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Abstract

The primary aim of this thesis is to investigate non-targeted radiation effects (NTE) in
cancer patients undergoing radiotherapy. One of the main NTE being studied was radiation-
induced bystander effects (RIBE). A pre-existing research project was being conducted on
esophageal adenocarcinoma cancer (EAC) patients at our local Juravinski Cancer Centre
(JCC). High dose-rate (HDR) brachytherapy is a specific type of radiotherapy used to treat
advanced stages of esophageal cancer. One study followed 15 esophageal cancer patients
throughout their entire fractionated brachytherapy by using a number of sample based
colony-forming assays. Another study investigated 60 esophageal cancer patients’ responses
to a single exposure of brachytherapy by using a blood serum based colony-forming assay.
The mechanisms underlying RIBE have remained elusive to date. Serotonin dependent
mechanisms have been shown to have a role in radiation-induced bystander signaling and
response pathways for human keratinocytes and breast cancer cells, but there are no previous
studies investigating bystander effects in esophageal cancer. Overall thesis findings are
summarized below:

Summary of research questions and findings
Research Questions Finding Publication

Q1:Are bystander effects produced in brachytherapy patients? Yes, they are produced in non-smokers [1]
Q2:Are they detectable in non-tumour samples such as blood and urine? Yes, best in blood samples [2]
Q3:Is serotonin involved in the mechanism in patient samples and EAC cells ? Serotonin was important in some patient samples but not in the two cell lines [3] (manuscript submitted)
Q4:Do they persist during fractionated treatments? Yes, an adaptive response initiated in bystander cells [2]
Q5:Are available esophageal cell lines useful for studying bystander effects? Yes, EAC cells produce bystander signals (manuscript accepted subject to revision)

This thesis may contribute to the knowledge on bystander or even abscopal effects in radio-
therapy. The investigations presented in this thesis motivates other research to identify the
propagated soluble factors that promote radiation-induced signaling pathways in esophageal
cancer, to develop risk based radiation exposure guidelines, and to develop clear bioassays
and biomarkers for bystander effects.
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Notation and abbreviations

CCCM control cell conditioned medium
CDK cyclin dependent kinase
COX-2 cyclooxygenase-2
CT computed tomography
CTV clinical target volume
DNA deoxyribonucleic acid
EAC esophageal adenocarcioma
EBRT external beam radiation therapy
EGFR epidermal growth factor receptor
Erk extracellular-signal-regulated kinase
ESCC esophageal squamous cell carcinoma
EUS endoscopic ultrasound
FBS foetal bovine serum
GEJ gastroesophageal junction
GERD gastroesophageal reflux disease
GJIC gap-junction intercellular communication
GPCRs G protein-coupled receptors
GTV gross tumour volume
HDR high dose rate
HRS hyper-radiosensitivity
IAEA International Atomic Energy Agency
IARC International Agency for Research in Cancer
iNOS inducible nitric oxide synthase
ICCM irradiated cell conditioned medium
192Ir Iridium-192
IRR induced radioresistance
JCC Juravinski Cancer Centre
JNK c-Jun N-terminal kinase
LET linear energy transfer
LGICs ligand-gated ion channels
LOH loss of heterozygosity
MAPK mitogen activated protein kinase
Mdm2 mouse double minute 2 homolog
miRNA micro RNA
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MN micronuclei
MRI magnetic resonance imaging
nAChRs nicotinic acetylcholine receptors
NO nitric oxide
NPO nil per os
NTE non-targeted radiation effect
PET position emission tomography
PI3K phosphatidylinositol 3-phosphate kinase
PTV planning target volume
RIBE radiation-induced bystander effects
RIGI radiation-induced genomic instability
ROS reactive oxygen species
TNM tumour node metastasis
TP53 protein p53

viii



Contents

Abstract iv

Acknowledgements v

Notation and abbreviations vii

1 Background 1
1.1 Radiation-induced bystander effects . . . . . . . . . . . . . . . . . . . . . . . 6

1.1.1 In vitro Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.1.2 In vivo Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.1.3 Does the presence of a tumour affect radiation-induced bystander signals

and responses? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.1.4 Possible mechanisms of bystander effects . . . . . . . . . . . . . . . . 11

1.2 Esophageal cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.2.1 Progression of Barrett’s esophagus to adenocarcinoma . . . . . . . . . 19
1.2.2 Patient diagnostic workup and treatments . . . . . . . . . . . . . . . 22
1.2.3 HDR brachytherapy for esophageal cancer . . . . . . . . . . . . . . . 25
1.2.4 Relevance of radiation-induced bystander effects . . . . . . . . . . . . 28

1.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2 The involvement of serum serotonin levels producing radiation-induced
bystander effects for an in vivo assay with fractionated high dose-rate
(HDR) brachytherapy. 52
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Study design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Sample collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Serum samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Clonogenic assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Preparation of 5-HT solutions . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

ix



Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3 Assessing patient characteristics and radiation-induced non-targeted ef-
fects in vivo for high dose-rate (HDR) brachytherapy 60
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Study design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Sample collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Cell line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Tissue explants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Clonogenic assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
Blood based colony-forming assay . . . . . . . . . . . . . . . . . . . . . . . . 64
Urine based colony-forming assay . . . . . . . . . . . . . . . . . . . . . . . . 65
Tissue explant based colony-forming assay . . . . . . . . . . . . . . . . . . . 67

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.1 Supplementary Information . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4 The influence of smoking on radiation-induced bystander signal production
in esophageal cancer patients 72
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

Sample design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Blood serum extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Reporter cell line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Clonogenic reporter assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Dysphagia scores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5 Low-dose non-targeted radiation effects in human esophageal adenocarci-
noma cell lines 81
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.3 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3.1 Cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

x



5.3.2 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3.3 Irradiations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3.4 Survival Curve Models . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3.5 Clonogenic Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.6 Ratiometric calcium measurements . . . . . . . . . . . . . . . . . . . 87
5.3.7 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6 Serotonin is not involved in radiation-induced bystander signal production
in OE19 or OE33 esophageal adenocarcinoma cell lines 104
6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.3 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.3.1 Cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.3.2 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.3.3 Preparation of serotonin and inhibitor solutions . . . . . . . . . . . . 108
6.3.4 Irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6.3.5 Clonogenic Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6.3.6 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7 Discussion and Conclusion 121
7.1 Radiation-induced bystander effects in esophageal tumours . . . . . 121

7.1.1 Part I: Clinical assays . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.1.2 Part II: In vitro assay . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.1.3 Study design limitations . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
7.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
7.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

A Appendix 136
A.1 Cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

A.1.1 Human keratinocyte cell lines . . . . . . . . . . . . . . . . . . . . . . 136
A.1.2 Human esophageal and colon cancer cell lines . . . . . . . . . . . . . 137
A.1.3 Mycoplasma sensor cells . . . . . . . . . . . . . . . . . . . . . . . . . 137
A.1.4 Ratiometric calcium . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

A.2 Sample size calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
A.3 Supplementary information for phase II clinical study . . . . . . . . . . . . . 145
A.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

xi



A.5 Clinical data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
A.5.1 Pilot study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
A.5.2 Phase II clinical study . . . . . . . . . . . . . . . . . . . . . . . . . . 156

A.6 In vitro data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

xii



List of Figures

1.1 This schematic illustrates the two apoptotic pathways: intrinsic or mitochon-
drial and extrinsic or death receptor pathway. This image has been reprinted
from a Nature Review by Li and Yuan (2008) [101]. . . . . . . . . . . . . . . 15

1.2 This diagram illustrates the location of the two types of esophageal cancer:
esophageal squamous cell carcinoma and esophageal adenocarcinoma [116]. . 18

1.3 This figure shows an illustration of esophageal carcinoma staging [162]. . . . 24
1.4 The VariSourceTM iX HDR Brachytherapy afterloader and treatment planning

BrachyVison software are used for esophageal cancer patients’ treatments at
the JCC. These images show an example of a coronal (a) and transverse (b)
view of isodose lines for an esophageal cancer case. A dose of 600 cGy is
prescribed 1 cm from the source axis. . . . . . . . . . . . . . . . . . . . . . 27

1.5 An illustration of an esophageal applicator, containing a catheter with ra-
diopaque markers, placed in close proximity to a 4 cm tumour [184]. The
treatment volume extends an additional 2 cm proximal and distal to the
tumour in order to ensure the entire tumour has been treated. . . . . . . . . 28

3.1 As illustrated in graph 3.1(a) the relationship between total treatment time
in seconds and tumour length treated in centimeters were assessed. Also, the
relationship between dose-rate (Gy/h) and tumour length treated in centimeters
are outlined in graph 3.1(b). These regression models are suggesting that nearly
27% of the dose-rate variability can be explained by the size of the tumour, as
patients with larger tumours require a longer treatment time that ultimately
effects the dose-rate. Therefore, the tumour length variable partly explains the
dose-rate variability observed across each fraction of brachytherapy, since the
irradiated length varied from one fraction to the next. Other factors that could
explain the dose-rate variability are dependent on the iridum-192 source decay
and source renewal. The data shown above were combined from fractions 1, 2,
and 3 of brachytherapy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.1 Cell Survival for HCT 116 p53 +/+ cells exposed to ICCM from OE19, OE33,
and HCT 116 p53 +/+. Reporter cells were exposed to CCCM, 0.5 Gy ICCM,
or 5 Gy ICCM. Separate ANOVAs were performed for each donor cell placing
ICCM onto HCT 116p53+/+ reporters. * and ** indicates a significance
change for cells exposed to ICCM compared to CCCM represented by p< 0.05
and p< 0.001, respectively. Data are mean ±SEM for n=9. . . . . . . . . . . 88

xiii



5.2 Cell survival for HaCaT cells exposed to irradiated ICCM from OE19 and
OE33 donors. Reporter cells were exposed to CCCM, 0.5 Gy ICCM, and
5 Gy ICCM. Separate ANOVAs were performed for each donor cell placing
ICCM onto HaCaT reporters. * and ** indicates a significance change for cells
exposed to ICCM compared to CCCM represented by p< 0.05 and p< 0.001,
respectively. Data are mean ±SEM for n=9. . . . . . . . . . . . . . . . . . . 89

5.3 Cell survival for OE19 (a) and OE33 (b) reporters exposed to ICCM from
OE19 and OE33 donors, respectively. Reporter cells were exposed CCCM, 0.5
Gy ICCM, and 5 Gy ICCM. Data are mean ± SEM for n=9. . . . . . . . . . 90

5.4 Intracellular calcium flux in HaCaT bystander cells exposed to 0.5Gy ICCM
from autologous donors. 0.5Gy ICCM calcium ratios are significantly different
from CCCM (p < 0.05). ** indicates a significance change for cells exposed to
ICCM compared to CCCM represented by p< 0.001. Data are mean ±SEM
for n=10 cells. Lower and upper bounds are outline by the shaded error regions. 90

5.5 Intracellular calcium measurements used to monitor bystander signal gener-
ations in esophageal adenocarcinoma cell lines. HaCaT bystander cells were
exposed to 0.5Gy and 5 Gy ICCM from OE19 (a-b) and OE33 (c-d) donor
cells.* indicates a significance change for cells exposed to ICCM compared to
CCCM represented by p< 0.05. Data are mean ±SEM for n=5 cells. Lower
and upper bounds are outline by the shaded error regions. . . . . . . . . . . 91

5.6 The radiation response was assessed for OE19 (a) and OE33 (b) cell lines.
Each graph is representing cell survival as a function of radiation dose. Data
are mean ±SEM for n=9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.1 The cell survival for HCT 116 p53 +/+ reporters exposed to irradiated cell
condition medium from autologous cells is shown above. Cells were exposed
to bystander medium (0Gy CCCM, 0.5Gy ICCM or 5 Gy ICCM) in the
presence of serotonin and its serotonin inhibitor in autologous reporter cells. *
Indicates a significance change for cells exposed to ICCM compared to CCCM
represented by p< 0.001. Double daggers indicates a significant difference for
serotonin concentrations with a p< 0.05. Data are mean ±SEM for n=9. . . 112

6.2 The cell survival for OE19 and HCT 116 p53 +/+ reporters exposed to
irradiated cell condition medium from OE19 donor cells is shown above. Cells
were exposed to 0Gy CCCM, 0.5Gy ICCM or 5 Gy ICCM in the presence
of serotonin and its inhibitor for OE19 reporters (a) and HCT 116 p53 +/+
reporter cells (b). ** and * indicates a significance change for cells exposed to
ICCM compared to CCCM represented by p< 0.001 and p< 0.05, respectively.
Double daggers indicates a significant difference for serotonin concentrations
compared to CCCM control with a p< 0.001. Data are mean ±SEM for n=9. 114

6.3 The cell survival for OE33 and HCT 116 p53 +/+ reporters exposed to
irradiated cell condition medium from OE33 donor cells is shown above. Cells
were exposed to 0Gy CCCM, 0.5Gy ICCM or 5 Gy ICCM in the presence
of serotonin and its inhibitor for OE33 reporters (a) and HCT 116 p53 +/+
reporter cells (b). Data are mean ±SEM for n=9. . . . . . . . . . . . . . . . 115

xiv



A.1 Urine samples were taken from 3 healthy individuals and used for toxicity
testing to develop urine colony-forming assay. A 10 fold serial dilution was
performed on the urine samples and supplemented onto HPV-G reporter cells.
The urine samples were filtered or left unfiltered to assess whether filtration
improved cell survival. The graphs are showing the clonogenic survival of
HPV-G cells after being exposed to either concentrated or diluted unfiltered
(a) and filtered urine samples (b) at various time points. 3 measurements were
set-up per sample, n=9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

A.2 A 10 fold serial dilution was performed with a urine sample taken from a
healthy individual. Diluted urine samples were supplemented onto HPV-G
reporter cells and survival was assessed over a span of 8 days. . . . . . . . . 140

A.3 The clonogenic survival (%) of HPV-G reporter cells exposed to healthy control
urine samples and cancer patients baseline urine samples. There was a notable
difference between 6 healthy control samples and 8 cancer patient urine samples,
as illustrated in All values are mean ± SEM for n=6 and n=14 for healthy
control and cancer patients baseline urine samples, respectively. . . . . . . . 141

A.4 The brightfield image with HaCaT human kerationcyte cultures is depicting
a group of cells selected for calcium imaging. The fluorescence image of the
cells after being loaded with a calcium probe, fura2 is excited at 380 nm is to
the right of the brightfield image, as shown in (a). Unbound fura2 is excited
with 380 nm UV wavelengths and calcium bound fura2 is excited with 340 nm
UV wavelengths. Once calcium binds to the sensitive regions on the fura, the
spectral properties of the fluorescent indicator changes and the UV excitation
wavelength used is 340 nm. (b) is showing an illustration of a reporter cell
line exposed to ICCM or CCCM medium and then excited with 340 and 380
nm wavelengths to activate bound and unbound fura2, respectively. Both
excitation wavelengths emits a green 510 emission wavelengths. . . . . . . . 143

A.5 A power analysis with G*Power software [25] for a repeated measure analysis
found that with an α error probability (err prob) of 0.05 and power (1-β err
prob) of 0.95 we would need a sample size of 84. . . . . . . . . . . . . . . . . 144

A.6 In our phase II study, blood samples were collected before and after one single
fraction of brachytherapy so a larger sample size could be obtained. The larger
sample size would be used to generalize the data to a population of cancer
patients undergoing brachytherapy. Power calculations were performed with
G*Power software [25] by setting a power (1-β) at 0.95 and α=0.05. The mean
difference and standard deviation obtained during the one-year pilot study was
used to calculate the effect size of 0.339. We found that with an α err prob of
0.05 and power (1-β err prob) of 0.95 we would need a sample size of 115. . . 144

xv



A.7 As illustrated in graph A.7(a) the relationship between total treatment time
in seconds and tumour length treated in centimeters were assessed. Also, the
relationship between dose-rate (Gy/h) and tumour length treated in centimeters
are outlined in graph A.7(b). These regression models are suggesting that
nearly 60% to 70% of the dose-rate variability can be explained by the size
of the tumour, as patients with larger tumours require a longer treatment
time that ultimately effects the dose-rate.Other factors that could explain the
dose-rate variability are dependent on the iridum-192 source decay and source
renewal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

A.8 An acid control was set-up since serotonin was initially dissolved in 0.1 M
HCL. These acid controls showed no significant changes in cloning efficiency
compared to the control samples for HCT 116 p53 +/+, OE33, and OE19 cells. 146

xvi



Chapter 1

Background
This thesis investigates the presence and implications of radiation-induced bystander

effects (RIBE) in cancer patients undergoing radiotherapy. Generally, RIBE describe a

response by non-irradiated “bystander cells”, which themselves have not been directly traversed

by a radiation track, but respond as if they have [1–8]. A resultant stress response is observed

in the bystander cells due to signals received from directly irradiated cells.

The most common effects observed in bystander cells are a death response [2, 5, 9,

10] and influxes of intracellular calcium following exposure to irradiated cell conditioned

medium (ICCM) [1, 11]. Numerous studies point toward a serotonin driven mechanism in

human keratinocyte cultures [12–16]. The elusive “bystander pathway" has proven difficult

to unravel, as the main signaling factors have yet to be discovered. Much of the existing

data on RIBE come from cultured cells [1, 3, 4, 17] rather than from using complex human

tissues [18]. Consequently, the presence, relevance, and implications of bystander effects in

radiotherapy are not fully understood. This thesis explores whether bystander signals can

be detected in human samples following radiotherapy. The results give further insight into

biologically relevant effects that may need to be considered during treatment planning or as

a preventive approach for limiting adverse effects in healthy tissues.

This thesis is divided into two major parts. Part I encompasses work performed to

investigate RIBE in samples taken from esophageal cancer patients who were undergoing
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fractionated [19] and single [20] exposures to high dose rate (HDR) brachytherapy procedures.

HDR brachytherapy is an internal radiotherapy technique by which high doses of radiation

are precisely delivered to the tumor without irradiating the immediate adjacent normal tissue.

This type of radiotherapy is used for treating advanced stages of esophageal cancer to improve

dysphagia symptoms in patients [21, 22]. Part II presents data from studies using two human

esophageal adenocarcioma (EAC) cell lines to investigate the generation of bystander signals

and response to bystander signals in esophageal cancer.

Part I presents data from two clinical studies undertaken at the Juravinski Cancer

Centre (JCC). The reason for selecting esophageal cancer was due to a pre-existing research

project being conducted on esophageal cancer patients at our local Juravinski Cancer Centre

(JCC), which is affiliated with McMaster University. HDR brachytherapy is currently a

standard practice at JCC for esophageal cancer. The project ethical approval also permits

tumor and normal tissue sampling by endoscopy as part of the treatment procedure. This

portion of the thesis includes three published research papers detailing work performed to

investigate the existence of bystander signals in patients’ samples following radiotherapy. Part

I starts with chapters 2 and 3 introducing a small pilot study performed on 15 esophageal

cancer patients who were being followed throughout their entire fractionated treatments of

HDR brachytherapy. During the pilot study, blood and urine samples were collected at the

start and end of each fraction of HDR brachytherapy. Ethics approval allowed for biopsy

samples to be collected proximal to the tumour from the mucosa layer of the esophagus.

Tissue samples were collected prior to the first fraction of brachytherapy and immediately

after the final fraction of HDR brachytherapy. Initially this clinical trial started off as a

one-year pilot study that continued on as an additional phase II study. In chapter 4, the

results of a follow-up study are presented which employed a larger sample size of 60 esophageal

cancer patients and cancer-free control subjects. During the phase II study, blood samples

alone were collected at the start and end of a single fraction of HDR brachytherapy. Between
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the two studies, a total of 75 Canadian adults, aged 49 to 90 years, with clinically diagnosed

esophageal cancer were studied. An additional group consisting of 15 cancer-free control

subjects were also assessed. A variety of human samples were tested to find and develop a

fast, sample-based assay, which could be used to detect the production of radiation-induced

bystander signals.

Part II consists of work performed on human EAC cell lines testing whether bystander

signals are produced and if these cells can respond to these signals, see chapter 5 (manuscript

accepted subject to revision). The two EAC cell lines selected were OE33 and OE19. Both

cells lines were derived from primary tumours which had similar cancer type and staging

characteristics found in the patients enrolled in our clinical studies, making them a suitable

choice. Table 1.1 highlights the key differences and characteristics for both EAC cell lines used

in this thesis. Parts of the research also focused on a series of in vitro bystander experiments

with EAC cell lines in the presence and absence of serotonin, see chapter 6. Concluding

remarks along with a brief discussion and suggestions for future work are presented in chapter

7.

Table 1.1. EAC cell line characteristics

Characteristics OE33 OE19

Patient
Gender Female Male
Age 73 72
Ethnicity white white

Tumour
Barrett tumour Yes No
Tumour location distal EAC cardia AC
Nodal Involvement No Yes
Metastases Unknown Unknown
Clinical cancer staging Stage IIA Stage III
Cell line
Year of establishment 1993 1993
Site of origin primary tumour primary tumour
TP53 status mutated (p.Cys135 Tyr) mutated

Table was taken from Boonstra et al. (2010) [23] and adapted.

RIBE have not been fully

explored in human samples [24],

specifically samples irradiated in

vivo. The existence and relevance

of bystander signal production in

cancer patients undergoing single

and fractionated radiotherapy is

still very much unclear. Further-

more, the role of certain patient

characteristics such as gender, environmental modifiers and cancer staging needs to be

considered to see whether these variables influence bystander signal production. Serotonin
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driven mechanisms have a role in radiation-induced bystander signal production and also in

bystander response in human keratinocytes [12, 13, 16] and the breast cancer line MCF7 [15],

but other cell lines require further investigation. The goal of this thesis is to explore whether

bystander signals can be detected in a cohort of humans exposed to radiotherapy and in

EAC cell lines, using both clinical and in vitro samples, by combining clonogenic assays and

ratiometric calcium measurement techniques.

Based on evidence from the literature [1, 11–13, 16, 25, 26], it was hypothesized that

directly irradiated tumour cells undergoing in vivo or in vitro irradiation will generate

bystander signals, which will elicit a death response in non-irradiated cells. Table 1.2

summarizes the most important literature motivating this PhD research. Past work by

our research group has shown that tissue samples harvested from female non-smokers are

able to produce bystander signals, whereas male smokers are not [25]. Therefore, it was

hypothesized that certain patient characteristics such as gender and smoking status will

influence the bystander signal production in human samples harvested from cancer patients,

refer to Hypothesis Summary Table 1.3. Lastly, it was hypothesized that serotonin driven

mechanisms will have a role in bystander signal generation and bystander responses [12, 13,

16] but that p53 status will have a role in the bystander response pathway alone [27], refer

to Hypothesis Summary Table 1.3. It was further hypothesized that bystander effects will

lead to a significant decrease in the reporter cell colony-forming assay as measured by the

clonogenic assay technique for both in vivo and in vitro irradiation. Fractionated ICCM

exposure using bystander cells has been shown to result in either an induced radioresistant

response [28] or further cell killing after the second dose of ICCM [29]. As evident above

there are contradictory findings concerning fractionation and bystander effects, however, we

predict that the fractionated treatments of HDR brachytherapy will cause less cell killing in

reporter cells during later fractions of radiation as was found in earlier work on fractionating
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ICCM exposure [28]. This work will contribute to the current knowledge concerning non-targeted radiation effect (NTE)

and will further our understanding of the effects of low doses of radiation and the potential risks involved in humans.

Table 1.2. Summary of articles motivating this PhD dissertation research

Experimental System Effect Endpoint Mediator of bystander effect ‡ Publication

Human keratinocyte HPV-G cell line Reduced clonogenic survival Clonogenic assay [1]
γ-ray Rapid calcium fluxes (within 30 s?) Ratiometric calcium measurements Influx of calcium ions [1, 11, 26]

Increase reactive oxygen species (ROS) production (6 hrs ?) 2,7- dichlorofluorescein diacetate ROS [1, 11, 26]
loss of mitochondrial membrane potential Fluorescent dye (Rhodamine 123) [1, 11, 26]
Apoptosis Morphology characteristics [1, 26]
Activation of MAPK pathway Immunofluorescence Activation of ERK and JNK pathways (abolish effect with inhibitor) [26]
Reduced clonogenic survival; influx of calcium ions Clonogenic assay; ratiometric calcium measurements Serotonin driven mechanism [12, 13, 16]

Fractionated ICCM Enhance cell killing; reduced sparing effect Clonogenic assay - [29]
Normal human lung fibroblasts (HFL-1) cell line Fractionated ICCM Clonogenic assay [28]
α-irradiation induced radioresistance

Human keratinocyte HaCaT cell line Reduced clonogenic survival Clonogenic assay Release of soluble factors (PMA did not change effect*)[9] [9, 30]
γ-ray Reduced clonogenic survival Clonogenic assay Serotonin has no role [31]

Calcium fluxes Ratiometric calcium measurements Influx of calcium ions [32]
Increase ROS production 2,7- dichlorofluorescein diacetate ROS (catalase reduced effect) [32]

Human colon tumour cell line (HCT 116)
γ-ray
p53 wildtype Reduced clonogenic survival Clonogenic assay p53 pathway contributory role in bystander response [27]
p53 null Bystander signals detected in p53 functional reporters Clonogenic assay P53 pathway has no role in bystander signal pathway [27]
p53 wildtype insignificant reduction in micronuclei (MN) Cytokinesis-block micronucleus assay Supplemented serotonin (100 ng/ml) [15]

Human urothelium tissue samples
ex vivo γ-ray irradiation Reduced clonogenic survival;

Female non-smokers produce signals Tissue based clonogenic assay - [25]

*PMA-phorbol myristate is a gap junction inhibitor; first study reporting the release of soluble factors
‡ The soluble factors eliciting the bystander effect are unknown
? Amount of time that has elapse after ICCM exposure

Table 1.3. Hypothesis Summary Table

Publications Hypothesis

Fractionated ICCM
Enhance cell killing [29]; H1: Fractionation will induce less cell death in reporter cells following each fraction of brachytherapy
Induced radioresistance [28]

Female non-smokers produce strong bystander signals [25] H2: Gender and smoking status will influence bystander effects

Bystander effects are typically reported as a death response [1, 9, 30, 31] H3: Bystander effects will lead to a significant decrease in reporter cell survival

Serotonin mechanisms have a role in bystander effects [12–14, 16, 33] H4: Serotonin will modulate bystander effects in esophageal cancer

p53 pathway has a contributory role in bystander response [27] H5: Cell lines possessing mutated p53 will not respond to bystander signals
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1.1 Radiation-induced bystander effects

Non-targeted phenomena include radiation-induced genomic instability (RIGI) [34, 35],

RIBE [1, 3, 17, 26, 36], abscopal effects [37], radiation-induced clastogenic effects [38–42],

and hyper-radiosensitivity (HRS)/induced radioresistance (IRR) [43] responses. Prior to the

early 1990s, a deoxyribonucleic acid (DNA) centric perspective was widely held where direct

damage to DNA was either repaired and the reproductive integrity of cells was maintained,

or the cell underwent death as a result of misrepaired radiation damage accumulated to the

point that the cell could no longer function [44]. However evidence of NTE date back to

1915, when Murphy and Norton reported the first results of direct x-ray exposure leading to

non-irradiated effects in distant organs of mice [37]. From the late 1960s and the mid 1980s,

other studies observed the induction of chromosomal aberrations in unirradiated cultures

following their exposure to irradiated human and animal blood samples [39, 40, 45].

In 1986, Seymour and others found a high yield of lethal mutations in the descendants

of irradiated cells. Similar findings were found shortly after by Weissenborn [35] and Kadhim

[46]. These findings ultimately suggested that the target for radiation damage must be much

larger than the cell itself. Even after such vital clues had surfaced regarding the existence

of NTE, the mindset remained unchanged until Nagasawa and Little (1992) and Mothersill

and Seymour (1997) presented very compelling evidence that non-irradiated cells are able to

produce damage without the nucleus of a cell being traversed by radiation. Nagasawa and

Little named this phenomenon "radiation-induced bystander effects" and, since 1992 and a

number of researchers have since used this terminology [3, 5–7, 17]. In their study, Nagasawa

and Little quantified a 30% increase in sister chromatid exchanges within unirradiated cells,

yet 1% or less of the cells were traversed by low doses of α particles. Shortly afterwards,

a paradigm shift within the radiobiology field occurred where genetics and environmental

factors were seen to play an integral role in direct and indirect radiation exposure responses

6



PhD Thesis - C. Hanu McMaster - Medical Physics & Applied Radiation Sciences

[25, 47–49].

Over the past two decades, bystander effects have been reported as increased apop-

tosis [1, 3, 17, 26, 36], delayed cell death [5, 6, 29], clonogenic survival reductions [9, 30],

sister chromatid exchanges [8], influx of calcium ions [12, 13, 16], and MN formation [42].

Furthermore, the effects have been observed across a number of cell lines including human

HaCaT keratinocytes [17, 31], human HPV-G keratinocytes [1, 11, 14, 26, 50], human T98G

glioblastoma [51], human SW48 colorectal adenocarcinoma [17, 30], human MCF-7 breast

adenocarcinoma [15], and human HCT 116 p53 wildtype colorectal cancer cells [27, 52].

Irradiation of tissue explants can also lead to a production of soluble factors visualized

using reporter cell models [9, 30, 53, 54]. Most of the evidence of RIBE in vivo comes

from blood-borne factors often referred to as clastogenic factors following radiation exposure

[38–42] and from using animal models [6, 47, 55].

Bystander effects can be induced in at least two ways including the gap-junction

intercellular communication (GJIC) [56] and by transferring extracellular soluble factors [17].

In the first mode of communication bystander signals are transferred through gap-junctions,

whereas the medium transfer method requires no cell contact to transmit the signal. Recently

it has been shown that the emission of ultraviolet radiation from directly irradiated cells

may be an additional mode of communication [57, 58]. Since there are different ways that

bystander signals are communicated between cells, this thesis focuses on the indirect mode

of communication with bystander signals transmitted via medium transfer. Below is a

description of medium-transfer bystander effects including potential signaling candidates,

mechanisms, and bystander responses found in in vitro and in vivo experiments.

1.1.1 In vitro Studies

In 1997, Mothersill and Seymour published data showing medium-transfer of bystander

signals [17]. In this technique sterilized culture media from directly irradiated cells, called
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donors, is transfered onto non-irradiated “bystander” cells. Increased clonogenic cell death

compared with controls was observed in directly irradiated cells as well as in non-irradiated

cells. The possibility of radiation producing a toxic product in the culture media was

eliminated because culture medium containing no cells was irradiated and had no observable

effect on bystander cell clonogenic survival. Other bystander effect experiments which involve

shared medium use a Transwell insert co-culture system. This technique requires the use of

inserts containing irradiated cells placed in petri dishes containing bystander cells so that

only the medium is shared and there is no contact between the two groups of cells [59].

Bystander effects have been characterized as a low dose phenomenon that appears at a

threshold dose of 2 mGy with the effect saturating at 0.5 Gy in human keratinocytes. This

means a significant bystander response becomes apparent above a dose of 2 mGy [60] and the

magnitude of the bystander response increases as the dose is increased up to 0.5 Gy. Above a

dose of 0.5 Gy, the bystander response remains significant but does not increase any further

in magnitude above that elicited by the 0.5 Gy dose. In this respect, significant bystander

responses have been observable at least up to doses of 5 Gy in human keratinocytes and

probably at higher doses as well. At 5Gy the contribution of bystander cell death to total cell

death is approximately 50% [4, 30]. Further investigations found that bystander cells require

exposure to ICCM for a minimum of 30 minutes in order to observe a significant reduction in

survival [17]. Even 60 hours after irradiation, bystander signals are still present in ICCM.

Furthermore, the effect cannot be reversed in bystander cells even after the ICCM has been

replaced with fresh medium.

Bystander signal production and response are very much cell line specific, as not all

cells are capable of generating these cytotoxic factors [25, 30, 61, 62], nor are they able to

respond to these signals [27, 61, 62]. The nature of the signal is still unclear, but it has

been shown to survive freezing-thawing and is abolished at high temperatures of 70◦C [9].

Recently, the role of exosomes has been shown to be important during radiation-induced
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bystander signaling in human breast cancer MCF7 cells [63] and HaCaT human keratinocytes

[64]. Once the exosomes had been extracted from ICCM, bystander effects were no longer

observed in the human keratinocyte reporter cells. Exosomes have been implicated in eliciting

immune responses [65] and also tumour growth [66] in other areas of research since these

small vesicles are involved in releasing signals to nearby cells. These small vesicles are only

30 to 100 nanometers in size [64]. They often contain micro RNA (miRNA) and proteins

that can be delivered to nearby cells [65]. Xu et al. (2014) found the role of small non-coding

RNAs mediating bystander effects, in particular, an up-regulation of miRNA-21 in bystander

human fetal lung MRC-5 fibroblast cells [67].

1.1.2 In vivo Studies

Most of the NTE reported in humans are due to clastogenic factors. Clastogenics

factors are chromosome damaging substances present in the blood of patients exposed to

cytotoxic stressors such as ionizing radiation [68]. Early work by Goh and Sumner (1968)

led to the detection of a blood-borne factor following irradiation. This was referred to as

radiation-induced clastogenic effect [45]. In this work, leukocytes in culture were exposed to

blood plasma taken from patients receiving total body irradiation. The authors observed a

significant increase in chromosomal aberrations within the cultivated leukocytes. Clastogenic

factors also been observed up to two decades after radiation exposure by a number of other

researchers [38–42]. Nearly a decade after radiation exposure, Goh (1975) was still able to

detect a substantially higher amount of chromosomal aberrations in the peripheral blood

of these patients compared to healthy controls. More than two decades after Chernobyl,

Marozik and colleagues observed elevated MN formation and enhanced cell death in human

keratinocytes exposed to blood serum samples taken from Chernobyl liquidators [42]. In 2006,

Seymour and Mothersill developed a simple blood based colony-forming assay to predict

overall radiation response of patients immediately following their first treatment of radiation,
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midway during treatment and six weeks after radiation therapy [69]. This same technique

was adopted for the blood serum based colony-forming assays for the first part of this thesis.

Other NTE being reported in humans are commonly referred to as abscopal effects. These

are often termed “distant” bystander effects, as this phenomenon commonly occurs in remote

sites from the initial radiation insult [70]. For instance, remote tumour regression was observed

in patients with hepatocellular carcinoma [71], melanoma[72], papillary adenocarcinoma[73],

and malignant lymphoma[74]. There is also considerable evidence of in vivo radiation-induced

signaling and responses using animal models [6, 47, 55]. Mice partially exposed to radiation

showed epigentic changes such as DNA methylation in non-irradiated tissues [75]. Other

work by the same research group exposed the cranial region of mice to 20 Gy x-rays and

measured epigenetic factors in distant non-irradiated spleen tissues [76]. A year later, this

research group reported that radiation-induced bystander signaling is sex-specific in mice

[47]. These authors reported that male non-irradiated spleen tissues exhibited higher levels of

miRNA deregulation than females. Both environmental and genetic factors have been shown

to influence radiation-induce bystander signal production in human and mouse tissue samples

[25, 48, 49].

1.1.3 Does the presence of a tumour affect radiation-induced by-

stander signals and responses?

The relevance of bystander signals and responses in radiotherapy has often been

questioned [10, 18, 24], yet the answers remain elusive. There have been many bystander

effect experiments performed in cultured cells [1, 3, 4, 17], but very few performed on humans.

Not only do normal cells generate bystander signals, but irradiated tumour cells can as

well. Some human tumour cell lines will express bystander effects while others will not. For

example, the human colon cancer cell lines HCT 116 p53 +/+ [27] and SW48 [17, 30] produce,

and respond to, bystander signals whereas human colon HT29 [30] and prostate PC3 cell
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lines cannot [77]. In p53 functional and non-functional studies on human colon cancer cells

[27], bystander signals were shown to be undetectable when the expression of functional

p53 protein is completely eliminated in the bystander cells. The human SW48 colon cancer

cell line has functional p53 whereas the human PC3 prostate cancer cells possess mutant

p53. Perhaps having a mutation that renders the p53 pathway inactivate may prevent cells

from responding to cell signals in bystander cells. However HPV-G keratinocytes are very

useful reporter cells for bystander effects. These cells are transfected with the E6 protein of

the HPV virus and express only 30% of the normal amount of wild type p53 protein. It is

suggested that a reporter cell with partial function of its wild type p53 protein[78] still can

facilitate the transduction of the signal [79]. A few studies have suggested that the presence

of a tumour in humans [25] and animals [47, 80] weakens the bystander signal to the point

where it either blocks the signal entirely, or causes a significant change in normal expression of

RIBE. Similar effects have been observed in normal samples being treated with a carcinogen,

(nitrosamine) [81], or when tissue samples were harvested from individuals who were heavy

smokers [25]. It is obvious that this area of research requires further investigation, since very

few studies have investigated radiation-induced signaling and responses in tumour-bearing

individuals and animals.

1.1.4 Possible mechanisms of bystander effects

The mechanisms of bystander effects still are not fully understood. However, the

induction of a RIBE may be a result of different cellular pathways, where some pathways

produces the bystander signals and the others orchestrates responses to the signals. During

the last decade, the involvement of serotonin in bystander effects has surfaced as one of the

mechanisms involved in bystander signal production [12–16]. Poon et al. (2007) studied the

role of signaling candidates that may initiate bystander responses in human keratinocytes

HPV-G cultures. In this report, micromolar levels of serotonin were depleted from the medium
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during cell irradiation by attaching to the 5-HT3 receptors. Experiments by Mothersill and

others found a correlation between the level of serotonin in foetal bovine serum (FBS),

supplemented in culture medium, and the ability of cells to produce bystander signals [14].

From this work, a threshold of 25 ng/ml of serotonin was suggested for human keratinocytes

where below this concentration the production of bystander signals did not occur. A study

using antagonist serotonin receptors, such as Ketanserin (5-HT 2) and Granisetron (5-HT 3),

found bystander signals were abolished in HPV-G reporters by these receptor inhibitors [16].

These studies suggested that serotonin was a key signaling molecule in generating bystander

signals within human keratinocytes cultures. In an inter-laboratory study, serotonin was

shown to have a mechanistic role in radiation-induced bystander signaling in some but not

all systems used [33]. Other potential signaling candidates which have been reported in the

literature are ROS production [32, 82, 83], nitric oxide (NO) [84], transforming growth-factor-

β1 (TGF-β1) and tumour necrosis factor-α (TNF-α)[83, 85] and secondary release of UV

photons from direct radiation exposure [57, 58].

While there have been several studies showing serotonin driven mechanisms to be part

of bystander signaling pathways, other work has suggested that a p53-dependent apoptotic

pathway has an important role in bystander response pathways [86, 87]. The protein

p53 (TP53) or the “guardian of the genome” is a tumour suppressor gene that has a key role

in DNA repair processes through regulation of the cell cycle and of apoptotic pathways. These

functions lead to suppression of the development of cancers [88]. In 2005, Mansfield et al.

irradiated cytochrome c +/+ normal and -/- null mouse embryonic fibroblast cells, which

were co-cultured in a mix/match protocol. Cytochrome c +/+ normal donors co-cultured

with autologous reporters had a significant increase in MN formation whereas cytochrome c

-/- null reporters had diminished MN formation. Other work with hepatoma cells possessing

functional p53 showed they have the ability to induce bystander effects which have been

linked to the release of cytochrome c from mitochondria into the cytoplasm [87]. In 2011,
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Mothersill and colleagues studied the role of p53 pathway in the transduction of bystander

effects. This study found that bystander signals were generated with the HCT 116 p53+/+

and -/- cells, but functional p53 is necessary for cells to respond to the signals in the human

colorectal cancer cell line [27]. The HPV-G human keratinocytes have roughly 30% expression

of wild-type p53 [78, 79]. It is apparent that the role of p53 is a complicated one, which is

cell line specific, because this role does not seem to be universal in all bystander responding

cell lines. For example, in HaCaT human keratinocytes bystander effects are seen but these

cells possess a point mutation that does not affect the DNA binding site for p53 and these

cells can undergo an alternative pathway for apoptosis [89, 90].

The elusive “bystander pathway" has not been elucidated, but the extracellular signaling

candidates, with the exception of UV photons, are presumed to interact with plasma or

nuclear membrane receptors to elicit a response in nearby non-irradiated cells. The driving

force behind such bystander responses has primarily been reported to be a cell death effect,

which is likely to be attributed to apoptosis. In fact one paper reports high apoptosis levels in

bystander cell populations once the mitogen activated protein kinase (MAPK)/extracellular-

signal-regulated kinase (Erk) pathway has been inhibited [26], and in another paper the

bystander effect can be abolished all together with apoptotic inhibitors [36]. Table 1.4 outlines

a list of studies reporting different modes of cell death in the bystander response pathway.

To date, apoptosis seems to one of the most frequent modes of cell death in bystander cells.

According to Mattson and Chan (2003), apoptosis is triggered by an increase in extracellular

calcium at the cell membrane possibly explaining the role of serotonin which binds to ligand-

gated ion channels (LGICs) allowing calcium to enter the cell. Increases in the cellular calcium

concentrations can result in openings in the outer membrane of the mitochondria leading

to a leakage of cytochrome c. Diffusion of cytochrome c into the endoplasmic reticulum

can initiate further release of calcium that is uptake into the mitochondrial matrix [92].

Subsequently the mitochondria undergo depolarization and increase production of ROS [92].
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These distinct cellular responses, mitochondrial depolarization [1, 11, 93], intracellular calcium

fluxes, cyclooxygenase-2 (COX-2) signaling cascade [94], and elevated ROS production have

been found in bystander cells following exposure to ICCM [1, 11]. Other researchers have

found that the MAPK pathway, including the Erk and c-Jun N-terminal kinase (JNK)

pathways, are activated in cells following direct radiation exposure and also in bystander cells

exposed to ICCM [26]. Other modes of cell death that have also been reported recently are

senescence [52] and mitotic catastrophe [95].

Bystander cells can die by a number of different mechanisms, including apoptosis [1, 3,

17, 26, 36], mitotic catastrophe [95] and senescence [52, 96] as summarized in Table 1.4. As

these modes of cell death are all essential for both direct and indirect radiation effects, each

subsubsection will touch upon a brief overview of each type of cell death.

Table 1.4. Mode of cell deaths in the bystander response

Experimental System Mode of cell death Publication
Human fibroblast cells (AGO15) Increase apoptosis [3]
Human keratinocyte cells (HaCaT) Apoptosis at 48 hr* [17]
Human keratinocyte cells (HPV-G) increase apoptosis at 48 hr* [1]
Human keratinocyte cells (HPV-G) Inhibition of Erk pathway increases apoptosis [26]
Human keratinocyte cells (HPV-G) Apoptosis inhibitors abolish bystander effect [36]
Human colon cancer cells (SW48) Apoptosis at 48 hr* [17]
Human colorectal carcinoma cells (HCT116 p53 +/+) Larger number of senescent cells [52]
Human breast cancer cell lines (MDA-MB-231-2A) Link between senescence and a bystander effect in response to radiation [96]
Human breast cancer cells (MDA-MB-231) Cells die by late apoptosis due to mitotic catastrophe [95]

* Time elapsed after exposure to ICCM

1.1.4.1 Apoptosis

Apoptosis is a regulated form of cell death that occurs once cells have reached the end

of their lifespan or have sustained cellular damage from radiation or deleterious agents [97].

During this programmed suicide, there is no dependence on inflammation since the release

of cell damaging proteins are contained within membrane-bound apoptotic bodies that are

removed by phagocytes [98]. As dying cells are removed, this process helps to maintain tissue

homeostasis and physiological processes including embryonic development [99]. There are

excellent comprehensive reviews on apoptosis published by Elmore (2007) and Adams and
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Cory (2007). In brief, we discuss below the intrinsic and extrinsic apoptotic pathways.

There are two distinct pathways responsible for apoptosis within a cell [99], refer

to Figure 1.1. As cells sustain radiation damage, the intrinsic or mitochondrial pathway

triggers antiapoptotic Bcl-2 that in turn initiates pro-apoptotic effectors, such as Bax [99].

Antiapoptotic BH1234 proteins (Bcl-xL and Bcl-2) are inhibitors for apoptosis as they bind

to two proapoptotic BH123 proteins (Bax and Bak) [100]. Both Bax and Bak are stopped

from forming pores in the mitochondrial outer membrane when Bcl-xL and Bcl-2 are present.

This subsequently prevents the release of cytochrome c resulting in no apoptosis.

Figure 1.1. This schematic illustrates the two
apoptotic pathways: intrinsic or mitochondrial and
extrinsic or death receptor pathway. This image
has been reprinted from a Nature Review by Li
and Yuan (2008) [101].

The BH3-only proapoptotic proteins (Bim

and Puma) inhibit the apoptotic inhibitors

(Bcl-2 and Bcl-xL) by forming complexes

and leading to both Bax and Bak proapop-

totic proteins to be free to form holes in the

mitochondrial outer membrane and release

cytochrome c. The release of cytochrome c

in turn leads to a cascade of caspases even-

tually resulting in cell death. The other

apoptotic pathway is known as the extrinsic

or the death receptor pathway. This path-

way is initiated by an extracellular ligand

that binds to the death cell surface receptor, such as tumour necrosis factor receptor, on

the plasma membrane [97, 102]. Once the ligand is bound to the receptor, this initiates

adaptor proteins that in turn activate caspase 8 proteins followed by downstream executioner

caspase proteins. Both the intrinsic and extrinsic pathways merge into one pathway, after

the activation of the executioner caspase 3,6, and 7 proteins, that will breakdown cellular

proteins ultimately destroying the cell.
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1.1.4.2 Mitotic catastrophe

Mitotic cell death is associated with aberrant mitosis where the cells have attempted to

divide but have been unsuccessful [103]. The replicative potential is technically lost, however,

these cells may undergo a few more cell divisions before colony death occurs [103, 104].

Chromosome aberrations and MN formations are two of the morphological characteristics

that can be observed under a microscope [99]. Defects in the G2 cell-cycle checkpoint result

in premature mitosis that ultimately leads to cells dying from mitotic catastrophe.

1.1.4.3 Senescence

Senescence is an irreversible cell growth arrest characterized morphologically and

metabolically by the flattening of cytoplasm and by an increased β-galactosidase expression,

respectively. This process can also be caused by radiation-induced DNA damage [105] and

telomere dysfunction [106]. Once this mode of cell death has been activated by radiation

damage the cells enter a permanent cell-cycle arrest. In contrast to other modes of cell

death, these cells remain metabolically active and can release cytokines amongst other factors

involved in senescence-associated secretory phenotype (SASP), which have the ability to

promote tumour progression [107].

1.2 Esophageal cancer

Since the focus of my research has been to follow esophageal cancer patients undergoing

HDR brachytherapy, this section will provide a more thorough description of this type of

cancer and this particular radiotherapy modality.

HDR brachytherapy is a specific type of radiotherapy used to treat advanced stages

of esophageal cancer [21]. The Greek word Brachy literally means ‘short distance.’ In the

case of esophageal cancer, this treatment involves the placement of a radionuclide source
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inside the esophagus and is often referred to as intraluminal brachytherapy. An important

advantage of this type of cancer treatment is that the radiation can target the tumour quite

effectively without major surrounding organs or tissues being damaged [108]. Other benefits

of using HDR brachytherapy in comparison to external beam radiation therapy (EBRT) are

that it has a substantially shorter fractionation period and higher patient throughput [109].

The esophagus is a long muscular tube beginning at the oral pharynx descending

distally towards the entry of the stomach [110]. It is a part of the gastrointestinal tract and

is the carrier of food from the pharynx to the stomach. The esophagus is normally about

twenty-five centimeters in length and consists of three main parts, including the cervical

esophagus, thoracic esophagus and the lower esophagus [110]. At any of these locations, the

normal squamous epithelial cells residing in the esophagus may change abnormally into a

premalignant state, which can eventually progress into cancer.

Esophageal cancer is ranked sixth in cancer-related deaths [111]. It mainly affects

adult males, chronic alcohol users, heavy tobacco users, and individuals with a high dietary

intake of red meats [112]. Even though esophageal cancer is quite rare in comparison to other

epithelia tumours [113], it has a very poor prognosis with roughly 90% of cases resulting

in death amongst the US and Canadian adults [113, 114]. Such poor outcomes are mainly

attributed to the disease being detected at advanced stages where curative treatments are no

longer an option.

The two most common forms of esophageal cancer are squamous cell carcinoma and

adenocarcinoma, which have been named according to the type of cells becoming malignant

[115]. For instance, esophageal squamous cell carcinoma (ESCC) arises from the flat, thin,

squamous cells, which line the esophagus whereas EAC arises from glandular metaplastic cells

in the esophageal mucosa. ESCC is the most common type of esophageal cancer worldwide
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Figure 1.2. This diagram illustrates the location
of the two types of esophageal cancer: esophageal
squamous cell carcinoma and esophageal adenocar-
cinoma [116].

and is located at the upper two thirds of

the esophagus whereas EAC is typically lo-

cated at the lower third of the esophagus

or gastroesophageal junction (GEJ) [115],

as illustrated in Figure 1.2. The type of

esophageal cancer varies considerably world-

wide. Adenocarcinomas are much more

prevalent in the United States [117], United

Kingdom [118], and Canada [119], whereas

squamous cell carcinoma are more common

in Asia, Africa, and parts of Europe [120].

Andenocarcinoma of the esophagus is more

predominant in Caucasians versus African Americans at a ratio of 4:1 whereas squamous cell

carcinoma is more prevalent in African Americans than Caucasians at a ratio of 6:1 [121].

Our research is focused on NTE in patients with adenocarcinoma of the esophagus instead of

squamous cell carcinoma since it has a higher incidence in this region of the world.

Both cigarette smoking and chronic alcohol use have been shown to enhance the risk

of developing ESCC and EAC by tenfold and threefold, respectively [122]. One of the most

important differences between ESCC and EAC is adenocarcinomas of the esophagus develops

from a precancerous condition known as gastroesophageal reflux disease (GERD) which occurs

from persistent reflux of gastric acid [112]. In Sweden, one of the largest population based

case-control studies found individuals living with long-term gastric acid reflux for 20 plus

years had an adjusted odds ratio of 43.5 for EAC compared to the control group [123]. The

authors also found no association between gastric acid reflux and squamous cell carcinoma.

In this same study, patients with adenocarcinoma of the esophagus were eight times more

likely to have acid reflux symptoms weekly compared to ESCC patients. Within developed
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countries, obesity seems to be another important contributing factor to the sudden increase

in EAC, since these regions of the world have a higher incidence of obese individuals who also

have GERD [124]. Gastric reflux also has a strong association for a condition called Barrett’s

esophagus [125], which was named in 1950 by Norman Barrett [126]. To combat the constant

acidic environment,the cells in this condition adapt by undergoing intestinal metaplasia which

replaces the normal squamous epithelium cells in the esophagus with columnar epithelium

from the stomach [125]. Barrett’s esophagus is a condition, which occurs in both males and

females, although it does seem to, statistically, be more common in males [112, 127]. One very

important complication for this condition is it may eventually progress into adenocarcinoma

of the esophagus. Studies have shown this condition can increase the risk for developing EAC

by 30x to 125x more than those in the general population [128, 129].

1.2.1 Progression of Barrett’s esophagus to adenocarcinoma

Cancer develops from a number of spontaneous mutations, as it is a multistep process.

Usually these alterations can result in uncontrollable cell division and further tumour devel-

opment and proliferation [130]. The complete loss of heterozygosity (LOH) of 17p (p53) [131,

132] and p16 [132–134] are common alterations while cells transition into adenocarcinoma of

the esophagus. Even though every type of cancer seems to be different, all cancers seem to

share six hallmarks of carcinogenesis. In 2011, a review published by Hanahan and Weinberg

made it clear that many cancerous cells provide a competitive advantage over normal cells

due to their unlimited supply of growth signals that drive the indefinite proliferation of cells,

avoidance of growth-inhibitory signals, loss of apoptotic sensitivity, angiogenesis formation,

tumour invasion and proliferation within other neighbouring tissues [130, 135]. Below is a

brief summary of the six hallmarks of carcinogenesis described in regards to cancer along

with a few alterations that commonly aid in the progression of Barrett’s esophagus into

adenocarcinoma of the esophagus.
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Cancer cells have the ability to free themselves from exogenous growth factors and

produce their own growth signals to stimulate cell division in their favour. Both Barrett’s

esophagus and esophageal cancers have an overexpression of cyclin D and cyclin E, which

allows the cells to progress uncontrollably through the G1 checkpoint [136]. Furthermore,

esophageal carcinomas have been observed to have an increased abnormality with the tyrosine-

kinase growth factor receptors and their associated ligands epidermal growth factors [137,

138].

Apart from cancer cells reproducing without receiving growth signals, they can also

continue to grow even in the presence of anti-growth signals. The inactivation of tumour

suppressor genes by deletion or mutation is one of the driving forces behind this hallmark of

carcinogenesis. In esophageal cancers, the p16 tumour suppressor gene has been found to

be involved in blocking cellular proliferation and preventing entry into S-phase of the cell

cycle. Studies have reported a significant loss of the p16 expression by LOH and as a result

of promoter hypermethylation in esophageal carcinomas [133, 139].

Cancer cells also resist cell death when their DNA has been damaged. Cancers evolve

to limit the sensitivity of apoptosis by the loss of TP53 tumour suppressor function. Normal

cells undergo apoptosis in a p53 dependent manner when irreparable DNA damage presents

itself. The TP53 expression is degraded when bound to its negative regulator, mouse double

minute 2 homolog (Mdm2). When both TP53 and Mdm2 become phosphorylated following

some kind of cytotoxic stressor, the two proteins can no longer interact. As a result, this leads

to an accumulation of p53 in damaged cells that can activate growth arrest and apoptotic

effector pathways independently by upregulating cyclin dependent kinase (CDK) inhibitor

p21 and pro-apoptotic proteins (Bax and Puma), respectively [88]. The loss of TP53 tumour

suppressor function is very common in a number of tumours including esophageal cancer [99,

130, 131], in fact, 52% to 93% of EACs have complete loss of p53 function [131, 140]. Since

the majority of cancers have complete loss of p53 proteins and apoptosis is highly regulated
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by p53, tumours tend to eliminate this critical DNA damage response pathway resulting in

resistance to cell death [141]. However, not all mutant p53 tumours result in loss of function

but may still allow the p53 protein to respond to stress. ‘Hot spot’ amino acid residues

have been reported which allow p53 to interact with its DNA binding sites to upregulate

key genes needed for the DNA damage response [142]. For instance, the p53 mutant human

keratinocyte HaCaT has been discussed above to have a gain of function mutation allowing

an alternative apoptotic pathway following exposure to a cellular stressor.

Like normal tissues, tumours can develop new blood vessels to supply the cancer cells

with nutrients. The process of angiogenesis becomes active and remains switched on in cancer

cells. This ensures that a constant supply of nutrients is available which aids in the growth of

tumours [143]. In the absence of a blood supply, it has been reported that the maximum size

a tumour would reach is roughly 23 mm in size since nutrients would be limited by diffusion

[144]. Cancer cells typically secrete vascular endothelial growth factors (VEGF) to aid in

cell proliferation and migration of cancer cells into neighbouring tissues [145]. Both highly

dysplastic Barrett’s esophagus and EAC been shown to have remarkable increases in VEGF

receptors [146].

Unlike normal cells, cancer cells have an unlimited replicative potential that drives

cancer cells to proliferate indefinitely. One possible explanation for this can be attributed

to the restabilization of telomeres [130, 135]. After each cell cycle, the telomeres known as

the repeating non-coding regions of the chromosome are lost. Once the telomere reaches a

certain length where the coded regions of the chromosome are no longer protected, the cell

undergoes a form of cell death known as senescence. Almost all human cancers, roughly 85

to 95%, have an overexpression of an enyzme called telomerase that prevents the shortening

of the telomeres [130, 147]. High expressions of telomerases have been reported in high grade

dyplastic cancers and EAC [148, 149].

Finally, cancer cells can break loose and evade distant tissues, which is known as
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metastasis. Loss of cell-to-cell adhesion molecules known as E-cadherin is one process that

aids in tissue invasion and metastasis [135, 150–152]. Cancer cells invade nearby tissues by

escaping into nearby blood and lymphatic vessels [135]. Unlike normal cells that have high

expressions of E-cadherin, these act as an antagonist for metastasis, the expression of the

molecules are normally much lower in cancer cells [150–152].

1.2.2 Patient diagnostic workup and treatments

Table 1.5. Dysphagia Scores Description

Scores Description

0 No dysphagia: able to eat normal diet
1 Moderate passage: able to eat some solid foods
2 Poor passage: able to eat semi-solid foods
3 Very poor passage: able to swallow liquids only
4 No passage: unable to swallow anything

When a patient presents with symp-

toms of esophageal cancer, this usually

means difficulty while swallowing known as

dysphagia [21]. There are varying degrees

of dysphagia that can be quantified using

the scale developed by Mellow and Pinkas in 1985, as shown in Table 1.5. Dysphagia is scored

from 0 to 4, with 0 indicating the patient having the ability to eat a normal diet whereas a

score of 4 indicates the patient is unable to swallow liquids including their own saliva. The

need to mitigate such symptoms is an area of active research for esophageal cancer in order

to improve patients’ quality of life by being dysphagia-free [21, 22].

A barium swallow is one of the first tests used to visualize the contours of the esophagus

for aberrations or obstructions [154]. Any irregularities seen on the radiographs that may

be suggestive of cancer require further evaluation with an endoscope to visualize abnormal

masses [155]. Also, several diagnostic imaging modalities can be used for confirmation and

cancer staging including magnetic resonance imaging (MRI), computed tomography (CT),

position emission tomography (PET) and endoscopic ultrasound (EUS). However, EUS is

predominantly used for tumour node metastasis (TNM) cancer staging for patients presenting

with advanced stages of EAC [156]. From a meta-analysis consisting of 49 studies, EUS has

been shown to have excellent sensitivity 92.4% (95% CI: 89.2-95.0) and specificity of 97.4%
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(95% CI: 96.6-98.0) in accurately staging advanced cases of esophageal cancer [156]. It also

shows remarkable delineation of the individual histological layers of the esophagus [157] with

a much higher sensitivity in detecting lymph node involvement in comparison to CT and

PET [158]. Both CT and MRI cannot accurately image the different esophageal mucosa

layers [156], and, therefore, have difficulty in cancer staging with an accuracy of roughly 40%

of the time [159, 160].

Esophageal carcinomas are staged based upon the TNM classification system. Table 1.6

summarizes the staging groups used for esophageal tumours, and the primary tumour (T),

regional lymph nodes (N), and distant metastasis (M). Stage 0 tumours have an in situ

cancerous mass that lie within the inner lining of the esophageal mucosa. Once the cancerous

mass has penetrated into the submucosa of the esophagus, this tumor becomes invasive and

is classified as a stage I cancer. The classification of stage II cancers comprises of two stages

called IIA and IIB.

Table 1.6. Cancer Staging

Stage Group T N M

Stage 0 Tis N0 M0
Stage I T1 N0 M0
Stage IIA T2 N0 M0

T3 N0 M0
Stage IIB T1 N1 M0

T2 N1 M0
Stage III T3 N1 M0

Any T Any N M0
Stage IVA Any T Any N M1a
Stage IVB Any T Any N M1b

Table was adapted from [161] .

In stage IIA, the cancerous cells have be-

come more invasive and have invaded into

the muscular layers of the esophagus. Stage

IIB carcinomas have invaded the lymphatic

systems or nearby lymph nodes. Once the

cancer has transitioned to stage III, the ma-

lignancy has invaded the lymph nodes and

spread to nearby tissues or organs. Stage IV

cancer has metastasized to ‘distance’ tissues

or organs [161]. Figure 1.3 illustrates the various stages of esophageal cancers according to

the TNM classification system [162].
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Figure 1.3. This figure shows an illustration of
esophageal carcinoma staging [162].

Treatment selection is greatly depen-

dent on the stage of cancer found at time of

diagnosis. This type of cancer is typically

detected at advanced stages where curative

treatments are no longer an option. The

aggressive nature of this cancer combined

with late detection at advanced stages often

leads to a very poor prognosis [21, 22, 112]. Consequently, those that do survive have only a

14% chance of surviving for 5 years [113]. The higher death rate amongst Canadian adult

males is not unique to this country, rather this seems to be a common characteristic of the

disease that has been observed throughout the United States, Australia, and Asian adult

populations [112]. Symptoms often develop only after the tumor has grown fairly large in

size or has spread to distant organs. Surgery, radiation, and chemotherapy are commonly

used for esophageal cancer treatments. However, only 10% to 20% of esophageal cancer cases

are suitable for surgical removal [163]. Even in those patients that do qualify for surgery, the

surgical intervention tends to be palliative [164]. This can be considerably difficult to justify

considering the possibility of postoperative complications and even the chance of mortality

[165].

There is some debate as to the optimal order in which to deliver HDR brachytherapy,

EBRT, and chemotherapy to the esophagus [166–170]. Different institutions may vary the

order in which they use these three modalities in an attempt to achieve a faster and more

effective dysphagia relief in advanced stages of esophageal cancer. Many anti-cancer therapies

focused on advanced stages of esophageal cancer treatments can be used alone or together

as a boost to HDR brachytherapy. Both EBRT and chemotherapy have been documented

in the literature to be used either prior to or after brachytherapy [109, 170–173]. Both

radiation therapy and chemotherapy are used to enhance tumour cell killing. Radiation
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treatments target the DNA of esophageal tumour cells by using either high energy x-rays

(EBRT) or gamma-irradiation (brachytherapy) [174], whereas chemotherapy targets various

cellular mechanisms of rapidly dividing cells [109, 170, 175]. Chemotherapy cannot selectively

target cancer cells since these are not the only cells dividing in the body. For example, hair

follicles and the digestive tract have normal cells undergoing mitosis and are often affected in

chemotherapy [175]. In some cases, the patients often experience hair loss and emesis [175,

176]. Unlike cancer cells, normal cells are better at repairing damage to their DNA, and

radiotherapy uses these facts by trying to damage the DNA in the cancerous cells. Thus, for

the purpose of our clinical studies, none of the patients received any EBRT or chemotherapy

prior to and during the HDR brachytherapy treatments. However, EBRT is often given

as a boost to improve the effectiveness of brachytherapy, but this typically follows HDR

brachytherapy regimens [170].

1.2.3 HDR brachytherapy for esophageal cancer

Since HDR brachytherapy is an effective treatment to improve dysphagia-free survival,

this treatment is often preferred to any other palliative radiotherapy. Between the years of

1980 to 2013, studies demonstrated the potential use of HDR brachytherapy as a palliative

treatment for advanced cases of esophageal cancer [109, 169, 170, 177, 178]. In 1995, a

preliminary study found low dose rate (LDR) brachytherapy was highly effective at achieving

dysphagia relief since 90% of the patients were able to eat semi-solid foods until death

[168]. Another research group found HDR brachytherapy improves dysphagia in most

patients, and also significantly increased the median survival time in patients with smaller

size tumours (12.1 months) compared to larger size ones (6.4 months). A retrospective study

was undertaken from January 2006 to 2010, the authors reported that 56% of the patients

had a significant improvement in their dysphagia symptoms following HDR brachytherapy

[169]. An International Atomic Energy Agency (IAEA) randomized study was performed on
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219 esophageal cancer patients [170]. The investigators assigned patients either to receive

two fractions of HDR brachytherapy alone or two fractions of HDR brachytherapy followed

by 10 fractions of EBRT. These clinical trials involved multiple hospitals across six different

countries (Brazil, China, Croatia, India, South Africa and Sudan). The authors found a global

dysphagia score of 1.23 and 0.79 for HDR brachytherapy and HDR brachytherapy plus EBRT,

respectively. This resulted in a 0.44 drop in dysphagia scores for HDR brachytherapy plus

EBRT procedures. Therefore, two fractions of HDR brachytherapy followed by 10 fractions of

EBRT provide better dysphagia-relief in esophageal cancer patients. Even with inter-hospital

and inter-patient variability, it is apparent that many clinicians have observed significant

improvements in their patients’ dysphagia-free survival. Overall, these studies suggest HDR

brachytherapy to be a very promising palliative radiation treatment option for patients with

advanced stages of esophageal cancer.

Iridium-192 (192Ir) is considered to be a suitable radionuclide when treating esophageal

cancer with HDR brachytherapy [179]. 192Ir has a short half-life and high specific activity

allowing the temporary placement of a small source in the esophageal lumen. These treatments

typically last for only a couple of minutes. The 192Ir radioactive source has an initial activity

of 10 Curie (Ci) when supplied by the manufacturer [180, 181]. This source is typically

replaced after one half-life to eliminate prolonging treatment times [182]. This equates to the

source being changed roughly every 3 months because it has a half-life of 73.83 days [183].

Outline below is a typical example of isodose lines for an esophageal cancer case shown with

two views, a coronal (a) and transverse (b) view.
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Figure 1.4. The VariSourceTM iX HDR Brachytherapy afterloader and treatment planning
BrachyVison software are used for esophageal cancer patients’ treatments at the JCC. These images
show an example of a coronal (a) and transverse (b) view of isodose lines for an esophageal cancer
case. A dose of 600 cGy is prescribed 1 cm from the source axis.

Afterloading is a method used to deliver the radioactive source to an area in close

proximity to the tumour by using an applicator that is connected to the remote afterloader

[181]. This esophageal applicator is positioned by use of a flexible guide wire inserted into the

esophagus under endoscopy guidance. Following the removal of the endoscope, an esophageal

applicator is passed along the guide wire through the esophagus to the tumour. A dummy

catheter containing radiopaque markers is then threaded through the application to allow

definition of treatment margins. In general, a 2 cm treatment margin is added proximal and

distal to the tumour to ensure the entire tumour volume has been irradiated, as shown in

Figure 1.5.
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Figure 1.5. An illustration of an esophageal ap-
plicator, containing a catheter with radiopaque
markers, placed in close proximity to a 4 cm tu-
mour [184]. The treatment volume extends an
additional 2 cm proximal and distal to the tumour
in order to ensure the entire tumour has been
treated.

This 2 cm treatment margin may change

from patient to patient depending on their

endoscopy results. Fluoroscopy is used to

confirm the applicator has been placed prop-

erly prior to treatment and to establish the

treatment length. The dummy catheter is

then removed and is replaced by an active

catheter that will allow the passing of the ac-

tive source. The radiation is administered to

the patient safely from a remote location to

minimize occupational exposure. The after-

loader moves a single 192Ir source in specified

steps, known as dwell positions [181]. At

each dwell position, the source stops for a

certain length of time referred to as dwell time. The source moves through a series of dwell

positions without the need to use multiple sources since one 192Ir source can simulate a series

of sources simply by altering the dwell time [181, 185]. The total dose of each treatment

fraction was typically 600 cGy and was completed within two weeks. Furthermore, the time

interval between fraction 1 and 2 was 6 days whereas the time interval between fraction 2

and 3 was 24 hours.

1.2.4 Relevance of radiation-induced bystander effects

The vast majority of published data in the bystander and NTE field concern low dose

risk (as reviewed in [186, 187]). However, bystander effects have also been shown to occur at

high doses and can contribute significantly to total cell death at the doses used in radiotherapy

[18, 188]. As they are linked to induction of genomic instability [189], they may also play
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a role in promoting carcinogenesis or the recurrence of cancers [24, 190, 191]. One of the

only studies to show the carcinogenic potential of bystander effects in vivo was by Mancuso

and colleagues, in 2008 [192]. These authors used a radiosensitive Patched-1 heterozygous

mouse model to investigate bystander effects. The development of medulloblastoma was

observed in the cerebellum following x-ray exposure of the remainder of the body. This

work has been suggestive to be a type of ‘distant’ bystander effect [186]. Other work has

suggested bystander effects to be beneficial where more cell death could mean less pre-cancer

mutations available to increase carcinogenesis risk, but on the other hand, higher damage

in bystander cells could mean this phenomenon is a detrimental effect [193, 194]. Several

reviews on NTE have emphasized a link to carcinogenesis [18, 79, 186], which may signify

the bystander non-targeted phenomenon heading into a more clinical setting to seek out the

risk involved in radiotherapy. It may also have wider applicability in other human exposure

situations including environmental exposures, accident situations, and planned low dose

medical procedures, since bystander responses are influenced by both environmental and

genetic factors [25, 48].

In summary, the aim of this thesis is to examine the expression of bystander effects

in brachytherapy patients as a subset of radiotherapy patients. The reason for choosing

brachytherapy was related to existing funding available to support this work. This thesis

focused on the following questions:

1. Are bystander effects produced in brachytherapy patients?
Cell culture work suggests that bystander effects may have relevance in radio-
therapy, but very few studies were performed on a cohort of patients undergoing
radiotherapy (as reviewed in [10, 18, 24]).

2. Are they detectable in non-tumour samples such as blood and urine?
Both blood and urine samples have been found to carry signals post-irradiation and
elicit a response in non-irradiated mice [47, 55, 195], but this is not typically shown
with human models.

3. Do they persist during fractionated treatments?
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There are conflicting findings from in vitro work investigating fractionated ICCM
versus one single ICCM exposure. One study demonstrated a higher level of cytotoxic
bystander factors being produced [29] while another study showed an adaptation to
previously exposed soluble bystander factors during fractionation [28]. Such results are
one of the main motivations behind the pilot study following cancer patients throughout
their entire fractionated HDR brachytherapy treatments.

4. Are RIBE in any way related to outcome, stage of the cancer, gender, lifestyle
factors such as smoking status?

Earlier work shows that bystander signal production is influenced by gender [25, 47].
Samples collected from females yield significant reductions in cloning efficiency in healthy
patients [25], but animal mouse models show conflicting findings that suggest males
produce larger bystander effects [47]. In addition, smoking status and the presence of a
malignancy have been suggested to influence bystander signal generation [25, 77]. The
role of bystander effects in modulating patient outcome has not been investigated to
date, but they have been proposed to have importance in radiotherapy [24]. Based upon
past work, I have hypothesized that certain patient characteristics such as gender and
smoking status will influence the bystander signal production in this cohort of cancer
patients.

5. Are available esophageal cell lines useful for studying bystander effects and
their underlying mechanisms such as the role of serotonin?

There are many studies showing the involvement of serotonin in bystander signal
production and responses [12–16], but there is no work on bystander effects in esophageal
cancer cells. Therefore, I hypothesized that if bystander effects are induced in esophageal
cancer cell lines serotonin driven mechanisms will play a part in bystander signal
generation and bystander responses [12, 13, 16]. There is also a chance that the p53
status of the esophageal cancer cell lines may have a role to play in determining whether
these cells can respond to bystander signals as shown in past work [27].
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Abstract 
Purpose: The primary goal of this investigation was 
to observe whether measurable levels of bystander 
factor(s) can be detected in esophageal carcinoma 
patients’ urine  samples taken after undergoing high 
dose rate (HDR) intraluminal brachytherapy (ILBT). 
However, a small pilot study was developed to 
evaluate whether serotonin [5-Hydroxytryptamine (5-
HT)] serum levels play an active role in the 
mechanisms of radiation-induced bystander effects 
(RIBE) at high doses. 
Materials and methods: In the present study, a 
colony-forming in vivo assay was developed and 
used for the detection of non- targeted effects. 
Samples of urine were collected from five esophageal 
carcinoma patients undergoing fractionated HDR- 
ILBT. To observe whether 5-HT modulates the 
bystander effect at higher doses, different batches of 
foetal bovine serum (FBS) and 5-HT were tested on 
the same urine samples before and after 
brachytherapy. 
Results: Some of our data suggests statistically 
significant evidence for serotonin playing an active 
role as a signalling molecule at higher doses when 
patients underwent HDR-ILBT.  
Conclusion: However, a more thorough investigation, 
with a larger sample size, is warranted before 
serotonin can be known to play a role in bystander 
effects at this particular dose range and treatment 
regime. 

Keywords: Bystander effect, serotonin (5-HT), high 
dose-rate (HDR) brachytherapy, esophageal 
carcinoma, urine 

 
Introduction 
Bystander effects have been studied extensively over the years 
(Nagasawa and Little 1992, Prise et al. 1998, Mothersill and 
Seymour 1998, 2003, Mothersill et al. 2006, Poon et al. 2007, 
Zhou et al. 2009), but, to date, the exact nature of this 
phenomenon is not well understood. However, a number of 
publications suggest there may be several pathways involved 

(Morgan 2003, Hei et al. 2008, Blyth and Sykes 2011). For 
instance, there are reviews (Morgan 2003, Hei et al. 2008, 
Mothersill and Seymour 2012) highlighting that the induction 
of a bystander effect may be a result of different cellular 
pathways, where one pathway produces the bystander signal(s) 
and the other responds to the signal(s). One signalling 
candidate was emphasized by Azzam et al. (2003) in a review 
paper stressing the importance of reactive oxygen species role in 
bystander effects. Another signalling candidate, of great 
interest for the present study and known to play a role at the 
low dose range is serotonin [5-Hydroxytryptamine (5-HT)] 
(Saroya et al. 2009). 

5-HT, a neurotransmitter, is produced within the central 
nervous system. Outside of this system, the amine is produced 
within the enterochromaffin (EC) cells found in the 
gastrointestinal (GI) and respiratory tract (Hansen and 
Skadhauge 1997, Gustafsson et al. 2005). Poon et al. (2007) 
suggested that the presence of 5-HT is needed to modulate the 
bystander effect. In this report, the HPV-G cell line, when 
irradiated, resulted in the 5-HT levels being depleted from the 
medium by the amine attaching to the HPV-G cell membrane 
receptors (5-HT type 3 receptors). Other work attempting to 
analyse the root cause of inter-laboratory variability for in vitro 
medium-transfer bystander effects, found a correlation between 
the concentration of serotonin in foetal bovine serum (FBS) 
batches and the induction of bystander effects (Mothersill et al. 
2010). It was observed that a 5-HT serum level higher than 25 
ng/ml would result in the production of a bystander signal. In 
vivo work with zebrafish when injected with a 5-HT inhibitor, 
reserpine, actually blocked the bystander effect whereas 
untreated reserpine fish resulted in a bystander response 
(Saroya et al. 2009). 

The  bystander  phenomenon  is  generally  observed  as  a 
result of low LET radiation and particularly at low doses (0.01–
0.5 Gy). From reviewing the literature, it becomes apparent  
that  the  intentional  exposure  to  high  doses    of 
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radiation, such as therapeutic radiation in cancer patients, 
has not been studied as extensively as lower doses have been 
for radiation-induced bystander eff ects (RIBE) (Mothersill 
and Seymour 2001, Morgan 2003). Moreover, in the published 
literature, in vitro experiments are more typically studied 
than in vivo irradiated bystander experiments on humans. In 
the present pilot study, our group was investigating in vivo 
RIBE in high dose rate (HDR) intraluminal brachytherapy 
(ILBT), for esophageal carcinoma patients. Th is radiotherapy 
modality is characterised by the placement of a radionuclide 
source alongside a cancerous tumor resulting in an advanta-
geous high tumor to normal tissue ratio, which consequently 
leads to a high local tumor control and low exposure to 
neighbouring normal tissues (Devlin 2006). A colony-forming 
in vivo assay was used for the detection of non-targeted 
radiation eff ects in urine samples collected from esophageal 
carcinoma patients undergoing fractionated HDR-ILBT. To 
our knowledge, this study is the fi rst of its kind. 

 Th e primary goal of this investigation was to observe 
whether esophageal carcinoma patients, undergoing HDR-
ILBT, will have a bystander factor(s) measurable in their 
urine samples post-treatment. Secondary objectives were 
to test diff erent batches of FBS and 5-HT on the same urine 
samples before and after brachytherapy to evaluate whether 
5-HT serum levels play an active role in the mechanisms of 
RIBE at high doses. Th e hypothesis being tested in this paper 
is that urine samples taken following HDR-ILBT will pass 
the bystander signal to non-irradiated HPV-G reporter cells; 
however, diff erent batches of FBS may modulate the end-
points observed due to various concentrations of 5-HT being 
present in the serum batches.   

 Materials and methods  

 Study design 
 In this pilot study, fi ve esophageal carcinoma patients 
underwent HDR-ILBT with a total dose of 1800 cGy in three 
fractions. All patients received 600 cGy per HDR fraction, 
and the dose-rate ranged anywhere between 4200 cGy/h 
to 10,300 cGy/h. All patients had inoperable tumors, and 
HDR-ILBT was given with a remote afterloading HDR unit (Vari-
source HDR, Nucleotron, Varian International, USA) adminis-
trating a source,  192 Ir. Th e exact method for source placement 
with catheters is described by Sur et   al. (1998). All patients 
enrolled were diagnosed with either squamous cell carcinoma 
(SCC) or adenocarcinoma (ACE) and were recruited from 
March 2011 to February 2012. Informed consent was given 
by all patients participating in the study, and ethics approval 
was obtained from the Hamilton Health Sciences Faculty 
of Health Sciences (HHS/FHS) research ethics board (REB 
# 06-193). Eligibility criteria for this study were based on a 
clinical diagnosis of esophageal carcinoma and patients were 
undergoing three fractions of HDR-ILBT. Exclusion criteria 
for this study were patients undergoing concurrent chemo-
therapy, external beam radiotherapy, or both during HDR-
ILBT treatments. Additionally, immunodefi ciency patients 
with HIV, AIDS, and hepatitis, and patients diagnosed with 
cervical esophageal carcinoma or liver damage, such as 
cirrhosis, were deemed ineligible to participate in the study.   

 Sample collection 
 Urine samples were obtained from patients at each fraction of 
HDR-ILBT before and after treatment. Samples were placed 
in a 70 ml sealed sterile container (Sarstedt, Montreal, QC, 
Canada) and placed in a collection holder on ice immedi-
ately following excretion to stabilize heat-labile proteins and 
maintain the integrity of the sample (Holland et   al. 2003). 
All samples were shipped on ice to the laboratory and were 
processed within 8 h of excretion.   

 Cell culture 
 Th e HPV-G reporter cell line used for the assays was derived 
from human kertinocytes, which are a very resistant cell line 
immortalized with the human papillomavirus (Pirisi et   al. 
1988). RPMI-1640 culture medium was used for all experi-
ments, and the constituents supplemented were 10% FBS 
(Invitrogen, Burlington, ON, Canada), 5 ml of 10,000 units 
of penicillin and 10,000  µ g/ml of streptomycin (Gibco, 
Burlington, ON), 5 ml of 200 mM L-Glutamine (Gibco, 
Burlington, ON), 0.5  µ g/ml hydrocortisone (Sigma-Aldrich, 
Oakville, ON), and 20 ml of 1M Hepes for pH regulation. All 
experiments were performed in a biosafety level 2 labora-
tory within laminar fl ow cabinets. HPV-G cell stocks were 
seeded and maintained within T75 fl asks with 30 ml of 
RPMI, and the cells were subcultured when they reached 
80 – 100% confl uency using a 1:1 solution of 0.25% trypsin 
and 1 mM EDTA at 37 ° C for 8 min. All cells were incubated 
at 37 ° C and 5% carbon dioxide in air.   

 Serum samples 
 Two serum batch numbers were tested and both FBS were 
purchased from Invitrogen, Burlington, ON, Canada. One 
FBS batch tested had suffi  cient levels of 5-HT, a concentration 
of 88      !      4 ng/ml, and is denoted bystander FBS, whereas, the 
other FBS batch tested had insuffi  cient levels of 5-HT, a con-
centration of 5      !      1 ng/ml, and was denoted non-bystander 
FBS throughout this paper. Moreover, the non-bystander 
FBS was exposed to laboratory light for 3 h prior to supple-
menting into the culture medium due to previous fi ndings 
(Mothersill et   al. 2010). Th e 5-HT serum levels for each batch 
were measured by Mothersill et   al. (2010) with a 5-HT ELISA 
kit from past work. Both serum batches were screened by the 
suppliers to ensure the serum could maintain cell growth 
and all quality control requirements were met. From a previ-
ous study, it was determined that 5-HT is highly sensitive to 
light and as a precaution all bystander experiments were per-
formed in minimal light. Additionally, all media and serum 
bottles were shielded from light with aluminium foil.   

 Clonogenic assay 
 A colony-forming in vivo assay, originally developed by 
Seymour and Mothersill (2006) for the detection of non-
targeted eff ects in blood samples for radiotherapy patients, 
was adapted and tailored for urine samples. A total of 24 h prior 
to plating T25 reporters, a medium change was performed and 
on the eve of HDR treatments 700 cells were seeded in T25 
fl asks with 5 ml of RPMI culture medium. Treatments were 
performed early morning and urine samples were transported 
and processed shortly after. It is worth mentioning that, while 
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designing the protocol, various toxicity tests were performed 
with urine samples to determine the appropriate concentra-
tion of urine to add to reporter fl asks. However, these are not 
shown in this paper. For all patients, a 10    !    dilution factor 
was observed to be the optimal concentration tested and was 
used for all experiments. Triplicate fl asks were made contain-
ing 1 ml of diluted pre- and post-treatment urine samples. To 
determine whether diff erent 5-HT serum levels had an eff ect 
with the in vivo colony-forming assay, the non-bystander and 
bystander FBS were tested on the same urine samples before 
and after brachytherapy. Furthermore, since the non-bystander 
FBS was believed to be missing suffi  cient concentrations of 
5-HT needed to induce a bystander response, then an extra 
set of fl asks with non-bystander FBS was set up and supple-
mented with 5-HT. Th e non-bystander FBS    "      5-HT group 
was then compared to the bystander FBS group to observe 
whether there was a similar response. Controls were unir-
radiated human urine samples, standard plating effi  ciency, 
a diluted medium control, and 5-HT control. A control for 
the additional 1 ml volume of diluted medium (diluted with 
sterile distilled water) was set up to ensure that the additional 
1 ml volume of diluted urine with medium did not result in 
an eff ect relative to the standard plating effi  ciency. Recipient 
fl asks were kept in a humidifi ed incubator at 37 ° C with 5% 
CO 2  in air for 8 – 10 days. Afterwards, the fl asks were stained 
with 20% carbol fuchsin (VWR, Bridgeport, NJ, USA) and colo-
nies with 50 cells or more were counted and scored only.   

 Preparation of 5-HT solutions 
 Serotonin (5-hydroxytryptamine) was purchased (Sigma-
Aldrich, Oakville, ON) and stock solutions were prepared 

and sterilized by fi ltering with a 0.22  µ m Naglene fi lter, then 
serially diluted to achieve appropriate concentration. After-
wards, the desired concentration  –  2  µ g/ml  –  was added to 
reporter culture fl asks individually, which was a 0.1 ml vol-
ume to the 5 ml of culture medium. A control for the 5-HT 
was set up for each patient and fraction of treatment, this 
was to ensure that the 5-HT alone did not result in an eff ect 
relative to the standard plating effi  ciency.   

 Statistical analysis 
 All fl asks were set up in triplicate for each patient and frac-
tion of brachytherapy. Th e statistcal diff erences between the 
triplicates were expressed as the standard error of the mean 
(   #   SEM). Signifi cance was determined by two diff erent sta-
tistical tests being performed, paired  t -test and analysis of 
variance (ANOVA) followed by Fisher ’ s least square diff er-
ence (LSD) (OriginPro 8.5). Both analyses revealed diff erent 
responses. Th e paired  t -test was used to determine whether 
there was a bystander response to the treatment regime 
for each patient, whereas, the ANOVA analysis was used to 
observe how the mean cell survival changed between post-
treatment and control samples when testing diff erent serum 
batches and 5-HT. Th is was performed to analyse whether 
the treatment had a greater change in clonogenic survival 
than would be expected by chance, a confi dence interval of 
95% and  p     $      0.05 was selected to be statistically signifi cant.    

 Results 

 Figures 1, 2, and 3 show the percentage change in clonogenic 
survival (%) for reporters between post-treatment and control 

  Figure 1.     Indicated in the graph is the percentage change in reporters ’  clonogenic survival (%) that were exposed to post-treatment samples and 
compared to pre-treatment controls at fraction 1. For all fi ve patients, separate ANOVA analyses were performed to determine whether there are 
signifi cant changes or similarities in cell survival caused by the level of 5-HT present in the serum batches. Lettering, roman numerals, and numbers 
indicated signifi cant or similar changes between the three groups (non-bystander FBS, non-bystander FBS    "      5-HT, and bystander FBS). All data 
was normalized to the keratinocytes exposed to control urine samples. For each patient, absolute controls for keratinocytes, serotonin controls 
and urine pre-treatment controls were set up at each fraction of treatment. Th e mean plating effi  ciency for HPV-G absolute controls  –  both non-
bystander and bystander FBS  –  and serotonin controls were 34.4      #      4.9, 33.8      #    5.2, 34.4      #      3.6%, respectively. All values are mean    "    SEM for  n     %      3.  
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to 3.5      !      2.6%. However, when the reporters were exposed to 
the non-bystander FBS    "      5HT and the bystander FBS there 
was a similar percentage change in survival between the 
post-treatment and control urine samples for both serum 
batches, there was a 25.8      !      3.1% and 22.1      !      4.2% reduction in 
cell survival, respectively. Th e latter results were statistically 

urine samples at fractions 1, 2, and, 3, respectively, when test-
ing the non-bystander, bystander, and non-bystander    "      5-HT 
serum groups. As illustrated in Figure 1, for patient 1, the 
reporters exposed to the non-bystander FBS did not have a 
signifi cant change between the post-treatment and control 
urine samples, there was an insignifi cant increase in survival 

  Figure 3.     Shown above is the percentage change in reporters ’  clonogenic survival (%) that were exposed to post-treatment samples and compared 
to pre-treatment controls at fraction 3. Similar to fraction 1 and 2, separate ANOVA analyses were performed on each patient to determine whether 
there are signifi cant changes or similarities in cell survival caused by the level of 5-HT present in the serum batches. Lettering, roman numerals, 
and numbers indicated signifi cant or similar changes between the three groups (non-bystander FBS, non-bystander    "      5-HT FBS, and bystander 
FBS). Th e mean plating effi  ciency for HPV-G absolute controls  –  both non-bystander and bystander FBS  –  and serotonin controls were 39.0      !      7.7, 
39.8      !      6.6, 39.6      !      4.2%, respectively. All values are mean     "      SEM for  n     #      3.  

  Figure 2.     Shown above is the percentage change in reporters ’  clonogenic survival (%) that were exposed to post-treatment samples and compared 
to pre-treatment controls at fraction 2. Similar to fraction 1, separate ANOVA analyses were performed on each patient to determine whether there 
are signifi cant changes or similarities in cell survival caused by the level of 5-HT present in the serum batches. Lettering, roman numerals, and 
numbers indicated signifi cant or similar changes between the three groups (non-bystander FBS, non-bystander    "      5-HT FBS, and bystander FBS). 
Th e mean plating effi  ciency for HPV-G absolute controls   —   both non-bystander and bystander FBS   —   and serotonin controls were 37.9      !      7.6, 
38.2      !      6.6, 39.3      !      4.7%, respectively. All values are mean    "    SEM for  n     #      3.  
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signifi cant and are suggesting that the addition of the 5-HT 
had an eff ect on the non-bystander serum. Similar results 
are seen in Figure 1, for patient 5, there was an insignifi cant 
percentage change in the reporters survival, a reduction of 
1.3      !      3.7%, when the non-bystander FBS was supplemented 
into the culture medium. However, when the non-bystander 
FBS    "      5HT and bystander FBS were used there was a 
similar and signifi cant response, there was a 10.2      !      3.0% 
and 20.1      !      3.4% reduction in cell survival, respectively. 
Th ese results revealed statistically signifi cant results sugg-
esting thatthe addition of 5-HT to the non-bystander FBS 
modulated a response. 

 In Figure 2, for patient 2, the results are suggesting that 
5-HT may have an eff ect since there is a small insignifi cant 
change, a 3.9      !      1.8% reduction in cell survival, between the 
post-treatment and control samples for the non-bystander 
FBS group. Whereas, the non-bystander FBS    "      5HT and 
bystander FBS shows a comparable and signifi cant reduction 
in cell survival of 17.6      !      1.6% and 14.4      !      4.1%, respectively. 
Furthermore, similar results discussed above for Figures 1 
and 2 are seen in Figure 3 (refer to patients 1 and 5). Th e latter 
results revealed a statistically signifi cant pattern which sug-
gested that the response may be 5-HT dependent. 

 Th e same data above, however depicted in a diff erent 
way, is represented in Tables I, II, and III showing the clo-
nogenic survival (%) for reporter cells at fractions 1, 2, and 
3 of brachytherapy, respectively. From Tables I, II, and III, 
although the majority did not reached statistical signifi -
cance, there seems to be a numerical trend worthy of being 
noted. In Table I, for patient 1, there is a very small change 
in survival between pre- and post-treatment samples for the 
non-bystander serum, 79.5      !      3.9% and 82.3      !      2.1%, respec-
tively. When this same batch of serum is supplemented with 
5HT, there seems to be a greater reduction in cell survival 
between control and treatment samples of 101.3      !      4.8% and 
75.2      !      3.1%, respectively. Also, the reporters exposed to the 
bystander FBS have nearly comparable cell survival for the 
control and treatment samples, 91.4      !      1.5% and 71.2      !      3.9%, 
respectively, as the reporters exposed to the non-bystander 
FBS    "      5HT. 

 A similar pattern above shown in Table I for patient 1 is 
demonstrated in Table II, for patients 2, 3, and 5. For these 
patients, there is very little change in survival between pre- 
and post-treatment samples for the FBS without adequate 
levels of 5HT, and when 5HT is added to the FBS then this 
same batch of serum seems to result in a larger change in 
survival between control and treatment samples. Also, inter-
esting enough, the two batches of FBS tested, gave similar 
endpoints and nearly the same magnitude of change in sur-
vival when the 5-HT was supplemented into the FBS known 
to have insuffi  cient concentrations of this molecule. Th e lat-
ter data depicted in tabular format reveals a pattern suggest-
ing that 5-HT may modulate the bystander eff ect at higher 
doses for this reporter bioassay.   

 Discussion 

 Th e primary motivation behind this study was to determine if 
there exist bystander factor(s) passed through cancer patients ’  
urine samples post-treatment, and to observe whether 5-HT 
plays a role in modulating the bystander eff ect at the high 
dose range. As highlighted above, some of the data from our 
experiments seems to be suggesting that 5-HT may play an 
active role as a signalling molecule at higher doses. However, 
due to the complexity of the samples being tested and the 

  Table III. Th e table indicates percentage (%) of clonogenic survival 
of exposed HPV-G cells to urine before and after fraction 3 of HDR 
treatment.  

Urine 
samples

HDR brachytherapy fraction 3

Patient # NBS FBS a NBS FBS    "      5HT b BS FBS c 

Control 1 39.1      !      0.9 53.7      !      4.8 64.1      !      1.5
Treatment 47.5      !      5.6 48.5      !      2.5 54.3      !      0.9 ∗ 
Control 2 52.5      !      4.3 45.0      !      2.4 68.1      !      2.4
Treatment 47.6      !      9.6 67.4      !      3.3 75.1      !      2.5 ∗ 
Control 3 75.3      !      4.5 66.5      !      1.3 75.7      !      1.1
Treatment 78.4      !      1.0 63.0      !      1.2 66.0      !      1.3 ∗ 
Control 5 35.7      !      2.2 36.2      !      0.7 46.0      !      2.2
Treatment 33.5      !      1.2 43.1      !      1.4 ∗ 56.0      !      1.1

    All values are mean    "    SEM for  n     #      3.  
   a Growth medium supplemented with non-bystander foetal bovine serum (NBS) 
FBS.   
  b Growth medium supplemented with non-bystander (NBS) FBS and 2  µ g/ml of 
serotonin.   
  c Growth medium supplemented with bystander (BS) FBS.   
  * Signifi cant diff erence ( p     $      0.05) from control by using a paired  t -test.   

  Table II. Th e table indicates percentage (%) of clonogenic survival 
of exposed HPV-G cells to urine before and after fraction 2 of HDR 
treatment.  

Urine 
samples

HDR brachytherapy fraction 2

Patient # NBS FBS a NBS FBS    "      5HT b BS FBS c 

Control 1 55.7      !      0.8 56.6      !      0.9 57.8      !      2.0
Treatment 57.5      !      2.2 54.1      !      0.8 76.8      !      3.3 ∗ 
Control 2 80.4      !      0.3 76.3      !      1.9 75.6      !      2.6
Treatment 77.3      !      1.5 62.9      !      1.3 64.7      !      3.1
Control 3 23.8      !      2.5 31.9      !      3.3 23.7      !      2.9
Treatment 23.1      !      0.3 20.5      !      1.8 8.7      !      0.8
Control 5 55.3      !      2.0 65.6      !      1.3 50.8      !      2.4
Treatment 52.1      !      1.4 50.5      !      4.7 41.4      !      0.5 * 

    All values are mean    "    SEM for  n     #      3.   
  a Growth medium supplemented with non-bystander foetal bovine serum (NBS) 
FBS.   
  b Growth medium supplemented with non-bystander (NBS) FBS and 2  µ g/ml of 
serotonin.   
  c Growth medium supplemented with bystander (BS) FBS.   
  ∗ Signifi cant diff erence ( p     $      0.05) from control by using a paired  t -test.   

  Table I. Th e table indicates percentage (%) of clonogenic survival 
of exposed HPV-G cells to urine before and after fraction 1 of HDR 
treatment.  

Urine 
samples

HDR brachytherapy fraction 1

Patient # NBS FBS a NBS FBS    "      5HT b BS FBS c 

Control 1 79.5      !      3.9 101.3      !      4.8 91.4      !      1.5
Treatment 82.3      !      2.1 75.2      !      3.1 ∗ 71.2      !      3.9
Control 2 36.5      !      4.5 48.0      !      3.3 69.3      !      3.3
Treatment 38.3      !      1.6 42.1      !      4.3 51.3      !      3.4
Control 3 56.2      !      1.2 52.1      !      3.1 52.8      !      1.8
Treatment 63.4      !      10.9 60.9      !      4.1 48.7      !      1.4 ∗ 
Control 4 71.8      !      2.9 65.1      !      1.9 55.0      !      2.8
Treatment 76.8      !      2.5 74.3      !      2.3 68.6      !      2.8
Control 5 74.4      !      3.5 66.3      !      2.1 77.7      !      3.4
Treatment 73.4      !      2.7 59.5      !      2.0 62.1      !      2.6

    All values are mean    "    SEM for  n     #      3.  
   a Growth medium supplemented with non-bystander foetal bovine serum (NBS) 
FBS.   
  b Growth medium supplemented with non-bystander (NBS) FBS and 2  µ g/ml of 
serotonin.   
  c Growth medium supplemented with bystander (BS) FBS.   
  ∗ Signifi cant diff erence ( p     $      0.05) from control by using a paired  t -test.   
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predictive assays being developed or analysed in the clinical 
environment (Crompton et   al. 1997, Widel et   al. 2003, Schnarr 
et   al. 2007, Munro 2009). Now, the main premise for a predic-
tive assay stems from the fact that cancer patients ’  tumors 
response to treatments are in very diff erent ways due to a 
number of genetic and lifestyle factors; this is evident in the 
following publications (Mothersill et   al. 2001, Schnarr et   al. 
2007). Additionally, there is previous work with blood serum 
and biopsy samples from cancer and healthy individuals 
that have been studied for non-targeted radiation eff ects and 
these studies, also, observed individual variation (Mothersill 
et   al. 2001, Seymour and Mothersill 2006). Furthermore, a 
study performed by Kadhim et   al. (2010) also found inter-
patient variability when studying delayed chromosome 
aberrations in human lymphocytes exposed to a target 
microbeam. From the literature (Masand and Gupta 1999), 
it is apparent that perhaps some of the individual variation 
with the 5-HT experiments can be attributed to whether 
patients are taking antidepressants such as selective sero-
tonin reuptake inhibitors (SSRIs), which could be analogous 
to the 5-HT inhibitor, resprine, work with zebrafi sh men-
tioned above. However, from a brief look at the medications 
taken by this small subset of patients (data not shown), it 
is clear that the patients are not on any of these SSRIs for 
depression. Th erefore, the individual variation, where the 
5-HT has no eff ect or trend at higher doses for some patients 
at least, does not seem to be infl uenced by patients being 
on SSRIs when undergoing fractions of brachytherapy. 

 Aside from the human variability aspect, there is variation 
attributed to serum batches found within this study. Th ese 
fi ndings are similar to the work done at the low dose range 
producing RIBE with in vitro medium-transfer bystander 
experiments, as discussed earlier, relating a relationship 
between serotonin serum levels and the occurrence of RIBE 
(Mothersill et   al. 2010). Th e latter study explained the justi-
fi cation for inter-laboratory variation with RIBE cell culture 
experiments, and the present work is suggesting a similar 
trend, however at higher doses. Evidently, further work needs 
to be done to elucidate whether bystander eff ects occur 
within radiotherapy, especially since, such a phenomenon 
maybe helpful in understanding the risks towards healthy 
surrounding tissues, along with understanding potential 
revisions to treatment planning if necessary (Mothersill et   al. 
2004). Th erefore, RIBE should be studied more extensively 
in radiotherapy to understand the very nature of normal tis-
sue eff ects throughout the individual and whether bystander 
eff ects play a role. Th is pilot study is a stepping stone for 
many avenues in future work to be done within the fi eld of 
radiotherapy on non-targeted eff ects. However, until a more 
reliable technique is developed, with a less complex sample 
being utilized, then there lies a wide gap of uncertainty in 
whether RIBE are 5-HT dependent at higher doses. For this 
pilot study, future work will need to incorporate a larger sam-
ple size, taking measurements of urinary serotonin levels, 
and documenting patients ’  dietary intake of foods enriched 
with 5HT before a defi nitive conclusion can be made on 
whether 5HT has an eff ect at this therapeutic dose range and 
cancer treatment regime. Additionally, further in vivo work, 
for an array of cancer treatment modalities, is warranted to 

substantial inter-patient variability found within this study, 
it is suggested that a larger sample size be used. Regardless, 
some of the signifi cant results in this study suggest that there 
exists a response when the signalling amine is added to the 
reporter bioassay. 

 Presently, there are few papers confi rming the role of 
5-HT being able to modulate medium-transfer bystander 
experiments, except for some in vivo and in vitro work (Poon 
et   al. 2007, Saroya et   al. 2009, Mothersill et   al. 2010). To our 
knowledge, no such work has been studied in urine samples 
for bystander eff ects along with testing the serotonin serum 
batch variability with this reporter bioassay. In this pilot 
study, it is unclear if these results would be signifi cant with 
a larger sample size and clearly further work is warranted. 
From a brief look into the literature, 5-HT is metabolised 
in the liver or kidney by an enzyme, monoamine oxidase 
(MAO), into one of the main metabolites of 5-HT, which is 
the 5-hydroxyindoleacetic acid (5-HIAA) and this by-product 
is excreted in the urine (Bearcroft et   al. 1998). However, there 
are traces of urinary serotonin found in 24-h urine samples 
collected from healthy individuals in a study by Feldman 
(1986). In the latter work, urine samples were collected 
every 24 h, and so, it is worth mentioning, that the urinary 
serotonin levels may not coincide with the present study 
since two samples  –  before and after brachytherapy  –  were 
collected within a 2-h span from each other. Th erefore, it is 
not clear what level of serotonin is present within the urine 
samples. Future work will need to take into account other 
factors, such as dietary intake of the amino acid, tryptophan, 
which eventually metabolises to 5-HT (Keszthelyi et   al. 2009) 
and measuring levels of urinary serotonin (Feldman 1986) 
before and after brachytherapy. Furthermore, a quarter of 
a century ago, Bod ó  and Benk ö  (1987) worked with in vivo 
mice, the mouse brains were exposed to gamma-irradiation 
alone or a mixture of both neutrons and gammas. After irra-
diation exposure, the level of MAO activity had increased in 
the liver of the mice following both gamma irradiation and 
neutron and gamma irradiations and it would be interest-
ing to observe whether there is a similar eff ect in cancer 
patients following brachytherapy. Perhaps, this is an area 
worth pursuing for future work when adequate techniques 
are developed. 

 In the current study, there exists additional complex-
ity in regard to analysing human samples and this occurs 
without considering the diffi  culty or concerns of testing 
urine samples with this particular endpoint. According to 
an excellent review by Munro (2009), there are a number of 
factors that need to be taken into account within the clini-
cal environment when analysing bystander eff ects in cancer 
patients that underwent a particular radiotherapy regime. 
For instance, according to Munro (2009), there is the added 
complexity of no longer analysing tissue and cells in isola-
tion. Instead, considerable inter-patient variability in clinical 
studies may result from variations in genotypes, phenotypes, 
and exposure to a number of environmental agents, such 
as smoking (Seymour and Mothersill 1997), throughout the 
individuals ’  lifespan before the onset of cancer (Munro 2009). 
In the radiobiology community, the existence of individual 
variation is to be expected which is evident by the number of 
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facilitate our understanding of this non-targeted phenom-
ena ’ s relevance at therapeutic doses typically used for cancer 
treatments.                

 Acknowledgements 

 We acknowledge Varian International B.V. for funding part 
of this study. A special thanks to the brachytherapy and 
ambulance care staff  for helping in sample collection at the 
Hamilton Health Sciences Juravinski cancer centre (JCC). 
We would also like to thank Emilia Timotin for all of her help 
with patient consents and sample collection at the JCC. We 
acknowledge and thank all the patients who took the time 
to participate in this study; without these individuals this 
research would not be possible. We also acknowledge the 
statistical advice and help from Dr Richard Smith when 
preparing this manuscript. 

   Declaration of interest  

Th e authors report no declaration of interest. Th e authors 
alone are responsible for the content and writing of the 
paper.   

 References 
    Azzam   EI ,  de Toledo   SM ,  Little John   B  .  2003 .  Oxidative metabolism, 

gap junctions and the ionizing radiation-induced bystander eff ect . 
 Oncogene   22 : 7050 – 7057 . 

    Bearcroft   CP ,  Perrett   D ,  Farthing   MJG  .  1998 .  Postprandial plasma 
5-hydroxytryptamine in diarrhoea predominant irritable bowel syn-
drome: A pilot study .  Gut   42 : 42 – 46 .  

    Blyth   BJ ,  Sykes   PJ  .  2011 .  Radiation-induced bystander eff ects: what 
are they, and how relevant are they to human radiation exposures?  
 Radiation Research   176 : 139 – 157 .  

    Bod ó    K ,  Benk ö    G  .  1987 .  Alterations in monoamine oxidase activity of 
the mouse brain and liver after mixed neutron-gamma irradiation . 
 Acta Physiologica Hungarica   69 : 181 – 188 .  

    Crompton   NE , et   al .  1997 .  Th eory and practice of predictive assays 
in radiation therapy .  Strahlentherapie Und Onkologie: Organ Der 
Deutschen R ö ntgengesellschaft.  [et   al]  173 : 58 – 67 .  

    Devlin   PM , editor .  2006 .  Brachytherapy: Applications and Techniques. 
1st ed .  Philadelphia, PA: Lippincott Williams, Wilkins .  

    Feldman   JM  .  1986 .  Urinary serotonin in the diagnosis of carcinoid 
tumors .  Clinical Chemistry   32 : 840 – 844 .  

    Gustafsson   BI , et   al .  2005 .  Long-term serotonin administration induces 
heart valve disease in rats .  Circulation   111 : 1517 – 1522 .  

    Hansen   MB ,  Skadhauge   E  .  1997 .  Signal transduction pathways for sero-
tonin as an intestinal secretagogue .  Comparative Biochemistry and 
Physiology Part A: Physiology   118 : 283 – 290 .  

    Hei   TK , et   al .  2008 .  Mechanism of radiation-induced bystander eff ects: 
A unifying model .  Th e Journal of Pharmacy and Pharmacology  
 60 : 943 – 950 .  

    Holland   NT , et   al .  2003 .  Biological sample collection and processing for 
molecular epidemiological studies .  Mutation Research/Reviews in 
Mutation Research   543 : 217 – 234 .  

    Kadhim   MA , et   al .  2010 .  Genomic instability after targeted irradiation 
of human lymphocytes: Evidence for inter-individual diff erences 
under bystander conditions .  Mutation Research/Fundamental and 
Molecular Mechanisms of Mutagenesis   688 : 91 – 94 .  

59



Chapter 3

Assessing patient characteristics and radiation-induced non-targeted effects in

vivo for high dose-rate (HDR) brachytherapy

Christine Pinho∗, Emilia Timotin, Raimond Wong, Ranjan K. Sur, Joseph E.Hayward

Colin Seymour, and Carmel Mothersill

∗ Author Christine Pinho has changed her surname legally from Pinho (maiden name) to Hanu

(married name).

This clinical study was originally designed and ethics approval (REB # 06-193) was successfully

obtained by Dr. Lorna Ryan, Dr. Raimond Wong, Dr. Ranjan Sur, Dr. Carmel Mothersill, and

Dr. Colin Seymour. Further revisions to ethics approval and annual renewals were performed

primarily by the author of this thesis and reviewed by the Principal Investigator, Dr. Raimond Wong.

Patient recruitment and biopsy extractions were performed by Dr. Ranjan Sur. Health Sciences

JCC brachytherapy nursing staff extracted blood samples from all patients. Both the author of this

thesis and Emilia Timotin consented patients, administered patient demographic questionnaires,

and collected patient data throughout the duration of the study. Brachytherapy treatment planning

procedures were carried out by the JCC Medical Physic staff, amongst them were Dr. Thomas Farrell

and Dr. Joseph Hayward. Blood serum extraction, sample collection, sample transportation, and

clonogenic assays were all performed by the author. Data and statistical analyses were performed

by the author. The manuscript was written by the first author and edited by Dr. Mothersill, Dr.

Seymour, Dr. Wong, and Dr. Hayward. This is an Accepted Manuscript of an article published by

Taylor & Francis in International Journal of Radiation Biology on October 2015, available online:

http://www.ncbi.nlm.nih.gov/pubmed/26136084 DOI: 10.3109/09553002.2015.1068458.

60



PhD Thesis - C. Hanu McMaster - Medical Physics & Applied Radiation Sciences

	
  

© 2015 Informa UK, Ltd.
ISSN 0955-3002 print / ISSN 1362-3095 online
DOI: 10.3109/09553002.2015.1068458

  Correspondence: Christine Pinho, Department of Medical Physics  &  Applied Radiation Sciences, McMaster University, Hamilton, ON, Canada. 
Tel:  !    1 (905) 525 9140, ext. 21607. E-mail: pinhoc@mcmaster.ca  

 (Received   18   December   2014  ; revised   4   May   2015  ; accepted   27   June   2015  ) 

 Assessing patient characteristics and radiation-induced non-targeted 
eff ects in vivo for high dose-rate (HDR) brachytherapy      
    Christine     Pinho  1  ,       Emilia     Timotin  1  ,       Raimond     Wong  2  ,       Ranjan K.     Sur  2  ,       Joseph E.     Hayward  1,3  ,       Thomas J.     Farrell  1,3  , 
      Colin     Seymour  1     &         Carmel     Mothersill  1    

  Departments of   1 Medical Physics  &  Applied Radiation Sciences,  2 Oncology and  3  Radiology ,  McMaster University ,
  Hamilton ,  ON ,  Canada                             

  Introduction 

 High dose-rate intraluminal brachytherapy (HDR-ILBT) 
has established itself as an eff ective treatment modality 
for patients diagnosed with advanced stages of esophageal 

cancer (Sur et   al. 2002). Brachytherapy enables high doses 
of radiation to be delivered to the tumor to improve the 
patients ’  dysphagia scores, quality of life (Berry et   al. 1989), 
has the advantage of providing conveniently fast outpatient 
procedures (Sur et   al. 1998). A remote afterloading HDR unit 
is used for delivering high doses of gamma radiation, from 
an Iridium-192 (Ir 192 ) source, to the tumor site (Sur et   al. 
2002). A rapid drop-off  of dose from the treatment site to sur-
rounding normal tissues results in a very small risk of injury 
to nearby normal tissues (Yoshioka et   al. 2013). Fractionated 
HDR-ILBT has shown to signifi cantly improve dysphagia-
free survival and longevity in comparison to other palliative 
modalities (Sur et   al. 1998). 

 Dose to normal tissues typically restricts treatment plan-
ning protocols for radiotherapy modalities, as these are 
limited by normal tissues tolerance doses (Mothersill et   al. 
2004a). However, in vitro research has documented the bio-
logical implications of bystander factors being released into 
non-irradiated cells which has been shown in the literature 
to trigger a cell death response (Mothersill et   al. 2004b). 
Consequently, non-targeted radiation eff ects can ultimately 
aff ect treatment planning protocols, as there is a possibility 
of much larger out-of-fi eld eff ects in normal tissues than 
initially expected (Butterworth et   al. 2013). Other work has 
suggested that radiation-induced bystander eff ects (RIBE) 
may provide insight into understanding the effi  cacy of radio-
therapy, as bystander factors may enhance tumor cell killing 
(Boyd et   al. 2008, Prise and O ’ Sullivan 2009, Butterworth 
et   al. 2013). Currently, it is not fully understood whether the 
release of bystander signals into healthy surrounding tissues, 
near radiation fi elds, leads to unwanted damage in normal 
cells (Brenner et   al. 2000, Hall and Wuu 2003, Mothersill and 
Seymour 2006, Boyd et   al. 2008). Th erefore we and others 
have extended the investigation of non-targeted radiation 
eff ects from an in vitro experimental approach (Mothersill 
and Seymour 1997, Prise et   al. 1998, Lyng et   al. 2000, Seymour 
and Mothersill, 2000) to the whole organism by using animal 

                            

  Abstract 
  Purpose : To test whether blood, urine, and tissue based colony-
forming assays are a useful clinical detection tool for assessing 
fractionated treatment responses and non-targeted radiation 
eff ects in bystander cells. 
  Materials and methods : To assess patients ’  responses to radia-
tion treatments, blood serum, urine, and an esophagus explant-
based in vivo colony-forming assay were used from oesophageal 
carcinoma patients. These patients underwent three fractions of 
high dose rate (HDR) intraluminal brachytherapy (ILBT). 
  Results : Human keratinocyte reporters exposed to blood sera 
taken after the third fraction of brachytherapy had a signifi cant 
increase in cloning effi  ciency compared to baseline samples 
( p     "    0.001). Such results may suggest an induced radioresis-
tance response in bystander cells. The data also revealed a clear 
inverse dose-rate eff ect during late treatment fractions for the 
blood sera data only. Patient characteristics such as gender had 
no statistically signifi cant eff ect ( p     #    0.05). Large variability was 
observed among the patients ’  tissue samples, these colony-
forming assays showed no signifi cant changes throughout frac-
tionated brachytherapy ( p     #    0.05). 
  Conclusion : Large inter-patient variability was found in the urine 
and tissue based assays, so these techniques were discontinued. 
However, the simple blood-based assay had much less variabil-
ity. This technique may have future applications as a biological 
dosimeter to predict treatment outcome and assess non-tar-
geted radiation eff ects.  

  Keywords:    Bystander eff ect  ,   high dose-rate (HDR) brachytherapy  , 
  esophageal carcinoma  ,   urine  ,   blood  ,   esophageal explants   
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(Morgan 2003, Chai and Hei 2008, Koturbash et   al. 2008) and 
human models (Seymour and Mothersill, 2000, Mothersill 
et   al. 2002, Marozik et   al. 2007, Chai and Hei 2008). 

 For the past several years, non-targeted radiation eff ects 
such as clastogenic eff ects (Seymour and Mothersill 2006, 
Howe et   al. 2009), RIBE (Emerit et   al. 1995, Mothersill and 
Seymour 1997, Ryan et   al. 2009) and adaptive responses 
have been well documented. Radiation-induced clasto-
genic eff ects are found in atomic bomb survivors (Pant and 
Kamada 1977), humans undergoing radiotherapy (Seymour 
and Mothersill 2006), and in the blood serum collected from 
Chernobyl liquidators (Marozik et   al. 2007). 

 One of the earlier studies observing clastogenic eff ects was 
published by Goh and Sumner (1968); the study evaluated 
chromosomal aberrations in cultivated leukocytes treated 
with blood plasma taken from patients that underwent total 
body irradiation. Th e fi ndings showed that blood plasma 
exposed to radiation increased the number of chromosome 
breaks in leukocytes compared to unirradiated samples. 
Similar clastogenic eff ects have also been reported by other 
investigators in the literature with humans (Hollowell and 
Littlefi eld 1968, Pant and Kamada 1977, Emerit et   al. 1994, 
1995, 1997) and animals (Faguet et   al. 1984) following radia-
tion exposure. 

 Earlier work focused on exploring the variability inher-
ent in human urothelial tissue explants and their ability 
to express bystander signals in reporter cells (Mothersill 
et   al. 2002). Signal production was found to be sex-specifi c 
and had a dependence on whether the participants had no 
existing malignancies. A gender discrepancy was observed, 
tissue samples harvested from female participants resulted 
in a higher reduction in cloning effi  ciency compared to 
males. Other researchers used a rodent model to assess non-
targeted radiation eff ects within non-irradiated spleens 
following cranial radiation exposure (Koturbash et   al. 2008). 
Th ese authors found male mice to be more susceptible to 
bystander eff ects in comparison to females. 

 Another very important phenomenon associated with 
non-targeted radiation eff ects is induced radioresistance 
responses. Th is cell protective eff ect is not unique to radia-
tion alone, rather it has been observed with acute hypoxia-
induced stimuli within analogous systems and many diff erent 
cell types (Michiels 2004). Th e induction of radioresistance 
responses were found in areas of high natural background 
radiation in Ramsar compared to control populations from 
regions of low background radiation (Mohammadi et   al. 
2006). Lymphocytes were extracted and exposed to 4 Gy of 
gamma radiation, and individuals residing in high natural 
radiation background areas had signifi cantly higher DNA 
damage and repair than control groups (Mohammadi et   al. 
2006). Other investigators assessing fractionated X-ray 
treatments, found enhanced clonogenic survival following 
subsequent treatments in radiosensitive clones of human 
colorectal tumor cell lines (Qutob et   al. 2006). 

 In the present study, non-targeted radiation eff ects were 
assessed with an in vivo-based assay for blood, urine, and 
esophageal biopsy samples taken before and after a fraction-
ated brachytherapy regime. Th e primary motivation of this 
study was to explore radiation-induced bystander eff ects 

(RIBE) in blood, urine, and biopsy samples taken from 
esophageal cancer patients undergoing fractionated HDR-
ILBT. Secondary objectives were to assess whether blood 
and urine samples pre-exposed to one treatment fraction 
of brachytherapy induces radioresistance, by stimulating an 
increase in reporter cells survival, during subsequent expo-
sure to brachytherapy. Additionally, certain patient charac-
teristics were assessed to determine whether these variables 
are infl uencing cell communicating signals that ultimately 
aff ects cell cloning capabilities. 

 Based upon previous in vitro studies (Boyden and Raa-
phorst 1999, Maguire et   al. 2007), it is hypothesized that 
fractionated treatments will induce a cell communicating 
protective response in reporter cells exposed to patient 
samples taken following each fraction of brachytherapy. Th is 
work will contribute to the limited data available and fur-
ther our understanding of non-targeted radiation eff ects in 
brachytherapy at therapeutic doses.   

 Materials and methods  

 Sample design 
 Blood, urine and biopsy samples were obtained from 
patients diagnosed with either esophageal adenocarcinoma 
(EA) or squamous cell carcinoma (SCC) undergoing HDR-
ILBT between March 2011 and February 2012. Th e majority 
of patients were males diagnosed with esophageal adeno-
carcinoma (EA). Roughly 54% of the patients had stage III 
cancer and 26.7% had stage IV cancer, refer to Table I for 
patient characteristics and demographics. Th is research was 
carried out according to the Declaration of Helsinki with 
informed consent obtained from all participants, and ethics 
approval was obtained from the Hamilton Health Sciences 

  Table I. Patient demographics and clinical 
characteristics.  

Patient characteristics
No. of patients 

( n     !    15)

Mean age in years (SD) 69.3 (10.6)
Gender  n  (%)

Male 11 (73.3%)
Female 4 (26.7%)

Type of cancer  n  (%)
SCC 3 (20.0%)
EA 12 (80.0%)

Cancer staging  n  (%)
Stage II 1 (6.7%)
Stage III 8 (53.3%)
Stage IV 4 (26.7%)
Not reported 2 (13.3%)

Tumor location  n  (%)
GEJ 11 (73.3%)
Mid/Upper esophagus 1 (6.7%)
Above GEJ 3 (20.0%)

Metastases  n  (%)
Yes 5 (33.3%)
No 8 (53.3%)
Not determined 1 (6.7%)

Smoking status  n  (%)
Current 2 (13.3%)
Former 12 (80.0%)
Never 1 (6.7%)

Mean dose-rate (Gy/h) (SD)
Fraction 1 59.4 (25.2)
Fraction 2 68.2 (23.4)
Fraction 3 65.4 (20.8)
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Faculty of Health Sciences (HHS/FHS) research ethics board 
(REB # 06-193). In the present study, 24 patients were eligible 
for recruitment, however, only 11 men and four women, with 
a mean age of 69 years (age range, 57 – 90 years) participated 
in the study. Out of the 15 patients, two patients discontin-
ued from the study after the fi rst fraction of HDR-ILBT, one 
patient refused to undergo fraction 2 and 3 of brachytherapy, 
and one patient was deemed ineligible to participate after 
the fi rst fraction of treatment by the attending physician. All 
patients received 600 cGy per HDR fraction prescribed 1 cm 
from the source axis to the esophageal planning volume with 
a remote afterloading HDR unit (Varisource HDR, Nucle-
tron, Varian International, USA) administrating high doses 
of gamma radiation, by using a Ir 192  source. Th e length of the 
treatment fi eld is determined at the time of endoscopy which 
occurred right before the catheter is set in place on the day of 
brachytherapy. Appropriate margins were set based on clini-
cal visual determination of the tumor where a 2 cm treatment 
margin was added proximal and distal to the tumor. Th e 
dose-rate ranged anywhere between 33.1 and 109.0 Gy/h. 
Further details on eligibility criterion has been described in a 
small pilot study published elsewhere (Pinho et   al. 2012).   

 Sample collection 
 Blood and urine samples were collected at the start and end 
of each fraction of HDR-ILBT. Tissue specimens were biop-
sied from the tumor-free mucosa layer of the esophagus, 
proximal to the tumor site. A biopsy puncture technique was 
used to extract tissue specimens ranging in size from 1 – 2 mm 2 . 
Biopsies of the esophagus were obtained prior to the fi rst 
fraction of HDR-ILBT (baseline sample) and immediately 
following the fi nal fraction of treatment (test sample). 

 Urine samples were placed in a 70 ml sterile container 
(Sarstedt, Montreal, QC, Canada) and peripheral blood 
samples in a 10 cc red lid serum Vacutainer containing no 
additive (BD Vacutainers, Fisher Scientifi c, Ottawa, ON, 
Canada). Th e samples were placed in a collection holder 
on ice immediately following extraction to maintain the 
integrity of the sample. For serum extraction, blood samples 
were centrifuged at 2000 rpm for 10 min and the serum was 
aliquoted into 5 ml sterile polypropylene tubes (Sarstedt, 
Montreal, QC, Canada). Th e serum was extracted from blood 
samples within 2 h of being collected from patients in the 
clinical trial laboratory at the Juravinski Cancer Centre (JCC). 
Biopsy samples were collected and transported in 15 ml 
sterile polypropylene tubes containing RPMI medium with 
a fi nal concentration of 200 U/ml penicillin and 200  µ g/ml 
streptomycin solution, 15 mM HEPES buff er, 1  µ g/ml of Fun-
gizone, 50  µ g/ml of Nystatin, 0.5  µ g/ml of hydrocortisone, and 
2 mM of L-glutamine solution. Culture medium and supple-
ments were obtained from Invitrogen Burlington Ontario. All 
samples were transported on ice to our research laboratory 
at McMaster University and were processed within 8 h of 
being collected.   

 Cell line 
 Human keratinocytes HPV-G cultures (Pirisi et   al. 1988) were 
used as a reporter to determine whether bystander signals 
were being generated, following HDR-ILBT, in blood serum, 

urine and esophageal samples. Th e human keratinocyte 
reporter model has been widely accepted in a number of labs 
to have a well-characterized and stable bystander response 
over a large range of doses (Lyng et   al. 2006, Mothersill et   al. 
2001, Ryan et   al. 2008, Ahmad et   al. 2013). Th e complete 
growth medium used for routine maintenance and colony-
forming assays was RPMI-1640 with 10% foetal bovine 
serum (FBS) (Invitrogen, Burlington, ON, Canada), 100 U/ml 
penicillin and 100  µ g/ml streptomycin (Gibco, Burlington, 
ON, Canada), 2 mM L-Glutamine (Gibco, Burlington, ON, 
Canada), 0.5  µ g/ml of hydrocortisone (Sigma-Aldrich, 
Oakville, ON, Canada), and 15 mM of Hepes. All experiments 
were performed in a class II biosafety cabinet at McMaster 
University. Routine subculturing was performed on cell 
stocks reaching 80 – 100% confl uency by using a 1:1 solu-
tion of 0.25% trypsin and 1 mM EDTA at 37 ° C for 8 min. Cell 
stocks were grown in 75 cm 2  fl asks (T-75) fi lled with 30 ml 
of supplemented growth medium. Cell stocks and colony-
forming experiments were incubated at 37 ° C and 5% carbon 
dioxide in air.   

 Tissue explants 
 Prior to fraction 1 and immediately following fraction 3, 
biopsies were taken as described above. Tissue dissections 
were not needed since three biopsies were taken at fraction 
1 and 3. Each piece of tissue collected was approximately 
1 – 2 mm 3  in size and these samples were aseptically plated in 
the center of 25 cm 2  fl asks (T-25) fi lled with 4 ml of supple-
mented growth medium. Th e complete growth medium for 
clonogenic assays was similar to the tissue sample collec-
tion medium except for the exclusion of antimycotics and 
a fi nal concentration of 100 U/ml penicillin and 100  µ g/ml 
streptomycin solution (Gibco, Burlington, ON, Canada) was 
used. Th e esophageal explants were placed in the incubator 
at 37 ° C in 5% carbon dioxide in air for 48 h.   

 Clonogenic assay 
  Explant conditioned medium 
For esophageal explants, HPV-G reporters were set up 
at a density of 500 cells per T-25 fl ask containing 4 ml of 
culture medium. Explant conditioned medium (ECM) 
was generated by incubating the esophageal explants in 
culture medium for 48 h as described above. After 48 h, 
a standard medium transfer was performed where the 
ECM was fi ltered with a 0.22  µ m Nalgene fi lter (VWR 
Burlington, Ontario, Canada) and placed onto reporter cul-
tures. Following medium transfers, reporters were grown 
in an incubator at 37 ° C with 5% carbon dioxide in air for 
10 – 14 days. Once viable colonies had formed, the cells were 
stained with 20% carbol fuchsin (VWR, Burlington, Ontario, 
Canada) and colonies with    !    50 cells were scored. Biopsies 
taken at the start of fraction 1 prior to the patient undergoing 
HDR-ILBT were used as controls. Biopsies taken immediately 
following irradiation were treatment samples. 

  Blood serum 
Seymour and Mothersill (2006) developed a blood 
serum in vivo colony-forming assay to assess human 
subject responses to radiation treatment. In the present 
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with a linear regression analysis. A complete analysis on all 
15 patients was not feasible for a number of reasons includ-
ing patients leaving from the study, patients unable to give 
urine samples, and logistical diffi  culties associated with 
sample collection. All  p -values less than 0.05 were consid-
ered statistically signifi cant.    

 Results  

 Blood based colony-forming assay 
 Figure 1 shows the relationship between cloning effi  -
ciency and dose-rate administered at each fraction of 
brachytherapy. Patients undergoing fraction 2 and 3 of 
brachytherapy demonstrated a signifi cant moderate posi-
tive relationship between cloning effi  ciency and dose-rate 
( p     !    0.05 * ), whereas, fraction 1 had no such relationship. 
Th e association between cloning effi  ciency and dose-rate 
were assessed further with a linear regression analysis 
for fractions 2 and 3 of brachytherapy. A positive trend 
between cloning effi  ciency and dose-rate was observed for 
fractions 2 ( p     !    0.05 * ) and fractions 3 ( p     !    0.001 *  * ). Th is 
model indicates that 29.7% and 36.3% of the total variation 
with the cloning ability of non-irradiated keratinocytes can 
be explained by the dose-rate for fractions 2 and 3, respec-
tively (Figure 1). Th e data is showing bystander reporters 
exposed to blood sera taken from cancer patients under-

study, this technique was utilized on esophageal cancer 
patients undergoing fractionated brachytherapy. On the 
evening prior to patient treatments, human keratinocyte 
reporters were seeded at 300 cells per T-25 fl ask containing 
5 ml of RPMI containing a fi nal concentration of 100 U/ml 
penicillin and 100  µ g/ml streptomycin (Gibco, Burlington, 
ON, Canada), 2 mM L-Glutamine (Gibco, Burlington, ON, 
Canada), 0.5  µ g/ml of hydrocortisone (Sigma-Aldrich, 
Oakville, ON, Canada), and 15 mM of Hepes. Th e FBS 
typically used in growth medium was substituted with 10% 
blood serum (0.5 ml per 5 ml of culture medium) collected 
before and after treatments. Treatments were performed 
early morning and blood serum was extracted at the JCC. 
All samples were then transported to McMaster University. 
Th e serum was added to the medium and then transferred 
to reporter fl asks. Similar to explants clonogenics, reporters 
were incubated at 37 ° C with 5% CO 2  in air for 10 – 14 days, and 
then stained and colonies with    "    50 cells were scored. 

  Urine samples 
Th e in vivo colony-forming assay with urine samples was 
developed by Pinho et   al. (2012) and preliminary data were 
published in Pinho et   al. (2012). Th ese clonogenic assays were 
performed alongside biopsy and blood sample experiments. 
Human keratinocyte reporters were seeded with 700 cells in 
T-25 fl asks in 5 ml of RPMI culture medium. Urine samples 
were diluted 10-fold and added to the fl asks. 1 ml of diluted 
pre- and post-treatment urine samples were added to fl asks. 
Control fl asks with an additional 1 ml volume of diluted 
medium (diluted with sterile distilled water) was set up to 
ensure 1 ml volume of diluted urine with medium did not 
aff ect the colony-forming ability of reporters. Reporter cells 
were incubated at 37 ° C with 5% CO 2  in air for 10 – 14 days, and 
then stained and colonies with    "    50 cells were scored.   

 Statistical analysis 
 All reporter fl asks were set up in triplicate for each sample 
and at every fraction of brachytherapy. Data presented in this 
paper display three measurements per patient at each treat-
ment fraction. A Shapiro-Wilk normality test and Levene ’ s 
tests found that the data violated the normality and equal 
variances conditions required for a parametric statistical 
analysis. When assessing whether blood and urine samples 
repeatedly taken from patients at various time-points 
throughout brachytherapy had a distinct treatment eff ect, 
an non-parametric Friedman ’ s test with a post hoc Wilcoxon 
signed ranks test were performed. Th e  p -values were adjusted 
with Bonferroni corrections to eliminate the chance of com-
mitting type I errors. When before and after treatment groups 
were compared for patient characteristics or tissue explant 
clonogenic assays, signifi cance was determined by perform-
ing separate Wilcoxon signed rank tests. For the urine based 
colony-forming assay, there was a limited number of female 
patients able to give a sample. As a result, patients ’  cancer 
staging characteristics were analyzed only. Th e relationship 
between cell survival and dose-rate was assessed using a 
Spearman ’ s correlation on the blood and urine samples. 
Statistically signifi cant correlations were analyzed further 
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  Figure 1.     A statistically signifi cant positive relationship between cloning 
effi  ciency (%) for HPV-G reporters and dose-rate was observed following 
fraction 2 and 3 of brachytherapy for blood sera samples taken from 
11 patients. Outlined above are three measurements set-up per patient 
for each fraction of brachytherapy (n     #      33). For treatment fractions 
illustrating a signifi cant relationship between cloning effi  ciency and 
dose-rate, a linear regression model was used to determine whether the 
dose-rate variable contributed to the prediction of cloning capabilities 
of HPV-G reporters. Fraction 2 and 3 show a clear inverse dose-rate 
eff ect for HPV-G reporters exposed to blood sera taken following 
brachytherapy.  *  Indicates a  p -value less than 0.05.  

789   Radiation-induced non-targeted eff ects in brachytherapy

D
ow

nl
oa

de
d 

by
 [M

cM
as

te
r U

ni
ve

rs
ity

] a
t 1

4:
03

 1
7 

Ja
nu

ar
y 

20
16

 

64



PhD Thesis - C. Hanu McMaster - Medical Physics & Applied Radiation Sciences

	
  

going high dose-rate brachytherapy had a clear inverse 
dose-rate eff ect during late treatment fractions. Th e dose-
rate variability observed across each of the fractions of 
brachytherapy can be explained in part by the patients ’  
tumor size, but most likely the dose-rate diff erences between 
fractions is related closely with the decay parameters 
(i.e., source decay and source renewal), refer to Supple-
mentary data in Figure 1, available online at http://informa
healthcare.com/abs/doi/10.3109/09553002.2015.1068458. 

 When running the repeated measures analyses, 
brachytherapy revealed a statistically signifi cant diff erence 
in cloning effi  ciency for HPV-G reporters treated with blood 

sera amongst the treatment fractions ( p     !    0.001 * ), refer to 
Figure 2. Although when examining each treatment frac-
tion, it can be seen that samples taken before brachytherapy 
compared to post-treatment samples revealed no statistical 
changes in cloning effi  ciencies ( p     "    0.05). Rather a signifi cant 
increase in the colony-forming ability of non-irradiated 
reporters was observed at the later part of brachytherapy. For 
instance, the fi nal fraction of brachytherapy had a statistically 
signifi cant increase in cloning effi  ciency by 12.60% relative 
to baseline samples ( p     !    0.001 * ). Whereas post-treatment 
samples at fractions 1 and 2 had an insignifi cant increase in 
cloning effi  ciency by 7.22% ( p     #    0.705) and 8.65% ( p     #    0.210) 
compared to baseline samples, respectively. To eliminate the 
chance of committing type I errors with Wilcoxon multiple 
pairwise comparisons when assessing treatment eff ects at 
various points in time, each  p -value was adjusted with Bon-
ferroni corrections refer to (Supplementary data in Table 1, 
available online at http://informahealthcare.com/abs/doi/
10.3109/09553002.2015.1068458). 

 When exploring the outcome of cloning effi  ciency in 
respect to gender for samples taken before and after treat-
ment, these patient characteristics were found to have no 
signifi cant infl uence on the growth of non-irradiated cells 
( p     "    0.05), refer to Figure 3a. In contrast to gender diff er-
ences, cancer staging showed a signifi cant increase in clon-
ing effi  ciencies for patients clinically diagnosed with stage 
III at fraction 1 of treatment and stage IV at fraction 2 of 
brachytherapy, as shown in Figure 3b.   

 Urine based colony-forming assay 
 Th e relationship between cell survival and dose-rate was also 
assessed for urine samples. For patients undergoing frac-
tion 1, 2, and 3 of brachytherapy, there was no relationship 
between cell survival (%) and dose-rate (Figure 4). 

 Similar to the blood sample data, urine samples had a 
statistical diff erence in cell survival throughout the course of 
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  Figure 2.     Illustrated in the graph is the colony-forming ability of HPV-G 
reporters (%) after exposure to blood serum samples before and after 
fractionated brachytherapy. Eleven patients had triplicate fl ask set-up 
at each treatment. All values are mean  $  SEM for  n    #      33. Lettering 
indicates similarities and signifi cance between the treatment groups.  
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  Figure 3.     Gender diff erences (a) and cancer staging (b) were also assessed across each treatment group to explore whether any changes in cloning 
effi  ciency (%) were dependent on certain patient characteristics. For each fraction, separate Wilcoxon signed rank tests were performed to determine 
whether there are signifi cant changes between males and females and cancer stage III and IV. Since 3 measurements were set-up per patient,  n    #      
33 for males,  n    #      12 for females,  n    #      24 for patients diagnosed with cancer stage III and  n    #      12 for cancer stage IV. All values are mean  $  SEM.  *  
Indicates statistically signifi cant diff erence from pre-treatment sample.  
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Instead of the eff ect occurring in the post-treatment samples 
at the fi nal fraction of treatment, samples taken before the 
third fraction of brachytherapy had a signifi cant increase in 
cell survival compared to post-treatment samples after the 
fi rst fraction of brachytherapy ( p     !    0.001 * ). In Figure 5, it can 
also be seen that samples taken after fractions 1 and 2 had 
insignifi cant changes in cell survival compared to baseline 
samples. Similar to the blood sample results, these fi ndings 
are suggesting that late treatment fractions of brachytherapy 
are inducing a radioresistance response in non-irradiated 
cells. Furthermore, cancer staging had no infl uence on the 
growth of non-irradiated cells ( p     "    0.05), however, the data 
reveals large variability for this endpoint (Figure 6).   

brachytherapy ( p     !    0.05 * ), as shown in Figure 5 and Supple-
mentary data in Table 2. available online at http://informa
healthcare.com/abs/doi/10.3109/09553002.2015.1068458 
A signifi cant increase in the survival of non-irradiated report-
ers was also observed at the later part of brachytherapy. 
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  Figure 4.     Th e relationship between cell survival (%) for HPV-G reporters 
and dose-rate of brachytherapy for urine samples are illustrated for 
fractions 1, 2, and 3. Th e sample size consisted of 11 patients. Outlined 
above are three measurements set-up per patient for each fraction 
of brachytherapy ( n    #      33). Th ere were no statistically signifi cant 
relationships found for fraction 1, 2, and 3.  
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  Figure 5.     Illustrated in the graph is the cell survival (%) of HPV-G 
reporters after exposure to diluted urine samples before and after 
fractionated brachytherapy. Lettering indicates similarities and 
signifi cance between the treatment groups. Eight patients had triplicate 
fl ask set-up for each fraction of brachytherapy. All values are mean  $  
SEM for  n    #      24.  
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  Figure 6.     Cancer staging were also assessed across each treatment 
group to explore whether any changes in clonogenic survival (%) 
was dependent on certain patient characteristics. Th ere were 8 and 4 
patients clinically diagnosed with cancer stage III and IV, respectively. 
All values are mean  $  SEM for  n    #      24 and  n    #      12 for cancer stage III 
and IV, respectively.  
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  Figure 7.     Shown above is the HPV-G reporters ’  clonogenic survival 
(%) after being exposed to explant conditioned medium with samples 
taken before the fi rst fraction and immediately after the fi nal fraction 
of brachytherapy. Six patients had triplicate fl ask set-up for each 
treatment. All values are mean  $  SEM of  n    #      18.  
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 Side-eff ects in radiotherapy regimes are primarily attrib-
uted to diff erent patients having inherently unique radiosen-
sitivities (Twardella and Chang-Claude 2002). One of the fi rst 
promising studies assessing the RIBE and cancer patients ’  
intrinsic radiosensitivities from blood samples was pub-
lished by Howe et   al. (2009). In this study, it was shown that 
lymphocyte cultures, taken from colorectal cancer patients, 
had a signifi cant increase in radiosensitivity and its ability 
to produce bystander signals compared to cancer-free con-
trols. Other studies detected bystander and radioprotective 
factors in the blood serum of Chernobyl accident survivors 
(Marozik et   al. 2007) and cancer patients undergoing various 
fractions of radiotherapy (Seymour and Mothersill 2006), 
respectively. 

 Bystander signalling has been suggested to be associated 
with the activation of macrophages in mice (Lorimore et   al. 
2001). Recently researchers have shown that radiation stimu-
lates the innate immune function (Manda et   al. 2012, Multhoff  
and Radons 2012, R ö del et   al. 2012, Mothersill 2013). With such 
high doses being prescribed at each fraction, further investi-
gation with a macrophage Superoxide Dismutase (SOD) assay 
revealing innate immune function may be benefi cial to test in 
future work (Johnston et   al. 1978, Fukasawa et   al. 1988). Th e 
superoxide anion (0 2  - ) is a short-lived free radical that plays 
an essential role in immune responses (Johnston et   al. 1978). 
Such a radical is commonly released from macrophages. 
Macrophages collected from blood and cultured using regu-
lar cell culture techniques would be one way of investigating 
whether this response is a systematic immune response. 
A more mechanistic approach to elucidate other cellular 
activities would be to assess reactive oxygen species (ROS) 
activity in the bystander cells by using the 2 ′ ,7 ′ -Dichlorofl uo-
rescein (DCF) fl uorescent probe (O ’ Dowd et   al. 2006). Th is 
marker for ROS can be loaded into the human keratinocytes 
cells after exposure to medium supplemented with 10% blood 
serum taken from cancer patients undergoing brachytherapy. 
Past work has found that increased levels of fl uorescence has 
been highly correlated with higher levels of ROS in bystander 
cells (O ’ Dowd et   al. 2006). 

 From our experiments, the urine-based colony-forming 
assays showed substantial inter-patient variability relative 
to the blood based assay results. Th e urine-based assay had 
proved to be unreliable and was deemed unsuitable for fur-
ther clinical work due to the large variation observed amongst 
patients and treatment fractions. However, the blood based 
assay had much less variability and revealed interesting fi nd-
ings that provides further insight on the previously published 
work (Seymour and Mothersill 2006, Marozik et   al. 2007). 
Unlike previous in vitro work resulting in a lower ability to 
produce bystander signal(s) when tissue samples were har-
vested from males with a pre-existing malignancy (Mothersill 
et   al. 2002), the present clinical study had no such infl uence 
on signal production for gender. Furthermore cancer staging 
had no observable infl uence on the growth of non-irradiated 
reporters in cancer patients undergoing brachytherapy for 
the urine samples, but there was a signifi cant eff ect observed 
for cancer staging for blood serum data only. Th ese inconsis-
tent results are most likely attributed to the small sample size 
and would need to be assessed further with a larger sample. 

 Tissue explant based colony-forming assay 
 For the biopsy samples, tissues taken at baseline had a lower 
survival by 6.00% compared to samples taken immediately 
following the fi nal treatment of brachytherapy ( p     !    0.05). 
Th ese results reveal no indication of tissue explants generat-
ing bystander signals following brachytherapy.    

 Discussion 

 Th e primary objective of this study is to determine whether 
blood, urine, and tissue explant-based colony forming assays 
can be used to trace levels of bystander or protective signals 
being generated following brachytherapy treatments. A few 
patient characteristics were assessed to determine whether 
these factors might be infl uencing cell communicating sig-
nals and aff ecting the growth of non-irradiated cells. 

 Although the data is limited, the fi ndings may suggest 
that cancer patients undergoing fractionated brachytherapy 
induced a radioresistance response for cells or tissues in close 
proximity to the irradiated tumor volume after undergoing 
treatment 3 compared to baseline samples. Such a response 
was observed in bystander cells exposed to blood sera and 
urine samples taken from esophageal cancer patients irradi-
ated in vivo. Urine sample results had a similar trend as the 
blood serum data, although, these samples did not have a 
signifi cant increase in cell survival when taken immediately 
after fraction 3. Instead, urine samples taken before fraction 
3 had a signifi cant increase in the reporters cell survival com-
pared to post-treatment samples taken after the fi rst fraction 
of brachytherapy. 

 In the literature, there is a considerable amount of 
research on cellular radioresistance responses performed 
in vitro (Th omas et   al. 2013) ,  once cells have been exposed 
to small acute doses or low acute dose-rates, initiating pro-
tective responses or enhanced repair processes. However, 
the induced radioresistance response is commonly trig-
gered with doses below 1 Gy and dose-rates ranging from 
0.18 – 2.43 Gy/min (Th omas et   al. 2013). In the present study, 
irradiations occurred in vivo with a prescribed dose to the 
esophageal lumen of 600 cGy per HDR fraction and the aver-
age dose-rates per fraction were    !    50 Gy/h. Our fi ndings 
are suggesting an induced radioresistance response after 
subsequent treatment fractions. However, a characteristic of 
this phenomenon is that low doses below 1 Gy are required 
during in vitro irradiations. One possible explanation for the 
eff ect being triggered late into brachytherapy regimes with 
substantially higher doses and dose-rates, would be that cir-
culating blood cells fl owing through the tumor volume may 
have been directly irradiated with signifi cantly lower doses 
of gamma radiation than the tumor itself. However, there is 
also a possibility that blood cells fl owing nearby the tumor 
spend signifi cantly less time in the radiation fi eld and may 
have not been directly irradiated, rather the eff ect may be a 
systemic immune response (Mothersill and Seymour 2004). 
Th e response observed in the non-irradiated cells, incubated 
with supernatants of blood serum during the fi nal fraction of 
brachytherapy, are presumably initiated as a result of neigh-
boring cells receiving comparable doses to in vitro radiation 
studies. 
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a predictive assay for assessing radiation side-eff ects or treat-
ment outcome. A follow-up study has been undertaken with 
a target sample size of 115 cancer patients and 15 healthy 
patients with a power (1- β ) set at 0.95 and statistical signifi -
cance level set to 0.05. Th is work will provide further insight 
on whether non-targeted radiation eff ects have relevance in 
HDR brachytherapy.                      
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Figure 3.1. As illustrated in graph 3.1(a) the relationship between total treatment time in seconds and tumour length treated in
centimeters were assessed. Also, the relationship between dose-rate (Gy/h) and tumour length treated in centimeters are outlined in
graph 3.1(b). These regression models are suggesting that nearly 27% of the dose-rate variability can be explained by the size of the
tumour, as patients with larger tumours require a longer treatment time that ultimately effects the dose-rate. Therefore, the tumour
length variable partly explains the dose-rate variability observed across each fraction of brachytherapy, since the irradiated length
varied from one fraction to the next. Other factors that could explain the dose-rate variability are dependent on the iridum-192
source decay and source renewal. The data shown above were combined from fractions 1, 2, and 3 of brachytherapy.
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Table 3.1. A comparison between HDR brachytherapy fractions cloning efficiency (%) for HPV-G
exposed to blood sera

Brachytherapy fraction comparison Mean cloning efficiency (%) Unadjusted p-value Bonferroni adjusted p-value

Baseline versus fraction 1 post-treatment 29.8 ± 2.3 versus 37.0 ± 2.0 0.047 0.705
Baseline versus fraction 2 pre-treatment 29.8 ± 2.3 versus 35.4 ± 2.7 0.114 1.000
Baseline versus fraction 2 post-treatment 29.8 ± 2.3 versus 38.4 ± 2.9 0.014 0.21
Baseline versus fraction 3 pre-treatment 29.8 ± 2.3 versus 38.5 ± 2.6 0.004 0.06
Baseline versus fraction 3 post-treatment 29.8 ± 2.3 versus 42.4 ± 3.0 <0.0001 <0.001**
Fraction 1 post-treatment versus fraction 2 pre-treatment 37.0 ± 2.0 versus 35.4 ± 2.7 0.610 1.000
Fraction 1 post-treatment versus fraction 2 post-treatment 37.0 ± 2.0 versus 38.4 ± 2.9 0.469 1.000
Fraction 1 post-treatment versus fraction 3 pre-treatment 37.0 ± 2.0 versus 38.5 ± 2.6 0.589 1.000
Fraction 1 post-treatment versus fraction 3 post-treatment 37.0 ± 2.0 versus 42.4 ± 3.0 0.053 0.795
Fraction 2 pre-treatment versus fraction 2 post-treatment 35.4 ± 2.7 versus 38.4 ± 2.9 0.034 0.510
Fraction 2 pre-treatment versus fraction 3 pre-treatment 35.4 ± 2.7 versus 38.5 ± 2.6 0.253 1.000
Fraction 2 pre-treatment versus fraction 3 post-treatment 35.4 ± 2.7 versus 42.4 ± 3.0 0.009 0.135
Fraction 2 post-treatment versus fraction 3 pre-treatment 38.4 ± 2.9 versus 38.5 ± 2.6 0.841 1.000
Fraction 2 post-treatment versus fraction 3 post-treatment 38.4 ± 2.9 versus 42.4 ± 3.0 0.065 0.975
Fraction 3 pre-treatment versus fraction 3 post-treatment 38.5 ± 2.6 versus 42.4 ± 3.0 0.038 0.570

Table 3.2. A comparison between HDR brachytherapy fractions cell survival (%) for HPV-G
exposed to diluted urine

Brachytherapy fraction comparison Mean cell survival (%) Unadjusted p-value Bonferroni adjusted p-value

Baseline versus fraction 1 post-treatment 40.6 ± 6.2 versus 34.0 ± 2.8 0.836 1.000
Baseline versus fraction 2 pre-treatment 40.6 ± 6.2 versus 52.4 ± 6.3 0.060 0.900
Baseline versus fraction 2 post-treatment 40.6 ± 6.2 versus 42.9 ± 5.4 0.280 1.000
Baseline versus fraction 3 pre-treatment 40.6 ± 6.2 versus 59.3 ± 4.8 0.028 0.420
Baseline versus fraction 3 post-treatment 40.6 ± 6.2 versus 52.7 ± 4.4 0.121 1.000
Fraction 1 post-treatment versus fraction 2 pre-treatment 34.0 ± 2.8 versus 52.4 ± 6.3 0.019 0.285
Fraction 1 post-treatment versus fraction 2 post-treatment 34.0 ± 2.8 versus 42.9 ± 5.4 0.049 0.735
Fraction 1 post-treatment versus fraction 3 pre-treatment 34.0 ± 2.8 versus 59.3 ± 4.8 0.003 0.045*
Fraction 1 post-treatment versus fraction 3 post-treatment 34.0 ± 2.8 versus 52.7 ± 4.4 0.012 0.180
Fraction 2 pre-treatment versus fraction 2 post-treatment 52.4 ± 6.2 versus 42.9 ± 5.4 0.048 0.720
Fraction 2 pre-treatment versus fraction 3 pre-treatment 52.4 ± 6.2 versus 59.3 ± 4.8 0.290 1.000
Fraction 2 pre-treatment versus fraction 3 post-treatment 52.4 ± 6.2 versus 52.7 ± 4.4 0.713 1.000
Fraction 2 post-treatment versus fraction 3 pre-treatment 42.9 ± 5.4 versus 59.3 ± 4.8 0.004 0.06
Fraction 2 post-treatment versus fraction 3 post-treatment 42.9 ± 5.4 versus 52.7 ± 4.4 0.106 1.000
Fraction 3 pre-treatment versus fraction 3 post-treatment 59.3 ± 4.8 versus 52.7 ± 4.4 0.780 1.000
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a b s t r a c t

The relevance of radiation-induced bystander effects in humans is unclear. Much of the existing data
relate to cell lines but the effect of bystander signals in complex human tissues is unclear. A phase II
clinical study was untaken, where blood sera from 60 patients along with 15 cancer-free volunteers were
used to detect whether measurable bystander factor(s) could be found in the blood following high dose
rate (HDR) brachytherapy. Overall, there was no significant change in bystander signal production
(measured in a human keratinocyte reporter system) before and after one treatment fraction of HDR
brachytherapy ( >p 0.05). Further assessment of patient characteristics and environmental modifiable
factors including smoking were also analyzed. Similar to previously published data, samples taken from
smokers produced weaker signals compared to non-smokers ( <p 0.05). Although the number of non-
smoking subjects was low, there was a clear decrease in cloning efficiency observed in keratinocyte
cultures for these patients that requires further study. This study found that samples taken from smokers
do not produce bystander signals, whereas samples taken from non-smokers can produce such signals
following HDR brachytherapy. These findings highlight the importance of studying the interactions of
multiple stressors including environmental modifiers with radiation, since some factors such as smoking
may elicit protection in tumor cells which could counteract the effectiveness of radiation therapy.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

Bystander effects have been readily assessed and documented
within a number of cell lines (Lyng et al., 2000; Mothersill and
Seymour, 1997; Prise et al., 1998; Seymour and Mothersill, 2000),
however, this is not the case for humans (Prise and O’Sullivan,
2009). The relevance or implications of bystander effects in ra-
diation carcinogenesis or radiotherapy are not fully understood.
Further work is necessary to determine the carcinogenic risk to
normal tissues, and tissues close to radiation fields along with
elucidating whether the release of bystander factor(s) can be used
to protect against radiation carcinogenesis or to enhance treat-
ment planning options in radiotherapy (Boyd et al., 2008; Butter-
worth et al., 2013; Prise and O’Sullivan, 2009). Epidemiological
studies, utilizing cancer registries, have found elevated secondary
cancer risks in cancer survivors previously exposed to radio-
therapy (Morton et al., 2014; Birgisson et al., 2005; Tubiana, 2009).

More than 50% of cancers developed throughout a lifetime will
require the patient to undergo some form of radiotherapy for
curative or palliative treatment (Randal, 2000). It is imperative to
explore whether bystander signal(s) can be detected in human
samples following radiotherapy since it may shed further insights
we are not yet aware of during treatment planning or as a pre-
ventive for adverse effects in healthy tissues.

This study is an extension of previously published work per-
formed on 15 esophageal carcinoma patients undergoing high
dose rate (HDR) brachytherapy (Pinho et al., 2015). In the pilot
study, blood serum samples were harvested from patients and
substituted in lieu of fetal bovine serum (FBS) in culture. Signals
secreted into the medium from the blood sera were tested for
strength by exposing them to a reporter cell line or well estab-
lished reporter assay (Pinho et al., 2015). In this assay a decrease in
colony forming ability in the reporters means a strong bystander
signal and no effect or increased cloning efficiency means an
growth stimulating, absent or weaker signal. Our pilot study re-
vealed an insignificant increase in cell survival immediately fol-
lowing the first fraction of treatment, suggesting that a growth
stimulating signal might be present but the results did not reach
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statistical significance due to sample variation. Based upon our
pilot work, we hypothesized that an increase in reporter cloning
efficiency will occur immediately following the first fraction of
brachytherapy (Pinho et al., 2015). Similar to the one-year pilot
study, patient characteristics such as gender were assessed to
determine whether these factors can lead to variations in the
production of bystander signal(s) following exposure to HDR
brachytherapy. In addition to gender, the smoking status of eso-
phageal carcinoma patients were also assessed before and after
treatment.

Our motivation for assessing certain patient characteristics
stems from studies reporting individual variations in urothelium
tissues irradiated ex vivo (Mothersill et al., 2001). Furthermore,
bystander signal(s) seem to have a dependence on gender and
smoking in normal urothelium tissue samples extracted from
healthy patients. Samples taken from females, who were non-
smokers, had a significant decrease in survival compared to tissues
harvested from males that smoked (Mothersill et al., 2001) sug-
gesting that gender and smoking status are important factors in
determining human tissue response to radiation exposure. In
contrast to human females being more likely to produce strong
anti-growth bystander signals, male mice have been shown to
emit stronger bystander signal(s) in comparison to females (Ko-
turbash et al., 2008). Smoking is a risk factor that has been linked
to the development of bladder and oral cancers. A by-product of
tobacco and known carcinogen, nitrosamines, is often excreted in
the urine (Lyng et al., 1995). A significant growth effect was ob-
served in urothelial cultures exposed to nitrosamines. Removal of
the carcinogen caused the explant proliferation to return to the
control level indicating that constant exposure is necessary for the
response. Ultimately smoking can result in pre-neoplastic changes
in urothelium cells. Earlier work by Colucci et al. reported a sub-
stantially higher expression of p53 and exon mobility-shifts in
normal oral mucosa cells taken from smokers compared to non-
smokers. This work suggested that p53 mutations may be an early
occurrence in oral cancer development (Colucci et al., 1997).

Individual variation in bystander signal production has not only
been related to environmental factors, but also to genetic factors
(Mothersill et al., 2005). For example, past work with C57BL/6
mice and CBA/Ca mice revealed that only the C57BL/6 mice have
the ability to produce bystander signals due to certain genetic
factors that influence pro-apoptotic and anti-apoptotic proteins
(Mothersill et al., 2005) linked to immune system function (Lor-
imore et al., 2013). All of these studies above have shown that
multicellular systems can be influenced by certain individual
characteristics. In the present study, the influence of gender and
smoking status on bystander signal(s) were investigated in cancer
patients while undergoing HDR brachytherapy.

2. Methods

2.1. Sample design

This study is an extension of a recently published one-year pilot
study performed in 2011 (Pinho et al., 2015). In the phase II study
reported here, all patients were either clinically diagnosed with
esophageal adenocarcinoma (EA) or squamous cell carcinoma
(ESCC). Blood samples were collected from 60 cancers before and
after a single fraction of brachytherapy from January 2014 to 2015.
In the present study, 49 males and 11 females, with a mean age of
70.3 years (age range, 49–90 years) participated in the study. Out
of the 60 patients, 2 patients were excluded from the analysis as
they were clinically diagnosed with neuroendocrine carcinoma.
Similar to the pilot study, the majority of patients were males
(81.7%) diagnosed with esophageal adenocarcinoma (EA). Roughly

40.0% of the patients had stage III cancer and 31.7% had stage IV
cancer, refer to Table 1 for patient characteristics and demo-
graphics. Blood samples were also collected from 15 cancer-free
volunteers with a mean age of 43.7 years (age range, 26–60 years).
All participants gave informed consent, and ethics approval was
obtained from the Hamilton Health Sciences Faculty of Health
Sciences (HHS/FHS) research ethics board (REB # 06-193). Patients
undergoing other forms of radiotherapy and/or chemotherapy
prior and during HDR brachytherapy were not eligible to partici-
pate in this study. Patients received either 600 cGy per HDR frac-
tion or 800 cGy prescribed 1 cm from the source axis to the eso-
phageal planning volume with a remote afterloading HDR unit
(Varisource HDR, Nucletron, Varian International, USA). The dose
rate ranged anywhere between 26.9 Gy/h and 111.9 Gy/h. Further
details on eligibility criterion have been described in a small pilot
study published elsewhere (Pinho et al., 2012, 2015).

2.2. Blood serum extraction

The blood samples were taken and put into Vacutainers for
serum extraction (BD Vacutainers, Fisher Scientific, Ottawa, ON,
Canada), centrifuged at 2000 rpm for 10 min, and the serum was
frozen and stored at !70 °C before use. The serum was filtered
through Nalgene μ0.22 m filters in order to remove all residual cell
components of the blood.

2.3. Reporter cell line

An immortal human keratinocyte cell line called HaCaT was
kindly received from Dr. Orla Howe from the Dublin Institute of
Technology (DIT). These cells were used as a reporter cell line for
this clinical study since they have been documented to produce a
strong bystander response to irradiated cell conditioned medium
(ICCM) or medium from irradiated fish tissue explants (Mothersill
and Seymour, 1998; Ryan et al., 2008; Furlong et al., 2013, 2015).

Table 1
Patient demographics and clinical characteristics.

Patient characteristics No. of patients (n¼60)

Mean age in years (SD) 70.3 (10.6)
Gender N(%)

Male 49 (81.7%)
Female 11 (18.3%)

Type of cancer N(%)
SCC 4 (6.7%)
EA 50 (83.3%)
Not reported 4 (6.7%)

Cancer staging N(%)
Stage I 1 (1.7%)
Stage II 9 (15.0%)
Stage III 24 (40.0%)
Stage IV 19 (31.7%)
Not reported 7 (11.7 %)

Tumor location N(%)
GEJ 13 (21.7%)
Mid/Upper esophagus 10 (16.7%)
Above GEJ 33 (55.0%)
Not reported 4 (6.7 %)

Metastases N(%)
Yes 34 (56.7%)
No 21 (35.0%)
Not determined 5 (8.3%)

Smoking status N(%)
Active smoker 10 (16.7%)
History of smoking 26 (43.3%)
Non-smoker 12 (20.0%)
Not reported 12 (20.0%)

Mean dose rate (Gy/h) (SD)
Fraction 1 62.1 (21.4)
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The complete growth medium used for routine maintenance and
colony-forming assays was RPMI-1640 with 10% foetal bovine
serum (FBS) (Invitrogen, Burlington, ON, Canada), 100 U/ml peni-
cillin and μ100 g/ml streptomycin (Gibco, Burlington, ON, Canada),
2 mM L-Glutamine (Gibco, Burlington, ON, Canada), μ0.5 g/ml of
hydrocortisone (Sigma-Aldrich, Oakville, ON), and 15 mM of
Hepes. All experiments were performed in a class II biosafety ca-
binet at McMaster University. Routine subculturing was performed
on cell stocks reaching 80–100% confluency by using a 1:1 solution
of 0.25% trypsin and 1 mM EDTA at 37 °C for 8 min. Cell stocks
were grown in 75 cm2

flasks (T-75) filled with 30 ml of supple-
mented growth medium. Cell stocks and colony-forming experi-
ments were incubated at 37 °C and 5% carbon dioxide in air.

2.4. Clonogenic reporter assay

Human keratinocyte reporters were seeded at 200 cells per
well containing 3 ml of complete growth medium. The RPMI
contained a final concentration of 100 U/ml penicillin and

μ100 g/ml streptomycin (Gibco, Burlington, ON, Canada), 2 mM L-
Glutamine (Gibco, Burlington, ON, Canada), μ0.5 g/ml of hydro-
cortisone (Sigma-Aldrich, Oakville, ON, Canada), and 15 mM of
Hepes. The FBS typically used in growth medium was substituted
with 10% blood serum (0.3 mL per 3 mL of culture medium) col-
lected before and after treatments. Treatments and blood sera
extraction were performed at the Juravinski Cancer Centre. All
frozen samples were then transported to McMaster University. The
serum was added to medium and then transferred to reporter
flasks. Reporters were incubated at 37 °C with 5% CO2 in air for 10–
14 days, and then stained and colonies with ≥50 cells were scored
using the standard Puck and Marcus assay (Puck and Marcus,
1956).

2.5. Dysphagia scores

Roughly 90% of advanced esophageal cancer cases have an
obstruction of their esophageal lumen (Perez and Brady, 2011).
This obstruction leads to dysphagia, which is defined as a difficulty
or pain when swallowing. There are varying degrees of dysphagia
that can be quantified by using the scale developed by Mellow and
Pinkas in 1985 (Mellow and Pinkas, 1985). The dysphagia score
criteria used when assessing patients at their initial consult and at
the end of their brachytherapy regimen are scored 0–4. Patients
with no dysphagia symptoms are assigned a score of 0 since they
have the ability to eat a normal diet. Patients with moderate
dysphagia are assigned a score of 1 since they have the ability to
eat some solid foods. A dysphagia score of 2 and 3 were assigned
to patients presenting with poor passage of semi-solid foods and
severe dysphagia where liquids can only be swallowed, respec-
tively. Patients presenting with the inability to eat solid foods and
swallow liquids at all received a score of 4.

2.6. Statistical analysis

Sixty patients consented to giving two blood samples, a base-
line sample and another immediately following brachytherapy. All
samples were set-up in triplicate. Normality and equal variances
conditions required for a parametric statistical analysis were not
fulfilled. Significance was determined by using a non-parametric
Wilcoxon signed rank tests for paired data (blood samples taken
before and after brachytherapy). Significance was also determined
by using a Mann–Whitney U test for independent data (healthy
controls versus cancer control samples, smoker versus non-smo-
ker and male versus female groups). All p-values less than 0.05
were considered statistically significant.

3. Results

As illustrated in Fig. 1, cancer patients' baseline samples, taken
prior to any irradiation exposure, had a statistically significant
decrease in cloning efficiency compared to cancer-free control
samples. Tumor bearing individuals appear to have cytotoxic so-
luble factors via the blood not seen in normal healthy individuals
( <p 0.05). There were no observable treatment effects found in 60
esophageal cancer patients blood serum harvested after a single
exposure of brachytherapy, since all reporter cells had an insig-
nificant change between samples taken before and after treatment
( >p 0.05). When comparing before and after treatment effects for
gender, there was no significant influence of irradiation on signal
production in either males or females ( >p 0.05), refer to Table 2.

In contrast to gender, smoking status showed a significant
change in the reporter assay, refer to Table 2 and Fig. 2. In this
figure, there is a highly significant decrease in cloning efficiency
percentage in samples taken from non-smokers after brachyther-
apy compared to baseline samples ( <p 0.001). In Table 2, the data
show that smokers (both history of smoking and active smokers)
have a smaller decrease in cloning efficiency compared to non-
smokers. In fact, the blood sera from smokers had an increase in
cloning efficiency whereas non-smokers had a further reduction in
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Fig. 1. Illustrated in the graph are the colony-forming ability of HaCaT reporters (%)
after exposure to control samples of blood serum taken from cancer patients and
cancer-free volunteers. 58 patients and 15 volunteers had three well-plates set-up
per sample. All values are mean7SEM for cancer controls n¼174 and healthy
controls n¼45. * indicates a p-value less than 0.05.

Table 2
Smoking status and gender differences influence on the cloning efficiency (%) for
keratinocytes exposed to samples irradiated during brachytherapy.

Patient characteristics
comparison

Mean cloning efficiency
(%) after brachytherapy

No. of
patients

p-value

Total males versus total
females

38.771.4 versus
45.472.6

48 versus
10

0.663

Smokers versus non-
smokers

40.771.8 versus
35.272.2

36 versus
12

0.02n

Male smokers versus male
non-smokers

39.171.8 versus 33.373.7 33 versus 7 0.129

Female smokers versus fe-
male non-smokers

55.276.6 versus 37.771.2 3 versus 5 0.128

Active smoker versus non-
smokers

43.973.1 versus
35.272.2

10 versus
12

0.017n

History of smoking versus
non-smokers

39.472.1 versus
35.272.2

26 versus
12

0.051

n p-values less than 0.05 were considered significant.
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cloning efficiency following brachytherapy (p¼0.02). When ana-
lyzing the effect separately for gender, both male and female
smokers had a higher cloning efficiency in comparison to male and
female non-smokers. However, this trend was not statistically
significant ( >p 0.05). There is a significant difference in cloning
efficiency percentage when comparing non-smokers to actively
smoking patients undergoing HDR brachytherapy (p¼0.017), refer
to Table 2. Furthermore, patients with a history of smoking versus
non-smokers showed a similar but less significant change in
cloning efficiency (p¼0.051), refer to Table 2.

In Fig. 3, this graph clearly highlights that HDR brachytherapy
significantly improves the patients' dysphagia scores for all pa-
tients ( <p 0.001) regardless of their smoking status. However, it
should be noted that there seems to be an insignificant trend that
non-smokers have more of an improvement in dysphagia scores at
the end of treatment compared to actively smoking individuals
and patients with a history of smoking. Non-smokers showed a

13% greater improvement in dysphagia scores compared to active
smokers. Furthermore, these individuals can be ranked in the
following order regarding their ability to improve after HDR bra-
chytherapy: non-smokers (1.21 70.13) >history of smoking (1.11
70.10) >active smokers (1.07 70.14). These improvements in
dysphagia scores would be equivalent to less obstruction of the
esophageal lumen by the tumor mass. The dysphagia score
variability is displayed in Fig. 4 at initial consult and at the end of
the HDR brachytherapy regimen. The cloning efficiency of human
keratinocytes treated with blood serum harvested before and after
treatments were assessed with respect to the patients' smoking
status and treatment outcome (dysphagia scores) to explore
whether smoking limits the effectiveness of HDR brachytherapy,
refer to Fig. 4. Fig. 4 shows the variability in dysphagia scores at
the start and end of treatment. These graphs show that blood sera
harvested from active smokers have higher cloning efficiency and
less improvement in dysphagia scores compared to non-smokers.
Non-smokers had a dysphagia score of 2 or less after brachyther-
apy whereas smokers had 3 or less. Furthermore, the arrowhead in
Fig. 4(b) highlights a group of active smokers producing increases
in cloning efficiency in non-irradiated cells exposed to blood sera
post-treatment and also have a poor dysphagia score after
treatment.

4. Discussion

The primary objective of this ongoing study was to look at the
production of radiation induced bystander signals in humans by
developing a blood based assay. The study groups used were
radiotherapy patients and volunteer controls but the assay may
have wider applicability in the human population exposed in ac-
cident situations. The reason is that bystander signals are pro-
duced as a response to low as well as high dose exposure to ra-
diation and are also modulated by factors such as other stressors
or heavy metals (Wahab et al., 2008). In the present paper, the
data shows that smoking status can modulate these bystander
responses. While we are not sure yet whether producing by-
stander signals is a beneficial or adverse effect, it could be a useful
“yes/no” indicator of radiation exposure or response, in the same
way that the presence of clastogenic factors in the blood can
persist in the A-bomb survivors and atomic veterans (Mothersill

Fig. 2. Blood serum harvested before and after HDR brachytherapy were assessed with respect to the patients smoking status to explore whether any changes in cloning
efficiency (%) were dependent on this particular environmental modifier. The cloning efficiency of human keratinocytes treated with blood serum harvested from smokers
(a) and non-smokers (b) before and after treatments are illustrated above. All patients had three measurements set-up per sample, n¼82 for smokers and n¼21 for non-
smokers. All values are mean7SEM. ** indicates significance at a p-value <0.001.

Fig. 3. Illustrated in the graph are the mean dysphagia scores assigned to each
patient at their initial consult and at the end of their treatment regimen. These
were assessed with respect to the patients' smoking status to explore whether
smoking limits the effectiveness of HDR brachytherapy. All patients had three
measurements set-up per sample, n¼73 for history of smoking, n¼27 for active
smokers, and n¼36 for non-smokers. All values are mean 7SEM. ** indicates
significance at a p-value <0.001.
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and Seymour, 2001). The advantage of a blood based assay is that
it is fast and minimally invasive.

As was found in the pilot work (Pinho et al., 2015), gender did
not show significant differences in overall response of the reporter
cells to the sera from irradiated individuals. There were no sig-
nificant survival changes observed in the human keratinocytes
when exposed to samples harvested from all 60 esophageal cancer
patients following irradiation. It is plausible that the brachyther-
apy treatment was incapable of increasing the bystander signal
overall in all patients, as it was already elevated/saturated by some
stress-related factor associated with the cancer itself. However,
smoking status appears to be an important modifiable environ-
mental factor that may influence the production of bystander
signal(s) following irradiation. Blood sera samples taken from
smokers had a higher survival in the reporter assay than samples
taken from non-smokers immediately after brachytherapy. Mod-
ern carcinogenesis theory suggests that cancer is a metabolic
disease and involves changes in the cellular microenvironment
which permits a cancer to develop (Delitto et al., 2015; Wang et al.,
2015; Jin et al., 2014; Jȩdrzejas et al., 2012; Schuller, 2009; Rubin,
2002). Thus, smoking would be one factor contributing to a sup-
portive microenvironment for the disease to develop and has been
shown in these cohort of patients to be unable to produce by-
stander signals.

Cigarette smoking is one of the main risk factors for esophageal
carcinoma (Reid et al., 2010), which is a malignancy that is ex-
pected to affect 1,855,270 new patients in the United States and
Canada collectively this year (Canadian Cancer Statistics Advisory,
2015; American Cancer Society, 2015). Very little emphasis has
been placed on smoking cessation while patients undergo treat-
ments, since it is believed to have little to no effect on the overall
treatment outcome. However, several studies are suggesting that
smoking may limit the effectiveness of chemotherapy (Dresler,
2003) and radiation therapy (Chen et al., 2011; Fortin et al., 2009;
Browman et al., 1993). Other work has shown that smoking can
increase the risk of mortality in esophageal, pharynx, larynx, and
lung cancer (Doll et al., 1994). Furthermore, unfavorable survival
rates were observed in head and neck cancer patients that smoked

during radiation therapy compared to non-smokers (Chen et al.,
2011). Smoking is also a known carcinogen affecting other tissues
and not only the lung (Siana et al., 1989; Mayfield et al., 1998;
Knight-Lozano et al., 2002; Lyng et al., 1995; Brennan et al., 1995;
Sopori, 2002; Chao et al., 2000) although the mechanisms by
which the systemic effects are produced is not clear.

Interestingly, urothelium biopsy samples harvested from smo-
kers has been previously shown to influence bystander signal
production in ex vivo experiments using tissue culture to study
bystander effects (Mothersill et al., 2001). Bystander cells exposed
to tissue samples harvested from smokers had a smaller reduction
in cloning efficiency following irradiation than samples taken from
non-smokers. Similar findings have been reported in this current
study in esophageal cancer patients. Non-smokers had a statisti-
cally significant reduction in cloning efficiency compared to smo-
kers following HDR brachytherapy. Moreover, other researchers
have reported smoking to induce tumor radioresistance (Nords-
mark et al., 2005; Overgaard, 2011), which is a common char-
acteristic of esophageal cancer. One possible explanation for
smoking induced tumor radioresistance would be that smoking
has been shown to facilitate the formation of carboxyhemoglobin,
which increases hypoxia levels (Lawther and Commins, 1970).
Essentially the binding of carbon monoxide to hemoglobin pro-
duces carboxyhemoglobin, which ultimately has a substantially
higher affinity than oxygen to hemoglobin. Smokers were reported
to have roughly a 20% increase in the carboxyhemoglobin levels in
comparison to non-smokers (Siemann et al., 1978). A prospective
study by Hoff et al. investigated the ability of hemoglobin levels to
predict hypoxia-induced radioresistance in head and neck cancer
patients (Hoff et al., 2012). The authors found elevated levels of
carboxyhemoglobin in head and neck cancer patients, which ef-
fectively diminished the oxygen supply in tumors. Other re-
searchers found a tobacco-derived carcinogen, nitrosamines, with
the ability to stimulate significant growth in urothelial cultures
when present (Lyng et al., 1995).

Other researchers investigating head and neck cancer patients'
undergoing radiotherapy have reported smoking-induced radio-
resistance from hypoxia by inhalation of carbon monoxide, which

Fig. 4. The cloning efficiency of human keratinocytes treated with blood serum harvested before (a) and after (b) HDR brachytherapy were assessed with respect to the
patients' smoking status and treatment outcome (dysphagia scores) to explore whether smoking limits the effectiveness of HDR brachytherapy. The arrowhead highlights a
group of active smokers with an increase in cloning efficiency in non-irradiated cells and producing a poor dysphagia score after treatment. All patients had three mea-
surements set-up per sample, n¼73 for history of smoking, n¼27 for active smokers, and n¼36 for non-smokers.
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As was found in the pilot work (Pinho et al., 2015), gender did
not show significant differences in overall response of the reporter
cells to the sera from irradiated individuals. There were no sig-
nificant survival changes observed in the human keratinocytes
when exposed to samples harvested from all 60 esophageal cancer
patients following irradiation. It is plausible that the brachyther-
apy treatment was incapable of increasing the bystander signal
overall in all patients, as it was already elevated/saturated by some
stress-related factor associated with the cancer itself. However,
smoking status appears to be an important modifiable environ-
mental factor that may influence the production of bystander
signal(s) following irradiation. Blood sera samples taken from
smokers had a higher survival in the reporter assay than samples
taken from non-smokers immediately after brachytherapy. Mod-
ern carcinogenesis theory suggests that cancer is a metabolic
disease and involves changes in the cellular microenvironment
which permits a cancer to develop (Delitto et al., 2015; Wang et al.,
2015; Jin et al., 2014; Jȩdrzejas et al., 2012; Schuller, 2009; Rubin,
2002). Thus, smoking would be one factor contributing to a sup-
portive microenvironment for the disease to develop and has been
shown in these cohort of patients to be unable to produce by-
stander signals.

Cigarette smoking is one of the main risk factors for esophageal
carcinoma (Reid et al., 2010), which is a malignancy that is ex-
pected to affect 1,855,270 new patients in the United States and
Canada collectively this year (Canadian Cancer Statistics Advisory,
2015; American Cancer Society, 2015). Very little emphasis has
been placed on smoking cessation while patients undergo treat-
ments, since it is believed to have little to no effect on the overall
treatment outcome. However, several studies are suggesting that
smoking may limit the effectiveness of chemotherapy (Dresler,
2003) and radiation therapy (Chen et al., 2011; Fortin et al., 2009;
Browman et al., 1993). Other work has shown that smoking can
increase the risk of mortality in esophageal, pharynx, larynx, and
lung cancer (Doll et al., 1994). Furthermore, unfavorable survival
rates were observed in head and neck cancer patients that smoked

during radiation therapy compared to non-smokers (Chen et al.,
2011). Smoking is also a known carcinogen affecting other tissues
and not only the lung (Siana et al., 1989; Mayfield et al., 1998;
Knight-Lozano et al., 2002; Lyng et al., 1995; Brennan et al., 1995;
Sopori, 2002; Chao et al., 2000) although the mechanisms by
which the systemic effects are produced is not clear.

Interestingly, urothelium biopsy samples harvested from smo-
kers has been previously shown to influence bystander signal
production in ex vivo experiments using tissue culture to study
bystander effects (Mothersill et al., 2001). Bystander cells exposed
to tissue samples harvested from smokers had a smaller reduction
in cloning efficiency following irradiation than samples taken from
non-smokers. Similar findings have been reported in this current
study in esophageal cancer patients. Non-smokers had a statisti-
cally significant reduction in cloning efficiency compared to smo-
kers following HDR brachytherapy. Moreover, other researchers
have reported smoking to induce tumor radioresistance (Nords-
mark et al., 2005; Overgaard, 2011), which is a common char-
acteristic of esophageal cancer. One possible explanation for
smoking induced tumor radioresistance would be that smoking
has been shown to facilitate the formation of carboxyhemoglobin,
which increases hypoxia levels (Lawther and Commins, 1970).
Essentially the binding of carbon monoxide to hemoglobin pro-
duces carboxyhemoglobin, which ultimately has a substantially
higher affinity than oxygen to hemoglobin. Smokers were reported
to have roughly a 20% increase in the carboxyhemoglobin levels in
comparison to non-smokers (Siemann et al., 1978). A prospective
study by Hoff et al. investigated the ability of hemoglobin levels to
predict hypoxia-induced radioresistance in head and neck cancer
patients (Hoff et al., 2012). The authors found elevated levels of
carboxyhemoglobin in head and neck cancer patients, which ef-
fectively diminished the oxygen supply in tumors. Other re-
searchers found a tobacco-derived carcinogen, nitrosamines, with
the ability to stimulate significant growth in urothelial cultures
when present (Lyng et al., 1995).

Other researchers investigating head and neck cancer patients'
undergoing radiotherapy have reported smoking-induced radio-
resistance from hypoxia by inhalation of carbon monoxide, which

Fig. 4. The cloning efficiency of human keratinocytes treated with blood serum harvested before (a) and after (b) HDR brachytherapy were assessed with respect to the
patients' smoking status and treatment outcome (dysphagia scores) to explore whether smoking limits the effectiveness of HDR brachytherapy. The arrowhead highlights a
group of active smokers with an increase in cloning efficiency in non-irradiated cells and producing a poor dysphagia score after treatment. All patients had three mea-
surements set-up per sample, n¼73 for history of smoking, n¼27 for active smokers, and n¼36 for non-smokers.
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has a substantially higher affinity to hemoglobin than oxygen (Hoff
et al., 2012). It is possible that samples harvested from smokers
produce pro-growth signals post-irradiation because cigarette
smoking can alter the normal damage response in cells (Mothersill
and Seymour, 2006). Consequentially smoking leads to less oxygen
being released into the tissues, including tumor masses or perhaps
nearby cells. The more hypoxic a tumor or normal cell is, the less
sensitive it will be to radiation. Larger bystander effects have been
reported in radiosensitive cell lines and this seems to become
much more apparent when considering the p53 status of the cell
line (Ryan et al., 2008, 2009). Higher p53 mutations have been
reported in normal oral mucosa cells taken from smokers com-
pared to non-smokers (Colucci et al., 1997). Because a significant
response was observed while using a non-irradiated keratinocyte
cell model, future work should be tailored to determine whether
there is a link between smoking and radiation response in a wide
range of human exposure situations including environmental ex-
posures and planned low dose medical procedures. Usually ra-
diation resistance is defined as less cell death following a given
dose but when thinking about carcinogenesis less death could
mean more damaged cells available to develop pre-cancer
mutations.

In summary, this study shows that in a study of human patients
exposed to radiation, smoking status is a key determinant of
outcome. The suggested mechanism is that cigarette smoking in-
terferes with damage response pathways mediated by radiation
induced signaling pathways such as the bystander signaling me-
chanism. While the group used in this study was cancer patients, it
is likely that the mechanisms hold for non-cancer patients as
suggested by past studies by this group and others. As such,
smokers may need to be regarded as a separate group in risk as-
sessments in radiation protection. These findings highlight the
importance of studying the interactions of multiple stressors in-
cluding environmental modifiers combined with radiation.
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has a substantially higher affinity to hemoglobin than oxygen (Hoff
et al., 2012). It is possible that samples harvested from smokers
produce pro-growth signals post-irradiation because cigarette
smoking can alter the normal damage response in cells (Mothersill
and Seymour, 2006). Consequentially smoking leads to less oxygen
being released into the tissues, including tumor masses or perhaps
nearby cells. The more hypoxic a tumor or normal cell is, the less
sensitive it will be to radiation. Larger bystander effects have been
reported in radiosensitive cell lines and this seems to become
much more apparent when considering the p53 status of the cell
line (Ryan et al., 2008, 2009). Higher p53 mutations have been
reported in normal oral mucosa cells taken from smokers com-
pared to non-smokers (Colucci et al., 1997). Because a significant
response was observed while using a non-irradiated keratinocyte
cell model, future work should be tailored to determine whether
there is a link between smoking and radiation response in a wide
range of human exposure situations including environmental ex-
posures and planned low dose medical procedures. Usually ra-
diation resistance is defined as less cell death following a given
dose but when thinking about carcinogenesis less death could
mean more damaged cells available to develop pre-cancer
mutations.

In summary, this study shows that in a study of human patients
exposed to radiation, smoking status is a key determinant of
outcome. The suggested mechanism is that cigarette smoking in-
terferes with damage response pathways mediated by radiation
induced signaling pathways such as the bystander signaling me-
chanism. While the group used in this study was cancer patients, it
is likely that the mechanisms hold for non-cancer patients as
suggested by past studies by this group and others. As such,
smokers may need to be regarded as a separate group in risk as-
sessments in radiation protection. These findings highlight the
importance of studying the interactions of multiple stressors in-
cluding environmental modifiers combined with radiation.
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et al., 2012). It is possible that samples harvested from smokers
produce pro-growth signals post-irradiation because cigarette
smoking can alter the normal damage response in cells (Mothersill
and Seymour, 2006). Consequentially smoking leads to less oxygen
being released into the tissues, including tumor masses or perhaps
nearby cells. The more hypoxic a tumor or normal cell is, the less
sensitive it will be to radiation. Larger bystander effects have been
reported in radiosensitive cell lines and this seems to become
much more apparent when considering the p53 status of the cell
line (Ryan et al., 2008, 2009). Higher p53 mutations have been
reported in normal oral mucosa cells taken from smokers com-
pared to non-smokers (Colucci et al., 1997). Because a significant
response was observed while using a non-irradiated keratinocyte
cell model, future work should be tailored to determine whether
there is a link between smoking and radiation response in a wide
range of human exposure situations including environmental ex-
posures and planned low dose medical procedures. Usually ra-
diation resistance is defined as less cell death following a given
dose but when thinking about carcinogenesis less death could
mean more damaged cells available to develop pre-cancer
mutations.

In summary, this study shows that in a study of human patients
exposed to radiation, smoking status is a key determinant of
outcome. The suggested mechanism is that cigarette smoking in-
terferes with damage response pathways mediated by radiation
induced signaling pathways such as the bystander signaling me-
chanism. While the group used in this study was cancer patients, it
is likely that the mechanisms hold for non-cancer patients as
suggested by past studies by this group and others. As such,
smokers may need to be regarded as a separate group in risk as-
sessments in radiation protection. These findings highlight the
importance of studying the interactions of multiple stressors in-
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Chapter 5

Low-dose non-targeted radiation effects in human esophageal adenocarcinoma

cell lines
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5.1 Abstract
Purpose: In this paper, we investigate non-targeted radiation effects in esophageal adenocar-

cinoma cell lines (OE19 and OE33) using human keratinocyte and colorectal cancer cell reporters

following γ-ray exposure.

Materials & Methods: Both clonogenic assays and ratiometric calcium endpoints were used to check

for the occurrence of bystander signals in reporter cells.

Results: We report data suggesting that γ-irradiation increases cell killing over the expected linear

quadratic (LQ) model levels in the OE19 cell line exposed to doses below 1 Gy i.e. which may be

suggestive to be a low HRS response to direct irradiation. Both EAC cell lines (OE19 and OE33)

have the ability to produce bystander signals when irradiated cell conditioned medium (ICCM) is

placed onto human keratinocyte reporters, but do not seem to be capable of responding to bystander

signals when placed on their autologous reporters. Further work with human keratinocyte reporter

models showed statistically significant intracellular calcium fluxes following exposure of the reporters

to ICCM harvested from both OE33 and OE19 cells exposed to 0.5 Gy. Since bystander effects

were also found at the 0.5Gy ICCM region, these data support other recent reports that these two

phenomena can co-exist in the low dose region.

Conclusion: These experiments suggest that the OE19 and OE33 cell lines produce bystander signals

in human keratinocyte reporter cells. However, the radiosensitivity of the EAC cell lines cannot be

enhanced by the bystander response since both cell lines could not respond to bystander signals.

5.2 Introduction

Esophageal cancer is quite rare in comparison to other epithelial tumours. Only 1% of cancers

originate from the esophagus throughout the United States and Canada [1, 2]. Although this

disease may be rare in comparison to other cancers, the tumours are extremely aggressive and the

adenocarcinomas are particularly refractive to treatment resulting in a very poor prognosis. Roughly

90% of esophageal cancer cases will result in death amongst US and Canadian adults [1, 2]. Such

poor outcomes are mainly attributed to the disease being detected at advanced stages where curative
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treatments are no longer an option but lack of effective treatment protocols even in early stage

cancers is also a problem. The tumours tend to be very radioresistant [3, 4] meaning the use of

radiotherapy even for mass reduction is limited. Optimizing treatment through application of novel

mechanistic approaches is therefore attractive and in this paper we explore the possible relevance

of two mechanisms - the radiation-induced bystander effect (RIBE) and low dose HRS which are

associated with low dose response to ionizing radiation. While these are both associated with low

dose exposure, they also are relevant as contributors to total dose response after higher doses [5–8].

To date, there are no other HRS or RIBE studies exploring responses in esophageal cancer cell

lines. Our research group has also been the only one to investigate bystander effects in samples taken

from esophageal cancer patients while undergoing HDR brachytherapy regimens [9, 10]. However

many other studies have suggested that RIBE and HRS vary in normal and tumour cell lines [11–13]

and in normal tissues from the same patient [14]. This means that understanding their mechanistic

basis could open up new therapeutic approaches. For this reason, RIBE and other non-targeted

radiation effects (NTE) have actively been studied by using cell [8, 12, 15–17], animal [18, 19] and

human models [9, 10, 14, 20]. Several attempts have been made to isolate the bystander factor(s)

responsible for increased cell death [15–17], since these may provide new targets for radiotherapy

[20–22]. However there is still no clear evidence for any particular candidate “bystander factor”

suggesting there may be multiple mechanisms.

Although RIBEs are cell line specific, the p53 pathway has been suggested to play a role in the

transduction of bystander effects [23, 24]. Medium transfer mix/match protocols were used to study

bystander effects in HCT 116 p53 wildtype and null and mutant cells. The studies showed that cells

expressing both functional and non-functional p53 can generate bystander signals. However, in these

studies functional p53 was needed for cells to respond to the signals [23] and the type of mutation

was important [25]. In this present study, the two esophageal adenocarcinoma cell lines were tested

which have mutated p53 whereas the human colon cancer (HCT 116 p53 wildtype) reporter cell

line possesses functional p53. Based upon previous studies on bystander effects and p53 status [23,

24], it is hypothesized that both esophageal adenocarcinoma cell lines will be capable of producing

bystander signals, however, these cells will not be able to respond due to their mutated p53 status.
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Another very important phenomenon associated with non-targeted and low dose radiobiology

is low-dose HRS/IRR [13, 26–29]. One of the earliest studies reporting HRS/IRR responses was

published by Joiner and Denekamp, in 1986. These responses have been found in a number of

tumour cell lines including glioblastoma, human prostate and colorectal carcinoma cell lines [13,

26–29] . This phenomenon is characterized by an abrupt shift from a sensitive low dose response to a

more resistant one at higher doses [11, 28]. In a review by Martin et al. 2013, it was suggested that

the increase cell killing at lower doses are a result of defective DNA damage response pathways but

bystander signaling has also been implicated elsewhere [7, 32, 33]. In the present study, HRS/IRR

responses were assessed along with bystander response in these two esophageal adenocarcinoma cell

lines.

5.3 Methods and Materials

5.3.1 Cell lines

HCT 116 p53 +/+ cells were originally obtained as a gift from Dr. Robert Bristow from

Princess Margaret Hospital, Toronto, ON, Canada. These cells are derived from a human colon

cancer [34] and have been documented to have functional p53 [23, 34]. These cells have been proven

to generate and respond to bystander signals [23, 24]. The HaCaT cell line was originally obtained

as a gift from Dr. Orla Howe from the Dublin Institute of Technology (DIT). These cells are derived

from normal human keratinocytes and have been documented to have point mutations in the p53

protein (His179Tyr, Asp281Gly, Arg282Trp) on both of its alleles [35]. They also have been shown to

have a very stable bystander response to ICCM from donor cells or irradiated fish tissue explants [12,

16, 17, 36, 37]. The OE33 cells were obtained as a gift from Dr. Niamh Lynam-lennon from Trinity

College Dublin, Ireland. These cells are derived from a primary tumour clinically diagnosed as a

stage II esophageal adenocarcinoma. They have a missense mutation in TP53 where guanine has

been substituted for adenine on codon 135 [38]. The OE19 cells were purchased from Sigma-Aldrich

(Oakville, ON, Canada). These cells are derived from a primary tumour, clinically diagnosed as
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a stage III esophageal adenocarcinoma. They have been reported to be mutant TP53 [38]. All

cell lines were screened for mycoplasma and cleared prior to commencing experiments by using the

PlasmotestTM Mycoplasma detection kit (Catalog # rep-pt1), which was purchased from Cedarlane

(Burlington, ON, Canada).

5.3.2 Cell culture

Cultures were performed in a biosafety level 2 (BSL2) laboratory within a laminar flow cabinet.

All cell lines were grown in RPMI-1640 culture medium supplemented with 10% FBS (Invitrogen,

Burlington, ON, Canada), 5 ml of 200 mM L-Glutamine (Gibco, Burlington, ON), and 25mM Hepes

for pH regulation. Culture medium for experiments only were supplemented with 5 ml of 10,000

units of penicillin and 10, 000 µg/ml of streptomycin (Gibco, Burlington, ON). All cell stocks were

maintained in T-75 flasks with 30 mL of growth medium. They were all routinely passaged until

reaching a confluency between 80-100%. All cells were incubated at 37◦C and 5% carbon dioxide in

air.

5.3.3 Irradiations

All cells were irradiated in T-25 flasks by using a Cesium-137 (Cs-137) source (McMaster

University, Hamilton, ON). A flask-to-source distance of 31 cm and dose-rate of 0.226 Gy/min

were used during cell irradiations. All flasks were returned to the incubator immediately following

irradiations.

5.3.4 Survival Curve Models

All flasks were set up at a density of 500 and 1000 cells per flask for OE33 and OE19,

respectively. Flasks were irradiated at 0.05 Gy, 0.1Gy, 0.5Gy, 1Gy, 2Gy, and 5Gy 5 to 6 h after

seeding cells. Following irradiations, all flasks were grown in an incubator at 37◦C with 5% CO 2 in

air for 8-14 days for the OE33 and 16-24 days for the OE19 cell lines. Once appropriate colonies had

formed, the cells were stained with 20% carbol fuchsin (VWR, Bridgeport, NJ, USA) and colonies
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with 50 cells or more were scored [39]. The data was used to generate a cell survival curve for

both EAC cell lines with the survival fraction plotted as function of dose (Gy). All flasks were

set-up in triplicate and all data points are mean survival fraction ± SEM for n=9. Both esophageal

adenocarcinoma (EAC) cell lines were fitted to the linear quadratic (LQ) and induced repair (IR)

survival models [27].

The LQ model is outline below:

S = e(−αD−βD2) (5.1)

Where the α represents the slope of the linear component of the model. While β represents the slope

of the quadratic portion of the model.

The IR equation is outline below:

ï£ĳ

S = e(−αr(1+
αs
αr

−1)e−D/Dc)d−βD2) (5.2)

Where the αr represents the slope of the resistant linear portion of the model. While αs represents

the slope of the sensitive linear portion of the model.

5.3.5 Clonogenic Assay

All ICCM donor flasks were set up at a density of 300,000 cells per flask. The donor seeding

density was chosen based upon a previous study [16] proving this cell concentration to be effective

at producing a strong bystander signal. The seeding density for reporter cells varied for each cell

line. Both OE33 and HCT 116 p53 +/+ reporters were set up using a seeding density of 500 cells

per flask. OE19 cells required a higher density of 2000 cells per flask because of their low plating

efficiency. HaCaTs were seeded at 300 cells per flask. Donors were irradiated at 0.5 Gy and 5 Gy

6 h after plating (colon cancer cell lines) and 15 h after plating (esophageal cells). Esophageal

cell lines required a longer time for cells to adhere to the bottom of the flasks. Controls were

unirradiated cells, irradiated medium without cells, and sham-irradiated cells. Following irradiations,
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donors were returned to the incubator for 1 hour. Afterwards, irradiated cell conditioned medium

(ICCM) or control cell conditioned medium (CCCM) was filtered with a 0.22 µm Naglene filter

(VWR, Bridgeport, NJ, USA) and transferred from donor flasks to reporter flasks. Following medium

transfer, reporter flasks were grown in an incubator at 37◦C with 5% CO2 in air until viable colonies

with 50 cells or more were formed. The cells were stained with 20% carbol fuchsin (VWR, Bridgeport,

NJ, USA) and colonies were scored.

5.3.6 Ratiometric calcium measurements

HaCaT reporters were used for ratiometric calcium measurements. Live cell calcium imaging

was performed for the OE19 and OE33 CCCM, 0.5Gy ICCM, and 5Gy ICCM. HaCaT cells were

seeded in glass bottom dishes coated with poly-d-lysine(MatTek corporation, Ashland, MA) at a

density of approximately 100,000 cells per dish. The cells were incubated at 37◦C and 5% CO2 for 24

h before calcium measurements. Cells were washed three times with HankâĂŹs Balanced salt solution

(HBSS) calcium buffer (invitrogen,ON) supplemented with 25mM of Hepes (invitrogen,ON). Cells

were incubated with 1000 µl of 8.4 µM Fura-2 AM (Sigma-Aldrich, Oakville, ON) for 50 minutes

at 37◦C and 20 minutes at room temperature to aid in the de-esterification process [40, 41]. Prior

to imaging, cells were rinsed three times and then 300 µl of imaging buffer was added to the dish.

Equipment used for calcium measurements are Photon Technology International (PTI) lamp power

supply, xenon arc lamp and random access monochromator with a liquid light guide that is coupled

to an Olympus 1x81 microscope and computer. UV excitation wavelengths, 380 and 340nm, are

used to excite the Fura-2 loaded into the cells. Images were taken for 13 minutes after adding 100 µl

of either CCCM or ICCM from esophageal adenocarcinoma donors to reporter cells after a stable

baseline was reached at roughly 80 seconds.

5.3.7 Statistical Analysis

All experiments with HaCaT, HCT 116 p53 +/+, and EAC reporters were analyzed with a

one-way ANOVA. A bonferroni post hoc correction was used to determine significant differences
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amongst the groups. Data are mean ± standard error. All p-values less than 0.05 were considered

statistically significant.

5.4 Results
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Figure 5.1. Cell Survival for HCT 116 p53 +/+
cells exposed to ICCM from OE19, OE33, and
HCT 116 p53 +/+. Reporter cells were exposed
to CCCM, 0.5 Gy ICCM, or 5 Gy ICCM. Separate
ANOVAs were performed for each donor cell plac-
ing ICCM onto HCT 116p53+/+ reporters. * and
** indicates a significance change for cells exposed
to ICCM compared to CCCM represented by p<
0.05 and p< 0.001, respectively. Data are mean
±SEM for n=9.

Figure 5.1 show a statistically significant

reduction in HCT 116 p53 +/+ cell survival

percentage when exposed to autologous 0.5 Gy

ICCM (p < 0.001). The OE19 donors also pro-

duce a significant reduction in cell survival when

0.5 Gy ICCM was placed onto this reporter cell

line (p=0.031). However the OE33 donor ICCM

does not increase cell killing (p > 0.05).

Although there were no significant de-

creases in survival observed with the OE33

donors 0.5 Gy ICCM onto HCT 116 p53 +/+

reporters, there was a significant decrease in

cell survival when the HaCaT reporter cells

were used (p=0.005), refer to Figure 5.2. As

illustrated in Figure 5.3, both esophageal ade-

nocarcinoma cell lines were observed to have

insignificant reductions in cell survival when transferring autologous bystander medium onto unirradi-

ated cells (p > 0.05). To confirm whether there were bystander signals being produced in OE33 and

OE19 cells, intracellular calcium measurements were done. Figure 5.4 illustrates a significant influx

of calcium ions after exposure to autologous 0.5 Gy ICCM onto unirradiated human keratinocytes

(p<0.001). Figure 5.5 shows a statistically significant increase of intracellular calcium in HaCaT

reporters when exposed to bystander medium from OE33 and OE19 at the 0.5 Gy level only (p=0.042

and p=0.025, respectively). Similarly the OE33 and OE19 clonogenic assays revealed a statistically

significant increase in cell death following exposure to bystander medium at 0.5 Gy level (p < 0.05),
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as shown in Figure 5.2. Bystander cells exposed to 5 Gy ICCM had an insignificant decrease in

cell survival (p > 0.05). Furthermore, there were no significant transients increases in intracellular

calcium in bystander human keratinocytes receiving 5Gy ICCM from both the OE19 and OE33

donor cells (p > 0.05).
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Figure 5.2. Cell survival for HaCaT cells exposed to irradiated ICCM from OE19 and OE33
donors. Reporter cells were exposed to CCCM, 0.5 Gy ICCM, and 5 Gy ICCM. Separate ANOVAs
were performed for each donor cell placing ICCM onto HaCaT reporters. * and ** indicates a
significance change for cells exposed to ICCM compared to CCCM represented by p< 0.05 and p<
0.001, respectively. Data are mean ±SEM for n=9.
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Figure 5.3. Cell survival for OE19 (a) and OE33 (b) reporters exposed to ICCM from OE19 and
OE33 donors, respectively. Reporter cells were exposed CCCM, 0.5 Gy ICCM, and 5 Gy ICCM.
Data are mean ± SEM for n=9.
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Figure 5.4. Intracellular calcium flux in HaCaT bystander cells exposed to 0.5Gy ICCM from
autologous donors. 0.5Gy ICCM calcium ratios are significantly different from CCCM (p < 0.05). **
indicates a significance change for cells exposed to ICCM compared to CCCM represented by p<
0.001. Data are mean ±SEM for n=10 cells. Lower and upper bounds are outline by the shaded
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Figure 5.5. Intracellular calcium measurements used to monitor bystander signal generations in
esophageal adenocarcinoma cell lines. HaCaT bystander cells were exposed to 0.5Gy and 5 Gy ICCM
from OE19 (a-b) and OE33 (c-d) donor cells.* indicates a significance change for cells exposed to
ICCM compared to CCCM represented by p< 0.05. Data are mean ±SEM for n=5 cells. Lower
and upper bounds are outline by the shaded error regions.

Figure 6 shows the cell survival percentage of OE19 and OE33 cells as a function of radiation

dose. The OE19 cell lines seem to fit the IR model better than the LQ model and reveal a clear

increase in cell killing at doses below 1 Gy.
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Figure 5.6. The radiation response was assessed for OE19 (a) and OE33 (b) cell lines. Each graph
is representing cell survival as a function of radiation dose. Data are mean ±SEM for n=9.

5.5 Discussion

In this study, bystander signal production was assessed in the OE33, OE19, and HCT 116 p53

+/+ cell lines using both the clonogenic assay and ratiometric calcium measurements. In agreement

with previously published work by Mothersill et al. 2011 ([23]), this work has also shown HCT 116

p53 +/+ cells having the ability to generate and respond to bystander signals. The data in this

paper suggest that both EAC cell lines were unable to respond to bystander signals (p > 0.05).

However, both the human keratinocyte and colorectal cancer reporter cells detected that the OE19
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cells produce bystander signals (p < 0.05). Data for the human keratinocyte reporter model also

suggests that the OE33 cell lines have the ability to produce bystander signals (p < 0.05). However,

the decrease in cell survival seen using HCT 116 p53 +/+ as reporters when harvesting ICCM from

OE33 donors was not statistically significant (p = 0.353). There was a trend for decreased survival

for 5Gy ICCM for both EAC cell lines, but these results did not reach statistical significance.

An influx of calcium ions following exposure to ICCM has been found to be an early indicator of

apoptosis in human keratinocyte bystander cells [15]. Increases in the cellular calcium concentrations

can result in openings in the outer membrane of the mitochondria leading to a leakage of cytochrome

c [42]. Diffusion of cytochrome c into the endoplasmic reticulum can initiate further release of

calcium that is uptake into the mitochondrial matrix [43]. Subsequently the mitochondria undergo

depolarization and increase production of reactive oxygen species (ROS). These distinct cellular

responses, mitochondrial depolarization [15, 44, 45], intracellular calcium fluxes, and elevated ROS

production have been found in bystander cells following exposure to ICCM [15, 45]. In the present

study, the calcium flux with ICCM harvested from HaCaT donors and placed onto autologous

reporters has been shown as a “proof of principle” of the reliability of using this reporter model

to monitor bystander effects [15]. Both EAC cell lines show a statistically significant intracellular

calcium fluxes following exposure of the HaCaT reporters to 0.5Gy ICCM harvested from the OE33

and OE19 donors.

The association between wild type p53 expression and ability to respond to bystander signals,

while clear in the HCT+/+ and -/- cells [23] cannot be universal because in 1993, Lehman and

colleagues [35] discovered three different point mutations on both alleles-His179Tyr, Asp281Gly,

and Arg282Trp-in the HaCaT human keratinocytes. The point mutation located on codon 281,

Asp281Gly, has been described as a gain of function mutation linked to an alternative pathway

to accomplish apoptosis [46]. In fact, a cell death response, in particular apoptosis, is frequently

reported in bystander cells [12, 16, 17, 36]. Although the exact nature of the bystander response

seems to be cell line specific and has yet to be made clear, the role of p53 is clearly complicated.

The type of p53 mutation in the reporter cells may be important, since different types of p53 point

mutations can affect the activity of this protein [47]. Unlike the point mutation found on codon
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281 in HaCaTs which leads to an alternative apoptosis pathway, the OE33 point mutation has been

documented on exon 5 (Cys135Tyr) resulting in non-functional p53 protein activity [48]. Furthermore,

the frameshift mutation found in OE19 cells has been documented on exon 10 (928_930insA) and

results in the expression of a truncated p53 protein that has been suggested to be partially functional

[48]. Therefore this may explain the greater magnitude of cell death found in the HaCaT reporters

exposed to ICCM harvested from EAC donors compared to the non-significant findings with the

EAC reporters.

This work also reports a HRS/IRR response in the OE19 cell line. This phenomenon is

common in radioresistant cells with a tendency to transition from a sensitive low dose response to a

more resistant one at higher doses [11, 28]. The inherently radioresistant OE19 cell line showed a low

HRS response below 1 Gy of γ-irradiation and bystander effects were also found at the 0.5Gy ICCM

region. Other studies has shown that low dose HRS and bystander effects are not mutually exclusive

[32, 33] including recent findings found by our research group with a radioresistant T98G glioma cell

line [7]. However, these two phenomena has been shown to be independent in some cell lines such as

the human fibroblast MSU 1.1 cell line [49] and human breast MCF7 cell lines [24, 50]. Only one

other study has been published using radiation with the OE19 cell line but the doses used were 2 Gy

and 4 Gy so no conclusions can be drawn concerning HRS/IRR as the doses were too high [51].

One possible explanation for the OE19 cells inducing low dose HRS whereas the OE33 do not

may simply be because these cells possess only partial function of their p53 proteins. Other work

has reported human A549 lung caricarcinoma and T98G human glioma cell lines have marked low

dose HRS that are associated with p53-dependent apoptosis [50]. Another potential reason may

be that the non-homologous end joining (NHEJ) repair is deficient in G1 cells and also the cells

may accumulate in an early G2/M checkpoint arrest following irradiation for the OE19 cells. Other

work has shown that NHEJ repair deficiency, the failure to arrest in cell cycle checkpoints, and

p53-dependent apoptosis result in a marked HRS/IRR response in cells [52]. Marples and colleagues

(2004) has reported that the induction of HRS depends on ineffective arrest in G2 following radiation

damage [53]. In 2010, a study found that cells irradiated in either the G1 or S phase with 0.2 Gy

induced a significant accumulation of the cells in G2-phase [54]. Most of the cells are predominately
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in the G1 phase for both OE33 and OE19 cell lines. Approximately 30% and 50% of the cells are

in the G0/G1-phase population for the OE33 and OE19 cell lines, respectively. Roughly 20% of

the cells are in the G2/M-phase for both OE33 and OE19 cell lines [48]. Lynam-Lennon et al.,

(2010) have reported that irradiation with 2 Gy induced a significant accumulation of the cells in

G2/M-phase post irradiation with a significant decrease in the proportion of cells in the G1 phase

[4]. It is unclear whether a similar occurrence results at doses below 1 Gy of radiation in the OE33

and OE19 cell lines, but this would be one avenue worth investigating in future studies.

To date, there are very few established esophageal carcinoma cell lines [38]. One reason for

this could be that only a small portion of tumour cells can be extracted from preoperative biopsies

since larger biopsies pose a risk for gastrointestinal perforations. Furthermore, in vivo models using

mice and rats have been reported to be unreliable simply because anatomically the gastroesophageal

junction differs considerably from humans [38]. Only 16 EAC cell lines have been established up

to the present time, but recently only 10 of these cells have been authenticated to originate from

EAC [38]. A reliable panel of 10 EAC cell lines has recently been authenticated that include FLO-1,

KYAE-1, SK-GT-4, OE19, OE33, JH-EsoAd1, OACP4C, OACM5.1, ESO26 and ESO51. In 2007,

a cell line used as a model for EAC called TE-7 was authenticated to originate from esophageal

squamous cell carcinoma [55]. Furthermore, this same researcher found that 4 out of the 14 TE

series esophageal squamous cell carcinoma cell lines (TE-2, TE-3, TE-12, TE-14) share a similar

genotype as the TE-7 cell lines [55]. Therefore, all 5 TE esophageal squamous cell carcinoma cell

lines should be considered one single line. By assessing the HRS/IRR response and bystander effects

with a range of lower and higher doses in the OE19, along with other esophageal cancer cell lines, it

might be possible to determine whether HRS/IRR and bystander effects are consistently seen in

esophageal cancer and what the likely impact of these on treatment outcome might be.

In 1988, Mothersill et al. developed an in vitro technique to assess the radiation response of

normal and cancerous esophageal human tissue explants. The findings revealed a clear dose response

between normal and tumour esophageal explants with less cell growth reduction in the cancerous

tissues compared to the tissues harvested from normal segments of the esophagus following radiation

exposure. Further work is necessary to test these low dose phenomena presented in this study on an
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entire panel of esophageal cancer cell lines along with normal and tumour esophageal tissue explants

in order to delineate the radiation responses amongst various esophageal cell lines and human tissues.

In summary, our results suggest that both OE19 and OE33 cells have the ability to produce

bystander signals as measured by the clonogenic assay and the ratiometric calcium measurements.

Using the HaCaT reporter cell lines we observed a significant reduction in cell survival for both

EAC cell lines, whereas when the HCT 116 p53 +/+ cell line was used as a reporter no signal was

detected using the OE33 donor cells. This highlights the importance of using a range of cell lines and

reporters to determine the full picture when studying these low dose effects. The results also show a

low HRS response in the human esophageal adenocarcinoma OE19 cell line. A full understanding

of the dose response and underlying mechanisms is necessary before any conclusions can be drawn

about the role, if any, of these low dose effects in radiotherapy or their potential value as novel

targets for modulating therapeutic ratios.
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Serotonin is not involved in radiation-induced bystander signal production in

OE19 or OE33 esophageal adenocarcinoma cell lines
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first author completed the cell preparation, performed cell irradiations, bystander medium transfer

experiments, data collection and statistical analysis. The other authors participated in discussion

and provided feedback on interpretation of the results.

6.1 Abstract
In this paper, we test whether serotonin dependent mechanisms are involved in bystander

signal production and response in two esophageal adenocarcinoma cell lines (OE19 and OE33) using

these cell lines or a positive control human colorectal cancer reporter cell line (HCT 116 p5+/+).

Serotonin has been shown previously to be involved in generating bystander signals following γ-ray

exposure in other human cell lines, where the 5-HT3 receptor is involved and in clinical samples from

esophageal carcinoma patients. We test the involvement of this signaling molecule in the bystander

signal and response pathway in esophageal adenocarcinoma. We report data showing that serotonin

is not required for bystander signal production in the HCT 116 p53 +/+, OE33, or OE19 cell lines.

Serotonin caused a stimulatory effect in cell survival for the OE19 cell line, but this is not related

to irradiated cell conditioned (ICCM) exposure. Furthermore,the OE19 produce bystander signals
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but are unable to respond to bystander signals. The data suggest that whatever role serotonin may

have in radiation response mechanisms is complex and cell line dependent. There may be multiple

mechanisms involved in the bystander process in esophageal cancer cells.

6.2 Introduction

Over the past 20 years many potential signaling candidates have been reported to influence

radiation-induced bystander signal generation and response pathways, one of which is serotonin.

Serotonin (5-hydroxytryptamine, 5-HT) was successfully extracted from the enterochromaffin cells

of rats in 1937 [1]. Since then this signaling amine has been found to have a very important role

in chemotherapy-induced emesis, cancer development, and in bystander signal generation[2–5]. A

number of studies over the last eight years [5–9] have reported the involvement of serotonin-dependent

mechanisms in signal production and bystander response pathways. Micromolar levels of serotonin

were found to be depleted from the medium of HPV-G human keratinocyte cultures during cell

irradiation and it was shown that the serotonin had been bound by the 5-HT3 receptors[5]. An

inter-laboratory study showed that commercially available serum batches had variable concentrations

of serotonin, which were directly correlated with the expression of the bystander effects in some

but not all systems tested [10]. Another study found a 25ng/ml threshold level of serotonin was

required to produce bystander signals in the HPV-G cell line but another human keratinocyte cell line

(HaCaT) produced serotonin independent bystander effects [11]. Other studies have exploited the

use of antagonist 5-HT3 receptors to abolish the bystander effect in human keratinocyte cells, such

as granisetron and ondansetron [5, 9]. The 5-HT3 receptors are the only ligand-gated ion channels

(LGIC)[12] belonging to the cys-loop superfamily. This family is characterized by 5 subunits around

a central pore that is permeable to Ca2+, K+, and Na+ ions. Binding of the 5-HT agonist to the

5-HT3 receptors opens the gated ion channel allowing the influx of cations into a cell. This essentially

alters the equilibrium and can either stimulate or inhibit a signaling pathway. Both 5-HT3 receptors

and an influx of Ca2+ into bystander cells have been shown to be contributing factors producing

bystander effects in HPV-G human keratinocytes [5, 13]. The 5-HT3 receptor requires nanomolar
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concentrations of ondansetron and granisetron to be activated [14]. Both of these 5-HT3 receptors

antagonists have been commonly used as anti-emetics during chemo- and radiotherapy [4, 15].

Most serotonin mediated bystander effects have been tested by using HPV-G cultures [5–7, 9].

One study found that serotonin dependent mechanisms have a role in radiation-induced bystander

signaling and response pathways in the MCF-7 breast cancer cells [8]. This same study also found

that supplemented serotonin led to a bystander effect in HCT 116 p53-/- reporter cells exposed

to 0.5 Gy ICCM harvested from HCT 116 p53+/+ cells, but had no effect when exposed to its

autologous donors. Another study found that immortalized HaCaT human keratinocyte cells are not

dependent on serotonin to induce bystander effects [11]. Both 5-HT and p53 pathways have been

suggested to play a role in the induction of bystander effects [8, 16]. Medium transfer mix/match

protocols were used to study bystander effects in HCT 116 p53 wildtype and null cells. The authors

revealed that both functional and non-functional p53 are capable of generating bystander signals.

However, functional p53 is needed in cells to respond to the bystander signals. The EAC cell lines

tested in the experiments, described in this paper, have mutated p53 whereas the HCT 116 p53 +/+

cell line possesses functional p53. The work linking serotonin and bystander effects has mostly been

done in vitro but preliminary clinical findings by this group, and reported in Chapter 2 of this thesis,

suggested that serotonin may be involved in the production of bystander signals in a small group of

esophageal cancer patients undergoing HDR bracytherapy [17].

The present study is an extension of both our previously published studies [17, 18] investigating

the mechanisms underlying RIBE in EAC. The primary objective was to see if serotonin-dependent

mechanisms were involved in bystander effects in EAC cell lines. Primary objectives were to

investigate serotonin-dependent mechanisms in bystander effects for other epithelial cancer cells

including esophageal adenocarcinoma. We also investigated a 5-HT3 receptor antagonist, ondansetron,

that is commonly used as an anti-emetic agent for chemotherapy- and radiotherapy-induced nausea

and vomiting [19]. It is hypothesized that the addition of serotonin over the threshold of 25ng/mL

will modulate a cell death bystander effect in human colon cancer bystander cells when exposed to

ICCM from donor esophageal adenocarcinoma cells. When serotonin is combined with a selective

5-HT3 antagonist, it is expected that the bystander response will be abolished.
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6.3 Methods and Materials

6.3.1 Cell lines

HCT 116 p53 +/+ cells are derived from a human colon cancer [20]. They have the ability to

produce and respond to bystander signals [16]. The OE33, OE19, and HCT 116 p53 +/+ cell lines

were used as donors and reporter cells in mix and match protocols to tease out signal production

and response functions. Both the OE19 and OE33 cell line are cells derived from primary tumours

clinically diagnosed as stage II and III EAC, respectively. The OE33 cell lines have a doubling time

of 30 hours [21] and have a p53 protein with a point mutation on codon 135 (cysteine→tyrosine)

[22]. The OE19 cells have a rather long doubling time of 50 hours [23] and have been documented

as p53 mutated [22]. All cell lines were screened for mycoplasma and cleared prior to commencing

experiments by using the PlasmotestTM Mycoplasma detection kit (Catalog # rep-pt1), which was

purchased from Cedarlane (Burlington, ON, Canada).

6.3.2 Cell culture

Cell culture was performed in a biosafety level 2 (BSL2) laboratory within a laminar flow

cabinet. All cell lines were grown in RPMI-1640 culture medium supplemented with 10% FBS

(Invitrogen, Burlington, ON, Canada), 5 ml of 200 mM L-Glutamine (Gibco, Burlington, ON), and

25mM Hepes for pH regulation. Culture medium for experiments only was supplemented with 5

ml of antibiotic solution containing 10,000 units of penicillin and 10, 000 µg/ml of streptomycin

(Gibco, Burlington, ON). For serotonin medium-transfer bystander experiments, the background

serum serotonin levels were destroyed when the FBS was exposed to laboratory light for 3 hours

prior to supplementing into the culture medium. Past work by our research group [7] has shown

that serotonin is highly sensitive to light and can be degraded from 89 ng/ml to 5 ng/ml after 3

hours of exposure to laboratory light. All cell stocks were maintained in T-75 flasks with 30 mL

of growth medium. They were all routinely passaged upon reaching a subconfluent cell density of

80–100%. All cells were incubated at 37 ◦C and 5% carbon dioxide in air.
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6.3.3 Preparation of serotonin and inhibitor solutions

Serotonin creatinine sulfate monohydrate and ondansetron (brand name Zofran) were purchased

from Sigma-Aldrich, Oakville, ON, Canada. Serotonin stocks were initially dissolved in 0.1M HCl

as recommended by the supplier. Further dilutions using double distilled water (ddH2O) to reach

a stock concentration of 20 mg/ml. Ondansetron hydrochloride (Sigma-Aldrich, Oakville, ON)

(Sigma-Aldrich, Oakville, ON, Canada) stock solutions were prepared by diluting in ddH2O to a

stock concentration of 2 mg/ml. All stock concentrations were sterilized by filtration using a 0.22 µm

Naglene filter prior to serial dilution. The stock solutions were serially diluted to produce the

required concentration of each drug so that each drug solution could be added in a 0.1 ml volume to

achieve a total volume of 5 ml per flask. An acid control was set-up since serotonin was initially

dissolved in 0.1 M HCL. These acid controls showed no significant changes to survival compared to

the control samples, refer to Figure A.8.

6.3.4 Irradiation

All cells were irradiated in T-25 flasks by using a Caesium-137 (Cs-137) source (McMaster

University, Hamilton, ON). A flask-to-source distance of 31 cm and dose-rate of 0.226 Gy/min

were used during cell irradiations. All flasks were returned to the incubator immediately following

irradiations.

6.3.5 Clonogenic Assay

All donors were set up at a density of 300,000 cells per flask. The donor seeding density was

chosen based upon previous studies [24] showing this cell concentration was maximally effective at

producing a strong bystander signal. The seeding density for reporter cells varied for each cell line

according to cloning efficiency of the controls. For both OE33 and HCT 116 p53 +/+ reporters a

seeding density of 500 cells per flask was used. OE19 cells required a much higher density of 2000
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cells per flask in order to produce enough viable colonies to score. Donors were irradiated to 0.5

Gy and 5 Gy 6 h after plating (colon cancer cell lines) and 15 h after plating (esophageal cancer

cell lines). Esophageal cancer cell lines required a longer time for cells to adhere to the bottom of

the flasks. Controls were unirradiated cells, irradiated medium without cells, sham-irradiated cells,

5-HT concentration controls and Ondansetron concentration controls. Following irradiations, donors

were returned to the incubator for 1 hour. After that time, the culture medium was harvested as

ICCM or control cell conditioned medium (CCCM). This was filtered and transferred from donor

flasks to reporter flasks. Following medium transfer, reporter cells were grown in an incubator at 37

◦C with 5% CO 2 in air for 8–14 days for both the OE33 and HCT116p53 wildtype cell lines. The

OE19 specifically required a longer incubation time from 14–20 days in order to form viable colonies

with 50 cells or more. Once appropriate sized colonies had formed, the cells were stained with 20%

carbol fuchsin (VWR, Bridgeport, NJ, USA) and colonies with 50 cells or more were scored.

6.3.6 Statistical Analysis

Separate two-way ANOVA analyses with bonferroni post hoc correction were conducted for

medium transfer experiments in the presence and absence of 5-HT3 antagonist inhibitor. A student

t-test was used to highlight significant findings on bar graphs below for main effect factors. Data

are mean ± standard error, unless otherwise stated. All p-values less than 0.05 were considered

statistically significant.
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6.4 Results

A two-way ANOVA was conducted to examine the effects of bystander medium exposure and

serotonin concentrations on cell survival for human esophageal and colon cancer cell lines. There

was no statistically significant interaction between 0.5 Gy and 5 Gy ICCM exposure and serotonin

concentrations affecting the mean cell survival for all cell lines tested in this paper. This includes the

OE33, OE19, and HCT 116 p53 +/+ cell lines, refer to Table 6.1. Therefore an analysis of the main

effects for ICCM exposure and serotonin was performed, and the p-values are outlined in Table 6.2.

Table 6.1. Two-way ANOVA Table

Experimental system Variables p-value (No inhibitor) p-value (Inhibitor)
HCT 116 p53 +/+ (donors/reporters) ICCM <0.001** <0.001**

Serotonin 0.021* 0.946
Interactiona 0.338 0.805

HCT 116 p53 +/+ (reporters) ICCM 0.004* <0.001**
OE19 (donors) Serotonin 0.813 0.716

Interactiona 0.921 0.981
HCT 116 p53 +/+ (reporters) ICCM 0.002* 0.154

OE33 (donors) Serotonin 0.893 0.980
Interactiona 0.992 0.944

OE33 (donors/reporters) ICCM 0.203 0.007*
Serotonin 0.439 0.818
Interactiona 0.786 0.982

OE19 (donors/reporters) ICCM 0.859 0.182
Serotonin < 0.001** < 0.001**
Interactiona 0.126 0.354

a Interaction between bystander medium and serotonin concentrations
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Table 6.2. Multiple comparisons for bystander medium and serotonin concentrations

No inhibitor Inhibitor

Experimental system Variables Mean difference (95 % CI) p-value Mean difference (95 % CI) p-value

HCT 116 p53 +/+ (donors/reporters)
CCCM vs 0.5 Gy ICCM 17.39 (12.88, 21.89) <0.001** 20.06 (14.62, 25.49) <0.001**
CCCM vs 5 Gy ICCM 12.14 (7.63, 16.64) <0.001** 13.08 (7.65, 18.52) 0.007*
No 5HT vs 10nM 5HT 4.78 (-0.97, 10.53) 0.165 0.04 (-6.97, 6.90) 1.000
No 5HT vs 100nM 5HT -0.96 (-6.71, 4.79) 1.000 -0.59 (-7.53, 6.34) 1.000
No 5HT vs 1000nM 5HT -1.15 (-6.90, 4.60) 1.000 -1.37 (-8.30, 5.56) 1.000

HCT 116 p53 +/+ (reporters)
OE19 (donors) CCCM vs 0.5 Gy ICCM 10.61 (3.03, 18.19) 0.003* 18.69 (11.45, 25.94) < 0.001**

CCCM vs 5 Gy ICCM 4.17 (-3.42, 11.57) 0.551 6.53 (-0.72, 13.78) 0.092
No 5HT vs 10nM 5HT 3.41 (-6.27, 13.09) 1.000 3.67 (-5.59, 12.92) 1.000
No 5HT vs 100nM 5HT 1.30 (-8.38, 10.98) 1.000 1.30 (-7.96, 10.55) 1.000
No 5HT vs 1000nM 5HT 2.11 (-7.57, 11.79) 1.000 0.85 (-8.13, 9.83) 1.000

HCT 116 p53 +/+ (reporters)
OE33 (donors) CCCM vs 0.5 Gy ICCM 12.17 (4.03, 20.30 ) 0.001* 0.25 (-5.38, 5.88) 1.000

CCCM vs 5 Gy ICCM 7.09 (1.05, 15.22) 0.109 -3.78(-9.41,1.85) 0.316
No 5HT vs 10nM 5HT 0.59 (-9.80, 10.98) 1.000 0.22 (-6.97, 7.41) 1.000
No 5HT vs 100nM 5HT 2.26 (-8.13, 12.65) 1.000 -0.70 (-7.41,6.97) 1.000
No 5HT vs 1000nM 5HT -1.48 (-11.87, 8.91) 1.000 -0.67 (-7.86, 6.52) 1.000

OE33 (donors/reporters)
CCCM vs 0.5 Gy ICCM 7.03 (-4.15, 18.21) 0.372 14.42 (2.73, 26.11) 0.01*
CCCM vs 5 Gy ICCM 1.03 (-10.36, 12.42) 1.000 12.08 (0.39, 23.77) 0.04*
No 5HT vs 10nM 5HT 6.70 (-7.57, 20.98) 1.000 2.74 (-12.18,17.66) 1.000
No 5HT vs 100nM 5HT -1.44 (-15.72, 12.83) 1.000 -2.04 (-16.58, 12.50) 1.000
No 5HT vs 1000nM 5HT 2.59 (-11.68, 16.87) 1.000 -1.37 (-16.29, 13.55) 1.000

OE19 (donors/reporters)
CCCM vs 0.5 Gy ICCM 1.00 (-5.97, 7.97) 1.000 1.81 (-5.57, 9.18) 1.000
CCCM vs 5 Gy ICCM -0.56 (-7.52, 6.41) 1.000 -3.72 (-11.09,3.65) 0.665
No 5HT vs 10nM 5HT 1.96 (-6.93, 10.86) 1.000 1.85 (-7.56, 11.26) 1.000
No 5HT vs 100nM 5HT -6.41 (-15.30, 2.49) 0.331 -7.37 (-16.78, 2.04) 0.225
No 5HT vs 1000nM 5HT -19.00 (-27.89, -10.11) < 0.001** -14.26 (-23.67, -4.85) 0.001*

∗ Significant less than 0.05
∗∗ Significant less than 0.001
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Figure 6.1. The cell survival for HCT 116 p53 +/+ reporters exposed to irradiated cell condition
medium from autologous cells is shown above. Cells were exposed to bystander medium (0Gy
CCCM, 0.5Gy ICCM or 5 Gy ICCM) in the presence of serotonin and its serotonin inhibitor in
autologous reporter cells. * Indicates a significance change for cells exposed to ICCM compared
to CCCM represented by p< 0.001. Double daggers indicates a significant difference for serotonin
concentrations with a p< 0.05. Data are mean ±SEM for n=9.

For the HCT 116 p53 +/+ medium-transfer bystander experiments, there was a statistically

significant difference in mean cell survival in the human colon cancer cells receiving ICCM harvested

from directly irradiated cells ( p<0.001), as shown in Table 6.2. Also, HCT 116 p53+/+ cells

receiving serotonin have a statistical significance in cell survival ( p=0.021), as shown in Table 6.2.

A multiple comparison bonferroni test shows that bystander HCT 116 p53+/+ cells exposed to 0.5

Gy ICCM or 5 Gy ICCM was associated with a mean cell survival of 17.39 (95% CI, 12.99 to 21.79)

and 12.14 (95% CI, 12.99 to 21.79) lower than control, respectively (p < 0.001), refer to Table 6.2.

Serotonin alone seems to stimulate cell survival of HCT 116 p53 +/+ cells exposed to 1000nM of

5HT compared to 10 nM of 5-HT (p=0.040).

Both EAC cell lines were observed to have insignificant reductions in cell survival when
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transferring ICCM onto autologous reporter cells (p> 0.05), as shown in 6.2(a) and 6.3(a). However,

OE19 donor medium produced a significant reduction in cell survival when 0.5Gy ICCM was

transferred onto human colorectal cancer cell lines (p<0.05), as shown in 6.2(b) and Table 6.2. When

human colorectal cancer cells are reporters, there is more of effect observed at 0.5 Gy ICCM than

5Gy ICCM. Also, the presence of an inhibitor does seem to be effective at increasing the death effect

at 0.5Gy ICCM, (p < 0.001), refer to Table 6.2. The difference between serotonin concentrations

and its inhibitor was not statistically significant (p=1.000). Bystander human OE19 esophageal

cancer cell lines had no statistically significant change in cell survival after exposure to 0.5 Gy and 5

Gy ICCM. However, there was a mean increase in cell survival of 19.00 and 14.26 in the presence

of 1000 nM of serotonin and its inhibitor respectively (p< 0.001), refer to Table 6.2. Figure 6.2

shows the effect of exposed non-irradiated OE19 and HCT 116 p53 +/+ reporter cells to bystander

medium and serotonin in the nanomolar range.

For the OE33 medium-transfer bystander experiments, there was a significant decrease in cell

survival found in the HCT 116 p53 +/+ reporters cells at 0.5 Gy ICCM in the absence of a serotonin

inhibitor (p <0.05), refer to Table 6.2. However, once the serotonin inhibitor was added there was no

significant change in cell survival for 0.5 Gy ICCM for the HCT 116 p53 +/+ reporters. In contrast,

there was a significant decrease in cell survival found in the OE33 reporters cells at 0.5 Gy ICCM

and 5 Gy ICCM in the presence of a serotonin inhibitor (p <0.05), refer to Table 6.2. A three-way

ANOVA was conducted to determine whether bystander medium exposure, serotonin concentration,

and its inhibitor had an effect on the survival of non-irradiated bystander cells. There was no

statistically significant three-way interaction between bystander medium, serotonin, and its inhibitor

for both HCT 116 p53 +/+ and OE33 bystander cells, p=0.987 and p=0.880 respectively. There

was no statistically significant change between CCCM and 0.5 Gy ICCM for OE33 and HCT 116

p53 +/+ cells receiving bystander medium from OE33 donor cells, p=0.06 and p=0.202 respectively.

An independent t-test revealed no significant increase or decrease in cell survival in the presence of

serotonin and its inhibitor, as shown in Figure 6.3.
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Figure 6.2. The cell survival for OE19 and HCT 116 p53 +/+ reporters exposed to irradiated cell condition medium from OE19
donor cells is shown above. Cells were exposed to 0Gy CCCM, 0.5Gy ICCM or 5 Gy ICCM in the presence of serotonin and its
inhibitor for OE19 reporters (a) and HCT 116 p53 +/+ reporter cells (b). ** and * indicates a significance change for cells exposed
to ICCM compared to CCCM represented by p< 0.001 and p< 0.05, respectively. Double daggers indicates a significant difference
for serotonin concentrations compared to CCCM control with a p< 0.001. Data are mean ±SEM for n=9.
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Figure 6.3. The cell survival for OE33 and HCT 116 p53 +/+ reporters exposed to irradiated cell condition medium from OE33
donor cells is shown above. Cells were exposed to 0Gy CCCM, 0.5Gy ICCM or 5 Gy ICCM in the presence of serotonin and its
inhibitor for OE33 reporters (a) and HCT 116 p53 +/+ reporter cells (b). Data are mean ±SEM for n=9.
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6.5 Discussion

In this study, bystander signal production and response was assessed in the OE33, OE19 and

HCT 116 p53 +/+ cell lines using the clonogenic assay. The role of serotonin in the mechanism of

radiation-induced bystander signaling and response pathways was also investigated. Three different

concentrations of serotonin (10 nM, 100 nM, and 1000 nM) were investigated along with ondansetron,

5-HT3 antagonist. The data in this paper suggest that OE19 cell line did not show a bystander effect.

However, clonogenic survival of the human colorectal cancer reporter cell line was reduced when

exposed to ICCM from the OE19 cells suggesting the latter have the ability to produce bystander

signals (p<0.05) but cannot respond to them. There was a decrease in cell survival when bystander

medium was transferred from OE33 donors to both HCT 116 p53 +/+ and OE33 reporters. However,

the difference between CCCM and 0.5 Gy ICCM, was not statistically significant (p= 0.06). This

suggests that these cells do not produce bystander signals. Further testing is warranted to determine

whether the OE33 cells respond to bystander signals with other cell lines as donors since the p-value

was almost significant. For all of the cell lines tested, there was no statistically significant interaction

found between serotonin and ICCM (p > 0.05). Therefore, this would mean that serotonin does not

play a mechanistic role in the induction of RIBEs in the human OE19 and OE33 esophageal cancer

cell lines or in the human colorectal cancer cell line.

Serotonin alone caused a marked increase in cell survival at 1000 nM for the OE19 cells that

received no radiation. Therefore, the serotonin effect observed seems to be completely unrelated to

RIBE. This stimulatory effect was observed only with the OE19 cell line at a concentration of 1000

nM, which cannot be explained without further investigation. Past work with the HCT 116 p53

null cell line has shown a protective bystander effect at a serotonin concentration of 100 ng/ml [8],

but this did not occur in its functional p53 partner cell line in the present study. Several studies

have shown the involvement of serotonin mechanisms in bystander signal production and responses

[5–9]. Also, a small subset of patients undergoing brachytherapy has shown that serotonin modulates

bystander signal production in cohort of cancer patients [17]. In the present study, our hypothesis

was proven to be incorrect since the addition of serotonin over the threshold of 25 ng/mL does not
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affect bystander clonogenic cell death in the cultured esophageal cancer cell lines. Furthermore, the

combination of serotonin with a selective 5-HT3 antagonist did not have an effect on cell survival

as predicted at the start of the study. Therefore, there may be multiple mechanisms involved in

the bystander effect for esophageal cancer. One possible mechanism could be influenced by the p53

status of the esophageal cancer cell lines as has been shown with other cells [16].

In conclusion, our results suggest that the OE19 cells have the ability to produce bystander

signals, as measured by the clonogenic assay, using colorectal cancer reporter cells but they do not

respond to signals. Furthermore, bystander signal generation is not dependent on serotonin in any

of the cell lines used. The results suggest that the role of serotonin in radiation-induced bystander

effect biology is complex and cell line specific. There are bystander effects and serotonin induced

proliferation but these two processes do not imply that one causes the other. We postulate that

serotonin stimulates clonogenic survival in the OE19 cell line, but probably not due to ion gated

channels since no real difference was observed in the presence or absence of the inhibitor. There may

be multiple mechanisms involved in the bystander effect in esophageal cancer and p53 status may

have a role in the bystander process.
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Chapter 7

Discussion and Conclusion

The work presented in this thesis describes the use of clinical and in vitro approaches to

determine the existence and relevance of bystander effects in adenocarcinoma of the esophagus. The

goal of this final chapter is to discuss my contribution to the field by giving brief overviews of the

papers presented in this thesis. Some of the limitations encountered, along with possible solutions,

have been addressed to suggest new avenues for future clinical work.

7.1 Radiation-induced bystander effects in esophageal tumours

There are no previous studies investigating esophageal cancer patients undergoing HDR

brachytherapy and esophageal cell lines for bystander effects. Little is known about the significance

of bystander and abscopal effects in radiotherapy modalities because there is high variability from

patient to patient. There are no suitable bioassays or biomarkers for investigating radiation-induced

bystander signaling and response pathways. The type of cancer being investigated in this thesis

is often found at advanced stages with HDR brachytherapy and EBRT being the usual treatment

options. Thus, this work adds to a very limited literature in an important field. Five questions were

outlined at the end of chapter 1. These questions have been addressed throughout this PhD project

and below is a summary of these findings and recap of the thesis hypotheses, refer to Table 7.1 and

Table 7.2, respectively. In this section, the findings and significance of this thesis are addressed.
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Table 7.1. Summary of results

Thesis Questions & Summary of Findings

1. Are bystander effects produced in brachytherapy patients?
• The results suggest they are produced in non-smokers [1]
• Non-smokers produced strong bystander signals
• Smokers produce weak or absent signals

2. Are they detectable in non-tumour samples such as blood and urine?
• The results suggest they are produced in both blood and urine samples [2, 3]
• Both samples produce an increase in human keratinocyte reporter cells at the final fraction of brachytherapy

3. Do they persist during fractionated treatments?
• The results suggest there is an adaptive response initiated in bystander cells [3]
• A significant response was not found during early exposures
• A marked increase in reporter cell survival was observed after multiple exposures of HDR brachytherapy compared to baseline samples
• A larger sample size is needed to validate these findings

4. Are RIBE in any way related to outcome, stage of the cancer, gender, lifestyle factors such as smoking status?
• The results suggests that bystander effects may be related to smoking status [1]
• Smoking status influences patients’ responses to radiation

• Non-smokers had a greater improvement in dysphagia scores than actively smoking individuals
• For both gender and cancer staging the results were inconclusive due to the limited sample size

5. Are available esophageal cell lines useful for studying bystander effects and their underlying mechanisms such as the role of serotonin?
• The results suggests the OE33 and OE19 cells produce bystander signals
• Both esophageal cancer cell lines tested produced a significant reduction in cell survival in human keratinocyte reporters
• OE19 cells do not seem to be capable of responding to bystander signals when exposed to ICCM from their autologous donors
• The esophageal cancer cell lines tested did not require serotonin to produce bystander signals
• Serotonin has been shown to have a role in HDR brachytherapy bystander effect in a small cohort of esophageal cancer patients [2]
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Table 7.2. Recap of Thesis Hypotheses

Thesis Hypotheses

H1: Fractionation will induce less cell death in reporter cells following each fraction of brachytherapy.

H2: Gender and smoking status will influence bystander effects

H3: Bystander effects will lead to a significant decrease in reporter cell survival

H4: Serotonin will modulate bystander effects in esophageal cancer

H5: Cell lines possessing mutated p53 will not respond to bystander signals

7.1.1 Part I: Clinical assays

A vast amount of research focuses on the investigation of bystander effects using in vitro

models [4–9]. Most of the data concern work with established cell lines of limited applicability to

in vivo situations involving complex tissues. The availability of a human tissue model is essential

since it may aid in understanding the relevance of bystander effects (if any) in treatment planning,

or help to identify novel therapeutic targets for limiting adverse effects in healthy tissues [10]. In

the first part of this thesis, one study focused on fractionated HDR brachytherapy within a small

group of esophageal cancer patients. Samples of blood serum, urine, and the esophagus tissues were

harvested from esophageal cancer patients. The results demonstrated a significant increase in human

keratinocyte cloning efficiency at the final fraction of treatment compared to baseline samples for

both the blood serum and urine samples. These findings suggest the presence of factors in the blood

and urine capable of inducing an increase in the reporter cloning efficiency, suggestive of a potential

adaptive response. Based upon past work [11], the initial hypothesis concerning multiple bystander

exposures has been shown to be correct and does not need to be revised (Table 7.2), but it does

need to be validated with a much larger sample size. Furthermore, in a small subset of patients

undergoing brachytherapy it was shown that serotonin modulates bystander signal production,

however, serotonin was not consistently involved in experiments with cultured esophageal cancer cell

lines. These findings will be discussed below in the next subsection.

The first pilot study found that blood serum samples produced consistent results in comparison
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to the urine and esophageal biopsy samples. Therefore, blood serum samples were used for the

subsequent clinical study to validate the production of bystander signals with a larger sample size

along with cancer-free volunteers. In contrast to past work [12, 13], gender had no influence on

bystander signal generation in this blood-based assay. However, these results do not disprove the

hypothesis that females produce stronger bystander signals. Rather this was most likely attributed

to the female sample size being too small to reach conclusive results. This thesis has found that

smoking status influences patient responses to radiation treatments. These findings support past

work with urothelium biopsy samples harvested from smokers [12]. The earlier study found that

smokers had a smaller reduction in cloning efficiency following irradiation than samples taken from

non-smokers. In the present study, samples taken from smokers produce a weak or absent bystander

signal, whereas samples taken from non-smokers can produce strong bystander signals following

HDR brachytherapy, see Table 7.2.

The work also showed an improvement in dysphagia scores at the end of treatment in non-

smokers compared to actively smoking individuals. Similar results were found in head and neck

cancer patients, smokers were more resistant to radiotherapy than non-smokers [14]. In the literature,

it has been documented that smoking induces radioresistance by inducing hypoxia. Because cigarettes

produce carbon monoxide, the oxygen atoms no longer bind to the hemoglobin, as efficiently as

the carbon monoxide, leading to hypoxic conditions in tissues of smokers [14–16]. Tobacco-derived

carcinogens- nitrosamines, have also been shown to stimulate growth in urothelial cultures [17].

Cigarettes contain many carcinogens and additives that can increase tumour growth and alter the

normal damage response pathways in cells. One additive of particular interest for future work

would be nicotine, since it has been documented in the literature to reverse the bystander effect by

stimulating a higher cell survival in bystander cells receiving ICCM [18]. Moreover, nicotine has

been shown to promote carcinogenesis and apoptosis resistance in a number of cells [19–22]. It is

important to consider that nicotine may play a role in the induced radioresistance response because

only one esophageal cancer patient in our pilot study was a non-smoker. Consequently, one possible

explanation may be that nicotine causes resistance to radiation by promoting cell proliferation

and inhibiting apoptosis. There is also a possibility that a combination of systemic nicotine levels
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attained during smoking have a role in rendering esophageal cancer resistant to radiotherapy, since

smoking increases hypoxia levels in tumours [14, 16].

7.1.2 Part II: In vitro assay

The second part of this thesis addressed question five of this thesis (i.e. Is esophageal cancer

cells useful for studying bystander effects and their underlying mechanisms such as the role of

serotonin?), refer to Table 7.1. This question could not be easily investigated by using clinical models.

In this part the focus was on established EAC cell lines with the aim of determining whether these

produced bystander effects. Using a well-established human keratinocyte HaCaT reporter model,

significant cell killing effects could be measured in reporter cells exposed to medium harvested from

OE33 and OE19 cell lines irradiated to 0.5 Gy. There was a trend for OE33 donor cells to produce a

bystander effect using autologous cells but the p value was p=0.06 indicating that the effects were on

the borderline of significance. The OE33 donor cell medium produced a decrease in cell survival for

HCT 116 p53 +/+, but the p-values were insignificant (p=0.202). This highlights the importance of

using a range of cell lines and reporters when testing these low dose bystander effects. Therefore, cell

culture experiments performed in this thesis revealed that EAC lines are able to produce bystander

signals, but the OE19 cell line cannot respond to the signals. The OE33 cells require further testing

to determine whether they respond to bystander signals with other cell lines as donors since the

p-value was almost significant.

In contrast to our clinical findings suggesting that bystander effects are modulated by serotonin

within a small subset of patients, this does not seem to be the case with in vitro EAC medium

transfer bystander experiments. It was clear that the two OE33 and OE19 cell lines were still

able to generate bystander signals regardless of the presence or absence of serotonin. Past work by

our research group [23] has shown that serotonin is highly sensitive to light and can be degraded

from 89 ng/ml to 5 ng/ml after 3 hours of exposure to laboratory light. The background serum

serotonin levels found in FBS were inactivated after exposure to laboratory light for 3 hours prior

to supplementing into the culture medium for these experiments. The EAC cell lines revealed no
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underlying serotonin requirement to producing bystander signals, there may be other underlying

mechanisms involved in the bystander process in these cell lines. Most likely there are other multiple

mechanisms that play a role in signal production in esophageal cancer. Part of the reason why the

esophageal cancer cells cannot respond to bystander signals may be due to the mutated p53 status

as shown by others in the literature [24, 25].

Another very important NTE observed in this thesis was a low dose HRS response in the

OE19 cell line, which again was not observed in the OE33 cell lines. The OE19 cell line showed

a low HRS response below 1 Gy of γ-irradiation. Only one other study has been published using

radiation with the OE19 cell line, but the doses used were higher than 2 Gy [26] and thus were too

high to show the HRS response. Bystander effects were also found at 0.5 Gy ICCM, which suggests

that these two phenomena may coexist. This supports other studies that showed low dose HRS

and bystander effects are not mutually exclusive [27, 28]. Earlier work on bystander effects has

shown that HRS/IRR cannot exist in the same cell line, but the dose ranges tested were above the

transition from HRS to IRR [24]. Recently published data suggests the phenomenon of IRR may

involve suppression of HRS and bystander effects [29]. This means doses above the transition from

HRS to IRR do not produce bystander effects or HRS responses. One possible reason for the OE19

but not OE33 cells inducing low dose HRS may have to do with the p53 status of the cell. HRS

responses have been reported to undergo apoptosis in a p53-dependent manner [30]. The OE19 cell

lines have mutated p53 that still has partial function, but the OE33 cells have non-functional p53

protein activity [31].

7.1.3 Study design limitations

One of the limitations associated with these clinical studies was the small sample size. The

limited sample size was attributed to patients leaving the study, patients being unable to give

samples, patient contaminated samples, and other problems such as weather affecting sample

transport. In both clinical studies, the sample populations were not normally distributed which led

to non-parametric statistical approaches being used for data analysis instead of the more robust
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parametric tests. A power analysis using G*Power software [32] with a power (1-β) set at 0.95 and

α=0.05 showed that the number of subjects required to achieve statistical power was a sample size

of 84 and 115 for future fractionated and single exposure HDR brachytherapy studies, respectively

(Figure A.5 and Figure A.6).

In addition to there being difficulties consenting patients for biopsy samples, some tissue

samples were lost from patient derived yeast contamination. Pre-treating tissue samples with

antimycotics were very successful and this needs to be considered in future clinical studies. Another

study limitation was not being able to age match cancer-free volunteers to cancer control samples,

however, both control groups were nil per os (NPO) after midnight until their samples were taken.

There are contradictory data in the literature concerning gender related bystander signal variation

[12, 13], part of this thesis was to confirm or rebut past work suggesting females produced stronger

bystander signals [12]. However, the majority of the participants in the current study were older

males, which made it difficult to answer part of this question. With hindsight, selecting a cancer that

affects both males and females equally would be more likely to succeed in addressing this however the

funding was specifically for esophageal cancer so this was not really possible. Another disadvantage

was the loss of a valuable reporter cell model, (HPV-G human keratinocytes), due to a mycoplasma

infection found in the frozen stocks during a routine check. There was no other option but to use

an equally well-documented reporter human keratinocyte, called HaCaT [33–36], for the remaining

experiments.

In vitro work alone typically looks at cells in isolation, where the growth of cells in a monolayer

forces one side of the cells to adhere to the substrate with absolutely no opportunity for cellular

contact on the other side. These environments are unnatural and are not normally found in tumours

in vivo. Many different populations of cells compete and cooperate with each other surround

tumour cells, whereas cultured cells lack these cellular complexities and have no inflammatory cells or

vasculature [37]. The use of esophageal cancer cell lines makes the detection of bystander effects much

simpler than in vivo, however, the tissue microenvironment is very important when extrapolating

from cell lines to clinical settings. Therefore, these cell lines are not representative of esophageal

adenocarcinoma patients enrolled within our clinical studies. Any cell culture investigation comes
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with limitations when extrapolating back to human data since each cell line has been derived from a

primary tumour taken from a single patient. However, the use of tumour cell lines has been reported

to be advantageous for basic mechanistic studies because these cultures contain pure populations of

tumour cells [38] and have an unlimited growth potential in vitro [39].

Outlined above are a few possible clinical limitations identified in this thesis. However, this

does not invalidate some very important findings found during this project. One of the main

finding is that bystander effects can be detected in patients with esophageal cancer. Additionally,

smoking status is a key determinant of outcome; smokers produce weak or absent bystander signals

compared to non-smokers. Furthermore, multiple exposures to bystander signals results in a cell

survival increase during the pilot study. These findings may also have wider applicability in other

human exposure situations including environmental exposures, accident situations, and planned low

dose medical procedures. While there may be some limitations in this clinical work, these are not

inherently bad since it provides a new opportunity to challenge other scientists to look more into the

clinical relevance of bystander effects. Limitations are a part of science, and these study limitations

will become another scientist’s inspiration.

7.2 Future work

A new hypothesis for future work on smoking status is that nicotine promotes cell proliferation

and radioresistance in human esophageal cancer cells. It is possible that samples harvested from

smokers produce pro-growth signals post-irradiation because cigarette smoking can alter the normal

damage response in cells [40]. Studies in the literature show nicotine has a role in cell proliferation,

resistance to apoptosis, and radioresistance [20, 41]. Future clinical studies could continue to harvest

blood serum and tissue samples to look further into the induced radioresistance responses observed

following fractionation of brachytherapy. Future clinical studies could also investigate whether

nicotine has a role in producing weak or absent bystander signals. Further in vitro work could also

be carried out by using a panel of esophageal adenocarcinoma (FLO-1, KYAE-1, SK-GT-4, OE19,

OE33, JH-EsoAd1, OACP4C, OACM5.1, ESO26 and ESO51) [37] and squamous cell carcinoma cell
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lines (TE-1, TE-4, TE-5, TE-6, TE-7, TE-8, TE-9, TE-10, TE-11, TE-13) [42] recently authenticated

in the literature.

Not all patients with advanced esophageal cancer respond similarly to radiation treatments,

identification of subsets of patients who do or do not benefit from such a treatment is warranted in

the future. By identifying certain environmental and genetic modifiers, radiotherapy regimens could

be tailored more effectively. This thesis has made it clear that non-smokers produce (or respond

to) bystander signals compared with smokers. Since humans are seldom exposed to one stressor at

a time, testing a combination of multiple stressors along with radiation might significantly alter

the therapeutic response. Future studies should focus on apoptotic protein expression in blood and

tissue samples to predict individual susceptibility to bystander signal production during radiotherapy

with a view to predicting treatment response (i.e. tumour shrinkage). Future work should also test

bystander effects in the HRS dose region for OE19 and other esophageal cancer cell lines to elucidate

the HRS/IRR response at lower radiation doses occurring in areas outside the treatment field. These

future experiments may also clarify whether delivering doses in the HRS dose range (< 1 Gy) might

enhance tumour sensitivity. This could have implications for radiotherapy and could help improve

patient prognosis. In summary, it is recommended that these ideas, are investigated in future in vivo

and in vitro projects to determine whether bystander effects in human cancer patients undergoing

radiotherapy are harmful or beneficial.

7.3 Conclusion

This thesis presents the first work investigating radiation-induced bystander effects in esophageal

adenocarcinoma using both cell models and human patients. The key contributions are:

1. Bystander signals are being generated in non-smoker cancer patients undergoing HDR

brachytherapy and in EAC cell lines. Non-smokers have the ability to produce strong bystander

signals whereas smokers produce a weak or absent signal.

2. Multiple exposures of brachytherapy suggest an induced adaptive response in non-irradiated
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human keratinocytes.

3. The esophageal cancer cell lines tested were not serotonin dependent meaning there may be

multiple mechanisms involved in the bystander effect.

4. A HRS response below 1 Gy of γ-irradiation was found in one esophageal cell line derived from

an adenocarcinoma, which also showed bystander signal production in the same dose range.

Together, the studies in this thesis may contribute to the knowledge on bystander or even

abscopal effects in radiotherapy. Since advanced stages of esophageal cancer is often treated with

HDR brachytherapy and even EBRT, the information in the thesis adds to a very limited literature

in an important field. Our findings with smoking status may have more general application in

efforts to understand the wider implications of systemic smoking effects in carcinogenesis but also

in radiotherapy response. This thesis motivates other research to identify the propagated soluble

factors that promote radiation-induced signaling pathways in esophageal cancer, to develop risk

based radiation exposure guidelines, and to develop clear bioassays and biomarkers for bystander

effects.
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Appendix A

Appendix

A.1 Cell lines

Table A.1. Cell Line Characteristics

Cell Name Tissue Disease p53 status Doubling Time
HPV-G Skin Normal (immortalized) p53 suppressed 22h [1]
HaCaT Skin Normal (immortalized) mutated 21h [2]
OE19 Esophagus Esophageal adenocarcinoma stage III mutated 50h[3]
OE33 Esophagus Esophageal adenocarcinoma stage IIA mutated 30h [4]
HCT116 Colon Colon Cancer wildtype 16-18h[5, 6]

A.1.1 Human keratinocyte cell lines

The HPV-G cells have been derived from a neonatal human foreskin [7] and obtained as a gift

from J. Di Paolo, NIH, Bethedsa. They are an non-transformed human keratinocyte immortalized

with the human papillomavirus 16, HPV16, to proliferate indefinitely in culture. HPV-G cells have

a cobblestone morphology and has a doubling time of 22 hours [1]. These cells have their TP53

suppressed by E6 oncogene, but even so they still have 30% expression of their wild-type p53 protein

[7].

The human HaCaTs keratinocytes were used as a reliable reporter cell model during our phase

II clinical study. These cell lines are well-established and have been well-documented to produce

bystander signals and have a very stable bystander response reported in the literature [1, 8, 9]. The
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HaCaT cells are an non-transformed immortal human keratinocytes with a doubling time of 21

hours [2]. A deletion of the entire TP53 gene in one allele and a point mutation in second allele has

rendered these cells to be p53 mutated. These cells were kindly sent by Dr. Orla Howe from the

Dublin Institute of Technology (DIT).

A.1.2 Human esophageal and colon cancer cell lines

The OE33 cells are derived from a primary tumour, clinically diagnosed as a stage IIA EAC

(Barrett’s tumour), in a 73-year-old female patient. The OE33 cells were receive as a gift from Dr.

Niamh Lynam-lennon from Trinity College Dublin, Ireland. These cell lines have a doubling time of

30 hours [4] and have a p53 protein with a point mutation on codon 135 (cysteine → tyrosine) [10].

The OE19 cells are derived from a primary tumour, clinically diagnosed as a stage III EAC, in a

72-year-old male patient. The OE19 cells have been documented to be inherently radioresistant [11],

and were purchased from Sigma-Aldrich (Oakville, ON, Canada). These cell lines have a rather long

doubling time of 50 hours [3] and have been documented as p53 mutated [10].

The HCT116 p53 wildtype was derived from a human colon cancer [12] and have been

documented to have functional p53 [12, 13]. These cell lines have a doubling time of 16-18h[5,

6]. These cells were received as a gift from Dr. Robert Bristow from Princess Margaret Hospital,

Toronto, ON, Canada. One very important reason for selecting this cancer cell line as a reporter

model for our medium transfer bystander experiments was that these cells were found to have the

ability to produce and respond to bystander signals [13, 14].

A.1.3 Mycoplasma sensor cells

This subsection outlines the importance of having routine detection methods in place for

mycoplasma contamination. One of the smallest and simplest organisms are known as mycoplasma.

These organisms lack a cell wall, which means that antibiotics are ineffective against these contami-

nants. Mycoplasma have often been referred to as a parasite since they take up residence inside

cells which can alter the host cell’s DNA synthesis, induce chromosomal aberrations, influence signal
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transduction and promote cellular transformation[15]. Therefore, it is imperative that routine detec-

tion methods are put forth to prevent erroneous results from contaminated cell lines. Contamination

cannot always be eliminated, but this is precisely the reason for having established and routine

detection methods in place [16]. A brief overview of the PlasmoTest and mycoplasma sensor cell line

is described below.

The Hek-Blue-2 cells are engineered human embryonic kidney cells (HEK 293) that have

been transfected with the Toll-like Receptor 2 (TLR2) gene along with a number of genes involved

in the recognition pathway of mycoplasma contaminants [17]. This cell line was included in the

PlasmotestTM Mycoplasma detection kit (Catalog # rep-pt1), which was purchased from Cedarlane

(Burlington, ON, Canada). These cells are extremely sensitive to mycoplasmal lipoproteins, which

makes them an ideal screening tool for mycoplasma infected cultures. The Plasmotest was utilized

as a screening tool to eliminate the risk of using mycoplasma infected cell cultures for experiments.

The growth medium used for the routine maintenance of HEK-Blue-2 cells was Dulbecco’s

modified eagle medium (DMEM) with 4.5 g/L of glucose (Invitrogen, Burlington, ON, Canada).

DMEM was supplemented with 10% foetal bovine serum (FBS) (Gibco, Burlington, ON, Canada),

50 U/ml penicillin and 50 µg/ml streptomycin (Invitrogen, Burlington, ON, Canada), 2mM L-

Glutamine (Invitrogen, Burlington, ON, Canada), 100 µg/ml NormocinTM and 1x HEK-Blue

selectionTM mix. NormocinTM is a patent antibiotic mix with the capabilities to combat mycoplasma,

bacteria, and fungus contaminants in the HEK-Blue-2 cells. The HEK-Blue selectionTM mix is also

a patent formulation consisting of many selective antibiotics required to maintain the transfected

transgenes integrity. All cell cultures were performed in a class II biosafety cabinet at McMaster

University to prevent the spread of the adenovirus agent that is contained within these cells. Routine

subculturing was performed on cell stocks reaching 70–80% confluency by using a Falcon 18 mm cell

scraper (VWR, Burlington, ON, Canada). Cell stocks were grown in 75cm2 flasks (T-75) filled with

15 ml of supplemented growth medium. Cell stocks were incubated at 37◦C and 5% carbon dioxide

in air. The HEK-Blue-2 cell line was kept at a low passage number since a passage number higher

than 30 was not guarantee to possess the same TLR2 gene expression necessary for mycoplasma

detection.
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The PlasmoTestTM kit by InvivoGen was used to visually detect mycoplasma contamination

in cell cultures. This colourimetric assay is highly robust and utilizes a cell line to signal the presence

of mycoplasma contaminants in cultured cells. As previously mentioned above, the Hek-Blue-2 cells

have been engineered to express the TLR2, which is a pathogen recognition receptor that detects

the lipoproteins found surrounding mycoplasma [17].

Quarantine cell cultures were detached by using a cell scraper and centrifuged at 1500 rpm for

5 minutes. 500 µl of the supernatant was collected and transferred to a 5mL sterile tube. Samples

were heated for 100 ◦C for 15 minutes to rid the samples of any external sources of phosphatases

not secreted by the HEK-Blue-2 cells. External phosphatases will produce a false positive result.

The HEK-Blue-2 detection medium is solubilized in 50 mL of ultra-pure water and then sterilized

by using a 0.22 µm Nalgene filter. In a 96 well-plate, 50 µl of each heated sample was pipetted

into their respective wells. 50 µl of the positive and negative controls were also placed into their

respective wells. HEK-Blue-2 cells were scraped to form a suspension with pre-warmed detection

medium. 50,000 cells were plated into each well containing a sample of supernatant to be tested and

negative and positive controls. The well-plate was incubated at 37 ◦C and 5% carbon dioxide in

air incubator for 16 to 20 hours. After incubation, the presence of Mycoplasma was detected by a

change in the detection medium from pink to blue.
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A.1.3.1 Urine toxicity testing
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Figure A.1. Urine samples were taken from 3 healthy individuals and used for toxicity testing to
develop urine colony-forming assay. A 10 fold serial dilution was performed on the urine samples
and supplemented onto HPV-G reporter cells. The urine samples were filtered or left unfiltered to
assess whether filtration improved cell survival. The graphs are showing the clonogenic survival of
HPV-G cells after being exposed to either concentrated or diluted unfiltered (a) and filtered urine
samples (b) at various time points. 3 measurements were set-up per sample, n=9.
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Figure A.2. A 10 fold serial dilution was performed with a urine sample taken from a healthy
individual. Diluted urine samples were supplemented onto HPV-G reporter cells and survival was
assessed over a span of 8 days.
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Figure A.3. The clonogenic survival (%) of HPV-G reporter cells exposed to healthy control urine
samples and cancer patients baseline urine samples. There was a notable difference between 6 healthy
control samples and 8 cancer patient urine samples, as illustrated in All values are mean ± SEM for
n=6 and n=14 for healthy control and cancer patients baseline urine samples, respectively.

A.1.4 Ratiometric calcium

Intracellular calcium can be responsible for a number of cellular responses, including apoptosis

and mitogenesis, and the intracellular concentrations are tightly regulated for this very reason[18].

For example, extracellular levels of calcium are roughly 3 to 4 mM whereas the intracellular calcium

levels are kept below 100 nM[18]. Calcium movement into and out of a cell can result from a

variety of stimuli. In particular, bystander medium, or mostly known as ICCM, is the stimulus of

great importance for our research group when performing ratiometric calcium measurements. The

movement of divalent calcium into a cell may occur through specific channels including LGICs and

G protein-coupled receptors (GPCRs) [18]. Once intracellular calcium is taken into a cell a variety

of responses may be elicited downstream, such as apoptosis[19]. There are several calcium binding

proteins and organelles (ie. sarcoplasmic reticulum) that clear the cytosol of calcium after a response

is no longer necessary, which is the reason why the response is often referred to as transient. In 1985,

Grynkiewicz and colleagues found a way to measure calcium fluxes by use of certain calcium probes,
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such as fura2. The authors referred to this method as Ratiometric calcium. Nearly one decade and

a half later, Fiona Lyng and colleagues [19] adopted this technique to monitor bystander effects by

measuring increases in the reporter cells’ cytoplasmic calcium exposed to 0.5 Gy ICCM. Reporter

cells displaying a distinct calcium influx would translate to an early indicator for apoptosis in cells.

Fura-2 acetoxymethyl (AM) ester is non-polar resulting in the calcium probe to be transported

through the cell membrane into the cytosol [18]. The Fura2 AM ester groups are removed once

inside the cell by intracellular esterases. This leads to the calcium probe becoming polar and unable

to escape and travel back outside of the cell through the membrane. The calcium probe, Fura

2, consists of a flurophore region and 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid,

(BAPTA) group that has a calcium sensitive region for binding [20]. BAPTA is a calcium chelator

that selectively binds to calcium via carboxylic groups. Often times there is a fluorophore attached

to the BAPTA group, which shifts the excitation from 380 nm to 340 nm once calcium has become

bound to the BAPTA [21]. In this thesis, the calcium probe, Fura 2AM, is used to investigate the

role of calcium cell signalling in RIBEs. Below is a detailed explanation of the necessary steps taken

to measure intracellular calcium fluxes in bystander cells exposed to ICCM taken off of donor cells

previously irradiated.

Mothersill’s research group and others used HPV-G cultures as reporters to monitor calcium

fluxes [19, 22]. Unfortunately, this cell line was lost by a mycoplasma infection in 2013, and as a

result HaCaT cells were optimized for ratiometric calcium measurements. HaCaT cells were seeded

in glass bottom dishes coated with poly-d-lysine(MatTek corporation, Ashland, MA) at a density

of approximately 100,000 cells per dish. The cells were incubated at 37 ◦ C and 5% CO 2 for 24 h

before calcium measurements. Cells were washed three times with Hank’s Balanced salt solution

(HBSS) calcium buffer (invitrogen,ON) supplemented with 25 mM of Hepes (invitrogen,ON). Cells

were incubated with 1000 µl of 8.4 µM Fura-2 AM (Sigma-Aldrich, Oakville, ON) for 50 minutes

at 37 ◦ C and 20 minutes at room temperature to aid in the de-esterification process as previously

described by Biro and collaegues [23, 24]. Prior to imaging, cells were rinsed three times and then

300 µl of imaging buffer was added to the dish. Equipment used for calcium measurements are

Photon Technology International (PTI) lamp power supply, xenon arc lamp and random access
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monochromator with a liquid light guide that is coupled to an Olympus 1x81 microscope and

computer. UV excitation wavelengths, 380 and 340nm, are used to excite the Fura-2 loaded into the

cells. Images were taken for 13 minutes after adding100 µl of either CCCM or ICCM to reporter

cells once a stable baseline was reached at roughly 80 seconds. Figure A.4 shows an illustration of a

reporter cell line exposed to ICCM or CCCM medium during ratiometric calcium measurements.

(a) (b)

Figure A.4. The brightfield image with HaCaT human kerationcyte cultures is depicting a group
of cells selected for calcium imaging. The fluorescence image of the cells after being loaded with
a calcium probe, fura2 is excited at 380 nm is to the right of the brightfield image, as shown in
(a). Unbound fura2 is excited with 380 nm UV wavelengths and calcium bound fura2 is excited
with 340 nm UV wavelengths. Once calcium binds to the sensitive regions on the fura, the spectral
properties of the fluorescent indicator changes and the UV excitation wavelength used is 340 nm.
(b) is showing an illustration of a reporter cell line exposed to ICCM or CCCM medium and then
excited with 340 and 380 nm wavelengths to activate bound and unbound fura2, respectively. Both
excitation wavelengths emits a green 510 emission wavelengths.
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A.2 Sample size calculations

Figure A.5. A power analysis with G*Power software [25] for a repeated measure analysis found
that with an α error probability (err prob) of 0.05 and power (1-β err prob) of 0.95 we would need a
sample size of 84.

Figure A.6. In our phase II study, blood samples were collected before and after one single fraction
of brachytherapy so a larger sample size could be obtained. The larger sample size would be used to
generalize the data to a population of cancer patients undergoing brachytherapy. Power calculations
were performed with G*Power software [25] by setting a power (1-β) at 0.95 and α=0.05. The mean
difference and standard deviation obtained during the one-year pilot study was used to calculate the
effect size of 0.339. We found that with an α err prob of 0.05 and power (1-β err prob) of 0.95 we
would need a sample size of 115.
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A.3 Supplementary information for phase II clinical study

(a) (b)

Figure A.7. As illustrated in graph A.7(a) the relationship between total treatment time in seconds and tumour length treated in
centimeters were assessed. Also, the relationship between dose-rate (Gy/h) and tumour length treated in centimeters are outlined
in graph A.7(b). These regression models are suggesting that nearly 60% to 70% of the dose-rate variability can be explained by
the size of the tumour, as patients with larger tumours require a longer treatment time that ultimately effects the dose-rate.Other
factors that could explain the dose-rate variability are dependent on the iridum-192 source decay and source renewal.
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Figure A.8. An acid control was set-up since serotonin was initially dissolved in 0.1 M HCL. These acid controls showed no
significant changes in cloning efficiency compared to the control samples for HCT 116 p53 +/+, OE33, and OE19 cells.
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A.5 Clinical data

A.5.1 Pilot study
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A.5.2 Phase II clinical study
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A.6 In vitro data

Raw counts
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