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ABSTRACT

The central dogma of radiation has been that all biological effects of
ionizing radiation occur through direct damage of DNA in the nucleus. There is
however evidence dating back to as early as 1950’s which suggests that
radiation can cause damage in unirradiated “bystander” cells through
mechanisms currently unknown at low dose exposures (Parsons, 1954). This
radiobiological bystander effect has since been observed in numerous studies
involving microbeam experiments and media transfer experiments, where the
observed DNA damage was significantly higher than the amount of cells directly
traversed by radiation (Zhou, 2001; Mothersill, 1998). Elevation in the levels of
IL-8, TNF-a, FASL, nitric oxide, and reactive oxygen species have been
associated with low dose irradiation and are implicated as potential mediators of
bystander effect (Narayanan, 1999; Burr, 2010; Rastogi, 2012). TNF-a has two
types of receptors p55 and p75 that are part of the mechanism involving NF-kB

gene transcription. In our study, we invested the role of TNF-a receptors in the
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induction of p-H2AX foci (marker of DNA double strand breaks-DBS) in
unirradiated mice endothelial progenitor cells (EPCs) post irradiation (IR). One
set of EPCs were irradiated with low dose y- radiation and the media of the cells
transferred to corresponding unirradiated EPCs of wild type (WT), p55 knock out
(KO), and p75KO mice. Our data showed that at 24 hours, control WT EPCs had
the highest p-H2AX foci/cell and gradually decreased 3 and 5 days post media
transfer. In contrast, p75KO and p55K0O EPCs had lowest count of p-H2AX foci
at 24 hours and increased at 3 days. At 5 days post conditioned media (CM)
transfer, p55K0O continued to have higher p-H2AX foci in an increasing trend
whereas p75KO decreased in p-H2AX foci. Our findings showed that in
comparison to WT EPCs, the expression of TNFR1/p55 and TNFR2/p75 greatly
influenced the pattern of p-H2AX induction over time. ELISA analysis of the y-
irradiated WT and p55KO EPC conditioned media at different time points of the
experiment showed that several cytokines and chemokines such as IL-1q, IL-1j3,
MCP-1, Rantes, and MIP-1a are associated with the increasing trend of p-H2AX
foci in p55KO EPCs. Our in vitro mouse recombinant cytokine treatment of
p55K0O EPCs, using the concentrations of cytokines determined in the ELISA
analysis confirmed the ability of TNF-a to induce p-H2AX foci and identified IL-1a

as one of the main inducers.
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INTRODUCTION

Current understanding of radiation and its biological effects is that direct
damage of DNA in the nucleus causes cell death and mutations. However there
have been numerous studies, especially in the past two decades, which suggest
that radiation can cause damage in unirradiated cells through radiobiological
effects currently not fully understood. The term “bystander effect” was used to
describe the ability of a cell, affected by an agent (e.g. radiation), to cause
damage in other cells unaffected by the initial agent (Djordjevic, 2000). This
radiobiological bystander effect was observed in radiation dosage as low as
0.31mGy in an experiment by Nagasawa and Little, where Chinese hamster
ovary cells (CHO) were irradiated with a-particles in G1 phase and measured for
the induction of sister chromatid exchanges (SCE) (1992). Results showed that
30% of cells had increased SCE even though only 1% of cell nuclei were

traversed by a-particles.

Radiation causes genomic instability which is an all-encompassing term to
describe the increased rate of alterations in DNA. It is delayed in effect and
passed on to the progeny of irradiated cells (Wright, 1998). This instability can be
measured as chromosomal alterations, changes in ploidy, micronucleus
formation, mutations, microsatellite instabilities, and decreased plating efficiency

(Morgan, 2012). One of the ways in which instability was observed in



radiobiological bystander effects is through the quantification of SCE, as
mentioned in the experiment by Nagasawa and Little (Nagasawa and Little, 1992;
Deshpande et al., 1996). Their results indicated a significant change in the
genome of cells not traversed by radiation. In their further experimentation, wild-
type Chinese hamster ovary (CHO) cells and xrs-5 cells were irradiated with
alpha patrticles from 0.17 to 200 cGy. Xrs-5 cells are deficient in DNA double
strand break repair and were found to have 15-fold increase in the number of
cells with chromosomal aberrations than expected if the damage occurred only
through irradiated cells, and wild type cells had a 4-fold increase in the number of
cells with aberrations (Nagasawa and Little, 2002). Xrs-5 cells were significantly
more sensitive to bystander effect in the range of 0.17-1.7cGy. Increase in the
micronucleus formation was also noted by investigators of bystander effect
(Azzam et al., 2001; Azzam et al., 1998). Cultured human fibroblasts AG1522,
exposed to 1-10cGy, displayed higher than expected levels of DNA damage
associated with elicitation of stress-inducing p21(also known as Wafl, Sdil, Cipl)
protein (Azzam et al., 2001). The frequency of micronuclei was measured 3
hours after exposure, and a 3-fold increase was noted in ranges of 1-3cGy while
only a 4-fold increase was noted at 10cGy. DNA mutations were also observed
by investigators by measuring the induction of Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) mutations in bystander cells (Nagasawa and
Little, 1999). Non-irradiated bystander cells were again subjected to greater DNA

damage than expected values.



In many radiation studies, the number of cells hit in the nucleus is
estimated by statistical probability based on the dosage of radiation. With the
development of the microbeam, it allowed investigators to accurately target the
number of cells and the exact exposure to radiation. In studies by Zhou and
colleagues, a precision microbeam was used to target the nucleus of 5, 10, 20, or
100% of CHO cells grown in culture with a single a-particle (Zhou et al., 2001).
Gene mutations were measured by the yield of CD59- mutants induced in the
population. The experimental results showed that in all percentages of cells
irradiated, the induction of mutants was elevated above expected values. At 5%
of cells irradiated, the mutant fraction was 58% what it was when all of the cells
were irradiated. There was also little change going from 10% to 100% cells
irradiated which indicated a plateau in bystander response. Chromatid breakage
was also observed as another assessment of bystander effect. When 20% of the
cells were irradiated with a single particle, data showed 36% of cells without
chromatid breaks when the expected was 75%. Zhou’s study also investigated
the involvement of gap junctions in the transmission of bystander effect (Zhou et
al., 1999; Zhou et al., 2001). Octanol, an inhibitor of gap junction communication,
was used to treat cells in which 20% of the cell population was irradiated. The
treatment was given 2 hours before irradiation and maintained 3 days after, and

was found to drastically reduce the yield of CD59- mutants. Lindane, another



inhibitor of cell-cell communication, was used in a separate experiment that

corroborates the results with octanol (Zhou et al., 1999).

The importance of cell-cell communication in non-targeted effects of
radiation led investigators to postulate that soluble factors might mediate the
signaling between cells. To test this, experiments were carried out in which the
media of irradiated cells were transferred to unirradiated cells and observed for
changes in damage and cell survival. In one study, human keratinocytes (HaCaT
cells) were grown and irradiated with 0.5Gy and 5Gy y-radiation either as single
cells or microcolonies of 3-4 cells (Mothersill and Seymour, 1998). The irradiated
cell medium (ICM) was then transferred to cell cultures unexposed to radiation.
The findings showed a decrease in survival of cells receiving ICM and noted that
the contact state of the ICM donors did not influence the degree of cell death.
Removal of the ICM after 30 minutes also resulted in the same amount of cell
survival as compared to cultures that were left in ICM for 9 days. To assess the
nature of the signaling factor(s), the medium also was treated either by freezing
in -20°C or heating to 70°C. It was found that the substance was stable at -20°C
but destroyed at 70°C, concluded from the reduction of cell-killing in the ICM
transfer. Tumor promoter phorbol myristate acid (PMA), which closes gap
junctions, was also tested as a component of the experiment. However the
results were contradictory to previous experiments with gap inhibitors as cell

survival was reduced even with PMA in direct irradiation and ICM-treated cells. It



is suggested that either PMA has effects on other cellular responses, or possibly

gap junctions are not entirely necessary for the propagation of bystander effects.

Dose response curves for y-radiation has been found through medium
transfer experiments using ranges of 0.01-5.0Gy on a human epithelial cell line.
The degree of bystander effect seemed to saturate at ranges 0.03-0.05Gy as
measured by clonogenic death (Mothersill and Seymour, 2000). In experiments
using y-radiation, a low-LET (linear energy transfer) radiation, it has been found
that not all cell types have the same bystander response to radiation. In
experiments with keratinocytes (epithelial cells), fibroblasts and radio-sensitive
carcinoma cells, fibroblasts did not show induction of bystander effect through
ICM transfer (Mothersill and Seymour, 1997; Mothersill and Seymour, 1998;
Sowa et al., 2010). One possible explanation is that because cell
communications are more advanced in epithelial cells compared to fibroblasts,
that it affects the radiobiological bystander response ex vivo. It is also noted in
the literature that the cellular response to radiation can vary between individuals,
and genetic factors most likely to play a role in a cell’s bystander effect as well

(Mothersill and Seymour, 1999).

It is well studied in the literature that ionizing radiation at high doses can
suppress the immune system; however the response at low doses is less well-

known. Present risk assessment of high and low dose radiation is extrapolated



from epidemiological studies of atomic bomb survivors in Hiroshima and
Nagasaki; however there is some uncertainty in the assessment of risk at lower
doses (Pierce and Preston, 2000; Morgan, 2003). Current evidence suggests
that the immune response is enhanced at lower doses and influences the
production and the release of inflammatory cytokines and chemokines such as
tumor necrosis factor-a (TNF-a), interleukin-1-a (IL-1a), and others (Pandey et al.,
2005). Full body low-dose radiation on mice has been found to enhance the
function of macrophage (and CD8+ T cells) in several studies (Pandey et al.,
2005; Lorimore et al., 2001; Wright, 2006). Macrophage, in addition to its ability
to induce T-cell mediated immune response, has a significant role in the innate
immune response. In the innate response, macrophages express cytotoxic
effector mechanisms through soluble factors such as peroxidase, cytolytic
proteases, nitric oxide (NO) and pro-inflammatory cytokines like tumor necrosis
factor-a (TNF-a) and interleukin-1 (IL-1) (Pandey et al., 2005). Macrophages are

also responsible for phagocytic clearance of apoptotic cells.

TNF-a is thought to be an important factor in the immune response of non-
irradiated cells. ELISA of lung fibroblasts irradiated with low doses of a-particles
showed a dosage dependent increase in IL8 mRNA levels from 30 minutes to 24
hours post-irradiation (Narayanan et al., 1999). IL8 expression is under the
control of cis-elements of nuclear factor NF-kB, which is associated with the

major pro-inflammatory pathway for TNF-a. (Sethi et al., 2008). TNF-a was also



directly implicated as one of the damaging signals in in vivo bystander
experiments, as well as Fas ligand (FasL), nitric oxide, and super oxide (Burr et
al., 2010; Rastogi et al., 2012). In an experiment, hematopoietic cells from bone
marrow were treated with radiation and measured for cells in sub-GO region as a
screening method for dead/damaged cells. The experiment showed an
increasing trend in the number of sub-GO cells in 1, 2, and 3 hour time points
post-irradiation. When TNF-a neutralizing antibody was added to the irradiated
bone marrow medium, the number of sub-GO cells was significantly decreased in
all three time points. Reduction was also noted for FasL neutralizing antibody,

which might be another signal of interest.

Tumor necrosis factor (TNF-a) is a 17kDa pro-inflammatory cytokine
discovered first through its anti-tumor properties. It binds to two different types of
receptors: TNF-alpha receptor | (TNFR1) also known as p55 and TNF-alpha
receptor Il (TNFR2) also known as p75 (Sethi et al., 2008). The reason for having
two different types of receptors isn’t fully understood, but the binding affinity for
TNF-a is similar in both receptors. Both p55 and p75 receptors are ubiquitously
expressed on nearly all cell types, but the p55 receptor is predominantly
expressed in immune cells, hematopoietic cells, and endothelial lineage cells
such as endothelial progenitor cells (EPCs) (Ksontini et al., 2013). Current
understanding of TNF receptors is that most biological signaling is done through

TNFR1 p55, and the direct signaling role of TNFR2 p75 is unclear (Tartaglia et



al., 1991). Evidence suggests that the p55 receptor is pro-inflammatory and pro-
apoptotic whereas p75 is proliferating and pro-angiogenic, but p75 has been
known to regulate inflammatory signaling as well (Sethi et al., 2008; Tartaglia et
al., 1991). p75 receptor has also been proposed to mediate the responses of p55
receptor to TNF through overlapping of intracellular signaling enhancing NF-«kB-
dependent gene transcription (Peschon et al., 1998; Weiss et al., 1997). Some
studies have shown that both receptors can induce cytolysis in pathways distinct
from one another (Grell et al., 1994). Experiments directly testing TNF receptors
in vivo with baboons showed that administration of a p55 TNF-a receptor agonist
resulted in tachycardia, hypotension, and granulocytosis (Van Zee et al., 1994).
In contrast, p75 receptor agonist showed none of the mentioned responses, but
the administration of TNF-a did produce a pyrexic response and shedding of p75

and p55 receptors.

The p55 TNF-a receptor has an intracellular domain called the death
domain, which is absent in the p75 receptor (Ksontini et al., 2013; Sethi et al.,
2008). When p55 receptor is triggered, TNF-a receptor-associated death domain
(TRADD) is recruited along with Fas-associated death domain (FADD), and
FADD-like ICE (FLICE), also known as caspase8, which induces apoptosis
through caspase-3 activation. TNF receptor-associated factor (TRAF2) is also
triggered by TRADD and is an intermediary for NF-kB, which as previously

mentioned leads to the expression of inflammatory genes that can also suppress



apoptosis (Sethi et al., 2008). In contrast, p75 TNF-a receptor binds directly to
TRAF1 and TRAF2 and is capable of activating NF-kB, JNK, p38 MAPK, and
Erk1/2 (p42/p44). There is also evidence that p75 can cause apoptosis through
pathway unrelated to TRADD, but it is currently unknown and requires further
research (Haridas et al., 1998). Treatment of a mouse fibroblast cell line L929
with TNF-a was shown to induce DNA strand breaks at the single cell level
(Fehsel et al., 1991). DNA strand breaks were observed 3-4 hours after
treatment with TNF-a and cell death was observed in higher doses. At lower
concentration treatments of TNF-a, induction of DNA damage was seen in cells
without any loss through cell apoptosis. Many cytokines, chemokines, and
inflammatory enzymes are implicated in mediating bystander effect in variety of
cells. However the role of p75 or p55 TNF receptors in regulating radiobiological
bystander effect is unknown in endothelial lineage cells, specifically in endothelial

progenitor cells (EPC).

In this study, bone marrow (BM)-derived mouse endothelial progenitor
cells (EPCs) were used to examine the roles of TNF receptors in bystander
response of y-irradiation. In previous experiments done by our laboratory, we
have shown that TNFR2/p75 was required for proper neovascularization by
endothelial progenitor cells in hindlimb ischemic tissue (Goukassian et al., 2007).
In p75 knock-out (p75K0) mice, the induction of hindlimb ischemia increased

apoptosis of endothelial cells and reduced levels of vascular endothelial growth



factors and fibroblast growth factor-2 mRNA transcripts. The mobilization of bone
marrow derived endothelial progenitor cells (BM-EPCs) was also reduced by the

loss of p75 receptor expression.

The hematopoietic EPCs originate from the bone marrow and are part of
the subpopulation of hematopoietic stem cells (HSC), which have been shown to
be sensitive to radiobiological bystander response (Burr et al.,2010; Lorimore et
al., 2001; Wright, 1998). EPCs are recruited to areas of neovascularization in the
process of vasculogenesis to repair tissues with ischemia and cardiovascular
diseases (Asahara et al., 2011; Iwaguro et al., 2002; Ribatti, 2006). EPCs are
critical also to endothelial maintenance, and thus it was suspected that radiation-
induced EPC dysfunction could contribute to the pathogenesis of coronary and

peripheral vascular diseases.

We hypothesize that inhibition of TNF-ligand-receptor interactions may
alter TNF-mediated down-stream signaling thereby affecting regulation of
inflammatory cytokines and chemokines which may augment non-targeted

effects of non-irradiated cells.
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METHODS

Animal Models

All mice [wild type (WT), TNFR2/p75 knockout (KO), and TNFR1/p55KO]
used for this experiment were 8 to 12 weeks old and were purchased from
Jackson Laboratory (Bar Harbor, ME, USA). The WT mice were C57BL/6J-
control of the mixed C57BL/6 and 129 background strains as defined by the
vendor as N10F34. N10 represents that the strains have been backcrossed 10
times and F34 represents the number of inbreeding generations. The strain of
mice for TNFR2/p75KO was B6.129S2-Tnfrsflb<tm1Mwm>/J and the strain for
TNFR1/p75K0O was B6.129-Tnfrsfla<tm1Mak>/J. The mice were housed in a
temperature and light controlled (12 hours light and dark cycles) environment and
fed a standard laboratory chow diet (Harland Teklad) with water access. The
handling and maintenance of the animals were done in accordance with the
guidelines set by the IACUC at Steward St. Elizabeth Medical Center (Boston,

MA, USA).

Irradiation and Dosimetry

In the preparation of the mice for full-body irradiation, the animals were
placed individually in rectangular polypropylene boxes with multiple air holes
3mm in diameter to provide a stress-free environment. The mice were then

irradiated 8 at a time with y-radiation and without anesthetics. All irradiation

11



experiments were done at Steward St. Elizabeth’s Medical Center using a
Cesium (Cs-137) source irradiator. A single dose for full-body irradiation

experiments was 1 Gy at an average dose rate of 46.6 cGy per minute.

Full-Body y-irradiation and Ex Vivo BM-derived EPC Culture

Young WT mice were exposed to 1Gy full-body vy-irradiation using the
methods mentioned above. Using non-irradiated (NoIR) WT mice as the control,
both NoIR WT and y-irradiated (y-IR) WT mice were euthanized at three time
points 1 hour, 24 hours, and 7 days post irradiation. Immediately after each of the
time points, the mice were overdosed with anesthesia and then euthanized using
pre-filled CO2 chamber. Tubular bones of the animals were harvested for
isolation of EPCs from the mononuclear fraction of bone marrow cells using a
density gradient centrifugation. During the process, cells were suspended in
sterile Dulbecco’s phosphate-buffered saline (PBS; no calcium or magnesium)
with 1% Ethylenediaminetetraacetic acid (EDTA) and treated with ammonium
chloride for the hemolysis of red blood cells. The cells were then cultured in 6-
well dishes (Corning Inc., Corning, NY, USA) on 22mm x 22mm square glass
coverslips (Fisher HealthCare, Houston, TX, USA), that were coated with 0.2%
gelatin (SIGMA, St. Louis, MO, USA) in a sterile hood a day before
experimentation. EPCs were grown ex vivo in EC basal medium-2 (EBM2)
(Lonza, Walkersville, PA, USA) with 10% fetal bovine serum (FBS), pinstripe

antibiotics, and growth factor supplements as described in literature (Asahara et

12



al., 1999; Goukassian et al., 2007; Kalka et al., 2000). The culture media were
then changed every 48 hours, and the cells reached 60-70% confluence 60
hours post-seeding. The cells on glass coverslips were then fixed in 4%
paraformaldehyde (PFA, FD Neuro Technologies Inc., Columbia, MD, USA) and

processed for immunostaining.

Media Transfer Experiments in WT BM-derived EPCs

Two identical sets of confluent ex vivo EPCs were prepared from the
same NolR WT mice. At 60-70% confluence, one of the sets of 6 well dishes was
irradiated with 1Gy of y-radiation. At 30 minutes, 1 hour, 5 hours, and 24 hours
post-IR the media were collected and transferred to the second set of non-
irradiated EPC cultures, which were the recipient EPCs for the media transfer
study. Media was changed in all wells including the NolR wells, controls of the
experiment, on the day of the experiment and incubated in fresh media for 1 hour
prior to irradiation. In the transfer process of the irradiated conditioned medium
(IR-CM), it was filtered through a sterile 0.22um membrane syringe filter (Corning
Inc.) to prevent contamination of cells and 2 ml of IR-CM was transferred onto
recipient EPCs 30 minutes, 1 hour, 5 hours, and 24 hours post-irradiation. At all
four time points, the recipient EPCs were incubated 24 hours with IR-CM and
then fixed and stained for immunostaining using an antibody against

phosphorylated-H2AX (p-H2AX).

13



Media Transfer Experiments in WT, p55K0O, and p75KO BM-derived EPCs
Two identical sets of sub-confluent ex vivo expanded EPCs were isolated
for each of the WT, p55K0O, and p75KO mice in the methods described above.
The same animals were used corresponding to each set. At 60-70% confluence,
one set of 6-well dishes from each WT, p55K0O, and p75KO EPCs were
irradiated with 1Gy y-radiation and the IR-CM were collected at 1 hour, 5 hours,
24 hours, 3 days, and 5 days post-IR. The second set of No-IR WT, p55KO,
p75KO EPCs were used as naive recipients of the media transfer study. The
media of all wells were changed with 3 ml of EBM2 on the day of the study and
incubated for 1 hour before irradiation. Before the transfer, the IR-CM were
filtered through sterile 0.22um membrane syringe filter and 2 ml of IR-CM were
transferred to recipient EPCs. In addition, both IR-CM and NolR-CM were
collected from WT, p55KO, p75KO EPCs and saved for ELISA profiling. EPC
pellets were also harvested at each time point and snap-frozen in liquid nitrogen
for future processing. After 24 hour incubation of the EPCs in IR-CM for each
time point, EPCs on the coverslip were fixed and processed for p-H2AX
immunostaining. All studies involved three biological replicates of WT, p75KO,

and p55K0O mice for each time point.

Phosphorylated-H2AX immunostaining, Imaging, and Analysis
Formation and decay of p-H2AX foci was observed through

immunostaining in WT, p55K0O, and p75K0O EPCs treated with IR-CM. Glass
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coverslips on which EPCs were grown were fixed in 4% paraformaldehyde (PFA)
for 15 minutes at room temperature (RT) and washed with ice-cold 1x PBS
(MediaTech, Herdon, VA, USA) for 5 minutes. Permeabilization of the fixed cells
were done using 0.1% Triton X-100 (SIGMA) for 15 minutes and washed with
PBS for 5 minutes three times. Primary anti-p-H2AX rabbit monoclonal
(Cat.9718S; Cell Signaling Technology, Danvers, MA, USA) and Alexa-488 goat
anti-rabbit secondary antibodies (Cat.A11008; Life Technologies, Grand Island,
NY, USA) were used to assess p-H2AX foci formation and decay. Topro-3
(Cat.T3605; Life Technologies) was used to visualize cell nuclei. Slides of the
cells were imaged using a laser scanning confocal microscope (Meta510 ZEISS,
Thornwood, NY, USA) under x100 magnification using immersion oil. Cells with
apoptotic features or micronuclei were excluded in the p-H2AX analysis. Data
was obtained from imaging three replicate samples of both WT, p55KO, p75KO
EPCs treated with IR-CM and NolR-CM, which totaled 300-400 cells in each of
the time points. Using a computer assisted image analysis algorithm based on
pixel and color distribution, p-H2AX foci were evaluated for quantification. Cells
with 21 pH2AX foci were counted and plotted for mean foci/cell and percent of

cells with an N number of p-H2AX foci.

Enzyme-linked Immunosorbent Assay (ELISA)
The Samples of IR-CM and NolR-CM collected from WT and p55KO

EPCs at 1 hour, 5 hours, 24 hours, 3 days, and 5 days post-IR were processed
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for mouse multiplex cytokine ELISA according to manufacturer protocols
(Signosis, Sunnyvale, CA, USA). Twelve cytokines, chemokines, and growth
factors were analyzed for the concentrations in the media: Interleukin-1 alpha (IL-
10a), interleukin-1 beta (IL-1pB), interleukin 6 (IL-6), monocyte chemoattractant
protein-1 (MCP-1), Rantes, macrophage inflammatory protein-1 alpha (MIP-1a),
granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-
stimulating factor (GM-CSF), epidermal growth factor (EGF), insulin growth factor
1 (IGF-1), vascular endothelial growth factor (VEGF), and stem cell factor (SCF).
The plates were read using Tecan Spectra model 96 Well Microplate Reader

(MTX Lab Systems, Vienna, VA, USA).

Cytokine Treatments Experiment in p55KO EPCs

Using the methods which were previously described, a set of sub-
confluent ex vivo expanded EPCs were isolated from non-irradiated p55KO mice.
At 60-70% confluence, the EPCs were treated with mouse recombinant proteins
of cytokines that were observed to have significant increases in concentration
from the ELISA analysis of post-IR p55KO EPC media. The recombinant proteins
used in this experiment were IL-1a (Cat.D-61112; PromoKine, Heidelberg,
Germany), MCP-1/CCL2 (Cat.D-64030; PromoKine, Heidelberg, Germany), and
Rantes/CCL5 (Cat.D-64130; PromoKine, Heidelberg, Germany), which were
available as a lyophilized powder and were reconstituted with sterile, ultra-pure

water to a stock concentration of 0.1mg/ml and store in aliquots according to
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manufacture specifications. TNF-a (Cat.34-8321-82; eBiosciences, San Diego,
CA, USA) was available as 0.5mg/ml stock from the vendor. The cytokines were
tested at various concentrations (IL-1a 290pg/ml, 580pg/ml; Rantes 600pg/ml,
1500pg/ml; MCP-1 580pg/ml, 1160pg/ml, 2900pg/ml, and TNF-a 100pg/ml,
1000pg/ml, 40000pg/ml) on separate EPC wells and incubated for 24 hours in
normal growth conditions. The cells were then fixed and processed for p-H2AX

immunostaining.

Statistical Analysis
All results are expressed as mean + SEM. Statistical analysis was
performed using one-way ANOVA (StatView Software, SAS Institute Inc.; Gary,

NC). Differences were considered significant at p <0.05.
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RESULTS

Full-body y-irradiation and Ex Vivo BM-derived EPC Culture

In the preliminary experiment, we performed a low dose full-body -
irradiation on WT mice from which BM-EPCs were harvested to observe the
formation and decay of p-H2AX foci. p-H2AX foci as mentioned in the
introduction have been proven to correlate well with the formation and decay of
DNA double strand breaks repair (Rothkamm and Lobrich, 2003). IR EPCs were
isolated from the mice at 1 hour, 24 hours, and 7 days post irradiation and
compared with control NoIR EPCs collected at the same time points. In NoIR
EPCs, we observed little change in the number of p-H2AX foci during the 7 day
period. In Figure 1, the average number of foci per cell was 0.27+0.15,
0.27+0.15, and 0.29£0.08 at 1 hour, 24 hours, and 7 days respectively (p=NS, for
all three time points). In comparison, IR EPCs had a greater number of foci/cell
5.79+1.18, 3.27+£1.09, and 6.77+1.41 respectively at 1 hour, 24 hours, and 7
days. Between 1 hour and 24 hours there was an approximately 45% decrease
in the number of foci (p=NS) and between 24 hours and day 7 there was more
than a 200% increase (p<0.006). In addition, quantification of p-H2AX foci
distribution for (N) number of foci/cell showed that at day 7 there was an increase

in the number of cells with 12 or more p-H2AX foci/cell (Figure 2).

18



Foci per EPC

Figure 1. Mean number of foci per cell for control NoIR EPCs versus full body IR
EPCs. The graph represents the foci/cell comparison between NolR EPCs and IR EPCs
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Figure 2. Distribution of EPCs with (N) foci at 1 Hour, 24 hours, and 7 days post

full body IR. This graph represents the percentage of EPCs with (N) number of p-H2AX

foci in a distribution from 0 to 22 foci/cell. There is a time-dependent increase in the
maximum p-H2AX foci as well as an increase in the frequency of EPCs with a higher
number foci/cell count.
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The data indicates that the decay of p-H2AX for WT BM-derived EPCs between
1 hour and 24 hours represents a delayed or inefficient radiation-induced DNA
repair. Furthermore, the significant increase in the number of foci/cell by day 7
suggests a significant radiobiological bystander response in BM-derived EPCs
resulting in more DNA damage (Rothkamm and Lobrich, 2003; Sokolov et al.,

2007).

Media Transfer Experiments in WT BM-derived EPCs

In order to determine that bystander responses can be induced in WT BM-
derived EPCs through medium transfer experiments, one set of WT EPCs was
exposed to y-radiation in vitro and the IR conditioned medium (CM) was
transferred to a second set of naive recipient EPCs. In the control, NoIR-CM was
transferred to the recipient EPC and after 24 hours post-treatment, they had
negligible numbers of p-H2AX foci. Foci per cell was 0.71+0.12, 0.74+0.16,
0.79%0.17, and 0.82+0.20 respectively for 30 minutes, 1 hour, 5 hours, and 24
hours p = N.S (Figure 3). In the IR-CM treated EPCs the number of foci/cell was
0.99+0.19, 1.3740.28, 1.39+0.29, and 3.16+0.46 for 30 minutes, 1 hour, 5 hour,
and 24 hours respectively. Comparing 30 minutes to 24 hour time points, there
was a significant 319% increase in the mean number of foci/cell (p<0.0001), and
between 5 hour and 24 hours 227% increase was noted. In the quantification of

p-H2AX foci distribution with (N) number of foci/cell for IR-CM EPCs, percent of

20



cells with more than 6 to 15-pH2AX foci/cell increased greatly at 24 hours

suggesting a significant bystander effect (Figure 4A, B).
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Figure 3. Mean p-H2AX foci per cell for EPCs post IR-CM treatment versus control.
Graphical representation of mean foci at 30 minutes, 1 hour, 5 hour, 24 hours post
conditioned media treatment. The numbers on the top of bars represent actual mean

values.

21



w A

16 - B CTRL - 30min
S 14 - BCTRL - 1hr
1 BCTRL - Shr
< 10 - B CTRL - 24hr
= 4
_m
@) lmp
S |
=) 2 | E
o M N e

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Foci per cell (n)

14 B

12 B 1Gy - 30min
S 01Gy - 1hr
S 10
2 1Gy - Shr
= 8 B 1Gy - 24hr
=
=
@« 6
z
= 4
S 2
0 n | |= : i i \ T T T T T T \|] T T T l\ T T T l\
1234567 891011121314151617181920212223242526272829303132

Foci per Cell (n)

Figure 4. Distribution of percent EPCs with (N) Foci post CM treatment at time
points 30 minutes, 1hour, 5hours, and 24 hours excluding 0 foci. (A) Distribution of
(N) foci for Control NoIR-CM treated EPCs. Note this graph excludes 0 and the scale is
from 1 to 18 foci/cell (B) Foci Distribution graph for IR-CM treated EPCs. Note that the
scale is 1 to 32 foci/cell.

22



Media Transfer Experiments of WT, p55K0O, and p75KO BM-derived EPCs

In order to examine the role of TNF-a receptors in the radiobiological bystander
responses of EPCs, media transfer experiments were carried out in cells isolated
from WT, p55K0O, and p75KO mice. The data derived from three biological
replicates for each of the genotypes and analysis of p-H2AX foci is summarized
in Table 1. In the comparison of foci/cell in WT, p75KO, and p55KO EPCs
treated with 1hour IR-CM (4.34+0.35, 6.86+0.97, and 8.48+0.89 respectively),
both p75K0O and p55KO EPCs showed a significant increase in the mean p-
H2AX foci/cell over WT EPCs (WT vs. p75 p<0.002, WT vs. p55 p<0.0001)
(Figure5). Treatment with 5hr IR-CM, interestingly showed similar foci/cell
numbers between WT, p75K0O, and p55KO EPCs with no significant difference
(Figure 5). At 24 hours, there was a significant decrease in p-H2AX foci/cell in
both p75K0O and p55K0O EPCs (3.72+0.46 and 4.77+0.57 respectively) compared
to IR-CM treated WT EPCs (9.02+0.82), p<0.0001, in both comparisons
(Figure5). Formation of p-H2AX foci/cell in medium transfer of day 3 IR-CM
again showed no significant difference. The findings suggest that in 24 hours IR-
CM, presence of both TNF receptors p55 and p75 is required to increase the
formation of p-H2AX foci. Figure 6 is another representation of the data from this

experiment, but the time points of the x-axis are in a scale interval of hours.
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Table 1. Mean foci data for media transfer experiments between WT, p75K0O, and
p55K0O EPCs. Mean foci/cell data for WT, p75KO, and p55K0O EPCs treated with IR-CM
at time points 1 hour, 5 hours, 1 day, 3 days, and 5 days.

Mean
WT EPCs Foci STDEV | SEM
CTRL 2.50 2.18 0.14
1Gy - lhr 4,34 4.10 0.35
1Gy - 5hr 6.91 6.14 0.89
1Gy-Day1 9.02 5.92 0.82
1Gy - Day 3 7.59 5.26 0.82
1Gy-Day5 3.77 3.84 0.44
P75KO Mean
EPCs Foci STDEV | SEM
CTRL 3.45 2.92 0.45
1Gy - lhr 6.86 6.28 0.97
1Gy - 5hr 7.69 5.12 0.64
1Gy - Day 1 3.72 3.96 0.46
1Gy - Day 3 7.26 6.37 1.46
1Gy - Day 5 5.89 3.95 0.75
P55KO Mean
EPCs Foci STDEV | SEM
CTRL 2.98 3.71 0.50
1Gy - 1hr 8.48 6.66 0.89
1Gy - 5hr 7.38 5.69 0.65
1Gy-Day1 4,77 4.65 0.57
1Gy - Day 3 7.81 4.43 0.73
1Gy-Day5 8.46 6.31 1.01
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Day 5 results showed that WT continued its decline in the number of
foci/cell from Day 1 to 3.77+0.44 foci/cell (WT day 3 vs. day 5: p<0.0001, day 1
vs. day 5: p<0.0001, and day 1 vs. day 3: p=NS) (Figure 6). In contrast, p55KO
continued to increase in the foci/cell count of p-H2AX from day 1 to day 5,
8.46+1.01 (p55KO0O day 1 vs. day 3: p<0.002, day 1 vs. day 5: p<0.0001, and day
3 vs. day 5: p=NS). In p75KO EPCs, foci/cell count decreased from day 3 to
5.89+0.75 in day 5 (p75K0O day 1 vs. day 3: p<0.003, day 1 vs. day 5: p=0.04,
day 3 vs. day 5: p=NS). For both WT and p75KO EPCs treated with 5day IR-CM,
there was a decreasing trend but a direct comparison of WT and p75KO EPCs
showed a small significant difference in the number of foci/cell (p<0.04). In
contrast, 5 day IR-CM treated p55KO EPCs had a significantly greater foci/cell
count when compared to both WT and p75 EPCs at the same time point (p55KO
vs. p75K0: p<0.02, p55 vs. WT: p<0.0001, and p75 vs. WT: p<0.04). Foci
distribution of % EPCs with (n) number of foci is shown in Figure 7 and 8. Our
findings suggests that a continuous increase in p-H2AX foci of p55KO EPCs
indicates that signaling via p75 receptor plays a significant role in the delayed

formation of p-H2AX foci.
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Enzyme-linked Immunosorbent Assay Analysis (ELISA) for WT versus
P55KO EPCs

Based on our findings of a continuous increase in p-H2AX foci/cell of p55KO
EPCs post IR-CM treatment, we focused the analysis on p55KO EPCs only. IR-
CM media from WT and p55KO EPCs were collected at time points 1 hour, 5
hours, 1 day, 3 days, and 5 days during the media transfer process and the
media were processed for multiplex (12-gene) ELISA to determine the production
and accumulation of cytokines and growth factors into the media by y-irradiation.
The twelve factors analyzed were IL-1q, IL-183, IL-6, MCP-1, Rantes, MIP-1a, G-
CSF, GM-CSF, EGF, IGF1, VEFG, and SCF. In the comparison of p55KO IR-CM
to WT IR-CM, the most significant increases (200-1600%) in concentrations were
observed between days 1-5 in IL-1q, IL-13, MCP-1, Rantes, MIP-1a, G-CSF,

GM-CSF, EGF, and SCF (Figure 9A-L).
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Figure 9. The results of the ELISA analysis on twelve cytokines, chemokines, and
growth factors in irradiated p55KO EPC media compared to irradiated WT EPC
media. The analysis was performed for time points 1 hour, 5 hour, 1 day, 3 day, and 5
days, same as the time points from the media transfer experiment. From this analysis,
we observed significant increase in levels of IL-1a, IL-1B, MIP-1a, G-CSF, Rantes, and
GM-CSF in p55KO EPC media compared to WT mainly between 1 and 5 days.

The increases suggests that the production and accumulation of these cytokines,
chemokines, and growth factors are triggered by the role of p75 signaling as p55
receptor is knocked out in p55KO EPCs. In the case of IL-6 in Figure 9C, there is

a significant bimodal increase in concentration at 5 hours and again at 5 days. It
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suggests that the initial increase may be directly radiation-mediated whereas the
second increase occurred long after the initial radiation, which may be the result
of an inflammatory response. Comparing IR WT EPC media to NoIR WT EPC
media, we noted significant increase in levels of IL-1a, MIP-1a, G-CSF, and GM-
CSF (p<0.0009, p<0.05, p<0.001, and p<0.05, respectively) (Figure 9A, F-H).
There was no significant difference between concentration of IGF1 and VEGF
between WT IR-CM and p55KO IR-CM, except a small increase in VEGF
concentration at day 3 in p55KO (Figure 9J, K). Our findings from multiplex
ELISA studies strongly suggest that signaling through TNFR2/p75 in irradiated
p55K0O EPCs leads to significant increases in the production and accumulation of
several cytokines such as IL-1a, IL-13, Rantes, MCP-1, and MIP-1a (with the
exception of MCP-1, there were also increases in WT IR EPCs versus WT NoIR
EPCs) which are important in the processes that enhanced the delayed formation

of p-H2AX observed in the media transfer experiment.

Cytokine Treatments Experiment in p55KO EPCs

From the results of our ELISA analysis, IL-1a, Rantes, and MCP-1 were
selected for cytokine treatment in which non-irradiated “naive” p55KO EPCs
were exposed to mouse recombinant proteins. Evidence suggested that the
production of these cytokines is elevated through TNFR2/p75 signaling and we
sought to determine which cytokine(s) had a direct role in the induction of p-

H2AX foci. Naive p55KO EPCs were treated ex vivo with the following
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concentrations determined from the ELISA analysis: IL-1a (290pg/ml, 580pg/ml),
Rantes (600pg/ml, 1500pg/ml) and MCP-1 (580pg/ml, 1160pg/ml, 2900pg/ml).
TNF-a was also tested at 100pg/ml, 1000pg/ml, 40000pg/ml to observe the
effects of p75 signaling in p55KO EPCs. After 24 hours incubation with the
cytokine treatments, the cells were stained and imaged for quantification. Results

of the mean foci/cell count for each of the treatments is summarized in Table 2.

Table 2. Mean p-H2AX foci data for p55KO EPCs treated with cytokines IL-1a,
Rantes, MCP-1, TNF-a. Data of mean p-H2AX foci of p55KO EPCs post 24 hour
incubation with recombinant protein treatments.

Mean
pS5KO EPC (Excluding 0 foci) Foci STDEV | SEM
CTRL 2.18 2.28 0.22
IL1-a (580pg) 11.08 7.53 0.71
IL1-a (290pg) 10.07 9.80 0.88
Rantes (1500pg) 3.44 4.46 0.46
Rantes (600pg) 2.51 2.87 0.28
MCP-1 (2900pg) 2.60 2.74 0.22
MCP-1 (1160pg) 3.69 5.11 0.45
MCP-1 (580pg) 3.24 4.17 0.43
TNF-a (40000pg) 4.89 5.58 0.42
TNF-a (1000pg) 5.95 6.89 0.56
TNF-a (100pg) 3.95 3.59 0.25
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Figure 10. Mean p-H2AX foci data for p55KO EPCs treated with cytokines IL-1q,
Rantes, MCP-1, TNF-a. Compared to the control, Rantes and MCP-1 did not have a
significant difference in mean foci count, whereas TNF-a and especially IL-1a had
significant increases in p-H2AX foci.

The data showed that the mean p-H2AX foci count of MCP-1 and Rantes
were not significantly different from the control which had mean foci/cell count of
2.18%0.22, with the exception of MCP-1 at 1160pg/ml (mean foci count of
3.69+0.45, p<0.03) Figure 10. TNF-a treated naive p55KO EPCs showed
significant increases (p<0.0001) in the p-H2AX foci count at all concentration
treatments ranging from 3.95+0.25 to 5.95+0.56 mean foci when compared to the
control, MCP-1, and Rantes (Table 2). The p55KO EPCs treated with IL-1a
showed the largest increase in the mean p-H2AX foci formation with 10.07+0.88
foci/cell at 290pg/ml and 11.08+0.71 at 580pg/ml (p<0.0001 significantly different
from all treatments). Analysis of p-H2AX foci distribution of EPCs with 3 or more

foci in Figure 16 showed that in control p55KO EPCs, less than 1-1.3% of cells
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had a maximum of 4-8 p-H2AX foci/cell and less than 0.5% of cells had 13-15 p-
H2AX foci/cell . In comparison, TNF-a and IL-1a were observed to have greater
than 2% and 4% of cell with 9-18 foci/cell (Figure 16). Remarkably foci/cell count
as large as 19-31 were observed in 0.5-1% of cells treated with TNF-a, and
ranges of 19-51 foci/cell were observed in p55KO EPCs treated with IL-1a
(Figure 13, 14). These findings suggests that TNF-a and IL-1a but not MCP-1 or
Rantes caused significant increases in the formation of p-H2AX foci in naive BM-

Derived TNFR1/p55K0 EPCs.
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Figure 11. Percentage distribution of (n) foci for p55KOEPCs treated with Rantes.
Comparing p-H2AX formation of Rantes treatments compared to the control, we did not
notice a significant difference in distribution. This graph represent the distribution data
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Figure 12. Percentage distribution of (n) foci for p55KOEPCs treated with MCP-1.
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Figure 14. Percentage distribution of (n) foci for p55KOEPCs treated with IL-1a (>2
foci only). Based on this graph, IL-1a has significantly higher number of EPCs with
higher number of foci count per cell as high as 50+. The data for this graph excludes 2
or less foci count to show the distribution at higher p-H2AX levels.
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Figure 15. Percentage distribution of (n) foci for p55KOEPCs treated with TNF-a.
The data for this graph excludes cells with O foci. The data from the cytokine treatments
showed that TNF-a induced significantly higher levels of foci in all tested concentrations.
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Figure 16. Percentage distribution of (n) foci for p55KOEPCs treated with TNF-a (>
2 foci only). The data for this graph excludes cells with < 2 foci. Although not as drastic
as the results of IL-1a, the percentage of cells with higher number of foci count
increased.
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DISCUSSION

The response of the immune system to low dose radiation is a subject of
ongoing research. However, current evidence suggests that the immune
response is enhanced, as observed through the activation of macrophage and
CD8+ T cell responses (Pandey et al., 2005). Macrophage activation and
neutrophil migration are normally part of a protective process at sites of tissue
injury, but the cytotoxic mechanisms through soluble factors such as peroxidase,
cytolytic protease, NO, TNF-a, and IL1 can be damaging, especially if they are
prolonged in release (Wright and Coates, 2006). In our study we investigated
TNF-a, specifically the receptors of TNF-a, in the role of non-targeted bystander
effects. Experiments by our lab and others have shown that a significant age-
associated decrease in TNFR2/p75 and increase in TNFR1/p55 occur in human
and mice EPCs (Aggarwal et al.,1999; Goukassian et al., 2007). This age related
disruption of TNF receptors was observed to cause impairment of angiogenesis
and inhibition of EPC proliferation and function, which suggested the importance

of TNF receptors to EPCs in radiobiological bystander effects.

In our media transfer experiment, the data at 24 hours showed a marked
difference between WT and both p55KO and p75KO EPCs post IR-CM treatment.
The number of p-H2AX foci for WT EPCs at 24 hours was at peak compared to

all other observed time points, whereas p55KO and p75K0O EPCs had the lowest
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mean foci at this time. This suggested that the delayed response of bystander
effects may be greatly enhanced by the interaction of both functional TNF
receptors. Interestingly at 5 hours and 3 days the mean number of foci/cell was
similar between all genotypes. However in the overall trend, p55KO EPCs were
seen to continuously increase in mean foci/cell after the initial decrease at 24
hours. Although the exact trend of p75KO is not as clear, the difference in the
trend of p55K0O and p75K0O EPCs compared to WT EPCs demonstrate the
influence of TNF receptors in the development, decay, and delayed removal of p-

H2AX foci of non-targeted effects.

Our ELISA analysis was directed on p55KO EPCs based on the
increasing trend of p-H2AX foci/cell post IR-CM treatment and multiple cytokines,
chemokines, and growth factors have been noted to increase in concentration. Of
those cytokines, we choose to study IL-1a, Rantes, and MCP-1 and also tested
TNF-a in our cytokine treatment experiment of naive p5S5KO EPCs. The results
showed that TNF-a and IL-1a both induced significant increases in p-H2AX foci
formation with the greatest mean foci/cell being observed in IL-1a treatments.
With IL-1a, we tested only two concentrations levels but the data suggested a
possible dose-dependent relationship in the formation of p-H2AX foci, with higher
concentration of IL-1a inducing a higher number of foci/cell (Figure 10). In TNF-a
treatments the trend between the concentration and p-H2AX formation was

unclear, which may be indicative of the dual function of p75 receptor signaling to
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be pro-survival and inflammatory. Further experimentation would be required to
find the dose-dependent relationship of these cytokines to induce p-H2AX foci,
but it was observed that IL-1a and TNF-a induced significantly higher p-H2AX
foci/cell. The data showed that MCP-1 and Rantes do not play a direct role in the
induction of p-H2AX but may contribute indirectly in the immune responses of

non-targeted bystander effect (Lee et al., 2000; Sica et al., 1990).

There are still many unanswered questions in current literature regarding
the mechanism of low dose radiobiological effects. In several microbeam
experiments, it was found that low-dose irradiation of the cytoplasm alone was
able to induce significant bystander effects as measured by micronuclei and
CD59 mutations (Shao et al., 2004; Wu et al., 1999). Experimentation on radio-
resistant glioma cell population showed that 36% of micronuclei were increased
when a single Helium ion was targeted through the cytoplasm (Shao et al., 2000).
The analysis showed that nitric oxide (NO) played a role in the induction of
micronuclei through the use of a NO scavenger and is among the identified
soluble factors thought to be involved in bystander effects, along with reactive
oxygen species and cytokines. The role of gap junctions is also an area for
further study as there is contradicting evidence to its necessity in the propagation
process, but hopefully it will be elucidated in the future with better understanding

of the mechanisms behind bystander effects. It has been suggested that multiple
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types of bystander effects might exist and a combination of processes are at play

when a cell is expose to radiation (Morgan, 2012).

In our study, we investigated the role of TNF-a receptors in the induction
of p-H2AX foci in EPCs post IR. The role of TNF receptors in normal cellular
processes, especially p75 receptor, is not fully understood however there had
been reports of a complex intracellular overlap in responses and mediation of
p55 by p75 receptor in the enhancement NF-kB dependent gene transcription
(Peschon et al., 1998; Weiss et al., 1997). A possibility for the next study would
be to use a p75/TNFR2 neutralizing antibody on WT EPCs and observe the
formation of p-H2AX foci post irradiation. Based on the results of this study, we
hypothesize that the blocking of p75 receptor will reduce the damage from
bystander effect of EPCs and potentially other cell types. Our understanding of
radiobiological bystander effects has important implications for risk assessment
of low dose radiation and possible development of countermeasures to reduce
delayed harmful effects of ionizing radiation. Future findings could potentially
further advances the knowledge in the field of nuclear imaging, radiotherapy for
cancer treatment, space exploration, and many other fields where low dose

radiation is a significant factor, which merits further experimentation.

41



REFERENCES

Aggarwal, S., Gollapudi, S., & Gupta, S. (1999). Increased TNF-alpha-induced
apoptosis in lymphocytes from aged humans: changes in TNF-alpha
receptor expression and activation of caspases. Journal of immunology
(Baltimore, Md.: 1950), 162(4), 2154-2161.

Asahara, T, Takahashi, T., Masuda, H., Kalka, C., Chen, D., lwaguro, H., ...
Isner, J. M. (1999). VEGF contributes to postnatal neovascularization by
mobilizing bone marrow-derived endothelial progenitor cells. The EMBO
journal, 18(14), 3964—-3972. doi:10.1093/emboj/18.14.3964

Asahara, Takayuki, Kawamoto, A., & Masuda, H. (2011). Concise review:
Circulating endothelial progenitor cells for vascular medicine. Stem cells
(Dayton, Ohio), 29(11), 1650—-1655. doi:10.1002/stem.745

Azzam, E. |., Toledo, S. M. de, Gooding, T., & Little, J. B. (1998). Intercellular
Communication Is Involved in the Bystander Regulation of Gene
Expression in Human Cells Exposed to Very Low Fluences of Alpha
Particles. Radiation Research, 150(5), 497-504. doi:10.2307/3579865

Azzam, E. |., Toledo, S. M. de, & Little, J. B. (2001). Direct evidence for the
participation of gap junction-mediated intercellular communication in the
transmission of damage signals from a-particle irradiated to nonirradiated
cells. Proceedings of the National Academy of Sciences, 98(2), 473-478.
doi:10.1073/pnas.98.2.473

Burr, K. L., Robinson, J. I., Rastogi, S., Boylan, M. T., Coates, P. J., Lorimore, S.
A., & Wright, E. G. (2010). Radiation-induced delayed bystander-type
effects mediated by hemopoietic cells. Radiation research, 173(6), 760—
768. doi:10.1667/RR1937.1

Deshpande, A., Goodwin, E. H., Bailey, S. M., Marrone, B. L., & Lehnert, B. E.
(1996). Alpha-Particle-Induced Sister Chromatid Exchange in Normal
Human Lung Fibroblasts: Evidence for an Extranuclear Target. Radiation
Research, 145(3), 260-267. doi:10.2307/3578980

Djordjevic, B. (2000). Bystander effects: A concept in need of clarification.
BioEssays, 22(3), 286—290. doi:10.1002/(SICI)1521-
1878(200003)22:3<286::AID-BIES10>3.0.CO;2-S

Fehsel, K., Kolb-Bachofen, V., & Kolb, H. (1991). Analysis of TNF alpha-induced

DNA strand breaks at the single cell level. The American journal of
pathology, 139(2), 251-254.

42



Goukassian, D. A., Qin, G., Dolan, C., Murayama, T., Silver, M., Curry, C., ...
Losordo, D. W. (2007). Tumor Necrosis Factor-a Receptor p75 Is
Required in Ischemia-Induced Neovascularization. Circulation, 115(6),
752-762. doi:10.1161/CIRCULATIONAHA.106.647255

Grell, M., Scheurich, P., Meager, A., & Pfizenmaier, K. (1993). TR60 and TR80
tumor necrosis factor (TNF)-receptors can independently mediate
cytolysis. Lymphokine and cytokine research, 12(3), 143-148.

Haridas, V., Darnay, B. G., Natarajan, K., Heller, R., & Aggarwal, B. B. (1998).
Overexpression of the p80 TNF receptor leads to TNF-dependent
apoptosis, nuclear factor-kappa B activation, and c-Jun kinase activation.
Journal of immunology (Baltimore, Md.: 1950), 160(7), 3152—-3162.

Iwaguro, H., Yamaguchi, J., Kalka, C., Murasawa, S., Masuda, H., Hayashi, S.,
... Asahara, T. (2002). Endothelial Progenitor Cell Vascular Endothelial
Growth Factor Gene Transfer for Vascular Regeneration. Circulation,
105(6), 732—738. doi:10.1161/hc0602.103673

Kalka, C., Masuda, H., Takahashi, T., Kalka-Moll, W. M., Silver, M., Kearney, M.,
... Asahara, T. (2000). Transplantation of ex vivo expanded endothelial
progenitor cells for therapeutic neovascularization. Proceedings of the
National Academy of Sciences, 97(7), 3422-3427.
doi:10.1073/pnas.97.7.3422

Ksontini, R., MacKay, S. L., & Moldawer, L. L. (1998). Revisiting the role of tumor
necrosis factor alpha and the response to surgical injury and inflammation.
Archives of surgery (Chicago, lll.: 1960), 133(5), 558-567.

Lee, A. H., Hong, J. H., & Seo, Y. S. (2000). Tumour necrosis factor-alpha and
interferon-gamma synergistically activate the RANTES promoter through
nuclear factor kappaB and interferon regulatory factor 1 (IRF-1)
transcription factors. The Biochemical journal, 350 Pt 1, 131-138.

Lorimore, S. A., Coates, P. J., Scobie, G. E., Milne, G., & Wright, E. G. (2001).
Inflammatory-type responses after exposure to ionizing radiation in vivo: a
mechanism for radiation-induced bystander effects? Oncogene, 20(48),
7085-7095. doi:10.1038/sj.0nc.1204903

Lorimore, S. A., Kadhim, M. A., Pocock, D. A., Papworth, D., Stevens, D. L.,
Goodhead, D. T., & Wright, E. G. (1998). Chromosomal instability in the
descendants of unirradiated surviving cells after ?-particle irradiation.
Proceedings of the National Academy of Sciences of the United States of
America, 95(10), 5730-5733.

43



Morgan, W. F. (2003). Non-targeted and Delayed Effects of Exposure to lonizing
Radiation: Il. Radiation-Induced Genomic Instability and Bystander Effects
In Vivo, Clastogenic Factors and Transgenerational Effects. Radiation
Research, 159(5), 581-596. d0i:10.1667/0033-
7587(2003)159[0581:NADEOE]2.0.CO;2

Morgan, W. F. (2012). Non-targeted and Delayed Effects of Exposure to lonizing
Radiation: I. Radiation-Induced Genomic Instability and Bystander Effects
In Vitro. Radiation Research, 178(2), AV223—-AV236.
doi:10.1667/RRAV19.1

Mothersill, C. E., O'Malley, K. J., Murphy, D. M., Seymour, C. B., Lorimore, S. A,
& Wright, E. G. (1999). Identification and characterization of three
subtypes of radiation response in normal human urothelial cultures
exposed to ionizing radiation. Carcinogenesis, 20(12), 2273-2278.

Mothersill, C., & Seymour, C. (1997). Medium from irradiated human epithelial
cells but not human fibroblasts reduces the clonogenic survival of
unirradiated cells. International journal of radiation biology, 71(4), 421-427.

Mothersill, C., & Seymour, C. B. (1998). Cell-cell contact during gamma
irradiation is not required to induce a bystander effect in normal human
keratinocytes: evidence for release during irradiation of a signal controlling
survival into the medium. Radiation research, 149(3), 256—-262.

Nagasawa, H, & Little, J. B. (1992). Induction of sister chromatid exchanges by
extremely low doses of alpha-particles. Cancer research, 52(22), 6394—
6396.

Nagasawa, Hatsumi, & Little, J. B. (1999). Unexpected Sensitivity to the
Induction of Mutations by Very Low Doses of Alpha-Particle Radiation:
Evidence for a Bystander Effect. Radiation Research, 152(5), 552-557.
doi:10.2307/3580153

Nagasawa, Hatsumi, & Little, J. B. (2002). Bystander effect for chromosomal
aberrations induced in wild-type and repair deficient CHO cells by low
fluences of alpha particles. Mutation Research/Fundamental and
Molecular Mechanisms of Mutagenesis, 508(1-2), 121-129.
doi:10.1016/S0027-5107(02)00193-8

Narayanan, P. K., LaRue, K. E., Goodwin, E. H., & Lehnert, B. E. (1999). Alpha
particles induce the production of interleukin-8 by human cells. Radiation
research, 152(1), 57-63.

44



Pandey, R., Shankar, B. S., Sharma, D., & Sainis, K. B. (2005). Low dose
radiation induced immunomodulation: effect on macrophages and CD8+ T
cells. International journal of radiation biology, 81(11), 801-812.
doi:10.1080/09553000500531886

Parsons, W. B., Watkins, C. H., Pease, G. L., & Childs, D. S. (1954). Changes in
sternal marrow following roentgen-ray therapy to the spleen in chronic
granulocytic leukemia. Cancer, 7(1), 179-189. do0i:10.1002/1097-
0142(195401)7:1<179::AID-CNCR2820070120>3.0.CO;2-A

Peschon, J. J., Torrance, D. S., Stocking, K. L., Glaccum, M. B., Otten, C., Willis,
C. R, ... Mohler, K. M. (1998). TNF receptor-deficient mice reveal
divergent roles for p55 and p75 in several models of inflammation. Journal
of immunology (Baltimore, Md.: 1950), 160(2), 943-952.

Pierce, D. A., & Preston, D. L. (2000). Radiation-Related Cancer Risks at Low
Doses among Atomic Bomb Survivors. Radiation Research, 154(2), 178—
186. doi:10.1667/0033-7587(2000)154[0178:RRCRAL]2.0.CO;2

Rastogi, S., Coates, P. J., Lorimore, S. A., & Wright, E. G. (2012). Bystander-
type effects mediated by long-lived inflammatory signaling in irradiated
bone marrow. Radiation research, 177(3), 244-250.

Ribatti, D. (2007). The discovery of endothelial progenitor cells: An historical
review. Leukemia Research, 31(4), 439-444.
doi:10.1016/j.leukres.2006.10.014

Rothkamm, K., & Lébrich, M. (2003). Evidence for a lack of DNA double-strand
break repair in human cells exposed to very low x-ray doses. Proceedings
of the National Academy of Sciences of the United States of America,
100(9), 5057-5062. d0i:10.1073/pnas.0830918100

Sethi, G., Sung, B., & Aggarwal, B. B. (2008). TNF: a master switch for
inflammation to cancer. Frontiers in bioscience: a journal and virtual library,
13, 5094-5107.

Seymour, C. B., & Mothersill, C. (2000). Relative Contribution of Bystander and
Targeted Cell Killing to the Low-Dose Region of the Radiation Dose-
Response Curve. Radiation Research, 153(5), 508-511.
doi:10.2307/3580182

Shao, C., Folkard, M., Michael, B. D., & Prise, K. M. (2004). Targeted

45



cytoplasmic irradiation induces bystander responses. Proceedings of the
National Academy of Sciences of the United States of America, 101(37),
13495-13500. doi:10.1073/pnas.0404930101

Sica, A., Wang, J. M., Colotta, F., Dejana, E., Mantovani, A., Oppenheim, J. J.,
... Matsushima, K. (1990). Monocyte chemotactic and activating factor
gene expression induced in endothelial cells by IL-1 and tumor necrosis
factor. Journal of immunology (Baltimore, Md.: 1950), 144(8), 3034-3038.

Sokolov, M. V., Dickey, J. S., Bonner, W. M., & Sedelnikova, O. A. (2007).
gamma-H2AX in bystander cells: not just a radiation-triggered event, a
cellular response to stress mediated by intercellular communication. Cell
cycle (Georgetown, Tex.), 6(18), 2210-2212.

Sowa, M. B., Goetz, W., Baulch, J. E., Pyles, D. N., Dziegielewski, J., Yovino, S.,
... Morgan, W. F. (2010). Lack of evidence for low-LET radiation induced
bystander response in normal human fibroblasts and colon carcinoma
cells. International journal of radiation biology, 86(2), 102—-113.
doi:10.3109/09553000903419957

Tartaglia, L. A., Weber, R. F., Figari, I. S., Reynolds, C., Palladino, M. A., &
Goeddel, D. V. (1991). The two different receptors for tumor necrosis
factor mediate distinct cellular responses. Proceedings of the National
Academy of Sciences, 88(20), 9292-9296. doi:10.1073/pnas.88.20.9292

Van Zee, K. J., Stackpole, S. A., Montegut, W. J., Rogy, M. A., Calvano, S. E.,
Hsu, K. C., ... Stuber, D. (1994). A human tumor necrosis factor (TNF)
alpha mutant that binds exclusively to the p55 TNF receptor produces
toxicity in the baboon. The Journal of experimental medicine, 179(4),
1185-1191.

Weiss, T., Grell, M., Hessabi, B., Bourteele, S., Milller, G., Scheurich, P., &
Wajant, H. (1997). Enhancement of TNF receptor p60-mediated
cytotoxicity by TNF receptor p80: requirement of the TNF receptor-
associated factor-2 binding site. The Journal of Immunology, 158(5),
2398-2404.

Wright, E. G. (1998). Radiation-induced genomic instability in haemopoietic cells.
International Journal of Radiation Biology, 74(6), 681-687.

Wright, Eric G, & Coates, P. J. (2006). Untargeted effects of ionizing radiation:

implications for radiation pathology. Mutation research, 597(1-2), 119-132.
doi:10.1016/j.mrfmmm.2005.03.035

46



Wu, L.-J., Randers-Pehrson, G., Xu, A., Waldren, C. A., Geard, C. R., Yu, Z., &
Hei, T. K. (1999). Targeted cytoplasmic irradiation with alpha particles
induces mutations in mammalian cells. Proceedings of the National
Academy of Sciences, 96(9), 4959-4964. doi:10.1073/pnas.96.9.4959

Zhou, H., Randers-Pehrson, G., Waldren, C. A., Vannais, D., Hall, E. J., & Hei, T.
K. (2000). Induction of a bystander mutagenic effect of alpha particles in
mammalian cells. Proceedings of the National Academy of Sciences,
97(5), 2099-2104. doi:10.1073/pnas.030420797

Zhou, H., Suzuki, M., Randers-Pehrson, G., Vannais, D., Chen, G., Trosko, J. E.,
... Hei, T. K. (2001). Radiation risk to low fluences of a particles may be
greater than we thought. Proceedings of the National Academy of
Sciences, 98(25), 14410-14415. doi:10.1073/pnas.251524798

47



VITA

e}
__. | _. |



49



