly facilitated by HR and NHEJ pathways it is 

expected that they also are important in tumour response to radiotherapy (Moynahan & 

Jasin, 2010).  

 

2.6 DNA REPAIR MECHANISMS 

2.6.1 –Base excision repair (BER) 

BER is responsible for the repair of nucleotides that have undergone deamination 

whereby a DNA base has lost an amine group, and oxidatively induced damage to 

nucleotide bases. Briefly, the majority of damaged DNA bases are recognised and 

removed by a range of glycosylases, where each enzyme is responsible for repair of a 

specific type of base damage (Wouters et al., 2009). Once the respective glycosylases 

remove the damaged base an abasic site is formed since the DNA backbone is still 

intact. AP endonucleases recognise this site and remove the DNA backbone, generating 

a nick or SSBs. The repair process can then follow one of two pathways: short patch or 

long patch. Subsequent repair involves DNA synthesis, which is required in both 

pathways, where the main purpose of the DNA polymerases is to replace the missing 

bases (Dianov et al., 1999; Lange et al., 2011; Sobol et al., 1996). The SSBs that are 

generated by IR are often described as ‘dirty’ because the ends are not recognised by 

ligases thus this process has evolved to include an extra step involving the enzyme PNK 

(Wouters et al., 2009). This results in the generation of a clean nick allowing either 

short or long patch repair to resume, as is seen in the BER pathway.  

2.6.2 –Homologous recombination (HR)  

HR is an essential pathway because it leads to precise repair of DSBs and thus ensures 

conservation of genomic information. This repair pathway involves the use of a 

homologous strand of undamaged DNA as a reference to assist in restoration of the 

opposite damaged strand. Using an undamaged homologous DNA strand to repair DSBs 

allows for its repair to occur in an ‘error-free’ manner, thus successfully preserving 

critical genomic information, in contrast to NHEJ (Mao et al., 2008). In the presence of 

DSB lesions the HR repair pathway is particularly favoured during the S and G2 phases 

of the cell cycle, likely due to the presence of sister chromatids, which are used as 
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templates (Takata et al., 1998). Recent studies have revealed mechanisms that facilitate 

HR regulation in S-G2 phase. Cyclin-dependant kinase (CDK)-mediated 

phosphorylation of CtIP at the serine residue 327 is necessary for recruitment of breast 

cancer gene 1 (BRAC1), in order for HR to be initiated (Yun & Hiom, 2009). In 

addition, BRAC1 antagonisation of Rif1 (replication timing regulatory factor 1) 

facilitates preference of HR over NHEJ during the S phase (Chapman et al., 2013; Feng 

et al., 2013; Zimermann et al., 2013). These findings are the reason that HR is often 

classified as a cell-cycle-dependant process.  

2.6.3 –Non-homologous end joining (NHEJ) 

Another predominant DSB repair pathway in mammalian cells is NHEJ. NHEJ is vital 

for the repair of pathologic DSB that occur in chromosomal translocations as well as the 

physiological DSB produced during variable density joining or V (D) J recombination 

and class switching recombination (Lieber, 2010; Svetlova et al., 2010). The purpose of 

V (D) J recombination is to generate randomly assembled gene segments termed VDJ 

genes, to produce unique antigen receptors that are important for recognising many 

types of molecules (Mansilla-Soto & Cortes, 2003). It is for this reason that individuals 

who are not able to perform NHEJ, are sensitive to IR and are seriously immune 

deficient (Lieber, 2010).  

Unlike HR, NHEJ repair enzymes are multifunctional in that they can repair a wide 

spectrum of DSBs with distinct break structure and sequences (Lieber et al., 2003) and 

are favoured during G1 in the absence of HR (Shibata et al., 2011). Interestingly, in 

somatic cells of multicellular eukaryotes HR is downregulated during the repair of 

DSBs throughout G0, G1 and early S phases (Takata et al., 1998). This indicates that 

the NHEJ pathway is either predominantly or entirely responsible for DSB repair during 

these phases. Its preference over HR has recently been credited to Rif1 activity, which 

antagonises BRCA1 DSB resection, whose response is driven by tumour suppressor 

p53-binding protein (53BP1) (Chapman et al., 2013; Feng et al., 2013; Zimermann et 

al., 2013). NHEJ is often referred to as the ‘error prone’ pathway in contrast to HR, 

because when NHEJ repairs DSB it uses little or no template to repair the damaged 

strands (Weterings & Chen, 2008). There is evidence to suggest that NHEJ is a common 

pathway associated with end-joining of DSBs formed during V (D) J recombination, 

where no loss of nucleotides is known to occur (Lieber et al., 1988), indicating that it is 
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capable of being precise. However, in the event that this is not an option, it must then 

become imprecise to prevent any further loss of DNA (Lieber et al., 2003).  

 

2.7 OUT-OF-FIELD EFFECTS OF RADIATION: 

RIBE/RIAE 

The discovery of the RIBE has challenged the central dogma of radiation biology that 

only cells that are subjected to IR are killed through direct DNA damage and biological 

effect is proportional to the dose. Unirradiated cells are also affected (Figure 2). The 

RIBE is now a well-established consequence of IR and is manifested as increased 

genomic abnormalities, chromosomal aberrations, mutagenesis, reduction in cell 

survival and loss of viability of unirradiated (“bystander”) cells (Nagasawa & Little, 

2002). No true dose-response has been reported for bystander effect responses 

(Mothersill & Seymour, 2006b). Nagasawa and Little were the first to demonstrate that 

bystander responses have a saturation point, which occurs when no addition effect is 

induced above a given dose, instead a plateau is reached (Nagasawa & Little, 1992). 

This is opposite to what occurs with direct irradiation, where the response increases 

linearly with increasing radiation dose. However, even with direct irradiation the 

relative biological effect only increase up to a certain point and then decreases (Prise & 

O'Sullivan, 2009). The plateau effect observed for bystander effects indicates that any 

additional exposure to irradiation does not cause further damage and not every cell 

responds via bystander effects. Reports indicate that bystander cells have an increased 

level of γH2AX foci indicating presence of DNA damage (Sokolov et al., 2005), these 

foci were observed to be co-localised with DDR and DNA repair proteins in bystander 

cells (Sokolov et al., 2007). The kinetics of γH2AX foci formation differs in bystander 

cells compared to directly irradiated cells. Bystander responses have been observed to 

be ataxia telangiectasia and Rad 3-related protein (ATR) dependant and primarily occur 

in the S phase (Burdak-Rothkamm et al., 2007). The DDR repair kinetics of bystander 

cells has also been shown to differ from directly irradiated cells (Smilenov et al., 2006; 

Sokolov et al., 2005). When bystander cells are closer to directly irradiated cells there is 

an increase incidence of DNA damage compared to cells located further away (Sokolov 

et al., 2007). This observation is attributed to bystander cell communications that occur 
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via jap junctions or by factors released into the surrounding environment by bystander 

cells (Hu et al., 2006; Sokolov et al., 2005) (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – An illustration describing the proposed mechanisms of RIBE. The target 
cell is directly irradiated causing it to secrete a collection of ROS/RNS, cytokine and 
growth factors. These secreted molecules can either pass via gap junctions or traverse 
through the extra cellular environment to reach neighboring bystander cells. These 
bystander cells can experience increases in DNA damage and senescence, alterations in 
genomic instability and mutations, similar effects to that of the targeted cell but at 
delayed time points. Image adapted with permission from (Matsumoto et al., 2011).  
 

 

A similar phenomenon, reported by cancer radiotherapists more than 50 years ago, 

defined as a change in an organ or tissue distant from the irradiated region, was termed 

the radiation induced abscopal effect (RIAE) (Mole, 1953). In retrospect, the RIAE can 

be considered as an in vivo long-distance RIBE. Clinical observations of the RIAE are 

contradictory and depict both beneficial and detrimental side effects. Observations of 

the beneficial side effects include studies that demonstrated that abscopal effects 

induced by RT can cause regression of tumours distant from the irradiated site 

(Kaminski et al., 2005; Mancuso et al., 2012; Shiraishi et al., 2008). An example of 
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situations where detrimental RIAE occurred includes observations of patients who 

encountered secondary malignancies in out-of-field healthy tissues following RT 

(Doweck et al., 2001; Essen, 1991; Ishiyama et al., 2012; Kaminski et al., 2005; Mac 

Manus et al., 2005) and increased incidence of inflammatory diseases in cancer RT 

patients (Serhan et al., 2008). Children are more sensitive than adults (Sadetzki & 

Mandelzweig, 2009); however middle age to older cancer survivors also face increased 

risk of secondary malignancies as well (Kumar, 2012). Since these non-targeted effects 

include malignant transformation, the RIAE represents a serious risk factor in RT (Hall 

& Giaccia, 2006; Prise et al., 2009).  

 

RIBE occurs in both in vitro and in vivo settings and has been proposed to be 

propagated by three distinct mechanisms: cell-cell interactions between adjacent cells 

via gap junction intercellular communication (Azzam et al., 1998; Azzam et al., 2001; 

Hervé et al., 2007), secretion of soluble factors by irradiated cells which stimulates 

systemic movement of soluble factors to regions outside of the IR field (Mothersill & 

Seymour, 1997) (Figure 2) and production of bio-photons from irradiated cells (Ahmad 

et al., 2013; Le et al., 2015). The RIAE is a type of RIBE that only occurs in vivo and is 

propagated by the immune system, particularly via macrophages (Lorimore et al., 2008; 

Lorimore et al., 2011), which enable transmission of non-targeted effects of IR to 

distant organs or tissues. Current pre-clinical and clinical observations have shown that 

immunologic mechanisms are associated with mediating RIAEs suggesting that 

immunotherapy and RT can be synergistic (Dewan et al., 2009; Grimaldi et al., 2014; 

Kang et al., 2016; Postow et al., 2012; Reits et al., 2006; Rodriguez-Ruiz et al., 2018). 

The release of cytokines, growth factors and free radicals, such as ROS and RNS (Shao 

et al., 2008; Zhou et al., 2005), inflict a number of alterations, particularly DNA 

damage and mutations in healthy neighbouring cells (Hussain et al., 2003). Potentially 

harmful DNA lesions, mediated by oxidative stress include OCDLs (Georgakilas, 2011) 

and DSB (Bonner et al., 2008; Dickey et al., 2009b; Sedelnikova et al., 2003; Sokolov 

et al., 2005), have been used in a variety of experimental settings to monitor kinetics of 

the RIBE (Georgakilas et al., 2014; Redon et al., 2010a; Sedelnikova et al., 2007; 

Sokolov et al., 2005). Previous in vitro studies (Sokolov et al., 2007), have revealed that 

the signalling mechanisms seen in RIBE resembles bystander signalling seen in 

genetically unstable (Shruti & Morgan, 2005), senescent (CoppÈ et al., 2008) and 

cancerous cells (Dickey et al., 2009a), with adverse effects on healthy neighbouring 
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cells. This indicates that the RIBE is one of many types of intercellular communication 

events that occur between damaged or abnormal cells and healthy cells. The cell-cell 

communication in the in vivo setting has been suggested to be far more complex and 

may involve other components of the immune system that work cohesively to transmit 

the RIAE (CoppÈ et al., 2008; Hei et al., 2011). However, there is limited knowledge 

about the systemic effects of MRT. 

 

These findings formed the motivation behind our studies on the immune system and 

DNA damage response in irradiated skin and out-of-field tissues of mice irradiated 

using the imaging and medical beamline (IMBL) at the Australian Synchrotron (AS) 

facility in Melbourne. We hypothesised that following MRT and BB radiation any 

changes detected in the context of immune response components and DNA damage 

response in out-of-field tissues is in-part due to RIAE responses. These RIAE studies 

are featured in chapter 3 and 4 of this thesis.  

 

2.7.1 The role of the immune system in propagating RIAE 

 

One of the proposed mechanisms of RIAE is the host’s immune response to localised 

radiation exposure. The contribution of macrophages in RIAE has been suggested in 

(Coates et al., 2008; Martin et al., 2011; Prise et al., 2009; Redon et al., 2010a; Sprung 

et al., 2015) but it has never been demonstrated. Macrophages are involved in 

inflammation responses that occur following irradiation exposure, which cause 

activation of macrophages leading to secretion of cytokines that consequently result in 

non-targeted effects of radiation (Lorimore et al., 2008; Lorimore et al., 2011; 

Mukherjee et al., 2013). The exact pathways accountable for these responses are not 

well understood. Reports demonstrate that irradiation does not cause activation of 

macrophages directly, but rather activation is due to macrophage phagocytosis of 

radiation-induced apoptotic cells (Lorimore et al., 2001; Lorimore et al., 2011).  

 

There are two phenotypically distinct subclasses of macrophages: M1 macrophages are 

often described as proinflammatory macrophages as they are known to have the 

capacity to produce proinflammatory cytokines (Faber et al., 2012). M2 macrophages 

are anti-inflammatory macrophages as they are involved in immunosuppression, tissue 

remodelling, angiogenesis, and scavenging of debris, such as apoptotic cells (Mantovani 
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et al., 2004; Sica & Bronte, 2007). Once radiation-induced apoptotic bodies have been 

removed via phagocytosis the M1 macrophages are in-turn activated and consequently 

trigger inflammatory pathways in out-of-field cells (Taylor et al., 2005). However, the 

roles of M1 and M2-type macrophages are not fixed since macrophages have been 

found to switch from one function to another or perform both types of functions at the 

same time (Mosser & Edwards, 2008).  

 

There are various hypotheses of how macrophage-cytokine secretion contributes to out-

of-field effects of IR exposure. One theory involves the release of cytokines at the 

radiation site. These cytokines may traverse to residential macrophages located at 

distant sites outside the irradiated area. Once these cytokines reach residential 

macrophages, the cytokines can activate residential M1 macrophages causing them to 

secrete pro-inflammatory molecules such as TNFα, ROS and NO (O'Neill, 2011; 

Rastogi et al., 2012) and activate pro-inflammatory pathways in non-targeted cells 

(Sprung et al., 2015). Another theory describes events after macrophages have 

performed phagocytosis of apoptotic cells, after which macrophages can travel outside 

the IR area and secrete pro-inflammatory cytokines into the surrounding environment 

inducing further phagocytosis of other radiation-induced apoptotic bodies (Faber et al., 

2012). This would involve increased concentration of cytokines at abscopal sites, which 

in-turn causes activation of DNA-damaging pro-inflammatory pathways within these 

sites, ultimately leading to a more profound RIAE (Chai et al., 2013; Hei, 2006). It can 

also be explained by RIAEs that occur at sites that macrophages frequently travel to 

(including the gut, spleen, skin, lymph nodes, sites of infections) (Sprung et al., 2015). 

 

 

2.8 SYNCHROTRON RADIATION FOR RADIOTHERAPY 

RESEARCH 
 

The first use of synchrotron radiation started in 1947 at the General Electric synchrotron 

in USA (Koch et al., 1983), though it was not until the late 1960s where synchrotron 

radiation grew in popularity and proved to be useful in many research fields. It was 

during the 1960’s and early 1970’s that the first-generation synchrotron radiation 

facilities were developed, although these facilities did not cater for synchrotron 
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radiation studies, rather they were used for high energy physics experiments. Later in 

the mid-1970’s the second-generation facilities were established, which were entirely 

dedicated to optimise synchrotron light produced by bending magnets and high 

magnetic field insertion devices called ‘wigglers’. Further advances in magnetic 

structures, including wigglers and undulators encouraged the development of the third-

generation sources, such as the European Synchrotron Radiation Facility or ESRF 

(Grenoble France), Advanced Photon Source (Illinois, USA), SPring-8 (Hyogo 

Prefecture, Japan), Australian Synchrotron (Clayton, Australia) and at least 40 other 

third-generation synchrotrons worldwide.  

 

Synchrotron radiation is generated when electrons traveling close to the speed of light 

are forced to change the direction of their motion when under the influence of magnetic 

fields, thus emitting synchrotron light (Balerna & Mobilio, 2015). The electrons are 

generated from the cathode of an electron gun and then transported into a linear 

accelerator or ‘linac’ which accelerates the electrons using radio-waves at velocities 

close to the speed of light, usually until their energy reaches several millions of electron 

volts (MeV)(Balerna et al., 2015)(Figure 3). The electrons then enter the booster 

synchrotron ring where their energy is further ‘boosted’ to billions or giga electron volts 

(GeV)(Balerna et al., 2015). Then the high-energy electrons are sent to the storage rings 

consisting of circular pipes lined with bending magnets placed on its circumference; this 

forces the electrons to follow a circular path (Balerna et al., 2015). If the electrons 

require a further energy boost their energies can be increased by using radio frequency 

(RF) electric fields. RF cavities present within one or more linear sections are located 

between bending magnets. As the electrons move in circular paths in the storage ring 

they tend to lose energy at each turn, emitting synchrotron radiation (ranging from 

infrared through to hard X-rays), which is then supplied to each experimental beamline 

workstation or hutch.  
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3. Booster Ring 

4. Storage ring 

5. Beamline 

6. End station 

 

 
 
 
 
 
 
 
Figure 3 – Illustration showing how synchrotron light is created at the Australian 
Synchrotron.  Reproduced with permission from the ANSTO website.  
 

For third generation synchrotron sources, wigglers and undulators are installed between 

the bending magnets to slightly deflect the beam in order to produce very brilliant light. 

These insertion devices are important because for experiments involving microscopy or 

imaging where the beams needs to be focused on a small area, spectral brightness or 

flux per unit source area and per unit solid angle is critical (Koch et al., 1983; Millis et 

al., 2005). Fourth generation sources are now available, incorporating free electron 

lasers (FELs) into synchrotron facilities to generate short light pulses with very high 

peak intensity and brightness (Balerna et al., 2015).   

 

2.8.1 Synchrotron radiation properties  

 

Synchrotron radiation has characteristics that are not found in laboratory and 

conventional hospital-based radiation sources. Some important attributes of synchrotron 

radiation include a very high flux rate, ensuring large radiation doses (hundreds of 

Gray) can be delivered in a short period of time (milliseconds) thus successfully 

minimising the occurrence of motion artefacts. The X-rays produced by synchrotrons 

have energy in the kilovoltage and orthovoltage range, which results in dose-depositing 

secondary electrons with a range in water on the order of 100 microns comparable in 
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scale to the valley dose region in MRT. The scatter and penumbra associated with these 

beams is far less than that associated with megavoltage X-rays (Lobachevsky et al., 

2015) where the range of secondary electrons can be in the order of 10’s of millimetres. 

Another property of synchrotron radiation is the generation of near linear beams with 

negligible divergence, which is achieved due to the use of a collimator, allowing for 

sharply defined beam edges in the tissues (Regnard et al., 2008a). In addition, 

synchrotron radiation covers a very broad and continuous spectral range from the 

infrared to hard X-ray region. Synchrotron beam lines are typically optimised to select a 

particular type of radiation for a given set of experiments. Synchrotron radiation 

exhibits a high degree of polarisation, has a pulsed time structure, a high degree of 

collimation, ultra-high vacuum environment, and high beam stability (Balerna et al., 

2015).  
 

 

2.9 SYNCHROTRON MICROBEAM AND BROAD BEAM 

RADIATION THERAPY RESEARCH 
 

Despite the advances made in RT outlined in section 2.3 further improvements are 

required particularly for high-grade gliomas, locally advanced lung cancer and 

pancreatic cancer. Synchrotron MRT may be useful for the treatment of these cancers. 

There are two distinct types of beam configurations that are of particular interest to 

researchers: BB and MRT. MRT is seen as an attractive tool to radiation oncologists 

due to pre-clinical studies in rodents suggesting its increased therapeutic benefits and 

reduced normal tissue side effects compared to conventional radiotherapy (Bouchet et 

al., 2016; Crosbie et al., 2010; Dilmanian et al., 2002; Dilmanian et al., 2003c; Sprung 

et al., 2012; Yang et al., 2014). Reports indicate that MRT has the capacity to increase 

the therapeutic index by up to 5-fold compared to conventional BB radiation therapy 

(Dilmanian et al., 2005; Laissue et al., 1998), and therefore is considered to be an 

appropriate alternative to conventional BB radiation (Regnard et al., 2008a).  

 

A similar technique was described much earlier in 1909 by Alban Kohler, which he 

called the “grid (or sieve) therapy treatment”. Kohler tested this technique on several 
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patients before 1913 using approximately 60-70 kV Hittorf-Crookes X-ray tubes, 

shielded with lead. He placed this X-ray tube against a stiff grid of 1 mm-square iron 

wires woven 3.0-3.5 mm on center, which was taped to the skin over a thin chamois 

(Laissue et al., 2012; Schultke et al., 2017). This apparatus allowed for sections of 

tissue, which were exposed to irradiation (unshielded) and sections that were protected 

(shielded). In doing this, Kohler noticed a delay in punctate necrosis that healed several 

weeks following the treatment (Laissue et al., 2012). Synchrotron-generated MRT was 

first introduced in 1995 by Slatkin et al to treat brain tumours in rats. The study 

involved the use of so called ‘co-planar microbeams’ with high intensity and highly 

directional X-rays generated at Brookhaven’s National Synchrotron light Source 

facility. This study was based on the notion that normal brain tissue is highly resistant to 

MRT radiation.  This idea arose due to the first observation in experiments involving 

biological response to cosmic ray exposure in the late 1950s (Zeman et al., 1959). 

Zeman et al demonstrated that when a microscopic (25 µm) 22 MeV deuteron beam 

was used to deliver a dose of over 4000 Gy it was able to kill cells in the beam path in 

the mouse cortex, compared to when a macroscopic (1 mm) beam was utilized 

delivering only 140 Gy which was enough to cause necrosis of all tissues in the beam 

path.  

 

Studies by Slatkin et al involved the use of 10-20 microplanar beams each 27 µm wide 

and 75 or 100 µm centre-to-centre beam spacing (Slatkin et al., 1995). The results 

revealed that the irradiation did not cause tissue necrosis when using entrance doses of 

up to 5000 Gy, however the rats did suffer from loss of neuronal and astrocytic cell 

nuclei in regions that were directly exposed to microbeams. Slatkin et al proposed that 

endothelial cells and possibly oligodendroglial cells present between microbeams (in 

the valleys) might play a role in regenerating the part of the tissue that was directly 

exposed to the microbeams (Slatkin et al., 1995). This key finding laid the foundation 

for future in vivo and in vitro studies performed at other synchrotron facilities 

worldwide. 

 

The MRT technique involves a uniform or broad beam (BB) (Figure 4b) of X-rays 

being passed through a multi-slit tungsten carbide collimator to generate an array (or 

lattice) of microscopic beams, typically 25-50 µm wide separated by 200-400 µm 
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centre-to-centre spacing (Grotzer et al., 2015). The collimator creates microbeam ‘peak’ 

doses separated by ‘valley’ doses (scattered radiation between microbeams) that are 

typically 2-4% of the peak dose (Figure 4a). This physical feature of MRT geometry 

allows for hundreds of Gy in the peak “region” to be delivered to tissue in a single 

treatment. 

The physical dosimetry of MRT is more complex than that of BB radiotherapy, due to 

different components associated with the MRT’s dose profile (Figure 5) (Brauer-Krisch 

et al., 2003; Crosbie et al., 2008; Lobachevsky et al., 2015; Nettelbeck et al., 2009; 

Siegbahn et al., 2006). These components include the peak dose, the valley dose (area 

between adjacent microbeams), and dose in the penumbral/shoulder regions. The 

integrated dose is a parameter often used to described the microbeam dose, defined as 

the dose averaged along the entire irradiation area taking into account the minimally 

irradiated regions (valley) within the irradiated field (Dilmanian et al., 2003b; Ibahim et 

al., 2014). For MRT radiation, the peak dose usually ranges from 300-800 Gy, with 

valley doses of 5-20 Gy (Ibahim et al., 2014). The kilovoltage energies used in MRT 

result in a reduced secondary electron scattering within the tissues and reduced radiation 

effects within the valley regions (Ibahim et al., 2014).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 – A comparative illustration of dose profiles (left) and films (right) 
exposed to synchrotron-generated MRT (A) and BB (B).  Showing the spatially 
fractionated microbeams of MRT and homogenous irradiation of BB treatment. The 
beam geometry was used in RIAE studies in chapter 3 and 4. Reproduced with 
permission from (Ventura et al., 2017).  
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Another important characteristic of MRT beams is the peak-to-valley dose ratio 

(PVDR), which is dependent on the density of target tissue, field size, depth in tissue, 

energy of synchrotron photons, collimator geometry (specifically microbeam width, 

height, spacing, and number), and the spectrum of the secondary electrons (Brauer-

Krisch et al., 2005a). Establishing the PVDR is biologically important because it is a 

measure of the amount of radiation delivered to tissue present in the valley region, 

which contains surviving cells that are responsible for repairing normal tissue. 

Determining the valley dose is important because it has been shown to dictate normal 

tissue toxicity (Curtis, 1967; Laissue et al., 2007). This will be discussed further in the 

next section. Obtaining an accurate PVDR measurement is currently a challenge with 

physical dosimeters such as ionisation chambers and diode arrays, since they are unable 

to provide accurate and reliable MRT dosimetry due to the small width of the 

microbeams and large dose gradients required over very short distances (Crosbie et al., 

2008; McErlean et al., 2016).  

 

 

 

 

 

 

 

 

 

 

Figure 5 - Schematic geometry of microbeam arrays used in MRT. This illustrates 
the main components of the MRT dose profile such as peak dose, valley dose and 
penumbral shoulder dose. Reproduced with permission from (Uyama et al., 2011).  
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Brauer-Krisch et al describes all currently available dosimeters used to measure the 

MRT doses and outlines their limitations (Brauer-Krisch et al., 2010a). These detectors 

include: metal oxide-semiconductor field-effect transistors (MOSFET) (Brauer-Krisch 

et al., 2003; Siegbahn et al., 2009), fluorescent nuclear track detectors (Akselrod et al., 

2006) and silicon strip detectors (Lerch et al., 2011) in addition to older dosimeters such 

as radiochromic film and microdensitometry. Currently, no single commercial 

dosimeter is adequate to simultaneously measure the peak and valley dose of MRT 

within a typical energy range of 50-250 keV (Bräuer-Krisch et al., 2015; Crosbie et al., 

2008) with an uncertainty of less than 3% (Brauer-Krisch et al., 2010a).  Further 

improvements on the current commercial dosimeters are necessary. Consequently, many 

studies rely on the use of Monte Carlo computer simulations to imitate the irradiation 

conditions and dose deposition in water in order to calculate the predicted absolute 

MRT dose (Lobachevsky et al., 2015; Siegbahn et al., 2006; Slatkin et al., 1992). One 

of the shortcomings of Monte Carlo simulations is that it is unable to simulate 

manufacturing imperfections (on a µm scale) of a collimator used for a given MRT 

study, which can affect the PVDR (Crosbie et al., 2008). Therefore, Monte Carlo 

simulations require further optimisation in order to calculate dose with an accuracy of 

3% (Brauer-Krisch et al., 2010a). Silicon-strip detectors (Fournier et al., 2017; Fournier 

et al., 2016) and plastic scintillator fibre-optic dosimeters (Archer et al., 2019) are 

currently being developed at the university of Wollongong, Australia, and show 

promise as potential MRT dosimeters, but require further optimisation in order for them 

to be made commercially available. 

 

Brauer-Krisch et al suggests that a possible approach to measuring the absolute dose of 

MRT with improved confidence would be to combine several dosimeters or measuring 

the peak and valley doses separately (Brauer-Krisch et al., 2010a). For instance: using 2 

Gafchromic films of different sensitivities (Crosbie et al., 2008) or by using pre-

calculated PVDRs (via Monte Carlo simulations) for two separate exposures with one 

for peak and another for valley doses (Brauer-Krisch et al., 2010a). However, the 

resolution of the Gafchromic film is highly dependent on the optical density read-out 

system, since a JL microdensitometer provides superior resolution but it is harder to use 

than high resolutions scanners like the Epson scanner. Another limitation of the film 

dosimetery is that the response of the dosimeter is only stable after 24 hrs meaning that 
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dose verification prior to patient treatment is not feasible (Brauer-Krisch et al., 2010a; 

Crosbie et al., 2008). 

 

Alternative forms of dosimetry including biodosimeters such as γH2AX-labelling of 

DNA DSBs could potentially provide a possible solution to solve the ongoing problem 

of measuring the MRT valley dose. γH2AX biodosimetry aims to exploit the near linear 

dose response relationship between γH2AX foci formation and DSB, which follows a 

close 1:1 ratio (Sedelnikova et al., 2002). However, recent reports have shown that 

γH2AX is more accurately classified as a DNA damage sensing protein that does not 

necessarily correlate to DSBs (Cleaver et al., 2011; Costes et al., 2010; Revet et al., 

2011). The γH2AX assay has been used in the clinic for dose estimation of localised 

radiation with both high (radiotherapy) and low doses (X-ray examination, CT scan) 

(Denoyer et al., 2015; Ivashkevich et al., 2012; Löbrich et al., 2005; Qvarnström et al., 

2004; Rothkamm & Löbrich, 2003; Siva et al., 2016). Several studies have supported 

the use of the γH2AX assay as an ideal biodosimeter to measure irradiation dose in the 

setting of emulated accidental irradiation exposure (Garty et al., 2010; Redon et al., 

2010b; Rothkamm et al., 2013; Turner et al., 2010), to estimate individual 

radiosensitivity, scattering or abscopal effects in normal tissues (Löbrich et al., 2005; 

Qvarnström et al., 2004; Rothkamm et al., 2003) and synchrotron-based irradiation 

sources (Lobachevsky et al., 2015). Rothkamm et al reported estimated MRT valley 

doses using γH2AX as a biodosimeter and used Monte Carlo simulations to measure 

PVDR values (Rothkamm et al., 2012) where the irradiations were performed at the 

SPring-8 synchrotron in Japan. However, since this 2012 report, there have been 

substantial improvements in our understanding of the BB and MRT dosimetry on the 

IMBL at the AS (Livingstone et al., 2017; Lye et al., 2016), therefore additional studies 

in estimating the physical, simulated and biological MRT valley dose are warranted 

using the IMBL at the AS.   

 

2.9.1 The MRT parameters that influence normal tissue response  

 

Recent evidence has shown that normal tissue in the brain is remarkably resistant to 

developing adverse side effects when exposed to a large range of MRT entrance doses 

(Bouchet et al., 2013a; Hanson et al., 2013; Laissue et al., 2013; Serduc et al., 2008). 
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No evidence of necrosis (Dilmanian et al., 2002; Slatkin et al., 1995), brain 

abnormalities (Laissue et al., 2001) and dysfunctional development (Laissue et al., 

2013; Laissue et al., 2007) was observed in mice and rats after MRT exposure. Taking 

these observations into account as well as the fact that MRT beams generate a stripe-

like pattern of maximally and minimally irradiated cells, reports have suggested that the 

lack of adverse effects could potentially be due to regenerative normal surviving cells 

and tissues within the “valleys” which are responsible for repair and replenishment of 

cells within “peak” regions, in order to maintain the observed tissue integrity (Curtis, 

1967; Laissue et al., 2007). The cellular mechanisms that take place within the valley 

regions could be involved in the increased preservation of MRT-irradiated-normal 

tissue compared to BB-irradiated tissue. This observation also indicates that the valley 

dose dictates tissue toxicity rather than the peak dose. However, similar valley doses 

were found to cause different rates of brain toxicity (Schültke et al., 2013). Therefore, 

the amount of normal tissue exposed to the valley dose (Blattmann et al., 2005; Smyth 

et al., 2016) or the threshold dose specific to each tissue (Blattmann et al., 2005) could 

be important to predict normal tissue toxicities.  

 

Microbeam spacing and width have been shown to influence normal tissue responses to 

MRT exposure. Dilmanian et al reported the use of minibeams (680 µm), thicker than 

typical MRT microbeams, involving a different experimental setup to that of traditional 

MRT experiments (Dilmanian et al., 2006). The group used several experimental 

irradiation settings including: an array of 4 microbeams to irradiate the spinal cord, a 

large array of unidirectional microbeams to irradiate the brain, and interlaced 

microbeams to the brain. This study demonstrated that the 4 parallel microbeams used 

to irradiate the spinal cord produced moderate damage and the rats that were exposed to 

thick microbeams in the anteroposterior direction showed normal brain development 7 

months following microbeam exposure. The interlaced microbeams was capable of 

ablating tumours, however there was evidence of atrophy and oedema of the brain tissue 

using doses of 150 Gy, these symptoms were absent when rats were treated with 90 and 

120 Gy doses (Dilmanian et al., 2006). Dilmanian et al concluded that the thick 

microbeams may allow the use of higher energy photons generated by X-ray tubes 

rather than synchrotron sources and therefore have potential use in the clinic because 

they allow for increased depth of dose penetration, which in-turn means that less dose is 

exposed to proximal tissues, therefore enhancing the normal tissue sparing effect 
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compared to that of the lower energies used with thin microbeams. This group also 

suggested that the use of thicker beams allows the ability to interlace 2 microbeams, 

which result in use of lower doses to control tumours compared to non-interlacing 

microbeams. Further studies are required in the traditional MRT setting to uncover the 

effect of different MRT beam widths in different tissues.  

 

Recent evidence on the width of the microbeams and stage of tissue maturity in 

influencing biological outcome has been reported (Brönnimann et al., 2016; Sabatasso 

et al., 2011). Bronnimann et al demonstrated this by comparing the effects of 

microbeams (25-100 µm) and minibeams (200-800 µm) on vasculature, inflammation 

and surrounding tissue changes in zebrafish caudal fin regeneration in vivo 

(Brönnimann et al., 2016). They showed that minibeam irradiation damaged both 

mature and immature tissue 6-48 hrs following irradiation, while microbeam irradiation 

only induced damage to rapidly growing immature tissue, leaving the mature tissue free 

of radiation induced-damage. Regarding beam widths, microbeams wider than 100 µm 

disrupted veins and arteries but these effects disappeared after 48 hrs post-irradiation 

due to the regenerative capacity of the zebrafish. Conversely for minibeams, beams 

wider than 400 µm damaged both mature and immature parts of the caudal fin, which 

was particularly pronounced at 48 hrs post-irradiation, suggesting that minibeam 

irradiation may damage normal tissues. These studies further support MRT use as a 

promising tumour treatment tool.  

 

Another important parameter related to the normal tissue sparing effect of MRT is the 

shape of the valley region (Blattmann et al., 2005) and the surface area between peak 

and valley tissues (Smyth et al., 2016). Studies involving the use of interspersed 

(Brauer-Krisch et al., 2005b) and interlaced (Anschel et al., 2007; Dilmanian et al., 

2006; Serduc et al., 2010) microbeams have also been reported. The present pre-clinical 

MRT literature highlights the use of a wide range of configurations including beam 

spacing, which limits successfully drawing any conclusions regarding dose-dependence 

of normal tissue toxicity. At present, the physical parameters of the MRT beams such as 

energy and spacing have not been optimised. Various groups have attempted to 

understand MRT’s improved therapeutic capacity compared to BB by optimising beam 

widths and spacing of the microbeams, however these studies resulted in inconsistent 
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therapeutic values and outcomes (Dilmanian et al., 2002; Serduc et al., 2009; Uyama et 

al., 2011). Currently, no group has successfully determined parameters that predict the 

effects of MRT on biological tissues.  

The FLASH effect represents another response that imparts a normal tissue sparing 

effect, which involves the delivery of large single doses of radiation at mean dose rates 

of above 100 Gy/s (Montay-Gruel et al., 2017). The sparing effect offered by the 

FLASH effect has been reported in several pre-clinical models indicating that electrons 

delivered at ultra-high dose rates are able to protect normal lung (Favaudon et al., 

2014), brain tissues (Montay-Gruel et al., 2018; Montay-Gruel et al., 2017), mouse gut 

(Loo et al., 2017), pig skin and squamous cell carcinoma-bearing cat patients in a phase 

1 veterinary clinical trial (Vozenin et al., 2019). The mechanism that drives the FLASH 

effect is still unclear however various hypotheses have been proposed including 

differential activation of DNA damage pathways (Favaudon et al., 2014) and induction 

of transient hypoxia (Inada et al., 1980).  

 

2.9.2 Biological response of normal tissue versus malignant tissue following MRT  

 

Extensive research has been dedicated to understanding MRT’s remarkable normal 

tissue sparing effects and successful tumour ablation ability. Early studies were 

performed on adult rat brain (Brauer-Krisch et al., 2005b; Dilmanian et al., 2002; 

Laissue et al., 1998; Slatkin et al., 1992; Smilowitz et al., 2006), the cerebella of 

suckling rats (Laissue et al., 1999) and weanling piglets (Laissue et al., 2001), the brain 

of duck embryos (Dilmanian et al., 2001) and mice (Serduc et al., 2006), skin and 

muscle of mice (Dilmanian et al., 2003c; Miura et al., 2006) and rats (Zhong et al., 

2003). All of the studies highlight MRT’s unique feature of reduced normal tissue 

damage. The majority of the MRT-related normal tissue literature is focused on brain 

tissue in healthy and tumour-bearing mice. There is limited data on spinal cord, skin and 

optic structures and no data on organs in the respiratory, gastrointestinal, or 

genitourinary systems (Smyth et al., 2016).  

 

A critical characteristic of MRT is its apparent tumour suppression abilities. Recently, 

Brauer-Krisch et al reviewed a range of in vivo studies consisting of rodents inoculated 

with various tumour cell lines: glioma (Schültke et al., 2008), gliosarcoma (Dilmanian 
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et al., 2002; Laissue et al., 1998; Regnard et al., 2008a; Serduc et al., 2009; Smilowitz 

et al., 2006), squamous cell carcinoma (Miura et al., 2006) and mammary tumour 

(Dilmanian et al., 2003c). The given tumour cell lines were inoculated in either the 

brain parenchyma or regions near the hind leg. What all of these studies have in 

common is that they provide solid evidence that MRT facilitates tumour growth 

suppression (Dilmanian et al., 2003c; Miura et al., 2006) and prolongs the life of the 

tumour-bearing rodents (Dilmanian et al., 2002; Laissue et al., 1998; Regnard et al., 

2008b; Schültke et al., 2008; Smilowitz et al., 2006).  

 

Malignant tissues and healthy normal skin respond differently to synchrotron-generated 

MRT beams according to in vivo studies reported by (Crosbie et al., 2010). This 

investigation involved the use of the γH2AX foci formation assay to identify DNA 

DSBs present within tumour cells and healthy skin cells at 4 hrs post-irradiation. 

Distinctive stripes were discovered representing regions of cells that harboured DSB 

damage, corresponding to cells that were exposed to the “peak dose”, and regions of 

cells with no DSB damage, corresponding to cells present in the space between adjacent 

microbeams. However, at 24 hrs the tumour cells no longer had distinct regions of 

irradiated and unirradiated cells, compared to the healthy normal cells where this 

distinct pattern was still present. The authors concluded that tumour cell migration 

between peak and valley irradiation areas may have contributed to this observed effect, 

since minimal migration was observed in healthy tissues. The authors also reported a 

decrease in γH2AX-positive cells and increase in cell proliferation in skin 24-84 hrs 

post-MRT, suggesting that normal tissue appears to have more efficient repair 

mechanisms and have a greater ability to undergo cell proliferation to assist in apoptotic 

cell removal, which are lacking in tumour cells as shown by the decrease in tumour cell 

proliferation between 12-84 hrs post-irradiation and persistent γH2AX-positive cells. 

Similarly, in healthy MRT-irradiated skin tissues, Priyadarshika et al showed that cell 

death does not only occur in the peak region it also occurs in the valley regions, 

however the majority of the cells in the valley are able to survive and therefore are 

capable of proliferating and repairing cells damaged in the peaks (Priyadarshika et al., 

2011). These observations also explain the remarkable resistance of normal tissue when 

exposed to ablative doses of synchrotron-generated MRT radiation beams (in the 

hundreds of Gray range) (Crosbie et al., 2010; Dilmanian et al., 2003c). By contrast, 
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malignant tissues experience substantially reduced growth or sometimes even complete 

ablation, despite only a fraction of the tumour mass being irradiated with high dose 

microbeams (Dilmanian et al., 2002; Regnard et al., 2008b).  

 

MRT was also shown to cause differential regulation of genes, including major 

histocompatibility complex (MHC) class II antigen gene family members and several 

other immune-related genes compared to BB healthy and tumour-bearing mice 

inoculated with EMT6.5 breast cancer tumours at 4 and 48 hrs post-irradiation (Sprung 

et al., 2012). Sprung et al suggests that the genes that were significantly altered by 

MRT compared to BB may be involved in the beneficial normal tissue response 

observed in animal models using MRT, and MRT may effect tumour immunity by 

regulating multiple different downstream targets (Sprung et al., 2012). Similarly, an in 

vitro study involving EMT6.5 cells irradiated with MRT and BB, showed that MRT 

differentially influences various pathways involved in gene transcription, translation 

initiation, macromolecule metabolism, oxidoreductase activity and signalling 

transduction compared to BB (Yang et al., 2014). Yang et al showed that when 

MRT/BB was delivered alone or combined with inflammatory factor 

lipopolysaccharide, an upregulation of CCL2, CCL5 or CSF2 occurred, suggesting that 

radiation promotes recruitment of immune cells to tumour sites. Therefore indicating 

that combining MRT/BB with CCL2 or CSF2 blockade would promote delayed tumour 

growth and metastasis leading to improved tumour control compared to if radiation is 

used alone (Yang et al., 2014). 

 

A report on differential gene expression in healthy and brain tumour-inoculated rats 

irradiated with MRT indicated that more than half of the genes were common in both 

healthy and tumour tissues and were predominantly associated with immunity or 

inflammation (Bouchet et al., 2013b). Bouchet et al showed that normal brain tissues 

involved 2.7 times more genes than tumour tissue (1,509 versus 554) suggesting tissue-

specific response to MRT. The higher number of genes observed in the normal brain 

tissue was attributed to the higher level of cellular diversity in normal tissue compared 

to tumour tissue. Bouchet et al identified several pathways that include HMGB1, toll-

like receptors, C-type lectins and CD36, which may be activated by irradiation, 

inflammation and immune responses. The Bouchet article concluded that the 

modulations in genes involved in immunity and inflammation could reveal pathways 
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altered by MRT and may be involved in mechanisms that drive the improved 

therapeutic index of MRT. However, further studies with longer time points after 

irradiation are required to establish the gene expression pathways that are differentially 

altered in normal and tumour tissues following MRT (Bouchet et al., 2013b).  

 

2.9.3 Proposed mechanisms that explain MRT improved therapeutic capacity 

 

Presently there is no conclusive evidence that can fully explain the efficacy of MRT 

compared to BB radiotherapy. It is unknown whether the geometrical differences 

between BB and MRT or the differences of total dose delivered between the two 

modalities are associated with the normal tissue sparing and preferential tumouricidal 

effects (Sprung et al., 2012). Various hypotheses have been proposed to explain MRT 

effects including: selective bystander effects (Dilmanian et al., 2007; Fernandez-Palomo 

et al., 2013; Mothersill et al., 2014; Smith et al., 2013) and microvascular effects 

(Dilmanian et al., 2002; Laissue et al., 1998; Serduc et al., 2009; Serduc et al., 2008; 

Slatkin et al., 1995) on tumours, increased tumour cell migration (Crosbie et al., 2010), 

increased cell proliferation and stem cell survival in normal tissues (Zhong et al., 2003), 

and alterations in immune response in tumours and normal tissues stimulated by 

radiation (Dilmanian et al., 2007; Smilowitz et al., 2006; Sprung et al., 2012).  

 

Intercellular communication/RIBE and regeneration of microvasculature play major 

roles in the resistance of normal tissue to MRT. A study that advocates both of these 

mechanisms was reported by Dilmanian’s group in two experiments, the first involved 

confluent cultures of bovine aortic endothelial cells exposed to three parallel 27 µm 

microbeams at 24 Gy (Dilmanian et al., 2007).  The second involved rat spinal cords 

transaxially irradiated with a single 270 µm thick microplanar beam at 750 Gy. At 6 hrs 

the bovine aortic endothelial cells remained confluent despite apoptosis of directly 

irradiated cells. In the spinal cord experiment, at 2 weeks there was a frequency 

reduction of oligodendrocytes, astrocytes and myelin. However, by 3 months the tissue 

was nearly restored with evidence of repopulation and re-myelination. This report 

indicates that for both experiments the beneficial aspects of the RIBE could be linked to 

the observed tissue restoration. This is potentially due to release of growth factors, 

including cytokines, and initiation of cell-signalling cascades (Dilmanian et al., 2007). 

Such responses could have been stimulated by rapid removal of apoptotic cells and 
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structural response of the surviving neighbouring cells. However, it is also possible that 

the result seen in the spinal cord experiment might be due to angiogenic events. Such 

events could replenish the damaged capillary blood vessels; stimulate proliferation, 

migration and differentiation of the progenitor glial cells, to produce new, mature, and 

functional glial cells (Dilmanian et al., 2007).  

 

It has been hypothesised that the poorly differentiated neovasculature of the brain 

tumour vessels and its relatively new formation (compared to healthy vessels), once 

damaged by MRT radiation, may not be repaired properly compared to MRT-irradiated 

normal mouse brain microvasculature, which by contrast repairs more rapidly 

(Blattmann et al., 2005; Dilmanian et al., 2002; Dilmanian et al., 2003a; Laissue et al., 

1998). This hypothesis has never been fully verified although there is a study that shows 

increase in tumoural vessel permeability for FITC Dextran (a fluorescently tagged 

molecule that does not normally cross the blood-brain barrier) after microbeam 

exposure (Dilmanian et al., 2003a). This hypothesis was supported by studies that 

demonstrated that tumour control was related to the differential effect of MRT on 

tumour vessels, a decrease in tumour blood volume and preservation of normal brain 

(Bouchet et al., 2010). Conversely, other reports on the microvasculature of tumour and 

normal tissues following MRT indicate that MRT was able to prolong the life of mice 

inoculated with brain tumours due to cytoreduction effects rather than direct irradiation 

effects on tumour vessels (Serduc et al., 2008), such as reduction of blood volume in 

tumours, which was suggested by 2 different studies (Dilmanian et al., 2002; Laissue et 

al., 1998).  

 

Fontenella et al used a single 50 Gy microbeam to irradiate a portion of a skin tumour 

in vivo, creating a valley area on either side of the microbeam, which received less than 

1% of the peak dose (Fontanella et al., 2015). This study analysed vascular function and 

structure of the MRT irradiated tumour and found that MRT increased angiogenesis, 

which caused blood flow to be redirected to the irradiated tissue therefore increasing the 

blood supply to the irradiated tissue. This angiogenesis effect was suggested to be 

influenced by the increased expression of HIF-1, a transcription factor that regulates 

hypoxia related gene expression (Semenza, 2003). A high level of HIF-1 expression 

was observed in the area outside the irradiated tumour area rather than within the 

microbeam path, the authors proposed that HIF-1 is important for the profound 
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angiogenic and/or vasculogenic response observed. They also suggest that bystander 

effects may have contributed to the increased HIF-1 expression, which can in-turn 

emanate from the irradiated area into the non-irradiated tumour to cause damage to the 

rest of the tumour volume (Fontanella et al., 2015). Other reports also showed that stage 

of vascular maturation is one factor that dictates MRT-induced tissue damage 

(Brönnimann et al., 2016; Sabatasso et al., 2011); this observation was discussed in 

section 2.9.1.  

 

Bystander effects have also been associated with the normal tissue sparing effect 

induced by MRT. Several reports on radiation induced changes in bystander cells 

demonstrate that gene expression responses are linked to cell fate decisions (Ghandhi et 

al., 2008; Iwakawa et al., 2008), therefore this could explain the different normal tissue 

responses following MRT compared to BB radiation. More direct evidence of bystander 

effects induced by MRT has been reported (Fernandez-Palomo et al., 2013; Smith et al., 

2013) that showed that bystander signals are produced in vivo in non-irradiated brain 

hemisphere and bladder of normal and tumour-bearing rats that were exposed to MRT 

and BB irradiation of the right cerebral hemispheres. Fernandez-Palomo et al suggested 

that systemic effects might contribute to the observed bystander effects in the non-

irradiated brain hemisphere. The Fernandez-Palomo study demonstrated that there was 

no difference between reporter cell survival in peak and valley regions of MRT 

irradiated brain tissue, suggesting that the valley doses were able to generate a 

bystander signal, given the valley doses were between 0.51-10.3 Gy (Fernandez-Palomo 

et al., 2013), which is higher than the threshold for RIBE induction in in vitro studies of 

2-3 mGy (Liu et al., 2006) and γH2AX biodosimetry studies of 10 mGy (Lobachevsky 

et al., 2015). Further, MRT and BB-irradiated tumour tissue was found to produce 

higher levels of bystander effects than MRT and BB-irradiated healthy tissue suggesting 

that different pathways are involved in producing bystander effects in healthy and 

tumour-bearing tissues (Fernandez-Palomo et al., 2013). In addition, the level of 

proliferation and transcription of the bystander cells (Dickey et al., 2012) may also 

contribute to the differential responses of healthy and tumour bearing tissues to MRT. 

Interestingly, bystander effects were observed in non-irradiated mice that shared the 

same cage as MRT and BB irradiated mice for over 48 hrs (Mothersill et al., 2014). 

Similar effects were also observed in directly irradiated rainbow trout, medaka, fathead 

minnow and zebrafish, which were found to release signals into the water, affecting 
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non-irradiated fish (Mothersill et al., 2006a; Mothersill et al., 2014; Mothersill et al., 

2007; Mothersill et al., 2009), and in amphibians where tadpoles from contaminated 

lakes caused adaptive responses in tadpoles from clean lakes (Audette-Stuart & 

Yankovich, 2012).  

 

In theory, bystander effects do not occur between peak and valley cells since by 

definition bystander effects occur in non-irradiated cells, and all the cells in the MRT 

valley region are irradiated. However, other forms of intercellular communication aside 

from bystander effects may occur between peak and valley irradiated cells to explain the 

improved therapeutic benefit of MRT compared to BB. Since MRT beams generate 

areas of maximally and minimally irradiated cells within tissues, it is possible that 

intercellular communication effects may be occurring between zones of lethally 

irradiated cells and relatively undamaged cells which ultimately lead to improved repair 

response and removal of damaged cells (Crosbie et al., 2010). Crosbie et al showed that 

cell proliferation of healthy skin steadily increased 24-84 hrs post-MRT irradiation and 

γH2AX positive cells decreased over time, which suggests that the skin is capable of 

repairing the tissue following radiation damage. This observation was not seen in the 

presence of tumour cells where there was a decrease in tumour cell proliferation at 12 

hrs and this decrease continued at 84 hrs post-MRT-irradiation, and an increase in 

γH2AX positive cells. This observation suggests that the tumour cells are incapable of 

repairing the damage induced by MRT irradiation (Crosbie et al., 2010). The fact that 

MRT produces minimally irradiated cells is a key difference that separates it from BB 

irradiation and this feature is likely to be a contributing factor that influences the 

distinctly different biological responses observed in MRT compared to BB (Bouchet et 

al., 2015; Bouchet et al., 2013b; Crosbie et al., 2010; Curtis, 1967; Dilmanian et al., 

2007; Laissue et al., 2007; Smyth et al., 2016). 
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CHAPTER 3  

 

The role of radiation parameters in 

propagating systemic effects of synchrotron 

radiation.  

 
3.1 INTRODUCTION 
 

Increasing the radiation field size and the use of different irradiation modalities 

can influence the risk of radiation-associated secondary malignancies and systemic 

inflammation (Kamran et al., 2016), therefore understanding contributing physical 

radiation factors and their biological consequences is necessary to reduce the adverse 

side effects of radiation therapy. Current radiation techniques involve exposure of less 

tissue to high doses of radiation compared to older techniques. Photon beams for 

instance, involve heavy charged photon particles that have rapidly increasing and large 

energy losses at the end of their electron tracks, which ultimately reduce the radiation 

exposure of the surrounding non-targeted tissues (Bourland, 2012). However, longer 

follow-up studies are still necessary to establish the risk of secondary malignancies in 

populations treated with photon beams (Kamran et al., 2016). The radiation field size 

also plays an integral role in risk of secondary malignancy development. A report by De 

Bruin et al showed that when a smaller amount of breast tissue is exposed to radiation 

in Hodgkins lymphoma patients, less long-term risk of developing breast cancer and 

reduced possibility of secondary cancers was observed, since less normal tissue is 

exposed to radiation (De Bruin et al., 2009). This approach is now incorporated in 

modern radiotherapy with the aim of reducing the amount of radiation to normal tissues, 

in order to reduce the risk of secondary malignancies and the severity of normal tissue 

toxicities.  
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High precision conventional radiation therapy (CRT) techniques, such as intensity 

modulated radiation therapy (IMRT), involve the use of multiple moving beams that 

conform to the shape of the tumour structure to flood it with a high dose of radiation, 

resulting in large volumes of normal tissues being ‘bathed’ with relatively low doses, 

within the beams (Fiandra et al., 2012; Gutiontov et al., 2016; Hodapp, 2012). The 

normal tissues are exposed to slightly elevated doses of scattered radiation that spreads 

out in different directions from each radiation beam, causing an increased risk of 

radiation-induced secondary malignancies (Hall & Wuu, 2003; Purdy, 2008) as a result 

of genotoxic radiation-induced abscopal effects (RIAE). 

 

Whilst the biological effects of irradiated tumours have been intensively studied, 

it is still unclear how normal tissues respond to different radiation settings and whether 

these irradiation settings influence the radiation-induced abscopal effect (RIAE). In fact, 

we still do not understand how irradiation modality, dose and size of irradiation area, 

affect out-of-field normal tissues. There is also a very limited body of literature on the 

systemic effects of MRT in normal tissues. Therefore, to address these questions, we 

aimed to examine the systemic effects of synchrotron-generated MRT and broad beam 

(BB) radiation modalities in a mouse model, and determined how radiation dose and 

irradiated volume impact response in out-of-field normal tissues. Synchrotron radiation 

is an appropriate tool to study systemic effects of radiation since it has been shown that 

CRT triggers out-of-field biological effects due to significant scatter, thus RIAEs were 

difficult to interpret using CRT modalities (Koturbash et al., 2008; Koturbash et al., 

2006; Mancuso et al., 2008). 

 

During the early stages of my PhD, I analysed majority of the data collected from 

harvested mouse tissues and wrote my first lead author publication, where I contributed 

more than 50% of the content published in the manuscript. The manuscript featured in 

this chapter was published in the Cancer Research journal. This manuscript was kept in 

its original style according to the journal requirements and it contains its own reference 

section. The following publication details our findings. The supplementary figures and 

tables are located at the end of the main manuscript. I also published an extra-view 

publication in the Journal of Physics, which extends the discussion beyond what was 

discussed in the Cancer Research paper, this publication can be found in Appendix 1.  
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Abstract

The importance of nontargeted (systemic) effects of ionizing
radiation is attracting increasing attention. Exploiting synchro-
tron radiation generated by the Imaging andMedical Beamline at
the Australian Synchrotron, we studied radiation-induced non-
targeted effects in C57BL/6mice.Micewere locally irradiatedwith
a synchrotron X-ray broad beam and a multiplanar microbeam
radiotherapy beam. To assess the influence of the beam config-
urations and variations in peak dose and irradiated area in the
response of normal tissues outside the irradiated field at 1 and 4
days after irradiation,wemonitored oxidatively induced clustered
DNA lesions (OCDL), DNA double-strand breaks (DSB), apo-
ptosis, and the local and systemic immune responses. All radia-
tion settings induced pronounced persistent systemic effects in

mice, which resulted from even short exposures of a small
irradiated area. OCDLs were elevated in a wide variety of unirra-
diated normal tissues. In out-of-field duodenum, there was a
trend for elevated apoptotic cell death under most irradiation
conditions; however, DSBs were elevated only after exposure to
lower doses. These genotoxic events were accompanied by
changes in plasma concentrations of macrophage-derived cyto-
kine, eotaxin, IL10, TIMP1, VEGF, TGFb1, and TGFb2, along with
changes in tissues in frequencies of macrophages, neutrophils,
and T lymphocytes. Overall, our findings have implications for
the planningof therapeutic anddiagnostic radiation treatments to
reduce the risk of radiation-related adverse systemic effects. Cancer
Res; 77(22); 6389–99. !2017 AACR.

Introduction
The discovery of the radiation-induced bystander effect

(RIBE; ref. 1) has expanded knowledge of radiobiological
mechanisms beyond the scope of the central dogma of radiation
biology, i.e., only cells that absorbed a dose of ionizing radi-
ation (IR) are affected and the response is dose-dependent. The
RIBE is now a well-established phenomenon comprising cyto-
and genotoxic effects in out-of-field cells associated with irra-
diated cells. A puzzling but consistent feature of the RIBE is the
lack of a radiation dose-response (1, 2). A counterpart in vivo
phenomenon, defined as a change in an organ or tissue distant
from the irradiated region, was termed the abscopal effect (3).
Given the role of the bystander/abscopal effects in radiation-
induced mutagenesis and carcinogenesis (referenced and dis-
cussed in refs. 4, 5), there is a potential link to the growing body
of evidence demonstrating that radiation-induced secondary
malignancies are a frequent event (5). Children are more
sensitive than adults (6); however, middle-age to older cancer
survivors also face increased risk of developing secondary can-
cers (7). On the other hand, there are studies demonstrating
that radiotherapy may exert an abscopal effect in improving
the therapeutic response of tumors outside the radiation field,
raising the possibility of also suppressing tumorigenesis at
distant sites (4, 8). These observations of nontargeted effects
that accompany radiotherapy, which is part of the treatment for
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about half of all cancer patients (9), prompt consideration of
these effects in treatment planning (1).

Cytokines, growth factors, free radicals, reactive oxygen and
nitrogen species (ROS and RNS), released either via gap junc-
tions or via secretion into media, have been shown to inflict a
number of alterations in healthy neighboring cells (10–12).
Potentially harmful lesions, mediated by reactive species, such
as bistranded oxidative clustered DNA lesions (OCDL; ref. 13)
and DNA double-stranded breaks (DSB), measured by the
presence of phosphorylated histone H2AX (gH2AX; ref. 14),
have been used as end-points to monitor nontargeted effects
in vitro and in vivo (15–18).

Cell–cell communication in vivo is believed to involve compo-
nents of the immune system that work as an ensemble to transmit
the systemic effects of radiation (1). Our group recently reported
induction of persistent DSBs in normal tissues outside the irra-
diated volume in patients receiving radiotherapy for lung cancer;
this effect has been associated with changes in plasma cytokines
(19, 20). Extensive bioinformatics studies have identified unique
interactions between proteins participating in the RIBE, DNA
damage response (DDR) pathway, and the immune system,
unraveling the mechanistic puzzle of radiation-induced systemic
effects (21).

New high-dose rate radiotherapy approaches such as FLASH
generated by a linear electron accelerator and synchrotron-gen-
erated microbeam radiotherapy (MRT) have shown promising
potential in treatment of cancer, as reports have highlighted their
ability to more effectively ablate tumors while sparing normal
tissues over that expected at lower dose rates (22–24). An MRT
beam comprises an array of planar-separated microbeams pro-
duced from a uniform parallel X-ray beam with the aid of a
collimator, so this configuration, as well as the high-dose rate,
can contribute to preferential sparing of normal tissues. BothMRT
and conventional BB synchrotron beams are convenient tools to
study nontargeted effects due to the precise beam geometry and
low scatter radiation that cannot be achieved with conventional
radiation sources (25).

It is not known how radiation settings affect nontargeted
normal tissues and therefore the risk of radiation-related
adverse systemic effects. Here, we examined the systemic effects
of MRT and BB configurations, and determined how radiation
volume and dose impact the response in out-of-field normal
tissues in vivo. We associated the propagation of these systemic
effects with the induction of innate and adaptive immune
effector responses.

Materials and Methods
Mice

Animal studies have been conducted in accordance with an
Institutional Animal Care and Use Committee. Six-week-old
C57BL6 (B6) female mice were purchased from Monash Univer-
sity, Melbourne, Australia, and housed at the AS, Melbourne,
Australia. The ethics protocols were approved by Monash Uni-
versity and the AS Animal Ethics Committees (Approval MMCA-
2012-01).

Irradiations
Mice were irradiated in an experimental hutch at the Imag-

ing and Medical Beamline (IMBL) at the AS. Anesthetized
animals were positioned using a specially designed jig

allowing for the precise irradiation of mice (Supplementary
Fig. S1A).

The AS maintains a constant electron current of 200 mA,
thus generating a photon beam dose rate of 49.3 Gy/s, deter-
mined by using an ionization chamber. We irradiated 2 ! 2,
8 ! 1, and 8 ! 8 mm2 areas on the right hind leg. To obtain the
desired dose, a fast-moving shutter was used. Exposure intervals
of 200 or 810 ms were employed, which resulted in a 10 and
40 Gy dose, respectively, for BB irradiation. To achieve an
8 ! 8-mm2 dimension, an initial 8 ! 1 mm2 horizontal beam
and a motorized stage were used. The vertical position of the
stage was incremented by 1 mm following the delivery of
8 consecutive individual pulses of 8 ! 1 mm2 (Supple-
mentary Fig. S1B). For the 8 ! 1 mm2 area, only a single
pulse of irradiation was delivered. A similar procedure was
employed for the 2 ! 2-mm2 dimension with initial beam size
of 2 ! 1 mm2.

The MRT beam configuration required an initial 8 ! 1 mm2

beam to pass through a collimator, which separates the beam into
an array of five parallel planar microbeams that are 25 mm wide
and separated by 175 mm spacing (Supplementary Fig. S1B). An
8 ! 8 mm2 irradiation area was obtained by 8 consecutive
pulses as described above, resulting in 40 planar beams within
the 8 ! 8-mm2 area of tissue.

Five mice per experimental and control groups were used.
Twenty experimental groups were irradiated with various combi-
nations of a beam modality, peak dose, and irradiated area
(Supplementary Table S1). Mock-irradiated controls were anes-
thetized and shaved in the experimental area similar to the
irradiated animals. The site of irradiation was marked, and the
radiation dose within the targeted area was verified using
Gafchomic film EBT3 (manufacturer's specified dose range
1 cGy–40 Gy, Ashland Specialty Ingredients). A sample of more
sensitive Gafchomic film XRQA2 (manufacturer's specified dose
range 1 mGy–20 cGy, Ashland Specialty Ingredients) was placed
at approximately 50 mm from the targeted area to monitor the
dose of scattered radiation (Supplementary Fig. S1A).

For BB irradiation, absorbed doses were calculated based on
the duration of the exposure interval. For MRT irradiation,
average integrated doses were calculated based on the micro-
beam profile reported by our group (25), which produced an
average integrated dose rate of 5.72 Gy/s, and the duration of
the exposure interval. Doses of scattered radiation were eval-
uated based on the dose and the size of the targeted area and
using distance profiles of the scattered doses as reported in
ref. 25. These doses were approximated using the inverse square
function of the distance from the targeted area, assuming that
the scattered dose is proportional to the size of the targeted area
and the dose to the targeted area (average integrated dose for
the MRT irradiation). In parallel, scattered doses were estimated
from XRQA2 film samples scanned using a Perfection V800
scanner (Epson) operating in the reflection mode. Calibration
curves were obtained using high doses of synchrotron radiation
(49.3 Gy/s) and low doses of X rays ("1 Gy/min) with similar
effective energies, as reported in ref. 25.

Harvesting of mouse tissues
Mice were euthanized at 24 and 96 hours after irradiation.

Irradiated skin, distant skin located 35 mm away from
the irradiated area, and a range of other tissues, blood, duo-
denum, colon, tongue, spleen, and ovaries, were harvested
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(Supplementary Table S2). Blood samples obtained by cardiac
puncture were collected into ethylenediaminetetraacetic acid–
containing tubes (Starsted) and centrifuged twice at 2,000 rpm
for 10 minutes and at 4,000 rpm for 10 minutes within 2 hours
postblood collection. The upper 90% of the plasma (up to 200
mL) was transferred into cryovials and stored at !80"C for
cytokine analysis. Skin and duodenum samples were embedded
in Tissue Tek O.C.T compound (Sakura), snap-frozen on dry
ice, and stored at !80"C for immunohistochemistry. All non-
targeted tissues were individually placed in cryovials, frozen on
dry ice, and stored at !80"C for OCDL studies. The snap-frozen
skin samples were also used for a gene expression analysis,
described in another report (in preparation).

The methodologies for DNA extraction and OCDL analysis,
immunohistochemistry, and plasma cytokine measurements are
described elsewhere (15, 16, 19, 20, 26) and presented in Sup-
plementary Materials and Methods.

Image acquisition and analysis
Immunofluorescence images of the gH2AX–stained tissue sec-

tions were obtained using a confocal laser-scanning microscope
Olympus FLUOVIEW FV1000 (Olympus). Optical z-sections
were scanned and merged to obtain maximum intensity projec-
tion images. gH2AX foci were counted in at least 300 cells per
mouse using in-house–developed software, JCountPro (27).

For analysis of immune and apoptotic cells, images were
obtained using the Olympus BX-51 (Olympus) and the SPOT
advanced software with a 1.4 MP SPOT camera (Diagnostic
Imaging Inc.). The GNU Image Manipulation Program software
(developed by Kimball and Mattis) was used to assist the manual
quantification of cells. Positively stained cells were calculated as a
fraction of the total 500 counted cells.

For evaluation of 8-oxoguanine (8-oxoG), Ki67 nuclear stain-
ing was performed by counting cells per field at #630 magnifi-
cation. Evaluation of p65 nuclear staining was employed by
counting cells at #400 magnification. Evaluation of senescent
cells was employed by manual counting Sudan Black B–positive
cells (26) at #400 magnification.

Statistical analysis
The Student t test was used to evaluate the differences between

mock-irradiated control and IR-treated cohorts of mice.

Results
Dosimetry studies

The radiation doses delivered to targeted areas of different sizes
and other radiation conditions are presented in Table 1. We
estimated the dose of scatter radiation to the tissues analyzed
(Supplementary Fig. S1C), assuming that the scattered dose is
proportional to the total absorbed energy, which is a product (or
integral) of the dose and the size of the targeted area (termed as a
dose*area product), which is one of the measures of the local
radiation exposure (28). These values, also presented in Table 1,
indicate that local radiation exposures obtained from10and40Gy
of an 8# 8 mm2 MRT beam (0.74 and 2.97 Gy*cm2, respectively)
are almost equivalent to 10 and 40 Gy from a 8 # 1 mm2 BB (0.8
and 3.20 Gy*cm2, respectively). The scattered dose was measured
on a radiochromic XRQA2 film positioned approximately 50 mm
from the irradiation source (Supplementary Fig. S1A and Table 1).
There is a degree of uncertainty for this estimate because the doses
are at the limit of the film sensitivity; however, there is a very good
overall agreement between themeasured and calculated doses. The
results indicate that for the majority of tissues and irradiation
schedules, the scatter doses were in the mGy range and can be
considered biologically insignificant in the context of the classical
radiobiology (29). For tissues located closer to the targeted area
(colon, right ovary, or intestine), the scattered doses associated
with a higher-dose BB exposure (8# 8mm2)were up to 150mGy.
Such doses fall in the range of "low doses" that might induce a
radiobiological response (29).

Accumulation of complex DNA damage and apoptosis in
out-of-field tissues

We concentrated on two DDR end-points in normal tissues
outside the irradiated volume. These are OCDLs and DSBs,
representatives of two types of complex and potentially lethal
DNA lesions. Our previous studies reported elevated levels of
radiation-induced DSBs in bystander cells (2, 17, 18, 30, 31) and
normal tissues of radiotherapy patients (19, 32), and increased
OCDLs and DSBs in normal tissues distant from inoculated
tumors in mice (16) signifying systemic DDR. We also measured
the incidence of apoptotic cells (18, 33).

OCDLs. We analyzed two types of OCDL, those compris-
ing oxidized purines, cleaved by 8-oxoguanine glycosylase

Table 1. Radiation doses in the targeted area and out-of-field tissues

Calculated mouse tissue scattered dose, mGy
Tissue/Distance from irradiated skin area

Experimental setup (beam,
area, dose)

Measured
target

(average)
dose, Gya

Overall
targeted
area,
mm2b

Dose*Area,
Gy*cm2

Tongue
(70 mm)

Spleen
(35 mm)

Duodenum
(30 mm)

Ovary left,
distant skin
(35 mm)

Ovary
right

(22 mm)
Colon

(15 mm)

Measured
scattered
dose at

50 mm, mGy
MRT 2 # 2 mm2, 10 Gy 1.16 4 0.046 0.013 0.050 0.069 0.050 0.128 0.275
MRT 8 # 8 mm2, 10 Gy 1.16 64 0.742 0.202 0.808 1.10 0.808 2.04 4.40 1.44 $ 0.66
MRT 2 # 2 mm2, 40 Gy 4.64 4 0.186 0.050 0.202 0.275 0.202 0.511 1.099
MRT 8 # 8 mm2, 40 Gy 4.64 64 2.97 0.808 3.23 4.40 3.23 8.18 17.6 1.77 $ 0.50
BB 2 # 2 mm2, 10 Gy 10 4 0.40 0.109 0.44 0.59 0.44 1.10 4.74
BB 8 # 1 mm2, 10 Gy 10 8 0.80 0.218 0.87 1.18 0.87 2.20 4.74 0.79 $ 0.53
BB 8 # 8 mm2, 10 Gy 10 64 6.40 1.74 6.96 9.48 6.96 17.6 37.9 1.61 $ 0.41
BB 2 # 2 mm2, 40 Gy 40 4 1.60 0.44 1.74 2.37 1.74 4.41 9.5
BB 8 # 1 mm2, 40 Gy 40 8 3.20 0.87 3.48 4.74 3.48 8.81 19.0 1.38 $ 0.80
BB 8 # 8 mm2, 40 Gy 40 64 25.6 6.96 27.9 37.9 27.9 70.5 151.6 3.34 $ 1.04
aThe target dose was calculated as we have described (25).
bThe MRT beam comprises 25-mm-thick planar beams of the nominated dose, separated by gaps of 175 mm ("valleys"). The average dose is calculated for the entire
area. Disregarding the gap areas, the actual irradiated area of a 2 # 2 mm2 MRT beam is 0.5 mm2. In reality, the dose in the "valley" area is greater than zero.
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(OGG1), and those with abasic sites, cleaved by apurinic/
apyrimidinic endonuclease 1 (APE1), in five normal tissues
distant from the irradiated site (duodenum, colon, spleen,
ovaries, and tongue). Across all treatment groups, the fre-
quencies of OGG1 and APE1 clusters were consistently
and significantly elevated in response to the radiation treat-
ment in all tissues analyzed (Fig. 1). Despite the wide range
of scattered doses in various tissues and treatment groups
(0.20–70.5 mGy, Table 1), the OCDL levels were generally
similar. Dose independence indicates that OCDL formation
was caused by other factors rather than direct radiation
exposure (1).

In almost all cases, theOGG1 cluster frequencies (Fig. 1A) were
2- to 3-fold greater than those of the APE1 clusters (Fig. 1B).
Overall, the average OGG1 frequencies ranged from 2.9 to 3.5
clusters/Mbp (2.4–2.6-fold increase compared with mock-irradi-
ated controls), whereas for APE1 lesions, the frequencies ranged
from 1.3 to 2.0 clusters/Mbp (1.6–2.1-fold increase). The highest
OGG1 frequencies (average 3.54 clusters/Mbp) were detected in
colon, whereas those for APE1 (average 2.0 clusters/Mbp) were
found in ovaries.

DSBs. We used the gH2AX foci assay (14) to monitor DSBs in
nontargeted duodenum and skin. Among all studied cell types
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Figure 1.
Accumulation of OCDLs in out-of-field tissues. OGG1 (A) and APE1 (B) lesions in out-of-irradiated-field duodenum, colon, spleen, ovaries, and tongue of C57BL6 (B6)
mice irradiated under various experimental conditions. Error bars, SEM; ! , P < 0.05; n ¼ 5.
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[duodenum epithelium and the nonepithelial compartment
(stroma), skin hair follicles, epidermis, and dermis], duodenum
epithelial cells were the most sensitive to formation of abscopal
DSBs, consistent with our previous reports (15, 16). Under some
conditions, gH2AX foci frequencies increased in duodenum epi-
thelium and hair follicles.

Overall, in duodenum, the number of foci was variable across
the groups (Fig. 2A), with both increases and decreases com-
pared with the average in mock-irradiated mice. There was no
consistent trend between the 24- and 96-hour time-points
across the groups. Generally, increases in foci numbers above
the mock-treatment group were associated with the low
dose*area product (10 Gy peak dose for both MRT and BB
irradiations). In particular, at 96 hours, in 10 Gy MRT-irradiated
mice in 8! 8 mm2 region, foci increased by 3-fold (P ¼ 0.0006)
compared with the mock-irradiated controls. Foci numbers did
not change or decrease with the higher dose*area product
(maximum decrease in a BB 40 Gy 8 ! 8 mm2 irradiated group,
P ¼ 0.0033 and 0.0003 at 24 and 96 hours, respectively; Fig. 2A
and B). In distant skin samples (Supplementary Fig. S2A and
S2B), a trend for persistently elevated gH2AX foci was also
found in MRT-irradiated and (for a smaller irradiated area) in
BB-irradiated hair follicles, with statistically significant increased
values at 96 hours after irradiation. Similar to observations in
the duodenum, the gH2AX foci numbers decreased below
background levels at 96 hours in response to BB 8 ! 8 mm2

irradiation.

Apoptosis. We examined caspase-3 cleavage as an indicator of
apoptosis. The duodenum epithelium underwent apoptosis in
mice treated with both MRT and BB radiation modalities (Fig. 2C
and D); however, the increase in the frequency of apoptotic cells

was not statistically significant. No statistically significant increase
in apoptosis was detected in hair follicles of distant skin (Sup-
plementary Fig. S2C).

DSBs and apoptosis in irradiated skin. The induction and decline
of gH2AX in irradiated cells is an early event (14, 25). Con-
sistently, gH2AX foci values were close to the preirradiation
levels at 24 hours and especially at 96 hours after irradiation,
providing an evidence of a robust DNA damage repair (Sup-
plementary Fig. S2D–S2E). No statistically significant increase
in apoptotic events was detected in hair follicles of irradiated
skin (Supplementary Fig. S2F).

Modulations of oxidative stress, proliferation, senescence, and
inflammation biomarkers in out-of-field duodenum

We examined induction of 8-oxoG, a modified guanine that
results from reaction of, for example, hydroxyl radical with DNA,
and therefore serves as an indicator of oxidative stress, in duo-
denum of BB-irradiated mice at lower (10 Gy 8 ! 1 mm2) and
higher doses (40 Gy 8 ! 8 mm2; local radiation exposures of
targeted areas of 0.8 and 25.6 Gy*cm2, respectively; Table 1).
Frequencies of 8-oxoG(þ) cells were significantly elevated at both
24 and 96 hours after irradiation, similarly for both doses, up to
7-fold in epithelial cells for 10 Gy at 24 hours (P¼ 0.002) and up
to 3.7-fold in stroma for 10Gy at 24 hours (P¼ 0.001), in relation
to the mock-irradiated controls (Supplementary Fig. S3A–S3C).
In the same samples of duodenum epithelium, the frequencies
of the proliferation marker Ki67(þ) cells were reduced down to
2.5-fold at 40 Gy, 24 hours versus mock-irradiated controls
(P¼0.024; Supplementary Fig. S4A and S4B), and the frequencies
of senescent cells increased up to 2.2-fold at 40 Gy, 24 hours
versus mock-irradiated controls (P ¼ 0.0001; Supplementary
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Figure 2.
Accumulation of DSBs and apoptosis in out-of-field duodenum. Graphical presentation (A) and representative maximum projection images obtained
from z-stacks of confocal microscopy images (B) of gH2AX foci in frozen sections of duodenum epithelium of B6 mice irradiated under various experimental
conditions. Red, gH2AX; blue, DAPI (nuclear stain). Magnification, !60. Graphical presentation (C) and representative light microscopy images (D) of
apoptotic cells in frozen sections of duodenum epithelium from B6 mice irradiated under various experimental conditions. Examples of cleaved caspase-3–
positive cells (horseradish peroxidase stain) are shown by arrows; blue, hematoxylin (nuclear stain). Magnification, !100. Error bars, SEM; $ , P < 0.05; n ¼ 5
for gH2AX; and n ¼ 3 for apoptosis study.
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Fig. S5A and S5B). Finally, we examined the status of p65, a key
molecule implicated in inflammation. The levels of nuclear p65,
the active formof p65, increasedup to2.3-fold in 40Gy-irradiated
mice relative to mock-irradiated controls (P ¼ 0.01; Supplemen-
tary Fig. S6A and S6B). Overall, these biomarkers changed at a
comparable extent for both BB doses.

Immune response relative to the various radiation settings
To investigate potential association of the observed abscopal

effects with changes in the systemic immune response, we mea-
sured plasma levels of inflammatory cytokines and changes in
tissue frequency of innate [macrophages/dendritic cells (DC) and
neutrophils] and adaptive (T-lymphocytes) immune cells in the
out-of-field duodenum and skin.

Plasma cytokine analysis. Among 20 measured plasma cytokines,
levels of eotaxin, macrophage derived cytokine (MDC), and
IL10 decreased in response to BB and MRT irradiations, whereas
TIMP metallopeptidase inhibitor 1 (TIMP1), VEGF, and TGFb1
and TGFb2 increased (Fig. 3). Eotaxin decreased down to
2.5-fold compared with mock-irradiated controls (P ¼
0.004). MDC was most reduced, as much as 8.5-fold (P ¼
0.018). IL10 decreased down to 13.4-fold (P ¼ 0.007) at
96 hours in response to BB 8 " 8 mm2 10 Gy exposure. An

increase in TIMP1 levels compared with mock-irradiated con-
trols was evident for all doses and modalities (P ¼ 0.001–
0.036). VEGF and TGFb1 and TGFb2 plasma concentrations
significantly increased under most conditions (P ¼ 0.001–
0.052). Overall, the modulations exhibited similar trends
across all irradiation settings. The other cytokines measured
did not show consistent modulations, although in most cases,
the levels were less than the reliable threshold detection values.

Immune cells in out-of-field tissues. Both radiation modalities
induced accumulation of F4/80(þ) cells (macrophages/DCs)
in duodenum of irradiated mice, relative to mock-irradiated
controls (Fig. 4). The most significant increases were observed
at 96 hours after irradiation in MRT 10 Gy 8 " 8 mm2-
irradiated mice (3.1-fold increase, P ¼ 0.029) and BB 10 Gy
8 " 1 mm2-irradiated mice (2.3-fold increase; P ¼ 0.0408);
irradiation conditions with a similar dose*area product
(Table 1). The frequencies of F4/80(þ) cells remained mostly
unchanged in distant skin compared with mock-irradiated
controls (Supplementary Fig. S7A and S7B).

A trend for increased frequencies of Ly-6G(þ) cell (neutro-
phils) was observed in duodenum across most radiation condi-
tions (Fig. 4). A significant change occurred in BB-irradiated
groups, particularly in BB 8 " 8 mm2-irradiated mice at 96 hours
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Figure 3.
Plasma cytokine analysis. Eotaxin, MDC, IL10, TIMP1, VEGF, TGFb1, and TGFb2 levels in the plasma collected following irradiation of B6 mice under various
experimental conditions. Error bars, SEM; $, P < 0.05; n ¼ 3 (for eotaxin, MDC, IL10, TIMP1, VEGF) or n ¼ 2 (for TGFb1 and TGFb2).
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(4.6-fold increase for 10Gy,P¼0.009; 4.1-fold increase for 40Gy,
P¼ 0.002). Again, in the distant skin, the frequencies of Ly-6G(þ)
cells remained mostly unchanged (Supplementary Fig. S7).

There was a significant increase in frequencies of CD3(þ) cells
(T-lymphocytes) in duodenum of irradiated mice, across all
treatment groups, compared with mock-irradiated controls
(Fig. 4). A peak in CD3 staining was observed in MRT 10 Gy
8 # 8 mm2-irradiated mice, 7.6-fold at 24 hours (P ¼ 0.0001)
followed by a decline to 4-fold at 96 hours after treatment (P ¼
0.003). A similar trend was also observed in the MRT 40 Gy
treatment group, where CD3(þ) frequency peaked at 24 hours,
7.6-fold (P ¼ 0.011), followed by a drop at 96 hours with a
4-fold increase (P¼ 0.036) relative to controls. For the BB 10 Gy
8 # 1 mm2 treatment groups, there were fold increases of 4.4
and 5.3 at 24 and 96 hours after irradiation, respectively (P ¼
0.018 and 8.1 # 10$5, respectively). Similarly, in BB 40 Gy 8 #
1 mm2-irradiated mice, the CD3(þ) cell frequencies were
3.4- and 5.6-fold greater than controls at 24 and 96 hours after
treatment, respectively (P ¼ 0.002 and 0.036, respectively).

In distant skin, the CD3(þ) cell frequencies varied across types
of skin cells. They mostly remained unchanged in hair follicles; in
epidermis, they also increased across most irradiation settings;

particularly, in the BB 10 Gy 8 # 1 mm2 treatment groups,
CD3(þ) cells increased 1.79- and 1.52-fold at 24 and 96 hours
after irradiation, respectively (P ¼ 0.009 and 0.004, respectively;
Supplementary Fig. S7).

Thus, MRT and BB irradiations can induce changes in innate
and adaptive immune cell frequencies in nontargeted tissues.

Immune cells in irradiated skin. It is hypothesized that the
radiation-related DDR, cell death, and changes of cellular
properties can activate innate immune cells, particularly macro-
phages, via signal transduction, and encourage a subsequent
proinflammatory and oxidative/genotoxic response at abscopal
sites (4, 34, 35). We scored the frequencies of immune cells
in hair follicles, epidermis, and dermis in irradiated/mock-
irradiated areas of skin (Supplementary Fig. S8A and S8B).
Generally, these scores were higher than in distant skin, even in
mock-irradiated controls. This unexpected response in mock-
irradiated skin may have resulted from the shaving of the
targeted area prior to irradiation/mock irradiation. This proce-
dure alone could induce a local immune response. In contrast,
areas of distant skin were shaved just before mouse culling.

The changes of the immune cell frequencies were similar across
all irradiation settings. As the best example, in hair follicles of
irradiated skin (Supplementary Fig. S8A), both MRT and BB
induced a trend for an increase in frequencies of F4/80(þ) cells
relative to the mock-irradiated controls, up to 3.15-fold at
96 hours after 10 Gy 8 # 8 mm2 MRT irradiation (P ¼ 0.01).
Similarly, both MRT and BB induced increased Ly6G(þ) cell
frequencies, up to 1.78-fold at 24 hours after 10 Gy 8 # 8 mm2

BB irradiation. There were minimal changes in CD3(þ) cell
frequencies. The only significant rise (1.42-fold) occurred in hair
follicles of BB 10 Gy 8 # 1 mm2-irradiated mice at 96 hours (P ¼
0.016) relative to controls.

Thus, accumulation of macrophages/DCs and neutrophils
across most experimental settings indicates the ongoing innate
immune response in irradiated skin.

Discussion
This is the first comprehensive investigation of biological

radiation-induced effects in nontargeted mouse tissues as a
function of irradiated area, dose, time after irradiation, and
beam configuration. MRT and BB irradiations of skin patches
induced a wide range of persistent systemic effects in irradiated
mice. Remarkably, these effects resulted even from a very short
pulse (200 ms for 10-Gy peak dose; 810 ms for 40-Gy peak
dose irradiations) of the irradiated area that was as small as
0.5 mm2 (for 2 # 2 mm2 of MRT irradiations, not including
the "valley" regions), compared with approximately 80 cm2

body surface area of a 25 g mouse (equivalent to irradiation
of %1 cm2 in human). The largest irradiated area was 64 mm2

for 8 # 8 mm2 of BB irradiations. Consistent to reported
normal tissue resistance to ultra-high dose rate irradiation
(22, 23), DNA DSBs efficiently repaired in directly irradiated
skin; no pronounced apoptotic response has been observed. In
a variety of nontargeted tissues, across all irradiation settings,
OCDLs increased, as did apoptotic cells in duodenum epithe-
lium, and, under some conditions, gH2AX foci. The nontar-
geted effects also included increased expression of in situ
oxidative and inflammation markers, decreased proliferation,
and increased occurrence of senescent cells. We pursued studies
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Accumulation of immune cells in out-of field duodenum. Quantification of
macrophages/DCs (F4/80(þ) cells), neutrophils (Ly6G(þ) cells), and T cells
(CD3(þ) cells) duodenal epithelium of B6 mice irradiated under various
experimental conditions. Error bars, SEM; &, P < 0.05; n ¼ 3.
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on the involvement of the immune system in these effects and
found that both innate and adaptive local immune responses
were activated in duodenum. Among a panel of plasma cyto-
kines, we identified some with modulations of their expression
levels that can be associated with the observed changes. To
investigate the role of the irradiation parameters, we intro-
duced a common quantitative descriptor of the irradiation to
establish if the nontargeted effects correlate with such a de-
scriptor. We suggested the product of the absorbed dose (aver-
age absorbed dose in the case of MRT) and irradiated area
assuming that not just the level of the dose but the size of the
irradiated area could affect the radiation-induced cell signaling
and resulting nontargeted effects. We however did not find any
universal correlation between the values of the dose*area prod-
uct and the extent of the nontargeted effects. With an exception
of gH2AX foci changes, the effects were similar across all
irradiation settings.

We studied two types of potentially lethal DNA lesions,
OCDLs and DSBs (36, 37). Across all studied unirradiated
tissues and irradiation settings, MRT and BB induced prolonged
induction of OCDLs, an observation that can be attributed to
repair resistance of OCDLs or persistent systemic oxidative stress
(38). To support the latter, in a previous study, we demonstrated
the ameliorating effect of a dietary antioxidant Tempol on
abscopal OCDLs in tissues distant from a localized source of
genotoxic stress (a growing tumor; ref. 15). The extent of OCDL
formation may be dependent on a tissue niche. Within an
overall narrow range of OCDL induction, the colon seemed to
show the greatest changes in OGG1 lesions, whereas the ovaries
showed the most significant changes in APE1 lesions, which was
34% less compared with the OGG1 lesions found in ovaries.
This may be due to differences of repair efficiency between
organs and pathophysiologic responses, including inflammato-
ry response and antioxidant capacity.

DSB and apoptosis abscopal responses also were tissue-
specific—more pronounced in duodenum than in distant skin
samples, although at a similar distance from the irradiated site.
Gastrointestinal tract tissues contain highly proliferative cells and
stem cells (39, 40) that have been shown to be prone to radiation
effects (31). In proliferating cells, DSBs can form at replication
forks that interact with isolated oxidative lesions (16, 31, 41),
whereas OCDLs form irrespective of cellular replication state.

gH2AX kinetics differentiate between the cellular responses
to direct irradiation and to bystander/abscopal signaling. In
irradiated cells, gH2AX foci peak at 0.5 to 1 hour after exposure
and decline within several hours; in out-of-field cells and
tissues, the foci accumulate and persist for longer time and
disappear slowly (17–19). These differences are evident in our
previous study (25) where we compared gH2AX kinetics in cell
cultures that shared medium with synchrotron BB-irradiated
cells, and in cells that were exposed to scatter radiation, and
also in Supplementary Fig. S2A and S2D (compare gH2AX foci
in out-of-field and directly irradiated skin samples at 96 hours
after irradiation).

Therefore, the persistently increased gH2AX foci in out-of-
field tissues indicate DNA damage that was induced by a
mechanism different from direct irradiation. However, higher
peak doses did not stimulate an abscopal gH2AX response. A
plausible explanation for the low gH2AX foci values in samples
from 40 Gy BB-irradiated mice with the high dose*area product
is the quicker (i.e., complete by 24 hours) repair of DNA

damage that was directly inflicted by low doses of scatter
radiation. It is also possible that the scatter dose induced an
adaptive response (42, 43), ameliorating the bystander/absco-
pal response, although we are not aware of a precedent for such
an effect. To add to the complexity of systemic responses in vivo,
it should be noted that in directly irradiated cell populations,
the relative contribution of bystander damage, compared with
directly induced damage sustained by targeted cells, increases
with decreasing dose (44, 45).

The in vitro RIBE is well-studied, and effected bystander cells
exhibit a range of genotoxic events, similar to the cells that were
directly irradiated (1). The signal transduction is indicative of a
proinflammatory response facilitated by cyclooxygenase-
2–related pathways that involve cytokines, growth factors, and
membrane-permeable ROS and RNS that can be transmitted to
"na€"ve" neighboring cells via passive diffusion, gap junctions, or
active transport (reviewed in refs. 10–12). In vivo, a strong link
between DDR and immune response has been identified (34). It
has been proposed that the initial DNA damage at the irradiated
sites can trigger systemic responses via the interaction of DDR
components with the immune system and mediators, such as
cytokines (21). Searching for the cause of systemic DNA damage
alterations, we studied the radiation-induced local and systemic
immune response and found that both MRT and BB induced
local immune responses in irradiated (innate response) and
nontargeted tissues (innate and adaptive responses).

At the exposed site, as a part of the radiation response, macro-
phages and neutrophils become activated and secrete cytokines
(Fig. 5; ref. 12). Cytokines, in turn, can activate distant tissue-
associated macrophages (as well as other immune cells) that
would generate free radicals leading to a local oxidative stress
(1, 12). In line with this proposed mechanism, we observed
pronounced modulations of plasma cytokine levels. Some
changes were similar to our study of plasma cytokine modula-
tions in patients treated with fractionated radiotherapy (20),
whereas some were different. A plausible explanation of incon-
sistent responses, in addition to clinical versus subclinicalmodels,
would be a difference between effects of conventional fraction-
ated radiation and a single dose of synchrotron radiation; the
presence of a tumor has also been shown to affect plasma cytokine
concentrations (16).

In radiotherapy patients, eotaxin plasma concentrations
increased and TIMP1 plasma concentrations decreased (20),
whereas in this study, we observed opposite effects. Similarly,
although in patients, IL10 plasma levels were below detection
level (20), in mice, IL10 showed a trend to decrease after irradi-
ation, with a wide modulation range. The plasma levels of
VEGF in mice increased more profoundly than in patients; this
protein has been shown to facilitate the progression from pneu-
monitis to lungfibrosis (46).MDC is a potent chemoattractant for
immature DCs, NK cells, and T-cell subsets (47). The dramatic
decrease of MDC in all treatment groups similar to radiotherapy
patients (reported in refs. 19, 20) can reflect a misbalance in
cellular microenvironment of the irradiated area and trigger
activation of other, as yet unidentified factors responsible for
systemic effects. We associated reduced MDC levels with the
subsequent persistent abscopal DNA damage in patients' normal
tissues (19). Interestingly, higher MDC expression in lung cancer
patients is associated with better prognosis (48). Plasma concen-
trations of TGFb1 and TGFb2 increased inmice. Redox imbalance
induces TGFb, and in turn, TGFb induces ROS forming a positive
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feedback loop, resulting inoxidative stress (49). In addition, TGFb
promotes apoptosis and fibrosis. Moreover, TGFb favors the
development of T regulatory cells that have an immunosuppres-
sing activity (50). Measuring plasma concentrations of TGFb, as
well as VEGF andMDC,maybecome indicative for predisposition
of irradiated subjects to long-term normal tissue toxicity or an
immunosuppressed microenvironment that may take place as a
response to the initiating proinflammatory events. To dissect
which components of the immune response are indispensable
for the propagation of systemic effects of radiation, we have
repeated irradiation experiments similar to those described in
this report, in mice with various defects in their immune system,
and are finalizing results for the next report.

In conclusion, we present the first multidisciplinary study of
systemic effects of localized irradiation with various configura-
tions and demonstrate induction of persistent systemic oxidative
stress, genotoxic events, and immune response at all investigated
radiation settings, generally to a comparable extent. The gH2AX
response was different at higher doses, which we attribute to the
direct effect of scatter radiation. We propose that long-term
systemic events can accumulate in out-of-field normal tissues via
both nontargeted mechanisms and direct effects of low-dose
scatter radiation. Results reported here were obtained by exposing
mice to high-dose rate synchrotron radiation (49.3 Gy/s); how-
ever, we reported analogous systemic effects in lung cancer
patients receiving low-dose rate radiotherapy (19, 20). This sug-
gests that our results are relevant to clinical situations. With
increasing interest to MRT and FLASH radiotherapy and popu-
larity of stereotactic ablative-dose and intensity-modulated radio-
therapy with measurable scatter radiation or "low-dose wash" in
normal tissues, our findings highlight the importance of devel-
opment of biomarkers for monitoring radiotherapy-associated

normal tissue toxicity. Clinical studies will validate the signifi-
cance of our findings for radiotherapy planning, as well as in the
context of carcinogenic risk of low-dose diagnostic radiation.
Finally, as we discussed (5), it is imperative to explore opportu-
nities to modulate radiation-induced systemic effects with anti-
oxidants, anti-inflammatory drugs, or agents that affect pathways
leading to bystander/abscopal genome destabilization.
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Systemic Effects of Localized Radiation

www.aacrjournals.org Cancer Res; 77(22) November 15, 2017 6397

on December 11, 2017. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst November 7, 2017; DOI: 10.1158/0008-5472.CAN-17-1066 



	 -	55	-	

 
 
 

 

 
 

 
 

Acknowledgments
We are grateful to Roger Martin and Benjamin Blyth (Peter MacCallum

Cancer Centre) for critical reading of the article. We appreciate technical
assistance of Andrea Smith, Nickala Best, Joel Mason, Sherry Yin, Joanna
Bartnika (Peter MacCallum Cancer Centre), and Maria Souli (National
Technical University of Athens). We also sincerely thank Gabriel Pantelias
(NCSR "Demokritos") for helpful discussions and continuous support
and Peter Rogers (Royal Women's Hospital), Jeffrey Crosbie (RMIT
University), and Aggeliki Daraki (NCSR "Demokritos") for help with
experimental setups. We thank the Australian Synchrotron for use of
the IMBL and facilities.

Grant Support
All authors were supported by the Australian National Health and

Medical Research Council (NHMRC) grant #10275598. H. Forrester and
C.N. Sprung were supported by the 2010 round of the priority-driven

Collaborative Cancer Research Scheme (grant #1002743), by the Australian
Government Department of Health and Ageing with the assistance of Cancer
Australia. A.W. Stevenson and C.J. Hall were supported by the Australian
Synchrotron for use of the IMBL and facilities. J. Ventura was supported by
the Felix Meyer Scholarship in Obstetrics and Gynecology at the Faculty of
Medicine, Dentistry and Healthy Sciences, the University of Melbourne. A.G.
Georgakilas was supported by the EU (grant #MC-CIG-303514), COST
Action CM1201 "Biomimetic Radical Chemistry," Research Projects for
Excellence IKY/SIEMENS, and the DAAD (grant # 57339330).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received April 11, 2017; revised August 7, 2017; accepted September 19,
2017; published OnlineFirst November 7, 2017.

References
1. Prise KM, O'Sullivan JM. Radiation-induced bystander signalling in cancer

therapy. Nat Rev Cancer 2009;9:351–60.
2. Smilenov LB, Hall EJ, Bonner WM, Sedelnikova OA. Amicrobeam study of

DNAdouble-strand breaks in bystander primary human fibroblasts. Radiat
Prot Dosimetry 2006;122:256–9.

3. Mole RH. Whole body irradiation; radiobiology or medicine? Br J Radiol
1953;26:234–41.

4. Siva S, MacManus MP, Martin RF, Martin OA. Abscopal effects of
radiation therapy: a clinical review for the radiobiologist. Cancer Lett
2015;356:82–90.

5. Martin OA, Yin X, Forrester HB, Sprung CN, Martin RF. Potential strategies
to ameliorate risk of radiotherapy-induced second malignant neoplasms.
Semin Cancer Biol 2016;37-38:65–76.

6. Sadetzki S, Mandelzweig L. Childhood exposure to external ionising
radiation and solid cancer risk. Br J Cancer 2009;100:1021–5.

7. Kumar S. Secondmalignant neoplasms following radiotherapy. Int J Enviro
Res Public Health 2012;9:4744–59.

8. Demaria S, Golden EB, Formenti SC. Role of local radiation therapy in
cancer immunotherapy. JAMA Oncol 2015;1:1325–32.

9. Delaney G, Jacob S, Featherstone C, Barton M. The role of radiotherapy in
cancer treatment: estimating optimal utilization from a review of evidence-
based clinical guidelines. Cancer 2005;104:1129–37.

10. ZhouH, Ivanov VN, Gillespie J, Geard CR, Amundson SA, Brenner DJ, et al.
Mechanism of radiation-induced bystander effect: role of the cyclooxy-
genase-2 signaling pathway. Proc Natl Acad Sci U S A 2005;102:14641–6.

11. Shao C, Stewart V, FolkardM,Michael BD, Prise KM.Nitric oxide-mediated
signaling in the bystander response of individually targeted glioma cells.
Cancer Res 2003;63:8437–42.

12. Sprung CN, Ivashkevich A, Forrester HB, Redon CE, Georgakilas A, Martin
OA. Oxidative DNA damage caused by inflammation may link to stress-
induced non-targeted effects. Cancer Lett 2015;356:72–81.

13. Georgakilas AG. Detection of clustered DNA lesions: biological and
clinical applications. World J Biol Chem 2011;2:173–76.

14. BonnerWM, Redon CE, Dickey JS, Nakamura AJ, SedelnikovaOA, Solier S,
et al. GammaH2AX and cancer. Nat Rev Cancer 2008;8:957–67.

15. Georgakilas AG, Redon CE, Ferguson NF, Kryston TB, Parekh P, Dickey JS,
et al. Systemic DNAdamage accumulation under in vivo tumor growth can
be inhibited by the antioxidant Tempol. Cancer Lett 2014;353:248–57.

16. Redon CE, Dickey JS, Nakamura AJ, Kareva IG, Naf D, Nowsheen S, et al.
Tumors induce complex DNA damage in distant proliferative tissues in
vivo. Proc Natl Acad Sci U S A 2010;107:17992–7.

17. Sedelnikova OA, Nakamura A, Kovalchuk O, Koturbash I, Mitchell SA,
Marino SA, et al. DNA double-strand breaks form in bystander cells after
microbeam irradiation of three-dimensional human tissuemodels. Cancer
Res 2007;67:4295–302.

18. Sokolov MV, Smilenov LB, Hall EJ, Panyutin IG, Bonner WM, Sedelnikova
OA. Ionizing radiation induces DNA double-strand breaks in bystander
primary human fibroblasts. Oncogene 2005;24:7257–65.

19. Siva S, Lobachevsky P, MacManus MP, Kron T, Moller A, Lobb RJ, et al.
Radiotherapy for non-small cell lung cancer induces DNA damage

response in both irradiated and out-of-field normal tissues. Clin Cancer
Res 2016;22:4817–26.

20. Siva S,MacManusM,Kron T, BestN, Smith J, Lobachevsky P, et al. A pattern
of early radiation-induced inflammatory cytokine expression is associated
with lung toxicity in patients with non-small cell lung cancer. PloS One
2014;9:e109560.

21. Nikitaki Z, Mavragani IV, Laskaratou DA, Gika V, Moskvin VP, Theo-
filatos K, et al. Systemic mechanisms and effects of ionizing radiation: a
new 'old' paradigm of how the bystanders and distant can become the
players. Semin Cancer Biol 2016;37-38:77–95.

22. Favaudon V, Caplier L, Monceau V, Pouzoulet F, Sayarath M, Fouillade C,
et al. Ultrahigh dose-rate FLASH irradiation increases the differential
response between normal and tumor tissue in mice. Sci Translat Med
2014;6:245ra93.

23. Crosbie JC, Anderson RL, RothkammK, Restall CM, Cann L, Ruwanpura S,
et al. Tumor cell response to synchrotron microbeam radiation therapy
differs markedly from cells in normal tissues. Int J Radiat Oncol Biol Phys
2010;77:886–94.

24. Smyth LM, Senthi S, Crosbie JC, Rogers PA. The normal tissue effects of
microbeam radiotherapy: what dowe know, andwhat doweneed to know
to plan a human clinical trial? Int J Radiat Biol 2016;92:302–11.

25. Lobachevsky P, IvashkevichA, ForresterHB, StevensonAW,Hall CJ, Sprung
CN, et al. Assessment and implications of scatteredmicrobeam and broad-
beam synchrotron radiation for bystander effect studies. Radiat Res
2015;184:650–9.

26. Evangelou K, Gorgoulis VG. Sudan black B, the specific histochemical stain
for lipofuscin: a novel method to detect senescent cells. Methods Mol Biol
2017;1534:111–9.

27. Jakl L, Lobachevsky P, Vokalova L, Durdik M, Markova E, Belyaev I.
Validation of JCountPro software for efficient assessment of ionizing
radiation-induced foci in human lymphocytes. Int J Radiat Biol
2016:1–8.

28. Williams JR. Scatter dose estimation based on dose-area product and
the specification of radiation barriers. Br J Radiol 1996;69:1032–7.

29. Hall EJ. Is there a place for quantitative risk assessment? J Radiol Prot
2009;29:A171–84.

30. Dickey JS, Baird BJ, Redon CE, Sokolov MV, Sedelnikova OA, Bonner WM.
Intercellular communication of cellular stressmonitored by gamma-H2AX
induction. Carcinogenesis 2009;30:1686–95.

31. Dickey JS, Baird BJ, Redon CE, Avdoshina V, Palchik G, Wu J, et al.
Susceptibility to bystander DNA damage is influenced by replication and
transcriptional activity. Nucleic Acids Res 2012;40:10274–86.

32. Denoyer D, Lobachevsky P, Jackson P, ThompsonM, Martin OA, Hicks RJ.
Analysis of 177Lu-DOTA-octreotate therapy-induced DNA damage in
peripheral blood lymphocytes of patients with neuroendocrine tumors.
J Nucl Med 2015;56:505–11.

33. Belyakov OV, Mitchell SA, Parikh D, Randers-Pehrson G, Marino SA,
Amundson SA, et al. Biological effects in unirradiated human tissue
induced by radiation damage up to 1 mm away. Proc Natl Acad Sci
U S A 2005;102:14203–8.

Ventura et al.

Cancer Res; 77(22) November 15, 2017 Cancer Research6398

on December 11, 2017. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst November 7, 2017; DOI: 10.1158/0008-5472.CAN-17-1066 



	 -	56	-	

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

34. Pateras IS, Havaki S, Nikitopoulou X, Vougas K, Townsend P, Panayiotidis
MI, et al. The DNA damage response and immune signaling alliance: Is it
good or bad? Nature decides when and where. Pharmacol Ther
2015;154:36–56.

35. Coates PJ, Rundle JK, Lorimore SA, Wright EG. Indirect macrophage
responses to ionizing radiation: implications for genotype-dependent
bystander signaling. Cancer Res 2008;68:450–6.

36. Georgakilas AG, Bennett PV,WilsonDM 3rd, SutherlandBM. Processing of
bistranded abasic DNA clusters in gamma-irradiated human hematopoi-
etic cells. Nucleic Acids Res 2004;32:5609–20.

37. Jackson SP. Sensing and repairing DNA double-strand breaks. Carcino-
genesis 2002;23:687–96.

38. Georgakilas AG. Processing of DNA damage clusters in human cells:
current status of knowledge. Mol Biosyst 2008;4:30–5.

39. van der Flier LG, Clevers H. Stem cells, self-renewal, and differentiation
in the intestinal epithelium. Annu Rev Physiol 2009;71:241–60.

40. Potten CS. Extreme sensitivity of some intestinal crypt cells to X and
gamma irradiation. Nature 1977;269:518–21.

41. Martin OA, Redon CE, Dickey JS, Nakamura AJ, Bonner WM. Para-inflam-
mation mediates systemic DNA damage in response to tumor growth.
Commun Integrat Biol 2011;4:78–81.

42. Cebulska-Wasilewska A, Krzysiek M, Krajewska G, Stepien A, Krajewski P.
Retrospective biological dosimetry at low and high doses of radiation and
radioiodine impact on individual susceptibility to ionizing radiation.
Genome Integr 2017;8:2.

43. Ikushima T, Aritomi H, Morisita J. Radioadaptive response: efficient repair
of radiation-induced DNA damage in adapted cells. Mutation Res
1996;358:193–8.

44. Seymour CB, Mothersill C. Relative contribution of bystander and targeted
cell killing to the low-dose region of the radiation dose-response curve.
Radiat Res 2000;153:508–11.

45. Suchowerska N, Ebert MA, Zhang M, Jackson M. In vitro response
of tumour cells to non-uniform irradiation. Phys Med Biol 2005;50:
3041–51.

46. Chen Y, Williams J, Ding I, Hernady E, Liu W, Smudzin T, et al. Radiation
pneumonitis and early circulatory cytokine markers. Semin Radiat Oncol
2002;12:26–33.

47. Mantovani A, Gray PA, Van Damme J, Sozzani S. Macrophage-derived
chemokine (MDC). J Leukoc Biol 2000;68:400–4.

48. Nakanishi T, Imaizumi K, Hasegawa Y, Kawabe T, Hashimoto N,
Okamoto M, et al. Expression of macrophage-derived chemokine
(MDC)/CCL22 in human lung cancer. Cancer Immunol Immunother
2006;55:1320–9.

49. Liu RM, Desai LP. Reciprocal regulation of TGF-beta and reactive oxygen
species: a perverse cycle for fibrosis. Redox Biol 2015;6:565–77.

50. Prochazkova J, Fric J, Pokorna K, Neuwirth A, Krulova M, Zajicova A,
et al. Distinct regulatory roles of transforming growth factor-beta and
interleukin-4 in the development and maintenance of natural and
induced CD4þ CD25þ Foxp3þ regulatory T cells. Immunology 2009;
128:e670–8.

www.aacrjournals.org Cancer Res; 77(22) November 15, 2017 6399

Systemic Effects of Localized Radiation

on December 11, 2017. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst November 7, 2017; DOI: 10.1158/0008-5472.CAN-17-1066 



	 -	57	-	

3.4 SUPPLEMENTARY INFORMATION 
 
3.4.1 Supplementary materials and methods  

 
DNA extraction and OCDL analysis.  
DNA was isolated from duodenum, colon, spleen, ovaries and tongue samples using the 
High Pure PCR Template Kit (Roche, USA), as per (Gollapalle et al., 2007; Sutherland 
et al., 2000). The basis of the approach relies on the fact that when oxidatively-damaged 
DNA samples are treated with base excision repair (BER) enzymes that recognize the 
base lesions, a nick is produced in the DNA strand at the position of the respective 
lesions, converting OCDLs to additional DSBs. Human enzymes OGG1 or APE1 (New 
England Biolabs, USA) were used for detection of oxidized purines or abasic sites, 
respectively; the methodology outlined in (Nowsheen et al., 2009). Briefly, isolated 
DNA (40 ng) in 10 µl of enzyme reaction buffer (OGG1 buffer: 50 mM NaCl, 10mM 
MgCl!, 10 mM Tris-HCl, pH 7.9; APE1 buffer: 50 mM potassium acetate, 20 mM Tris 
acetate, 10 mM magnesium acetate, pH 7.9) was placed on ice for 30 min. For enzyme 
treatment, ~1.6 Units (OGG1) and 1 Unit (APE1) of each repair enzyme was added to 
achieve optimum cleavage and incubated at 37oC for 1 h. Each sample had a control 
that contained only the enzyme reaction buffer, and was otherwise treated in the same 
way as its enzyme-containing counterpart. The reaction was stopped using a stopping 
solution (50% glycerol, 100 mM EDTA, 0.025% bromophenol blue, 0.025% xylene 
cyanol) and incubated on ice for 30 min. A modified version of constant field gel 
electrophoresis protocol under neutral running conditions (pH=7.5) was used to separate 
the DNA fragments. The UV image of the gel was acquired using a CCD camera and 
processed using ImageJ densitometry software (NIH, USA). DNA standard (!-HindIII 
Digest, New England Biolabs) was used to attain the corresponding dispersion curve 
with OriginPro 8 software (Origin La, USA) and correlate DNA migration with DNA 
size. DNA UV-intensity distribution profiles were analysed by the number average 
length analysis (Gollapalle et al., 2007; Sutherland et al., 2003b). For each pair of 
samples, the sample that contained the enzyme (+) and its counterpart (-), the number 
average lengths Ln of each DNA distribution was calculated and the final number of 
clusters/Gbp was determined following the equation: 
OCDLs = 1/Ln(+) – 1/Ln(-)         (1) 

 
Immunohistochemistry 
Sections were cut from the frozen O.C.T.-embedded skin and duodenum, using the 
Leica CM3030 S Cryostat (Leica, Germany). The sections were placed on clean 
Superfrost Plus slides (Gerhard Menzel GmbH, Germany) for immunostaining. The 
sections for all experimental groups and controls for each tissue type were processed 
and immunostained simultaneously. 
 

γH2AX. The slides containing freshly cut sections were left to dry for 1 hour at 
room temperature and then fixed with 4% paraformaldehyde (Sigma-Aldrich, Australia) 
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for 20 mins. The slides were processed in batches according to tissue type. The γH2AX 
immunohistochemistry is described elsewhere (Georgakilas et al., 2014; Redon et al., 
2010a). Briefly, the sections were washed with PBS, permeabilised in 70% ethanol at -
20°C for 20 mins, equilibrated in PBS for a 1 hours, and blocked with 8% bovine serum 
albumin (BSA, Sigma-Aldrich) in PBS-TT (PBS containing 0.5% Tween 20 from 
Merck K GaA, Germany and 0.1% Triton X- 100 from Sigma-Aldrich) for 1 hour. Then 
the sections were incubated with the primary rabbit anti-γH2AX antibody (Cell 
Signaling Technology, USA) at a 1:200 dilution in 1% BSA-PBS-TT for 2 hour and 
with the Alexa Flour-555 goat anti-rabbit IgG diluted at 1:500 in 1% BSA-PBS-TT for 
1 hour at room temperature in a humid chamber. The sections were mounted with 
Vectashield mounting DAPI-containing medium (Vector Laboratories, USA), covered 
with glass coverslips (Menzel-Glaser GmbH), and stored in a sealed container at -80°C 
until image acquisition.  

 
Immune cells and other markers. Freshly cut and dried tissue sections were 

fixed in cold (4°C) acetone (Merck KGaA) for 10 minutes and then dried for a further 2 
hours at room temperature. The slides were stored at 4 °C and processed for 
immunohistochemistry in batches according to tissue type and immune cells of interest. 
The sections were treated with a blocking buffer containing 2% normal mouse serum 
(NMS, Jackson Immunoresearch Laboratories, USA), in 0.1% BSA in PBS. A range of 
primary antibodies were used to detect immune cells: for activated macrophages and 
dendritic cells (DCs), rat anti-F4/80 antibody (Affymetrix eBioscience, USA); for T-
cells, rat anti-CD3 antibody (AbD Serotec, UK); for neutrophils, rat anti-Ly-6G 
antibody (BD Biosciences, USA). A rabbit anti-cleaved caspase-3 (Cell Signalling 
Technologies) antibody was used to identify apoptotic cells. The following antibodies 
were also employed: anti-8-oxo-G (Millipore, USA), anti-Ki67 (Abcam, UK) and anti-
p65 (Santa Cruz, USA).   

 
The primary antibodies were diluted with 1% BSA/PBS. Anti-F4/80 antibody 

was made to 1:100 dilution, anti-CD3 to a 1/50 dilution, anti-Ly-6G to a 1/200 dilution 
and anti-cleaved caspase-3 to a 1/500 dilution. The sections were incubated with the 
respective primary antibody for 1 hour at room temperature, and for another hour with 
the anti-rat IgG for the F4/80, CD3 and Ly-6G primary antibodies and anti-rabbit IgG 
for the cleaved caspase-3. The endogenous peroxidase activity was blocked by 0.3% 
hydrogen peroxide (Sigma-Aldrich) in methanol (Merck KGasA). The Liquid DAB+ 
Substrate Chromogen System (Dako, USA) was used as per the manufacturer’s 
instructions. The sections were then washed to cease the development reaction, 
counterstained with haematoxylin using the Syrgipath MM24 mounting medium (Leica 
Biosystems, Germany), and covered with glass coverslips. The slides were stored at 
room temperature until image acquisition. 

 
The UltraVision LP Detection System (Thermo Scientific, Greece) was used to 

detect 8-oxo-G, Ki67 and p65, according to the manufacturer’s instructions.  
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Cellular senescence. The histochemical Sudan-Black-B (SBB) staining for 
lipofuscin which is related to many ageing processes and is known to accumulate in 
senescent cells, was performed according to the published protocol (Evangelou & 
Gorgoulis, 2017; Georgakopoulou et al., 2013).   
 
Image acquisition and analysis.  
Immunofluorescence images of the γH2AX-stained tissue sections were obtained using 
a confocal laser-scanning microscope Olympus FLUOVIEW FV1000 (Olympus, 
Japan). Optical z-sections were scanned and merged to obtain maximum intensity 
projection images. At least 300 cells per mouse were analysed. γH2AX foci were 
counted using in-house developed software, JCountPro (Jakl et al., 2016) which is a 
further development of TGI software (Ivashkevich et al., 2011). In skin samples, hair 
follicle cells were analysed; in the duodenum, epithelial cells of crypts and villi were 
analysed, since these cell subpopulations showed the most robust γH2AX response.  
 

For analysis of immune and apoptotic cells, images were obtained using the 
Olympus BX-51 (Olympus). The images were captured using the SPOT advanced 
software with a 1.4 MP SPOT camera (Diagnostic Imaging Inc., USA). The GNU 
Image Manipulation Program (GIMP) software (developed by Kimball and Mattis, 
USA) was used to assist the manual quantification of cells. In skin sections, immune 
cells were counted in hair follicles, epidermis and dermis. For the duodenum, immune 
cells in crypts and villi were quantified. Positively stained cells were calculated as a 
fraction of the total 500 counted cells.  

 
Evaluation of 8-oxo-G was performed by counting separately the number of 

epithelial and non-epithelial cells exhibiting nuclear positivity at 630x magnification. 
Ki67 evaluation was performed by counting the number of Ki-67(+) epithelial cells per 
intestinal villous. Evaluation of p65 was employed by counting the number of epithelial 
cells with positive nuclear staining per field (400x magnification). Based on Scherz-
Shouval et al. (Scherz-Shouval et al., 2007), completely starved HeLa and HeLa 
maintained in control medium served as positive and negative control respectively. The 
proliferating zone at the bottom of the villi served as an internal positive control for 
Ki67. For p65 immunostaining previously characterized cases served as positive and 
negative controls (Cooks et al., 2013). Evaluation of senescent cells was employed by 
manual counting the number of Sudan Black B positive cells per field at 400x 
magnification. 

 
Plasma cytokine measurements.  
Twenty cytokines were measured by RayBiotech, USA (200-µl sample per mouse, thee 
mice per experimental group, 63 samples total). Quantibody® custom array (a glass-
chip-based multiplexed sandwich ELSIA array) was used. Each sample was tested using 
a panel of 20 cytokines: Eotaxin, IFNγ, IL-10, IL-11, IL-12, IL-1α, IL-1β, IL-2, IL-3, 
IL-4, IL-6, MCP-1, MDC, MIP-1α, MIP-1β, MIP-3α, MIP-3β, TIMP-1, TNF-α, VEGF. 
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Each antibody, together with the positive and negative control, was arrayed in 
quadruplicate. The samples and standards were added to the wells of the chip array and 
incubated for 3  hours at  4°C. This was followed by 3-4 washing steps and the addition 
of primary antibody and HP-conjugated streptavidin to the wells. The signals (Cy3 
wavelength: 555 nm excitation, 655 nm emission) were scanned and extracted with a 
Genepix laser scanner (Axon Instruments, USA), and quantified using Quantibody 
Analyzer software (Ray Biotech). The concentration levels, expressed in pg/ml, were 
calculated against a standard curve set for each biomarker from the positive and 
negative controls. 
 

The rest of the plasma samples were used for analysis of TGF-β and IL-33 
levels at Cardinal Bioresearch, Australia (200-µl sample per mouse, two mice per 
experimental group, 42 samples total). Mouse IL-33 was detected using the 
MILLIPLEX MAP Mouse Th17 Magnetic Bead Kit; TGF-β was identified using the 
TGF-β 1, 2, 3 Magnetic Bead Kit (both from Millipore, Australia) as per manufacturer’s 
protocols.  
 
Statistical analysis.  
The Student’s t-test was used to evaluate the differences between mock-IR control and 
IR-treated cohorts of mice.  
 
 
References 

1. Gollapalle E, Wang R, Adetolu R, Tsao D, Francisco D, Sigounas G, et al. 
Detection of oxidative clustered DNA lesions in X-irradiated mouse skin tissues 
and human MCF-7 breast cancer cells. Radiation research 2007;167(2):207-16. 

2. Sutherland BM, Bennett PV, Sidorkina O, Laval J. Clustered DNA damages 
induced in isolated DNA and in human cells by low doses of ionizing radiation. 
Proceedings of the National Academy of Sciences of the United States of 
America 2000;97(1):103-08. 

3. Nowsheen S, Wukovich RL, Aziz K, Kalogerinis PT, Richardson CC, 
Panayiotidis MI, et al. Accumulation of oxidatively induced clustered DNA 
lesions in human tumor tissues. Mutation Research/Genetic Toxicology and 
Environmental Mutagenesis 2009;674(1–2):131-36. 

4. Sutherland BM, Georgakilas AG, Bennett PV, Laval J, Sutherland JC. 
Quantifying clustered DNA damage induction and repair by gel electrophoresis, 
electronic imaging and number average length analysis. Mutation 
Research/Fundamental and Molecular Mechanisms of Mutagenesis 2003;531(1–
2):93-107. 

5. Redon CE, Dickey JS, Nakamura AJ, Kareva IG, Naf D, Nowsheen S, et al. 
Tumors induce complex DNA damage in distant proliferative tissues in vivo. 
Proceedings of the National Academy of Sciences of the United States of 
America 2010;107(42):17992-7. 



	 -	61	-	

6. Georgakilas AG, Redon CE, Ferguson NF, Kryston TB, Parekh P, Dickey JS, et 
al. Systemic DNA damage accumulation under in vivo tumor growth can be 
inhibited by the antioxidant Tempol. Cancer letters 2014;353(2):248-57. 

7. Georgakopoulou EA, Tsimaratou K, Evangelou K, Fernandez Marcos PJ, 
Zoumpourlis V, Trougakos IP, et al. Specific lipofuscin staining as a novel 
biomarker to detect replicative and stress-induced senescence. A method 
applicable in cryo-preserved and archival tissues. Aging 2013;5(1):37-50. 

8. Evangelou K, Gorgoulis VG. Sudan Black B, The Specific Histochemical Stain 
for Lipofuscin: A Novel Method to Detect Senescent Cells. Methods in 
molecular biology 2017;1534:111-19. 

9. Jakl L, Lobachevsky P, Vokalova L, Durdik M, Markova E, Belyaev I. 
Validation of JCountPro software for efficient assessment of ionizing radiation-
induced foci in human lymphocytes. Int J Radiat Biol 2016:1-8. 

10. Ivashkevich AN, Martin OA, Smith AJ, Redon CE, Bonner WM, Martin RF, et 
al. γH2AX foci as a measure of DNA damage: a computational approach to 
automatic analysis. Mutat Res 2011;711(1-2):49-60. 

11. Scherz-Shouval R, Shvets E, Fass E, Shorer H, Gil L, Elazar Z. Reactive oxygen 
species are essential for autophagy and specifically regulate the activity of Atg4. 
The EMBO journal 2007;26(7):1749-60. 

12. Cooks T, Pateras IS, Tarcic O, Solomon H, Schetter AJ, Wilder S, et al. Mutant 
p53 prolongs NF-kappaB activation and promotes chronic inflammation and 
inflammation-associated colorectal cancer. Cancer cell 2013;23(5):634-46. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 -	62	-	

3.4.2 Supplementary tables 

 

Table S1. Irradiation variables used for synchrotron experiments (5 mice were used 
for each experimental and control group).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2 – Tissues harvested from control and irradiated mice for OCDL, DSB 
and local immune response studies. 
 

 
 

Group	 Irradiation	parameters	

Mock-IR	 -	

BB	
	

	2x2	mm2	
10	Gy	 24	h	

96	h	

40	Gy	 24	h	
96	h	

8x1mm2	
10	Gy	 24	h	

96	h	

40	Gy	 24	h	
96	h	

8x8	mm2	
10	Gy	 24	h	

96	h	

40	Gy	 24	h	
96	h	

MRT	

2x2	mm2	
10	Gy	 24	h	

96	h	

40	Gy	 24	h	
96	h	

8x8	mm2	
10	Gy	 24	h	

96	h	

40	Gy	
24	h	
96	h	

OCDL	 DSB	 Immune	response	

Duodenum	
Colon	
Spleen	
Ovaries	
Tongue	

	
Duodenum	
Distant	skin		

(35	mm	away	from	
irradiated	area)	
Irradiated	skin	

	

	
Duodenum	
Distant	skin	

(35	mm	away	from	
irradiated	area)	
Irradiated	skin	
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3.4.3 Supplementary figures 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Experimental setup for synchrotron MRT and BB irradiations. The mice were secured to a jig allowing the right hind leg 
to be irradiated with either BB or MRT radiation. The target and scatter dose was measured using EBT3 (left) and XRQA2 (right) 
Gafchomic films (a). The mouse leg tissue receives an even distribution of dose across a defined target region in the BB irradiation 
modality, whereas with MRT, which comprises of a lattice of 5 planar microbeams 25 µm-wide, which are each, separated by 175 µm 
spacing. This allows for the skin to be irradiated with a range of doses across the target regions (b). The estimated distances (yellow) of 
organs from the irradiated site (red) to aid in establishing the scattered irradiation dose exposed to various organs is displayed in (c).  
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Figure S2. DSBs and apoptosis in out-of-field hair follicles. Graphical presentation 
of γH2AX foci (a) and cleaved caspase 3(+) cells (b) in hair follicles and frozen 
sections of skin samples 35 mm-distant from the irradiated area of B6 mice irradiated 
under various experimental conditions. Error bars are SEM; * p≤0.05; n=5 for 
γH2AX and n=3 for apoptosis counts. The distant skin samples from the MRT- and 
BB 2x2 mm2-irradiated experimental settings were completely consumed for gene 
expression analysis (manuscript in preparation), hence the γH2AX foci in these 
samples could not be analysed.   
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Figure S3. Out-of-field duodenum of BB-irradiated mice is under persistent local 
oxidative stress. Number of 8-oxoG(+) cells is increased in (a) duodenum epithelial 
cells and (b) non-epithelial cells (stroma) of BB-irradiated mice compared to mock-
irradiated controls. Error bars are SEM; *p≤0.05; n=3. (c) Representative images of 
8-oxoG-immunostaining in duodenum frozen sections of locally-irradiated and mock-
irradiated mice. The red arrows indicate 8-oxoG-positive cells. Arrows denote 
positive 8-oxo-G epithelial cells and red arrowheads positive 8-oxo-G non-epithelial 
cells. Magnification: 630x. 
 
 
 
 

Figure S4. Decrease of proliferation in out-of-field duodenum of BB-irradiated 
mice. (a) Number of Ki67(+) cells is decreased in duodenum of BB-irradiated mice 
compared to mock-irradiated controls. Error bars are SEM; * p≤0.05; n=3. (b) 
Representative images of Ki67 immunostaining in duodenum frozen sections of 
locally-irradiated and mock-irradiated mice. The red arrows indicate Ki67-positive 
cells. Magnification: 630x.  
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Figure S5. Cellular senescence is increased in out-of-field duodenum of BB-
irradiated mice. (a) Number of Sudan-Black-B(+)(SBB) cells is increased in 
duodenum epithelial cells in BB-irradiated mice compared to mock-irradiated controls 
(SBB, dark blue-black granules; histochemical staining detecting lipofuscin). Error 
bars are SEM; * p≤0.05; n=3. (b) Representative images of SBB staining of 
duodenum frozen sections of locally-irradiated and mock-irradiated mice. The red 
arrows indicate SBB-positive cells. Frozen tissues were fixed in formalin and 
embedded in paraffin blocks. Magnification: Magnification: 630x. 
 
 
 
 
 

 
Figure S6. Inflammation is induced in out-of-field duodenum of BB-irradiated 
mice. (a) Number of nuclear p65(+) cells is increased in duodenum of BB-irradiated 
mice compared to mock-irradiated controls. Error bars are SEM; *p≤0.05; n=3. (b) 
Representative images of p65 immunostaining in duodenum frozen sections of 
locally-irradiated and mock-irradiated mice. The red arrows indicate nuclear p65 
positive cells. Magnification: 630x.  
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Figure S7. Accumulation of immune cells in hair follicles and epidermis 
subsections of distant skin of BB and MRT-irradiated mice. Quantification of 
macrophages/DCs (F4/80(+) cells), neutrophils (Ly6G (+) cells) and T-cells (CD3(+) 
cells) present in hair follicles (a) and epidermis (b) of distant skin of B6 mice 
irradiated under various experimental conditions. Error bars are SEM; *p≤0.05; n=3. 
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Figure S8. Accumulation of immune cells in directly irradiated hair follicles and 
epidermis subsections of skin of BB and MRT-irradiated mice. Quantification of 
macrophages/DCs (F4/80(+) cells), neutrophils (Ly6G (+) cells) and T-cells (CD3(+) 
cells) present in hair follicles (a) and epidermis (b) of irradiated skin of B6 mice 
irradiated under various experimental conditions. Error bars are SEM; *p≤0.05; n=3. 
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CHAPTER 4 

 

 The role of the immune system in the 

propagation of systemic effects of 

synchrotron MRT.  

 
4.1 INTRODUCTION 
 

In Chapter 3, we confirmed that a short local pulse of synchrotron X-ray radiation on 

the right hind leg of C57BL6/J mice was able to generate persistent increases of 

abscopal OCDLs, DNA DSBs, apoptosis, and activated the local and systemic 

immune response in out-of-field duodenum of C57BL6/J mice (Ventura et al., 2017). 

These observations were not dependent on irradiation settings, were associated with 

RIAE and were direct consequences of low dose scattered radiation.  

 

Currently, there is limited information on the role that the immune system plays in 

RIAE. The involvement of macrophages and chemokine ligand 2/monocyte 

chemotactic protein 1 (CCL2/MCP1) in RIAE was suggested in (Coates et al., 2008; 

Martin et al., 2011; Prise et al., 2009; Redon et al., 2010a; Sprung et al., 2015), but it 

has never been demonstrated before. We focused our study on macrophages and the 

cytokine CCL2/MCP1 because they have been suggested to be mediators of systemic 

effects (Prise et al., 2009; Sprung et al., 2015), however it is still uncertain if they are 

directly involved in the propagating RIAE. Here we aimed to establish the role that 

immune system components, particularly macrophages, play in driving RIAE 

propagation. This study is the subject of another publication, where we monitored the 

levels of OCDLs, γH2AX foci (a DNA damage sensing marker), and apoptosis. We 

also compared the components associated with innate and adaptive immune responses 

and plasma levels of inflammatory cytokines, in wild type and immune deficient 
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mice. Animals were treated with MRT 10 Gy (peak dose) in an 8x8 mm2 area of skin 

on the right hind leg.  

 

The manuscript has been published in the International Journal of Radiation 

Oncology, Biology and Physics and I am listed as a co-author of this publication. My 

main contribution to this study involved monitoring the DNA damage response in a 

range of immune compromised and deficient mice following synchrotron-generated 

MRT. I also prepared figures for most of the other sections of the paper. Here I have 

included all relevant information related to the data that I collected. Since the 

discussion only makes sense when all end-points are considered the discussion and 

conclusions drawn from this study can be obtained in Appendix 2 of this thesis, which 

contains the full manuscript.  

 

 

4.2 MATERIALS AND METHODS 
 

Mice.  

Animal ethics approval was granted by Monash University and the AS Animal Ethics 

Committees (Approval MMCA-2012-01). All mice were 6 weeks old females and 

were housed at the Australian Synchrotron (AS), Melbourne, Australia. A total of 101 

mice were used in this study. The 8 x 8 mm! area of skin was irradiated with MRT 10 

Gy (peak dose); these irradiation settings showed the most robust RIAE in Chapter 3. 

The mice strains chosen were based on our hypothesis that the lack of fully functional 

macrophages or cytokine CCL2 in immune compromised mice, or the absence of the 

functional immune system (in NOD SCID gamma mice), would compromise the 

propagation of the systemic effects of radiation. Since wild type C57BL6/J mice 

(purchased from Monash University, Australia) have a healthy immune system we 

used these mice as a positive control group. We used 3 immune-compromised mice: 

1) C57BL6/J mice deficient in CCL2/MCP1 or CCL2 knock out (K/O) mice 

(purchased from Jackson Laboratory, USA), since these mice lack the ability to 

recruit monocytes, memory T-cells, and macrophages/ dendritic cells (DC) to sites of 

inflammation in damaged tissues (Lim et al., 2016; Yadav et al., 2010), 2) NOD 
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SCID gamma (SCID/IL2γR-/- or NSG) mice (purchased from the Peter MacCallum 

Cancer Centre, Australia) were used because they are severely immune deficient as 

they lack mature T, B and NK cells, and have many defects in innate immunity 

(Hamilton, 2015; Shultz et al., 2005), and 3) macrophage depleted mice were 

generated in-house by injecting C57BL6/J mice with the ASF98 antibody (provided 

by J.A. Hamilton). The ASF98 antibody is a proinflammatory cytokine that is a 

neutralising antibody against macrophage colony stimulating factor receptor 1 

(CSF1R), this receptor is present on the surface of macrophages, DC and monocytes, 

it controls the production, differentiation and function of macrophages. Therefore the 

ASF98 antibody renders the mice macrophage depleted (Hamilton, 2015). The ASF98 

antibody-treated mice were treated with a daily injection of 400 µg of ASF98 

antibody in 100 µl of PBS for 2 days prior to the irradiations, 1 day after the 

irradiation and 3 days after the irradiation. Each cohort included 15 animals (5 

animals as the sham-irradiated controls, and 5 each for 3 and 6 day post-irradiation 

groups), with the exception of the macrophage-depleted mice cohort, that had two 

control groups for the sham-irradiated/ASF98 antibody-treated mice, which included 

20 mice in total. The NSG mice were unable to cope with the anaesthesia/irradiation 

procedure and therefore the 6-day time point was removed from this cohort, resulting 

to 10 NSG mice in total. All mice including the sham-irradiated controls were 

anesthetised, and the skin on the right hind leg was shaved before irradiation.  

 

Irradiations.  

Mice were irradiated in an experimental hutch at the Imaging and Medical Beamline 

(IMBL) at the AS. Animals were anaesthetised and placed into a custom-designed jig 

for irradiation of 8x8 mm2 area on the right hind leg. The AS functioned at a constant 

electron current of 200 mA, thus consequently generating a photon beam dose rate of 

49.3 Gy/s. These measurements were determined using the current readings from an 

ionisation chamber. The X-ray beam energy was in the range of 40-120 keV; effective 

energy was 56.9 keV (Lobachevsky et al., 2015). Animals were irradiated with a ~ 

200 ms pulse of 10 Gy (peak dose) MRT irradiation in an 8x8 mm2 area. This specific 

set of irradiation parameters were chosen as per the publication in Chapter 3, where it 

was established that these parameters (MRT 10 Gy 8x8 mm2) were consistently 

capable of inducing the most robust RIAE compared to the other parameters assessed. 
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We used MRT rather than BB because it is associated with a very low level of 

scattered radiation compared to BB irradiation, which was confirmed by our previous 

dosimetry studies in chapter 3. To achieve the 8x8 mm2 irradiation field, an initial 8x1 

mm2 horizontal beam was passed through a collimator, to separate the beam into an 

array of five parallel 8 mm-wide 25 mm thick beams separated by 175 µm intervals. 

A motorised stage was used to vertically move the jig in 1 mm increments, following 

the delivery of 8 consecutive individual pulses of 8x1 mm2 beams. This generated 40 

planar beams within the 8 x 8 mm2 area of tissue. 

 

The irradiated area was marked to ensure easy identification of target area for skin 

sampling purposes. We verified the radiation dose exposed to the targeted area by 

using Gafchomic film EBT3 (manufacturer’s specified dose range 1 cGy–40 Gy, 

Ashland Specialty Ingredients, USA). We also used a more sensitive Gafchromic film 

XRQA2 (manufacturer’s specified dose range 1 mGy–20 cGy, Ashland Specialty 

Ingredients), which was placed at approximately 50 mm from the targeted area to 

monitor the dose of scattered radiation. The targeted and scattered dose was 

calculated and the methods can be found in the dosimetry section of the published 

manuscript in Appendix 2 and is also described in more detail in (Lobachevsky et al., 

2015). 

 

Tissue processing 

To examine the delayed effects following a single pulse of localised irradiation, mice 

were euthanized at 3 days and 6 days post-irradiation. All tissue collection and 

processing methodologies used in this study have been detailed in Chapter 3 of this 

thesis. Briefly, a range of samples were collected including: irradiated skin, distant 

skin located 35 mm away from the irradiated area, blood, and a variety of normal 

unirradiated tissues including: duodenum, colon and tongue. These unirradiated 

tissues were chosen for oxidative DNA damage analysis; the tissues were frozen on 

dry ice and stored at -80 °C prior to DNA extraction. The duodenum samples were 

embedded in Tissue Tek O.C.T compound (Sakura, USA), snap-frozen on dry ice and 

stored at -80°C for cryosectioning and immunohistochemistry.  

 



	 -	73	-	

Genomic DNA was extracted from homogenised tissues using the High Pure PCR 

Template Kit (Roche, USA), and then treated with human DNA repair enzymes 8-

oxoguanine glycosylase (OGG1) or apurinic/apyrimidinic endonuclease 1 (APE1) 

(new England Biolabs, USA), to detected abasic and oxidised purine DNA clusters 

respectively. The OCDLs were measured using a modified version of the constant 

field gel electrophoresis under neutral running conditions. This method is described in 

more detail in Chapter 3 and (Gollapalle et al., 2007). The snap frozen duodenum 

sections underwent immunofluorescence staining for γH2AX with rabbit anti- γH2AX 

antibody (Cell Signalling, USA) and immunoperoxidase staining for 8-oxo-G with a 

rabbit antibody (Millipore, USA), and for apoptosis a rabbit anti-cleaved caspase-3 

antibody (Cell Signalling Technology, USA), both staining procedures are outlined in 

Chapter 3. The image acquisition and analysis have also been described previously in 

Chapter 3.  

 

A panel of 8 cytokines (Eotaxin, IL-10, CCL2, MDC, MIP-3α, TGFβ1, TIMP, 

VEGF) were measured at RayBiotech, Norcross, USA, in 200 µl plasma samples, 

with 3 mice per group, using Quantibody® custom array (glass-chip-based 

multiplexed sandwich ELISA array), as described in Chapter 3.  

 

Statistical analysis.  

The Student’s t-test was used to evaluate the differences between sham-irradiated 

control and irradiated cohorts of mice.  

 

 

4.3 RESULTS 
 

To identify which immune system components play a role in propagating RIAE 

induced by MRT in normal tissues, we compared effects of MRT in healthy wild type 

and immune-deficient mice. A summary of the other results reported in (Lobachevsky 

et al., 2019) will be outlined here as well as a full description of the γH2AX foci 

response results.  
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DSBs  

In Chapter 3, it was shown that tissues that contained a high proportion of 

proliferative cells such as those found in the gastrointestinal tract, including mouse 

duodenum, are particularly sensitive to expressing abscopal γH2AX foci induction 

(Redon et al., 2010a; Ventura et al., 2017). Here γH2AX foci formation was used as a 

biomarker of DNA damage (Bonner et al., 2008), in non-targeted duodenum. γH2AX 

foci are known to readily form in tissues with large fractions of highly proliferating 

cells because they collect at replication forks, which interact with oxidative lesions 

and therefore can result to DSBs (Dickey et al., 2012; Martin et al., 2011; Redon et 

al., 2010a). The γH2AX foci response in out-of-field duodenal epithelial cells (Figure 

1) confirmed the presence of RIAE and therefore is consistent with the previous 

report in Chapter 3 (Ventura et al., 2017), where we saw an increase of γH2AX foci 

following irradiation at 3 days and 6 post-MRT treatment in C57B6/J mice in 

comparison to sham-irradiated controls (2-fold at day 3 post-irradiation, p=0.018, and 

2.5-fold at day 6 post-irradiated, p=0.066). Generally, no significant changes in 

γH2AX foci response were observed in mice with immune deficiencies, except for the 

macrophage-depleted mice at day 6 post-irradiation (2.2-fold, p=0.006). The γH2AX 

foci in control mice of all mouse strains generally remained at a consistent level with 

the exception of CCL2 knockout mice that showed a significant level of γH2AX foci 

in the sham-irradiated control group.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Accumulation of γH2AX foci in out-of-field duodenum of wild type 
C57B6/J mice and a range of immune-deficient mice. Quantification of γH2AX 
foci in duodenum epithelium of wild type C57BL6/J mice and a range of immune–
compromised mice following MRT-treatment. Error bars are SEM; *p≤ 0.05; n=5.  
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Summary of other results 

Locally irradiated C57BL6/J mice accumulated OCDLs, apoptosis and oxidative 

stress in out-of-field duodenum, supporting the RIAE model proposed in (Ventura et 

al., 2017). However, these effects were completely or partially absent in immune 

deficient mice, suggesting that the immune system plays a critical role in propagating 

the systemic genotoxic effects after localised radiation. No significant changes 

(except for IL-10) in plasma concentrations of 7 cytokines (eotaxin, CCL2, MDC, 

MIP-3α, TGFβ1, TIMP-1 and VEGF) analysed before and after irradiation were 

detected. This effect was contrary to our previous study (Ventura et al., 2017), we 

attributed this difference to the small number of mice tested. The dosimetry studies 

showed that the integrated dose of MRT irradiation was 1.10 ± 0.06 Gy, consistent 

with previous MRT integrated dose measurements (1.16 Gy) (Lobachevsky et al., 

2015). The scattered radiation dose measured by XRQA2 film placed 50 mm from the 

irradiated area indicated that all 6 out-of-field samples (tongue, spleen, duodenum, 

ovary and colon) were below the threshold of film detection (1 mGy), which is in 

agreement with (Lobachevsky et al., 2015).  

 

 

4.4 DISCUSSION 
 

Since the discussion and conclusions of the results only make sense when all end-

points are considered, readers should refer to Appendix 2, which contains the full 

manuscript of this study.  
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CHAPTER 5  
 

Comparing synchrotron MRT valley dose 

with Monte Carlo simulated physical valley 

dose using γH2AX biodosimetry. 

 
5.1 INTRODUCTION 
 

Establishing the physical dosimetry of MRT is a constant challenge due to its 

complex dose profile (Brauer-Krisch et al., 2003; Crosbie et al., 2008; Lobachevsky 

et al., 2015; Nettelbeck et al., 2009; Siegbahn et al., 2006). The MRT dose profile 

consists of multiple components: peak dose, valley dose and dose in the 

penumbra/shoulder regions. The PVDR is another physical dosimetry parameter of 

importance that may also carry biological significance for different biological targets, 

since it is a measure of the amount of radiation delivered to tissue present in the valley 

region of adjacent microbeams. However, obtaining an accurate PVDR measurement 

is currently a challenge with physical dosimeters such as ionisation chambers and 

diode arrays, since they are unable to provide accurate and reliable MRT dosimetry 

due to the small width of the microbeams and large dose gradients required over very 

short distances (Crosbie et al., 2008; McErlean et al., 2016). It is common for MRT 

dosimetry to involve Monte Carlo simulations to provide the theoretical MRT dose 

and compare it to measurement-based dosimetry, such as film (Lobachevsky et al., 

2015) or semiconductor diodes (Low et al., 2003). However, semiconductor diodes, 

ionisation chambers and diamond detectors are associated with large uncertainties due 

to their relatively large sensitive volumes (Low et al., 2003) or non-equilibrium 

conditions due to non-water equivalence of the detection material (Baldock et al., 

2010). Gafchromic film dosimetry also has some disadvantages, including the fact 

that the resolution of the film is dependent on the optical density read-out system, 

such as use of the JL microdensitometer, which provides superior resolution but is 
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difficult to use compared to high resolution scanners (Brauer-Krisch et al., 2010a). 

Film dosimetry also requires for users to wait 24 hrs for the film to stabilise before the 

dose can be verified meaning that the dose cannot be determined prior to patient 

treatment (Brauer-Krisch et al., 2010a; Crosbie et al., 2008).  

 

One of the most lethal lesions induced by radiation are DNA double stranded breaks 

(DSBs). During the initial 30 minutes after exposure to ionising radiation, thousands 

of H2AX molecules are phosphorylated in the chromatin close to the DSB site, 

producing a focus where proteins involved in DNA repair and chromatin remodelling 

are recruited to the area (Rogakou et al., 1999). The accumulation of phosphorylated 

H2AX molecules amplifies the signal, which allows for individual DSB to be detected 

with an antibody to γH2AX (Bonner et al., 2008). The presence of radiation-induced 

DSBs and visible γH2AX foci follows a close 1:1 ratio (Sedelnikova et al., 2002), and 

forms the basis for using γH2AX as a sensitive quantitative method to detect DNA 

DSBs in mammalian cells. However, recent reports have demonstrated that the 1:1 

relationship between DSBs and γH2AX foci is not always correct, arguing that 

γH2AX is more accurately classified as a DNA damage sensing protein rather than a 

marker of DSBs, since γH2AX foci have been observed in cases where DSBs are 

absent (de Feraudy et al., 2010; Revet et al., 2011). In any case, γH2AX could serve 

as an appropriate biodosimeter to solve the ongoing problem of measuring the 

biological equivalent valley dose of MRT. The γH2AX assay has been used in the 

clinic for dose estimation of localised radiation with both high (radiotherapy) and low 

doses (X-ray examination, computed tomography (CT) scan (Denoyer et al., 2015; 

Ivashkevich et al., 2012; Löbrich et al., 2005; Qvarnström et al., 2004; Rothkamm et 

al., 2003; Siva et al., 2016). The γH2AX immunostaining assay has a number of 

favourable features including: robustness, sensitivity and rapidity, since the γH2AX 

foci are visible within minutes after irradiation exposure via microscopy (Rogakou et 

al., 1999). The surface area of an individual focus is approximately 0.2 µm! , 

correlating to the rapid phosphorylation of thousands of γH2AX molecules in a 2 

mega base-pair (Mbp) region (Costes et al., 2006). These attributes prompted the use 

of γH2AX as a quantitative marker for DNA DSB damage in MRT-treated cell 

cultures and tissues at the Australian Synchrotron (AS) (Lobachevsky et al., 2015) 
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and at the SPring-8 synchrotron in Japan (Rothkamm et al., 2007; Rothkamm et al., 

2003).  

 

Previously, the Rothkamm group detected radiation-induced DNA damage in MRT-

irradiated mouse skin tissue and lung fibroblasts using the γH2AX assay. This work 

attempted to establish the level of radiation burden experienced by “spared” tissue 

regions between the microbeams (Rothkamm et al., 2012). γH2AX foci produced 

from a range of known BB doses were counted to generate a BB standard curve. The 

resulting standard curve was then used to extrapolate the biologically equivalent 

valley dose of a range of MRT peak doses. These data were obtained on the BL28B2 

beamline at the SPring-8 synchrotron in Japan. Since 2010, MRT research has also 

been performed on the imaging and medical beam line (IMBL) at the AS. Our group 

established a biodosimetry method for the IMBL, since the X-ray source and 

collimator geometry are fundamentally different to those on the BL28B2 beamline at 

SPring-8 (Stevenson et al., 2017).  

 

Our group have published numerous pre-clinical and medical physics/dosimetry 

papers from the IMBL and we now have a firm understanding of the physical 

dosimetry for both BB radiation and to some extent MRT on the IMBL (Crosbie et 

al., 2013; Livingstone et al., 2017; Lye et al., 2016; Stevenson, 2017). This dosimetry 

work is aided by a commercial treatment planning system with a dedicated dose 

calculation algorithm for MRT on the IMBL (Poole et al., 2017). In recent years, our 

group’s pre-clinical MRT research has been focused on normal tissue toxicity from 

MRT (Smyth et al., 2018). We therefore wanted to use a more relevant cell line, such 

as skin fibroblasts, to complement the mouse skin work we have been doing. 

Fibroblasts are an appropriate model to study radiation response using the γH2AX 

assay (Qvarnström et al., 2004; Simonsson et al., 2008; Turesson, 2001). 

 

The aim of this current study was to provide evidence that γH2AX biodosimetry can 

serve as a useful tool, in combination with predictions of physical dosimetry, to 

measure the biological valley dose of MRT irradiated mammalian cells in both in 

vitro and in vivo settings using the IMBL at the AS. Here we used the γH2AX assay 

to attempt to determine biologically equivalent valley dose of MRT-irradiated mouse 



	 -	79	-	

skin, human skin fibroblasts and melanoma cells. We compared the biologically 

equivalent valley doses with the predicted valley doses from Monte Carlo simulations 

and established the PVDR in vivo and in vitro. These studies could provide further 

clues to identify mechanisms that contribute to the normal tissue sparing effect 

associated with MRT. The work outlined in this chapter is currently being prepared 

for publication. 

 

 

5.2 MATERIALS AND METHODS 

 
Mice  

A total of 48 8-10 week-old Balb/c female mice were used in this study. All animals 

were housed at the AS for the duration of the irradiation treatments. Animal ethics 

was granted from the RMIT University Animal Ethics Committee (AEC) (AEC 

approval 1432) and the AS animal ethics committee (AS-2016-006).  

 

Beam line setup 

The AS functioned at a constant ring current of 200 mA, in so-called Top-Up mode. 

We used high purity in vacuo copper, aluminium, and molybdenum filters to produce 

a polychromatic X-ray beam generating mean energies of approximately 95 keV for 

MRT and 125 keV for BB irradiations. The dose rate for the BB exposures was 41.5 

Gy/s and 12.2 Gy/s, and for MRT dose rates were 279.3 Gy/s and 357.9 Gy/s for skin 

and cell studies respectively. The MRT dose rates used in this study are within the 

FLASH dose rate range, while the BB dose rates are not. In order to deliver low BB 

doses of 1-5 Gy using FLASH dose rates the sample stage would need to move very 

fast. This was not possible given the mechanical tolerances of the sample stage 

motors. Therefore, the dose rate was reduced using molybdenum filters to deliver the 

low BB doses required for this study. The dose rate was determined using previously 

published methods (Livingstone et al., 2017; Lye et al., 2016) and was based on full-

scatter reference conditions. In brief, a PinPoint (PTW, Frieburg, Germany) 

cylindrical ionisation chamber was placed at 20 mm depth in both a liquid and Solid 

Water™ tank. The water tank was then vertically scanned through a 20 mm x 1 mm 

BB field at precisely known velocities. Various high purity filters were placed in the 
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path of the X-ray beam to achieve the beam energies listed previously. The TG51 

absorbed dose to water protocol for kilovoltage X-ray beams was used to convert the 

current recorded by the ionisation chamber and electrometer to absorbed dose to 

water. The total uncertainty (k=1) for the irradiations at the IMBL was: MRT peak – 

5.1%, MRT valley – 8.6% and BB – 4.8%. A detailed uncertainly budget is available 

in the Supplementary data of (Smyth et al., 2018), which is included in appendix 4 of 

this thesis.  

 

Irradiations  

Mouse skin flap setup 

Mice were irradiated in Hutch 2B on the IMBL at the AS, with six mice for each 

irradiation cohort. Six mice were used as sham-irradiated controls. Animals were 

anesthetised with Xylazine & Ketamine and placed into custom-designed perspex jigs 

with Velcro straps to immobilise them and ensure accurate radiation delivery 

(Appendix 3, Supplementary Figure 1a). Approximately 2 cm (in height) of skin on 

the back of the anesthetised mouse was stretched and clipped with 2 alligator clips to 

create a skin flap, allowing irradiation of the skin only. We verified the radiation dose 

delivered to the targeted area by using Gafchromic film EBT3 (Ashland Specialty 

Ingredients, USA), which was also secured with the alligator clips and placed at the 

front and back of the skin flaps to monitor the dose of radiation that enters and exits 

the skin. This study only reports on the response of the skin exposed to the entry dose.  

 

BB and MRT delivered dose to Skin Flap 

For BB, we irradiated a 10 mm x 10 mm region of the dorsal skin flap on the mice. To 

achieve low BB doses, 2 filters were used, an aluminium and a molybdenum filter 

(with a thickness of 2.83 mm each), to obtain a mean energy of 125 keV and dose rate 

of approximately 41.5 Gy/s. This allowed us to administer a variety of BB doses of 1, 

2, 3.5 and 5 Gy by varying the irradiation time (from 24 - 120 ms) within the 

mechanical tolerances of the dynamic scanning stage. For MRT, beams were 

generated when an initial 10 mm x 10 mm beam was passed through a multi-slit 

collimator; to generate an array of vertically oriented parallel microbeams with a 

width of 50 µm and centre-to-centre spacing of 400 µm. These microbeams passed 

through 2 copper filters with a combined thickness of 2.83 mm to generate a mean 
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energy of 95 keV and a dose rate of approximately 279.3 Gy/s in order to deliver 

MRT peak doses of 50, 150 and 280 Gy (with scan speeds of 4.4, 1.5 and 0.8 mm/s). 

A dynamic motorised stage was used to vertically move the mouse jig through the 

beam at precise velocities. Sham-irradiated controls were anesthetised and placed in 

the irradiation jigs in the same way as the irradiated animals followed by recovery 

using Reversine. 

 

Collection of mouse Skin Flap 

Mice were humanely euthanized using cervical dislocation 1 hr post-irradiation, since 

γH2AX foci typically accumulate and reach a peak at this time point (Sedelnikova et 

al., 2007; Siva et al., 2016; Sokolov et al., 2005). We collected skin tissue from the 

front and back sides of the skin flap to determine if DNA damage response differs 

between both sides of the skin flap. However, only the front skin flap samples were 

studied in this report since they were directly exposed to the irradiation. The harvested 

skin samples were fixed in 10% buffered formalin for 24 hrs. Tissues were processed 

and precisely oriented in paraffin blocks, so that sections were cut at right angles to 

the MRT beam. 

 

Cell setup 

Two cells lines were used in the current study: a human melanoma cell line A375 

CRL-1619 (ATCC, Virginia, USA) and normal human neonatal dermal fibroblast 

cells (ATCC, Virginia, USA). Cells were cultured in DMEM Hi Glucose (Gibco, Life 

Technologies, Mulgrave, Australia) supplied with 10% fetal calf serum, glutamax 

(Gibco, Life Technologies) and 1% penicillin and streptomycin (Gibco, Life 

Technologies). Cells were seeded into 4 or 8 well chamber slides (Thermo-Fisher, 

Massachusetts, USA) at 50,000 cells per well. On the day of the irradiation, well 

chambers were removed from the slides. The slides containing 4 or 8 sections of 

confluent cells were placed in a slide rack in culture media to prevent drying during 

their transportation to AS.  For irradiation each chamber slide was placed individually 

into a 25 ml flask (Cell star, Germany) containing culture media with the top section 

of the flask removed to allow easy insertion of the slides (Appendix 3, Supplementary 

Figure 1b).  BluTack!" was used to secure the slide at approximately 5 mm from the 

front of the flask. We verified the radiation dose exposed to the targeted area by using 
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Gafchromic film EBT3 (Ashland Specialty Ingredients, USA) that was placed at the 

front side of the flask. The flask was secured to the motorised stage and irradiated in a 

field of 60 mm x 30 mm. 

 

BB and MRT dose delivered to cells 

Since the cell study took place some months after the tissue study, more information 

was collected to further inform irradiation dose choices. The range of BB and MRT 

doses chosen for the tissue study were therefore slightly different from the cell study. 

The experimental setup for the cell study was similar to the tissue study; aluminium, 

molybdenum and copper filters were used to generate a mean energy of greater than 

125 keV and dose rate of approximately 12.15 Gy/sec for BB in order to deliver doses 

of 0.75, 1.5, 2.5, 4.5 and 7 Gy. For MRT, 2 copper filters (2.83 mm combined 

thickness) were used to obtain a mean energy of 95 keV and a dose rate of 

approximately 357.9 Gy/sec for MRT to administer peak doses of 30, 50, 100 and 150 

Gy to slides (with scan speeds of 9.5, 5.7, 2.9 and 1.9 mm/s). Following irradiation, 

each slide was stored in an incubator for 1 hour at 37 °C	 and then fixed with 4% 

paraformaldehyde and stored in phosphate buffered saline (PBS) at 4°C. 
 

Immunohistochemistry 

Mouse Skin Flaps 

All samples were processed and immunostained concurrently. Tissue sections (4 µm) 

were cut using a microtome (Reichert-Jung, Germany), placed on clean Superfrost 

Plus slides (Gerhard Menzel GmbH, Germany) and dried at 60 °C for 1 hr in 

preparation for staining.  

 

Haematoxylin and Eosin (H & E) staining 

Slides with tissue sections were dewaxed and rehydrated, washed in water and 

transferred to Harris haematoxylin solution (Amber scientific, Australia) for 5 mins. 

Slides were then washed in water, dipped in acid alcohol twice and washed again. The 

slides were then dipped in ammonium water until the tissue nuclei blued and washed 

again with water. Slides were then transferred to eosin solution (Amber scientific, 

Australia) for 4 mins, washed, dehydrated and mounted with DPX (Sigma-Aldrich, 
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USA) ready for image acquisition. H & E stained samples were used to inform the 

orientation of the immunostained samples.  

 

γH2AX fluorescence staining  

Tissue immunostaining 

Tissue sections were dewaxed and rehydrated, washed in PBS and stored in pre-

chilled 70% ethanol overnight at 4 °C. The following day, slides were washed in PBS 

and microwaved in citrate buffer for 20 mins for antigen retrieval and cooled for 20 

mins. Slides were then washed in PBS-Tween 20 (0.05%) (Sigma-Aldrich, USA) for 

10 mins and blocked with 5% bovine serum albumin (BSA) in PBS-Tween 20 

(0.05%)-Triton X-100 (0.01%) (BDH, Australia) (PBS-TT) for 45 mins. Slides were 

washed with PBS for 5 mins and incubated with the primary antibody (mouse 

γH2AX, Millipore, USA) at a concentration of 2 µg/ml in PBS-TT containing 1% 

bovine serum albumin (Sigma-Aldrich, USA) (BSA-PBS-TT) for 2 hrs. The sections 

were washed for 15 mins with PBS and incubated with the secondary antibody (goat 

anti-mouse AlexFluor 488, Life technologies, USA) at a concentration of 2 µg/ml in 

1% BSA-PBS-TT for 1 hr in the dark. Finally, the sections were washed for 15 mins 

with PBS, mounted with Fluoroshield containing DAPI nuclear stain (Sigma-Aldrich, 

USA), and sealed under coverslips. Slides were stored in the dark at 4 °C until image 

acquisition.  

 

Cell immunostaining 

Following fixation, cells were permeabilised with 0.5% Triton X-100 (BDH, 

Australia) in PBS for 10 mins and washed twice with PBS. The non-specific proteins 

in cells were blocked with 8% BSA-PBS-TT for 1 hr and washed with PBS. Cells 

were then incubated with the primary antibody (mouse monoclonal anti-γH2AX 

antibody, Millipore, USA) at a concentration of 2 µg/ml in 1% BSA-PBS-TT for 2 hrs 

at room temperature. Following incubation, the cells were washed twice with PBS and 

incubated with a secondary antibody (goat anti-mouse AlexFluor 568, Thermofisher, 

USA) at a concentration of 2 µg/ml in 1% BSA-PBS-TT for 1 hr in the dark. The cells 

were washed three times with PBS, mounted with Fluroshield containing DAPI 

(Sigma-Aldrich, USA) and sealed under coverslips. Slides were stored in the dark at 

4 °C until image acquisition.	
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Image acquisition  

Tissue imaging 

Images of the γH2AX-immunostained tissue sections were acquired using an 

Olympus IX83 (Olympus Corp. Tokyo, Japan) inverted wide field microscope at the 

Monash Institute of Pharmaceutical Sciences (MIPs), Melbourne. Images were taken 

using a 60x NA1.3 silicone immersion objective. Since we aimed to capture 2 

microbeams in a single image, a tiled mosaic of images was stitched together using 

SlideBook Version 6 (3i, USA). The images were deconvolved based on the 

microscope’s point spread function using the Huygens deconvolution software 

(Scientific Volume imaging, Netherlands).  

 

Cell imaging  

The fluorescence γH2AX-stained cells were imaged using the Nikon Ti-E microscope 

(Nikon, Japan) and captured using the NIS elements program (Nikon, Japan), at MIPs. 

The 40x objective was used to capture up to 10 fields of view, which were stitched to 

generate a montage in order to capture at least 4 microbeams in the same image. Each 

field of view had a series of z-sections.  

 

Image analysis 

All images generated were memory intensive therefore image analysis was performed 

using a high-performance workstation (Dell Precision T7810 with 22 cores and 120 

GB RAM). Images were analysed using the Fiji open source software (Schindelin et 

al., 2012). Macros were developed to allow for consistent foci and nuclei counting 

over a large set of images. Two separate macros were developed for tissue and cell 

images based on the image requirements and aims of the study. For the tissue study, 

the macro was initially used to count a small subset of images (53 images) to 

determine if the correct parameters to identify nuclei and foci were selected. To 

confirm that the macro was counting accurately, the same subset of images was 

counted manually as well. Since the objective of the study was to estimate the 

biologically equivalent valley dose of MRT, the macro allowed the selection of 

regions of interest (ROI) (‘click-and-drag’ style) across the entire valley region 

present between 2 microbeam tracks. This allowed the macro to confine foci counting 

to the defined ROIs. Conversely, for the BB images, all foci in the basal layer of the 
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epidermis were counted by the macro. For skin tissue images, 50-300 cells were 

analysed per animal and for cell images, 45-382 cells were analysed per slide. The 

foci counts for the BB images were used to generate a standard curve to assist in 

estimating the biological valley dose of the MRT images. Since the manual counts 

from tissue and cell (data not shown here) experiments confirmed that the macro was 

counting accurately, a total of 193 images and 132 images were counted using the 

macro, for tissue and cell experiments respectively.  

 

Dosimetry  

Tissue study 

A detailed dosimetry protocol is outlined in Appendix 4 supplementary material. 

MRT peak doses were calculated based on simulations of reference BB measurements 

in full scatter conditions (20 mm x 20 mm2 at 5 mm depth in water). Monte Carlo 

simulations were used to determine the theoretical PVDRs and MRT valley doses. We 

used GEANT4 Monte Carlo simulations to account for the backscatter caused by the 

Perspex mouse jig. The mouse skin model was approximately 21 mm wide x 21 mm 

high and 5 mm thick cuboid of water in the Monte Carlo simulation. Energy 

deposition was scored centrally at 2.5 mm depth. The Monte Carlo simulations also 

provide the output factors (OF) to account for a lack of scatter between microbeam 

and BB conditions (refer to the Appendix 4, supplementary material for further 

information). The OF for the tissue study was calculated to be ~0.8.  

 

Cell study 

Similarly, the theoretical PVDR and MRT valley doses were calculated using Monte 

Carlo simulations. The cell flask was approximately 30 mm wide x 60 mm high x 25 

mm thick cube with the cell media approximated as water. In this case, dose was 

scored at 5 mm depth in the cell-water volume. The OF for the cell study was 

calculated to be ~0.68. 

 

Statistical analysis 

The Fisher Pairwise comparison of ANOVA one-way, feature from the Minitab 18 

statistical software (Pennsylvania, USA), was used to determine the statistical 

significance. Data presented as mean foci count where p ≤ 0.05 was considered to be 

significant.   
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5.3 RESULTS 
 

Tissue study  

BB 

As expected, a gradual increase in γH2AX foci was observed in BB-irradiated tissue 

as the dose increased (Figure 1). Distinct foci were observed in all BB-irradiated mice 

(insets in Figure 1 A-E). BB standard curves were generated showing the number of 

foci present in the nuclei at each BB dose for both manual and macro counting 

methods using a small subset of images (53 images) (Figure 2). Using the BB 

standard curves, a linear regression fit equation was determined for each foci counting 

method in order to extrapolate the biologically equivalent valley MRT doses. These 

equations were used to estimate a yield of 5.3 and 5.6 foci per cell per Gy for the 

macro and manual counts, respectively. This yield demonstrates that macro and 

manual foci counts produced consistent foci yields and therefore the macro counts are 

reliable. Since manual and macro counting methods showed good agreement, all 

images (193 images) were counted with the macro. The resulting graph showed the 

same linear dose response trend seen in the subset macro counts data (Figure 2). 

Using the linear regression fit equation generated from the linear graph in Figure 2 a 

yield of 5.9 foci/cell/Gy was determined. All methods of foci counting had a 

correlation coefficient of greater than 0.9 (R! = 0.9), which indicates a good level of 

linearity. 

 

MRT 

Characteristic MRT beam ‘tracks’ were observed in cell nuclei saturated with γH2AX 

foci, and distinct and discrete foci were present in the valley regions located between 

adjacent MRT peaks (Figure 3). All cells present in the peak regions were saturated 

with foci and could not be counted. Conversely, the clear and distinct foci formed in 

the valley regions (insets in Figure 3 A-D) allowed for their accurate quantification.  

 

The biologically equivalent MRT valley dose was determined using the BB standard 

curve linear regression fit equation of the macro that counted all images. MRT 50 Gy 

and 150 Gy produced almost the same biological equivalent valley dose (that was not 

statistically different) of 0.8 Gy (generating 5.7 foci) and 0.6 Gy (generating 5.5 foci) 
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respectively (p=0.5) (Table 1). However, there was a statistically significant increase 

in valley foci counts at MRT 280 Gy (6.8 foci, 1.7 Gy valley dose, p = 0.0006) 

compared to MRT 50 Gy (5.7 foci, valley dose 0.8 Gy) (Table 1). 

 

Cell study 

BB 

The cell study involved human fibroblasts and human melanoma cells that were 

irradiated with a range of BB and MRT doses, and fluorescently stained for γH2AX. 

When the human fibroblasts were stained for γH2AX foci, the resulting images 

showed a gradual increase in foci as the dose increased (Figure 4a). This observation 

is graphically represented in Figure 5, which shows that BB irradiation induces foci 

formation in a dose dependent manner that increases linearly according to dose. A 

linear regression fit equation was generated to establish a yield of 27.4 foci/cell/Gy 

and with a correlation coefficient of 1 (R! = 1), which indicates a good level of 

linearity. 

 

MRT 

Human fibroblasts irradiated with MRT were stained for γH2AX foci, the resulting 

images showed very clear and distinct microbeam tracks (Figure 4b), which 

resembled the MRT beam pattern seen in the tissue study. These microbeam tracks 

were clearly identified by the saturation of fluorescent γH2AX foci in cells that 

received peak MRT doses. Microbeam tracks were separated by areas of cells with 

significantly less foci, where a gradual decline of foci was apparent closer to the 

centre of the valley region.  

 

The linear regression fit equation generated from the BB standard curve was used to 

extrapolate the biologically equivalent MRT valley doses (Table 2). We observed a 

trend where two MRT peak doses produced similar biologically equivalent valley 

doses; MRT 50 Gy and 100 Gy produced almost the same biologically equivalent 

valley dose of 4.1 Gy (generating 65.2 foci) and 4.2 Gy (generating 65.8 foci) 

respectively. Both biological predictions were statistically different from MRT 30 Gy 

and 150 Gy, where the estimated biological equivalent valley doses were 2.8 Gy 

(generating 49.0 foci) and 6.6 Gy (generating 94.4 foci) respectively (Table 2).  



	 -	88	-	

BB and MRT irradiation of melanoma cell line 

The melanoma cell line showed significant background DNA damage in the sham-

irradiation control group (Appendix 3, Supplementary figure 2), which is consistent 

with the understanding that tumour cells harbour significant aberrations in DNA 

(Bonner et al., 2008; Martin & Bonner, 2006; Nakamura et al., 2009). Nuclei of 

irradiated cells were saturated with heavily overlapping foci and therefore it was not 

possible to accurately quantify foci within many cells in the MRT valleys and BB 

images. Based on these findings, we deemed the current γH2AX based biodosimetry 

method to be unsuitable for determining the biologically equivalent valley doses of 

MRT-irradiated melanoma cell lines and restricted our detailed analysis to the normal 

fibroblast cell lines.  

 

Monte Carlo simulations of tissue and cell studies 

Monte Carlo simulations were performed to determine how theoretical estimates of 

the valley dose compare to biological equivalent doses and were also used to establish 

a physical PVDR. As expected, there was a linear increase in Monte Carlo theoretical 

valley dose as the peak dose increased in both tissue and cell studies. The Monte 

Carlo-predicted PVDR for mouse skin tissue was 107. The total uncertainty (k=1) of 

the physical dosimetry for the irradiations was 5.1% and 8.6% for MRT peak and 

valley doses respectively, and 4.8% for BB. The PVDR for the fibroblast cells was 

predicted to be 30. This difference in PVDRs is due to the larger field size used (30 

mm x 60 mm compared to the 10 mm x 10 mm mouse skin irradiations). This 

difference is also illustrated in Figure 6, which shows an example of the Monte Carlo 

simulated microbeam profiles of mouse skin and human fibroblasts irradiated with 

MRT 50 Gy. These dose profiles are consistent with other reports (Crosbie et al., 

2010; Fernandez-Palomo et al., 2015; Ibahim et al., 2014). The characteristic ‘peaks’ 

and ‘valleys’ commonly associated with MRT represent the typical pattern of highly 

saturated foci in the MRT beam tracks separated with cells containing a rapid 

decrease in γH2AX foci.  
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5.4 DISCUSSION 
 

To our knowledge this is the first report to demonstrate that MRT induces a non-linear 

dose response compared to BB, where doses 2-3 times greater showed the same level 

of DNA DSB damage in the valley in both in vitro and in vivo settings. These results 

indicate that γH2AX may not be an appropriate biodosimeter for use in estimating 

biological valley doses of synchrotron MRT. However, given that a small sample size 

(n=6 animals and n=2 chamber slides per irradiation group) was used in this study, a 

larger sample size is required to confirm or refute this finding. We also established 

foci yields of 5.3-5.9 and 27.4 foci/cell/Gy in mouse basal epithelium and human 

fibroblasts respectively, induced by BB. Using Monte Carlo simulations, a linear dose 

response was seen in both tissue and cell studies and produced predicted PVDRs of 

approximately 30 and 107 for human fibroblast cells and mouse basal epithelium cells 

in skin tissue respectively. This PVDR result was consistent with our previous report 

that involved a similar experimental setup (Rothkamm et al., 2012) though with a 

different synchrotron X-ray source and collimator geometry. We also found good 

agreement between manual and automated foci counting methods, which 

demonstrated that our automated foci counting macro was counting as accurately and 

consistently as manual counting. However, our automated foci counting method is the 

preferred method since it more efficiently and rapidly counts foci compared to manual 

counting, with no risk of counting bias.  

 

BB radiation induced a linear DNA DSB dose response; however a similar response 

was not seen in the MRT valleys. The DNA DSB linear dose response observed for 

BB irradiation was consistent with reports based on γH2AX biodosimetry and well-

established knowledge of γH2AX kinetics in humans (Löbrich et al., 2005; Redon et 

al., 2009; Rothkamm et al., 2007; Sak et al., 2007).  Conversely, linear DNA DSB 

dose response was not observed in the MRT valleys, where a plateau of γH2AX foci 

occurred at certain doses (MRT 50 Gy and 150 Gy in skin-flap study and MRT 50 Gy 

and 100 Gy in fibroblast study) followed by an increase in DNA DSBs at higher doses 

(MRT 280 Gy in skin-flap study and MRT 150 Gy in human fibroblast study).  

 



	 -	90	-	

The non-linearity of MRT valley doses indicates that γH2AX may not be a suitable 

biodosimeter to estimate biologically equivalent valley dose, particularly at the ultra-

high MRT doses used in this study. However, due to the small sample sizes (n=6 

animals and n=2 chamber slides per irradiation group) used in this study this claim 

requires further investigation using larger samples sizes. Nevertheless, the γH2AX 

assay does have utility as a biodosimeter at lower synchrotron-generated MRT doses 

(Lobachevsky et al., 2015) and from other irradiation sources using lower irradiation 

doses to estimate radiosensitivity, scattering or abscopal effects in normal tissues 

(Löbrich et al., 2005; MacPhail et al., 2003a; Qvarnström et al., 2004; Rothkamm et 

al., 2003; Sak et al., 2007) and in the setting of emulated accidental irradiation 

situations (Garty et al., 2015; Redon et al., 2009; Rothkamm et al., 2013; Turner et 

al., 2010), which has been successfully illustrated in several reports. One distinct 

advantage γH2AX assay has over physical dosimetry is that γH2AX provides direct 

evidence of the degree and spread of radiation burden in the valley regions between 

the MRT beam tracks, which arguably provides more important information for MRT 

radiobiology. Conversely, physical dosimetry is critical because it provides a means 

for cross-laboratory comparisons of MRT valley dose and serves as a benchmark for 

other laboratories to emulate, since physical dosimetry is not afflicted with biological 

challenges such as differences between cell type, histopathology and 

immunochemistry protocols, the use of different reagents and microscopy protocols, 

all of which can greatly influence predicted doses in biological dosimetry. In the case 

of the high MRT peak doses used in this study, the best avenue to obtain reliable 

measurement of the MRT valley dose is likely to be via physical or theoretical-based 

dosimetry, although these forms of dosimetry require further optimisation since no 

single commercial dosimeter that is currently available is able to simultaneously 

measure the peak and valley dose of MRT (Brauer-Krisch et al., 2010a; Crosbie et al., 

2008). Brauer-Krisch et al suggests that a possible approach to measuring the absolute 

dose of MRT with improved confidence would be to combine several commercially 

available dosimeters or measure the peak and valley doses separately (Brauer-Krisch 

et al., 2010a). For instance: using 2 Gafchromic films of different sensitivities 

(Crosbie et al., 2008) or by using pre-calculated PVDRs (via Monte Carlo 

simulations) for two separate exposures with one for peak and another for valley 

doses (Brauer-Krisch et al., 2010a). However, film dosimetry and theoretical 
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dosimetry methods such as Monte Carlo simulations both have limitations (Brauer-

Krisch et al., 2010a; Crosbie et al., 2008).  

 

We have several theories or hypotheses to explain the non-linear dose response in the 

MRT valleys, these include: chromatin restructuring, presence of DNA repair centres 

or γH2AX foci that represent more than 1 DSB, RIAE/intracellular communication 

and the FLASH effect. When low linear energy transfer (LET) produced by 

synchrotron generated X-rays are used, it generates about 30-40% complex clustered 

DSB lesions (Eccles et al., 2011; Lomax et al., 2013; Nikjoo et al., 1999). These 

complex DSB lesions along with other simple DSB lesions predominantly form in the 

euchromatin of cell nuclei (at lower irradiation doses) due to its loosely packed 

structure and the presence of H2AX and DNA damage response (DDR) proteins 

(Nakamura et al., 2012). There is evidence that H2AX are restricted to distinct 

clusters homogenously distributed within the nuclear volume (Bewersdorf et al., 

2006). The lack of increase in foci number at MRT doses 2-3 times higher could be 

due to cell repair machinery having difficultly dealing with clustered DNA DSB 

lesions, where DNA repair occurs slowly due to the limited number of H2AX 

domains, leading to an increase in radiation-induced γH2AX foci clustering. Since 

these events are probably occurring simultaneously, saturation of DSBs occurs and 

therefore no additional γH2AX foci are observed. This may explain the non-linear 

relationship when MRT 50 Gy and 150 Gy (mouse skin) and MRT 50 Gy and 100 Gy 

(fibroblasts) γH2AX foci are counted. At higher MRT doses (MRT 280 Gy in mouse 

skin and 150 Gy in human fibroblasts), an increase in γH2AX foci was observed this 

could be due to the formation of clustered DSBs and other DSB lesions in 

heterochromatin as well as in euchromatin. Since these high doses (MRT 280 Gy and 

MRT 150 Gy in mouse skin and human fibroblasts respectively), may have been 

sufficient to also induce DNA lesions within the heterochromatin, which typically 

does not harbour DNA lesions unless at higher doses, due to its densely packed 

nucleosome structure where H2AX and DDR proteins are largely absent (Nakamura 

et al., 2012). Repair of DNA lesions in the heterochromatin is believed to occur due to 

chromatin restructuring which occurs via the phosphorylation of KAP-1 (Kruppel-

associated box 1) by ATM, which modifies chromatin binding and relaxes the 

heterochromatin structure at the heterochromatin/euchromatin boundary allowing 
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DNA repair proteins better access to the DNA lesions (Nakamura et al., 2012). It is 

possible that high irradiation doses are able to physically alter the chromatin 

organisation therefore giving kinases and other repair proteins access to DNA lesions 

within heterochromic regions (Nakamura et al., 2012). The hypothesis of foci 

movement from heterochromatic regions to the heterochromatin/euchromatin 

boundary is highly speculative but has been previously described in cases involving 

heterochromatin replication (Quivy et al., 2008) and for certain genes that become 

transcriptionally active only when relocated to open regions of the nucleus (Chuang et 

al., 2006; Cremer & Cremer, 2001).  

 

DNA repair centres may also explain the non-linear dose response observed following 

MRT irradiation. Although, repair centres have been observed in Saccharomyces 

Cerevisiae (Lisby et al., 2003) they remain hypothetical in mammalian cells (Savage, 

1996, 2002). Reports indicate that γH2AX dose response linearity is not always 

observed for example in normal human fibroblast (Costes et al., 2006) and in hamster 

V79 cells (MacPhail et al., 2003a) 18-24 γH2AX foci/ Gy were observed at doses less 

than 1 Gy, while at 1-4 Gy 13-15 γH2AX foci / Gy was seen. Similarly, Neumaier et 

al showed that at higher doses (2 Gy) the number of radiation-induced foci was 

significantly less than at lower doses (0.1 Gy). These authors attributed the non-linear 

dose response to the presence of so-called “repair centres”, as dose increases the 

probability of having 2 DSBs migrating to one common γH2AX focus increases 

leading to lower γH2AX foci counts per dose, faster induction and slower resolution 

(Neumaier et al., 2012). Several other reports have supported the notion that multiple 

DSBs can be represented by a single radiation-induced focus (Anderson et al., 2002; 

Costes et al., 2007; Du et al., 2011; Ponomarev et al., 2008) suggesting that the 1 to 1 

relationship between DSB induction and γH2AX foci formation may not always be 

true. Recent reports have provided evidence that supports the idea that γH2AX is a 

DNA damage sensing protein rather than a marker for DNA DSBs since γH2AX foci 

has been observed in cases where DSBs are absent (Cleaver et al., 2011; Costes et al., 

2010; Revet et al., 2011). These observations include: 1) spontaneous foci formation 

is dependant on cell cycle stage (Costes et al., 2010; MacPhail et al., 2003b; Whalen 

et al., 2008), 2) senescent cells that contain ATM and γH2AX foci but lack 53BP1 

foci indicating absence of DSBs (Pankotai et al., 2009; Pospelova et al., 2009), 3) 
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detection of delayed foci formation following irradiation is dependant on biochemical 

assay used such as γH2AX foci formation assay (Costes et al., 2006; Costes et al., 

2007; Leatherbarrow et al., 2006; Wilson et al., 2010), flow cytometry (MacPhail et 

al., 2003a), two-dimensional gel electrophoresis (Rogakou et al., 1998) and pulse 

field gel electrophoresis (Stenerlöw et al., 2003; Wang et al., 2001), and 4) γH2AX 

foci formation occurs during normal cellular processes such as chromatin remodelling 

(Costes et al., 2010; Goodarzi et al., 2008; Goodarzi et al., 2009; Karagiannis et al., 

2007).  

 

To confirm the validity of the proposed theories of chromatin restructuring at high 

MRT doses and existence of DNA repair centres, further experiments must be 

performed to determine if DSBs form in heterochromatin at higher MRT doses and if 

γH2AX foci are present there, to confirm if DNA repair centres/γH2AX foci contain 

more than one DSB and finally to establish if these biological responses are exclusive 

to MRT or if they are also induced by BB irradiation. Since pulse field gel 

electrophoresis is the standard method for detection of DSBs it could be used to 

establish the exact number of DSBs and be compared to the number of γH2AX foci 

measured in this study. Although limitations or weaknesses of pulse field gel 

electrophoresis analysis are that it requires 10!- 10!cells and it may also overestimate 

DSB induction levels (Lobrich et al., 2010). Time-lapse microscopy could be used to 

monitor the level of the formation and clearance of radiation-induced γH2AX foci 

over time after exposure to BB and MRT irradiation, its migration into DNA repair 

centres and its presence in heterochromatin. A similar approach has already been 

reported in (Georgescu et al., 2015; Neumaier et al., 2012). These studies would assist 

in establishing mechanisms that contribute to normal tissue sparing effects associated 

with MRT. For instance one function of the DNA repair centres or clustered DNA 

lesions may be to amplify the “stress” signal to maximise repair of the DNA lesions, 

ultimately improving normal tissue response to MRT irradiation.  

 

Intercellular communication events are mediated by substances that are released by 

damaged cells that then affect healthy cells (Azzam et al., 1998; Azzam et al., 2001; 

Georgakilas et al., 2014; Loewenstein & Penn, 1967; Rose, 1971). These effects may 

also contribute to the non-linear dose response of MRT valley doses, since damaged 
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irradiated cells could release substances within and around the irradiated area. The 

RIBE is a specific instance of the much broader phenomenon of intercellular 

communication from damaged/abnormal cells to normal cells (Georgakilas et al., 

2014).  In the case of RIBE, directly irradiated cells release “danger signals” to 

healthy cells outside the irradiated area (bystander cells), these signals include: 

reactive oxygen/nitrogen species (ROS/RNS) (Widel et al., 2014; Yakovlev, 2015), 

oxidative DNA damage (Havaki et al., 2015), cytokines and chemokines (Widel et 

al., 2015), oxidative enzymes (Morgan, 2003) and other inflammatory response 

markers (Coates et al., 2008), and ultimately lead to induction of DNA damage 

(Sedelnikova et al., 2007; Sokolov et al., 2005), elevation of genomic instability and 

decreased viability (Little, 2006; Prise et al., 2009). These adverse effects of 

RIBE/intercellular communication effects not only occur in bystander cells outside 

the irradiated area but also inflict further damage to cells within the irradiated area 

such as within the MRT valleys, which may explain the non-linear dose response 

observed in both in vivo and in vitro MRT studies. The fact that RIBE is dose 

independent also helps to support this theory (Schettino et al., 2005; Smilenov et al., 

2006; Sokolov et al., 2005). The mechanisms that contribute to RIBE are not fully 

understood. However, evidence of mechanisms that drive RIAE were investigated in 

Chapter 3 and 4 of this thesis (Lobachevsky et al., 2019; Ventura et al., 2017). It has 

been suggested that intracellular communication and RIBE contribute to the normal 

tissue sparing effect of MRT (Crosbie et al., 2010; Fernandez-Palomo et al., 2013; 

Smith et al., 2013). Further work is required to confirm the involvement of RIBE or 

RIAE in the non-linear dose response seen in MRT in vitro and in vivo studies, 

including establishing the γH2AX foci frequency distributions, which would provide 

additional information of the mechanisms responsible for difference between 

biological and theoretical valley dose estimates.  

 

The lack of a linear dose response induced by MRT valley doses compared to BB 

may be due to the FLASH effect, since the MRT irradiations involved the use of dose 

rates that were high enough (279.3 Gy/s and 357.8 Gy/s) to induce a FLASH effect, 

which is typically above 100 Gy/s, while the BB dose rates used were too low to 

induce a FLASH effect (41.5 Gy/s and 12.2 Gy/s). If the MRT irradiations did induce 

a FLASH effect it would suggest that a protective effect occurred for skin-flaps of 
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MRT-irradiated mice and explains the observation that MRT valley doses that were 2-

3 times greater showed the same level of DNA damage in the valleys. This effect was 

absent in skin-flaps of BB-irradiated mice where conventional dose rates were used. 

This observation is consistent with the finding that FLASH irradiation differentially 

alters the conformation of chromatin close to DNA lesions (Ponette, 2000) suggesting 

that FLASH may differentially influence critical DNA damage sensing proteins 

involved in chromatin modification such as γH2AX (Aten et al., 2004), ATR, DNA 

PKcs, ATM (Burma et al., 2001; Rogakou et al., 1998), 53BP1 (Zgheib et al., 2005) 

and Kap1 (Goodarzi et al., 2008; Goodarzi et al., 2009). However, Favaudon et al 

reported no significant change in DNA strand breaks or apoptosis between FLASH 

and conventional dose rates suggesting that FLASH differentially activates DNA 

damage pathways compared to conventional dose rates and therefore lead to different 

late normal tissue toxicity effects (Favaudon et al., 2014). The FLASH effect has been 

observed in other animal skin models including pig skin irradiated with LINAC 

(Vozenin et al., 2019). Additional studies involving the use of FLASH dose rates for 

BB irradiation are required in order to determine if the normal tissue sparing effects 

seen for BB irradiation resembles the non-linear dose response observed for MRT-

irradiated animals in this thesis. 

 

The γH2AX foci yield reported in this study is comparable with earlier studies for 

mouse skin and fibroblasts (Rothkamm et al., 2012). Here we reported a yield of 5.3-

5.9 foci/cell/Gy for mouse skin tissue and 27.4 foci/cell/Gy for human fibroblast cells 

following BB irradiation. There are several explanations to account for the large yield 

differences between mouse skin and human fibroblast studies, these include 1) the 

thickness of the paraffin embedded mouse skin samples was less than the diameter of 

nuclei therefore reducing overall foci count (Rothkamm et al., 2012). 2) Structural 

differences between in vivo and in vitro studies with regards to lack of surrounding 

structures in the in vitro study leading to different intercellular communication events. 

3) Difference in human versus mouse biology. 4) Difference in radiosensitivity, 

proliferation capacity (Dewey et al., 1972; Hall et al., 2006; Prasad, 1995), DNA 

repair kinetics (DiBiase et al., 2000; Löbrich et al., 1995; Nunez et al., 1995), amount 

of available H2AX protein in the chromatin (Nakamura et al., 2012; Rogakou et al., 

1998; Takahashi & Ohnishi, 2005), robustness of cellular defence processes including 
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efficiency of DNA repair (Koike et al., 2005; Song & Lambert, 1999), and the 

antioxidant capacity of the tissues or their extent of infiltration by immune cells 

(Redon et al., 2010a). Conversely, it is also possible that the physical proximity of the 

cells on the glass rather than the biological differences of the cell types could account 

for the high levels of γH2AX foci in fibroblasts. Kegel et al reports that when cells 

grown on glass slides are irradiated with X-rays they exhibit higher levels of DSBs, 

due to the production of secondary elections generated from the irradiation of the 

glass slide (Kegel et al., 2007).  

 

Unlike the biological equivalent valley dose estimates, the theoretical MRT valley 

doses (assessed by Monte Carlo simulation) consistently increase as the MRT peak 

doses increase. We are confident that the physical and theoretical dosimetry of BB 

and MRT (peak doses) on the IMBL at the AS represents an improvement in our 

knowledge of the physical dosimetry reported in our previous work at the SPring-8 

synchrotron facility (Crosbie et al., 2008; Rothkamm et al., 2012). The Monte Carlo 

simulations performed in this study considered the precise geometry and physics of 

the IMBL at the AS, from the wiggler source to the target. Our reference dosimetry 

protocols (Lye et al., 2016) for accurate measurement of the absorbed dose to water 

on the beam line using a PTW PinPoint™ cylindrical ionisation chamber represent a 

substantial improvement over previous dosimetry publications. These current studies 

were considered when using Monte Carlo simulations, which allowed us to establish 

PVDRs of 30 and 107 for human fibroblasts and mouse skin respectively. Rothkamm 

et al also reported a similar PVDR value of 30 for their lung fibroblast cell 

experiment (Rothkamm et al., 2012). However, in their mouse skin experiment they 

reported a PVDR of 60. This disparity in PVDR between both studies could be 

attributed to differences in collimator geometry, energy spectrum considerations, 

accurate measurement of dose and expertise in Monte Carlo simulations. The large 

difference in PVDRs between tissue and cell studies is most likely due to differences 

in relative depth, dose rate, scattering conditions, and field size.  

 

One limitation of this study is the fact that we cross-calibrated the MRT biologically 

equivalent valley doses based on a physical BB dose. However, at this stage there is 

no other way to avoid using BB calibration curves to predict biologically equivalent 
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MRT valley doses. It is not possible to measure the biologically equivalent peak dose 

(and hence biological PVDR) using the γH2AX assay, because cells exposed to peak 

doses were saturated with overlapping foci which were impossible to count accurately 

(Böcker & Iliakis, 2006). Similarly, γH2AX biodosimetry of cancer cell lines such as 

the melanoma cell line used in this study is not a suitable method to measure 

biologically equivalent valley dose, due to a high level of saturated overlapping foci 

present throughout BB and MRT irradiated cell samples. Further studies are required 

to establish how closely automated counts match up to manual counts, this could 

include correlation analysis. In regard to foci counting, it is common for most 

automated foci counting software to invariably undercount foci (Ivashkevich et al., 

2011). So in that light, our macro may have undercounted by counting a very tight 

cluster containing multiple foci as a single focus. However, we believe that this 

compromise between accuracy, consistency, objectivity and efficiency is reasonable, 

especially when compared to manual counting. There are other programs that are used 

for γH2AX foci scoring but they are typically designed for a very specific experiment 

and are less adaptable to our particular experimental setup.  Further development and 

optimisation of γH2AX foci quantification methods such as fluorescent intensity 

measurements are required in order to provide more reliable and automated programs 

that are free of user-bias.  

 

 

5.5 CONCLUSION 
 

The key finding of this study is that γH2AX biodosimetry may not be a suitable 

method to measure the biological MRT valley dose due to the non-linear dose 

response observed in both in vitro and in vivo settings. However, additional studies 

that involve larger sample sizes are required to confirm this finding. We propose 4 

theories that may explain the non-linearity: 1) chromatin restructuring, 2) presence of 

DNA repair centres or lack of 1:1 relationship between DSBs and γH2AX foci 

formation, 3) intercellular communication and RIBE, and 4) FLASH effect. The non-

linear dose response observed in this study contradicts the assumption that radiation 

risk is proportional to radiation dose. The findings in this study point to novel MRT 
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radiobiology and therefore our proposed theories require further investigation through 

techniques such as pulse field gel electrophoresis to examine DSB induction levels 

and compare it to γH2AX foci numbers established in this study, and time-lapse 

microscopy to monitor emerging and clearance of γH2AX foci, clustering of DSBs, 

existence of DNA repair centres and restructuring of heterochromatin following high 

MRT doses. Future experiments should also include the use of FLASH dose rates for 

BB irradiations and lower MRT peak doses in the range of 10 Gy to 50 Gy as γH2AX 

biodosimetry may be more useful at these doses. These studies would provide further 

clues to establish the biological and cellular communication mechanisms that drive 

the normal tissue sparing effect, a key attribute of MRT.  
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5.6 FIGURES AND TABLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Increase in radiation doses increased γH2AX foci in BB-irradiated 
mouse skin. Mouse skin samples were collected 1 hr post-irradiation since γH2AX 
foci accumulate and reach a peak at this time point. Representative images of γH2AX-
stained mouse skin from sham-irradiated control and a range of BB-irradiated mice 
(A-E). The red channel corresponds to the nuclear staining using DAPI; the green 
channel corresponds to γH2AX staining. The left panel contains white boxes that 
represent inset images that have been magnified in the right panels to show discrete 
γH2AX foci. Scale bar = 20 µm. 
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Linear regression fit equations  
Manual subset – y = 0.96x + 4.63, R! = 0.9, yield = 5.6 foci/cell/Gy 
Macro subset – y = 1.27x + 4.03, R! = 1, yield = 5.3 foci/cell/Gy 
Macro all images – y = 1.13x + 4.81, R! = 1, yield = 5.9 foci/cell/Gy 
 
 
 
Figure 2 – In mouse skin the BB standard curves of manual and macro foci 
counts were in close agreement with each other. A subset of mouse skin images (53 
images) was used to determine if macro and manual counts matched. Since the 
manual and macro foci counts were consistent with each other the macro was used to 
count all images taken during the study. A total of 193 images were analysed with 50-
300 nuclei present per image. Each data point represents the average number of foci 
per nuclei for all 6 mice in each experimental group. The error bars represent SEM for 
each group. The linear regression lines of foci counting (manual and macro methods) 
was generated and used to establish the yield of foci per cell per Gy. A yield of 5.6, 
5.3 and 5.9 foci/cell/Gy for manual and macro subset images, and macro foci counts 
for all images respectively. The correlation coefficient for each method was between 
R! = 0.9 - 1.  
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Table 1 – The estimated biological and theoretical valley doses of MRT-
irradiated mouse skin, using manual and macro foci counting methods. The 
linear regression fit equation generated from the BB standard curve for all images was 
used to estimate the biologically equivalent MRT valley doses of MRT-irradiated 
mouse skin. The dose rate for all irradiations was 279.3 Gy/s with scan speeds of 
4.4,1.5 and 0.8 mm/s for MRT 50, 150 and 280 Gy respectively. MRT 50 Gy and 100 
Gy showed similar biological valley doses due to similar number of DSBs formed 
within MRT valleys of both doses, suggesting that MRT valleys follow a non-linear 
dose response. At higher MRT doses (280 Gy) an increase in DSBs was observed. 
The theoretical Monte Carlo (MC) peak doses were very close to the planned peak 
doses. MC simulations predicted MRT valley doses, which followed a linear dose 
response as they increased as the peak dose increased. The MC valley doses were 
approximately 1% of the MC peak doses. Using MC simulations the PVDR was 
calculated to be 107. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Planned 
Peak dose  

Mean valley foci 
counts 

(All images)  
(No. of foci/nuclei 

Biological 
equivalent valley 

dose of macro 
counts  

(All images) (Gy) 

Theoretical 
MC peak dose 

(Gy) 

Theoretical 
MC valley dose 

(Gy) 

MRT 50 Gy 5.7 0.8 50.7 0.5 

MRT 150 Gy 5.5 0.6 152.3 1.4 

MRT 280 Gy 6.8 1.7 283.5 2.6 
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Figure 3 – Biological tracks of γH2AX foci in MRT irradiated mouse skin. Mouse 
skin samples were collected 1 hr post-irradiation since γH2AX foci accumulate and 
reach a peak at this time point. Representative images of γH2AX-stained mouse skin 
from sham-irradiated control and a range of MRT-irradiated mice (A-D). The red 
channel corresponds to the nuclear staining using DAPI; the green channel 
corresponds to γH2AX staining. The left panel contains white arrows that indicate 
MRT tracks and the area within the white box shows a small area of the MRT valley 
region, which is magnified in the right panels to show discrete γH2AX foci. Scale bar 
= 50 µm. 
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Figure 4 – Increase in γH2AX foci in BB and MRT-irradiated human fibroblast 
cells. Following irradiation human fibroblast cells were incubated for 1 hr since 
γH2AX foci accumulate and reach a peak at this time point. Representative images of 
γH2AX-stained human fibroblasts of sham-irradiated and a range of (A) BB and (B) 
MRT -irradiated mice. The red channel corresponds to the DAPI staining; the green 
channel corresponds to γH2AX staining. Scale bar = 50 µm. 
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Linear regression fit equation  
y = 12.1x + 15.4,  R! = 1,  yield = 27.4 foci/cell/Gy 
 
 
Figure 5 – BB standard curve of macro foci counts in human fibroblast cells. 
Each data point represents the average number of foci per nuclei for 2 chamber slides 
in each experimental group. The error bars represent the SEM for each group. The 
linear regression line generated from this graph was used to calculate the yield of 27.4 
foci/cell/Gy. The correlation coefficient for the foci counting method was R! = 1.  
 
 
 
Table 2 – The estimated biological valley doses in MRT-irradiated human 
fibroblasts. The linear regression line equation generated from the BB standard curve 
was used to estimate the biologically equivalent MRT valley doses of MRT-irradiated 
human fibroblasts. The dose rate for all irradiations was 357.9 Gy/s with scan speeds 
of 9.5,5.7,2.9 and 1.9 mm/s for MRT 30, 50, 100 and 150 Gy. MRT 50 Gy and 100 
Gy were shown to induce similar biological valley doses due to similar number of 
DSBs formed. An increase in biological valley dose occurred in the MRT 150 Gy 
group. Conversely, the theoretical Monte Carlo (MC) peak dose was quite close to the 
planned peak doses. MC-predicted MRT valley doses showed an increasing trend, 
where valley doses increased as MRT peak dose increased creating a linear dose 
response. The MC valley doses were approximately 3% of the MC peak doses. Using 
MC simulations the PVDR was calculated to be 30. 
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Gy 65.8 4.2 84.5 2.8	
MRT 150 

Gy 94.4 6.6 126.5 4.2	
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Figure 6 – Dose profile of MRT irradiated mouse skin and human fibroblasts. 
Dose profile was generated using Monte Carlo simulations to predict the peak and 
valley doses associated with MRT 50 Gy irradiations of mouse skin and fibroblast 
experiments at the Australian Synchrotron. Mouse skin has a higher measured peak 
dose and lower valley dose compared to fibroblasts due to a smaller field size, lower 
dose rate and different scattering conditions. 
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CHAPTER 6 

 

Identifying key biomarkers following 

partial body irradiation of the abdomen 

using MRT and BB irradiation, to 

understand gastrointestinal tract response 

to MRT irradiation.  

 
6.1 INTRODUCTION 
 

In Chapter 2 and 3, we demonstrated that a short pulse of MRT and BB irradiation is 

able to induce significant persistent systemic effects in mice and confirmed that out-

of-field gastrointestinal tract (GIT) is particularly sensitive to formation of abscopal 

DSBs and elevated apoptotic cells. This abscopal effect included a complex 

intracellular network involving the immune response, particularly macrophages. In 

this chapter we explore how MRT and BB induce alterations in gene expression of 

directly irradiated GIT tissues, with a central aim of identifying differences in normal 

tissue response to BB and MRT treatments.  
 

The GIT response to ionising radiation has been documented extensively (Ch'ang et 

al., 2005; Francois et al., 2013; Garg et al., 2010; Potten, 2009; Potten & Grant, 1998; 

Rose, 2011; Somosy et al., 2002). GIT tissues are known to respond early following 

irradiation treatment (Withers, 1985), due to the rapid and constant proliferation of a 

collection of pluripotent stem cells and clonogens present in the crypt of Lieberkuhn 

in positions 4 and 9 (4 and 9 cells up from the crypt base)(Brittan & Wright, 2002; 

Gordon & Hermiston, 1994; Potten et al., 1997; Potten et al., 2002). The GIT has the 

ability to regenerate intestinal epithelium after severe mucosal injury through the 
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coordinated efforts of surviving resident stem cells in conjunction with non-epithelial 

and inflammatory cells that reside within the crypt niche (Chandrakesan et al., 2012; 

Neal et al., 2011; Shaker & Rubin, 2010). These intestinal stem cells are important to 

preserve tissue homeostasis throughout the life of the organism and are especially 

required to respond and assist in recovery from genotoxic and cytotoxic insults 

(Barker, 2014). The ability of stem cells to promote survival and repopulate tissues in 

the GIT following radiation injury has been documented previously (Hua et al., 2012; 

Momčilović et al., 2009). It is known that paracrine, autocrine, and inflammatory 

signals regulate GIT regenerative ability, however these are poorly understood 

(Chandrakesan et al., 2016). 
 

Unlike conventional radiation therapy, there are no reports on GIT response to MRT. 

MRT has been shown to improve the therapeutic benefits of ionizing radiation by 

reducing toxicity to normal tissues compared to conventional radiation therapy 

(Dilmanian et al., 2003a) and is therefore considered to be a promising potential 

alterative to conventional radiation therapy (Regnard et al., 2008a). The normal tissue 

sparing effects and successful tumour ablation abilities provided by MRT are 

proposed to occur due to the unique physical geometry of the MRT beam. MRT has 

been shown to influence gene expression response differently compared to 

synchrotron BB radiation (Bouchet et al., 2013b; Sprung et al., 2012; Yang et al., 

2014), an irradiation modality that more closely resembles conventional radiation 

therapy modalities. In the current study our objective was to look for differences 

between synchrotron MRT and BB irradiation modalities to try and better understand 

the normal tissue sparing effect associated with MRT, since this is a key attribute that 

distinguishes MRT from synchrotron BB radiation therapy. Understanding this 

phenomenon may increase the prospect of the therapeutic use of MRT on cancer 

patients in the future.  

 

There are no data currently available that describes toxicity responses of GIT to MRT 

irradiation (Smyth et al., 2016). There are reports on differential gene expression 

induced by MRT in brain tumour inoculated rats compared to normal healthy brain 

tissue (Bouchet et al., 2013b), differential gene expression of MRT and BB-irradiated 

healthy mice and breast cancer inoculated mice (Sprung et al., 2012), and in vitro 

studies with EMT6.5 cells (Yang et al., 2014). These studies were able to identify 
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several gene pathways that might have been associated with the MRT normal tissue 

sparing effect and improved tumouricidal abilities, such effects may be specific to the 

given tissue type examined. In breast cancer study (Sprung et al., 2012), the MRT and 

BB doses were chosen using the estimated integrated dose for MRT (the dose 

averaged across the entire MRT field) as an equivalent dose to BB. This approach 

assumes that the difference in physical geometry of MRT and BB has no effect on 

biological response, despite several reports (Dilmanian et al., 2002; Serduc et al., 

2009; Uyama et al., 2011) that support the notion that the unique physical geometry 

of MRT is primarily responsible for its improved therapeutic index and normal tissue 

sparing effects. In the current study we will use a more biologically relevant approach 

based on dose-equivalence studies. 

 

Our preliminarily dose-equivalence studies were essential in order for this current 

work to begin. Our dose-equivalent studies were performed to identify MRT and BB 

doses that produced equivalent levels of radiation toxicity in GIT tissues in terms of 

weight loss following irradiation (Smyth et al., 2018). The results of the study 

demonstrated that MRT peak dose of 275.5 Gy and BB dose of 11 Gy induced the 

same radiation toxicity in GIT tissues of mice. These doses were used in the current 

study. I was involved in the dose-equivalence studies particularly in the animal 

irradiation and weight loss monitoring stages of the study. Our dose-equivalence 

report was published in the Scientific reports journal (Smyth et al., 2018) and is 

featured in Appendix 4 of this thesis. 

 

In this study we used quantitative real time polymerase chain reaction (qRT-PCR) to 

establish changes in gene expression level in specific GIT tissues from female and 

male mice at 4 and 48 hours post MRT and BB synchrotron irradiation. We chose a 

panel of 6 genes that are known to be affected by irradiation, particularly in pathways 

associated with inflammation and immune response (CSF1R, IL-6, IL-10, NFκβ2), 

and DNA repair (ATM, MDM2). We also wanted to determine if time post-

irradiation, tissue location within the GIT or gender, influenced gene expression 

following MRT and BB treatment. We hypothesised that changes in gene expression 

would provide new insights into the differential tissue response between MRT and BB 

irradiation.  
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6.2 MATERIALS AND METHODS 
 

Mice 

A total of 31 male and female (2:1 ratio) C57BL/6 mice aged 8 to 10 weeks old were 

purchased from the Monash Animal Research Platform and housed at the Australian 

Synchrotron (AS)(Clayton, Australia) for the duration of the irradiation treatments. 

Animal ethics approval was obtained from the University of Melbourne Office for 

research Ethics and Integrity (ethics identification no. 1613833.1) and the Australian 

Synchrotron Animal Ethics Committee (AS-2016-006). 

 

Irradiations 

Twenty-four (N=24) C57BL/6 mice were irradiated in an experimental hutch at the 

Imaging and Medical Beamline (IMBL) at the AS with 6 mice (4 male and 2 female) 

allocated into each irradiation cohort. Seven mice (4 male and 3 female) were allocated 

as mock-irradiated controls. Animals were anesthetised and placed into a custom-

designed perspex jig to immobilise the mice and ensure precise irradiation delivery 

(Figure 1a). Lead strips secured with adhesive tape were placed around the abdomen to 

shield the surrounding organs. Radiation exposure to the targeted area was confirmed by 

Gafchromic film EBT3 (Ashland Specialty Ingredients, USA). A 6 cm x 3 cm area of 

the abdomen was irradiated. 

 

The BB and MRT doses chosen were derived from mice that underwent partial body 

irradiation of the abdomen during a dose-escalation normal tissue toxicity study where 

BB 11 Gy was determined to have biological dose equivalence to MRT 275.5 Gy 

(Smyth et al., 2018). For BB, the dose rate was between 37-41 Gy/s with a mean photon 

energy of 124 keV. The MRT beam consisted of an array of vertically oriented parallel 

microbeams with a width of 50 µm and a centre-to-centre spacing of 400 µm. The in-

beam dose rate was between 276-319 Gy/s and the mean photon energy was 95 keV. As 

already mentioned in chapter 5, the MRT dose rates used in this study were within the 

FLASH dose rate range while the BB dose rates were not, this is due to the mechanical 

tolerances of the sample stage motors, which were unable to move at speeds that could 

reliably deliver the low BB dose required in this study. Therefore a lower BB dose rate 
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was used to deliver BB 11 Gy dose. Mock-irradiated controls were anesthetized and 

placed in the irradiation jigs in the same way as the irradiated animals.  

 

Harvesting and histology of mouse tissues 

Following irradiation mice were humanely euthanized via cervical dislocation at 4 and 

48 hours. We used these time points to investigate changes in expression of 6 radiation-

responsive genes in the short-term and medium-term. The entire small intestine of each 

mouse was removed and samples of jejunum, duodenum and colon were collected. Half 

of each sample was fixed in 10% buffered formalin for 24 hrs, processed and paraffin 

embedded (FFPE). The remaining half of the tissue was stored in RNAlater® (Sigma-

Aldrich, USA) for 24 hrs and stored at -80 °C until processing for RNA extraction and 

PCR.  

 

Haemotoxylin and eosin (H&E) staining 

Paraffin embedded samples were cut (4 µm thick), placed on clean Superfrost Plus 

slides (Gerhard Menzel GmbH, Germany) and dried at 60 °C for 1 hr in preparation for 

H&E staining. Sections were dewaxed and rehydrated, washed in water and transferred 

to Harris haematoxylin solution (Amber scientific, Australia) for 5 mins. Slides were 

then washed in water, dipped in acid alcohol twice and washed again. The slides were 

then dipped in ammonium water until the tissue nuclei blued and washed again with 

water. Slides were then transferred to eosin solution (Amber scientific, Australia) for 4 

mins, washed, dehydrated and mounted with DPX (Sigma-Aldrich, USA) ready for 

image acquisition.  

 

γH2AX fluorescence staining  

To confirm that the GIT tissue samples were irradiated, tissue sections were stained for 

γH2AX, a biomarker of DNA damage. The protocol for this assay can be found in 

Chapter 5 of this thesis.  

 

cDNA synthesis  

The GIT tissues that were stored in RNAlater® underwent RNA extraction. The 

concentration and purity of the RNA was obtained using the Nanodrop 2000 

spectrophotometer at 260 nm (Thermoscientific, USA). The GoScript Reverse 
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Transcription System (Promega, USA) was used to convert purified RNA to cDNA. A 

primer mix for each sample was prepared containing: experimental RNA (up to 5 µg per 

reaction), 1 µl of Random Primer (0.5 µg per reaction) and nuclease free water, where 

the total volume was 5 µl. Once the primer mix was vortexed briefly they were 

transferred to the Verti 96 well thermal cycler (Applied Biosystems, USA), which 

heated the samples to 70 °C for 5 mins. Following this incubation, samples were 

immediately transferred to ice for at least 5 mins and then centrifuged for 10 secs and 

returned to ice until reverse transcription mix was added. The reverse transcription 

reaction mix contained: 4 µl of GoScript 5X reaction buffer, 1.8 µl of MgCl2, 1 µl of 

PCR nucleotide mix, 0.5 µl of Recombinant RNasin Ribonuclease inhibitor and 1 µl of 

GoScript Reverse transcriptase and nuclease free water (GoScript Reverse Transcription 

System, Promega, USA). 15 µl of reverse transcription reaction mix was added to 5 µl 

of RNA primer mix. A negative control containing no reverse transcriptase was 

included to determine the level of DNA contamination present. Samples were then 

transferred to the Verti 96 well thermal cycler (Applied Biosystems, USA), where the 

following program was used: anneal at 25 °C for 5 mins, extend at 42 °C for 1 hr, 

inactivate reverse transcriptase at 70 °C for 15 mins and stored at -20 °C until PCR.  

 

PCR 

The cDNA samples were diluted (1:5) with nuclease free water. cDNA used for IL-10 

and IL-6 experiments was diluted 1:2 with nuclease free water due to low endogenous 

expression of both genes in intestine. The master mix contained 2.5 µl of nuclease free 

water, 0.5 µl of Taqman primer (Thermofisher, USA) and 5 µl of master mix (FastStart 

Universal Probe MasterMix(Rox), Sigma-Aldrich, USA), with a total of 8 µl for each 

reaction. A total of 6 TaqMan primers were used to identify 6 target genes; CSF1R 

(Mm01266652_m1), ATM (Mm01177457_m1), IL-6 (Mm00446190_m1), IL-10 

(Mm0288386_m1), MDM2 (Mm01233138_m1) and NFκβ2 (Mm00479807_m1). The 

reference genes chosen were GAPDH (Mm99999915_g1) and PGK1 

(Mm00435617_m1). The master mix was stored on ice. A no template negative control 

was made where the cDNA was omitted and replaced with nuclease free water and 

stored on ice. 8 µl of the master mix was added to each well of a 96-well PCR plate 

(Applied Biosystems, USA). 2 µl of cDNA was added to the appropriate well of the 96-

well plate. The plate was covered with MicroAmp optical adhesive cover (Applied 
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Biosystems, USA), centrifuged at 2000 rpm for 5 mins at 20℃ and transferred to the 

ABI 7500 RT-PCR machine (Applied Biosystems, USA). The PCR reaction sequence 

was as follows: denaturation at 50 ℃ for 2 mins, 40 cycles at 95 ℃ for 10 mins, 95 ℃ 

for 15 secs, final extension at 60 ℃ for 60 secs. During PCR protocol optimisation, the 

gene PGK1 was found to show differential response between MRT and BB, therefore 

PGK1 could not be used as a reference gene and all target genes were normalised to 

GAPDH only.  

 

Statistical analysis.  

The qRT-PCR results were calculated using the Livak or 2!∆∆!" method (Livak & 

Schmittgen, 2001) and were normalised to the C!  value of the housekeeping gene 

GAPDH. qRT-PCR results are presented as mRNA expression or fold change relative 

to sham-irradiated control samples. The box and whisker plots were developed using 

Minitab 18 statistical software (Pennsylvania, USA). The ANOVA mixed effects model 

and the Fisher Pairwise comparisons were used to establish statistically significant 

differences between variables including: beam modality, time, gender, and location of 

sampled GIT tissue. For the ANOVA mixed effects model the random effects were the 

animals and the fixed effects were: beam modality, time, GIT location and gender. The 

ANOVA statistical test generated p-values that showed the overall difference between 

the groups within each variable/fixed effects. A p-value of ≤ 0.05 was considered 

statistically significant. The p-values that resulted from the ANOVA mixed effects 

model are seen in table 1. Following the ANOVA mixed effects model, the Fisher 

Pairwise comparisons was performed, which provided direct answers to establish which 

variables influenced significant differences in expression of a given gene. These results 

are seen in Figures 3, 4 and 5. Each experimental group was assigned a letter of the 

alphabet to indicate statistical significance between groups. Groups that shared the same 

letter have no significant difference in gene expression between them, while groups that 

have different letters have a significant difference in gene expression between them, 

with a p ≤ 0.05.  
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6.3 RESULTS  
 

The γH2AX assay was used to confirm that the GIT tissue samples were irradiated. 

Characteristic MRT beam tracks of γH2AX foci representing DNA damage were 

observed in the peak regions of the MRT-irradiated intestine. We next analysed the 

expression levels of 6 genes associated with inflammation and immune response 

(CSF1R, IL-6, IL-10, NFκβ2), and DNA repair (ATM, MDM2), and examined whether 

gene expression was influenced by beam modality (MRT and BB), time post-irradiation 

(4 and 48 hours), location (duodenum, jejunum, colon) and gender (male and female). 

The purpose of examining different combinations of analysis is to tease out small 

differences between each category (variable) to determine if genes respond differently 

depending on a given category when exposed to both irradiation modalities. 

 

The influence of beam modality on gene expression 

Data from time-post irradiation, location and gender were combined and each compared 

to beam modality. For time and location variables, there was a significant difference 

between beam modality for CSF1R, ATM and NFκβ2 (p ≤ 0.00) (Table 1). The 

differences between beam modality are further confirmed in Figure 3, and Table 2 and 3 

where MRT results in greater downregulation of CSF1R, ATM and NFκβ2 (relative to 

non-irradiated controls) compared to BB. Conversely, for the variable gender, 

significant differences were observed in ATM and NFκβ2 (p ≤ 0.00) (Table 1) between 

beam modalities. The differences between MRT and BB are further confirmed in Table 

4, which shows that MRT results in more downregulation of ATM and NFκβ2 (relative 

to non-irradiated controls) compared to BB. IL-6, IL-10 and MDM2 gene expression 

consistently showed no difference between beam modality with p-values of greater than 

0.14 (Table 1).  

 

The influence of time on gene expression 

When time variable is considered, 67% of the genes (IL-6, IL-10, MDM2 and NFκβ2) 

assessed in this study showed a statistically significant difference between 4 and 48 hr 

time points (p ≤ 0.00) (Table 1). Interestingly, NFκβ2 expression was significantly 

different between beam modalities and between time points, where MRT produced a 

more pronounced downregulation of NFκβ2 expression (88.09% and 89.14 % for 4 hrs 
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and 48 hrs post-MRT-irradiation relative to the non-irradiated controls) compared to BB 

(69.57% and 6.46% for 4 hrs and 48 hrs post-BB-irradiation relative to the non-

irradiated controls). MDM2 and IL-10 were the most upregulated genes where increases 

in their expression were observed at the early time point (4 hrs post-irradiation) 

followed by a significant decrease at 48 hrs post-irradiation (Figure 3 and Table 2). This 

data demonstrates that the earliest response genes to BB and MRT irradiation were IL-

10 and MDM2. Interestingly, beam modality did not differentially influence MDM2 

and IL-10 expression. IL-10 expression appears to be higher than MDM2 according to 

table 2, but it should be noted that IL-10 (and IL-6) is known to be lowly expressed in 

the GIT therefore the cDNA used for these genes was less diluted (1:2 dilution) 

compared to the other genes in this study (1:5 dilution). Therefore, MDM2 was the most 

upregulated gene where at 4 hrs post-MRT-irradiation MDM2 expression was 194.89% 

higher than the non-irradiated controls (Table 2). No significant difference between 4 

and 48 hrs was observed for CSF1R and ATM expression with p-values of greater than 

0.07 (Figure 3 and Table 1).  

 

The influence of location on gene expression 

When the variable location is considered, 67% of the genes (CSF1R, ATM, MDM2 and 

NFκβ2) assessed in this study showed a statistically significant difference between the 

GIT tissues assessed (jejunum, duodenum and colon) (p ≤ 0.00) (Table 1). CSF1R, 

ATM and NFκβ2 were all downregulated, while MDM2 was significantly upregulated 

relative to the non-irradiated controls, in all GIT tissues (Figure 4 and Table 3).  

Differences in expression of these genes (CSF1R, ATM, MDM2 and NFκβ2) between 

GIT tissue was most apparent for MDM2, where MRT and BB clearly influenced each 

GIT tissue differently (p ≤ 0.05) (Figure 4), with the colon experiencing the most 

pronounced upregulation of MDM2 (relative to the non-irradiated controls)(2.74 and 

2.57 fold-change for MRT and BB irradiation) compared to the other GIT tissues. While 

duodenum showing the least upregulation of MDM2 (relative to the non-irradiated 

controls)(1.62 and 1.52 fold change for MRT and BB irradiation) across all GIT tissues 

assessed (Figure 4). These data demonstrate that MRT and BB impact MDM2 

expression more in the lower GIT (colon) than the upper GIT tissues (jejunum and 

duodenum).  
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The influence of gender on gene expression 

When the variable gender is considered, 17% of the genes (NFκβ2) assessed in this 

study showed a statistically significant difference between the genders (p =0.03) (Table 

1). Differences between genders were evident in BB irradiated mice, where BB induced 

less downregulation of NFκβ2 in female mice (relative to non-irradiated controls) (0.95 

fold change) compared to male mice (0.35 fold change) (Figure 5). While for MRT 

irradiated mice there were no significant difference between genders for all other genes 

including NFκβ2, compared to the non-irradiated controls (Table 1 and Table 4). These 

data demonstrate that BB induces a differential NFκβ2 response in female mice 

compared to male mice. However, the small sample size of female mice (N=2) used in 

this study is a limiting factor, therefore to confirm that BB induces differential gene 

expression based on gender additional experiments are required with a larger cohort of 

animals.  

 

 

6.4 DISCUSSION 
 

To our knowledge, this study is the first report to demonstrate significant gene 

expression modulations in regions of the GIT in response to MRT and BB irradiation. 

Our key findings include: 1) MRT results in greater downregulation of inflammatory 

genes (CSF1R and NFκβ2) and DNA damage genes (ATM) (relative to non-irradiated 

controls) compared to BB, 2) MDM2 and IL-10 were the most upregulated genes and 

earliest (4 hrs post-irradiation) to respond to both MRT and BB, with no statistical 

difference between beam modality, 3) MRT and BB caused pronounced upregulation of 

MDM2 expression particularly in the colon, and 4) BB induced less downregulation of 

NFκβ2 in female mice (relative to non-irradiated controls) compared to male mice 

indicating that BB induces differential gene expression in a gender-specific manner. 

 

MRT induced more pronounced downregulation of NFκβ2 relative to the non-irradiated 

controls, compared to BB. A reduction in NFκβ2 is known to cause accumulation of 

reactive oxygen species (ROS) following ionising radiation (Hellweg, 2015), these free 

radicals are key mediators of death signals initiated by triggering tumour necrosis factor 
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receptor 1 (TNF-R1) (Chen, 2005; Kamata et al., 2005; Ventura et al., 2004; Wajant et 

al., 2003) leading to increased cell death apoptosis and senescence (Chandra et al., 

2000). ROS have also been linked to increased levels of oxidative DNA lesions in 

animal and mammalian tissues exposed to X-rays (Gollapalle et al., 2007; Holt et al., 

2009; Marnett, 2000; Sutherland et al., 2003a; Tsao et al., 2007) and DNA DSBs 

(Hellweg, 2015). NFκβ2 has also been shown to play a critical role in regulation of 

inflammatory processes and regulating many genes associated with cell proliferation 

and apoptosis (Wang et al., 2004). Collectively this suggests that MRT may induce 

more DNA damage and apoptosis compared to synchrotron BB radiation. It is likely 

that majority of these effects occurred in the MRT peak region rather than in valleys, 

since cells in the peaks received a dose of 275.5 Gy while those in the valley were 

exposed to 7.7 Gy (Smyth et al., 2018). High levels of apoptosis in the MRT peaks were 

reported by Crosbie et al in mouse skin irradiated with MRT 560 Gy 6 hrs after 

irradiation (Crosbie et al., 2010) and by Dilmanian et al in bovine aortic endothelial 

cells irradiated with MRT 24 Gy 6 hrs post-irradiation (Dilmanian et al., 2007). To 

confirm that MRT induces more oxidative-induced DNA damage and apoptosis 

compared to BB, further studies that involve monitoring the level of γH2AX foci (using 

the γH2AX assay outlined in Chapter 5) and apoptosis (using the chromogen-based 

cleaved caspase-3 or TUNEL assay) in GIT-irradiated with MRT and BB are required.  
 

MRT also induced more downregulation of CSF1R relative to the non-irradiated 

controls, compared to BB, indicating that MRT may cause less overall damage to the 

GIT compared to BB. Since the CSF1R is an important receptor found on the surface of 

monocytes/macrophages and all granulocytes (Metcalf, 2008) with roles in the 

production, differentiation and function of macrophages (Hansen et al., 2008; Hercus et 

al., 2009). Decrease in CSF1R may indicate less macrophage infiltration in GIT 

following MRT compared to BB irradiation. Macrophages travel to sites of 

inflammation in injured tissue (Hamilton, 2015) and are not directly activated by 

ionising radiation but undertake phagocytosis via the recognition of exposed ligands on 

radiation-induced apoptotic cells (Lorimore et al., 2001; Lorimore et al., 2011) and 

senescent cells (Munoz-Espin & Serrano, 2014). The lack of CSF1R suggests a lack of 

macrophage infiltration into the GIT, which coupled with the potential rise in apoptotic 

cells induced by NFκβ2 downregulation, may lead to infiltration and activation of 

neutrophils in the GIT in order to remove apoptotic cells, instead of macrophages. In 
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support of this, it has been observed that use of CSF1R-neutralising antibody mobilises 

and activates neutrophils to sites of injury (Mouchemore et al., 2018; Xu et al., 2013). 

Collectively, our CSF1R data suggests that MRT may result in reduced levels of 

macrophage infiltration and encourage neutrophil recruitment in GIT, compared to BB 

irradiation. To confirm that CSF1R downregulation causes reduced levels of 

macrophage activity in the GIT, further investigation involving establishing the levels 

of resident and infiltrating macrophages is required. The level of neutrophil infiltration 

in the GIT should also be explored to confirm that they are playing a role in the 

clearance of radiation-induced apoptotic cells following MRT. 
 

Interestingly, both CSF1R and NFκβ2 had strikingly similar responses to MRT and BB, 

with consistent expression levels at 4 and 48 hrs in MRT mice and 4 hrs in BB mice, 

and a rise in expression levels at 48 hrs in the BB group. This may indicate that both 

genes are involved in associated gene pathways. The similar radiation-induced 

responses of CSF1R and NFκβ2 that we found are supported by evidence that shows 

NFκβ2 to be involved in pathways linked with CSF-dependant myeloid cell and 

dendritic cell development/ function, and other signalling molecules or pathways that 

include mitogen-activated protein kinase and phosphoinositide 3-kinase –Akt (Hercus et 

al., 2009; van de Laar et al., 2012). Perhaps these molecules/pathways play a role in 

causing alterations in NFκβ2 and CSF1R expression following MRT and BB 

irradiation. Limited changes in CSF1R and NFκβ2 gene expression occurred following 

MRT at both time points, while in the BB group at 48 hrs there is a rise in CSF1R and 

NFκβ2 gene expression, suggestive of a return to controls levels following BB 

irradiation compared to MRT. These findings raise the possibility that MRT induces a 

more persistent inflammatory response, involving CSF1R and NFκβ2, compared to BB 

irradiation.  

 

MRT-irradiated GIT tissues had lower ATM expression over time compared to BB, 

possibly due to a more persistent oxidative stress and inflammatory response induced by 

MRT compared to BB. Like NFκβ, ATM is also known to be directly activated by 

ROS, since ROS activates ATM by stimulating the formation of disulphide bridges 

involving multiple cysteine residues (Guo et al., 2010). Reports of mammalian cells that 

lack ATM exhibit higher concentrations of ROS and greater sensitivity to agents that 
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induce oxidative stress (Barzilai et al., 2002), due to the fact that ATM plays a crucial 

role in DNA damage response (DDR) pathways which are involved in modulating 

cellular defences against redox stress (Ito et al., 2004; Reliene et al., 2008). ATM 

primary role is to phosphorylate proteins that control signal transduction in response to 

cellular stress such as DSBs and ROS (Lavin & Kozlov, 2007; Stracker et al., 2004). 

ATM has been shown to be involved in NFκβ activation in response to DNA damage 

(Wu et al., 2006), since NFκβ is regarded as a second arm of the ATM signalling 

pathway, besides p53, to stimulate survival signals (Hinz et al., 2010; Rashi-Elkeles et 

al., 2006; Wu et al., 2010). The relationship between ATM and NFκβ is likely to be 

associated with the fact that several NFκβ family members including IκB-α (Jung et al., 

1997; Lee et al., 1998; Piret et al., 1999), p65 (RelA) (Sabatel et al., 2012) and NEMO 

(Wu et al., 2006) were found to be ATM substrates, indicating that DNA damage-

induced ATM activation can be regulated by members of NFκβ signalling pathways 

(Candeias & Testard, 2015). ATM downregulation could have been induced by 

members of NFκβ signalling pathways, leading to accumulation of ROS, which results 

in greater oxidative stress and inflammation in the GIT. Taken together, MRT results in 

DNA DSB formation that stimulates NFκβ signalling pathways in an ATM-dependant 

manner, to a greater extent than BB irradiation. To confirm this finding, the level of 

oxidative stress in GIT following MRT and BB should be examined using the Sudan 

Black-B assay used in Chapter 3. 

 

Since the dose rate (276 Gy/s) used for MRT irradiation was within the FLASH dose 

rate range, while for BB (37-41 Gy/s) it was not, ATM downregulation in MRT-

irradiated mice could be associated with the FLASH effect. Reports suggest that 

ultrahigh dose rates above 100 Gy/s are capable of differentially influencing chromatin 

modification proteins (Ponette, 2000) such as γH2AX (Aten et al., 2004), ATR, DNA 

PKcs, ATM (Burma et al., 2001; Rogakou et al., 1998), 53BP1 (Zgheib et al., 2005) 

and Kap1 (Goodarzi et al., 2008; Goodarzi et al., 2009). Our previous dose-escalation 

studies (Smyth et al., 2018) showed that the BB dose rates used in this study were too 

low to induce a FLASH normal tissue sparing effect. The FLASH normal tissue sparing 

effect has been reported in the gut of mice after whole-abdomen irradiation (Loo et al., 

2017) using an electron beam generated from a modified clinical LINAC (Schüler et al., 

2017). Considering the amount of data collected in this study, it is not clear if ATM 
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downregulation in MRT-irradiated mice induced a protective effect compared to BB 

irradiation and therefore future experiments are required involving the use of FLASH 

dose rates for BB irradiations to observe differences in gene expression in GIT 

compared to MRT irradiation.  

 

MDM2 and IL-10 were the most upregulated genes in this study, particularly at the 

early time point (4 hrs) and then decreased at later time points (48 hrs), with no 

statistical difference between beam modality. Both genes may induce a protective effect 

in the irradiated GIT, via reduction in inflammatory responses, DNA damage and 

apoptosis. Since MDM2 is known to have a protective effect by preventing uncontrolled 

cell death (Chen et al., 1994), reducing necrosis and inhibiting inflammation (Ong et 

al., 2010). Similarly, increases in IL-10 can have an anti-inflammatory effect that 

inhibits the production of pro-inflammatory cytokines in macrophages (Bolger et al., 

2002) and other immune mediators via JAK-STAT pathways (Riley et al., 1999). 

Upregulation of IL-10 may also be associated with downregulation of CSF1R, a 

receptor important for the development and function of macrophages (Hamilton, 2015; 

Hansen et al., 2008; Hercus et al., 2009). Upregulation of IL-10 may have contributed 

to the downregulation of NFκβ2  (at early time points) as it is known to selectively 

inhibit NFκβ2 activation in a dose dependent manner in human monocytes (Wang et al., 

1996) via the upregulation of ERK1/2MAPK and the downregulation of IKK 

phosphorylation (Dhingra et al., 2009). No significant difference in MDM2 and IL-10 

gene expression was observed between beam modalities, suggesting that MRT and BB 

stimulate similar/same gene pathways associated with anti-inflammatory effects 

following irradiation.  

 

BB and MRT caused significant alterations in inflammatory (CSF1R and NFκβ2) and 

DDR (MDM2 and ATM) genes in the GIT with few differences between GIT tissues, 

except for MDM2 expression, which was unregulated in the colon compared to the 

upper GIT tissues (jejunum and duodenum). This could be due to the colon being more 

resistant to radiation-induced apoptosis compared to the upper GIT tissues (Blanpain et 

al., 2011; De Angelis et al., 1998; Merritt et al., 1995; Potten et al., 1998). This in-part 

could be related to differences between upper and lower GIT such as: size of crypts, 

proliferation-differentiation process, migration speeds of crypt cells located at the tip of 
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the villi (Somosy et al., 2002), quantity and distribution of stem cells within crypts 

(Merritt et al., 1995) and broad range of stem cell radio-sensitivities (Potten et al., 

1998). Differences in apoptosis between the GIT tissues could also be related to 

production of apoptosis genes (including bcl-2, bax, etc) that are known to exhibit 

different activity in different GIT tissues. For instance: bcl-2 has been shown to delay or 

inhibit apoptosis, does not effect proliferation (Danial & Korsmeyer, 2004; Youle & 

Strasser, 2008) and plays a critical role in immune response within the GIT (Potten et 

al., 1998). Bcl-2 expression typically occurs exclusively in the colon (it is absent in the 

upper GIT) and is produced by cells of the lymphoid lineage and epithelia of the GIT 

(Merritt et al., 1995; Potten et al., 1998). Bcl-2 inhibits apoptosis by interacting with 

pro-apoptotic homologue bax and other homologues such as bcl-x (Yang et al., 2019). 

Interestingly, bcl-2 expression has been shown to provide improved survival advantage 

to cells exposed to radiation (Blanpain et al., 2011; Merritt et al., 1995) and DNA 

damaging drugs (Fisher et al., 1993; Miyashita & Reed, 1993; Walton et al., 1993). One 

likely function of bcl-2 expression in the colon is protection of colon stem cells from 

the constant contact with dietary toxins that are particularly concentrated in the colon in 

comparison to the upper GIT tissues (Merritt et al., 1995). The lower expression of p53 

(Hendry et al., 1982; Merritt et al., 1994) and higher expression of bcl-2 in the colon 

has also been linked to the increased incidence of radiation-induced tumours in the 

colon compared to the upper GIT (De Angelis et al., 1998; Potten et al., 2002; Qiu et 

al., 2008; Simms et al., 1998), since these factors inhibit the colons ability to remove 

damaged cells, which ultimately lead to increased risk of perpetuating DNA damage 

(Potten et al., 1998). The presence or absence of bcl-2 in the upper and lower GIT 

indicates that these tissues have different means by which they undergo radiation-

induced apoptosis and different repair mechanisms used to protect them from radiation-

induced damage. It is possible that bcl-2 expression in the colon may have influenced 

the high levels of MDM2 expression in colon, as it too induces a protective effect as 

mentioned previously. Our data also implies that MRT and BB may induce 

similar/same bcl-2 expression in the colon given that we observed no difference in 

MDM2 expression between beam modalities. To confirm that bcl-2 expression is linked 

to MDM2 upregulation, alterations in bcl-2 expression should be monitored under the 

same irradiation conditions used in this study.  
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p53 status may also influence MDM2 upregulation and bcl-2 expression in the colon. 

p53 expression is linked to apoptotic responses in small and large intestine following 

irradiation (Komarova et al., 2004; Potten et al., 1998). Reports in humans and mice 

have shown that the low expression of p53 in colon is linked to the 10-fold less 

apoptosis that occurred in colon compared to the upper GIT regions (jejunum and 

duodenum) (Potten, 1977; Potten & Hendry, 1995). The low level of apoptosis in the 

colon was attributed to the active expression of bcl-2, a response that is absent in the 

upper GIT (Merritt et al., 1994). There are tissue specific determinants that effect p53 

ability to induce expression of MDM2, however it is not yet known what factors 

determine these tissue-specific differences of MDM2 expression level in response to 

irradiation (Perry, 2004). Further immunohistochemical or qPCR studies are required to 

confirm the level of p53 expression and apoptosis in colon compared to the upper GIT 

regions following MRT and BB irradiation. 

 

BB induced less downregulation of NFκβ2 in female mice (relative to non-irradiated 

controls) compared to male mice, indicating that BB induces differential inflammatory 

responses (involving NFκβ pathways) in a gender-specific manner compared to MRT. 

The GIT physiology and its response to radiation are becoming better understood, yet 

there is limited data on inter-gender differences to ionising radiation. A review on 

gender differences to drug delivery in the GIT has reported that both genders differ in 

gastrointestinal motility, and luminal and mucosal anatomical features, which involve 

complex molecular expression in the GIT (Freire et al., 2011). Differences in gender-

specific hormones, metabolic processes and GIT morphology are likely to influence 

how each gender responds to MRT and BB. Estrogen has been shown to regulate 

immune responses (Bouman et al., 2005). This raises the possibility that NFκβ2 may 

play a role in estrogen signalling pathways that are not activated in male mice when 

irradiated with MRT and BB. Further, CSF1R expression was also different between 

genders irradiated with BB, which may be related to the gender-specific differences in 

NFκβ2 expression in BB-irradiated mice. Monocyte/macrophage recruitment to some 

injury sites may be estrogen, progesterone or testosterone dependant, since these 

hormones have been found to decrease monocyte numbers by inducing mitotic arrest 

and apoptosis (Bouman et al., 2005; Thongngarm et al., 2003). Our data suggests that 

BB induces differential expression of NFκβ2 in female compared to male mice, which 
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may be due to the involvement of NFκβ2 in estrogen, progesterone or testosterone 

signalling pathways that are not activated in male BB-irradiated mice.  

 

The level or ratio of gender-specific receptors in the GIT of male and female mice may 

also be involved in response to MRT and BB irradiation. Since the action of estrogen is 

mediated by estrogen receptors (ER) and these have been associated with many 

biological processes such as immune responses and gastrointestinal physiology 

(Dahlman-Wright et al., 2006; Looijer-van Langen et al., 2011). There are two ER, 

ERα  and ERβ,  which have opposite effects with ERα typically cancer-promoting 

while ERβ has a protective effect for colon cancer (Weyant et al., 2001). ERβ is 

primarily expressed by GIT epithelial cells (Campbell-Thompson et al., 2001; Harris, 

2007; Konstantinopoulos et al., 2003; Wada-Hiraike et al., 2006). Therefore the ratio of 

these receptors in a given tissue contributes to incidence of cancer in each gender. A 

recent report by the Australian institute of health and welfare (AIHW) indicates that 

more males (9,300 cases) than females (7,700 cases) are estimated to be diagnosed with 

colon cancer in 2018 in Australia (AIHW, 2018). Also, difference in ERα:ERβ ratio in 

the GIT could also influence response to MRT and BB. Since proinflammatory 

cytokines such as TNFα have been shown to downregulate estrogen receptors in 

epithelial cells via the PI3K/Akt pathway (Lee & Nam, 2008; Stallmach et al., 2004). 

Therefore, since NFκβ2 is a proinflammatory cytokine, differences in estrogen levels 

and ratio of estrogen receptors could explain differences in female response to BB 

compared to male mice. There is evidence that shows NFκβ2 as a key contributor in the 

P13K/Akt pathway (Dolcet et al., 2005). Collectively, this suggests that BB may 

differentially influence gender-specific hormone receptor expression in GIT in female 

mice compared to male mice. Interestingly, MRT did not show gender differences for 

NFκβ2 expression in GIT. However, it should be noted that only 2 female mice were 

used in this study therefore to confirm these results additional studies using a larger 

cohort of female mice is required.  

 

Limitations and future studies 

There are limitations to this study that should be noted. While we have demonstrated 

that MRT and BB stimulate significant modulations in gene expression, it is difficult to 

make solid claims that can explain the differences in response between MRT and BB 
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using a limited subset of gene expression data, small animal sample sizes and only two 

time points.  

 

To gain a larger picture of the distinct mechanisms that are associated with either beam 

modality, a larger group of DDR, immune response and inflammation-related genes 

should be investigated under the same conditions used in this study. Additional research 

funding would allow for next generation sequencing to be used to provide more 

complete data on biomarkers altered following MRT and BB irradiation in the GIT. 

Potential radiation-related target genes could include: Eotaxin, TGFβ 1 and 2, CCL2 (or 

MCP-1), TIMP-1 and VEGF, and those identified in previous MRT studies (Bouchet et 

al., 2015; Sprung et al., 2012). These would provide a stronger foundation to assist in 

explaining the normal tissue sparing effects seen with MRT. The normal tissue sparing 

effects observed for MRT could partly be related to the FLASH dose rates used in this 

study. Since the BB dose rates used were not within the FLASH dose rate range, it is 

important to investigate the gene expression response to MRT and BB using FLASH 

dose rates and determine if they impart the same or different protective effects in GIT.  

 

Additional studies could be performed on GIT tissues collected during this study that 

are associated with established end-points of radiation response such as bi-stranded 

oxidative clustered DNA lesions (OCDLs) using a modified version of gel 

electrophoresis (outlined in Chapter 3 and 4), DNA damage using the γH2AX assay and 

DSBs using pulse field gel electrophoresis. Other immunohistochemical studies aimed 

at establishing the accumulation and presence of apoptotic cells using the TUNEL 

assay, macrophages/dendritic cells, neutrophils and T-cells using a chromogen-based 

IHC assay and change in proliferation and inflammation measuring Ki67 and p65 

markers would also help to develop a strong understanding of mechanisms involved in 

MRT. Further mechanistic studies to confirm the lack of p53 expression in colon 

compared to the upper GIT regions are also required. Blood from all mice involved in 

this study was collected during the experiment, making it possible to investigate 

modulations in the quantity of macrophages/dendritic cells, neutrophils and cytokines 

that contribute to the irradiation induced immune response. Additional studies involved 

in understanding the GIT response to radiation in both genders are also required. 
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6.5 CONCLUSION 
 

In conclusion, we demonstrated that MRT and BB are capable of inducing alterations in 

several genes in a variety of GIT tissues. This report reveals that MRT may induce more 

oxidative stress and reduced macrophage infiltration in the GIT compared to BB 

irradiation, due to the significant downregulation of inflammation genes (CSF1R and 

NFκβ2) and DNA damage genes (ATM). MRT and BB stimulate similar/same gene 

pathways associated with anti-inflammatory effects involving MDM2 and IL-10 

following irradiation at early time points. MDM2 was most predominantly upregulated 

in the colon, with no difference between beam modalities. Unlike MRT, BB induces 

differential expression of NFκβ2 in female compared to male mice, which may be due 

to the involvement of NFκβ2 in estrogen, progesterone or testosterone signalling 

pathways that are not activated in male BB-irradiated mice. BB may also differentially 

influence gender-specific hormone receptor expression in GIT in female mice compared 

to male mice.  

 

Our knowledge of GIT response to MRT is still in its infancy therefore more in-depth 

investigations aimed at identifying other key genes associated with mechanisms 

responsible for the improved therapeutic index in the GIT following MRT are still 

required. These could include studies involving larger animal samples sizes, a larger 

array of radiation-response genes, a range of diagnostic immunohistochemical studies 

and FLASH dose rates for BB irradiations. This may assist in optimisation of MRT 

treatment protocols, since further knowledge in mitigating or reducing normal tissue 

toxicities and increasing tumour control would greatly benefit cancer patients that 

require radiation therapy. Careful consideration should be made when deciding the most 

suitable gender to use for radiation studies. Further investigation on gender response to 

various anti-cancer therapies would be useful not only for radiotherapy but also 

chemotherapy settings given that drug absorption is influenced in part by gender, this 

could trigger another avenue of personalised medicine. 
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6.6 FIGURES AND TABLES 
 
 
		

 
 

Figure 1 – Partial body irradiation of the abdomen in mice following MRT and BB 
treatment. (A) The experimental set-up involved mice secured in a custom-designed 
Perspex jig with lead strips attached to the jig to ensure that the organs surrounding the 
target area are not exposed to radiation. An area of 60 mm x 30 mm of the abdomen was 
irradiated (red box). To verify that the target area was exposed to radiation, EBT3 
Gafchromic film was used. (B) An illustration of MRT beams exposed to radiochromic 
films (top) and the uniform distribution of BB dose (bottom) (Crosbie, 2008). Image 
used with the authors permission. 
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Figure 2 – Biological tracks of γH2AX-stained mouse intestine irradiated with 
MRT 275.5 Gy (peak dose) 4 hrs post-irradiation. Distinct MRT beam tracks are 
visible following immunofluorescence staining using the γH2AX assay to identify DNA 
damage. The blue channel corresponds to the nuclear staining using DAPI; the red 
channel corresponds to γH2AX staining. Magnification: 40 x. Scale bar: 100 µm. 
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Figure 3 – Significant alterations in expression of genes associated with inflammation, immune response and DNA damage following 
BB and MRT irradiation of mouse intestine at 4 and 48 hrs post-irradiation.  Data compares the mRNA expression (fold-change) of time 
post-irradiation, relative to the sham-irradiated controls. The Fisher pairwise comparison analysis tool provided by Minitab software was used 
to generate box and whisker plots. The letters represent experimental groups with the highest mean in alphabetical order. The experimental 
groups that do not share a letter are significantly different with a p ≤0.05.  n=7 (sham-irradiated controls) and n= 6 (irradiated groups). 
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Figure 4 – Marked changes in expression of genes associated with inflammation, immune response and DNA damage in jejunum, 
duodenum and colon of BB and MRT-irradiated mouse intestine at 4 and 48 hrs post-irradiation.  Data compares mRNA expression 
(fold-change) differences between GIT tissues following MRT and BB irradiation, relative to the sham-irradiated controls. The Fisher 
pairwise comparison analysis tool provided by Minitab software was used to generate box and whisker plots. The letters represent 
experimental groups with the highest mean in alphabetical order. The experimental groups that do not share a letter are significantly different 
with a p ≤ 0.05. n=7 (sham-irradiated controls) and n= 6 (irradiated groups). 
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Figure 5 – Limited changes in expression of genes associated with inflammation, immune response and DNA damage in intestine of 
BB and MRT-irradiated male and female mice at 4 and 48 hrs post-irradiation.  Data compares mRNA expression (fold-change) 
differences between mouse genders following irradiation, relative to the sham-irradiated controls. The Fisher pairwise comparison analysis 
tool provided by Minitab software was used to generate box and whisker plots. The letters represent experimental groups with the highest 
mean in alphabetical order. The experimental groups that do not share a letter are significantly different with a p ≤ 0.05. For sham-irradiated 
controls n=7 (4 male and 3 female mice) and for irradiated groups n= 6 (4 male and 2 female mice). 
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Table 1 – ANOVA mixed effects model for all variables (beam modality, time, GIT location and gender). The ANOVA mixed effects 
model was used to establish p-values that showed the overall difference between groups within each variable, as well as the effect when beam 
modality and one of the other 3 variables are combined (ie: beam modality and time, beam modality and location and beam modality and 
gender).  The highlighted boxes represent statistical significance within a given variable, where p ≤ 0.05. The percentage of statistical 
significance for each variable is shown in the last column, indicating how much each variable influences gene expression.   

 
 
Table 2– BB and MRT induce significant changes in gene expression in GIT tissues at 4 and 48 hrs post-irradiation. The percentage of 
up or down regulation of genes in comparison to sham-irradiated controls is shown with up and down arrows.  
 
 
 
 
 
 
 
 
 
 

	 	 	 	 	 	 	
	 	 	 	 	 	 	

Percentage of significance for 
each variable (%) Variables/Fixed 

effects CSF1R ATM IL-6 IL-10 MDM2 NFKB2 

Beam modality 0.01 0.01 0.60 0.14 0.18 0.00 50 
Time 0.07 0.36 0.00 0.00 0.00 0.01 67 

Beam modality 0.04 0.00 0.26 0.33 0.41 0.00 50 
Location 0.00 0.00 0.08 0.15 0.00 0.00 67 

Beam modality 0.31 0.01 0.45 0.21 0.23 0.00 33 
Gender 0.98 0.92 0.45 0.49 0.36 0.03 17 

Beam modality and 
time CSF1R ATM IL-6 IL-10 MDM2 NFKB2 

BB 11 Gy 4 hrs 63.58 % 13.57 % 29.18 % 123.76 % 139.66 % 69.57 % 

BB 11 Gy 48 hrs 28.96 % 6.24 % 433.57 % 26.63 % 66.85 % 6.46 % 

MRT 275.5 Gy 4 hrs 63.48 % 43.33 % 172.07 % 250.55 % 194.89 % 88.09 % 

MRT 275.5 Gy 48 hrs 70.52 % 32.11 % 388.10 % 9.25 % 53.38 % 89.14 % 
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Table 3 – BB and MRT induce significant changes in gene expression in a range of GIT tissues. The percentage of up or down regulation 
of genes in comparison to sham-irradiated controls is shown with up and down arrows.  

 
Table 4 – BB and MRT induce significant changes in gene expression in male and female mice. The percentage of up or down regulation 
of genes in comparison to sham-irradiated controls is shown with up and down arrows.  
 
 
	
 
 
 
 
 
 
 
 

Beam modality and 
location CSF1R ATM IL-6 IL-10 MDM2 NFKB2 

BB 11 Gy Jejunum 38.83 % 25.46 % 128.32 % 50.12 % 99.65 % 35.72 % 

BB 11 Gy Duodenum 41.70 % 26.83 % 330.35 % 24.06 % 51.99 % 31.47 % 

BB 11 Gy Colon 51.71 % 14.39 % 65.69 % 25.60 % 157.23 % 62.99 % 

MRT 275.5 Gy Jejunum 62.31 % 29.87 % 152.86 % 27.69 % 129.99 % 76.86 % 

MRT 275.5 Gy Duodenum 66.88 % 44.73 % 315.81 % 45.94 % 61.77 % 91.29 % 

MRT 275.5 Gy Colon 70.79 % 37.44 % 318.33 % 143.44 % 173.51 % 91.17 % 

Beam modality and 
gender CSF1R ATM IL-6 IL-10 MDM2 NFKB2 

BB 11 Gy Male 62.19 % 2.45 % 269.94 % 55.95 % 85.14 % 64.44 % 

BB 11 Gy Female 27.36 % 15.32 % 131.51 % 13.02 % 107.81 % 5.23 % 

MRT 275.5 Gy Male 67.18 % 42.72 % 262.47 % 104.38 % 113.73 % 91.98 % 

MRT 275.5 Gy Female 67.92 % 27.68 % 270.09 % 82.77 % 129.21 % 82.12 % 
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CHAPTER 7  
 

Conclusions and future directions 
 
 
 
7.1 SUMMARY OF THE MAIN FINDINGS  
 
MRT is a pre-clinical modality that has shown great potential as an alternative to the 

current hospital based irradiation modalities. Studies to date have identified improved 

normal tissue sparing effects compared to conventional irradiation modalities as a key 

factor. Currently, the mechanisms that govern this normal tissue sparing effect are not 

well understood. This thesis investigates some of the different biological mechanisms 

that are involved in MRT compared to BB irradiation, in order to better understand the 

normal tissue sparing effects of MRT. In this final chapter I summarise the key findings 

from this thesis and discuss future directions for MRT research.  

 

Aim 1 – Irradiation dose and size of irradiation field do not substantially influence 

RIAE in out-of-field tissues following MRT and BB irradiation. MRT and BB 

radiation induce persistent RIAE in out-of-field tissues, which are associated with 

the immune response. 

 

The RIAE is now a well-established consequence of IR, however the mechanisms that 

propagate this phenomenon are not clear. We still do not understand how irradiation 

modality, dose and size of irradiation field, affect out-of-field normal tissues. Therefore, 

in chapter 3 the systemic effects of synchrotron-generated MRT and BB radiation 

modalities were investigated in an in vivo setting, and were examined as a function of 

time, irradiation dose and size of irradiation field, in order to establish the role of 

irradiation parameters in influencing bystander effects in out-of-field normal tissues.  

 

Our results show that irradiation dose and size of irradiation field do not substantially 

influence RIAE in out-of-field tissues, following localised MRT and BB irradiation of 

the right hind leg, with the exception of γH2AX foci induction. We were able to show 

that a short pulse of irradiation (200 ms and 810 ms for 10 Gy and 40 Gy peak dose 
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irradiations respectively) was sufficient to induce significant and persistent abscopal 

DNA damage (DSBs and OCDLs), apoptosis, and local and systemic immune 

responses. All radiation settings induced pronounced persistent systemic effects in mice. 

OCDLs were elevated and persisted up to 48 hrs post-MRT and BB irradiation, in a 

wide variety of unirradiated normal tissues including the tongue, spleen, duodenum, 

ovaries, and colon. We attributed the prolonged induction of OCDLs to be due to repair-

resistance of OCDLs or persistent systemic oxidative stress (Georgakilas, 2008; 

Gollapalle et al., 2007). We also observed different levels of OGG1 and APE1 

formation in out-of-field tissues, which may be influenced by tissue niche since each 

tissue has differing repair efficiencies and pathophysiological responses, including 

inflammatory response and antioxidant capacity.  

 

DNA damage and apoptosis abscopal responses were also tissue specific, with more 

significant responses seen in out-of-field duodenum compared to out-of-field skin, 

despite being at a similar distance from the irradiated site. This tissue specific abscopal 

response could be due to several different reasons and these have been discussed in 

Chapter 3. While we observed persistent increases of γH2AX foci in out-of-field tissue 

at the 10 Gy dose, we did not observe this at the 40 Gy dose. The lack of increase in 

γH2AX foci in the BB 40 Gy mice could be due to scattered radiation, which could 

have induced an adaptive response (Cebulska-Wasilewska et al., 2017; Ikushima et al., 

1996), therefore allowing for faster repair of DNA damage that was completed by 24 

hrs. The majority of the observed out-of-field effects were dose-independent indicating 

that their emergence was due to abscopal effects, rather than direct irradiation or 

scattered irradiation.  

 

The DDR and immune response share a strong relationship and therefore it is believed 

that the DNA damage that occurs at the irradiation site is responsible for triggering 

systemic responses, which causes the release of mediators such as cytokines. We found 

that both MRT and BB induce the innate immune system (macrophages/DCs and 

neutrophils) in the directly irradiated skin tissue, while both the innate and adaptive 

immune responses (macrophages/DCs, neutrophils and T-cells) were activated in the 

non-irradiated duodenum. We also observed an increase in oxidative and inflammatory 

markers, decrease in proliferation and increase in occurrence of senescent cells. 
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Amongst a panel of plasma cytokines, we identified some with modulations in 

expression levels that can be associated with the observed abscopal changes. The 

plasma concentration changes that were most significant occurred for CSF1R, IL-10, 

TIMP1, VEGF, TGFβ1 and TGFβ2. These alterations in cytokine plasma 

concentrations indicate a misbalance in cellular microenvironment in the irradiated area, 

which likely triggered activation of other, as yet unidentified factors responsible for 

systemic effects. 

 

We proposed a mechanism to explain the widespread and persistent RIAE observed in 

out-of-field tissues. At the exposed site, as a part of the radiation response, macrophages 

and neutrophils become activated and secrete cytokines (Sprung et al., 2015). 

Cytokines, in turn, can activate distant tissue-associated macrophages (as well as other 

immune cells) that generate free radicals leading to local oxidative stress (Prise et al., 

2009; Sprung et al., 2015). This is consistent with the pronounced modulations of 

plasma cytokine levels. These studies opened the door to exploring which components 

of the immune response are responsible for the propagation of systemic effects of 

radiation. We explored this topic in Chapter 4.  

 

Aim 2 – A functional immune system is critical for the propagation of RIAE after 

localised MRT irradiation.  

 

Currently, there is limited information of the role that the immune system plays in 

RIAE. The involvement of macrophages and CCL2/MCP1 in RIAE has been proposed 

(Coates et al., 2008; Martin et al., 2011; Prise et al., 2009; Redon et al., 2010a; Sprung 

et al., 2015), but it has never been demonstrated before. Chapter 4 investigates the 

involvement of the immune system and its role in regulating RIAE. In Chapter 3 we 

found that MRT 10 Gy was capable of inducing significant and robust RIAE to a wide 

range of out-of-field tissues. We used MRT rather than BB because it is associated with 

a very low level of scattered radiation compared to BB irradiation, which was 

confirmed by our previous dosimetry studies in chapter 3. My main contribution to this 

study was to investigate the DNA damage effects in out-of-field duodenum in wild type 

(WT) and a range of immune deficient mice. To understand the significance of the DNA 
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damage data, all components of the study were discussed in chapter 4. A full discussion 

of all results of the study can be found in Appendix 2. 

 

The results showed that MRT X-rays are capable of inducing elevated abscopal DNA 

damage and apoptosis in normal tissues of WT mice, a result that was consistent with 

our mechanistic model reported in chapter 3. However, these effects were completely or 

partially abrogated in mice with immune deficiencies, highlighting the critical role of 

the immune system in propagating systemic genotoxic effects following localised 

irradiation. There was no increase in DNA damage or apoptosis in immune deficient 

NSG mice, suggesting the absence of RIAE and supporting the theory that a functional 

immune system is critical for transmission of the RIAE. This idea was further supported 

by our exploration of the role of macrophages in RIAE propagation. This was done by 

examining mice treated with anti-CSF1R antibody, which is known to reduce the 

number and activity of monocyte/macrophages (Hamilton et al., 2016). The results 

showed that the mice treated with anti-CSF1R antibody did not experience RIAE at day 

3 but RIAE was observed at day 6. We attributed the presence of RIAE at day 6 to 

either be due to reduced levels of anti-CSF1R antibody in the day 6 anti-CSF1R 

antibody treated mice or the activity of neutrophils that occurred in the absence of 

macrophages (Mouchemore et al., 2018; Xu et al., 2013). In chapter 3 we confirmed the 

presence of macrophages at the irradiated site and within out-of-field duodenum. To 

further understand the involvement of macrophages, we used CCL2 knock out mice 

since CCL2 is important for the migration of myeloid cells and memory T-cells (Lim et 

al., 2016). The lack of RIAE in CCL2 knock out mice demonstrated that macrophages 

are involved in initiating and propagating abscopal signals to out-of-field tissues. This 

suggests that CCL2 may play a role in transmitting stress signals that lead to systemic 

DNA damage via the RIAE.  

 

Several studies (Martin et al., 2011; Redon et al., 2010a) have supported the role of 

CCL2 in mediating non-targeted effects in vivo. Activated macrophages at the site of 

irradiation secrete CCL2 and TGFβ to the surrounding extracellular fluids, which 

circulate and bind to their respective receptors in out-of-field tissues. The CCL2 

receptor, CCR2, is associated with phosphoinositide 3 kinase-dependent and protein 

kinase C–dependant pathways that lead to TGFβ upregulation and elevated COX-2 
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production. Prostate cancer RT patients showed high COX-2 expression and this was 

associated with biochemical failure, out-of-field metastases and radiation toxicity of 

different types (Khor et al., 2007). Similar cellular responses to RIAE could occur in 

directly irradiated tumours, since tumours secrete CSF1R, resulting in the elevation of 

immune suppressive myeloid cells. Therefore a possible treatment to prevent this result 

could be to use an inhibitor of CSF1R since this would enhance the suppression of the 

tumour (Xu et al., 2013).  

 

In this study we suggest that targeting the innate immune response via CSF1R in 

macrophages alone or in combination with TGFβ1/CCL2 blockade would be a way to 

modulate RIAE. This hypothesis was suggested due to reports that showed 

TGFβ /TGFβΡ1 elevation in out-of-field lungs following irradiation of the lower 

abdomen (Chai et al., 2013), and TGFβ ability to regulate immune response (Letterio & 

Roberts, 1998), block the cell cycle and promote DNA damage and apoptosis (Chai et 

al., 2013; Hanahan et al., 2000; Shao et al., 2008), and metastasis (Dumont & Arteaga, 

2003). In the clinic, increasing use of CCL2- and CCR2-targeted therapy have already 

been used to inhibit the metastatic cascade via CCL2-neutralising antibody or a small 

molecule inhibitor of CCR2 (Lim et al., 2016; Martin et al., 2011; Sprung et al., 2015). 

Use of these therapies would allow for the protection of normal tissue outside the 

irradiation field, and inhibit metastasis and primary tumour growth (Mouchemore et al., 

2018; Swierczak et al., 2014). 

 

Aim 3 –  γH2AX may be not a suitable biodosimeter to measure biologically 

equivalent valley doses of MRT peak doses in in vivo and in vitro settings. 

 

The physical dosimetry of MRT is problematic due to its complex dose profile. The 

valley dose is a key component of the MRT dose profile due to reports that suggest it 

dictates normal tissue sparing effects (Curtis, 1967; Laissue et al., 2007; Smyth et al., 

2016). However, the accurate measurement of the MRT valley dose is a current 

challenge with the commercially available physical dosimeters. Another approach to 

measuring the valley dose is to use a DNA damage biomarker, γH2AX, as a 

biodosimeter. In Chapter 5, our key finding was that MRT does not induce a linear 

valley dose response and therefore γH2AX may not be a suitable biodosimeter to 
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determine biologically equivalent MRT valley doses. However, due to the small sample 

size used in this study this finding would benefit from additional experiments using a 

larger sample size. Non-linearity of biologically equivalent valley dose was observed 

when MRT doses 2-3 times greater showed the same level of DNA damage in both in 

vitro and in vivo settings. This non-linearity was attributed to 4 possible explanations, 

which may work separately or in combination. These include: 1) chromatin 

restructuring, 2) existence of DNA repair centres or lack of 1:1 relationship between 

DSBs and γH2AX foci formation, 3) intercellular communication/RIAE, and 4) FLASH 

effect. The formation of complex clustered DNA produced by low LET synchrotron-

MRT plays a role in all theories. All theories need to be validated by further 

investigations. 

 

Chromatin restructuring involves the formation of clustered DNA lesions and other 

DSB lesions that occur predominately in euchromatin at lower MRT doses (peak doses) 

due to its loosely packed structure and the presence of DDR proteins (Nakamura et al., 

2012). The lack of increase of DSBs at doses 2-3 times higher (ie: no increase in lesions 

at MRT 150 compared to 50 Gy in mouse skin) could be due to the repair machinery 

having difficulty dealing with the clustered DNA DSB lesions, where repair of these 

lesions occur slowly due to the complexity of the DNA lesion. At higher MRT doses 

(such as MRT 280 Gy and MRT 150 Gy in mouse skin and human fibroblasts 

respectively), an increase in γH2AX foci was observed; this could be due to the 

formation of clustered DSBs and other DSB lesions in heterochromatin as well as in 

euchromatin. The highest doses used in this study (MRT 280 Gy and MRT 150 Gy in 

mouse skin and human fibroblasts respectively) may have been sufficient to cause 

damage in the heterochromatin, which typically does not harbour DNA lesions, due to 

its densely packed nucleosome structure where H2AX and DDR proteins are largely 

absent (Nakamura et al., 2012). Given the structure of heterochromatin, the DSB lesions 

that form are likely to only be repaired when KAP-1 is phosphorylated by ATM, which 

then modifies and relaxes the heterochromatin structure to provide better access for 

DNA repair proteins to the DNA lesions (Nakamura et al., 2012).  

 

Another theory to explain the non-linear dose response of biologically equivalent MRT 

valley doses is the existence of DNA repair centres or the lack of a 1:1 relationship 
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between DSBs and γH2AX foci formation. This concept involves the migration of 

complex DSB lesions to local DNA repair centres or radiation-induced foci, which is an 

idea that has been proposed by several groups to explain their observation that at higher 

doses relatively fewer DSB lesions occur compared to lower doses (Costes et al., 2006; 

MacPhail et al., 2003a; Neumaier et al., 2012). Other reports also support the notion 

that radiation induced γH2AX foci may represent more than one DSB due to clustering 

of closely located DSBs (Anderson et al., 2002; Du et al., 2011; Ponomarev et al., 

2008). This idea is largely hypothetical in mammalian cells (Savage, 1996, 2002). 

Recent reports have demonstrated that the 1:1 equivalence of DSBs and γH2AX foci 

formation is not always correct, suggesting that γH2AX should be more accurately 

classified as a DNA damage sensing protein rather than a marker for DSBs, since 

γH2AX foci have been observed in cases where DSBs are absent (Cleaver et al., 2011; 

Costes et al., 2010; Revet et al., 2011).  

 

Intercellular communication and RIAE may also play a role in the non-linear dose 

response observed in the biologically equivalent MRT valley doses. Intercellular 

communication events are based on the premise that damaged cells secrete compounds 

that can cause damage to surrounding healthy cells (Azzam et al., 1998; Azzam et al., 

2001; Georgakilas et al., 2014). RIAE is categorized as intercellular communication 

since irradiated cells are known to induce damaging signals to out-of-field cells. The 

intercellular communication events and RIAE can occur within and outside the 

irradiation area, which explains the dose-independent nature of RIAE. The mechanisms 

that drive RIAE are not fully understood but our published reports in chapter 3 and 4 of 

this thesis (Lobachevsky et al., 2019; Ventura et al., 2017) support the involvement of 

macrophages in propagating the RIAE.  

 

The FLASH normal tissue sparing effect may have influenced the non-linear dose 

response observed in the biologically equivalent MRT valley doses. Since MRT 

irradiations involved the use of dose rates (279.3 Gy/s and 357.8 Gy/s) that were within 

the FLASH dose rate range, while the BB dose rates (41.5 Gy/s and 12.2 Gy/s) were too 

low to induce a FLASH effect. Given that MRT valley doses that were 2-3 times greater 

were able to induce the same DNA damage response, suggests that a protective effect 

occurred, which may be due to the FLASH effect as it has been shown to differentially 
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alter the conformation of chromatin located close to DNA lesions. Indicating that the 

FLASH effect differentially influences DNA damage sensing proteins involved in 

chromatin modification such as γH2AX (Aten et al., 2004; Costes et al., 2010; Revet et 

al., 2011).  

 

We also reported large differences in γH2AX foci yield for mouse skin (5.3 – 5.9 

foci/cell/Gy) and human fibroblast (27.4 foci/cell/Gy) studies, which was attributed to a 

range of biological effects (DNA repair kinetics, human versus mouse biology, in vivo 

versus in vitro) and experimental differences (production of secondary electrons from 

the glass slide which the human fibroblasts grew on).  

 

The valley dose biological equivalence using γH2AX biodosimetry did not agree with 

the theoretical valley dose predictions using Monte Carlo simulations, where a linear 

dose response was observed. Monte Carlo simulations were also used to calculate 

PVDRs of 30 and 107 for human fibroblasts and mouse skin studies respectively. The 

large difference between PVDRs of mouse skin and fibroblast cell studies could be 

related to differences in relative depth, dose rate, scattering conditions, and field size. 

The PVDR of 30 for the human fibroblast study was similar to that reported previously 

(Rothkamm et al., 2012). In the same study, mouse skin reported a PVDR of 60, while 

in this study a PVDR of 107 was obtained; this difference may be due to collimator 

geometry, energy spectrum considerations, dose measurement or methodology in Monte 

Carlo simulation.  

 

To generate an automated foci-counting method, γH2AX foci were counted manually as 

well as with our Fiji foci-counting macro. We found very good agreement between 

these methods, demonstrating that our automated foci counting macro was counting as 

accurately and consistently as manual counting. The automated foci counting method is 

the preferred method since it more efficiently and rapidly counts foci with less counting 

bias compared to manual counting. 

 

While the data suggests that γH2AX may not be a suitable biodosimeter to determine 

the biologically equivalent valley dose of high MRT peak doses, it could be useful at 

lower MRT peak doses in the range of 10 Gy to 50 Gy. γH2AX has utility as a 



	 -	140	-	

biodosimeter at lower synchrotron MRT doses (Lobachevsky et al., 2015), using other 

irradiation sources (Löbrich et al., 2005; MacPhail et al., 2003a; Qvarnström et al., 

2004; Rothkamm et al., 2003; Sak et al., 2007), and in accidental irradiation 

experiments (Garty et al., 2015; Redon et al., 2009; Rothkamm et al., 2013; Turner et 

al., 2010). Physical and theoretical dosimetry would likely provide more reliable 

estimation of MRT valley dosimetry when working with high MRT doses. However, 

further optimisation of both forms of dosimetry are required as commercially available 

dosimeters are unable to simultaneously measure the peak and valley dose of MRT 

(Brauer-Krisch et al., 2010a; Crosbie et al., 2008). 

 

Aim 4 – MRT and BB induce differential alteration in marker gene expression in a 

range of GIT tissues, potentially revealing different properties of both modalities 

 

While the GIT response to ionising radiation has been documented extensively, there 

are no reports on GIT response to MRT. Studies to date have reported differential gene 

expression but these studies involved MRT–irradiated rats inoculated with brain 

tumours compared to normal healthy brain (Bouchet et al., 2013b) and MRT and BB-

irradiated mice inoculated with breast cancer compared to healthy mice (Sprung et al., 

2012). In the case of the Sprung et al report, the MRT doses were chosen on the basis of 

integrated dose of MRT as an equivalent dose to BB. This approach assumes that the 

physical geometry of MRT and BB does not affect biological response, which is not 

consistent with evidence that the physical geometry of MRT plays a critical role in the 

normal tissue sparing effect. To take into account the physical geometry differences 

between MRT and BB, biological dose-equivalence studies were performed on GIT 

prior to the MRT and BB biomarker study. Our dose-equivalent studies revealed that 

MRT peak dose of 275.5 Gy and BB dose of 11 Gy induced the same radiation toxicity 

in GIT tissues of mice following partial body irradiation of the abdomen (Smyth et al., 

2018). These doses were used in the current study. 

 

Using MRT and BB doses that caused equivalent radiation toxicity in the GIT, the 

differential gene expression of a panel of 6 genes involved in pathways associated with 

inflammation and immune response (CSF1R, IL-6, IL-10, NFκβ2), and DNA repair 

(ATM, MDM2) were examined in upper (jejunum and duodenum) and lower (colon) 
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GIT tissues. The aim of this study was to examine how these genes responded to MRT 

and BB irradiation of the GIT in male and female mice at 4 and 48 hrs post-irradiation.  

 

Results suggest that MRT may induce more oxidative stress and reduced macrophage 

infiltration in the GIT compared to BB irradiation, due to the significant downregulation 

of inflammation genes (CSF1R and NFκβ2) and DNA damage genes (ATM). ATM has 

been shown to be involved in NFκβ activation following DNA damage suggesting that 

MRT may stimulate NFκβ signalling via generation of DNA DSB in an ATM-

dependent manner, to a greater extent than BB irradiation. Based on the more 

significant downregulation of CSF1R in MRT compared to BB irradiated mice, it is 

possible MRT may induce reduced levels of macrophage infiltration and encourage 

neutrophil recruitment in GIT, compared to BB irradiation. In support of this concept, it 

has been observed that use of CSF1R-neutralising antibody, which reduces the number 

and activity of macrophage population, also mobilises and activates neutrophils to sites 

of injury (Mouchemore et al., 2018; Xu et al., 2013).  

 

Differences in gene expression between MRT and BB could partly be associated with 

differences in dose rate, since MRT doses rates were within the FLASH dose rate range 

while BB dose rates were not. The FLASH effect has been reported to impart a 

protective effect on normal tissue compared to conventional dose rates (Favaudon et al., 

2014; Montay-Gruel et al., 2018; Vozenin et al., 2019). In this study, ATM was more 

significantly downregulated in MRT-irradiated animals compared to BB-irradiated 

animals, given the association of FLASH effect mechanisms with chromatin 

modification (Ponette, 2000) it is possible that ATM downregulation could induce a 

protective effect in the GIT, although this point is speculative.  

 

No significance between MRT and BB beam modalities was seen on the expression of 

MDM2 and IL-10. Both genes were abundantly expressed in this study and are known 

to induce a protective effect by reducing inflammatory responses (Bolger et al., 2002; 

Ong et al., 2010; Riley et al., 1999; Wang et al., 1996), DNA damage and apoptosis 

(Chen et al., 1994). MDM2 was also most predominantly upregulated in the colon 

compared to the upper GIT tissues. One potential mechanism is that both beam 

modalities induce similar/same bcl-2 expression, subsequently causing upregulation of 
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MDM2 in the colon. Bcl-2 is produced by stem cells within the colon, resulting in delay 

or inhibition of apoptosis (Danial et al., 2004; Youle et al., 2008) leading to improved 

survival advantage of the colon following exposure to radiation (Blanpain et al., 2011; 

Merritt et al., 1995). The protective effects of bcl-2 may be linked to the significant 

upregulation of MDM2 in the colon, with bcl-2 and MDM2 pathways being activated in 

a similar manner by both beam modalities.  

 

Male mice did not experience significant changes in NFκβ2 when treated with both 

MRT and BB, while female mice showed differential expression of NFκβ2 following 

BB only. This may be due to the involvement of NFκβ2 in estrogen, progesterone or 

testosterone signalling pathways and/or their respective receptors in female BB-

irradiated mice. These gender-specific hormones and receptors have been shown to be 

involved in regulating many biological processes including immune response and 

gastrointestinal physiology (Bouman et al., 2005; Dahlman-Wright et al., 2006; 

Looijer-van Langen et al., 2011; Thongngarm et al., 2003). MRT did not show gender-

bias regarding NFκβ2 expression in GIT, although the mechanisms that may underpin 

this differential response when compared to BB remain unclear. These are the first 

gender-specific irradiation studies reported on the GIT and require considerable further 

work to confirm and then understand the cellular mechanisms involved. 

 

 
 
7.2 GENERAL DISCUSSION 
 
This thesis investigates the direct and out-of-field biological effects of synchrotron 

MRT and BB irradiation in in vivo and in vitro settings, in order to better understand the 

normal tissue sparing effects of MRT. Chapter 3 and 4 represent studies that succeeded 

each other investigating the mechanisms that drive the RIAE in mice following MRT 

and BB irradiation, a response that occurs distant from the irradiation site. While 

chapter 5 and 6 are separate investigations that both involve monitoring the direct 

effects of MRT and BB irradiation but differ in that chapter 5 focuses on establishing if 

γH2AX biodosimetry is a suitable tool to determine the biological valley dose of MRT-

irradiated mouse skin, while chapter 6 involved identifying differences between MRT 

and BB irradiation by monitoring gene expression of a small subset of genes involved in 
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inflammation, immune response and DNA repair in response to radiation of the GIT.  

The common thread that holds all chapters together is the fact that each chapter adds to 

our knowledge of how healthy normal tissues respond to synchrotron MRT.  

 

In chapters 3, 4 and 5, the γH2AX assay was used to monitor the level of DSBs 

generated in tissues and cells within or outside the irradiated area. This assay was 

performed based on the premise that DSB induction and γH2AX foci follow a close 1:1 

relationship (Sedelnikova et al., 2002). However, recent reports have demonstrated that 

the 1:1 equivalence between DSBs and γH2AX foci is not always true in all situations, 

since γH2AX foci have been observed in situations were DSBs are absent (Cleaver et 

al., 2011; de Feraudy et al., 2010; Revet et al., 2011). Instead of being a marker of 

DSBs, γH2AX should be more accurately classified as a DNA damage sensing protein 

that serves as scaffold to keep damaged DNA together and allow DDR proteins access 

to the damaged site (Costes et al., 2010). This new finding most specifically influenced 

chapter 5 where the γH2AX assay was used to predict biological MRT valley doses for 

a range of MRT peak doses. Chapter 5 presented evidence to support that 1:1 

equivalence between DSBs and γH2AX foci is not always true due to the non-linear 

dose response observed for the MRT valley doses. Since this observation was not seen 

in the BB irradiations the non-linear dose response could have also been due to 

chromatin restructuring, existence of DNA repairs centres, intercellular 

communication/RIAE, and/or the FLASH effect. 

 

We used different collimators for MRT irradiations in chapters 3 and 4 (25µm beam 

175µm centre-to-centre spacing) compared to chapters 5 and 6 (50µm beam 400µm 

centre-to-centre spacing). The reason for this is that studies in chapter 3 and 4 occurred 

before 2014 and the only available collimator at the AS was the horizontal collimator 

(25µm beam 175µm centre-to-centre spacing) used in this study, which was only able to 

perform step-and-shoot MRT irradiations. In 2014 the AS established a new dynamic 

MRT setup involving the use of a vertical collimator (50µm beam 400µm centre-to-

centre spacing), which was used in chapter 5 and 6 irradiation experiments. The 

dynamic MRT setup was a far superior arrangement compared to the step-and-shoot 

approach used in chapters 3 and 4. Another reason that the 50µm beam 400µm centre-



	 -	144	-	

to-centre spacing collimator was used is to better align with the work taking place at the 

ESRF (European Synchrotron radiation facility) in Grenoble where the use of this 

dynamic collimator type is standard. Use of MRT collimators with different geometry 

can influence normal tissue responses to MRT exposure (Brönnimann et al., 2016; 

Dilmanian et al., 2006; Sabatasso et al., 2011). Although, Bronnimann et al showed that 

zebrafish irradiated with microbeams wider than 100µm had disrupted veins and 

arteries, which later disappeared after 48hrs due to the regenerative capacity of the 

zebrafish (Brönnimann et al., 2016). It is unknown at this time how the physical 

differences between the collimators affected the biological responses to MRT in the 

studies in this thesis.  

 

Different dose rates were used in chapters 3 and 4 (49.3 Gy/s for BB and MRT), chapter 

5 (41.5 Gy/s and 12.2 for BB, 279.3 Gy/s and 357.9 Gy/s for MRT), and chapter 6 (37-

41 Gy/s for BB and 276-319 Gy/s for MRT). The decision to use FLASH dose rates for 

MRT irradiations in Chapter 5 and 6 and not for BB irradiations in all chapters and 

MRT irradiations in chapter 3 and 4, was partly due to the fact that we did not aim to 

observe FLASH effects (in the case of chapter 3 and 4) and the fact that FLASH dose 

rates for BB irradiations was not possible (in the case of chapters 5 and 6).  The BB 

irradiations in chapter 5 and 6 involved the use of slower dose rates than the MRT 

irradiations due to the mechanical tolerances of the sample stage, which was not able to 

move at FLASH dose rate speeds and reliably deliver the low doses required for the BB 

irradiations (1-5 Gy). Therefore, the BB dose rate was reduced using molybdenum 

filters to deliver the BB doses required for the study.  

 

The different dose rates used in MRT compared to BB irradiations in chapter 5 may 

explain the non-linear dose response induced by MRT valley doses compared to BB 

irradiations. Since MRT valley doses that were 2-3 times greater showed the same level 

of DNA damage in the valleys, indicating that the FLASH effect may have induced a 

protective effect in the directly-MRT-irradiated skin tissue. This effect was absent in the 

BB-irradiated groups, where conventional dose rates were used. Our previous dose-

equivalence studies confirmed that the low BB dose rates used in this study did not 

induce a FLASH effect (Smyth et al., 2018). Given that γH2AX was used as a marker 

for DNA damage in this study, it is possible that an integral part of the FLASH effect is 
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an influence on critical DNA damage sensing proteins involved in chromatin 

modification (Ponette, 2000) such as γH2AX (Aten et al., 2004), ATR, DNA PKcs, 

ATM (Burma et al., 2001; Rogakou et al., 1998), 53BP1 (Zgheib et al., 2005) and Kap1 

(Goodarzi et al., 2008; Goodarzi et al., 2009), which could lead to a protective effect in 

normal tissues.  

 

Similarly, in chapter 6 the FLASH effect could explain the significant downregulation 

of ATM expression in GIT of MRT-irradiated mice compared to BB irradiated mice, 

given its association with chromatin modification proteins. Also, the FLASH normal 

tissue sparing effect has been reported in the gut of mice following irradiation of the 

abdomen (Loo et al., 2017). Although considering the amount of data collected in this 

study it is not clear if downregulation of ATM expression leads to a protective effect in 

the GIT following MRT irradiation. 

 

 

7.3 FUTURE DIRECTIONS 
 
 
Significant work is still required to improve our understanding of mechanisms that drive 

normal tissue sparing effects of MRT. This work is an essential precursor to optimising 

MRT treatment protocols aimed at reducing normal tissue toxicities and enhancing 

tumour ablation. This outcome would ultimately benefit the estimated 48% of cancer 

patients that undergo radiation therapy in Australia and worldwide.  

 

Key experiments to improve our knowledge of the mechanisms that support normal 

tissue sparing effect and to optimise MRT treatment protocols include studies aimed at 

developing physical and theoretical dosimetry methods to obtain reliable MRT valley 

dosimetry when working with high MRT doses. This will be an essential step before 

translating MRT to the clinic. Current commercially available dosimeters have their 

own individual advantages and disadvantages. As suggested by the Brauer-Krisch 

group, combining several commercial dosimeters or measuring peak and valley doses 

separately are promising solutions to obtain the absolute dose of MRT with improved 

confidence and reliability compared to use of a single dosimeter alone. Silicon-strip 
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detectors that are currently being developed at the university of Wollongong also show 

promise as they have shown that peak and valley doses can be simultaneously 

monitored online during patient treatment (Bräuer-Krisch et al., 2015; Brauer-Krisch et 

al., 2003; Lerch et al., 2011). Although recent reports on silicon-strip dosimeters 

indicate that while they do show promise as a potential MRT dosimeter, they require 

further optimisation of experimental methodology due to alignment issues and energy 

dependence of silicon dosimeters (Fournier et al., 2017; Fournier et al., 2016). Another 

potential MRT dosimeter being developed at the university of Wollongong includes the 

plastic scintillator fibre-optic dosimeter, but requires further development as the 

detector is limited by the so-called stem effect, particularly radioluminescence in the 

optical fibre (Archer et al., 2019). Further experiments that consider dose rates 

particularly within the FLASH dose rate range (>100Gy/s) would further support the 

value of synchrotron radiation facilities as a key tool for the treatment of radiation 

therapy cancer patients and assist in gaining more knowledge that could lead to 

reducing normal tissue complications related to radiation therapy. 

 

Several studies, including those outlined in this PhD, have shown that MRT has many 

immunotherapeutic actions that may contribute to control and ablation of cancer. In 

GIT, the role of resident and infiltrating immune cells (including macrophages and 

neutrophils) should be further investigated using chromogen-based 

immunohistochemical assays. The majority of the MRT-related normal tissue toxicity 

data are for brain tissue in both normal healthy tissue and tumour-bearing rats and mice. 

Further MRT immunological studies and functional analyses are required in normal 

tissues and relevant tumour models. These studies could involve examining the 

modulations of systemic immune cells and cytokines in blood plasma to evaluate the 

role of immune mechanisms in MRT-irradiated tissues including GIT and to assist in 

optimising treatment protocols in order to reduce the normal tissue damage and enhance 

tumour toxicity in cancers of various tissues. 

 

Given that our knowledge of GIT response to MRT is in its infancy, additional 

experiments with larger cohorts of male and female mice treated under a range of 

irradiation conditions with more experimental time points should be performed. A 

broader range of genes should also be analysed using next generation sequencing to 
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investigate other genes and related gene pathways in additional to those associated with 

the panel of 6 genes used in this study and those identified in Sprung et al., and Bouchet 

et al., (Bouchet et al., 2015; Sprung et al., 2012). Such studies would provide a stronger 

foundation to assist in explaining the normal tissue sparing effect phenomenon. Also 

more gender-specific studies involving the factors that influence differential response to 

MRT should be undertaken. There are a very limited number of long-term toxicity 

studies after MRT irradiation, therefore more long-term studies are required to 

investigate if MRT continues to be effective over prolonged periods of time and if it 

supports prolonged survival compared to conventional radiation therapies. 

 

Further mechanistic studies to confirm the lack of p53 expression in colon compared to 

the upper GIT regions are also required. The results presented in this PhD involving 

differential gene expression response between upper and lower GIT tissues to MRT 

emphasises the need for more tissue-specific studies to determine local responses to 

MRT. Our biodosimetry data reported in this PhD further support the need for tissue 

specific studies, given the large differences in DSB lesions in valley regions between 

mouse skin and human fibroblast cells despite exposure to the same MRT peak dose. 

Based on our research as well as the current literature, tissue-specific doses are an 

important factor that dictates normal tissue toxicity. Therefore, further experiments that 

investigate differing microbeam configurations particularly microbeam spacing and 

shape of the valley should be performed. Normal tissue complication probability models 

and organ-specific dose response relationships based on microbeam configurations 

(Smyth et al., 2016) should be performed to evaluate the normal tissue complications 

that are associated with a given set of microbeam configurations in order to assist 

clinicians to develop treatment planning regimes.  

 

The tissue-specific studies should also extend to examine how MRT influence 

paediatric patients as opposed to adults. Since children are still developing and therefore 

their tissues develop at different rates, while adults have relatively static growth and 

comparatively slow cell renewal kinetics (Marks et al., 2010). Tissues are more 

vulnerable to RT during periods of rapid proliferation. As a result, generalising data 

from adult to paediatric populations can pose risks to paediatric patients; therefore more 

data that investigates risk levels in the paediatric population following MRT are 
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required. On the biological level, these studies could involve examining levels of DNA 

damage such as OCDLs and DSBs, apoptotic cells, proliferation and inflammation 

measuring Ki67 and p65 markers (outlined in Chapter 3 and 4). Such work would help 

to identify key differences in mechanisms that drive the normal tissue sparing effects in 

adult and paediatric patients following MRT. 
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APPENDIX 
 

Appendix 1: The role of radiation 

parameters in the propagation of systemic 

effects of synchrotron radiation.  

 
APPENDIX 1 
 

I published a first authored paper in the Journal of Physics, which extends the 

discussion of the manuscript featured in Chapter 3 titled “Localised synchrotron 

radiation in mice induces persistent systemic genotoxic events associated with the 

immune response”.  
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Abstract. A change in an organ or tissue distant from the irradiated region was termed the 
radiation-induced abscopal effect (RIAE). It is not known how radiation settings affect non-
targeted normal tissues and therefore the risk of radiation-related adverse abscopal effects. In a 
recent study, we examined abscopal effects of microbeam radiotherapy (MRT) and broad beam 
(BB) configurations, in mice that were locally exposed to a very short pulse of a high dose-rate 
synchrotron beam utilizing the Imaging and Medical Beamline (IMBL) at the Australian 
Synchrotron. Here we summarise this study. Oxidative DNA damage was elevated in a wide 
variety of unirradiated normal tissues. Out-of-field duodenum showed a trend for elevated 
apoptotic cell death under most irradiation conditions, however, double-strand breaks (DSBs) 
elevated only after exposure to lower doses. These genotoxic events were accompanied by 
changes in concentrations of several plasma cytokines and in frequencies of macrophages, 
neutrophils and T-lymphocytes in duodenum. Overall, systemic radiation responses were 
independent of dose, time post-irradiation, and radiation modality. These findings have 
implications for the planning of therapeutic and diagnostic radiation treatment to reduce the 
risk of radiation-related adverse systemic effects. 

1. Introduction  
The radiation-induced bystander effect (RIBE) is now recognised as a consequence of radiotherapy 
[1]. Evidence has revealed that irradiated cells not only experience the direct DNA damage effects but 
also exchange signals with non-irradiated distant or neighbouring cells [2,3]. RIBE has been observed 
in a range of cell types and tissues. Cell-cell communication in vivo has been termed the radiation-
induced abscopal effect (RIAE), which results in changes in a tissue or organ outside the irradiation 
field but within the same organism [4]. Bystander/abscopal cells manifest a collection of biological 
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consequences, including mutagenesis, chromosomal aberrations, micronucleation, neoplastic 
transformation, cell death, augmented proliferation and differentiation [2,5,6]. 
 Over the past decades, various traits of RIAE have come to light. Patients were reported to 
experience regression of tumours distant from the irradiation site [7-10]. On the other hand, following 
radiotherapy, RIAE in out-of-field normal tissues can contribute to development of radiation-induced 
secondary malignancies [1,11] and an increased incidence of inflammatory diseases [12’13]. 
Paediatric patients are more prone to radiation-induced carcinogenesis [14], as their bodies are still 
growing, and dividing cells have been shown to be more vulnerable to somatic genetic damage due to 
both targeted and non-targeted effects of radiation [15,16]. Besides radiation effects, there are other 
factors that also contribute to the development of secondary malignancies, such as genetic 
susceptibility and intrinsic radiosensitivity [17,18]. Therefore, contributing factors should be studied 
and considered in treatment planning. 
 There are several mechanisms that have been proposed to regulate the RIBE. These involve 
the transmission of signalling molecules, which include cytokines, growth factors, free radicals, 
reactive oxygen and nitrogen species (ROS and RNS), either via gap junctions or secretion [19-21]. 
These signalling molecules interact with healthy “naïve” neighbouring cells and have the capacity to 
cause biochemical alterations. Non-targeted effects in vivo, where the initial DNA damage response 
(DDR) at the irradiation site activates systemic responses, involve the immune system and mediators, 
such as cytokines.  
 High dose-rate synchrotron radiation is an attractive tool commonly used to study non-
targeted effects of radiation due to its precise geometry and low scatter from the parallel X-ray beam 
[22]. Additionally, synchrotron facilities afford the chance to perform microbeam radiation therapy 
(MRT). The MRT beam is comprised of an array of planar separate microbeams produced from a 
uniform parallel X-ray beam that is passed through a collimator. MRT is a pre-clinical modality that 
has shown great promise for treating cancer [23,24]. Recent reports have highlighted its ability to 
effectively ablate tumours while also sparing normal tissues [25]. The improved therapeutic benefit 
provided by MRT is thought to be associated with the fact that it delivers extremely high doses to a 
tumour while simultaneously preserving normal tissues due to the presence of the low dose “valley” 
region within the MRT dose profile [26,27]. The mechanism that supports normal tissues ability to 
tolerate these high doses is still poorly understood. However, various explanations have been 
proposed, such as rapid regeneration of vasculature [25], increased tumour cell migration [28], 
increased stem cell proliferation and stem cell survival in normal tissues [29], immune response 
alterations in tumour and normal tissues [30,31] and RIBE [32,33].  
 It is still not clear how irradiation settings affect out-of-field normal tissues. It has been 
reported that increased radiation field size and irradiation modality can increase the risk of these 
radiation-associated side effects [14]. However, in vitro experiments have demonstrated that the RIBE 
is dose-independent [34,35]. To address this question and to determine how radiation dose and 
irradiated volume impact response for out-of-field normal tissues, the systemic effects of synchrotron 
radiation in a mouse model have been examined [36].   
 
2. Results  
We used a combination of doses and beam configurations to irradiate mice on the right hind leg 
(Figure 1). After 1 and 4 days post-irradiation a selection of out-of-field normal tissues and blood 
samples were collected. Abscopal effects can be measured using a variety of key endpoints, including 
ROS [37,38], DNA damage [39-41], apoptosis [42], inflammation [43], immune response [44], 
cytokine concentrations [45,46], oxidative stress [47], senescence [48,49] and proliferation [50]. Our 
findings can be summarised as follows: in out-of-field normal tissues, all radiation settings induced 1) 
significant and prolonged oxidative DNA damage; 2) persistent double stranded breaks (DSBs) were 
induced by most irradiation settings although the effect was dose-dependent and tissue specific; 3) 
increasing trend of apoptotic cell death; 4) increase of oxidative and inflammatory in-situ markers; 5) 
decreased proliferation and increased occurrence of senescent cells; 6) innate and adaptive immune 
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effector responses. In addition, we found alterations in plasma levels of pro-inflammatory cytokines 
(Figure 1). 
 

 
Figure 1. A schematic diagram of the propagation of systemic effects in vivo following 
localised BB and MRT synchrotron radiation. At the directly irradiated site, cells that are 
damaged and stressed, and immune cells are activated, releasing signalling molecules to 
adjacent tissues. This results to modifications to cytokine levels that can either directly or via 
other factors stimulate macrophages, neutrophils and T-cells in distant tissues. The imbalance 
that occurs in the local immune microenvironment causes the development of free radicals 
that consequently results to persistent oxidative stress. This leads to persistent and significant 
increases of OCDLs across all tissues in the body. Proliferative tissues, such as duodenum, 
endured significant DSBs due to unrepaired OCDLs, which ultimately encourages apoptotic 
cell death. The out-of-field duodenum also underwent alterations in proliferation, 
inflammation and senescence. 

 
2.1 Oxidatively-induced clustered DNA lesions (OCDLs).  
The OCDLs were consistently and significantly elevated across all out-of-field tissues, regardless of 
distance from the irradiation site, in a dose- and volume-independent manner. Bystander and abscopal 
effects have been documented to occur at distances up to 1 cm from the irradiated site and beyond [51-
53]. We observed increases in OCDL frequencies in colon and duodenum, which are 1.5 cm from the 
irradiated site. Remarkably, OCDLs also increased in a tongue, which is 7 cm from the irradiation site. 
The lack of decline in OCDLs at 4 days post-IR was attributed to repair-resistance of OCDLs and/or 
persistent oxidative stress [54,55].  
 
2.2 DSBs.  
We monitored DSBs using the γ-H2AX foci assay [56]. DSBs consistently increased for out-of-field 
duodenum after exposure to lower but not higher peak doses. We attributed this observation to 
differences in γ-H2AX kinetics in directly irradiated and naïve abscopal cells. In the former, the peak 
γ-H2AX response is quick; the majority of radiation-induced foci disappear within hours, while in the 
latter, the response is slow and prolonged [51]. To further complicate this puzzle, non-targeted 
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radiation-induced damage increases as the dose decreases; the effect is opposite in directly irradiated 
tissues [57,58].  
 
2.3 Apoptosis.  
Frequencies of apoptotic cells immunostained by anti-cleaved caspase 3 antibody were generally 
elevated in out-of-field duodenum.  
 
2.4 Immune cells.  
We established changes in frequency of macrophages/dendritic cells, neutrophils and T–lymphocytes 
in out-of-field duodenum, suggesting the involvement of both innate and adaptive immune responses. 
At the locally irradiated site (skin), macrophages/dendritic cells and neutrophils also increased, with 
the exception of T-lymphocytes.   
 
2.5 Plasma cytokines.  
A range of reports have provided compelling evidence that cytokines play a key role in non-targeted 
bystander signalling [45,46].We selected a panel of 20 cytokines associated with inflammation, DNA 
damage response and immune response. Blood plasma was screened for expression levels of the 
selected cytokines; 7 of the 20 cytokines tested were consistently and significantly altered. These 
include: eotaxin, macrophage derived cytokine (MDC), interleukin-10 (IL-10), TIMP 
metallopeptidase inhibitor 1 (TIMP-1), vascular endothelial growth factor (VEGF) and transforming 
growth factor beta 1 and 2 (TGFβ-1 and TGFβ-2). Some of these changes were similar to those seen 
in our previous study that involved plasma cytokine modulations in patients treated with fractionated 
radiotherapy [21,59], while some were different. The discrepancies between both studies could be 
attributed to differences in systemic responses between mice and humans, and between single dose 
and fractionated radiation treatments. In any case, alterations in cytokine expression indicate that the 
radiation settings induced an imbalance in the environment.  
 
2.6 Proliferation, senescence, and oxidative and inflammatory in situ markers. 
In vivo, persistent oxidative stress often leads to loss of homeostasis and to pathogenesis, such as 
inflammation and cancer [60]. A prime candidate that is often associated with increased oxidative 
stress is ROS, as they are released by directly irradiated cells or activated macrophages [61,62]. In out-
of-field duodenum of BB-irradiated mice, we found increases in 8-oxoguanine a marker for oxidative 
stress, increases in p65, which is associated with inflammation, decreases in Ki67-positive cells, a 
marker for proliferation, and decreases in senescence using the Sudan Black B assay [63,64]. All of 
these responses were consistently and significantly altered across all BB-irradiated groups and 
persisted for 4 days post-irradiation.  
 
3. Conclusions 
In conclusion, we found that both MRT and BB were capable of inducing persistent systemic 
oxidative stress, genotoxic events and immune response, generally in a dose-independent manner. 
These observed bystander effects were not largely influenced by beam modality, dose and size of 
irradiation field. The γ-H2AX response at the higher dose differed from all other endpoints, which we 
believe is due to the contribution of scattered radiation confirmed by our dosimetry studies [26,40]. 
Our report is in agreement with the idea that macrophages and cytokines are key players in 
propagating the systemic effects of ionising radiation. We have confirmed that innate and adaptive 
immune responses influence non-targeted effects and we now aim to establish which combination of 
immune system components drive its propagation. This is the subject of another study, which involves 
the use of mice with defects in their immune system treated with similar radiation conditions described 
in this study. Clinical studies will validate the significance of our findings for planning of MRT and 
ablative radiotherapy treatment.  
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Appendix 2: The role of the immune system 

in propagating systemic effects of 

synchrotron MRT.  

 
APPENDIX 2 
 

Chapter 4 contains all information regarding the DNA damage response that was 

primarily my contribution to the study. This section contains the manuscript that 

includes the complete set of data collected for this study. The manuscript was published 

in the International Journal of Radiation Oncology, Biology and Physics.  
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Summary

The interest of radiation on-
cologists in nontargeted
(abscopal) effects of ionizing
radiation includes both
reduction of metastases and
concerns about induction of
second cancers after local
radiation therapy (RT). To
investigate the mechanism of
these effects, we compared
genotoxic radiation-induced
abscopal effects in wild-type
and immune-deficient mice
that were locally irradiated
with a synchrotron-generated
multiplanar microbeam radi-
ation therapy. We report im-
mune factors involved in
propagation of radiation-
induced abscopal effects,
thus revealing potential tar-
gets for therapeutic
intervention.

Purpose: Nontargeted effects of ionizing radiation, by which unirradiated cells and
tissues are also damaged, are a relatively new paradigm in radiobiology. We recently
reported radiation-induced abscopal effects (RIAEs) in normal tissues; namely, DNA
damage, apoptosis, and activation of the local and systemic immune responses in
C57BL6/J mice after irradiation of a small region of the body. High-dose-rate, syn-
chrotron-generated broad beam or multiplanar x-ray microbeam radiation therapy
was used with various field sizes and doses. This study explores components of the
immune system involved in the generation of these abscopal effects.
Methods and Materials: The following mice with various immune deficiencies were
irradiated with the microbeam radiation therapy beam: (1) SCID/IL2gRe/e (NOD
SCID gamma, NSG) mice, (2) wild-type C57BL6/J mice treated with an antibody-
blocking macrophage colony-stimulating factor 1 receptor, which depletes and alters
the function of macrophages, and (3) chemokine ligand 2/monocyte chemotactic pro-
tein 1 null mice. Complex DNA damage (ie, DNA double-strand breaks), oxidatively
induced clustered DNA lesions, and apoptotic cells in tissues distant from the irradi-
ation site were measured as RIAE endpoints and compared with those in wild-type
C57BL6/J mice.
Results: Wild-type mice accumulated double-strand breaks, oxidatively induced clus-
tered DNA lesions, and apoptosis, enforcing our RIAE model. However, these effects
were completely or partially abrogated in mice with immune disruption, highlighting
the pivotal role of the immune system in propagation of systemic genotoxic effects
after localized irradiation.
Conclusions: These results underline the importance of not only delineating the best
strategies for tumor control but also mitigating systemic radiation toxicity. ! 2018
Elsevier Inc. All rights reserved.

Introduction

Cancer radiation therapy (RT), a major treatment for
approximately half of all patients with cancer,1 is based on
the classic assumption that cell death results solely from
the deposition of radiation energy within cells. The dis-
covery of nontargeted effects of radiation challenged this
assumption. Radiation-induced bystander effects (RIBEs)
describe biological events in cells nearby to irradiated cells.
Radiation-induced abscopal effects (RIAEs) are the in vivo
counterparts, causing responses in cells and tissues distant
from the site of irradiation. The propagation of nontargeted
effects involves intercellular signaling associated with
production and release of cytokines and growth factors,
some reactive oxygen and nitrogen species, and the host’s
immune system (reviewed in Prise and O’Sullivan2 and
Sprung et al3). Currently, information on the direct
involvement of the immune system in RIAEs is scarce. The
contribution of macrophages and chemokine ligand 2/
monocyte chemotactic protein 1 (CCL2/MCP1) in RIAE
has been suggested2-6 but never actually demonstrated.

High-dose-rate synchrotron radiation has exceptional
characteristics for both experimental work and potential
clinical applications compared with conventional radiation
sources. These features include the sharply defined geometry
of the beam, lower scatter, high beam stability, and delivery
of high doses in a short time, thus preventingmotion artifacts.

The microbeam radiation therapy (MRT) configuration
involves a beam of x-rays collimated to generate an array of
parallel microbeams separated by low-leakage “valley”
doses (Fig. 1).7 This approach allows for extremely high
peak doses to be delivered in a single treatment, presum-
ably because cells in the “valleys” survive the lower radi-
ation exposure. Preclinical studies in rodents have indicated
increased therapeutic benefit of MRT and reduced side
effects in irradiated normal tissues when compared with
conventional RT.7-9 Both synchrotron broad beam and MRT
local irradiations are a unique setting to study nontargeted
radiation effects. Our dosimetry studies10,11 clearly
confirmed that the scatter radiation level in out-of-field
organs of interest was negligible for the settings used in
the present report.

Volume 103 ! Number 5 ! 2019 Immune system and radiation-induced abscopal effect 1185
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In our previous study, application of MRT to a small
skin area resulted in the induction of a bona fide RIAE in
mice.10 Here, we compare systemic genotoxic events in
out-of-field tissues of C57BL6/J mice with a fully compe-
tent immune system to responses in mice with disruption of
normal immune function. Immune disruption was achieved
by use of SCID/IL2gRe/e (NOD SCID gamma or NSG)
mice that lack mature T and B cells and natural killer (NK)
cells12; C57BL6/J mice injected with an antibody that
neutralizes colony-stimulating factor 1 receptor (CSF-1R),
which is expressed on monocytes and monocyte-derived
macrophages/dendritic cells at sites of inflammation pro-
duced by tissue injury13,14; or C57BL6/J mice deficient in
CCL2, a member of the C-C chemokine cytokine family
that recruits monocytes, memory T cells, and macrophages/
dendritic cells to sites of tissue injury.15 Our report high-
lights the role of the immune system in propagation of
nontargeted genotoxic effects of localized low-Linear en-
ergy transfer (LET) irradiation, and, in particular, suggests
the importance of recruitment and activation of

macrophages to the site of irradiation for the propagation of
stress signals in the whole organism.

Methods and Materials

Mice

Animal experimentation was approved at the Australian
Synchrotron (AS). The following four cohorts of 6-week-
old female mice were used in this study: (1) C57BL6/J
mice (purchased from the Monash University); (2) NSG
mice (purchased from the Peter MacCallum Cancer
Centre); (3) the macrophage-depleted cohort that was
generated in-house by injecting C57BL6/J mice with the
antieCSF-1R antibody ASF98 (provided by J.A. Hamil-
ton); and (4) CCL2 knock-out mice on the C57BL6/J
background (purchased from the Jackson Laboratory).
The mice treated with CSF-1R received intravenous in-
jections (400 mg ASF98 antibody in 100 mL of
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Fig. 1. Experimental setup for synchrotron MRT irradiation. (A) Mice were secured to a jig allowing the area of 8 ! 8 mm2

at the right hind leg to be irradiated with a 10-Gy peak dose of MRT. (B) MRT beam consisting of 5 planar 25-mm mi-
crobeams 175 mm apart from each other, obtained by passing a broad beam of 8 ! 1 mm2 through a collimator. (C) An image
of EBT3 film located in front of the right mouse leg and exposed to a 200-ms pulse of 8 ! 8 mm2 MRT beam; the image was
obtained by using a V700 Photo scanner. (D) Dose profile of the 200-ms MRT beam showing absorbed dose in the first top 5
microbeams. Vertical gridlines correspond to 0.025-mm increments on the horizontal axis, so the collimator slits are located
at 0.000 to 0.025, 0.200 to 0.225 mm, and so on. Abbreviation: MRT Z microbeam radiation therapy.
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phosphate-buffered saline) at 2 days before irradiation,
1 day after irradiation, and 3 days after irradiation (for
the last collection group).

Each cohort consisted of 15 animals (5 sham-irradiated
controls, 5 each culled at 3 days and 6 days postirradiation),
except for the cohort of macrophage-depleted mice, which
had 2 control groups of sham-irradiated/anti-CSF-
1Retreated mice (thus 20 mice total). Because the NSG
mice did not cope well with the anesthesia/irradiation
procedure, the 6-day time point was omitted for this cohort
(thus 10 NSG mice total). We used a sample size of 5 as
sufficient to achieve the power (1-false negative rate) of 0.8
for 2-fold effect with approximately 50% standard devia-
tion (SD), or 1.5-fold effect with 25% SD (at P
value Z .05). The choice of this sample size was also
supported by our previous experiments.4,10,16 All mice
including sham-irradiated controls were anesthetized, and
the skin area on the right hind leg was shaved before
irradiation.

Irradiation

Mice were irradiated at the Imaging and Medical
Beamline at the AS using a specially designed jig for
irradiation of 8 ! 8 mm2 areas on the right hind leg with
a 200-ms pulse of a 10-Gy peak-dose MRT beam
(Fig. 1A). The MRT configuration was achieved by
passing an initial rectangular-shaped 8 ! 1 mm2 x-ray
beam through a collimator, which produced five 8 mm-
wide, 25-mm-thick coplanar beams separated by 175-
mm intervals (Figs. 1B and 1D).10,17 To achieve an
8 ! 8 mm2 field, the motorized stage on which the mice
were positioned was stepped precisely through a 1-mm
vertical shift, between each of 8 pulses of radiation.
The AS operated at a constant electron current of
200 mA, generating a dose rate of 49.3 Gy/s in the broad
beam configuration, recorded by ionization chamber
measurements. The x-ray beam energy was in a range of
40 to 120 kEv; effective energy was 56.9 kEv.11

Dosimetry

Gafchromic films EBT3 (manufacturer specified dose
range, 1 cGy-40 Gy) and XR-QA2 (dose range, 1 mGy-20
cGy; Ashland Specialty Ingredients) were placed, respec-
tively, within the irradiated area and at approximately
50 mm from the irradiated area to monitor the delivered and
scattered radiation doses (Fig. 1A). Film samples were
scanned using an Epson Perfection V700 Photo scanner
operated in the transmission (for EBT3, for monitoring and
illustration of MRT beam) or reflection (for XR-QA2)
modes with a resolution of 6400 pixels/in. For calculation
of MRT beam dose profile and average absorbed doses,
EBT3 films were imaged on a BX51 Olympus microscope
using a 3! objective and a SPOT camera (Diagnostic In-
struments) providing resolution of 560 pixels/mm and

14 bits/pixel grayscale pixel depth. Absorbed doses were
calculated as described previously,11 using a calibration
curve obtained in a separate experiment.

Figure 1C shows a scanner image of an EBT3 film
sample that illustrates the MRT beam profile. Such images,
however, were not suitable to calculate the dose profile
because of the substantial contribution of the light scatter.
For dosimetry purpose, microscopy images were used. A
set of calibration film samples was generated using x-rays
from X-RAD iR-160 source (Precision X-Ray) because
accurate doses below approximately 5 Gy in broad beam
cannot be achieved using the synchrotron beam owing to
the limitation of shutter speed. The use of X-RAD source
for calibration films was justified previously and is based on
the similarity of effective energies and the correlation of
film response to 2 sources in the range of higher doses.11

An example of the calculated MRT dose profile is pre-
sented in Figure 1D.

Tissue processing

To study delayed effects of a single pulse of localized
irradiation, mice were euthanized at 2 time points: 3 and
6 days after irradiation. All tissue collection and processing
methodologies used in this study have been described in
detail previously.10 Briefly, blood samples were obtained by
cardiac puncture into ethylenediaminetetra-acetic
acidecontaining tubes (Sarstedt, Germany) and were
centrifuged at 2000 rpm for 10 minutes and then at
4000 rpm for 10 minutes. The plasma samples were
transferred into cryovials and stored at e80"C for cytokine
analysis. Duodenum, colon, and tongue tissues were
selected for oxidative DNA damage analysis; the tissues
were frozen on dry ice and stored at e80"C before DNA
extraction. Duodenum samples were also embedded in
Tissue-Tek O.C.T compound (Sakura Finetek), snap-frozen
on dry ice, and stored at e80"C for cryosectioning and
immunohistochemistry.

Genomic DNA was extracted from homogenized tissues
with High Pure PCR Template Kit (Roche) and treated with
human DNA repair enzymes 8-oxoguanine glycosylase
(OGG1) or apurinic/apyrimidinic endonuclease 1 (APE1;
New England Biolabs) for detection of abasic and oxidized
purine DNA clusters, respectively. Oxidatively induced
clustered DNA lesion (OCDLs) were measured using a
modified version of constant field gel electrophoresis under
neutral running conditions, as described previously.10,18

Frozen duodenum sections were subjected to immunoflu-
orescence staining for g-H2AX with a rabbit anti-g-H2AX
antibody (Cell Signaling) and to immunoperoxidase stain-
ing for 8-oxoguanine (8-oxoG) with a rabbit antibody
(Millipore), and for apoptosis with a rabbit anticleaved
caspase-3 antibody (both antibodies from Cell Signaling
Technology). Image acquisition and analysis have been
described previously.10

Volume 103 # Number 5 # 2019 Immune system and radiation-induced abscopal effect 1187
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A panel of 8 cytokines (eotaxin, interleukin 10 [IL-10],
CCL2, MDC, MIP-3a, transforming growth factor beta 1
[TGFb1], TIMP-1, and VEGF) were measured at RayBio-
tech in Norcross, Georgia, in 200-mL plasma samples (3
mice per experimental group). We used Quantibody custom
array (a glass chipebased multiplexed sandwich enzyme-
linked immunosorbent assay array), as in Ventura et al.10

Statistical analysis

The Student t test was used to compare the differences
between sham-irradiated control and irradiated cohorts of
mice.

Results

Dosimetry studies

With MRT irradiation, the average dose (integrated over the
MRT beam profile) was calculated to be 1.10 ! 0.06 Gy
(arithmetic mean ! SD, n Z 6 film samples), which is
similar to our previous measurement (1.16 Gy) of the
average MRT dose for 200-ms pulse.11 The scattered ra-
diation dose measurement at 50 mm from the irradiated
area using XR-QA2 film indicated that in all 6 samples,
these doses were below the threshold of the film sensitivity
(1 mGy according to the manufacturer). This finding is
in agreement with measurements that we reported
previously.10,11

Complex DNA damage and apoptosis in out-of-field
tissues

Double-strand breaks
We reported previously that the mouse gastrointestinal tract
(eg, the duodenum) was particularly vulnerable to abscopal
DNA double-strand break (DSB) induction,4,10 measured
by g-H2AX foci formation as a biomarker of DSBs.19 We

attributed this sensitivity to robust generation of DSBs in
highly proliferative cells in a persistent oxidative stress
environment, via interaction of oxidative lesions with
replication forks.4,5,20 The g-H2AX foci analysis in
duodenal epithelial cells out of the radiation field (Fig. 2A)
revealed, in agreement with our previous report,10 that the
numbers of foci in C57BL6/J mice increased after irradia-
tion, compared with sham-irradiated controls (2-fold at day
3 postirradiation, P Z .018, and 2.5-fold at day 6 post-
irradiation, P Z .066). Generally, no significant changes of
g-H2AX foci values were observed in mice with immune
deficiencies, except for a 2.2-fold increase in anti-CSF-
1Retreated mice at day 6 postirradiation (P Z .006).

Apoptosis
Cleaved caspase-3(þ) cells were counted as an indicator of
apoptosis (Fig. 2B). The incidence of apoptotic cells
increased in the out-of-field duodenum epithelium in
C57B6L/J mice (up 2.5-fold at day 3 postirradiation
compared with sham-irradiated controls; PZ .014), but not
in mice with immune deficiencies.

Oxidatively induced clustered DNA lesions and 8-
oxoguanine
As described earlier, 2 human repair enzymes, OGG1 and
APE1, were used as enzymatic probes to detect OCDLs in
3 normal tissues distant from the irradiated area (colon,
tongue, duodenum; see Figs. 3A and 3B). OGG1 detects
mainly oxidized purines that include 7,8-dihydro-8-
oxoguanine (8-oxoguanine) when base paired with cyto-
sine, 8-oxoadenine when base paired with cytosine, for-
mamidopyrimidine (fapy)-guanine, and methy-fapy-
guanine. APE1 detects a variety of basic sites, including
oxidized abasic sites, abasic sites modified with alkoxy-
amines, and DNA-containing urea residues.21 Because most
lesions induced by persistent oxidative stress are oxidized
purines,22 we expected to detect most of the oxidative
lesions.
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Fig. 2. Accumulation of double-strand breaks and apoptosis in out-of-field tissues. (A) The g-H2AX foci in frozen sections
of mouse duodenum. (B) Frequencies of CC3(þ) cells in frozen sections of mouse duodenum. The g-H2AX foci (manual
counts are presented, supported by automatic image analysis as in Ventura et al.10) and apoptotic cells (manual counts) were
scored in duodenum epithelium of microbeam radiation therapyeirradiated and sham-irradiated wild-type C57BL6/J mice
and immune-deficient mice. Error bars are SEM; )P < .05; n Z 5 for g-H2AX and n Z 3 for apoptosis. Abbreviations:
CCL2 Z chemokine ligand 2; CC3 Z cleaved caspase-3 cells; KO Z knock-out; NO IR Z no irradiation.
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In general agreement with previous findings,10 the fre-
quencies of OGG1 and APE1 clusters in C57BL6/J mice
were statistically significantly elevated in the colon and the

tongue in response to the radiation treatment, compared
with sham-irradiated controls (up 2.6-fold for OGG1 clus-
ters, P Z .004; and 1.8-fold for APE1 clusters, P Z .017,
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Fig. 3. Accumulation of oxidative DNA damage in out-of-field tissues. OGG1 (A) and APE1 (B) oxidatively induced
clustered DNA lesions in out-of-field duodenum, colon, spleen, and tongue of irradiated and sham-irradiated wild-type
C57BL6/J mice and NSG mice, CCL2/MCP1 knock-outs, and C57BL6/J mice injected with the antibody-blocking
macrophage colony-stimulating factor 1 receptor ASF98 antibody. (C) Numbers of 8-oxoG(þ) cells in duodenum epithe-
lial cells and nonepithelial cells (stroma) of irradiated C57BL6/J mice, compared with sham-irradiated controls and immune-
disrupted mice. Error bars are SEM; )P < .05; n Z 5 for oxidatively induced clustered DNA lesions; n Z 3 for 8-
oxoguanine. Abbreviations: APE1 Z apurinic/apyrimidinic endonuclease 1; CCL2 Z chemokine ligand 2; KO Z knock-
out; OGG1 Z 8-oxoguanine glycosylase; 8-oxoG Z 8-oxoguanine; NO IR Z no irradiation.
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respectively, in the colon at day 3). At day 6, they were up
4.5-fold for OGG1 clusters (P Z .0003) and 2.1-fold for
APE1 clusters (P Z .011). A trend for OCDL increase in
C57BL6/J mice was observed in the duodenum. In most
cases, no statistically significant variations in OCDL
levels were observed in mice with immune disruption.
However, exceptions included at day 6 postirradiation in
the tongue of anti-CSF-1Retreated mice (1.6-fold for
OGG1, P Z .004; and 1.5-fold for APE1, P Z .042) and in
CCL2 knock-out mice (2-fold for OGG1, P Z .001; and
1.3-fold for APE1, P Z .047), and in the colon of anti-
CSF-1Retreated mice (2-fold for APE1 clusters,
P Z .008).

An independent confirmation of oxidative stress levels in
the duodenum was obtained from immunostaining of frozen
sections for 8-oxoG, a modified guanine that results from
reaction of hydroxyl radical with DNA. Although 8-oxoG
was induced in duodenal epithelial and stromal cells of
C57BL6/J mice (up 2.5-fold in stromal cells relative to
sham-irradiated controls, P Z .030), no significantly
elevated frequencies of 8-oxoG(þ) cells were observed in
immune-disrupted mice (Fig. 3C).

Notably, in several instances, sham-irradiated C57BL6/J
mice had lower levels of DSBs, apoptosis, and OCDLs than
counterpart immune-disrupted mice (Fig. 2). The analysis
of the relationship between RIAEs and the status of various
immune cells in immune-deficient mice is presented in
Table 1.

Plasma cytokines

A panel of 8 plasma cytokines (eotaxin, IL-10, CCL2,
MDC, MIP-3a, TGFb1, TIMP-1, and VEGF) was analyzed
before and after irradiation. Previously, we demonstrated

that elevated plasma concentrations of CCL2 and TGFb1
were associated with the presence of the RIAE.10,23 How-
ever, in our study, the increases did not reach statistical
significance, possibly because of the small number of mice
tested (Fig. 4). For other cytokines, modulations of plasma
levels were not associated with the observed RIAE end-
points (eg, IL-10, which significantly increased in both
wild-type and CCL2 knock-out mice).

Discussion

Considerable knowledge has been accumulated regarding
factors involved in propagation of the in vitro RIBE;
however, mechanisms of its in vivo counterpart, the RIAE,
are only beginning to be understood. Our work aimed to
provide a meaningful mechanistic insight to understanding
abscopal effects in normal tissues caused by ionizing
radiation.

The immune system has been proposed to mediate RIAE
(ie, both out-of-field genotoxic events in normal tissues or
tumor regression),24 and previous studies support the close
communication between DNA damage response network
and key components of the innate immune system.25

Therefore, in this study we have focused on immune
involvement and regulation of RIAE. In our previous
report,10 we developed a mouse model for RIAE propaga-
tion generated by a short pulse of high-dose-rate broad
beam or MRT synchrotron irradiation to a small region on
the hind leg. These settings were capable of inducing
genotoxic events in the duodenum of wild-type mice, at a
site approximately 30 mm from the irradiated site, and in
other organs as well. Depending on the scattered dose, we
attributed these out-of-field effects to different mechanisms,
either RIAE signaling or targeted effects of low scattered

Table 1 Analysis of the relationship between RIAE endpoints and the status of various immune cells

Mice &
immune 
cells  

Endpoints

B6/J NSG CCL2 KO 1 ASF98-treated
T
+

B
+

NK
+

Ma
+

Mo
+

Neu
+

T
-

B
-

NK
-

Ma
+/-

Mo
+

Neu
+

T
+/-

B
+/-

NK
+/-

Ma
-

Mo
-

Neu
+/-

T
+

B
+

NK
+

Ma
-

Mo
-

Neu
+

Oxidative damage
2

3 4

DSBs 5

Apoptosis

Abbreviations: B Z B lymphocytes; DSBs Z double-strand breaks; KO Z knock-out; Ma Z macrophages; Mo Z monocytes; Neu Z neutrophils;
NK Z natural killer cells; OCDL Z oxidatively induced clustered DNA lesion; RIAE Z radiation-induced abscopal effect; T Z T lymphocytes.
(þ) Z functional cells; (e) Z dysfunctional/no cells; (þ/e) Z defective cells.
Light shading, cells potentially involved in RIAE based on a given test group analysis; dark shading, cells potentially not involved in RIAE based on a

given test group analysis.
Checked boxes indicate that RIAE is present; empty boxes indicate that RIAE is absent.
*In CCL2 KO mice, immune cells are intact; however, macrophages/monocytes are not recruited to the site of damage.
yVariations of OCDL values in duodenum.
zVariations of OCDL values at day 6 postirradiation.
xVariations of OCDL values at day 6 postirradiation.
kVariations of DSB values at day 6 postirradiation.
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doses. MRT irradiation with a 10-Gy peak dose generated
little scattered dose to the duodenum (1.1 mGy for an
8 ! 8 mm2 irradiated area) and was able to induce RIAE.10

These irradiation settings were adopted for our study.
In agreement with our previous report,10 locally irradi-

ated wild-type C57BL6/J mice had elevated DNA damage
and apoptosis in out-of-field duodenum. This response was
not observed in NSG mice. The absence of the RIAE in
NSG mice devoid of functional innate and adaptive im-
mune systems supports the notion that a competent immune
system is necessary for propagation of RIAE. To explore
this idea further, we narrowed our focus to the role of the
myeloid compartment in mediating RIAE. The antieCSF-
1R antibody reduces the number and activity of monocyte/
macrophage populations,26 resulting in reduced numbers of
tissue macrophages. The anti-CSF-1R treatment generally
diminished the RIAE, but not completely (Figs. 2 and 3;
Table 1). With evidence for involvement of macrophages,
we used mice lacking the chemokine CCL2 that directs the
migration of myeloid cells and memory T cells.27 Again,
the data pointed to the role for macrophages in the initiation
and transfer of the abscopal signals to out-of-field tissue.

In a few cases, we found trends indicating possible
differences, which may resolve in future studies with
increased sample sizes. It is notable that in anti-CSF-
1Retreated mice, a number of RIAE endpoints were

elevated at day 6 postirradiation, resembling the response
of wild-type mice. This effect could be due to reduced
levels of the CSF-1R-blocking antibody by 3 days after last
injection. On the other hand, it could be explained by the
observation that treatment with CSF-1R-neutralizing anti-
body mobilizes and activates neutrophils.28,29 However, it
is evident that functional macrophages are required for the
full-extent RIAE. Indeed, with similar irradiation doses, we
previously reported elevated F4/80 immunostaining, a
common marker of murine macrophages, in both out-of-
field duodenum and in the targeted skin area of wild-type
C57BL6/J mice.10

On the basis of the data reported here and published
previously, we suggest that CCL2 may play a pivotal role in
the transmission of stress signals and consequently sys-
temic DNA damage via the RIAE. CCL2 is expressed
constitutively and is further induced at the injury site for
tissue defense and repair.27 Subsequently, immune cells,
including activated macrophages, are recruited to the
injury.15

Earlier, we highlighted the role of CCL2 in mediating
in vivo nontargeted effects induced by the presence of an
unirradiated tumor.4,5 Our earlier data in a lung cancer
patient cohort also indicated that CCL2 plasma levels were
affected by RT23,30 and associated with higher-grade lung
toxicity.30 Activated macrophages at the site of a radiation
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Fig. 4. Plasma cytokine analysis. Eotaxin, IL-10, CCL2, MDC, MIP-3a, TGFb1, TGFb2, TIMP-1, and VEGF concen-
trations in the plasma collected after irradiation with microbeam radiation therapy or sham irradiation of wild-type C57BL6/J
mice and immune-deficient mice. Error bars are SEM; )P < .05; n Z 3. Abbreviations: CCL2 Z chemokine ligand 2; IL-
10 Z interleukin 10; KO Z knock-out; NO IR Z no irradiation; TGF Z transforming growth factor.
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injury may secrete more CCL2 and TGFb into extracel-
lular fluids, and these ligands then circulate and bind to
their receptors in susceptible out-of-field tissues, which
are predominantly CCL receptor type-2 (CCR2)27 and
TGFb receptor type-1 (TGFbR1).31,32 Among other
cellular pathways, CCR2 targets phosphoinositide 3
kinaseedependent and protein kinase Cedependent path-
ways that lead to TGFb upregulation and elevated cyclo-
oxygenase-2 (COX-2) production. Interestingly, high
COX-2 expression in patients with prostate cancer who
participated in Radiation Therapy Oncology Group Trial
92 to 02 was significantly associated with biochemical
failure, distant metastasis, and radiation toxicity of
different types.33

Chai et al32 reported elevated expression of TGFb/
TGFbR1 in out-of-field mouse lungs after irradiation of a
1-cm2 area in the lower abdomen, thereby proposing a role
for TGFb-TGFbR1-COX-2 pathway in RIAE. TGFb reg-
ulates the immune response, particularly in the gastroin-
testinal tract,34 blocks the cell cycle, and promotes DNA
damage and apoptosis32,35,36 and metastasis.37 Therefore,
TGFb seems an attractive target to manipulate RIAE.
Supporting this proposal, a recent work by Formenti et al38

reported a clinical trial combining local RT for breast
cancer with blockade of TGFb signaling. The treatment
was well tolerated and had a favorable systemic immune
response.38

In this study, we also bring up the role of CCL2. Without
CCL2, the chain of events leading to RIAE propagation is
interrupted, thereby making CCL2 another potential target.
CCL2- and CCR2-targeted therapies have already been
considered in the clinical setting to inhibit the metastatic
cascade (eg, CCL2-neutralizing antibody or a small mole-
cule inhibitor of CCR239,40; reviewed in Sprung et al,3

Martin et al,5 and Lim et al27 studies).
Targeting innate immunity via CSF-1R in macrophages,

alone or in combination with TGFb/CCL2 blockade, would
be another way to modulate RIAE. Potentially, this
approach could benefit by protecting out-of-field normal
tissues at the same time as inhibiting metastases and pri-
mary tumor growth.28,41 Although not in an abscopal
setting, RT induces secretion of CSF-1R from tumors,
resulting in the elevation of immunosuppressive myeloid
cells. This result could be prevented by treatment with a
small molecule inhibitor of CSF-1R, resulting in enhanced
suppression of tumor growth.29

The high-dose-rate of synchrotron-generated radiation
and the special MRT geometry may cause biological effects
that are different from those in conventional radiation
modalities. However, multiple studies have reported that
RIBE and RIAE are observed at similar extent at different
radiation scenarios, such as low and high LET and high-
and low-dose-rates. RIBE shows no radiation dose response
(it is a “binary” phenomenon),42,43 it is triggered by irra-
diation or other stimuli in the same manner,44 and it is
detectable from doses as low as 10 mGy.11 Regarding
RIAE, our recent systematic study10 also demonstrated that

various synchrotron irradiation settings, different doses,
and irradiation areas of mouse skin induced generally
similar persistent biological genotoxic and immune re-
sponses in out-of-field normal tissues. Depending on the
level of a scatter radiation, we attributed these effects to
either true nontargeted effects because of true abscopal
signaling or to direct radiation effects of low-dose scatter
radiation. Conventional radiation modalities have triggered
abscopal effects in normal tissues, including DNA damage,
in a similar manner (eg, as in Mancuso et al45 and Kotur-
bash et al46).

Conclusions

In conclusion, we have shown that local low-LET x-radiation
triggers abscopal DNA damage and apoptosis in normal
tissues, which involves a regulatory role of a functioning
immune system, with participation of macrophages. The
extent of complex DNA damage and apoptosis (in conjunc-
tion with proliferation and senescence from our previous
study10) are excellent biological guides to the extent of the
abscopal effects observed clinically in normal tissues and the
manifestation of radiation adverse effects. The way that the
affected cells handle this damage is determined by the
effector pathways that underlie vulnerability of tissues and
organs to the systemic effects of radiation.

We speculate that similar cellular responses may take
place in metastatic lesions: that DNA damage generated by
RIAE can lead to the out-of-field tumor regression. This
result could be enhanced by a combination of RT with
immunotherapy47 or even by a particular modality of RT.48

The background level of DNA damage carried by the cell
population, high in tumors and low in normal tissues,
makes tumors more susceptible to cell kill from additional
insult, whereas normal tissues are more prone to sublethal
damage, resulting in genomic instability and potential
carcinogenesis.49,50 We believe that our report will stimu-
late further studies to learn more about this phenomenon,
which has important clinical implications. RIAE needs to
be considered in planning treatment strategies for
enhancing genotoxic events in out-of-field metastatic tu-
mors and for preservation of out-of-field normal tissues that
are exposed to the nontargeted effects of RT, by prevention
or mitigation of these effects.
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Appendix 3: Comparing synchrotron MRT 

valley dose with Monte Carlo simulated 

physical valley dose using γH2AX 

biodosimetry. 

  
APPENDIX 3: SUPPLEMENTARY FIGURES 
 
The following figures show the experimental setup of animal and cell line experiments 

performed in Chapter 5. This section also shows images of BB and MRT-irradiated 

melanoma cancer cells with highly saturated overlapping γH2AX foci. 
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Figure 1 – Experimental set-up of animals (A) and cell lines (B) being irradiated. 

Animals were secured to a custom-designed jig and approximately 2 cm (in height) of 

skin on the back of the mouse was stretched and clipped with 2 alligator clips to create a 

skin flap, allowing irradiation of the skin only. The radiation dose was verified by using 

Gafchromic film EBT3, which was also secured with the alligator clips and placed at 

the front and back of the skin flaps to monitor the irradiation dose that enters and exits 

the skin. The melanoma human cell line and human dermal fibroblasts cells were 

irradiated on chamber slides that were placed in a 25 ml flask containing ATCC media. 

The chamber slides were placed 5 mm from the front of the flask and secured with 

BluTack!". Gafchromic film EBT3 was used to verify the radiation dose exposed to 

the target area. 
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Figure 2 – Increase in γH2AX foci in BB and MRT- irradiated melanoma cancer cells. Representative maximum projection images of 

γH2AX stained human melanoma cancer cells of non-irradiated, (A) MRT and (B) BB-irradiated melanoma cells. The red channel 

corresponds to the DAPI staining; the green channel corresponds to γH2AX staining. Image magnification: 100x with oil objective. Scale 

bar = 50 µm. 
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Appendix 4: Identifying key biomarkers 

following partial body irradiation of the 

abdomen using MRT and BB irradiation, to 

understand gastrointestinal tract response 

to MRT irradiation.  
 

APPENDIX 4 
 

In Chapter 6 of this thesis, I was involved in dose-equivalence studies aimed at 

establishing the MRT and BB dose that produced equivalent biological responses in 

GIT in terms of weight loss following irradiation. The results of these studies were 

published in Scientific Reports. The MRT and BB doses predicted to generate 

equivalent biological responses following partial body irradiation of the abdomen 

were used in Chapter 6. The following manuscript details the findings of the dose-

equivalence study. The supplementary figures are located after the manuscript and 

describe the synchrotron MRT and BB dosimetry protocol and uncertainly budget, 

which are important for studies outlined in Chapter 5 and 6.  
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Comparative toxicity of 
synchrotron and conventional 
radiation therapy based on total 
and partial body irradiation in a 
murine model
Lloyd M. L. Smyth1, Jacqueline F. Donoghue1,2, Jessica A. Ventura1, Jayde Livingstone3, 
Tracy Bailey4, Liam R. J. Day2, Jeffrey C. Crosbie2,5 & Peter A. W. Rogers1

Synchrotron radiation can facilitate novel radiation therapy modalities such as microbeam radiation 
therapy (MRT) and high dose-rate synchrotron broad-beam radiation therapy (SBBR). Both of these 
modalities have unique physical properties that could be exploited for an improved therapeutic effect. 
While pre-clinical studies report promising normal tissue sparing phenomena, systematic toxicity 
data are still required. Our objective was to characterise the toxicity of SBBR and MRT and to calculate 
equivalent doses of conventional radiation therapy (CRT). A dose-escalation study was performed on 
C57BLJ/6 mice using total body and partial body irradiations. Dose-response curves and TD50 values 
were subsequently calculated using PROBIT analysis. For SBBR at dose-rates of 37 to 41 Gy/s, we found 
no evidence of a normal tissue sparing effect relative to CRT. Our findings also show that the MRT valley 
dose, rather than the peak dose, best correlates with CRT doses for acute toxicity. Importantly, longer-
term weight tracking of irradiated animals revealed more pronounced growth impairment following 
MRT compared to both SBBR and CRT. Overall, this study provides the first in vivo dose-equivalence 
data between MRT, SBBR and CRT and presents systematic toxicity data for a range of organs that can 
be used as a reference point for future pre-clinical work.

Advances in clinical radiation oncology over the past few decades have revolved around improving the conform-
ity of dose-distributions to the tumour or modifying fractionation regimens to maximise the therapeutic ratio. 
More recently, the use of experimental radiation sources has led to novel radiobiological findings with potential 
clinical applications. Examples of this include remarkable normal-tissue sparing of the lung1 and brain2 following 
ultra-high dose-rate radiation therapy, known as a “FLASH” effect, and the spinal cord3 and brain4,5 when using 
micron scale spatially fractionated fields (microbeam radiation therapy; MRT). Given the demonstrated tumou-
ricidal potential of these modalities1,6,7, their novel radiobiology could potentially be exploited for therapeutic 
benefit.

Radiation generated by a synchrotron source has the physical characteristics necessary to facilitate MRT and 
the potential to produce a FLASH normal tissue sparing effect using high dose-rate synchrotron broad-beam 
radiation therapy (SBBR). Both MRT and SBBR are being developed for future clinical use at the Imaging and 
Medical Beamline (IMBL) of the Australian Synchrotron. MRT is characterised by arrays of quasi-parallel 
micro-planar beams with a width of 25 to 100 µm that are typically spaced by 100 to 400 µm8. This arrangement 
allows for the delivery of in-beam (peak) doses that are at least an order of magnitude greater than the doses deliv-
ered between the beams (valley) due to scatter. In-beam dose-rates can exceed several hundred Gy/s. MRT exerts 
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a differential effect on normal versus tumour tissue in regard to gene pathway modulation9, post-irradiation tissue 
repair10 and vascular architecture11. The mechanism behind the FLASH normal tissue sparing effect is yet to be 
determined, however, hypotheses include the differential activation of DNA damage pathways1 and the induction 
of transient hypoxia1,12. The oxygen depletion hypothesis is supported by in vitro data13 and in vivo experiments 
where transient radio-resistance was induced in mouse tails at high dose-rates14.

While there are a significant number of pre-clinical animal studies reporting on tissue responses to MRT, there 
is a lack of systematic dose-escalation data across a broad range of organs15. Currently, there is no published tox-
icity data for total body, abdominal or thoracic irradiation using MRT. Robust toxicity data for SBBR is similarly 
lacking. These are significant issues that must be addressed prior to a clinical trial.

Through a systematic dose-escalation study of conventional radiation therapy (CRT) versus MRT and 
SBBR using C56BLJ/6 mice, we provide the first in vivo report of dose-equivalence between these modalities. 
Dose-response curves for normal tissue toxicity were generated for each radiation modality following total body 
irradiation (TBI) and partial body irradiation (PBI) of the whole abdomen, head and thorax. The aim of this 
current study was to calculate TD50 values for each modality based on acute clinical endpoints related to weight 
and overall wellbeing, as a means of assessing dose-equivalence. We hypothesised that compared to CRT, there 
would be a normal tissue sparing effect using SBBR and that for synchrotron MRT, the valley dose would be the 
most important determinant of toxicity.

Biological methods of determining dose-equivalence between CRT and MRT are particularly insightful given 
the unique challenges of physically comparing a spatially homogenous field to an intrinsically inhomogeneous 
one. Endpoints such as clonogenic survival16, skin histopathology17, and normal tissue toxicity (current study), 
provide a measure of the gross effect of an entire array of microbeams compared to a homogenous field. Toxicity 
endpoints were chosen in this study given the fundamental need to determine the safety profile of both MRT 
and SBBR compared to CRT. Additionally, by reporting TD50 outcomes of TBI and PBI, we can compare MRT 
and SBBR to decades of classical radiobiology literature. Normal tissue toxicity data is essential to the planning 
of future pre-clinical animal studies and ultimately, for the selection of safe dose regimens in future clinical trials 
using MRT and/or SBBR15.

Results
Total Body Irradiation. Mice in the two highest SBBR and CRT dose groups and the highest MRT dose 
group displayed signs of acute radiation syndrome, losing at least 15 to 20% body-weight within five to nine days 
following TBI. Several other animals in these groups showed delayed weight loss (at least 15 to 20%) and mori-
bund behaviour, including lack of grooming, hunched posture and low activity levels between eleven and eighteen 
days following irradiation. The TD50 doses (Fig. 1A and Table 1) for these toxicities in the SBBR and CRT groups 
were 6.7 Gy (3.9–8.4 Gy) and 6.9 Gy, respectively. The MRT valley and peak TD50 doses were 3.8 (2.7–10.8) and 
120 (84.3–343), respectively.

Surviving mice from all three irradiation modalities had sub-normal weights compared to control mice 
(Fig. 2A). All groups returned to their pre-experimental weight within 60 days of treatment, except the 133 Gy 
MRT group. These mice had a mean change in body weight of −5.6 ± 1.5% compared to their pre-experimental 
(baseline) weight (Fig. 2A).

Figure 1. Dose response curves following conventional radiation therapy (CRT), microbeam radiation therapy 
(MRT) and high dose-rate synchrotron broad-beam radiation therapy (SBBR) for (A) total body irradiation 
(TBI), (B) abdominal partial body irradiation (PBI) and (C) head PBI. The horizontal TD50 line indicates the 
dose predicted to cause toxicity (>15–20% weight loss, severe diarrhoea, moribund behaviour) in 50% of the 
animals. For all three irradiation sites, there was no significant difference in TD50 values between CRT and 
SBBR. The peak MRT TD50 dose was an order of magnitude higher for each irradiation site. Dose response 
curves were generated using PROBIT analysis with N = 3–4 doses per modality and N = 4–5 mice per dose.

MRT-peak MRT-valley SBBR CRT
TBI 120 (84.3–343) 3.8 (2.7–10.8) 6.7 (3.9–8.4) 6.9
Abdominal PBI 257 7.7 11.3 (7.6–14.5) 12.7 (8.7–17.3)
Head PBI 268 (232–313) 7.2 (6.2–8.4) 13.1 (9.2–17.2) 12.3 (8.0–16.4)

Table 1. Equivalent (TD50) doses for MRT, SBBR and CRT (Gy). TD50 doses calculated using PROBIT 
analysis26. 95% confidence intervals are stated in parentheses.
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Abdominal PBI. Mice receiving the two highest MRT and SBBR doses and the highest CRT dose displayed 
acute signs of gastro-intestinal syndrome, losing at least 15 to 20% body-weight and showing signs of severe 
diarrhoea, within five to six days of irradiation. The MRT peak and valley TD50 doses were 257 Gy and 7.7 Gy, and 
the SBBR and CRT TD50 doses were 11.3 Gy (7.6–14.5 Gy) and 12.7 Gy (8.7–17.3 Gy), respectively (Fig. 1B and 
Table 1). At necropsy, affected mice showed severe signs of dehydration and intestinal water retention, reflected 
histologically by the destruction of normal crypt-villus architecture and denudation of villi (Fig. 3B). No mice in 
the 166 Gy MRT group, 7.4 Gy CRT group or 8.3 and 5.5 Gy SBBR groups showed signs of acute gastrointestinal 
syndrome.

Surviving mice had sub-normal weights compared to control mice, regardless of the radiation modality used 
(Fig. 2B). All groups returned to their pre-experimental weight within 60 days of treatment except the 249 Gy 
MRT group, which had a mean change in body weight of −0.9 ± 0.9%. The gross crypt-villus architecture of 
surviving mice following irradiation was relatively normal, except for mice in the 249 Gy MRT group. The villi 
of these mice showed lifting of epithelial cells from the lamina propria layer and significant extension of the 
sub-epithelial space (Fig. 3A). The disruption of the epithelial-capillary interface in villi is consistent with abnor-
mal mucosal absorption18 and could explain the subsequent growth impairment in the MRT groups.

Head PBI. Mice in the two highest SBBR and CRT dose-groups, as well as the 255 Gy, 317 Gy and 377 Gy MRT 
groups, showed a decline in activity levels, grooming, appetite and water intake and/or 15 to 20% weight loss 
between seven to twelve days following irradiation. The TD50 values for these toxicities were 12.3 Gy (8.0–16.4 Gy) 

Figure 2. Post-irradiation weight gain for surviving mice. Weight gain is measured by a percentage change 
in weight compared to pre-experimental weight following (A) total body irradiation (TBI) 60 days post-
irradiation, (B) abdominal partial body irradiation (PBI) 60 days post-irradiation, (C) head PBI 37 days post-
irradiation and, (D) thoracic PBI 140 days following irradiation. Mice had subnormal weights compared to 
controls following irradiation regardless of the modality used or irradiation site. Mice in the high dose-rate 
synchrotron broad-beam radiation therapy (SBBR) and microbeam radiation therapy (MRT) groups had the 
most significant growth impairment. There was no statistically significant difference in weight gain between 
SBBR and conventional radiation therapy (CRT) at near equal doses, except for following TBI, with the 5.4 Gy 
SBBR group having significantly less weight gain compared to 5.1 Gy CRT. Differences between groups were 
analysed using ANOVA with N = 2–5 surviving mice per dose/modality; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.



	 -	204	-	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

www.nature.com/scientificreports/

4SCIENTIFIC REPORTS |  (2018) 8:12044  | DOI:10.1038/s41598-018-30543-1

and 13.1 Gy (9.2–17.2 Gy) for CRT and SBBR, respectively. The MRT TD50 doses were 268 Gy (232–313 Gy) and 
7.2 Gy (6.2–8.4 Gy) for the peak and valley, respectively (Fig. 1C and Table 1).

In addition to weight loss and a moribund state, MRT caused neurological toxicities including ataxia, loss 
of balance and fitting within two to four hours at 455 Gy (5/5 mice) and 377 Gy (2/5 mice). These symptoms 
were not evident in the SBBR and CRT groups at the doses used in this study. Distinct and evenly spaced bands 
of cerebellar granular cell loss, corresponding with microbeam paths, were observed in mice that experienced 
acute neurological toxicities following MRT (Fig. 4). Cerebral and brainstem histology was unremarkable in these 
mice and these cerebellar changes were not observed in surviving mice from any other dose/modality. However, 
narrower bands of cerebellar scarring were observed in some long-term MRT survivors (Fig. 4), consistent with 
previous findings19.

Surviving mice in all irradiated groups had sub-normal weight gain compared to non-irradiated controls 37 
days following irradiation, with the weight of mice in the 211 Gy MRT group 3.7 ± 1.9% below baseline (Fig. 2C). 
No signs of neurological toxicity or significant weight loss were observed in the 9.8 Gy CRT group or 7.6 and 
11.3 Gy SBBR groups.

Thoracic PBI. Several mice in the 587 Gy (4/5), 515 Gy (1/5) and 459 Gy (2/5) MRT groups experienced 
severe neurological toxicities within 2 to 4 hours of irradiation, including ataxia, loss of balance and fitting. These 
toxicities were unexpected and might be explained by collateral irradiation of upper spinal column during the 
thoracic irradiations. Further mice from the 587 Gy (1/5), 515 Gy (2/5) and 459 Gy (2/5) MRT groups presented 
with severe clinical symptoms including hunched posture, lack of grooming and poor body condition and were 
sacrificed due to 20% weight loss within six weeks of irradiation. Several mice from the 27.9 Gy SBBR (3/5), 
24.2 Gy CRT (1/5) and 21.2 Gy CRT (2/5) groups presented with severe in-field cutaneous lesions within five 
weeks of irradiation and were sacrificed.

Figure 3. Intestinal histopathology following abdominal partial body irradiation. (A) Hematoxylin and eosin 
(HE) stained sections of small intestine from surviving mice showed relatively normal crypt villus architecture 
60 days following irradiation with the exception of the 249 Gy microbeam radiation therapy (MRT) group. 
Short arrows point to regions where the sub-epithelial space has been extended and long arrows show where 
the epithelial cells of the villus have completely lifted off from the underlying lamina propria. For the MRT 
groups, valley doses are indicated in parentheses. (B) HE stained sections of small intestine from mice that were 
euthanized due to acute gastrointestinal syndrome showed a loss of normal crypt-villus architecture.
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Remaining mice steadily gained weight following irradiation, albeit having sub-normal weight gain com-
pared to non-irradiated control mice (Fig. 2D). Weight gain was significantly impaired in the 515 Gy MRT 
group relative to controls (p < 0.05) (Fig. 2D). Between 140 and 180 days after irradiation, n = 6 mice from CRT 
dose-groups and n = 1 mouse from the 23.3 Gy SBBR group began to show signs of cachexia. These mice were 
sacrificed following the loss of 20% body weight over the course of two weeks, with some mice presenting with 
low activity levels, laboured respiration, poor grooming and hunched posture.

The lungs of surviving mice from each radiation modality showed signs of inflammation and long-term pul-
monary destruction 170 to 180 days following irradiation with the most severe damage evident at the high-
est doses of each modality. For every dose and modality, histopathology revealed alveolar destruction, airspace 
enlargement and the thickening of alveolar walls (Fig. 5A). Masson’s Trichrome stained sections confirmed the 
presence of fibrosis, with collagen deposition in sub-pleural and intra-parenchymal regions (Fig. 5B). PROBIT 
analysis was not performed on the thoracic PBI series due to the premature sacrifice of mice from all three irra-
diation modalities.

Discussion
To our knowledge, this is the first in vivo study reporting dose-equivalence between MRT, SBBR and CRT. Tissue 
specific TD50 values were calculated for each modality. There was no gender bias specific to the toxicities observed 
across the TBI and PBI experiments. Key findings of this study include: (1) no clear evidence of a normal tissue 
sparing effect using a SBBR dose-rate of 37 to 41 Gy/s, (2) the valley MRT dose as the most relevant parameter for 
acute toxicity, and, (3) long-term detrimental effects of MRT on growth, despite the acute tolerance of irradiation.

Importantly, the TD50 values for TBI and abdominal PBI calculated for CRT in our study were comparable to 
LD50 values previously reported by Booth et al.20. These data were based upon similar levels of toxicity in the same 
mouse model and at a comparable dose rate of 0.01 Gy/s. Furthermore, Favaudon et al.1 report pulmonary fibrosis 
at doses higher than 15 Gy when using a conventional dose-rate of 0.03 Gy/s, consistent with our findings. There 
is no comparable data for head PBI previously reported in the literature to validate the CRT group in our study.

Our TD50 data provides no clear evidence for a normal tissue-sparing effect using SBBR, and at the doses used 
for thoracic PBI, SBBR was not protective against destructive pulmonary changes relative to CRT. The protective 

Figure 4. Histopathological changes to the cerebellum following microbeam radiation therapy (MRT). Top 
panels depict hematoxylin and eosin stained cerebellar sections and the lower panels depict magnified images 
corresponding to regions of interest (boxed). Wide, evenly spaced bands of cerebellar granular cell loss (short 
arrows), corresponding with microbeam paths, were evident following 455 Gy MRT and was associated with 
neurotoxicity within two to four hours of irradiation. Narrow bands of granular layer scarring (long arrows) 
were evident at 38 days following 377 Gy MRT in surviving mice.
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effect of FLASH radiation therapy has previously been shown to be dose-rate dependent2. Following whole brain 
irradiation, the memory of C57BLJ/6 mice was preserved when 10 Gy was delivered at 100 Gy/s but was signif-
icantly impaired relative to non-irradiated controls with a dose-rate of 60 Gy/s or less2. A significant decline in 

Figure 5. Pulmonary damage and fibrosis 170 to 180 days following thoracic partial body irradiation. (A) 
Hematoxylin and eosin stained lung sections showed severe pulmonary damage, including alveolar destruction, 
airspace enlargement (asterisks) and the thickening of alveolar walls (short arrows), in all dose groups for each 
modality. For the microbeam radiation therapy groups, valley doses are indicated in parentheses. (B) Masson’s 
Trichrome staining revealed the deposition of collagen fibres (blue) in sub-pleural (short arrows) and intra-
parenchymal (asterisks) regions.
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memory function was also observed when the dose-rate was reduced from 60 Gy/s to 30 Gy/s2. Furthermore, 
lung-sparing benefits of FLASH radiation therapy are reported at dose-rates of 60 Gy/s1. It is therefore possible 
that the SBBR dose-rates of approximately 37 to 41 Gy/s used in our study were too low to elicit a definitive nor-
mal tissue sparing effect compared to CRT. Although Favaudon et al.1 and Montay-Gruel et al.2 delivered FLASH 
radiation therapy using electron radiation rather than photons, there was no difference in lung fibrogenesis when 
comparing electrons versus gamma-ray photons at a conventional dose rate1. Furthermore, given that x-rays, 
gamma-rays and electrons are all examples of sparsely ionizing radiation and have a comparable relative biolog-
ical effectiveness21, it is unlikely that radiation quality influenced the SBBR toxicity outcomes presented in our 
study or those reported previously1,2.

The TD50 values for CRT correlated more closely with the MRT valley dose that the MRT peak dose across 
the TBI and PBI experiments. This supported our hypothesis that the valley dose was the most useful parameter 
for comparing MRT and CRT with regards to acute normal tissue toxicity. However, the TD50 values for the MRT 
valley were still substantially lower than the CRT TD50 doses, suggesting that the peak and intermediate doses 
delivered by MRT still influence acute toxicity. Further to this, it is apparent from our head PBI series that acute 
neurological toxicity is possible within hours of MRT irradiation. This is most likely due to high peak doses, 
rather than the valley doses, given that the corresponding valley doses in the affected MRT groups were markedly 
lower than the SBBR and CRT doses that were tolerated without acute neurotoxicity.

Histological analysis demonstrated a marked loss of granular cells in the cerebellum of MRT-irradiated mice 
that experienced acute neurological toxicities. This loss of cells directly correlated with the microbeam paths. The 
cerebellum has been previously shown to tolerate peak MRT doses in the order of 200 Gy without significant signs 
of long-term neurological or developmental difficulties19, which is much lower than the highest MRT doses used 
in this study. To our knowledge, our results provide the first report of acute neurological symptoms within hours 
of MRT and suggest that the cerebellum should be considered separately to the cerebrum as an organ at risk in 
future studies. Mukumoto et al.22 reported an LD50 of 600 Gy for MRT (peak dose) following whole brain irra-
diation of C57BLJ/6 mice, compared to a TD50 of 268 Gy in this study. Aside from assessing lethality rather than 
toxicity, the significantly higher LD50 reported by Mukumoto et al.22 could be explained by a number of factors 
including the use of narrower microbeams (25 µm versus 50 µm) and a smaller field size.

Finally, while spatial fractionation in MRT enables the delivery and acute tolerance of high doses of radia-
tion, the long-term effects on growth could be profound. We consistently observed greater growth impairment 
following MRT for TBI and PBI compared to SBBR and CRT. For abdominal PBI, this was associated with late 
morphological changes to the intestinal mucosa. Increasing the dose delivered per fraction is classically consid-
ered to increase the risk of late irradiation damage23. As such, hypofractionated treatment regimens (greater than 
2 Gy per fraction) are used in the clinic with a high degree of selectivity. Our data suggests that similar caution 
should be taken when using high peak MRT doses and that the radiobiology of tumours and surrounding normal 
tissue should be considered when determining possible treatment sites for the future use of MRT. However, it is 
important to acknowledge that while the TBI and PBI irradiations used in this study provide fundamental toxicity 
data, they are not representative of the conformal CRT treatments typically delivered in the clinic today which 
minimise the exposure of organs at risk to radiation. This limitation is important given the relationship between 
irradiation volume and normal tissue toxicity24,25.

There are limitations of our experimental protocol that should be noted. The dose-rates of the MRT groups 
were in the order of 300 Gy/s. However, it still took several seconds to move the mouse vertically through the syn-
chrotron x-ray beam for TBI and PBI. Thus, it is possible there will be effects of both organ motion (e.g. cardiac 
pulsation) and gross changes in animal position during these irradiations. These movements may lead to some 
blurring or smearing of the peak-valley MRT dose distribution, in effect, exaggerating the physical microbeam 
width. In addition, the lead shields placed on the plastic mouse holder contributed to some scattered x-ray dose.

The effects of animal motion might be evident in the 455 Gy PBI head group (Fig. 4), where the observed band 
of cerebellar granular cell damage was closer to 100 µm in width rather than 50 µm. Additionally, there is a lateral 
penumbra directly on either side of each microbeam, which represents regions of dose intermediate between the 
peak and valley dose. The penumbra could also explain why biological bands of microbeam damage appear wider 
than the physical microbeams.

Undoubtedly, refinements could be made to our experimental protocol in future studies, but these should not 
detract from the important data we report on organ toxicity, particularly for the gut and lung. Finally, a notable 
limitation of our TD50 data is the relatively small sample size per group for each radiation modality and dose. This 
restriction on group size was necessary to satisfy animal ethics requirements, given the expectation and manifes-
tation of severe radiation-induced toxicities.

To further investigate the radiobiological differences between SBBR, MRT and CRT at a molecular level, 
and to histologically quantify radiation-induced damage, future in vivo studies using the median toxicity doses 
calculated in this study are planned. Furthermore, these toxicity-based dose-equivalence data will be used in 
pre-clinical studies of tumour-bearing mice to investigate whether an improved therapeutic ratio can be achieved 
using MRT or SBBR compared to CRT.

To conclude, the observations made in this current dose-equivalence study provide an important step towards 
understanding the relative toxicity of SBBR and MRT compared to CRT. We did not observe a FLASH normal 
tissue sparing effect at the SBBR dose-rates used in this study. We report pulmonary and gastrointestinal toxicity 
data for MRT for the first time and demonstrate that the MRT valley dose is a better predictor of acute toxicity 
than the peak dose. Importantly, we also report long-term growth impairment following MRT. The dose-response 
curves and toxicity data generated in this study will provide a reference point for future in vivo studies. These 
studies should aim to identify scenarios where the potential radiobiological advantages of SBBR and MRT can be 
best exploited for an enhanced therapeutic effect.
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Methods
Irradiation Sources. MRT was performed at the IMBL at the Australian Synchrotron using an array of ver-
tically orientated quasi-parallel microbeams (Fig. 6A) with a width of 50 µm and centre-to-centre spacing of 
400 µm. The in-beam dose-rate was between 276 and 319 Gy/s and the mean photon energy was 95 keV. SBBR was 
also performed at the IMBL at a dose-rate between 37 and 41 Gy/s with a mean photon energy of 124 keV. CRT 
was delivered using a Comet MXR-320/26X-ray tube with Gulmay GX320 generator at the Australian Radiation 
Protection and Nuclear Safety Agency using a dose-rate of 0.05 to 0.06 Gy/s. The effective CRT photon energy 
was 93 keV.

Monte Carlo generated percentage depth-dose curves for MRT, SBBR and CRT are presented in 
Supplementary Fig. 1. The relative change in dose-deposition with depth is almost identical for each of the three 
modalities within the first 30 mm, therefore making any dosimetric differences negligible in the context of the 
size of a mouse.

Dosimetry and Field Placement. The dose, dose-rate and field size for each type of irradiation is specified 
in Table 2. Mice were positioned in a plastic holder, held vertically in the radiation path (Fig. 6B) and irradiated 
in an anterior to posterior direction. For abdominal PBI, the radiation field encompassed the entire abdomen and 
pelvis with the superior field border at level of the xyphoid process of the sternum (Fig. 6B). Head PBI included 
the entire brain, brainstem and superior part of the cervical spinal cord (Fig. 6B). During thoracic PBI, both lungs 
and the heart were irradiated, with the inferior field border at the xyphoid process of the sternum to avoid collat-
eral irradiation of the abdomen (Fig. 6B). Lead shields were used to achieve the required field borders.

All doses were prescribed to a depth of 5 mm in water. A full description of our dosimetry protocol for all 
three irradiation modalities is provided in a Supplementary Methods section. In short, SBBR and CRT dosimetry 
is based on full-scatter reference conditions as previously described26–28 with Monte Carlo simulations used to 
adjust for the loss of backscatter due to the plastic mouse holder. The theoretical phantom used to mimic the 
scatter conditions of a mouse in the plastic mouse holder is shown in Supplementary Fig. 2. MRT peak doses were 
derived from the SBBR dosimetry29 and Monte Carlo simulations of the peak-to-valley dose ratio (PVDR) used 
to calculate the valley doses. The PVDR at 5 mm depth for the MRT irradiations was between 31.8 (TBI) and 41.3 
(Thoracic PBI). The total uncertainty (k = 1) for the irradiations are as follows; CRT – 6.1%, MRT peak – 5.1%, 
MRT valley – 8.6%, SBBR – 4.8%. A detailed uncertainty budget is available as Supplementary Data.

Figure 6. Mouse positioning for irradiation. (A) For microbeam radiation therapy at the Imaging and Medical 
Beamline, microbeams were orientated vertically and therefore in parallel with respect to the superior-inferior 
plane of mice. Microbeam width and spacing are not to scale in this beams-eye-view diagram. (B) Radiographic 
imaging shows mice positioned vertically in the path of radiation. Mice were gently strapped to a plastic holder, 
with support provided by small positioning pegs. Superior and inferior field borders for the partial body 
irradiations are denoted by overlayed dotted lines.
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Mice and Ethics Statement. A total of 235 male and female C57BLJ/6 mice aged 8 to 10 weeks old at 
irradiation were purchased from the Monash Animal Research Platform and housed at the animal facilities of the 
Australian Synchrotron and Royal Melbourne Hospital. Animal procedures were approved by the University of 
Melbourne Office for Research Ethics and Integrity (ethics identification no. 1613833) and performed in accord-
ance with relevant guidelines and regulations.

Mice in the TBI, abdominal PBI and head PBI groups were monitored at least once per day post-irradiation 
and euthanized according to strict intervention criteria. Mice receiving thoracic PBI were monitored twice 
per week following irradiation. Specific toxicity endpoints were severe (20%) weight loss compared to 
pre-experimental weight, 15% weight loss and signs of poor well-being (severe diarrhoea, moribund behav-
iour, hunched posture, lack of grooming) and abnormal neurological signs (seizures, fitting, balance disorders). 
Growth following irradiation was assessed by calculating the percentage change in weight of each mouse at a 
given time-point compared to baseline, which was defined as the weight immediately prior to irradiation.

Histopathology. Mice were humanely euthanized and tissue was collected for each mouse once reaching one 
of the aforementioned toxicity endpoints or at the end of the experimental post-irradiation follow-up period (60 
to 68 days for TBI and abdominal PBI, 38 days for head PBI and 170 to 180 days for thoracic PBI). The intestinal 
tract and brain were harvested and fixed in formalin for 24 hours. Lungs were gently inflation-fixed using forma-
lin and post-fixed in formalin for 24 hours. After fixation, tissue was embedded in paraffin and 4 µm thick sections 
were stained with hematoxylin-eosin reagent for analysis. Lung sections were additionally stained with Masson’s 
Trichrome. Slides were viewed using an Olympus IX83 wide-field microscope (Olympus Corp., Tokyo, Japan) and 
images were taken using an Olympus DP22 colour camera (Olympus Corp., Tokyo, Japan).

Statistics. N = 5 mice were irradiated per dose group for each modality. PROBIT analysis30 was performed 
using the IBM SPSS Statistics suite (version 24) (IBM Corp., Armonk, NY, USA) to model the probability of 
toxicity as a function of radiation dose. The TD50 dose, which was the dose associated with a 50% incidence of a 

MRT Peak (Valley) 
(Gy) SBBR (Gy) CRT (Gy)
TBI
30 mm × 100 mm 30 mm × 100 mm 100 mm diameter circle
Dose-rate: 291 Gy/s Dose-rate: 39.1 Gy/s Dose-rate: 0.05 Gy/s
44.4 (1.4) 3.6 5.1
59.1 (1.9) 5.4 7.6
88.9 (2.8) 7.2 10.1
133 (4.2) 9.0
Abdomen PBI
30 mm × 60 mm 30 mm × 60 mm 100 mm × 60 mm
Dose-rate: 288 Gy/s Dose-rate: 38.3 Gy/s Dose-rate: 0.06 Gy/s
166 (5.0) 5.5 7.4
249 (7.5) 8.3 11.1
329 (9.9) 11.1 14.8
412 (12.4) 13.8
Head PBI
30 mm × 30 mm 30 mm × 30 mm 100 mm × 30 mm
Dose-rate: 280 Gy/s Dose-rate: 41.3 Gy/s Dose-rate: 0.06 Gy/s
147 (3.9) 7.6 9.8
178 (4.8) 11.3 14.7
211 (5.7) 15.1 19.6
255 (6.8) 18.9
Dose-rate: 319 Gy/s
317 (8.5)
377 (10.1)
455 (12.2)
Thoracic PBI
30 mm × 20 mm 30 mm × 20 mm 100 mm × 20 mm
Dose-rate: 276 Gy/s Dose-rate: 36.8 Gy/s Dose-rate: 0.06 Gy/s
391 (9.5) 13.9 18.1
459 (11.1) 18.6 21.2
515 (12.5) 23.3 24.2
587 (14.2) 27.9

Table 2. Dose groups, field sizes and dose-rates for total and partial body irradiations.
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specified toxicity, was calculated for each radiation modality with a 95% confidence interval stated in parentheses 
where possible. Weight data was analysed using a one-way analysis of variance (ANOVA) in GraphPad Prism ver-
sion 7.0 (GraphPad Software Inc, San Diego, CA, USA) with a significance level of 0.05. These data are presented 
as a mean percentage change compared to baseline (pre-experimental weight) ±s.e.m; *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001; ns, not statistically significant.
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Supplementary Information 

Further explanation of dosimetry method, traceability and uncertainty  

In all three delivery modes (SBBR, MRT and CRT), the absorbed dose to water was 

determined at a point on the beam axis at a depth of 5 mm in a theoretical phantom 

designed to mimic the scatter conditions of a mouse in the custom plastic (poly-

methyl-methacrylate; PMMA) holder used during the irradiations (Supplementary Fig. 

2). In this phantom the mouse is modelled as a rectangular water slab (2 cm wide x 

10 cm high x 1.5 cm thick) with a 0.5 cm air gap, and PMMA holder of 7 cm wide x 

16 long and 2.4 cm thick. While this model does not take into account any details of 

the mouse itself, it does include the overall scatter conditions, and therefore is a 

more accurate choice than using the dose in a full-scatter water phantom, or the 

incident air kerma. Initially the phantom calculations were performed to estimate the 

uncertainty in using the full-scatter water dose as a surrogate for the mouse dose. 

However, when the magnitude of the difference between full-scatter water and the 

mouse phantom became apparent, it became clear that this was a better surrogate 

for the actual mouse dose. Importantly, the mouse plastic phantom (with a lack of 

backscatter) has a pronounced effect on MRT valley dose compared to the full-

scatter water phantom. 

SBBR 

Dosimetry for SBBR was performed using a PTW (Freiburg, Germany) model 31014 

pinpoint ionization chamber in a virtual water phantom according to the protocols 

previously described by Lye et al.1 and Livingstone et al2. The chamber was 

calibrated by the National Measurement Institute of Germany, Physikalisch-

Technische Bundesanstalt (PTB), for absorbed dose to water in conventional X-ray 

beams, and the calibration coefficient was interpolated in HVL to the synchrotron 

beam spectrum to obtain ND,w = 2.70 x 109 Gy/C with an uncertainty of 2.2% (k=1). 

We estimate an additional 0.5% uncertainty arises from the difference in the field 

size, depth and spectrum of the synchrotron beam compared to the PTB calibration 

beams. Charge from the Pinpoint chamber was integrated as it and the phantom 

were scanned through the 1 mm high x 30 mm wide synchrotron beam to deliver a 

uniform rectangular field. After correction for recombination, the dose at the 
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measurement depth (20 mm) was multiplied by a measured depth-dose relationship 

(PDD) to obtain the dose at 5 mm depth. Dosimetry was performed for the four field 

sizes (30 mm x 20 mm, 30 mm x 30 mm, 30 mm x 60 mm, 30 mm x 100 mm) which 

produce slightly different doses due to increased backscatter in the larger fields. In 

this dynamic delivery mode, the incident air kerma and beam size is constant. The 

dose is controlled by the velocity of the sample as it is scanned through the beam. 

Uncertainties in all of these factors give rise to a combined uncertainty in the 

delivered dose at 5 mm depth in a water phantom of 2.4% (k=1). An additional 

uncertainty due to air around the mouse and loss of backscatter in the mouse 

phantom was calculated from Monte Carlo simulations to be in the range of 0.94-

0.90 leading to combined uncertainties of 4.8 % for SBBR. 

MRT 

Dosimetry for MRT was determined relative to the measurements made for SBBR. 

Previous work by Poole et al.3 used GEANT4 Monte Carlo models to establish the 

output factor (OF) for the peak dose and the peak to valley dose ratio (PVDR). The 

OF is the ratio of the dose in the peaks to the dose in the broad beam when the MRT 

collimator is removed (i.e. the SBBR case). The PVDR is the ratio of the dose in the 

peaks to the dose in the valleys. In the current study, the PVDR varied from 31.8 

(TBI) to 41.3 (Thoracic PBI). The uncertainty in the OF is estimated to be 1.7% and 

in the PVDR is 6.9% (k=1). These uncertainties are added in quadrature with the 

SBBR uncertainty to obtain a combined uncertainty of 5.1% for the peak doses and 

8.6% for the valley doses in MRT. 

CRT 

Dosimetry for CRT was performed with an IBA (Schwarzenbruck, Germany) FC65-G 

ionization chamber in air without its build-up cap. The chamber was calibrated by the 

Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) for air 

kerma, and absorbed dose to water at the surface of a full-scatter water phantom 

was calculated following the American Association of Physicists in Medicine Task 

Group 61 protocol4, for the largest field size (approximately 10 cm diameter). A PDD 

from Supplement 25 of the British Journal of Radiology5 was applied to calculate 

dose at 5 mm depth, and Monte Carlo calculations were performed to account for the 

loss of backscatter during the mouse irradiations. These calculations included the 
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beam size for each case, replaced the full-scatter water phantom with a model of the 

PMMA mouse holder and, for the PBI cases, the Pb shields. The mouse itself was 

modelled as a rectangular slab of water with a 5 mm air gap surrounding it 

(Supplementary Fig. 2). The combined DW uncertainty at 5mm depth was calculated 

to be 6.1% for CRT. The full uncertainty budget for CRT, SBBR and MRT is included 

as a Supplementary Dataset.  
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Supplementary Figures 

  

Percentage depth dose curves – all modalities 

 

Supplementary Fig. 1. Monte Carlo (GEANT4) generated percentage depth dose 
(PDD) curves for keV x-ray beams incident on a water phantom. Curves are for 
mono-energetic x-ray beams representing microbeam radiation therapy (MRT; 95 
keV), ultra-high dose rate radiation therapy (SBBR; 124 keV) and conventional 
radiation therapy (CRT; 93 keV). The Mo-Mo curve represents a beam with a 
spectrum of x-ray energies and a mean energy of 124 keV (SBBR). These PDD plots 
show that the relative change in dose deposition with depth is almost identical for the 
first 30 mm (> thickness of a mouse) for all three modalities.   
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Plastic mouse-holder geometry 

 
Supplementary Fig. 2. Geometry and composition of the theoretical phantom used 
to model the mouse and plastic (poly-methyl-methacrylate; PMMA) holder. This 
phantom was used in the Monte Carlo modelling of the scatter conditions of all three 
irradiation modalities. While this model does not take into account the exact size or 
composition of the mouse itself, it does include the overall scatter conditions, and is 
therefore a more accurate choice than using the dose in a full-scatter water 
phantom, or the incident air kerma. The geometry of this ‘mouse and plastic’ 
phantom has a pronounced effect on MRT valley dose owing to the lack of back-
scatter compared to a full-scatter water phantom. 
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Uncertainty calculation for mouse irradiation dosimetry - CRT 
       

          
   

u (%) 
     Air kerma rate Value Type A Type B 
     

 
FC65-G calibration coefficient NK 4.38 x 107 Gy/C   0.70 [1] 

    
 

chamber-source distance for PBI (TBI) 300 mm (343 mm)   0.50 [2] 
    

 
Ionization current 

1126 pA (833 pA) for 16.5 mA tube 
current 0.05 0.05 [3] 

    
 

irradiation non-uniformity PBI (TBI) 1 (0.94)   4.00 [4] 
    

 
temperature/pressure correction (kTP) 

 
  0.30 [5] 

    
 

X-ray stability (no monitor used) 
 

  0.30 [6] 
    

 
possible spectral differences at short distance   0.29 [7] 

    
 

Quadratic sum 
 

0.05 4.12 
     

 
Combined air kerma rate uncertainty 

 
4.12 

     
          Monte Carlo 

        
 

statistical uncertainty 
 

0.30   [8] 
    

 
differences in geometry/backscatter 

 
  4.00 [9] 

    
 

difference in modelled/actual field size/shape 
 

  1.20 [10] 
    

 
Quadratic sum 

 
0.30 4.18 

     
 

Combined Monte Carlo uncertainty 
 

4.19 
     

          Dw uncertainty 
        

 
Air kerma rate 

 
0.05 4.12 

     
 

Shutter timing (very small, long exposures) 
 

  0.00 
     

 
PDD correction to 5 mm depth  0.9966   0.20 

     
 

Monte Carlo (field size, mouse holder) 
 

0.30 4.18 
     

 
Mass energy attenuation coefficients 1.086   1.5 [11] 

    
 

Quadratic sum 
 

0.30 6.06 
     

 
Combined D_(w,z=0.5) uncertainty (k=1) 

 
6.07 
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          [1] Inherent calibration uncertainty, from ARPANSA calibratkion for air kerma at this beam quality (NXE250) 

      [2] Approximate 1/r^2 uncertainty in positioning accuracy of 0.5-1mm in 300mm. Also note that SSD was d - 5 mm 
     [3] Type A is ESDM in typical current measurement, Type B is calculated in worksheet "IC current type B", U8 spreadsheet 

    [4] Beam non-uniformity for the largest exposed site (measured with film) is a 26% correction with significant asymmetry at one end (down to 40% for TBI).   
  

 
Estimate uncertainty is 100% of largest correction, which is 6% (DB - I've kept this at 6% but I think its defintion should include more geometry of the mouse) 

  [5] See U26 - different lab and detector but the estimate is still valid and dominated by possible difference between temperatures at chamber and thermistor 
  [6] Based on therapy QC history 

        [7] Guess, chamber NK changes 0.5% with HVL change of ~30%, unlikely HVL will change more than that with distance, treated as rectangular distribution 
  [8] from Monte Carlo calculation 

        [9] Monte Carlo calculation based on jig irradiated at centre (actually moved depending on exposed site) and no lead shielding included in model which affects backscatter 
 

 
Rough calculation based on ratios of irradiated field sizes and TG-61 backscatter factors (which assumes full scatter conditions) gives up to 4% correction for smallest   

 
 

exposed sites (head and thorax, see 'backscatter with lead' tab), estimate uncertainty is 100% of this correction 
     

 
DB: Even when including the full MC calculation of the dose, there is about a 4% uncertainty due to the air around the mouse. I think this cannot be got rid of. 

  [10] Estimated difference between FWHM of 9.5 cm and 10.3 cm (approximate measured value and value used in model) 
     [11] From TG-61 

         
 
 
 
 
 
 

𝐷𝑤,𝑧=0.5

= 𝑀𝑁𝐾   𝜇𝑒𝑛     
𝜌  

𝑎𝑖𝑟

𝑤
 
𝑎𝑖𝑟

 𝐷𝑤,𝑧=0.5
𝐷𝑤,𝑎𝑖𝑟

 
𝑀𝐶
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Uncertainty calculation for mouse irradiation dosimetry - 
SBBR 

         
            
   

u (%) 
       Absorbed dose to water Value Type A Type B 
       

 
Pinpoint chamber calibration coefficient ND,w 2.70 x 109 Gy/C   2.20 [1] 

      
 

chamber depth in phantom 
 

  0.50 [2] 
      

 
Ionization current 

 
0.05 0.05 [3] 

      
 

temperature/pressure correction (kTP) 
 

  0.50 [4] 
      

 
Beam stability (no monitor used) 

 
  0.13 [5] 

      
 

Interpolation to synchrotron spectrum 
 

  0.50 [6] 
      

 
Field size and distance differences 

 
  0.50 [7] 

      
 

Correction to 5 mm depth 
 

  0.00 [8] 
      

 
Quadratic sum 

 
0.05 2.42 

       
 

Combined dose to water uncertainty 
 

2.42 
       

            Monte Carlo 
          

 
statistical uncertainty 

 
0.30   

       
 

differences in geometry/backscatter 0.944 for 30x30   4.00 [9] 
      

 
Cu, Cu BSF correction applied to Mo,Mo 

 
  1.00 [10] 

      
 

difference in modelled/actual field size/shape 
 

  0.50 [11] 
      

 
Quadratic sum 

 
0.30 4.15 

       
 

Combined Monte Carlo uncertainty 
 

4.16 
       

            Dw uncertainty 
          

 
Dw rate 

 
0.05 2.42 

       
 

Monte Carlo (field size, mouse holder) 
 

0.30 4.15 
       

 
Quadratic sum 

 
0.30 4.81 

       
 

Combined D_(w,z=0.5) uncertainty (k=1) 
 

4.82 
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            [1] Inherent calibration uncertainty, from PTB Certificate 

         [2] ApproximatePDD uncertainty in positioning accuracy of 0.5-1mm in water PDD 
         [3] Type A is ESDM in typical current measurement, Type B is calculated in worksheet "IC current type B", U8 spreadsheet 

       
[4] 

TP variation mostly due to possible temperatre and pressure lags. Larger in the synchrotron than 
ARPANSA. 

        
[5] 

Synchrotron output variation in top up mode:  max 0.5 mA in 200 mA - so 0.25% max (divide 
by 2) 

         [6] Estimate of interpolating to Mo/Mo spectrum - kQ from PTB is a slowly varying function with energy 
        [7] Possible variation due to different fields sizes etc. But this is an ion chamber - insensitive to such things 
        [8] Ion chamber measurements performed at 5mm depth in soid water. Positional uncertainty accounted for in [2]. 

       [9] A correction is applied to account for the difference between fullscatter conditions and the simplified mouse model.  
       

 
The uncertainty is 4% due to variable field size due to Pb strips during exp. 

         [10] An additional 1% since the backscatter correction factor is applicable to the Cu,Cu spectrum only. 
        [11] The beam is almost parallel when the BDA defines the beam's static height. Small beam divergence accounted for in simulation. Field size variation conservatively estimated to be +- 4mm 

 
 

Corresponds to a 0.5% change in dose 
          

             
 
 
 
 
 
 
 
 

𝐷𝑤,𝑧=0.5 = 𝑃𝐷𝐷2.00,0.05𝑀𝑁𝐷,𝑤 
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Uncertainty calculation for mouse irradiation dosimetry -MRT 

       

            

  
u (%) 

        
Absorbed dose to water - peak dose 

Type 
A 

Type 
B 

        

 
SBBR absorbed dose at 5 mm depth 0.30 4.81 [1] 

       

 
Output factor OF 0.40 1.69 [2] 

       

 
Quadratic sum 0.50 5.10 

        

 
Combined dose to water uncertainty 5.12 

        

            

            

            
Absorbed dose to water - valley dose 

Type 
A 

Type 
B 

        

 
Absorbed Peak dose at 5 mm depth 0.50 5.10 

        

 
PVDR 0.80 6.85 [3] 

       

 
Quadratic sum 0.94 8.54 

        

 
Combined dose to water uncertainty 8.59 

        

 

 

        

         

         

 

 

 
 

          

            

            

            
[1] Measured for SBBR, including corrections for water cube to mouse model. The interpolation to Mo,Mo uncertainty from SBBR RT [6] is not included since it is measured in Cu,Cu. 

 
Also absent is the additional 1% Mo,Mo uncertainty in the SBBR  MC backscatter mouse model correction [9]. 

      
[2] The output factor is calculated from MC.  

          

 
The positional uncertainty is estimated to be 1.64% due to a +- 1mm shift with depth. 

        

Peak dose 𝐷𝑤,𝑧=0.5 = OF x  𝐷𝑤,𝑧=0.5  

Valley dose 𝐷𝑤,𝑧=0.5 = PVDR x OF x  𝐷𝑤,𝑧=0.5  
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The uncertainty due to variation in field size is 0.38% based on a +- 4mm vertical shift. 

       

 
The uncertainty estimates are combined in quad. 

          
[3] PVDR  also calculated using MC. The PVDR is heavily dependent on the depth and field size. 

       

 
The positional uncertainty is estimated to be 5.9% due to a +- 1mm shift with depth. 

        

 
The uncertainty due to variation in field size is 3.6% based on a +- 4mm vertical shift 

        

 
The uncertainty estimates are combined in quad 
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Beam and MRT radiation induces DNA damage and inflammatory response in 
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V.G, Georgakilas, A.G, Sprung, C.N & Martin, O.A. Title: Synchrotron Broad 

Beam and MRT radiation induces DNA damage in normal mouse tissues 

distant from the irradiated volume. Data from chapter 3 was presented at the: 

a. 27th Lorne Cancer Conference 2015, 12-14th February 2015 

b. Cancer Biology and Targeted Therapeutics conference, 19-20th 

October 2015 

c. 28th Lorne Cancer Conference 2015, 11-13th February 2016 

d. 14th International Workshop on Radiation Damage to DNA 2016, 20-

24th of March 2016 

e. Annual Research Week 2016, Royal Women’s hospital, November 21-

24th 2016 

f. Synchrotron Users meeting, Melbourne, November 24-25th 2016 

 

2. Lobachevsky, P, Ventura, J, Giannakandropoulou, L, Forrester, H.B, 

Palazzolo, J.S, Haynes, N.M, Stevenson, A.W, Hall, C.J, Mason, J, Pollakis, 

G.C, Pateras, I.S, Gorgoulis, V.G, Terzoudi, G, Hamilton, J.A, Sprung, C.N, 
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