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Chapter 6: Evaluation of the adoptive transfer bystander

method and its initial findings

Précis

The method described in this thesis allows thechiction of irradiated cells into an
unirradiated organ in order to monitor the reactiohthe surrounding recipient cells.
This chapter assesses the suitability, reliabdityl generalisability, of the adoptive
transfer method, as used in the current study, atttesses the significance and
implications of failing to detect a bystander effecthisin vivo system. An analysis
of whether the adoptive transfer method was ablméet the aims of the study is
provided, along with proposals for future use of thethod to answer remaining

guestions. Included throughout are updates on ftieeature published in the

bystander field since the commencement of the study

Assessing the research findings

The aim of this research was to determine whethtargellular communication
between radiation hit and unhit cells changes tble of radiation-induced cancer
from a linear dependence on radiation dose. Achgethis aim required exploration

of radiation-induced bystander effeatsvivo, posing three research questions:

1. Do radiation-induced bystander effects of the reatseen in cell culture
investigations occun vivg; if so,

2. Do the biological effects induced in unhit cellange the fate of those cells,
SO as to result in an altered risk of developinuces; and,

3. Can such bystander effects be triggered at the Hashation dose-rates

required to result in non-uniform dose exposure?
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Efforts to resolve these questions involved esthbig anadoptive transfer method
in mice. Answering the first question began by Btigating the existence of
bystander effectm vivo in a series of experiments mimicking conditioneviously
conducive to the observation of such effentsitro. The experiments started on the
a priori assumption of no bystander effect, that is, thdtation-induced effects are
limited to directly irradiated cells. The experinierwere carried out under the
conditions considered most relevant to the apptinadf bystander effects to human
radiation risk-estimation. The initial experimentita obtained using the adoptive

transfer method did not identify a bystander respdor apoptosis or proliferation.

From the outset, the scope of this study was lantitesearching for bystander effects
of the nature seen in cell culture investigationlus, with no evidence for bystander
effects in the adoptive transfer system using thigal experimental conditions, the
experiments progressed to test other conditionfactiors known to be crucial to
previous observations of bystander effactsvitro. Alterations in the dose-rate or
radiation source, the timing of analysis or thepontion of irradiated cells within the
unirradiated spleen tissue, still provided no enaeof a bystander effect. Since no
bystander effects were observed, the second arbrésearch questions (concerning
characterising any bystander effects that werectile were not answered in this

study.

Although detecting a bystander effect using ith@ivo model would have provided
an affirmative answer to the first research questibe failure to observe one does
not prove that bystander effects do not occur. Téggarch endeavoured to meet the
need of radiation risk-assessors and -regulatorddtermine whether current

radiation risk-management policy is adequate, brbyistander effects pose an
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additional risk for including in future risk-assesnts. Without confidently
answering the bystander question, 8tatus quoof bystander effects as curious
phenomena will remain. Thus, achieving the ovemln requires assessing

confidence in the results of this study.

If confident that the findings of this research suétable, reliable, and generalisable,
it is important to determine the meaning and sigaifce of these results. Irradiated
cells clearly have the capability to induce biotagi effects in neighbouring,
unirradiated cells; the evidence for this abiliyvitro is overwhelming. The reasons
why this might not be the case vivo (whether only in this system or generally) are
crucial to the decision of whether bystander effente relevant to human radiation
exposures. Without demonstration of bystander effec vivo, regulators are not
willing to include them in risk assessments; coeebr, without a satisfactory
explanation as to why they might not ocaurvivo, it is unlikely that the manin

vitro observations of bystander effects can be easiynidsed.

Suitability of the adoptive transfer method

The suitability of the adoptive transfer methodalié®d here, essentially pivots on
whether the experimental design precluded the gé&perof an effect that would
otherwise have occurred given optimal conditiortsisTguestion is, from the outset,
unanswerable; that is to say, it providespuspter hocwith no testable hypothesis.
Without a proven bystander effect, the existenceomtimal conditions is merely
hypothetical. However, it is possible to determivigether the experimental design
and implementation was capable of providing thenabin vivo conditions it sought

to replicate.
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Were the recipient bystander cells perturbed frammmral behaviour?

The advantage of the adoptive transfer method Was unlike other attempts to

study bystander effecis vivo, the unirradiated cells were:

— not manipulated and were native to the host mouse;
— not immortalised or tumour cells;

— comprised of a range of cell-types;

— non-clonal,

— not cell-cycle synchronised;

— truly unirradiated; and,

— examinedn situ.

The ability to study unirradiated cells in suchaumal state is unique amongst the
attempts made thus far to detect bystander effeativo. Otherin vivo experimental
methods have examined human tumour cells in micaie€al, 2002;
Kishikawaet al, 2006) or repopulation of lethally irradiated tsostith mixes of
irradiated and unirradiated congenic bone marroWs c@Vatsonet al, 2000;
Lorimoreet al, 2005). The conditions used in the adoptive tremsfethod gave the
best chance of observing the normal behaviour dfradiated cells in a tissue
exposed to isolated, irradiated cells, as wouldiogta tissue exposed to a very low-

fluence of photons or charged patrticles.

Were the donor cells perturbed from normal behawdou

Results from experiments using very low whole-bodydiation exposures
(Hookeret al, 2004b; Dayet al, 2006; Zenget al, 2006) provide indications of

bystander signalling in tissues where the majaoiticells do not receive radiation
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deposition. However, these experiments, whilst jgliag the ideal conditions of
irradiating unmanipulated celis situ, cannot prove that the observed effects are not
occurring solely in the irradiated cells, as thé Bnd unhit cells are not
distinguishable. Currently, this limitation appliés all in vivo attempts to study
bystander effects, that is, technology at preseatahot allow the precise irradiation
of living cellsin situ, in a whole animal with certain identification thfe irradiated
cells. Thus, whilst the use ek vivocultured and irradiated/radiolabelled cells is not

ideal, it is one of few options available at présen

It is reasonable to assume that removing the doelts from the mouse spleen alone
would have somewhat perturbed their behaviour. Tais be seen in the sharp
decline in cell numbers during the first day intatg. Further, measured apoptosis
levels in the spleen vary considerably depending/bether the cells are analysed
situ or after removal from the spleen (Komaratal, 2000; Takahaslet al,
2001b; Wanget al, 2002). It is for this reason, that the time ittute was kept to a
minimum to avoid the instabilities known to afféahg-term cultured primary spleen
cells (Huetal, 1992). However, despite the changes induced ey vivo
manipulation, donor splenocytes once lodged back riecipient spleen, do continue

to function normally (Manfrat al, 2001) suggesting the changes are only transient.

The use of concanavalin A was necessary, and ptsedyreatest potential for
altering the response of the donor cells. Withinutes of concanavalin A binding to
the cell-surface, increases are detectable indhelar constituents necessary for cell
growth and division, such as glucose, phospholjagslic adenosine and guanosine
3":5" monophosphates and potassium (Hadeleal, 1976). Concanavalin A causes

an increase in lymphocyte volumes even beforeiteedivision, and produces large
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lymphoblasts from 180-600 fnfresting splenic lymphocyte volunre 120 pni
(Sandersomret al, 1980)). Concanavalin A stimulated spleen cellssla decreased
immune response vitro to erythrocyte antigens (Dutton, 1972), and chanige
TGF{ (Ellingsworthet al, 1989), glucocorticoids and nitric oxide (Ramiread
Silva, 1997). Thus, mitogen stimulation of the doraells induces significant
changes from their resting state, and is perhapdargest uncertainty in the attempt

to re-create a normal, bystander environment.

However, the large lymphoblasts induced by theidestimulation are similar to
those which arise in culture from cells whose donsbeganin vivo, and are
naturally found at low levels in unstimulated spleeell cultures (Piguett al,
1976), suggesting that the lectin-stimulated phgm®and associated changes in cell
growth constituents are merely an induction of aurs activated T cell blast state
(Tuttet al, 1995). Further, the acute X-ray experiment did mse mitogen-
stimulated donor cells and like the other experitmeshowed no bystander effects.
Given the alternative (use of an immortalised andur cell line), primary spleen
cells, even with the stress ek vivomanipulation and the changes induced by
mitogen stimulation, still represent the closestdeioto date for studying the

response of normal spleen cells to radiation.

Did the radiation stimulus applied to the donorlseldequately simulate the desired
scenario?

As explained above, the ideal scenario for studyaystander effects vivo would
examine the immediate and long-term effects ofscetadiatedin situ; although
current technological limitations made this impb#si It was necessary instead to

decide whichex vivoirradiation method would most closely mimic botie trelevant
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situation in vivo and the conditions used in previous experimentyitro. Two
methods were chosen, a chronic self-irradiatiorub€el h before adoptive transfer,

and a single acute dose applied 1-2 h before ingetite donor cells.

For the chronic irradiations, it is necessary tosider a number of possible
confounding factors. Firstly, did initiating thediation dosen vitro alter the later
response of the donor celis viva? It is important to remember that almost all
observations of bystander effects have been irumadt cells or tissues. It is thus
reasonable to assume that whatever the initiatvegts in irradiated cells might be,
they must be able to occur under standarditro conditions. One scenario that
might make such chronic radiolabelling unsuitatde lbystander experiments is if
after initiating a bystander signek vivg an irradiated cell becomes permanently or
temporarily refractory to re-signalling. If this wéhe case, the priex vivoexposure

might hinder any response to laterdisintegrations occurrinip vivo.

Other bystander experiments involving chronic se#diation of target cells use
similar periods of radiolabelling prior to introdian into the animal (Xuet al,
2002), cell cluster (Gerashchenko and Howell, 200 Yransfer of conditioned-
medium (Boydet al, 2006); and in these experiments, ftinevitro or ex vivo
irradiations do not prevent the later transmissiba bystander effect. The fact that
introduction of pre-radiolabelled cells induces ystander response at all indicates
that either: there is no refractory period, theaetiory period is short and does not
last into the post-labelling period, or, if thesea substantial refractory period, the

original signal persists for the length of the aefory period.
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Chronic radiolabelling experiments have shown aedodependence for bystander
proliferation afterH-thymidine dose-rates from 2.5 — 13t5 disintegrations per cell
per hour (Gerashchenko and Howell, 2004). Sinceh daparticle deposition
represents the same mean dose (whatever the radiyaaf the labelled cells), high
and low radioactivity (dose-rates) only represém frequency of repetition of the
same nominal radiation insult. No increased eff@th increasing radioactivity
suggests that the continuing, repeated radiatipwsigons do not alter the response
to the initial decays. In other chronic radiolabell studies, the degree of bystander
cell killing (Persauckt al, 2005) and bystander mutagenesis (Persaad, 2007) do
show a dependence 8H radioactivity and thus in some cases, dose rEpetioes

provide an enhancement.

When chronically irradiated cells are sensitivéuidher energy depositions, it is still
unclear how the continually applied dose-rate a$febe duration or magnitude of
the initial signal. A number of scenarios are palssifollowing initiation of the

signal, where after a given number of energy dejoos:

— subsequent decays continue to increase disrupbidhet donor cell, which
increases the level or nature of the signal;

— subsequent decays continue to increase (or majrtaninitial disruption
resulting in an uninterrupted continuation of tignal; or,

— subsequent decays repeat the initial disruptiooh é¢ane resulting in re-
transmission of the bystander signal (of like, diishing, or increasing

intensity).
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The data are not currently available to evaluatelvbf these scenarios is the case,
or whether the radiation type, energy, dose-rate,other interacting factors
determine the outcome. The difference between ahioadiation of the same cells,
and the presence of multiple irradiated cells @uehtronic irradiation of a tissue, can
confuse discussion of bystander signalling at l@sedrates. In the former case, the
same subset of cells receive repeated radiationibtiin the latter, the chances of
the same cell receiving a second radiation doseingmal, the continuation of the
dose-rate merely results in a steady-state numbeells irradiated within a given
window of time. The relevant human situation is ache, low-dose radiation
exposures, for which bystander effects would orgydb concern in the range of
single hits, rarely occurring multiple hits at te@me instantRoissoneffect at low
mean instantaneous doses), or rare occasions dfplauhits separated by time
(determined by the dose-rate). As such, the efféchronic cellular irradiation on
maintenance or escalation of bystander signalkrigrgely an experimental concern
and is unlikely to play a significant role in riskssessment. Nevertheless, the
potential difference in effects from chronic veramite dose-rates to the directly

irradiated cells should be taken into account wih&rpreting these results.

The same concerns over the duration of bystandealling or the longevity of the

signal itself are also relevant to the acute iataidn experiment conducted in this
study. Due to practical constraints, there was eeswary delay between the
irradiation of the donor cells and their lodgingtire recipient mouse spleen. This
delay was comprised of the time for transporting tlonor cells from the site of

irradiation to the animal facility, the time to &gjt the donor cells and the time taken
to lodge in the spleen (total of 1-2 h). Therevglence suggesting that the delay

between irradiation and contact with the bystanelevrironment would impede a
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bystander effect, and conversely, evidence thaeféect would still be induced.
Evidence supporting the former scenario, are tmelifigs in human prostate
carcinoma cells showing micronuclei in co-culturkgstander cells (Wang and
Coderre, 2005) but only when bystander cells wermontact with the irradiated-cell
medium during irradiation (not when co-cultured iedrately after). In medium-
transfer experiments, ICCM could induce DNA breaksbystander cells when
collected as early as 2.5 min after irradiationthwihe signal decreasing when
collected after 10 min and lasting only out to 3@hnfHanet al, 2007). Also

supporting the immediacy of the effect are findinigat exposure to ICCM induces
calcium signalling in bystander cells in a littls 80 s (Lyngetal, 2002a;

Shaoet al, 2006).

Experimental evidence is also available to suppioet hypothesis of a long-lived
activation state in irradiated cells. Conditione@dmm collected from cultured
mouse embryonic stem cells, two weeks after irtamhainduced DNA breaks in
bystander cells (Ruget al, 2007). Even more surprising, was the finding that
medium collected from these bystander cell cultuhese weeks after exposure to
ICCM, was able to induce DNA damage in so-calsstondarybystander cells.
ICCM collected from 30 min up to 60 h after irratba is still able to reduce
clonogenic survival in bystander epithelial ceNéothersill and Seymour, 1997) and
elevations in ROS in directly irradiated cells p&trsip to 60 h after irradiation and
30 h after exposure to ICCM in bystander cells fanal, 2005). Cells exposed to
y-rays, then washed twice, trypsinised, re-plated emcultured with unirradiated
cells are still able to induce a bystander effespite the delays (Gerashchenko and
Howell, 2003a; Gerashchenkbal, 2004). Ideally, an acute irradiation scenario

should aim to reduce the delay between irradiatind exposure to the bystander
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cells. Future experiments using this adoptive feansystem should endeavour to

streamline the protocol to ensure the detectioshoft-term signalling events.

Did the donor cells appropriately interact with thedigenous recipient spleen
environment?

A number of studies showing that the bystandercefi® dependent on the plating
density of the irradiated cultures have implicatell contact—-mediated
communication in bystander signalling (Azzetral, 1998; Mitchellet al, 2004b).
The use of cells deficient in the protein conne&ih(an essential component of the
GJIC apparatus) and the use of lindane (an inhilmtagap-junctions) has further
supported a direct role for GJIC (Azzahal, 2001; Persaudt al, 2005). The
addition of lindane reduces or removes the bystarffect measured by-H2AX
foci formation (Huetal, 2006), CD59 mutagenesis (Zheual, 2002,
Persaucet al, 2005), protein induction (Azzaet al, 1998), the induction of
micronuclei (Littleet al, 2002) and proliferation (Bishayet¢al, 2001). The cause
of this suppression is not merely a toxic effececsfic to lindane; other GJIC
inhibitors also have the ability to block bystandsgnalling, including 1,19
bis(chlorophenyl)-2,2,2-trichloroethane (DDT), dieh, 12-O-tetradecanoylphorbol-
13-acetate and phorbol myristate acid (Azztral, 2001; Shaet al, 2003c;
Mancusoet al, 2008). Curiously however, phorbol myristate abigs also been
noted to enhance bystander killing in epithelidlscéMothersill and Seymour, 1998)
raising the possibility of negative feedback colstravithin bystander signalling
pathways. Despite clear demonstrations of the irerakent of GJIC, a number of
findings have confused its role in bystander sigmal Some bystander effects are
dependent on cell-cell contact, but not on GJICré8lechenko and Howell, 2003a;

Mitra and Krishna, 2007). Blocking GJIC removed bystander effect observed in
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cell-mixing experiments but had no effect in medaasfer experiments using the
same cells and radiation doses (Sokabal, 2005); within a single experiment,
some bystander endpoints were shown to be dependeBUIC whilst others were
not (Shacet al, 2003b). Together, these findings suggest a roke GJIC in

transmission of certain bystander signals, but thra can exist in concert with

overlapping, soluble-mediator signalling pathways.

Cells in the human (and mouse) spleen are well kntwcommunicate via gap-
junctions (Betoulleet al, 2000), between like (homocellular signalling) atiifiering
(heterocellular signalling) cell types (reviewedWonget al, 2004). It is thought
that GJIC plays an important role in stromal reiafaof leukocyte maturation and
differentiation during development and periods dightened haematopoiesis.
Further, lymphocytes activated with concanavalifa8 were the donor cells in this
study) are known to increase the formation of, #m&r communication via, gap
junctions (Saeet al, 1998). The spleen, as used in the current sttidyrefore,
offers the ideal environment for studying bystandgmnalling, whether via GJIC,

soluble mediators or a combination of the two.

Another question is whether the donor cells rerstationary within the spleen in the
position where they first lodged (and are evenyuatorded during the local screen)
or if they are in regular motion, or even re-ciatilg. This issue is important for two
reasons: firstly, did the cells interact with theigenous environment long enough to
engage in intercellular signalling, and secondlgyenthe bystander cells actually
been under the influence of the donor cell(s) presat the moment of

cryopreservation?
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Data from many adoptive transfer experiments p@wdnfidence that most of the
donor cells identified in the spleen have remaiimesitu since first arriving (Butcher
and Ford, 1986; Pabst and Binns, 1989; McEsal, 1997; Albrightet al, 1998;
Manfraet al, 2001; Moelleret al, 2003), allowing plenty of time to interact with
their local environment; those that have not remdistationary have most likely left
the spleen. The global screening method (which da¢sely on the presence of a
donor cell within the field) is not affected by #econcerns, and can detect if
recipient cells are responding to the signals bgmreviously lodged donor cells that
are no longer visible. Further, since the donorscébdge loosely in three-
dimensional clusters, local screening fields mafaat be recording the effects of the
donor cells that are still present as well as ftbose that are no longer there. This
means that although it is not certain that in ang @cal field, the recipient cells
have been engaged with the donor cell in questiothe duration of the experiment,
it is very likely that in all cases, they have ba&eproximity to at least one donor cell

for an extended period.

Summary

The adoptive transfer method in mice described ,hbse no means perfectly
replicates the humain vivo situation. However, the method represents theysbdid
normal, unirradiated cells within a living, funating organ and monitors the
response to introduced normal irradiated cellsh@ugh the donor cells did undergo
ex vivomanipulation and mitogen-stimulation, the effettleese procedures on the
behaviour of the cells can certainly be no morenttheat exhibited by virus or cell
fusion immortalised cells, or cultured tumour cedls currently used to perform most
bystander effect experiments. In addition, no e$fegere induced by unstimulated

donor cells exposed to an acute X-ray dose. Thptagotransfer method is the most
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suitable technique to date for the detection otdoyder responses vivo and future
improvements in the protocols should enable thisteahuman situation to be even
more closely modelled. Techniques for concentratindiolabelled compounds
within cells without the need for DNA incorporatigBoyd et al, 2006) could help
alleviate concerns over mitogen-stimulation and béna complete, rapid
radiolabelling of donor cells; and refinementstwé ficute irradiation protocol should

allow the time between irradiation and lodginghe spleen to be reduced.
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Reliability of the adoptive transfer method

The question of the reliability of the adoptive nséer method, essentially asks
whether the experimental design precluded the tleteof any bystander effects that
may have occurred. Even given optimal experimestaiditions and a robust
bystander effect, an insensitive assay, flawedesing technique or inadequate
controls, could each compromise the detection diystander effecin vivo. By
definition, answering this question fully is notgsible; one only knows that an
effect was not detected if one is sure it was digttizere. However, the sensitivity of
the method can be determined and the power oftHiistecs assessed, in order to
evaluate the degree of confidence that can be glatethe results. Likewise,
understanding the screening protocol and use drasrnwill help to define exactly

what was measured and what was not observed.

Were the controls adequate?

An in vivo method of the kind used here involves a great ohealy more parameters
than equivalent methods vitro. In order to control for all aspects of the pratioc
each experiment included recipient mice injectethwham-radiolabelled or sham-
irradiated donor cells, thus comparing responsesofadiated tissues to donor cells
differing only by their irradiation. For the chrenradiolabelling experiments, the
sham-radiolabelled cells even received the samamuaincentration of exogenous
thymidine as the irradiated cells. Most bystand@peeiments using chronic
radiolabelling do not include this control, eitherthe sham-radiolabelled groups or
to keep the total thymidine concentration consisteetweenH-thymidine dose
groups (Bishayeet al, 2001; Gerashchenko and Howell, 2004, 2005; Pdrstal,

2005; Persaudt al, 2007). The maintenance of a consistent total itiyra
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concentration for both radiolabelled and contrdlsces important given the known
potential for toxicity from exogenous thymidine ado (Cleaver, 1967; Faoat al,

1980; Ferrareet al, 2005).

The use of sham-donor cells was crucial for thell®creening method. Since
adoptively transferred cells do not lodge randonmythe spleen, apoptosis and
proliferation in the local area around irradiateshadr cells might be expected to
differ naturally from the average frequencies asras unirradiated mouse spleen. In
these experiments, the local and global frequené@sapoptosis and proliferation)
were significantly different from each other, pédgidue to the non-random lodging
of donor cells, confirming the need for such patatbntrols. Although not included
in each of the experiments, mice receiving only Rtout donor cells (vehicle
control) and mice undergoing anaesthesia but rextign (procedure control) were
included in the most recent of the experiments ootedl in this study. Although the
number of animals was smalh, = 3 (PBS) andn = 2 (anaesthesia only), the
frequencies of apoptosis and proliferation wereilamto those in the sham-
radiolabelled recipient mice. The routine inclusadrsuch control mice in the future
will add further assurance that the handling aneciions do not significantly alter

the biological endpoints in the spleen.

Did the chosen screening protocols adequately sutive populations of interest?

The bystander cells studied using this adoptivesfiex method, using either the local
or global screening methods, included all of thittgpes normally resident within

the mouse spleen. Although biased towards aredsladged donor cells, the local
screen still examined biological endpoints in ahsdonor cells in each field. This

indiscriminate method did introduce possible vasiatbetween fields (and between
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mice) in terms of which bystander cells were adyualesent. However, no study has
been conducted to show a difference between spmekypes in the potential to
respond to bystander signalliimg vitro, as has been performed with fibroblasts and
epithelial cells (Mothersill and Seymour, 1997). rival direct cell—cell
communication of lymphocytes in the spleen occutsamly between lymphocytes,
but also from lymphocytes to antigen-presenting andothelial cells (reviewed in
Wonget al, 2004). It is reasonable to assume thaniVivo bystander signalling
exists, its role should not be confined to the -tgle that received the energy
deposition; in fact, intercellular signalling inhetr biological contexts often permits
the regulation of one cell-type by another (Rosehdgal, 1991). In one
experimental system, irradiated antigen-presertelig induced a bystander effect in
a T lymphocyte linen vitro (Liu et al, 2004). Since tissue-level responses to sparse
ionisations in isolated cells pose the greategmi@l to modify carcinogenic risk, it
Is prudent to examine the responses of the spisgmetas a whole. Upon detecting a
bystander effect, interrogating the individual ¢gpes to profile the response would

not be a difficult task.

The use of the local screening method allows thedyars of the immediate area
vicinal to the irradiated cells for short-rangeeets, possibly diluted if examined
without respect to the topography. Permanentlyrding the staining of every field

permits later changing of the spatial resolutionet@xamine a radius anywhere from
100 um down to a single cell-diameter from thediaged cell(s); and this re-analysis
could be performed in the future. Use of the gladmkening method allows a very
sensitive examination of the tissue, surveying 8,060 bystander cells across two
tissue sections. The adoptive transfer method bhseed, could also be adapted to

analyse the response of the whole spleen tissudloviacytometry. However, as

Reliability of the adoptive transfer method 200



Evaluation of the adoptive transfer bystander methd and its initial findings

noted above, preserving the spatial relationshgpadien the irradiated and bystander
cells is of great advantage whilst first exploribgstander effectsn vivo. If a
reproducible, robust bystander response is chaisete as has happened with
certainin vitro methods, incorporating flow cytometric analysisfiaed bystander
cells might represent a high-throughput method uandjfy bystander responses

vivo using the adoptive transfer method.

How sensitive were the chosen screening protocudsiéological measurements?

Sensitivity is a multi-faceted concept in reviewitite performance of an assay
system, the term covering measurements of pregisibarent population variability,
and prospective and retrospective statistical powegreat number of metrics are

available for assessing each of these qualities.

Precision

The precision of the apoptosis, proliferation, andersion assays primarily relates to
the number oéventsscored compared to the number of cells surveyedtte local
screening assays, the number of cells surveye@datie to the number of local
fields available in the tissue sections (relatedldmor cell lodging frequency and
spleen cross-sectional area) and the number o$ aelleach field Table 6.).
Compared to the initial experiment, the longer-téodyging, higher radioactivity and
acute X-ray experiments each resulted in a loweodoell lodging frequency, fewer
fields scored, and therefore less cells surveya@dhé lowest cell numbers surveyed
(13,336 cells: 1 Gy X-rays) this equates each agimptell to a 7.5 x 10 change in
the apoptosis frequency; at the highest, (28,52B:c8ham) each apoptotic cell

represents a 3.5 x P0change in the apoptosis frequency. Thus, the coatbee
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precision for the local apoptosis assay is 1 X. Kince the proliferation index uses
two exact area measurements for each field, theigooe of each arbitrarily
truncated at 1 x If) the quotient of the two parameters is then trtextdurther,

giving a precision of 1 x IHor 0.1%.

Despite the much larger number of total numberetiscscored in the global screens
(Table 6.3, the precision of the global apoptosis frequerft@®) and global
proliferation index (0.1%) was set as for the losaleens, given that the variation
between individual mice was relatively larger thatween the fields of each mouse.
For the pKZ1 chromosomal inversion assay, whichveygd a mean number of
187,962 cells per replicate section, a single isioer event equated to a change of 5

x 10° in the inversion frequency; thus, giving a conaéige precision of 1 x I8
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Table 6.1: Number of bystander cells and fields scored in the local screens

. Mean number of bystander cells Mean number of local
Experiment ) . S
scored per spleen section fields per spleen section
Sham-radiolabelled Radiolabelled Sham-radiolabelled Radiolabelled
Initial 28,526 27,112 25.7 24.5

Experiments

Longer-term
lodging 22,001 21,592 20.6 20
experiments

High
dose-rate 26,251 17,179 24.9 16.8
experiment
0 Gy 0.1 Gy I Gy 0 Gy 0.1 Gy I Gy
Acute X-ray 16,984 23,787 13,336 15.8° 21.9° 12.6°
experlment

* A maximum of 25 local fields were photographed for the initial experiments, 20 thereafter. Where
the mean number of fields is substantially below the maximum, this is indicative of a low donor cell
lodging frequency.

® The unusual pattern for the Acute X-ray experiment is the result of underlying differences in the
donor cell lodging frequencies; and, low and high outliers in the 0 Gy and 0.1 Gy groups respectively.
Analysis of the median values for number of fields screened shows less difference between the 0.1
Gy and control groups (18.3, 20.9), although the lower lodging in the | Gy was still clear (median =
13).

Table 6.2: Number of bystander cells and fields scored in the global screens

Experiment Mean number of Mean number of
P bystander cells per replicate global fields per replicate

Initial experiments 158,771 37°*

Increased d.onor cells 85,881 20
experiment

Longer-term lodging 85,613 20
experiments

High dose-rate experiment 85,259 20

Acute X-ray experiment 83,548 20

*In the initial experiments, a maximum of 40 global fields were photographed
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Inherent population variation

Regardless of the precision of an assay, if thdobgical variation between
individuals is large, it is difficult to detect sl effects. In short, a lesser inherent
variation in the population allows the detectionaobmaller effect size; this is a
major advantage tan vitro studies in clonal cell lines. The variance measure
between individual mice is a composite of experitakrrror and true variation in
the biology of each mouse. This biological variatio turn, depends on the normal
degree of homeostatic control of the variable iesqion and the likelihood of an
individual falling outside of this control. What &pparent from the control mice in
the adoptive transfer experiments is the broadeafgapoptosisKigure 6.1A and
proliferation Figure 6.1B rates in the spleens of normal mice. Althoughspeead
of apoptosis values was similar for each of the fexperimental conditions, the
mean and range did appear higher in those expetsmesing the pKZ1 recipient
mice (Exp 2, 3 & 4Figure 6.1A)compared to those in the C57BL/6J mice (Exp 1 &
5, Figure 6.1A) Since the two mouse strains are obtained frorferéifit mouse
colonies, the difference is most likely due to thaigin/breeding history rather than

the presence of the transgene.

The variation observed arises partly from the @ieai of the assay. Takahastial.
(2001a) performed a study of apoptosis in the sigleef C57BL/6 mice after
irradiation, counting only 500 cells to determina apoptosis frequency, and
unsurprisingly, found an average 0% apoptosis enuthirradiated mice. In the same
study, their lowest dose of 1.5 Gy X-rays resultedn apoptosis frequency of 7.94
x 107 (an effect size of >2000% above the baseline oeted here in the adoptive

transfer model). When the effect size to be testexh large, the natural variation in
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the population is of little concern, however, indaterfere with detecting smaller
effects. A smaller effect does not equate to aileg®rtant one; the relevance of an
effect size depends on the biological norm e.gting heart rate can safely double
during exercise, but a 15% increase in core bodypézature can be fatal. The
question becomes, what increase in bystander agiepo proliferation would be of

concern compared to the normal homeostatic range?

It has been shown that mice subjected to 2 x 1Byisipal restraint periods over two
days exhibited a 35-50% reduction in spleen numbeesto apoptosis (Yiat al,
2000; Wanget al, 2002). Conservatively, these stress-induced as&e in apoptosis
represent at least an extra 0.5-1% apoptosis perdwer the 48-h period (probably
much higher at its peak) equivalent to a prolong#dct size of 100-400% above
baseline. Hind-limb unloading (simulating low-grgvistress) in rats for 2 days
induces similar drastic increases in apoptosis &Vei, 2003) whilst rats exposed to
hyperthermia (41.5°C for 2 h) undergo 400-900%easEs in apoptosis in the spleen
in the 6-8 h following the heat treatment (Sakagetlkal, 1995). The use of the heat
lamp to dilate the mice tail veins before adoptramsfer in this study is unlikely to
have had an effect on apoptosis. The temperatutbeircentre of the cage whilst
exposed to the infrared lamp only reached 33°Cr dffe min exposure (data not
shown), whereas a 2.8°C increase in rodent corg tedperature requires at least
25 min at 48°C (Wirttet al, 2003) or 40 min at 42°C (Morrisat al, 2000).
Splenic B lymphocytes show a 1 h exposure heasssttbreshold of 42°C core
temperature, whilst splenic T lymphocytes requitelemst 39°C (Gotharet al,
2003; reviewed in Tolson and Roberts, 2005). Is #tudy, mice had free access to
water throughout the heating period, which alssemithe ambient temperature

required to induce a heat-stress response (Pritehtal, 2003).
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Figure 6.1: Variation in bystander apoptosis and proliferation
of mice receiving sham-irradiated cells

Bystander apoptosis frequencies (A) and proliferation indices (B) were determined using the global
screening method for each mouse receiving sham-radiolabelled or sham-irradiated cells. The mean
frequencies are shown for each mouse for (l) the experiments conducted under the initially
established conditions; and (2) the increased donor cell numbers; (3) longer-term lodging; (4) higher
dose-rate; and, (5) acute X-ray experiments.
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In vitro studies of bystander-induced apoptosis have demaded >1300% increases
with ICCM from 0.5 Gy irradiated cells (Lyngt al, 2000) and 100-700% increases
in apoptosis in bystander cells co-cultured witmay-or carbon-ion irradiated cells
(Shaoet al, 2004a). Some studies have shown more modest tiodsc&60%

increase) (Konopacka and Rzeszowska-Wolny, 2006).

An analysis of the variation in basal proliferaticates due to homeostatic control
shows that proliferation rates in an individual reewspleen can vary by up to 20%
over the course of each day due to circadian cbatame (Kovshiket al, 2006).
Environmental stressors such as cold stress (Agtles, 2004) and burn injuries
(Choet al, 2003) increase splenic proliferation, and restratress can suppress it
(Fanet al, 1995). The high spontaneous proliferation indekhe spleen (compared
to the number of cells undergoing apoptosis) resltice relative effect size expected
from any bystander induction. In addition, the hegeneity of splenic proliferation
increases the variation between mice, as in thidys(particularly in the global
screen) and screening of one extra follicular aveela very high proliferation levels
can drown out any subtle effects in the remainiredd$. In vitro, bystander-
signalling causes a 40% increase in lung fibrobtashbers after 3 days (lyet al,
2000) an 80% increase in lymphoma cell proliferatiwer a 24-h period (Liet al,
2004), and can induce up to a 19% increase in hgstdiver epithelial cell growth
over 24 h (Gerashchenko and Howell, 2003a, 200804,22005). Thén vitro data
show that the effect sizes for proliferation arecmsmaller than for apoptosis, as

expectedn vivo.

These results suggest that a mean change in apoptfo50% from the baseline,

would fall in the range of the most modest bystamdtects that have been reported,
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and might represent a change outside the rangerofalt homeostatic fluctuation (of
the order induced by various environmental stregsdfor proliferation, a 10%
change from baseline falls in the range observedipusly for bystander induction

and would indicate a change inline with other emwimental stimuli.

Prospective statistical power

The results from the first experiment conducteahgighe adoptive transfer method
established the expected mean apoptosis frequemdypeoliferation index (and
standard deviations) from the response of the n@iceiving sham-radiolabelled cells
in order to conduct power calculations. Using séaddvalues of 80% power with
95% confidenceo=0.05,3=0.2) power calculations were performé&dble 6.3 for
detecting effect sizes of = 50% for apoptosis ardd% for proliferation as discussed
earlier. As expected, whilst the variation and @ffd@ze predicted that groups of five
mice would supply the desired statistical powerthfa apoptosis screens, the groups
would need to be prohibitively large to give thesided power to detect a change of
10% in proliferation. As predicted above, the glakeeen for proliferation showed
a higher variability between mice (coefficient adriance = 21%) than the local
screen. To accommodate practical group sizes oratioptive transfer experiments
(5-10 mice per group) the predicted sample size® wexalculated for detecting a

20% change from the sham-recipient leVialgle 6.3.

Raising the threshold for the effect size redudesl iumber of mice per group to
within acceptable limits for the local proliferatioscreen, and predicted that
including eight or more mice would give >50% powedetect a 20% effect with the

global proliferation screen. Although the effeckesithat could be considered

Reliability of the adoptive transfer method 208



Evaluation of the adoptive transfer bystander methd and its initial findings

significant using this method was predicted to lghér than desired, the actual
effect size could be evaluatgmbst hocto determine if further investigation was

warranted.

Table 6.3: Predicted sample sizes based on set prospective statistical power

Sham-level Effect size Sample size
Local apoptosis 44+1.0x10? + 50% 4
Global apoptosis 3.7+03x 10°? + 50% >|
Local proliferation 9.7 £ 0.9% * 10% 14
9.7 +0.9% *20% 4
Global proliferation 9.1 +1.9% +10%° 69
9.1 £ 1.9% +20%° I8

Sample size calculations were based on 80% prospective statistical power and 95% confidence.
Predictions were based on the mean * standard deviations from sham-recipient mice from the first
experiment. * Two different effect sizes were modelled for the proliferation assays.

Retrospective statistical power

The issue of retrospective analysis of sensitigtg controversial one (Goodman and
Berlin, 1994; Zumbo and Hubley, 1998). This is gattarly due to the common
misuse of power calculations on gathered data topcbe apost hocB-value from
the observed effect size (i.e., although no effexs observed, there was only a 40%
chance of detecting one, therefore the effect mgitit exist). The flaw in such
analysis is that whilst prospective predictionspofver use a predicted effect size,
expected variation, and have no knowledge of theomoe, retrospective statistical

power actually represents a Bayesian statisticastipn (what was the likelihood of
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detecting an effect knowing now that no effect wlasected?). Instead, Goodman
and Berlin (1994) and Zumbo and Hubley (1998) adi®the retrospective analysis
of sensitivity by comparing the observed effecesand its confidence intervals, i.e.
given the data and the effect size actually obsgnwhat effect size can we rule out

with 95% confidence?

Such an analysis is shown below for each of theeexyents Table 6.4. For the

apoptosis screens in the initial experimerdas10.5% (local) and 7.1% (global)

decreasdrom the sham-control level was actually obsenadthough this was not
enough evidence to reject the null hypothesis. Hawegiven that previoum vitro
data in the literature would predict an increasebystander apoptosis, the data
gathered here rules out (with 95% confidence) atregse greater than 9%.
Similarly, the bystander proliferation index degedby 3.2% and 5.6% in the local
and global screens respectively; thus, precludimg iacrease in bystander
proliferation (as predicted by the vitro data) of greater than 18%. These analyses
of the effect size confidence intervals show théetince between prospective and
retrospective analysis of statistical power; gitbat the bystander apoptosis and
proliferation actually decreased, the size of titewe@ase that can be ruled out is better

than that predicted before the experiment was octedu
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Table 6.4: 95% confidence limits on effect sizes, chronic radiolabelling
experiments

Experiment Screening Observed Effect Sizes and 95% Confidence Limits *
Method
Apoptosis Assay Proliferation Assay
Lower Og;;::d Upper Lower Og;;;::d Upper
95% CL : 95% CL 95% CL : 95% CL
Size Size
Local -28% -10.5% +9% -37% -3.2% +18%
Initial
experiments
Global -15% -7.1% +8% -28% -5.6% +17%
Increased donor oy g% +10%  +43% 23%  +27% +77%
cell experiment
Local -34% +1.6% +28% -20% +1.0% +21%
Longer-term
lodging
experiments
Global -28% -1.9% +23% -20% +12.6% +46%
Higher dose-rate o o o o o, o
Global -26% +4.6% +35% -52% +0.9% +53%

experiment

*The differences are expressed as a percentage increase or decrease from the sham-recipient
frequency.
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Injecting ten times as many donor cells (Increadedor cell experimehtonly

caused an effect size of +10% for the apoptosiquiacy, but, +27% for the
proliferation index, although there was not enowgiidence to reject either null
hypothesis. The sensitivity of the experiment washsthat an increase in apoptosis
of >43% (moresensitivethan the target of + 50%) can be confidently ectell
(Table 6.4. However, the experiment could only rule out acréase of greater than
77% in the proliferation index. The experiment whas notsensitiveenough to
detect the target effect size of £ 20% (a change20P6 was observed but could not
be proven). This suggests that especially in regaordhe global proliferation index,
the greater natural variation in proliferatiam situ and in vivo requires studying
larger numbers of mice to detect the same chamgesoliferation that are readily
detectedn vitro. The precision of the proliferation assay alretatyexceeds what is
required to detect a change of 10-20%, and thuseasing the number of cells or

fields screened per mouse would have no effechemsénsitivity of the assay.

When examining spleen tissues three days afteadoptive transfer_(Longer-term

lodging experimen)s the observed effect sizes were smaller thanntbminated

target sizes and neither were significant. For &gp, not only was there no
increase observed, but the data can confidentigtr@ny increase of >23%, twice as
sensitiveas the target levelTa@ble 6.4. Although the experimental data give no
evidence for an increase in proliferation greatemtthe nominated effect size, it
should be acknowledged that the experiment was gumvenly to exclude an

increase >46% above the sham-level, and thus wasdasitivethan planned.

Injecting high-dose radiolabelled cells (Higher eloate experimeit resulted in

effect sizes of +4.6% for apoptosis and +0.9% foliferation (neither significant).
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Both of these effect sizes were well below thedathreshold and the data thus give
no evidence to increases above these levels. Tifelence limits on the effect sizes
(Table 6.4 show that the experiments provide greater seitgitihan the original

target level for the apoptosis screens, but thay thre underpowered to detect
significant changes in the target range for pradifien (although no such changes

were actually detected).

When adoptively transferring acute X-irradiated alocells, effect sizes ranged from
+2.4% up to +10% for apoptosis using either scregmethod and from -9.1% up to
+11.5% for proliferation; none were significant.uBhagain, the experiment showed
no evidence for changes above the target levelshitnexperiment, however, the
reduced variation in the response of the 1 Gy iatad donor cell-recipients
increased the sensitivity of the proliferation gssawithin the target rangel able
6.5. The target sensitivity was approached in the @yl irradiated donor cell-

recipients Table 6.5.

In summary, the precision of the assays was propait to the expected mean
values and the variation seen between individuaknirhe assays were designed to
measure the biological endpoints to the desirectigion, in order that low
frequencies were not falsely reported as zero, wene variations between mice
hidden byrounding effects. The statistical power of the experimemés based on
target effect sizes derived from the known homeistaariability in the biological
endpoints, and observeaa vitro bystander effects reported in the literature. Ashs
any bystander effects occurring that were below ltmé of detection would be
negligible when compared to day-to-day or individuariation, or the effects of

common environmental stresses.
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Table 6.5: 95% confidence limits on effect sizes, Acute X-ray Experiment

Dose Screening Observed Effect Sizes and 95% Confidence Limits ?
Method
Apoptosis Assay Proliferation Assay
Lower Ol;g;/fd Upper Lower OlEsffe;fd Upper
95% CL ; 95% CL 95% CL ; 95% CL
Size Size
Local 31% +2.4% +34% -27% -9.2% +7%
I Gy
Global -11% +10% +33% -20% -1.8% +16%
Local -26% +7.3% +40% -16% +2.8% +21%
0.1 Gy
Global -9% +10% +32% -10% +11.5% +33%

* The differences are expressed as a percentage increase or decrease from the sham-recipient
frequency.

Retrospective statistical power analysis, condueistbrding to accepted statistical
practice, demonstrated that for apoptosis, effeetss>43% could be excluded in all
cases, with sensitivity to discount an effect si886 in the experiment conducted
using the initial conditions. In fact, the greatebserved effect size for apoptosis, in
any experiment, with either screening method waly d8.5% and this was a
decrease from the sham-level. The results for feraliion were not as powerful;

despite a +27% effect size for global proliferatwhen the number of donor cells
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injected was increased, the data were not suffidierreject the null hypothesis.
However, regardless of the theoretical ability loé tassay to narrow the potential
effect sizes, all other effect sizes for prolifevatwere measured at <12.6% and in
some cases showed differences of <1% from the @orithus, the failure to reject
the null hypotheses in each of the experimentgyusia adoptive transfer system was
not the result of the method being insensitive étedt the types of changes that

might be expected.

Were there any confounding factors?

The use of amn vivo experimental system added a number of variabkisate not
relevant or easily controlled in experiments coneddn vitro. The sex, age and
health/immunity of the mice could each contribuidehe variability of the response
to the irradiated donor cells (Mothersell al, 2001). Experimental variables such as
the order in which the recipient mice were injecteaild also provide additional
sources of error. Although the study was not desigio detect effects of possible
confounders, the variables mentioned above werke &smted for their influence on
the apoptosis or proliferation responses; nonefaasd @ > 0.05 in all cases). The
sensitivity of the bystander effect obseriadvitro to the responder cells’ source
strain (Mothersillet al, 2005b), or to the sex and health of the irradiatell donor
(Mothersillet al, 2001) suggests that significant inter-individutffferences may
affect the bystander response. This further suppthe logic behind examining

bystander responsésvivo, where such modifying factors can be taken intmant.
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Generalisability of the results obtained using thedoptive transfer
method

Usually, the testing of any hypothesis necessitéites selection of a model or
representative system. The results acquired udieg model system are then
generalised to the wider population of interesm&alisability refers to the extent of
extrapolation that is reasonable given the pedtitarof the model system. The
generalisations required for interpreting the ankepttransfer model include
translating the results in a controlled experimiesyatem to the reah vivo scenario,

drawing conclusions about the responses of othdftismie types based on
examining effects in the spleen, and the extemthizh responses in mice inform us

of the response in humans.

How well do the experimental conditions represem tealities of bystander
irradiation scenarios?

The adoptive transfer model described here wagediwith the intent to study the
potential risks of bystander effects from a ranfi@xposure scenarios relevant to
humans. The potential risks for humans from pugabiystander effecis vivo arise
from a few, specific irradiation scenarios. longsiradiation exposure for the public
(excluding radiation workers) is largely due toaféd radon (and progeny), cosmic
radiation passing through the Earth’'s atmospheqeosure to radioactive elements
in our environment (in soil, water and organic mgit medical diagnostic
irradiations and radiotherapy. Medical diagnostwchniques usually use local
radiation doses whereby all cells within an exposisdue will be irradiated.
Radiotherapy uses very high doses, often to srdeflned areas, and as such is a
prime candidate for the occurrence of abscopalctffenot bystander effects (as

described here). Newer radiotherapy techniques émidipated future techniques)
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involve the delivery of radiation doses to moreired targets within the body, even
to certain cell-types within a tumour; such unedese distributions could blur the
boundary between abscopal and bystander signallihg remaining exposures
relevant for the public are low dose-rate expostm@® natural sources, consumer

products and potentially, sources of environmecwatamination.

The main source oifi-particle exposure for human tissue is from inhaladon
progeny trapped in the lung (Harley and Robbin§2)9Low fluences oéi-particles
from a sealed external source do not have the ramgjesue to penetrate the dead
skin layer; however, ingested or inhaleemitters can irradiate sensitive tissues.
Since a-particles are densely ionising, the radiation gpeis confined in fewer
discrete hits than for an equivalent dose of ph&ta@amd as such, a higher dose is
delivered to the few irradiated cells even at lowam absorbed doses. If bystander
signalling propagates carcinogenic damage to uhated cells in the lung, the effect
would multiply the biological consequences of tkpasure above the estimate based

on the absorbed dose.

Thus, singlex-particle traversals through rare cells in the lungivo would make an
excellent model for detecting bystander effectevaht to human risk-estimation,
and thein vivo method described here could be adapted to tektasgcenario, since
adoptively transferred lymphocytes are known tdfiao the lung (Tsengt al,
1989). Donor lymphocytes could be radiolabelled hwdn o-particle-emitting
radionuclide and the unirradiated lung tissue surding lodged, irradiated donor
cells could be examined. However, since the ramga a-particle in tissue is at least
a few cell diameters, the radiation would not batamed in the radiolabelled cell,

and effects within an extended radius of the damsdlr would need to be excluded.
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Given the heterogeneous morphology of lung tissukthe dynamic movement of
air, the obstacles to a spatial analysis are satiltahowever, such an experiment is
crucial toin vivo confirmation of the potential for radon-inducedstander effect in

the lung.

Other high LET sources such as high atomic magh, émergy (HZE) particles, such
as accelerated carbon, iron or titanium ions hdnee range in tissue to pose an
external hazard and can deliver large doses witeig small volumes (Brenner and
Elliston, 2001; Ballarini and Ottolenghi, 2003). remately, such HZE exposures
only occur outside the Earth’s magnetosphere pdeuduthe possibility of HZE

bystander effects except in the case of astrondims.occurrence of such effects
may prove important for space radiation risks; heavedetecting an HZE-induced
bystander effecin vivo would not inform risk-assessment for regulatoryposes.

Additionally, such an effect is likely to differdm any putative low LET bystander
effect given the vastly different nature of the iatidn and history of exposure

throughout biological history.

For the rest of the body, other than the lung (éladnd Robbins, 1992), the main
potential for bystander-like exposures comes froradiation by photons or other

low-LET radiations where the dose-rate spares th@mty of cells at any one time.

If the majority of cells in the tissue are to remas unirradiated bystander cells,
Poisson statistics dictates that the dose rangerafern for the irradiated cells is the
traversal of single electron tracks (Feinendeg&®01 delivering nuclear absorbed
doses on the order of a few milligray (Roeske anddarth, 2007), simulated in the
present study by low activities of DNA-incorporatédl Such exposures mimic the

type of radiation insult received by rare, indivadicells within an irradiated tissue,
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unlike many experiments that deliver 0.5-5 Gy ok-IcET radiation. Thus, the
experimental conditions considered in the currémdys are directly relevant to one
of the types of human radiation exposures for wlaoly putative bystander effect

would pose a real risk.

Given that no effect was observed in bystandemnsplges, what conclusions can be
drawn on the responses of other cell/tissue types?

Previous experiments to determine the presencebgfstander effect in the spleen
have been limited to the detection of abscopalceffafter irradiation of distant
tissues (Koturbasht al, 2007; Koturbaslet al, 2008a; Koturbasht al, 2008Db).
However, there are a number of studies that havestigated bystander effects in
primary or immortalised lymphocyte lines (Mothergt al, 2002; Liuet al, 2004;
Mooreet al, 2005a; Shankaet al, 2006; Ermako\et al, 2007). The available data
suggest that lymphocytes/splenocytes are capableittdting and responding to
bystander signalling in a similar manner to epitlednd fibroblast lines. It is
possible that the small number of published studdesesents reporting bias against
experiments that do not show a significant bystarefect. However, it is more
likely that since lymphocytes/splenocytes are mdifécult to studyin vitro with
some irradiation techniques, the requirement to sy adherent (Mooret al,
2005a) or immobilised (Kadhimt al, 2001) lymphocytes prevents their wider
study. Given the cell-type variability obseniedvitro, it is reasonable to assume that
other cell-types might respond in a different maniffea bystander effect had been
observed, it would have served as a proof-of-ppiecihat radiation effects could be
propagated by intercellular signallimg vivo, however that was not the case in this
study. Thus, it is important that bystander respens other cells/tissues each be

examined in the context of their relevant bystaredgrosure scenarios.
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What do these findings in mice tell us about thetdnder response in humans?

The induction of a radiation-induced bystander ctff@or at least the underlying
capacity to conduct bystander signallimyvitro) seems to be a highly conserved
phenomenon across species and cell-types; howéwernature of the effect(s)
appears to be more variable. Clearly, experimed&a gathered in mice is an
imperfect model, and within the low-dose radiobgycscientific community it has
long been recognised that effects detected in gateosystems for the human do not

automatically imply that the same effect occurbumans (Trosket al, 2005).

However, recently developed mouse models of humarotrs (reviewed in Abate-
Shen, 2006; Dennis, 2006) have shown that when huwmaecinogenic lesions are
induced in mice, the resulting tumour developmerd progression is remarkably
similar to human tumour pathology (Johnstral, 2001; Huysentruyet al, 2008).
Given the current state of bystander research, wisi@almost exclusivelyn vitro,
each move towards complexiarvivo experimentation takes the field one step closer
to results directly relevant to human risk-estimatiAny bystander effects observed
in a mouse model would need to be closely studedidtermine if the same
pathways and effector mechanisms are likely to afpein humans. Conversely, if
bystander effects that are obserugditro do not occuin vivo using a mouse model,
the cause of the difference in response will needé scrutinised to establish

whether the same differences would apply to thedrusituation.
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Significance and implications of not detecting a stander effectin
Vivo

If it is plausible and justifiable that thie vivo method described here can simulate a
bystander exposure scenario, and if the resultsredi@ble and generalisable, the
guestion becomes, what is the significance andigajbns of the findings presented
here? No bystander effects were observed in attyeoéxperiments conducted in this
study for apoptosis or proliferation (or chromosbmmaersions, where measured).
The possible reasons why the types of bystandectsfiobserveth vitro were not

observed in these experiments include:

1. The bystander signal that is initiatiedvitro was not initiatedn vivo,

2. The bystander signal that is initiatedvitro was initiated but not propagated

in vivg, or,

3. The response induced in unirradiated cells by logkda signalsn vivo was

not the same as that indudedvitro.

These theories represent significamtvitro/in vivo differences in each of the three
nodes in the bystander system as is currently peghdhe response of the irradiated
cell to the radiation, the mechanism of signal $raission, and, the response of the

unirradiated cells to the signal.

Was the signal that is commonly initiatedn vitro not initiated here in vivo?

It is possible that the irradiated cells in thegpegiments simply did not produce a

bystander signal, or did not produce the same gas have been previously
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observedin vitro. A failure to initiate a bystander signal could dhe¢e to the cells

themselves, or the applied radiation stimulus.

Do lymphocytes irradiated in vivo not produce tlane signal as cultured cells,
given the same stimulus?

The ongoing efforts to identify and characterise thystander signal(sh vitro
(Hamadeet al, 2007) makes this question difficult to answermpetsent. Newman
(2006) suggests a chemists’ approach to identiffivegbystander signal apparent in
ICCM experiments. Newman concluded that the mastyticandidate that met the
criteria of the bystander signal (as described thdrsill and colleagues) was the
small molecule nitric oxide. In recent work pubbshby Dr Mothersill's own
research group (Ryaat al, 2008), the authors proposed instead that a peateous
factor such as TGB-or TNF-a might be the signal. Curiously, the implication of
TGFJ as the bystander signal by both Rysral. and lyeret al. (2000) is at odds
with the fact that the former group measure bysamnaduced cell death whilst the
latter report bystander-induced proliferation (ocation that both may be facets of the

same effect, or that both are artefacts of the rexgatal system).

In addition to nitric oxide and TGp; other reports suggest calcium signalling
(Lyng et al, 2006; Shaet al, 2006), reactive oxidative species (Hzral, 2007),
membrane signalling pathways (Nagasawal, 2002; Burdak-Rothkamret al,
2007; Tartieret al, 2007), interleukin-8 (Facoett al, 2006) and even small DNA
fragments (Ermakoet al, 2007) as candidate bystander signalling messsnger
Whatever the extracellular mechanism, it is realento expect that conditions in
the resting cell at the time of radiation exposaffect the initiation of that signal.

The inducible nitric oxide synthase (INOS) is subjgo hypoxic regulation
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(Melillo etal, 1995), complicating the interpretation ah vitro bystander
experiments conducted under non-physiological omytigasions. Further modifying
factors could include the irradiated cell’s celcky state (Ballarinet al, 2006),
methylation status (Ruget al, 2007), levels of oxidative metabolism (Azzairal,
2003) or pre-existing factors in the culture mediyor tissue environment)
(Newman, 2006). Differences in any of these factorsivo could affect the way

irradiated cells respond to radiation depositions.

The revelation that cytoplasmic irradiation carpdtsduce bystander effedts vitro
(Wu et al, 1999; Shaet al, 2004b; Tartieet al, 2007) further complicates the
issue; and since cytoplasmic irradiation resultbyatander mutations distinct from
those caused by nuclear irradiation, the possitolitmultiple initiating and effector
pathways for the bystander effect is now raisedsdme experiments, bystander
effects are only generated by cells with mutant p&us (Matsumotet al, 2001;
Matsumoto and Ohnishi, 2003), whilst in others, p&id-type, —null and —mutant
cells each initiate a bystander signal (Zhangl, 2008). In recent studies, cell lines
which accumulated mutant forms of p53 did not slaolystander response, whereas
p53—null or p53—deficient cell lines were able tengrate bystander signals

(Ryanet al, 2008), indicating a suppression effect by mufd@®3 protein.

Although a more complete understanding of the atirig events is required to
determine whether the irradiated donor cells ddact send a bystander signal
vivo, some clues might be available from studies tloaiccbe conducteth vitro.
After the radiolabelling period, the irradiated dorcells could be washed and then
incubated in fresh medium for a period to allow thecretion of any soluble

bystander signals, before removing the irradiatetl-conditioned medium and

Significance and implications of not detecting athynder effect in vivo 223



Evaluation of the adoptive transfer bystander methd and its initial findings

transferring it onto a test cell line as in the@agh used by Ryaet al. (2008). Such
an experiment would allow the investigation of wiggtor not the cells were capable
of producing the classic media-transferable bystasignalin vitro or whether the
cells are one among a group of cell-types knowntagbtroduce the signal in the
media-transfer system. However, in such an expeinpiailure to observe a media-
borne signal might result from inadequate cell dgnsicubation time or a range of
other factors already known to influence the praidmcof bystander signaig vitro.
Similarly, confirmation that the donor cells proéug media-borne bystander signal
in vitro is no guarantee that the same effect ocounrgvo, thus leaving the initial
guestion unanswered. A failure of the irradiatechatocells even to initiate a

bystander signah vivois thus possible, but not discernable at this time

Is the stimulus (dose, dose-rate or LET) in thipegdnent sufficient to initiate the
signals observed in vitro?

Despite the early concentration on high-LET bystareffects, due to the interest in
radon-induced carcinogenic risk and the earlier egpment of high-LET

microbeams, the results of mamy vitro experiments have now demonstrated
bystander effects from low-LET radiations over al@range of radiation sources,

doses, and experimental systems (summarisédbie 6.9.
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Table 6.6: Bystander effect experiments conducted in vitro with low-LET

radiations
Radiation Type Lowest dose (mGy) Study
Carbon k-shell .
ultra-soft X-rays 50 (Schettino et al., 2005)
200 kVp X-rays 75 (Liu et al., 2004)
"7Cs y-rays 500 (Gerashchenko and Howell, 2003a)
60 (Mothersill and Seymour, 1997) (Seymour
Co y-rays 10 and Mothersill, 2000)
Uptake of "'l 1000 (Boyd et al., 2006)
Radiolabelling with 200 (Gerashchenko and Howell, 2004;
3H-thymidine Persaud et al., 2005; Persaud et al., 2007)

Some bystander effect investigations have showhn ttia LET of the radiation
source affects the magnitude of the response (8halp 2003a; Shaet al, 2003c;
Boydet al, 2006), while others show no dependence on LETn@kagiet al,
2007). In some cases, the LET of the radiationrdetes the nature of the induced
effect (Baskaet al, 2007), or even whether an effect occurs at alie@t al, 2002;
Frankenberget al, 2006). Published reports show bystander effdwas are dose-
dependent (Hegt al, 1997; Sawangt al, 2002; Persaudt al, 2007) and those that
are dose-independent (Seymour and Mothersill, 2@¥rashchenko and Howell,
2004; Ponnaiyat al, 2004b; Facoetetal, 2006). Thus, it seems drawing
conclusions from any one study as to what the hgstaeffect ‘is’ or ‘is not’ is
likely to be flawed. The possibility that the dakege-rate used in the current study
was too low, is at odds with the same lack of raspaeven with a dose-rate that was

one hundred-times higher. In the initial experinserthe radioactivity of théH-
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radiolabelled donor cells delivered just over onutn disintegration per hour per
cell on average. The mean nuclear absorbed dosBN&rbound tritium decay is
estimated at 2.61 mGy (Godéual, 1997). Modelling the stochastic occurrence of
the radioactive decays shows that the radiolabeltatbr cells could accumulate a
dose between 30 and 90 mGy over the 22 hwuxsvo (Figure 6.2. In the higher
dose-rate experiment, the radiolabelled cells wetkian average of just under a
hundred®H decays per hour. Cells surviving the 2anhvivo period could have
accumulated a nuclear dose~0b.7 Gy. Despite 51% of the irradiated donor cells
being radiolabelled before adoptive transfer, @%y of the donor cells identified in
the local screens were radiolabelled after 22 HWjcating substantial radiation-
induced cell death. Despite these very high ddkese was still no hint of a change
in global apoptosisH = 0.7) or proliferation® = 0.99) in bystander cells. Similarly,
in the acute X-ray experiment, there was no diffeeebetween the apoptosis or

proliferation in mice receiving donor cells irratid with 0.1 or 1 Gy.

The possibility that the doses/dose-rates or LESdus this study were insufficient
to induce a bystander effect is supported by swegenddencies in many studies
vitro (often peculiarities of the individual experimdnggistem) but is countered by
the growing acceptance that ‘bystander effects apjpepredominate at low doses of
low LET radiation’ (Morgan and Sowa, 2007). Tfté-thymidine dose-rates (and
thus accumulated doses) and the acute X-ray desekin this study fall within the
ranges used previously in bystander experimentgitro and mirror the types of
exposures that would result in non-uniform doséribistionsin vivo under real-life

conditions.
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Figure 6.2: Model of 3H decay and accumulated dose over 22 hours at one
disintegration per hour

In this simulation, for each minute over a 22-hour period a cell was randomly assigned to receive a
’H decay (with a probability of | in 60) or to remain unhit, representing a dose-rate of one *H decay
per hour per cell. The total number of tritium disintegrations over the 22-hour period is shown
above for 100 randomly generated cells. An estimate of the equivalent total accumulated dose is
shown, calculated by assigning a mean nuclear absorbed dose of 2.6 ImGy.Bq'.

Conclusion

There is no convincing evidence to suggest thatilaré of the irradiated cells to
initiate a bystander signal can explain the resolitained with this system. It is
likely that the initial radiation-injury to the doncells that occurreoh vivowould be
indistinguishable from the same dose appireditro. Until the signal(s) is identified
or the initiating events are characterised, itas possible to determine whether the
lack of bystander effects observed here is dubeartadiated cells or if a signal is

produced and interrupted further downstream.
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Was the signal propagatedn vitro initiated but not propagatedin vivo?

It is possible that the irradiated donor cellsiatéd a bystander signal as is s@en
vitro, but that due ta vivo fluid dynamics, dilution, competing signals, rediatus,
signal counteraction or any othervivo-specific challenge, the signal did not reach

the unirradiated target cells sufficiently to indueresponse.

Does the mechanism responsible for propagatingtio ystander effects operate in
Vivo?

The intercellular-signalling responsible for bystan effects observeit vitro must
operate either via direct cell-cell contact (gapcjfions or membrane signalling) or
indirect message transmission (soluble small médecadical, gas, ion or protein). It
is unlikely that any signalling pathway that opegih vitro, would be absent from
the same cellin vivo, in fact, the opposite is more likely true. Thecweence of
bystander effects in the intact tissues studieddabe (Belyakowet al, 2002;
Belyakovet al, 2003, 2006), suggests that the signalling pathngagonsible fom
vitro bystander effects does operatevivo, and similar studies in artificial tissues
(Belyakovet al, 2005) indicate that they likely work much as tloey in the same

cells grown in disaggregated culture.

Is bystander signal propagation possible but nog¢ffi€ient in vivo?

If interruption or impedance of the putative bystansignal is responsible for the
failure to observe a bystander effect in the adeptransfer system, there are a
number of possible causes. The example of nitrideosignalling is used here to
illustrate. Cell cultures grown in static tissudtere medium have the opportunity to
accumulate secreted factors normally diluted bydflilow in vivo. In addition to

dilution, fluid flow can aid in the consumption retabolism of potential signalling
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agents.In vitro studies of nitric oxide have tended to over-est@ms biological
reactivity sincein vivo, nitric oxide rapidly diffuses over hundreds ofcnoimetres
into the vasculature and irreversibly reacts with bxyhaemoglobin in erythrocytes
to form methaemoglobin and nitrate (Beckman, 19Qi&), 2001). The continual
replenishment of erythrocytes (and hence oxyhaeohag)lin vivo ensures that nitric
oxide levels remain low. This has two consequenifbesty, nitric oxide reacts with
molecules unden vitro conditions that it does not react withvivo (e.g. combining
with oxygen to form nitrogen dioxide) and secondhge half-lifein vitro is on the
order of minutes, compared to only a number of sésm vivo. Interaction between
signalling pathways will thus also differ under plgtogical conditions, such as the
regulation of TGH3 by nitric oxide and its reciprocal counter-regigdat

(Vodovotzet al, 1999).

To continue the same example, many cell-types gphocytes) generate only low
levels of nitric oxide, whilst other neighbouringlletypes (e.g. macrophages) can
generate large nitric oxide bursts (Mannetkal, 1994).In vitro cultures of a single
cell-type will fail to represent the dynamic sidgivad occurringin vivo. To further
complicate signal transmission, nitric oxide is ¥moto be hypoxia-inducible
(Melillo et al, 1995), which has implications for vitro culture at non-physiological
oxygen tensions. Thus, for each putative signallpaghway, there will be key
differences between tha vivo andin vitro situations and the connection between

irradiated and unirradiated cells seen experimgmady be broken in real-life.
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Was the response induced in unirradiated cells byystander signalsin vivo not
the same as that induceah vitro?

An inherent difficulty in attempting to detect aMalose radiation—induced bystander
effectin vivois knowing where and when to look, and, knowingtmo look for. In
the present study, the aim was to detect bystagftiests of the nature se@m vitro.
Although this does narrow the search to a degree, abserved variability of
bystander effectan vitro still leaves a wide range of endpoints, times and
experimental conditions to evaluate. Further, ttemes underlying bystander
signalling phenomena may induce entirely differeffectsin vivo. Finally, it is
possible that tissue culture conditions, peculesibf the cell line in question, and
high radiation doses, converge to produce a robfifstt in vitro that would be

undetectable in the equivalantvivo scenario.

Do unirradiated cells exposed to bystander signal¥ivo receive a different net
‘signal’ to those exposed in cell culture due tm@arrent endogenous, homeostatic
signalling?

Intercellular signalling does not occur throughcdete, isolated pathways; instead,
cells use ‘elaborately branched signalling pathwdBarcellos-Hoff and Costes,
2006) that co-ordinate a variety of inputs and stiwithin a tissue, resulting in a
multicellular network response. Each signal is isemk upon a background of
endogenous, homeostatic signalling and is intezdret the context of simultaneous
messages that can be synergistic or antagonistenfaintenance of monoclonal cell
populations in exponential or contact-inhibited wio cannot fully represent the
complexity or co-ordination of the tissue enviromné& models. The diversity of
cell-types and the microenvironment formed by ausn vivo means that even the

signalling molecules can be intercepted and thesaggsmodified en route.
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Transforming growth factof-(TGF4) is secreted in latent form bound to a latency-
associated peptide (LAP) which can dissociate & dktracellular environment to
produce active TGPB: the LAP can later re-associate to inactivate signal
(Barcellos-Hoff, 2005). However, a single aminodaesidue in the LAP acts as a
redox-sensitive switch, allowing reactive oxidatspecies (endogenous or radiation-
induced) to modify the site and prevent bindingLéP to TGFf (Barcellos-Hoff
and Dix, 1996; Joblingt al, 2006). Thus, oxidation-sensitive sites in signgll
molecules can act as sensors of the levels of tw&atress in cells or tissues.
Deposition of large latent TGEF-complexes in the extracellular matrix (Kelial,
2000) and binding of TGB-to extracellular matrix proteins (Yamagueial,
1990) provides a tightly controlled source of thgokine within tissues, which
allows rapid induction of TGB-signalling within a localised area, a signallingde

not present in cell culture.

The bioactive gas nitric oxide can follow severaémical pathways depending on
the existing reactive oxidative species milieu (Bret al, 1996), such that release
of nitric oxide from irradiated cells might be reesd as one of a variety of reaction
products, each inducing unique responses. For deamnpder the right extracellular
conditions, a nitric oxide signal can induce apsjgtodirectly, bypassing p53
regulation (Messmer and Brune, 1996b; Heigetldl, 2002; Portesst al, 2007) via

a reaction with endogenous superoxide anions tdya® highly toxic peroxynitrite.
The ability of nitric oxide signals to both indueed suppress apoptosis has been
widely studied in vitro (Beckman and Koppenol, 1996; Wiekal, 1996;
Kronckeet al, 1997; Kimet al, 2001; Stuart-Smith, 2002; Li and Wogan, 2005).

This duality is also observed vivo since inhibiting nitric oxide synthase activity or
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administering nitric oxide generating compounds bath induce radioprotection in

mice (Liebmanret al, 1994).

The response of cells to hormones has been showakt one of two routes
depending on the occurrence of a simultaneousceittdar calcium flux (Mulvaney
and Roberson, 2000), an example of signal trangsdugathways that have been
termed concurrent reactive systems (Taubner andt&ok 2008). These examples
demonstrate that signals released from an irratlizg# might not show strict fidelity
in eliciting a particular response in target cettee signal(s) could be altered or even
hijacked en route. In addition, the molecules pegabfor communicating bystander
effects are all involved in multiple, overlappingsalling pathways within living
tissues. Signals released from irradiated cells fadyto induce a response if the
basal levels of the signal are already saturaarngimilar signal was already induced
by independent means (e.g. an immune responsa) arcounteracting signal is
present. Such modifying factors are commonly oklemwn bystander experiments
conductedn vitro, whereby addition of vitamins, antioxidant enzynoesreducing
agents can enhance or suppress an observed resfBisbayeect al, 2000;
Bishayeeet al, 2001; Konopacka and Rzeszowska-Wolny, 2006; Keastt al,

2007).

It is possible that any of these scenarios hasroagun the present adoptive transfer
system. Such potential interruptions to bystandgmadling pathways highlight the

need to study bystander effects usingramivo system that can mimic the situation
relevant to human exposure. It is more importarddtermine what signals released
from irradiated cells do in a living, functioningggue system than what they might

do when cultured in isolation. It may be that tla¢une of the bystander effect that is

Significance and implications of not detecting athynder effect in vivo 232



Evaluation of the adoptive transfer bystander methd and its initial findings

induced at any one time is dependent on the restatg of the tissue, immune status
of the individual, age, nutrition and diet, and mveter-individual genetic
differences. Thén vivo method described here is capable of exploring eathese

factors.

Do unirradiated cells exposed to bystander sigmalgivo receive the same ‘signal’
as those exposed in cell culture but respond diffiy?

Although elucidating cellular signalling often remgs studying particular pathways
in isolation, cells respond to multiple, simultansoinputs and signal balances
converging on molecular ‘switches’ that ultimatalggulate the cell's response
(Breeet al, 2004; Hornbergt al, 2004). Thus, cellg vivo and equivalenin vitro
cell lines do not necessary respond in the same tway given stimulus. TGB;
which promotes angiogenesisvivo can inhibit proliferation of endothelial celis
vitro (Iruela-Arispe and Sage, 1993). Even betwrenitro bystander experimental
systems, TGH- has been proposed to induce both cell death (Ryah 2008) and
mitogenic responses in bystander cells (Bteal, 2000; lyer and Lehnert, 2002b).
Signals froma-particle irradiated cells can either induce TP5@ &€£DKN1A in
bystander normal human fibroblasts (Azzenal, 1998; Azzanet al, 2001), or

down-regulate them (lyeat al, 2000; Iyer and Lehnert, 2002b).

A possible explanation for such contradictory resid the way in which the status of
oxidative metabolism in a cell, and other stresstates, can modify the cell’'s
response to a signal. Perhaps the best known egampP53, which regulates both
pro-survival and pro-apoptotic pathways simultars®gu the final outcome
dependent on total active TP53 levels, post-trénsial modifications and the

presence of various co-factors (Sionov and Hau®991 Breeet al, 2004).
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Application of the same stimulus can induce alternmasponses in cells depending
on the coalescing of the extracellular signal wititernal signal balances
(Christophorotet al, 2005). This type of control is particularly redet since many
publishedin vitro bystander studies are conducted in cells thapaBenull, -mutant
or -deficient, potentially misrepresenting the s® of normal cells. However, a
recent report has demonstrateditro that human lymphoblastoid cell lines from the
same donor but with p53-wild-type, -null or -mutastatus are each capable of
generating and responding to a bystander signan@ét al, 2008), suggesting a

p53-independent response.

The internal balance of pro- and anti-oxidative ragein cells can regulate the
response to an extracellular signal (de Toletal, 2006). Oxygen concentrations
directly affect the way mitochondria respond taiaibxide signals (Balakiregt al,
1997) and differences are seen in basal antioxidaayme levels between cells
maintained in cell culture or physiological oxygemsions (Cheet al, 2008). Data
from in vivo and in vitro experiments with nitric oxide and glutathione (GSH
‘indicate a multifaceted and complex involvemeniG$H in responses of cells and

tissues to toxic levels of NO’ (lat al, 2005).

It is possible that in thén vivo bystander method used here, the irradiated cells
generated a classic bystander signal (as is olbémveitro), that the signal was
transmitted with fidelity to the bystander cellyjtiithat differences between cell
culture conditions and the physiological environmi@nvivo resulted in a different
response. Perhaps instead of undergoing apoptwsisnhanced proliferation, the
same bystander signal induced changes in DNA magibyl (Rugecet al, 2006;

Koturbashet al, 2007; Rugeet al, 2007; Koturbaslet al, 2008a; Kovalchuk and

Significance and implications of not detecting athynder effect in vivo 234



Evaluation of the adoptive transfer bystander methd and its initial findings

Baulch, 2008), DNA double-strand breaks (Regal, 2007; Sedelnikovat al,
2007; Mancuset al, 2008; Ojimaet al, 2008; Zhanget al, 2008) or homologous
recombination (Ermakoet al, 2005; Ermakowet al, 2007). Thus, the failure to
observe a bystander effect for apoptosis or prralifen, both severe changes in cell
fate, does not preclude the possibility of othahtle changes in bystander cells. The
adoptive transfer method described here is capdlideing utilised to study a variety

of cell biology endpointsan situ using fluorescence-based assays and to study
molecular endpoints, by using flow cytometry to ampe donor and recipient
splenocytes and analyse DNA or RNA changes. Fugyperiments are required to
continue to explore the range of responses thae lmeen reported hitherto in

bystander cells.

Do unirradiated cells exposed to bystander signalsvivo respond in the same
manner as those exposed in cell culture but inneefiame not measured in this
experiment?

The issue of timing is complex when discussingatoin exposures at chronic dose-
rates. At the low dose-rates expected to produce, raolated tracks through an
exposed tissue, timing also becomes dependenieosptitial range considered. For a
single cell, the relevant period might begin at tinst or most recent moment of
irradiation, whilst for the spleen as a whole, nplét cells may be being hit
simultaneously at any one time producing multiptertapping time-frames. It could
be hypothesised that each irradiated cell initiatekefinable series of events within
its local region on an independent time-scale; tbat bystander signalling is a
constant, ever-present communication within a égbat is maintained by continual,

yet random ionisations.
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The first hypothesis would suggest that when amadythe recipient mouse spleen
tissues with the local screening method, the lGelds surrounding irradiated donor
cells represent a range of time-points along th&itoum, each depending on the
stochastic distribution of times since the last f{tst) irradiation. Although théH
activity used in the initial experiments here résuh a dose-rate averaging 4ol
tritium disintegration per cell per hour, the tirkapsed since the last disintegration
can vary significantly. In a simulation of stochadtitium decay over 22 h in 100
model cells, most simulated donor cells had recka?#H disintegration in the past
hour, although for some cells, 3-4 hours had pasee the lastH decay Figure
6.3). Thus, in experiments with a 22-h lodging periddyould be inaccurate to
compare responses observed in the spleen tissug twours post—whole-body
irradiation. Further, as discussed earlier, thentynof any bystander response may be
related to the time of the initial radiation expesuor the most recent. If bystander
signals are effectivim vivo over large distances, the dose-rate is high enaandhhe
duration of the response is long enough, afterrttimtion of a bystander response,
the tissue may enter a steady-state equilibriumrevitiee signal is replenished by
each new random cell that receives a radiation.dassuch a scenario, the time-
frames for each irradiation—signalling—responsenewsould be overlapped to

effectively remove the time-scale altogether.
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Figure 6.3: Model of time elapsed since last tritium disintegration at an average
exposure rate of | disintegration per hour

In this simulation, for each minute over a 22-hour period a cell was randomly assigned to receive a
’H decay (with a probability of | in 60) or to remain unhit, representing a dose-rate of one *H decay
per hour per cell. At the 22 h time-point, representing the cryopreservation of the spleen tissue, the
time elapsed since the cell’s last *H decay was calculated for 100 randomly generated cells.

The choice of 22 h as the initial lodging periodsweesigned to allow time for the
donor cells to lodge, signal, and for the bystandells to respond; the later
experiments conducted over 3 days were performatldev more time for a delayed
signal or a protracted response time. It was expettiat in both cases, the tissues
would represent bystander cells exposed to cellst necently irradiated over a range

of times. In the acute X-ray dose experiment, haxeuhere was a single,
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homogeneous irradiation-time; if the signals wemdppgated evenly and the
response was similarly synchronised, it is posditde the time of analysis was too

early or too late to identify the effect.

Judging the best time of analysis basednovitro experiments is problematic, since
the timing of apoptosis and proliferation is knotendiffer greatly betweem vivo
andin vitro studies. Again, such a strategy assumes thaintiegt of signalling and
response, as well as the progression of the bidbgindpoint itself are similar in
cell culture and in a living tissuén vivo, radiation-induced apoptosis induces an
immune response to clear the debris (Lorimadral, 2001), corresponding to a peak
apoptosis induction <12 h after the irradiation ifovaetal, 2000;
Takahashet al, 2001b; Takahaslat al, 2003). In bystander experiments conducted
in vitro, apoptosis responses are usually measured frondys after exposure to
irradiated cells or conditioned medium (Motherald Seymour, 1997; Lyngf al,
2000; Belyakowt al, 2001; Belyakowet al, 2002; Belyakowt al, 2003, 2006),
times when toxic by-products and cell debris froanlye apoptotic cells may have
exerted a compounding effect on the health of thiéue or explant. Given the
uncertainties, it is perhaps prudent that futuneestigations examining bystander
effectsin vivo should monitor a wide range of times post-exposoirdetermine if a
temporal response can be detected, and calculategtimum time to measure a

peak response.
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Do unirradiated cells exposed to bystander signalsvivo respond in the same
manner as those exposed in cell culture but tessgle undetectable magnitude?

An alternate explanation for the results seen is skudy, is that theén vivo model
faithfully reproduced the bystander effect as régalg demonstratech vitro, but
that the response in this system was less pronduaod was thus below the limit of
detection. This prospect will always exist, sinog aystem, no matter how sensitive,
will have a lower-threshold for detection. Howeuerthis case, differences between
the adoptive transfer method as used here, andimgs conducted using a variety
of in vitro systems, lend credence to this hypothesis. Thigivo experimental
system was designed to reproduce conditions relédeamnuman exposure scenarios
where bystander effects might alter the risk ofa&oin-induced carcinogenesis. This
aim directed the choice of lower dose-rates, lonaé&os of irradiated-to-unirradiated
cells, and longer exposure periods. Use of theperarental conditions carried the
risk of producing a smaller effect than seen vintlvitro experiments; however, the
decision was taken in the light of overwhelmingdevice that cellular responses to
radiation are distinct between high and low dosésnyndsonet al, 2003;
Dingetal, 2005; Chaudhry, 2006; Sokoletal, 2006; Voyetal, 2006;

Shortet al, 2007).

The discovery of bystander effects was heralded psme example of important
phenomena that might be overlooked by simple emtatjons from high to low

radiation doses. However, the history of bystareféect research shows a familiar
pattern of attempts to increase the signal-to-nmsie by elevating radiation doses
beyond the range relevant to radiation protectibrthe public. The assumptions
inherent in the linear-no-threshold model, areethlhto action once again when the

collective response of millions of cells to hundredf ionising tracks each is
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considered representative of sparse, single radiahits within an unirradiated
tissue. This has increased the confusion betwestahger effects (as defined here)

and abscopal effects (Kamingial, 2005; Morgan and Sowa, 2007).

Promising developments are seen in experimentdvimgpthe irradiation of single
cells (Belyakowet al, 2001; Schettinet al, 2003; Shaet al, 2003c; Kashinet al,
2004; Mooreet al, 2005a; Fournieet al, 2007). The fact that these experiments still
show robust bystander responses, suggests thatatii dose-rates (which are
relevant to human radiation protection of the pr)oshould be used when trying to

characterise the bystander respansatro.

Recent developments

In the time since the adoptive transfer method waseloped, several major
bystander studies were published which continughtd light on the relevance and
mechanism of radiation-induced bystander effectmiti@uing experiments to probe
the nature of the medium-mediated bystander effage found that bystander cells
respond differently to autologous ICCM than medicomditioned by foreign cells
(Vineset al, 2008); and, when the irradiated and bystandéitysés differ, it is the
irradiated cell-type that determines the magnitofihe bystander response. At odds
with experiments showing robust effects after tinadiation of single cells was the
perplexing finding that in some cases, the effaduced by ICCM can be removed
by dilution factors as low as 1.2 (Ryanhal, 2008). This provides further indication
that medium-transferable bystander effects migheadt represent a different class

of bystander effect, if not a distinct phenomenpalagous to abscopal effects.
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The question of the effect of radiation LET for tin@nsmission of bystander effects
remains unanswered with studies supporting LETpeddence (Fourniest al,
2007; Kanasuget al, 2007) or those observing the reverse (Betdl, 2006;
Frankenberget al, 2006; Nuta and Darroudi, 2008). Experiments rgpgathe
landmark work of Xueet al. (2002) with **1 radiolabelled human tumour cells
injected into unirradiated mice, showed the santiggon in tumour growth, but
when radiolabelling the same cells withl (which has the same Auger electron
spectrum but different dose-rate), tumour growtrs wecreased (Kishikawet al,
2006). Given the variability of the responses, #mel peculiarities of the system
(lethally irradiated human tumour cells in immunfacient mice), the interpretation

of these results is difficult.

Dose-dependence continues to be a controversiat,isgith dose-response studies
using ICCM showing that very low doses of photodewn to 0.04 mGy) were
ineffective at inducing a bystander response, aithreshold appearing at around 2
mGy — a dose equivalent to all cells within a tesseceiving an electron track
(Liu et al, 2006). Fora-particle irradiation of individual cellg;-H2AX induction in
bystander cells was independent of dose and thegopron of cells hit
(Smilenovet al, 2006). Conversely, an inverse dose-response \Wasnged for
proton irradiation, where bystander cell death wmasiced when 10% of cells where
irradiated with low doses of protons, but not higtieses (Frankenbegd al, 2006).

At the other extreme are ‘bystander’ studies usixtgemely high doses (15 Gy) still
showing only modest inductions of bystander apoptog50% increase)
(Gaugleret al, 2007). When cells were radiolabelled withthymidine up to dose-
rates of 320 mGy:h no changes in cell-cycle distribution were obsdrin the co-

cultured bystander cells (Pingd al, 2006). Together, these divergent results affirm

Recent developments 241



Evaluation of the adoptive transfer bystander methd and its initial findings

that extrapolation from high-dose bystander efféat®w-dose exposures is unwise,
upholding the strategy described in this study, eamine doses/dose-rates

commensurate with realistic radiation exposurestergeneral public.

Investigations into the timing of DNA double-strabreak induction in co-cultured
and medium-transfer bystander cells has begun tmwathe time-frame of the
bystander response (H al, 2006; Haret al, 2007), which now seems to be quite
rapid. Despite the apparent speed of the signakotéeama-particle irradiations of
three-dimensional human tissue models have shostabgery-H2AX, micronuclei
and apoptosis persisting 12-48 h after irradiati@edelnikovaet al, 2007).
Confirming the value of the global screening metlisdd in the present study, are
data showing that CDKN1A was induced in bystanddls ¢throughout a cell culture,
but was found not to be spatially related to theatmns of microbeam-irradiated
cells (Fournietet al, 2007). Such a result is perhaps explained byfititeng that
medium collected from long-term cultures of bys&mdells (originally exposed to
ICCM from 5 Gy irradiated cells) could induce DNAebks in secondary bystanders
(Rugoet al, 2007), providing a mechanism for signal ampliiica. Persistent DNA
methylation changes in bystander cells were imfgtan these long-term secondary

responses (Kauet al, 2006; Rugeet al, 2007).

Much work has been performed to try to identify thestander signal(s). Studies
have continued to show the involvement of T@Fnitric oxide and reactive
oxidative species, with more studies now impliogtiiFB, DNA fragments and
membrane signalling (Burdak-Rothkanmahal, 2007; Ermakowetal, 2007;
Shaoet al, 2008a; Shaet al, 2008b; Zhowet al, 2008). The pathways activated in

bystander cells seem as varied as the endpointdiedtu(Chaudhry, 2006;
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Shankatret al, 2006; Fournieet al, 2007; Mitra and Krishna, 2007; Ponnasteal,
2007), and what appears essential to one bystamthoint can have no effect on
others (Lynget al, 2006; Baskaet al, 2007; Kashinet al, 2007; Nagasawaet al,
2008; Zhanget al, 2008). Further interactions with other low doffeats have been
investigated with studies that detected bystanéeomnic instability (Bowleet al,
2006), those that did not (Huaegal, 2007), and the observation afti-adaptive
responses that sensitise bystander cells to sudsequlirect irradiation

(Mothersill et al, 2006).
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Conclusions

The adoptive transfer method described here fudfileed of the radiation protection
community to have am vivo model in which to validate the reports of bystande
effects observedn vitro. Although communication of radiation effects bedwe
irradiated and unirradiated cells has been cleastgblishedn vitro, after over 15
years of research, it has not been possible to dsinade a true bystander effect in an
animal model. The work that has been condudtedivo thus far is difficult to
interpret, since bystander and abscopal effectsotiem not clearly distinguished.
The differences between bystander effects as teschere and abscopal effects are
important for a number of reasons. Firstly, thesttice of low-dose radiation
phenomena such as radioadaptive responses, lowdtgsersensitivity and the
bystander effect itself should make investigatorarywabout extrapolating the
responses of high-dose irradiations down to lowedo3he biology of signalling
between cells within a sparsely irradiated tissug thhe communication of systemic
effects from a highly necrotic tissue throughoue thody is likely to be very
different, and conclusions drawn from one scenar@unlikely to correspond to the

other.

Most importantly for radiation risk-regulation, theffects arise from two very
different exposure scenarios. Abscopal effectsligaety to occur after therapeutic
exposure of a tissue, which is planned, necessawy,balances the risks of a life-
threatening illness and future secondary cances.ridks of secondary cancers after
radiotherapy can be determined directly in humatrepts; and ultimately, the risk
decision will be left to doctors and their patientoot radiation regulators. In

accidental exposures creating an abscopal sityaggnlation is not a concern, since
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post hocanalysis of separate risk from direct and abscefiatts is only of use in

triage of the exposed individual.

Conversely, bystander effects, if they ocauwvivo, will affect everybody. In fact,
most of our natural radiation exposure occurs urngestander conditions, that is,
with rare, isolated cells receiving radiation eryedgpositions at any one moment,
whilst the remaining cells are unexposed. Highlynesl biological defences against
radiation-induced carcinogenesis are likely to hadeveloped under these
circumstances; the response to a tissue receiviGy % simply an uncoordinated
trauma-induced series of events. The challengeonfdose radiobiology is to
determine the risks of radiation exposure belowekiels where deterministic effects
predominate, that is, where the cellular and tisgsponses are not traumatic, but

dynamic.

The bystander effect, as obserweditro, displays enormous variability in its nature,
magnitude and the conditions under which it canirskiced. Taking the large
amount of data gathered thus far, two simultaneapmoaches need to be taken.
Firstly, as Newman (2006) proposes, there is a teeddvelop a common, defined
vitro system for probing bystander effects that is répcible between laboratories

and is amenable to chemical and molecular biolbgicalysis:

...in the absence of such a system, the field @l to continue in its current
manner; viz, individual reports that are consisteithin a group but cannot be

(completely) confirmed in other laboratories. Newna006)

This common system should be developed based oal@gance to the question at

hand, (i.e. lung cell lines exposed to low fluenoés-patrticles, or cells from other
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tissue types exposed to very low fluences of phgjtand not based upon convenient
cell lines that give responses only at irrelevardas, or cells that give robust effects
clearly unrelated to normal tissue responses. Sarcin vitro system could be
carefully studied to identify the molecular signal pathway(s) involved in

propagating bystander effects.

Equally important, is the developmentionfvivo models to validate and confirm the
results that have been obserweditro. It is only with proof of bystander signalling,
in vivo, under conditions relevant to human radiation sxpes that the bystander
effect will mature from a curious phenomenon intoagsessable risk. The adoptive
transfer method described here is one such moteleXperimental data shown here
demonstrate that an irradiation scenario applicebl@adiation exposure received by
the public, can be constructéd vivo, in a normal, living, functioning tissue. By
altering the experimental parameters, the effettsnee, dose, dose-rate, radiation
guality, genetic background/strain, age and sex loarexplored for a variety of
biological endpoints. Given a large enough stuldg, method even has the potential
to study the induction of cancer itself. The bydmncells can be examinedsity, in
two- or three-dimensions to give highly precise sueaments of any fluorescent-
endpoint that can be examined in the cryopresetigsde. The method is sensitive
enough to detect meaningful changes in bystandépants using as few as five
mice per group, and by increasing the number ahals examined, the method has

proven statistical power to exclude changes of >1@¥h the control level.

The preservation of spatial information in theuiss allows the examination of local
or tissue-wide effects and for radiolabelled donell experiments, the irradiation

status and level can be confirmadsitu using autoradiography. In this study, spleen

Conclusions 246



Evaluation of the adoptive transfer bystander methd and its initial findings

was chosen as the first tissue to be analysed, ewthe lodging of donor cells in
the lung, liver, gastrointestinal tract and bonerrma might allow this versatile

model to be used to analyse bystander respons@go in a range of relevant tissues.
Further, the ability to change the genotype/phgmotyf the donor or recipient mice,
including transgenic mice, adds the possibility @amining any candidate

mechanisms by the knockout or addition of proteifisiterest.

The results from the first series of experimentsdeated using the adoptive transfer
method showed no evidence for bystander apoptogisatiferationin vivo. By no
means, do these results prove that bystander gftectnot occur; there are still a
range of times, doses, equivalent tissue dose-atdsendpoints that need to be
examined. However, the failure to see the sametsffas repeatedly demonstrated
by othersin vitro should prompt caution in the interpretation of thysler
observations in cell culture experiments. Knowledfignow our bodies respond to
the radiation exposure constantly received fronum@tackground sources, not only
will inform radiation risk assessment, but couldpde key insights into potential
avenues for modifying the response, or harnessiadbdy’s own natural defences,
for future cancer prevention and treatment stragegif bystander signalling does
occur in vivo, such intercellular regulation of homeostasis o be employed
after other stressors and damage; understandingttreellular signalling following
sparse irradiation may also provide informationatiner ways in which tissues can
co-ordinate the response to a variety of pertuobati This adoptive transfer method

provides a unique opportunity to monitor communarabetween cellg vivo.
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