Research intent and design

Chapter 3: Research intent and design

Précis
This chapter outlines which of the identified piiies for bystander research,
described in the previous chapter, were includethénstudy’s objectives as related

to the overall study aim. It explains the seriesécific research questions posed in

the study and the hypotheses that were tested.

Research questions

The previous experimental findings on bystandeeafin vitro and the radiation
protection community’s need fan vivo validation of these findings highlights the
severe knowledge gap that exists in the bystandktr + one ofin vivo translation
and relevance. This investigation aimed to deteemivhether intercellular
communication of radiation effects between irragishnd unirradiated cells exisis
vivo, and if so, if it could potentially alter the risi radiation-induced cancer from a
linear dependence on dose in the low-dose rangethigo end, the following

guestions were posed:

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

2. Do biological effects induced in unhit cells charige fate of those cells, so
as to potentially result in an altered risk of depeng cancer; and,

3. Can such bystander effects be triggered at thedokation doses required to

result in non-uniform dose exposure?
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Research method and hypotheses

(1) Do radiation-induced bystander effects of the ature seen in cell culture
investigations occur in vivo?

The technical obstacles to irradiating specifidscéi situ within a living animal

necessitated the development of a novel methoshdwer this first question. With
current technology, the most practical means tavelela known dose to remote,
specific cells within an animal is to isolate cellsadiate or radiolabel theex vivo

and return them to the animal with a means to tthehr destination. Such an
adoptive transfer method allows the constructioramfexperimental model with a
small subset of identifiable, recently (or contiliyairradiated cells sparsely located
within an unirradiated host tissue. Parallel hdktd receive equivalent donor cells
omitting only the radiation dose, control for timrusion of the transferred cells and
any signalling triggered by their isolation aed vivomanipulation. After allowing

time for the sending and receiving of any putatbystander signals, and for any

effects to occur, the unirradiated host tissudatefest are isolated and examined.

Similar biological responses in hosts receivingdrated or unirradiated cells, would
support the null hypothesis — no bystander effestatistically significant difference
between the groups (for any biological endpointuldocause rejection of the null
hypothesis and would provide evidence for the compation of effects from
irradiated to unirradiated cells. In the event aifure to observe a bystander effect
with initial experimental conditions, it would thebhe necessary to alter the
experimental system to accommodate the factorsqurely found to be important in
the communication of bystander effeats vitro. Only after comprehensively
exploring the range of criticah vitro parameters, such as: radiation type, LET, dose-

rate, cell-type, the timing of analysis and theoratf irradiated-to-bystander cells,
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would it be possible to conclude thiaystander effects of the nature seen in cell
culture investigationslid not occuiin vivo. This distinction is important. The broad
nature of the bystander effect definition (as seethe large variety of endpoints
propounded as evidence for bystander effects)tesul problem for invalidating it.
A formal, logical disproof is impossible; any changn any endpoint, under any
circumstances could corroborate the bystander hgsi. It is necessary to accept
instead, that for the discovery of anvivo bystander effect to be of any value to
estimating carcinogenic risks after low-dose radmexposures, it must occur under
realistic conditions, relevant to that field. Sugh approach limits the burden of
proof required to contradict the bystander efféetory and allows for testable and
falsifiable hypotheses. Failure to do so permitsriisidentification of experimental
artefacts or completely distinct phenomena (e.gcapal effects) as bystander
effects, simply by virtue of their meeting vaguédefined criteria. Thus, this study
is limited to conditions facing members of the pulgxposed to low dose-rate

radiation, and explores the first research questidghis context.

(2) Do biological effects induced in unhit cells dnge the fate of those cells, so as
to potentially result in an altered risk of developng cancer?

In line with the first question’s limits for dispring the bystander theory, the second
narrows the criteria for proving the effect. Thisidy aimed to determine whether
intercellular communication between irradiated andradiated cells occuis vivo,

and if sq if it would alter current estimations of cancé&krfollowing low-dose

radiation exposuredJnder the current broad definition, transmissadrany effect

from irradiated to unirradiated cells would valielathe bystander hypothesis.
However, the existence of bystander effects afterdose radiation exposures is of

interest to radiation risk assessors specificadlydnse of the implications of altering
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carcinogenic risk estimates. The induction of ddgizal endpoint that ultimately,
does not significantly alter the risk of tumour dpment in bystander cells may be
a curious phenomenon, but would fall outside th&pecof interest for protection

against the carcinogenic potential of radiation.

Monitoring bystander cells to evaluate carcinogendsectly was beyond the scope
of this project, requiring prohibitively large nuers of animals to have sufficient
statistical power (even using cancer-prone animdisg¢refore, in order to evaluate
the contribution of bystander effects to carcinazges, the analyses were restricted to
biological endpoints expected to affect the initiaf promotion, or eradication of
neoplastic cells — termed cell fate. Thus, simitgstander cell fates in hosts
receiving either irradiated or unirradiated cell®uld support the null hypothesis —
no contribution of bystander effects to cancer;riskilst a statistically significant
change in bystander cell fate between the groupgddmoause rejection of the null
hypothesis in favour of the alternate hypothesighat bystander effects may
influence cancer risk. Immediate translation froffe@s on surrogate markers of
carcinogenesis, or short-term cell fate, to alteosshcer risk is not possible.
However, demonstrating a perturbation of key stagesancer development would
allow further investigations to determine the magphe of the effect and any possible
counteractions in order to evaluate whether sucleftect results in a meaningful

change in cancer risk.

(3) Can such bystander effects be triggered at tHew radiation dose-rates
required to result in non-uniform dose exposure?

Whereas the first research question limits thel feflthe search for bystander effects,

the second and third questions narrow the goal.thihe bystander effect produced

Research method and hypotheses 48



Research intent and design

in laboratory conditions, even one with a direciklito a cancer endpoint, alters
carcinogenic risk after exposure to radiation iypps the most pertinent question of
all. A cell nucleus irradiated with 10 Gy may indesignal to its neighbours;

however, it is difficult to imagine such a cell smunded by unirradiated bystander
cells, except under experimental conditions. Lilsayiif cells have mechanisms for
dealing with bystander exposure conditions it iasomable to presume that they
developed in the context of very low fluence higaiLparticles and/or a low flux of

photons that create rare ionisations, isolated oth kime and space. The third
research question ensures that any finding of éabgler effect, even one changing
endpoints likely to alter carcinogenic risk, alseats the criteria of being inducible

by realistic and relevant conditions.

Summary

This thesis thus describes the development anddatain of an experimental
method, and the use of this method to answer tree thuestions posed here. The
success of these investigations, and the implicatand significance of the results to

the field of bystander effect research, is theoudised.
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Chapter 4: Development of the adoptive transfer method

for detecting bystander effectsn vivo

Précis
This chapter details the stages of selection, phanresting and optimisation of the
techniques used in developing the adoptive transfethod designed to test the

research questions outlined in Chapter 3 and desctihe experimental method in

detail. The results of pilot experiments to valeldie method are also presented.

Initial decisions in the development of then vivo bystander method
Use of animals

Alternatives to the use of animals in testing tbgearch hypotheses were considered.
Much work has been done in traditional mammalial @elture systems
(Mothersill et al, 2006), three-dimensional cell culture (Gerashkbeand Howell,
2003Db), artificial human tissue constructions (B&lyet al, 2005) and primary
cells from human donors (Marozdt al, 2007). Each of these methods has their
advantages and disadvantages. Regulators, howeer,communicated the need to
demonstrate bystander effecdtsvivo before they can be taken into account when
considering cancer risk estimation (ICRP: Publaat®9, 2006)In silico models of
low-dose radiation responses have been develogedpiorating various detrimental
and protective bystander effects (Khvostunov andjddi 2002; Nikjoo and
Khvostunov, 2003; Ballariret al, 2006; Liuetal, 2007; Schoélinbergest al,
2007); these models are nevertheless based on thiteo experimental findings and

still requirein vivo validation. It was thus necessary to answer teeaieh questions
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in the context of a whole-animal system. The Flisdgniversity Animal Welfare

Committee approved and monitored all the experigwolving the use of animals.

Choice of species

The adoptive transfer method was developed in rfocea number of reasons.
Although the majority of research groups conduditliyder effect studias vitro
using human cell lines (usually lung epithelial I€ein order to simulate
domestic/occupational exposure to inhaled radomerg), most performn vivo
studies in laboratory rodents (Watsetral, 2000; Xueet al, 2002; Lorimoreet al,
2005; Mothersillet al, 2005b; Kishikawaet al, 2006). Rodents are also the model of
choice for adoptive transfer experiments — withyoalfew large-mammal studies
(ovine and porcine) previously conducted (reviewedPabst and Binns, 1989).
Experimentation in rodents is cheaper, quicker aadier than large-mammal
studies. Since adoptively transferred allogeniclscere eliminated from the
circulation within hours, inbred strains are nee@eadily available for rodents) to
avoid the need for autologous transfer (Butcher Bodl, 1986). Previous studies
have investigated bystander effeatsvivo (Watsonet al, 2000; Xueet al, 2002;
Mothersill et al, 2005b), and low-dose radiation effects in gen@ralimoreet al,
2001; Coatest al, 2003; Hookeet al, 2004b) in mice. Thus, mice were considered
the ideal species for establishing the adoptivasfex method. There is limited
evidence that there are sex-specific responsesowedbse radiation exposure
(Raicheet al, 2004; Cassiet al, 2006) and the induction of radiation-induced
phenomena such as abscopal effects (Pogribny, &04l4; Koturbash et al., 2008a,;
Koturbash et al., 2008b). This study used malefangile mice in mixed groups and
noted their responses, although it was not desigméid the statistical power to

analyse sex-specific responses.
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Choice of mouse strain

The experiments in this investigation were perfainrethe C57BL/6 mouse strain
based on data regarding their response to radiatimhtheir proven responses to
bystander stimuli. The C57BL/6 mouse is generaliysidered a comparatively
radioresistant strain in terms of deterministic astbchastic effects (ICRP:
Publication 99, 2006, pp. 81-2) and is commonlyduge radiobiology studies.
Experiments investigating the effect of strain eliinces on the bystander response
show C57BL/6 but not CBA/Ca mouse-induced bystarajmptosis in a bladder
epithelium explant model (Mothersgt al, 2005b). C57BL/6 mice are more
resistant than BALB/c strains to tumour formatioitea whole-body irradiations
(Ullrich et al, 1996; Ponnaiyat al, 1997) and show over twofold higher apoptosis
in the spleen and higher levels of stabilised TRBan the DBA/2 strain
(Coateset al, 2003). Studies of ionising radiation-induced gaiwinstability have
shown C57BL/6 strains to be ‘relatively resistactmpared with CBA/Ca mice
(Gowanset al, 2005). In addition to a radiation response freenfinherited DNA-
repair defects identified in other strains, thatige radioresistance of C57BL/6 mice
suggests a possible role for low dose protectivefd® mechanisms conferred by

bystander signalling.

Some experiments in this study used pKZ1 transgamne (originally described by
Matsuokaet al, 1991) to provide a DNA-level endpoint: chromosbimaersions.
pKZ1 mice irradiated with low doses of X-rays (200 pGy) where the electron
track density in the tissue is less than one thpaek cell, show an induction of
chromosomal inversions in spleen and prostate (Elostkal, 2004b; Zenget al,
2006). The energy deposited at these low dosesestgyghat the chromosomal

inversions represent a marker of changed DNA-maartee and/or repair rather than
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direct DNA damage. The pKZ1 assay also displaysomlimear radiation dose-
response with doses of 1 and 10 mGy reducing thersion frequency below the
unirradiated control levels, and adaptive responstesequal magnitude after
conditioning doses between 1 uGy and 10 mGy (@&a, 2006). Together, these
results suggest that bystander signalling withengpleen tissue controls the response
to radiation in the very low dose range. Thus,rlaeperiments with this adoptive
transfer model were performed in pKZ1l mice to alldive assessment of

chromosomal inversions in bystander cells.

The pKZ1 mouse (bred on a C57BL/6J backgroundemihygous for a transgene
encoding theEscherichia coligenelacZ The transgenic construct contains the
coli lacZ gene flanked by recombination signal sequences fte \k21c and d5
gene segments of the mouse immunoglobulin lightnchane. The recombination
signal sequences normally facilitate the formatadnsecondary structures in the
DNA of the immunoglobulin light chain gene that arecognised by the
recombination activating gene products RAG1 and RAfBring immunoglobulin
gene rearrangement in early B cells. Enzymatic gesing of the secondary
structures by RAG1 and RAG2 normally results inetleh of the intervening
sequence and rejoining to form a contiguous V-draegement. The resolution of
such hairpin secondary structures specifically BYaR/RAG2 or non-specifically by
alternate DNA-repair pathways can sometimes rasutie correct rejoining of the
intervening sequence (reverting to the originalussge) or rejoining in the reverse

orientation, giving rise to an inversion of the DISAquence.

The pKZ1 transgene construct encodes|deZ gene in the antisense transcriptional

orientation with respect to the upstream constiutenhancer promoter complex
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from the chicken B-actin gene; preventing expression in its origirfaim.
However, in the rare event of an inversion of teguence between the pair of
recombination signal sequences, ld&Z sequence is now in the sense orientation in
an open reading frame and thus transcription canro@ helacZ gene product is the
enzyme B-galactosidase. The pKZ1l assay enables the detedtioE. coli -
galactosidase activity in cells using the chromagenbstrate 5-bromo-4-chloro-3-
indolyl-beta-D-galactopyranoside (X-gal). The pK#ifice used here were sourced
from a colony maintained at the Flinders Medicaintte animal house facility,

originating from founder stock described in Matsaekal. (1991).

Pure C57BL/6J mice and C57BL/6J mice hemizygousranlizygous for the pKZ1
transgene were group-housed (littermates) in nsotator cages (12 h light/dark
cycles) under Physical Containment Level 2. Miceenked on joint stock ration
(Ridley Agriproducts, SA, Australia) and sterile tet/aad libitum All mice used in
the experiments were <5 months old. Full qualitytoal for viruses, parasites, and
bacteriology was performed on a quarterly basis ahdice tested had a negative
status. Transgenic status for each mouse from KiZd wolony was determined by
PCR amplification of the transgene sequence fromAD&ktracted from a tail

clipping (method described in detail in Datyal, 2007a).

Euthanasia method

Mice were euthanised by carbon dioxide asphyxiafiolfowing the guidelines
published by thénternational Consensus Meeting on Carbon Dioxid¢hBnasia of
Laboratory AnimalgHawkinset al, 2006), in compliance witifhe Australian and
New Zealand Council for the Care of Animals in Rede and Teaching

recommendations (Marshat al, 1994). Briefly, mice were removed from their
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cages and placed into a sealed chamber that wagldloeled with carbon dioxide (at
less than twenty per cent of chamber volume pewute)nfor at least six minutes,

before isolating tissues.

Choice of cells and tissues

For this study, lymphocytes were chosen as thestangdiated cells and the spleen
as the initial bystander organ for study (althodgfer, lung and bone marrow
samples were collected in parallel for future sjudyevelopment of the adoptive
transfer method involved creating a bystander emvrent by the transfer ek vive
irradiated cells into unirradiated host tissuesathieve homogeneity of the donor
cells and host tissue. Although the intricaciesglenic tissue architecture are often
underestimated, the spleen does provide a receptiveonment where adoptively
transferred lymphocytes from a syngeneic donor pah only lodge, but also
immediately begin to participate in the functionio§ the organ (Manfrat al,
2001). The fluid nature of splenic lymphoid tissallows the donor cells to interact
with the indigenous cell population within a normal vivo microenvironment,
unlike with transplanted tumours or tissue engrafite. Unlike in previous bone
marrow transplantation models for studying bystareféects (Watsort al, 2000;
Lorimoreet al, 2005), adoptively transferred lymphocytes willlde and remain in

the spleen without the need for high-dose irradiatf the recipient mice.

The spleen has previously been identified as apdmant radiation target organ’
(Koturbashet al, 2007) and has been implicated in generating gadaifects after
high-dose irradiations (Pogribret al, 2004; Raichet al, 2004). The sensitivity of
the haematopoetic system to deterministic effe€thigh-dose radiation has also

resulted in the radiation responses of circulatymgphocytes and lymphoid tissues
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to be closely examined (Fisher and Harty, 1982yi@ii et al, 1984; Fenech and
Morley, 1986; Shadlegtal, 1987; Wienckeetal, 1992; Radford, 1994;

Shankaret al, 1999). It was important that donor cells shoubdl accumulate in the
tissue under investigation to the point where tbesyupted organ function. Donor
cells which are lodged sparsely throughout a tisdlosv the examination of regions
of host tissue under the influence of single iraéelil cells, useful for studying local
signalling. Adoptive transfer of lymphocytes offeneat flexibility in altering donor

cell burden, with highly predictable localisatioatigrns.

Adoptive transfer of splenocytes

The potential for administering competent immundscér therapy has driven
research over the past decades into the behavi@adoptively transferred lymphoid
cells (reviewed by Sprent and Miller, 1973). Ouderstanding of trafficking and
localisation of lymphoid cells in recipient hostashdeveloped from the idea of a
non-specific entrapment of cells in tissues wittgéavascular catchments (Sprent,
1973; Sprent and Basten, 1973) to one of highlyget&d mobilisation and
recruitment of circulating lymphocytes (McEveyal, 1997; Tanget al, 1998). The
adoptive transfer method developed in this study based on a large body of data
in the literature on splenic lymphocyte localizatiavhich is reviewed below. The
studies described below were all conducted in nficgyever, porcine studies have

largely reported similar results (Pabst and Bi@89).

The earliest studies demonstrated that intravegdreshsferred splenic lymphocytes
showed highly reproducible patterns of tissue ligatibn within the first hour after
injection, with a gradual redistribution from theleen (maximum uptake after 1 h)

to lymph nodes (maximum uptake after 18-24 h) (Bet@nd Ford, 1986; Pabst and
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Binns, 1989). Pabst and Binns (1989) reviewed @y echaracterisations of the

behaviour of adoptively transferred lymphocytesvgihg that:

— Upon entering the spleen, both B and T lymphocigase the blood in the
marginal zones where B cells remain whilst T cletsne to the periarteriolar
lymphatic sheath.

— Homing of lymphocytes to the spleen is unaffectgddbnor cell treatment
with trypsin, dextran sulphate or low temperatudesngin vitro culture; but,

— Concanavalin A or corticosteroid treatment do resual reduced splenic
localisation; and,

— Dead or dying donor cells show no propensity faigiag in the spleen.

Unstimulated (GO/G1 and early S-phase) lymphocgteslominantly localise in the
liver, lung and then spleen whereas ConcanavalstirAulated (late S and G2+M-
phase) lymphoblasts derived from any lymphoid gslsame to liver, small intestine,
spleen, lung, large intestine and then bone ma(i®&nget al, 1989). Mechanisms
for the specificity of lymphocyte localisation welater identified, and confirmed
with adoptive transfer experiments. The cell swefatarker CD43 mediates splenic
T cell homing to the recipient spleen; when don@4@ is blocked, transferred T
cells accumulate in the blood in the first few reand localisation in the spleen only
returns to normal gradually over at least fortyneigours (McEvoyet al, 1997).
Short and long-term homing of transferred T andyBighocyte subsets to non-
splenic lymphoid organs is dependent on L-seleetipression (Tangt al, 1998).
When equivalent numbers of normal B and T cellsteaesferred, the donor cells

found in the spleen after one or forty-eight hoane predominantly T cells (~10% of
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the total T cells injected) and increasing the nemtif injected cells above twenty

million does not affect the relative tissue migvatirequencies (Tangt al, 1998).

T-memory and T-naive donor cell subsets can beifahin the spleen up to two
weeks after injecting immature T lymphocytes (Mardtal, 2001), proving that
adoptively transferred lymphocytes can participateost immune reactions and that
lodged cells exhibit normal behaviour situ. Together, these results confirmed the
suitability of T lymphocytes as donor cells for timevivo bystander effect model.
The cells were expected to lodge within the splwortly after injection (1-2 hours:
Albright et al, 1998; Manfreet al, 2001; Moelleret al, 2003), and to localise to
specific areas within the white pulp. The rapidacéace of the donor cells from the
bloodstream and the gradual redistribution of tiemed T cells from the spleen to
the lymph nodes increased the chances that idmhtidionor cells would have
remainedin situ since initial lodging rather than having recenttygrated to the
spleen. Changes in lymphocyte localisation pattertise spleen have been observed
between old and young recipients. Experiments detmated reduced acquisition of
donor cells in the spleen of older recipients (w2thths) regardless of the age of the
donor mouse (Albrighet al, 1998), attributed to a deterioration of the sjgen
microenvironment with age. For this reason, all ekpents were conducted in

young mice < 5 months old.

Summary

Based on the requirements of the vivo bystander effect model, the adoptive
transfer model was established in male and femd&@&BC/6J mice (and mice
containing the pKZ1 transgene) using splenic lyngytes lodged in the spleens of

host mice.

Initial decisions in the development of the in vivgstander method 58



Development of the adoptive transfer method for deicting bystander effects in vivo

Donor splenocytes: Chronic radiolabelling experimets
Method outline

The adoptive transfer method for detecting radmti@uced bystander effecis
vivo was based on the premise of obtaining splenodsgesdonor mice, introducing

a stable, radioactive source into the donor ckllselling the cells to allow them to
be identified later and then re-introducing theno irecipient miceKigure 4.1. This
section outlines and justifies the decisions thatenmade in the development and
optimisation of the donor cell radiolabelling protd, including the results of
preliminary experiments. It details the final medbdhat were chosen, and the results

of experiments performed to validate the protocols.

Obtain splenocytes from donor mice

A 4 \ 4

Shame-irradiation Irradiation

Label cells to identify in vivo Label cells to identify in vivo

Inject sham-irradiated Inject irradiated cells

into recipient mice

cells into recipient mice

Figure 4.1: Starting method for chronic radiolabelling experiments

The steps in the initial strategy for the chronic radiolabelling adoptive transfer method are shown.
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Selecting a technique to irradiate donor cells
Choosing a radionuclide

For the chronic irradiation scenario, the choiceradiation source was based on

three factors. The ideal radionuclide would:

— emit B-particles with sub-cellular path-lengths withoubgucing penetrating

gamma photons, to confine energy deposition teetasells;

— deliver an absorbed dose per disintegration lowughdo allow chronic sub-

lethal irradiation (< 10 mGy.BY); and
— be incorporated into a stable, localisable biolabmolecule.

The radioactive hydrogen isotope tritiufiH] was the only radionuclide that could
fulfil each of these prerequisites, and followed ttwe Auger electron emitting
isotopes of iodine, is the radionuclide used mastkeresively to self-irradiate
individual cells (Hofer and Hughes, 1971; Bishageal, 1999; Bishayeet al,
2000; Howell and Bishayee, 2002; Persatidl, 2005; Boydet al, 2006). Tritium

is a low energyp-emitter with average decay energy of 5.7 keV (mmaxn 18.6
keV) and a half-life of 12.33 years (reviewed inrk@ 2003). The mean path-length
of tritium’s low energyp-particles in water is 1 pm with a maximum of 7 yum
(reviewed in International Commission on Radiationits and Measurements,

1970).

A B-particle travelling through tissue loses energyidayising and exciting other
molecules as it passes, and as a result, it gigdilaivs down. Towards the end of
its track, thep-particle (now with less velocity) can interact lvitnore molecules,
producing more ionisations and slowing exponemntidlhus, eacli-particle deposits

a majority of its energy in a small area at thentaus of its track with the more
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isolated ionisation events along the particle’stiahi path estimated to be of

‘relatively little biological significance’ (Nikjoand Goodhead, 1991).

The radiation weighting factor of tritium is curtgnset at unity (ICRP: Publication
60, 1991). Experimentally however, tritium’s rel&ti biological effectiveness

depends largely on:
— its form (i.e. tritiated water or bound to organolecules);

— its distribution (whether distributed evenly in lyodater or concentrated by

its incorporation into bio-molecules such as DNAporteins); and,

— the cell-type and biological endpoint in question.

Choosing a radiolabelling molecule

In order to confine the energy deposition withia dells, it was necessary to contain
the tritum atoms themselves within the target s;elind since tritiated water
distributes evenly within body water (reviewed iaifke, 2003) the tritium atoms
needed to be incorporated into a stable organieontg. Although tritium can be
substituted for hydrogen in amino acids, lipids ather cellular precursors, the
radiolabelling of nucleosides — primarily thymidiae the only nucleoside unique to
DNA — is the most common method, and the methodi dein vitro bystander
experiments examining chronic  self-irradiation  (izigeeet al, 1999;

Bishayeeet al, 2001; Persausdt al, 2005; Pintcet al, 2006).

The need to assign increased risk for tritium ipooated into DNA molecules is still
a matter of debate and formed a key deliberationthaf United Kingdom’s
Committee Examining Radiation Effects of Internalitters On one hand, the fact

that the mean electron path length of tritium amel diameter of a chromosome are
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on the same scale (~1 um) immediately suggestsdheging possibility of high-
density ionisations at electron track ends intdnsgcwith DNA (Day, 2003).
Conversely, since relative biological effectiveness simply an experimental
observation of biological impact per unit dose wigspect to a reference radiation —
usually 250 kVp X-rays oy-rays from®°Co or**’Cs (ICRP: Publication 92, 2003)
any additional risk should be evident upon exanmmatHarrison, 2003)In vivo
comparisons show the relative biological effecte®sn of tritium to vary widely
(between 1 and 3.4) whether tritiated water orated thymidine are used (Straume,
1991), and reveal no consistent elevation of risknf DNA-incorporatedH. This
may be due to the counteractive increase in relahiwlogical effectiveness of
tritiated water due to its concentration in the fayin shell of DNA — caused by the

increased hydrogen bond strength betw#eand'H (Mathur-De Vreet al, 1982).

As such, the proximity of incorporated tritiatedyrtindine to DNA is taken into
account in microdosimetric calculations of absorlgkxte; however, no relative
increase in biological effect is factored into esttions of the dose equivalent
(ICRP: Publication 92, 2003). This disjunction beém observed relative biological
effectiveness and prescribed radiation weightingols is at the heart of current
controversy surrounding qualitative and quantigatifferences in radiation quality —
as can be seen in the dissenting views in the fepadrt of theCommittee Examining
Radiation Effects of Internal Emitter004, p. 5). Radiolabelling the DNA of
cultured cells is a simple matter of adding exoger®l-thymidine to the culture
medium prior to or during DNA replication; since joroliferating cells, ®H-
thymidine is phosphorylated to forfi-thymidine monophosphate and thus enters

the nucleotide pool used for DNA synthesis (Cleat867).
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Preliminary results with donor cell radiolabelling

Since cells must undergo DNA synthesis in ordeintmrporate®H-thymidine into
their DNA, donor splenocytes needed to be cultueed vivo to facilitate
radiolabelling. The culture conditions needed heeye optimised to ensure the
maximum proliferation possible, whilst reducing tio¢al timeex vivoand keeping
manipulation of the cells to a minimum. In preliraig experiments, primary splenic
mononuclear cells, isolated using standard demggdgient centrifugation
techniques, were established in culture. To stilpulXNA synthesis, the cells were
exposed to the polyclonal mitogen concanavalin Agr(fa Aldrich Corp., MO,
USA). Despite attempts to improve the proportiordohor cells proliferating during
the culture period, the splenocytes showed a pespanse to mitogen stimulation
(<10% of cells in S-phase from 0-40 h) until the@dhday in culture (data not
shown). A possible explanation was that the concalma A was primarily
stimulating the T lymphocytes that represented @nlyinority of the cells in the
splenocyte cultures (Piguetal, 1976). This suspicion was confirmed when the
cultured donor splenocytes showed significantly agrded proliferation when co-
stimulated withE. colilipopolysaccharide, a known B lymphocyte mitogeatédnot
shown). However, the use of lipopolysaccharidetitmdate the donor cells in the
adoptive transfer method would have been imprdcttae the endotoxin would
have induced an immune response when the cells weoptively transferred

(Peavyet al, 1978; Groeneveld and van Rooijen, 1985).

Although concanavalin A does stimulate both B anlgriphocytes, the response of
the B cells is a secondary response dependenteoprédsence of co-stimulated T
cells (Mugrabyet al, 1975) and is delayed compared to the T cell nespo

(Boldt et al, 1975). Stimulation of isolated splenic T lymphtasywith concanavalin
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A produces a more robust proliferative responsegidioyet al, 1975). This finding
was confirmed here in the mouse primary splenocytures by separating the B
and T cell fractions by antibody labelling and sefian using paramagnetic beads
(Pan T Cell Isolation KijtMiltenyi Biotec GmbH, Germany, method detailedols.
The T cell fraction showed an earlier proliferativesponse to concanavalin A
compared to the unseparated spleen cEilgu(e 4.9 with the peak after 40 h in
culture; the unseparated cells didn’t reach theeskawvel even after 90 h. From this
point forward, the donor cell isolatioax vivoculture and mitogen stimulation were

optimised specifically for splenic T lymphocytes.
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Figure 4.2: Proliferative response to concanavalin A in donor splenocytes

Splenocytes prepared by density gradient centrifugation (circles) or T lymphocytes further isolated
by magnetic separation (squares) were stimulated with 5 pg.mL"' concanavalin A and cultured for 95
h. At various times, cells were sampled and the DNA was stained with propidium iodide. The DNA
staining of each cell was measured by flow cytometry and those with DNA content between 2N and
4N were counted as proliferating cells. The proportion of viable cells proliferating (%) is shown for
both populations of cells.
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Isolation of splenocytes and preparation of donoral cultures

Mononuclear cells were isolated from donor moudeess using a standard density-
gradient centrifugation technique before T lymphesywere separated by negative-
selection with antibodies bound to paramagnetidbedhe use of magnetic cell-
separation techniques is an efficient and highgcg method for isolating target
cells suitable for injection into recipient anim@i&mathet al, 2004; Skokoet al,
2007). Cells can be isolated using a positive (Mdfbntecheet al, 2003) or
negative selection (Kama#tal, 2004) regimen or a combination of both
(Leithauseret al, 2001). Using a negative-selection system alloiws tells of
interest to pass through the column without antybbohding while the unwanted
cells are captured. Thean T Cell Isolation Kitwhich uses a range of antibodies
directed against non-T lymphocyte cell-surface reegkhas been used previously to
isolate untouched splenic T lymphocytes for ad@aptransfer (Suet al, 2005). Pre-
isolation of mononuclear cells with density-gradieseparation, although not
necessary, further increased the yield of the targits by removing non-target cells
(data not shown). Thean T Cell Isolation Kitworked as follows: a cocktail of
biotinylated antibodies with affinity for non-T lyphocyte cell-surface markers
(CD11b, CD45R (B220), DX5 and Ter-119) was addetthéocell suspension, which
bound to their respective cell-types. Paramagnetiads coated with streptavidin
were then added which bound to the biotin molecaleshe antibodies. By passing
the cell suspension through a column in a magriid, those cells bound to the
antibody-biotin — streptavidin-bead complexes weaptured while the unlabelled

cells passed through.

The other common method of concentrating T lympkexyfrom spleen cell

suspensions (Leet al, 2004; Igariet al, 2007) involves passing the cells through a
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nylon wool column and collecting the non-adheregitsc(Juliuset al, 1973). The
negative-selection strategy offered by the magrssmaration technique was chosen
as it gives a more pure T cell isolate than nylamowadherence (Callahan and

Moynihan, 2002; Thomast al, 2003; Reynoldet al, 2007).

Method:

For each experiment at least five mice were euthanised, their spleens removed and
placed into ice-cold cell culture medium (RPMI 1640 [CSL Limited, VIC, Australia]
supplemented with 5% v/v foetal bovine serum [Trace Scientific Ltd., VIC, Australia],
0.29 g.L-' L-glutamine [Trace Scientific Ltd.], 50 IU/mL penicillin [Trace Scientific Ltd.],
50 pg/mL streptomycin [Trace Scientific Ltd.] and buffered with 0.21% w/v Sodium
Bicarbonate); hereafter ‘RPMI medium’). The splenic capsule was gently perfused with
RPMI medium and massaged to expel splenocytes into the medium. A syringe with 21-
gauge needle was used to prepare a single-cell suspension. The cell suspension was
then under-laid with an equal volume of polysucrose/sodium ditrizoate solution
(Histopaque® 1083, Sigma Aldrich Corp.) at a density of 1.083 g.mL-' (designed for the
isolation of murine mononuclear cells) before high-speed centrifugation at 1050 g for 10
min. The mononuclear cells which collected at the medium-Histopaque® interface were
transferred to fresh RPMI medium. The collected cells were centrifuged (377 g for 15
min) and the supernatant was aspirated and replaced with fresh RPMI medium, twice,
to remove any remaining separation medium. Splenic T lymphocytes were then isolated

using the Pan T Cell Isolation Kit following the manufacturer’s instructions.

Briefly, isolated splenic mononuclear cells were resuspended in 40 uL of MACS cell
separation buffer (phosphate buffered saline (PBS) supplemented with 0.5% foetal

bovine serum and 2 mM EDTA, freshly prepared and 0.45 um filter sterilised, Millex-GS
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disposable filter, Millipore Corp., MA, USA) per 107 cells. Biotin-Antibody Cocktail was
added at 10 L per 107 cells. Cells were incubated for 10 min at 4°C before adding 30
ML of MACS buffer and 20 pL of Anti-Biotin Microbeads per 107 cells. Cells were
incubated for 15 min at 4°C before adding 10 x labelling volume of MACS buffer. Cells
were centrifuged at 170 g for 10 min and then the supernatant was aspirated. The cell
pellet was resuspended in 500 uL of MACS buffer per separation column to be used.
The MS Columns were placed in the magnetic field and rinsed with 500 uL of MACS
buffer. For each column, the 500 L of cell suspension was applied, followed by 3 x
500 pL washes with MACS buffer, collecting the isolated T cell suspension in the
effluent. The recovered viable cells (that excluded trypan blue) were counted using a

haemocytometer.

The effectiveness of the T cell isolation procedometwo independent spleens was
assessed by labelling the positive- (magnetic beaakd non-T cells) and negative-
fractions (untouched T cells) with fluorescentlggad antibodies against the pan T
cell marker CD90 gnti-CD90-FITG Miltenyi Biotec GmbH) and biotin afti-
Biotin—PE  Miltenyi Biotec GmbH). Counting 15,000-30,000 Iselby flow
cytometry FACScan® Beckman Coulter, Inc., CA, USA) showed that 92 53%

of the T cell fraction was CD90+ and less than Owéte labelled with biotinylated
antibodies. The yield was assessed by comparinguheer of CD90+ cells in the
unseparated and recovered T cell fractions rewgadinrecovery of 97% of the
CD90+ cells, an average of 17 + 6% of the total berof cells. The mean number
of total splenocytes isolated per spleen for theddB8or mice used in the pilot
experiments was 6.8 + 0.7 x‘1@quating to approximately 1.2 x 1D lymphocytes

that could be obtained per donor mouse.

L All values shown in this thesis are the mean tahdard deviation unless otherwise indicated.
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Ex vivo culture of donor splenic T lymphocytes
Designing a complete culture medium

Few adoptive transfer experiments includeeanvivo culture period of the donor
cells on which a radiolabelling protocol could bedelled. Thus, the protocol for
establishing the T lymphocytes in culture prioinj@ction was largely based on one
adoptive transfer study that did include a radiellg culture period (Tsenet al,
1989) as well as considering methods from seveharestudies that cultured splenic
T cells not destined for transplantation (Ben-Hirait al, 1976; Mulliganet al,
1998; Frascat al, 1999; Manfreet al, 2001) Although minor variations were seen
in the published splenic T cell culture protocasbasic repertoire was identified.
The common conditions included incubation in RPMKQ cell culture medium
supplemented with 200 miMglutamine, antibiotic(s), 5-10% foetal bovine seru
and 0-50 pMB-mercaptoethanol. Cell densities ranged from 010 cells per
millilitre in 200 pL volumes. Cultures were incubdtat 37°C in a humidified
atmosphere of 5-10% G@n air. The consistent use of these culture conditionsaleft
number of decisions: whether to aflanercaptoethanol, and the choice of serum
levels; and, a number of parameters to be optimésgubrimentally: cell densities

and CQ concentrations.

In tissue culture mediunf-mercaptoethanol acts as a reduction/oxidationlaégu
maintaining glutathione levels as a donor of thgobups, protecting cells from
oxidative damage — a role usually performed by mattages and monocytasvivo
(Pruettet al, 1989). Additionally,-mercaptoethanol facilitates cellular uptake of
cysteine — a precursor of the amino acid cystieeggssary for protein synthesis — by

forming a mixed disulphide that can be transpomal the cell where it dissociates;
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the p-mercaptoethanol returning to the medium to comtitive cycle (Ishiet al,
1981a; Ishiiet al, 1981b). The addition ¢gf-mercaptoethanol to lectin-stimulated rat
lymphocytes has been shown to increase proliferaéiod a range of metabolic
enzyme activities (Aidoet al, 1996). Since robust proliferation was the goathef
donor cell culturing, 50 uMB-mercaptoethanol was included in the splenocyte
culture medium, as it was in the adoptive tranpfercultures used by Tsewg al.
(1989). Using a serum concentration of 10% v/v whssen for similar reasons,
since the higher serum level is routinely chosermwimducing proliferation fom
vitro assays (Mulligart al, 1998) and when culturing T lymphocytes in theezioe

of cell-conditioned medium (Het al, 1992). In one study, splenic T cells did not
respond optimally to mitogen until the serum lexedched 10% (Mohapatet al,
2001). It was also the level used in the adoptremgsfer pre-culturing/isolation

protocols (Tsengt al, 1989; Manfreet al, 2001).

Stimulating proliferation of donor cells

Mouse splenocytes establishecinvivoculture do not proliferate without mitogenic
stimulation (Pigueet al, 1976). The most common mitogens used Brecoli
lipopolysaccharide (LPS), phytohaemagglutinin (PH&gncanavalin A (ConA), or
lethally irradiated feeder cells. Concanavalin Aed in the preliminary experiments
with unseparated splenocytes, was chosen as thegenitto stimulate the
proliferation of the donor T lymphocytes. The udeircadiated feeder cells was
immediately excluded due to potential interferefrten signals released into the
culture in response to the high-dose irradiatiord, d.PS was avoided due to the
potential for toxic effects from the endotoxin wheansferred into the recipient
mice. In every study of lectin-stimulation examin€&bnA was found to be more

suited than PHA for use with mouse cells, with spleells, and with T lymphocytes
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in particular (Boldtet al, 1975; Pigueet al, 1976; Dumont and Barrois, 1977;
Tseng, 1982; Het al, 1992; Fasanmade and Jusko, 1995). In additienadoptive

transfer experiment that formed the basis of thethmd used concanavalin A—
stimulated lymphocytes, and as such, their tisedgihg patterns had already been

characterised (Tsergj al, 1989).

The range of ConA concentrations normally usedvenstimulation of mouse splenic
T cells is from 0.1-20 pg.mt(Dumont and Barrois, 1977; Fasanmade and Jusko,
1995). The adoptive transfer experiments in Tsargy. (1989) stimulated the donor
T lymphocytes with ConA from 0.2—4 pg.MLSince the purity and potency of
lectin batches vary, the donor T cells were stireadawith a range of ConA
concentrations from 0.1-10 ug.mlusing the culture medium described above;
concentrations below 1 pg.mlwere found to be sub-mitogenic, whilst 10 ugnL
was cytotoxic Figure 4.3. The distribution throughout the cell-cycle wamlysed

in these same cultures by staining the DNA withppdium iodide and measuring the
DNA content of 30,000 cells by flow cytometry (pfetating cells were defined as
those with DNA content between 2N and 4N, indicatiof incomplete DNA
replication). The most potent induction of prolddon was seen with 5 pg.RiL

ConA (Figure 4.9.
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Figure 4.3: Viable cell numbers of donor T lymphocytes after ConA stimulation

Donor T lymphocytes established at 10 cells.mL" were cultured in splenocyte culture medium with
the addition of concanavalin A at varying concentrations (shown in panels, ug.mL"). The numbers of
viable cells per mL (mean + SD), recorded at various times over the following 75 h, are shown (n=3).
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Figure 4.4: Cell-cycle progression of donor
T lymphocytes after ConA stimulation

Donor T lymphocytes established at 10° cells.mL"' were cultured in splenocyte culture medium with
the addition of concanavalin A at varying concentrations (shown in panels, yg.mL"). The proportion
of viable cells proliferating (mean of pooled triplicate samples) was measured by DNA content
analysis at various times over the following 75 h, is shown.
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The effect of initial cell density was tested otlee range of 18-10' cells per mL in
200 pL (96-well U-bottom plate), 1 mL (6-well pltand 5 mL (25 crh flask)
volumes. As expected from the published studiespbenic T cell culture, cells only
grew in the micro-cultures established in 96-wdht@s (data not shown). The
optimal initial cell density was found to be 1 x°16ells.mL* (Figure 4.5.
Increasing the atmospheric g@om 5% to 10% during incubation also improved

donor cell growthigure 4.6.
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Figure 4.5: Effect of cell density on donor cell growth in culture

Donor T lymphocytes established at varying cell densities (shown in panels) were cultured in
splenocyte culture medium with the addition of 5 pg.mL"' concanavalin A. The numbers of viable
cells per mL (mean * SD), recorded at various times over the following 75 h, are shown (n = 3).
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Figure 4.6: Effect of atmospheric CO; on donor cell growth in culture

Donor T lymphocytes established at 10 cells.mL"' were cultured in splenocyte culture medium with
the addition of 5 uyg.mL"' concanavalin A in either 5% (left panel) or 10% CO, in air (right panel). The
numbers of viable cells per mL (mean * SD), recorded at various times over the following 95 h, are
shown (n = 3).

Final Culture Conditions

The final culture conditions, based on the resoitthe experiments optimising the

proliferation of the donor T cells, were as follows

Method:

Splenocyte culture medium (SCM) was prepared from the base RPMI medium by the
addition of fetal bovine serum to a final concentration of 10% v/v, 50 puM B-
mercaptoethanol and 5 pg.mL-' of concanavalin A. Freshly prepared SCM was filter-
sterilised (0.45 um, Millex-GS disposable filter) and pre-warmed to 37°C. The isolated
T cell population from the magnetic cell separation was centrifuged at 240 g for 5 min.
The supernatant was vacuum aspirated and the cell pellet gently resuspended at 106
cells.mL-" in SCM. Using a multi-channel pipette, 200 pL of cell suspension was added
per well into 96-well U-bottom tissue culture plates. Cells were cultured at 37°C in a

humidified atmosphere containing 10% CO in air.
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To test the performance of the final culture caods, spleens were isolated from
two donor mice and the T lymphocytes were isolajgalpled, and cultured as
described above. The number of viable cells pelilitnéd was recorded over the
following 66 h in culture Eigure 4.7). The nadir of growth, as seen in the previous

optimisation experiments was after 20-25 h thanh teeadily increased over the

following 40 h.
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Figure 4.7: Representative growth of donor cells in culture

Donor T lymphocytes established at 10 cells.mL" were cultured in splenocyte culture medium with
the addition of 5 ug.mL"' concanavalin A. The numbers of viable cells per mL, recorded at various
times over the following 65 h, are shown. Markers show mean * SD of three replicates.
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Incorporation of *H-thymidine radiolabel into donor cells

In order to allow the maximum proportion of donetls to undergo DNA synthesis
in the presence of the radiolabel, tfig-thymidine incorporation time for the
mitogen-stimulated primary spleen cells used is thiodel needed to be extended
well over the time used in traditional pulse-lalvgll of synchronised cell cultures
(usually 1 h).In vitro bystander experiments using DNA-incorporatieethymidine

to chronically irradiate target cells, have prewiyuused labelling periods between
12 h (Bishayeet al, 2001; Persaudt al, 2005; Persaudt al, 2007) and 18 h
(Gerashchenko and Howell, 2004). The longer, 18-hoaubation period was
chosen for this model, to maximise the proportibrealls synthesising DNA in the
presence of the radiolabelled thymidine but withextending the time that the cells
were in culture beyond that used in simillarvitro experiments. Significant, even
lethal, inter-nucleosomal cleavage of DNA fromidmt disintegrations has been
reported for cells cultured for long periods (2 sy the presence SH-thymidine
(0.2—2 pCi.mr) (Solaryet al, 1992); however, this type of DNA-damage was
unlikely to pose a difficulty in these experimemtkich used a 5- to 50-fold lower

radioactivity and radiolabelled for less than oag.d

To assess the proportion of donor cells undergbiNg synthesis during thex vivo
culture period, the incorporation of non-radioaetiwromodeoxyuridine (BrdU, BD
Biosciences, CA, USA) over an 18-h period was mesurhe initial use of a non-
radioactive label in these optimisation experimentsvided a quick method for
detecting labelled cells and measured the labetiintpe cells in the absence of any
inhibitory effect that might have occurred due te tincorporated radionuclide.
Following an initial period in culture (20, 25, 4848 h) BrdU was added to donor T

cell cultures to a final concentration of 10 mMdaafter 18 h, the cells were washed
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and fixed onto slides. Incorporated BrdU was deidcising a biotinylated anti-BrdU
antibody, followed by applying streptavidin—horsadish peroxidase and DAB
chromogenic substrate following the manufacturstipplied protocolBrdU In-situ

detection kit BD Biosciences). The degree of labelling increaslee later the label
was added to the cells, however, all four inculmageriods showed strong BrdU

labelling (>80% of donor cells).

Given that the aim was to reduce the time the doetls were in culture, the 25-43
h incubation time was selected for further testifigs incubation period was ideal as
it began shortly after the nadir in viable cell rners when the first round of
proliferation would begin, such that the prolifengt cells would be pseudo-
synchronised, producing an even dose-distributiofurther experiments to confirm
the suitability of the radiolabelled period chosewy independent donor cell cultures
were incubated for 18 h with BrdU after an ini2& h in culture. The BrdU labelling
of the two donor cell cultures was 88% and 8 igyre 4.§ confirming that the
labelling duration and timing was appropriate fadiolabelling of the donor cells

without extensive time in culture.

The range of radioactivity considered for the réabelled donor cells was bound by
the minimum possible dose-rate (effectively GHedisintegration during tha vivo
period) and the maximum tolerable dose-rate (theedate that causes 100%
lethality). Over a 24 Imn vivo lodging period, a mean of 1 accumulated disintsgna

Is equivalent to a mean radioactivity of 0.012 nmdeq cell.
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Figure 4.8: Incorporation of BrdU into donor T cells

Two donor cell cultures were established using the finalised donor cell radiolabelling protocol. After
25 hours in culture, 10 mM BrdU was added for an 18-h period before fixing the cells, staining with
anti-BrdU antibody (brown) and counterstaining (blue). Photographs (magnification 200x) are shown
of culture | (A) and its control with antibody omitted (B), culture 2 (C) and controls with antibody
omitted (D), BrdU omitted (E) or BrdU and antibody omitted (F). Nuclear staining with anti-BrdU
antibody is seen in 88% (A) and 87% of donor cells (C) respectively.
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In fibroblasts radiolabelled with*H-thymidine, ~2600 °H disintegrations
accumulated over a ten-day period resulted in 184\sl (Bishayeeet al, 2001); an
equivalent dose delivered over a 2#vivo lodging period would be equivalent to a
radioactivity of~ 30 mBq per cell. The initial radioactivity choskem study here was
approximately one tritium disintegration per hoQr28 mBq) in each radiolabelled
cell. In the work of Gerashchenko & Howell (2004g tradioactivity incorporated
into radiolabelled cells increased linearly witle -thymidine concentration in the
medium. From these data, 1.48 kBg.mWas estimated as the radioactivity of the
labelling medium likely to result in incorporatiasf 0.2—0.3 mBq.ceft. The high
specific activity of the®H-thymidine used (3.18-3.33 TBg/mmole) resulted in
relatively low thymidine concentrations (0.465 nk&quired to deliver the desired
dose; however, the same molar concentration of radivactive thymidine was
added to the sham-treated cells to control for @ogsible disruption to the

intracellular nucleotide pool (Cleaver, 1967).

Method:

Stock [methyl-3H]-thymidine (37 MBq.mL-!, specific activity 3.18 TBq.mmol-1, GE Co.,
GE Healthcare, Waukesha, WI) was serially diluted in splenocyte culture medium
(SCM) to 59.2 kBq.mL-". After 25 h in culture, 5 L of the 59.2 kBq.mL-! [methyl-3H]-
thymidine was added to each 200 pL well for radiolabelled donor cells (final
radioactivity 1.48 kBqg.mL-, final thymidine concentration 0.465 nM). The cell culture
plates were returned to the incubator for a further 18 h. For sham-radiolabelled donor
cells, 0.0186 uM nonradioactive thymidine (Sigma Aldrich Corp.) was prepared in SCM,

and 5 uL was added per well (final concentration 0.465 nM).
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AssessingH-thymidine incorporation into donor cells by atsdiography

Autoradiography was used to confirm the incorporatof *H-thymidine into the
radiolabelled cells and to determine the proportbtabelling Figure 4.9-A along
with the sham-radiolabelled control celBiqure 4.9-B. Cells in the radiolabelled
cultures showed one of three levels of autoradmgyagrains deposited over the
nuclei: moderate incorporation, heavy incorporat(owicative of two rounds of
proliferation in culture), or no incorporation (Iethat did not replicate DNA during

the radiolabelling period).

Method:

At the conclusion of the radiolabelling period, culture medium was removed from
sample wells of the radiolabelled and sham-radiolabelled donor cell populations, and
the cells were pulse-chased for 1 h with fresh SCM containing 0.465 nM non-
radioactive thymidine. The cells in each well were then resuspended and the 200 pL
volume was centrifuged (700 rpm, 5 min: Shandon Cytospin I, Thermo Fisher
Scientific, MA, USA) onto positively charged glass microscope slides. Slides were fixed
in 4% formaldehyde (from paraformaldehyde in PBS, Sigma Aldrich Co.) for 5 min,
washed twice in PBS for 2 min, and allowed to dry. Slides were dehydrated through
70%, 90% then 100% ethanol and again allowed to dry. Under darkroom conditions,
EM-1 Hypercoat™ emulsion (GE Co., GE Healthcare) was melted in a 43°C water-bath
for 30 min before the liquid emulsion was poured into a dipping chamber. Each slide
was dipped vertically into the emulsion for 5 s, slowly withdrawn, and stood upright for
at least 10 min to begin setting. Slides were placed in a slide rack, sealed in a lightproof

box with anhydrous silica gel added in the base, and exposed for 7 days.
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Figure 4.9: 3H-thymidine incorporation into donor cells

Donor T lymphocytes were radiolabelled (A) or sham-radiolabelled (B) for 18 h, according to the
final culture protocol. A sample of donor cells were assessed for radiolabelling by autoradiography as
described. Photographs of the cells and any deposited silver grains (black) are shown (20% objective
lens). The outlines show the computer-detected edges of cell nuclei based on the intensity of DAPI

staining relative to background.
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Exposed slides were placed in photographic developer (Developer D-19, Eastman
KODAK Co., NY, USA) for 2 min without agitation, the reaction was stopped by placing
slides in 1% acetic acid for 10 s, then the emulsion was cleared for 5 min (KODAK
Fixer, Eastman KODAK Co.). Developed slides were washed in running tap water for
15 min, and then allowed to dry. Glass coverslips were mounted over the cells using
Vectashield ® with DAPI (Vector Laboratories, CA, USA) containing the DNA
counterstain 4',6-diamidino-2-phenylindole (DAPI). The slides were examined using
combined fluorescence and brightfield microscopy to photograph DAPI-stained nuclei

and silver-grains deposited during autoradiography.

Determining mean radioactivity per cell

The degree of incorporation of thél-thymidine into the donor cell DNA was
assessed by measuring the mean radioactivity gematcéhe end of the 18-hour
incubation period by liquid scintillation countingaccording to the method of

Gerashchenko and Howell, 2004).

Method:

At the end of the 3H-thymidine incubation period, the cells in each 200 pL well were
resuspended and pooled. Triplicate 50 uL samples were taken from the pooled cell
populations (radiolabelled and sham-radiolabelled), added to 50 L of trypan blue and

counted for viable cells using a haemocytometer.

Triplicate 200 pL samples were then taken from the pooled cell suspensions and each
was added to 5 mL of scintillation cocktail (ReadySafe, Beckman Coulter, Inc.) in a 6
mL plastic scintillation vial (PolyQ, Beckman Coulter, Inc.). The pooled cell suspensions

were then centrifuged (5 min, 240 g) to pellet the cells. Triplicate 200 uL samples of the
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supernatant were taken and added to 5 mL scintillation cocktail, as above. In a further
eight vials containing 5 mL scintillation cocktail, a standard curve was prepared in

duplicate for 3H-thymidine activities of 0, 3.7, 0.37 and 0.037 kBq.

The vials were mixed by inversion and the counts per minute were read on a LS3801
Liquid Scintillation Counter (Beckman Coulter, Inc.) using the 3H counting window for 2
min or, until the 2o error was < 2.0 (whichever was the earlier). The counts per minute
were converted to radioactivity (in becquerel) by comparison with the counts from the
prepared standard curves, which routinely gave counting efficiencies of 0.51 £ 0.06.
The mean radioactivity per cell was calculated by subtracting the mean total
radioactivity for the supernatants from those of the cell suspensions, with the remaining
cell-associated radioactivity divided by the number of cells estimated to be in each 200

ML aliquot based on the viable cell count performed at the time of sampling.

The mean radioactivity per cell represents the agyeerof the radioactivity in the
radiolabelled and non-radiolabelled cells preseithiav the donor cell culture;
dividing this value by the proportion of radiolaleel cells as determined by

autoradiography gave the adjusted mean radioacpeit radiolabelled cell.
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Fluorescent labelling of donor cells form vivo tracking
Fluorescent labelling method

In order to detect biological effects in proximity the adoptively transferred donor
cells, the donor cells needed to be labelled sd they could be specifically
identified within the recipient tissues. The useaofluorescent labelling method
allowed the donor cells to be visualised indepetigest the biological endpoint
being tested and vice versa, yet enabled simultenenaging. Pre-staining with a
fluorescent dye eliminated the need to develop rdaetion, as is required with
antigen labelling e.g. BrdU incorporation, and dimt require the use of transgenic
cells e.g. cells expressing green fluorescent prdteeithauseret al, 2001). A pre-
staining method for the adoptive transfer protogeeded a fluorescent dye that

could be easily loaded into the donor cells andstedtly retained.

Candidates that met these desired properties Werelass of membrane-permeable,
intracellular-bound fluorescent dyes known @sliTracker™ probes (Invitrogen

Corp., CA, USA). TheCellTracker™ molecules contain a chloromethyl moiety
which allows the dye molecules to easily pass actbs cell membrane when the
thiol-reactive probes then undergo a reaction witkteine residues in proteins or
glutathione to form adducts which can no longerspiéisough the cell membrane.
The protein-dye adducts can then be fixed for logipwith aldehyde-based fixation

protocols (Wesetal, 2001). In order to be compatible with multi-calou
fluorescence microscopy with fluorescein-basecstgimethods, a dye fluorescing
within the Orange/Red filters€hroma 31004Chroma Technologies) was required

(i.e. Excitation 515-550 nm & Emission 575-615 nm).
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CellTracker™ Orange CMTMR (5- and 6-(4-chloromethyl)benzoylamino-
tetramethylrhodamine) (Invitrogen Corp.) is an g®&anfluorescent dye used
extensively in adoptive transfer methods, includihg labelling of mouse splenic
lymphocytes forin vivo tracking after injection into the tail vein (McEyet al,
1997; Milleret al, 2002). Cell tracking probes such as CMTMR hawenbgradually
replacing the use of older dyes such as Dil duthéwr low toxicity (Tuortoet al,
2003) and long-term tracking ability i.e. > 1 yaarvivo (Goolsbyet al, 2003). In
adoptive transfer experiments with mouse splengcgither expressing transgene-
encoded green fluorescent protein or labekedvivowith 5 uM CMTMR, no
difference in blood clearance over 24 hours or dar@l accumulation in spleen,

liver, lung and kidney after 24 hours was obseriMdeller et al, 2003).

For use in this project, the closely relateellTracker™ Orange CMRANvitrogen
Corp.) dye was chosen. CMRA is brighter with an rioyed cytoplasmic staining
pattern compared to CMTMR and is compatible wittandard orange/red
fluorescence filtersets. Its use in mouse splegmphocyte adoptive transfer
experiments has recently been published (Mitetna, 2007; Skokogt al, 2007).
Protocols labelling the donor cells with the fluszent probe during, or following,
the radiolabelling period were tested. Adding tHdR3\ probe along with théH-
thymidine/thymidine removed several washing andcessing steps, reduced the
time between the end of the radiolabelling period ghe adoptive transfer, and

resulted in brighter labelled cells (data not shpwn
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Method:

A 1 mM working stock of CellTracker™ Orange CMRA was freshly prepared by
resuspending the contents of a vial (50 pg) in 90 pL of pure DMSO. During the
preparation of the radiolabelling/sham-radiolabelling solution, CMRA working stock was
added (10% viv, 0.1 mM) such that the final concentration in the cell culture medium

was 2.5 M.

Confirming CMRA fluorescent labelling

Donor cells were examined using fluorescence miaeg to ensure that they were
brightly labelled with the CMRA fluorescent probeftwre proceeding with the
adoptive transfer. Donor cells were routinely 10@#elled with the CMRA probe
(Figure 4.10; thus, if no CMRA-positive cells were identifiéa the spleen sections,

it could be assured that the cells had been apptefyr labelled before injection.

Method:

The cells in a sample well (one from both the radiolabelled and sham-radiolabelled cell
populations) were resuspended, and then the 200 pL volume centrifuged onto an
positively charged glass microscope slide (700 rpm, 5 min, Shandon Cytospin Il) at the
end of the 18-h radiolabelling period. The slides were fixed in 4% formaldehyde (from
paraformaldehyde in PBS) for 5 min, rinsed twice in PBS for 2 min, and a glass
coverslip was mounted with Vectashield® with DAPI. The slide was examined on an
Olympus Ax70 epifluorescent microscope using a filtercube covering the range of
CMRA excitation/emission. Bright CMRA-labelling in both donor cell populations
(radiolabelled and sham-radiolabelled) was confirmed before proceeding with the

adoptive transfer.
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Figure 4.10: CMRA labelling of donor cells

Donor T lymphocytes were isolated, cultured for 25 h, then radiolabelled and incubated with 2.5uyM
CMRA for 18 h, according to the final culture protocol. A sample of donor cells was assessed for
CMRA labelling as described. The outlines (white) show the locations of cell nuclei determined by
the areas of DAPI staining. Each donor cell is stained with the CMRA fluorescent probe (red). Image
was photographed with 10x objective lens, scale bar shows 100 pm.

Preparation of donor cells for adoptive transfer

The radiolabelled/sham-radiolabelled and fluoregelabelled donor cells were
washed, equilibrated in PBS without serum and pu$ed to a concentration

appropriate for the adoptive transfer experiment.

Method:

After the triplicate samples of the supernatant were taken from the donor cell cultures
for measuring the donor cell radioactivity, the remaining supernatant was vacuum
aspirated. The cells were resuspended in 10 mL of fresh SCM and incubated for a
further 30 min (37°C, 10% COx in air) before the cell suspensions were centrifuged (5

min, 241 g), and the supernatant vacuum aspirated. The cells were resuspended in 20
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mL filter-sterilised PBS (0.22 um, Millex-GS disposable filter) and centrifuged again (5
min, 241 g) with the supernatant vacuum aspirated. Based on the total cell numbers
determined from the triplicate cell counts taken during the radioactivity measurements,
the donor cells were resuspended in filter-sterilised PBS at 2.5 — 25 x 108 cells.mL-".
The cell suspensions were then taken to the Flinders Medical Centre Animal House

Facility ready for adoptive transfer.

Summary

The final protocol for the chronic radiolabelling @onor splenic T lymphocytes is
outlined in Figure 4.11 Splenic T cells were isolated from a pooled spleell
suspension by density gradient centrifugation fedd by antibody labelling and
magnetic cell sorting. The donor T lymphocytes westablished in culture and
stimulated with concanavalin A. After 25 fH-thymidine (or thymidine for the
controls) was added to the culture medium, alorth tie CMRA fluorescent probe.
Following the 18-h radiolabelling period, samplegrav taken for radioactivity
measurements  (liquid scintillation  counting), rddbelling assessments
(microautoradiography) and confirming the fluoregcdabelling (fluorescence
microscopy). The remaining donor cells were wasiadi resuspended in PBS ready

for adoptive transfer.
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Euthanise C57BL/6) or pKZ|™ donor mice and remove spleens

Isolate splenic T cells using density gradient
centrifugation and Pan T Cell Isolation Kit

Culture splenic T cells stimulating division with 5 pg/mL Concanavalin A I

25 h
|

A 4 \4

Add 0.465 nM thymidine & Add 1.48 kBq.mL" [*H]-thymidine
2.5 uM CMRA & 2.5 yM CMRA

18 h 18 h

v v

Check radioactivity, radiolabelling and fluorescence

Wash cells, resuspend in PBS

Inject donor cells into recipient mice I

Figure 4.11: Final protocol for the chronic radiolabelling adoptive transfer
method
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Donor splenocytes: Acute X-irradiation
Method outline

In an experiment to detect bystander effects indumneacutely irradiated cells, the
adoptive transfer method developed for chronic alathelling was modified to
accommodatex vivoirradiation Figure 4.13. This section describes the variations
in the methods for donor cell isolation, prepamtidluorescent labelling, and

irradiation.

Obtain splenocytes from donor mice

\ 4 A 4

Label cells to identify in vivo Label cells to identify in vivo

Shame-irradiation Irradiation

Inject sham-irradiated
cells into recipient mice

Inject irradiated cells

into recipient mice

Figure 4.12: Initial strategy for the acute irradiation adoptive transfer method
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Selecting a technique to irradiate donor cells
Choosing a radiation source

In vitro bystander experiments using low-LET photon souh@e& been performed
using y-sources (Seymour and Mothersill, 2000; Lorimetal, 2005), soft X-ray
microbeams (<5 keV) (Kashiret al, 2004; Schettinet al, 2005; Hillet al, 2006)
and diagnostic X-ray linear accelerators (250 k{{@wis et al, 2001; Yanget al,
2005; Kadhimet al, 2006). In the experiments performed here, theesl@squired
(0.1 — 1 Gy) were too high for the operational maxin of the diagnostic X-ray
linear accelerators available (250 kVp) in our lfaci Instead, aSiemens Primu$
MV linear accelerator was chosen to irradiate tbaad cells. The monoenergetic
photons produced by the 6 MV linear acceleratorairenuch higher energy than
those in comparable 250 kVp X-ray irradiations; bwger, 30—-50% of the absorbed
dose of hard X-rays is from interactions of the Jemergy secondary electrons
(Nikjoo, 1991). Since higher energy photons tradaster through biological matter
they deliver less energy along their path and thaight that for both the 6 MV or
250 kVp photon spectra, the majority of the biotadieffects arise from the lower

energy secondary electron tracks in the ultrasefyrange (Hillet al, 2006).

Isolation of splenocytes and preparation of donoral cultures

The decision to use splenic T lymphocytes for th@wic radiolabelling experiments
was based on the need to effectively stimulatedtis to divide and thus incorporate
the tritiated thymidine. In the case of the a@mevivoX-irradiations, the isolation of

T lymphocytes to allow potent mitogen stimulatioasanot required. Isolation of the
T lymphocyte compartment of the spleen reducedtimeber of donor cells ©17%

of the initial yield. A mixed splenocyte populatigras used here as it increased the
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number of cells available while using less donocemiDifferences in the expected
lodging patterns of B and T lymphocytes after atkeptransfer are discussed above.
The mixed splenocyte population used as targes dellthe acute X-irradiation
experiments, was not established in culture asiferation was not required to
incorporate a radiolabel, so labelling with the CMRIuorescent probe was

performed in a short, 1 h incubation step.

Method:

Three mice were euthanised, and splenic mononuclear cells were prepared as for the
chronic radiolabelling method. The donor cells were then transferred to fresh RPMI
medium containing 10 uM CMRA. The cells were pooled, incubated for 1 h (37°C, 5%
COz in air), then centrifuged (10 min, 170 g) and the supernatant aspirated and
replaced with a modified PBS (adjusted to match the normal osmolarity of mouse serum
(333 mmol.kg") to avoid lysis of the target cells, (Sheridan and Finlay-Jones, 1977)).
The cells were washed twice more in the modified PBS, then resuspended at 2.5 x 106

cells.mL-" ready for irradiation and adoptive transfer.

Exposure of donor cells to X-radiation

Donor cells were given an acute dose of X-raysgusire Siemens Primu$§ MV
linear accelerator (Siemens Corporation, NY, USAYhe Adelaide Radiotherapy

Centre (Flinders Private Hospital).

Method:

The donor cells were placed in a plastic tissue culture flask to a depth of 5.5 mm
(corresponding to a volume of 5.88 mL on a 10.7 cm? surface-area). To account for the

lack of build-up above the surface of the cell suspension, a build-up layer of 1.4 cm
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depth of water equivalent (RW3) was placed above the flask, which was placed within a
field size of 12 cm x 12 cm at a source-to-surface distance of 100 cm. In prior dosimetry
calibrations, Tissue Maximum Ratios were used to determine the monitor units required
to be delivered to the liquid at the bottom of the flask to achieve the desired dose and
this was confirmed by MOSFET dosimeters placed in the culture medium. MOSFET
dosimeter calibrations reported dose error of £ 3% (95% confidence). The donor cells
were irradiated at 5 Gy.min-! with 0.1 or 1 Gy (or, the beam was not energised for

sham-irradiated cells).

Summary

The final protocol for the acute irradiation of d@orsplenocytes is outlined Figure
4.13 Splenocytes were isolated from a pooled spledinsaspension by density
gradient centrifugation. The donor cells were l@uklfor 1 h with the CMRA
fluorescent probe. The cells were washed thricerasdspended in modified PBS,
before irradiation with 0.1 Gy, 1 Gy or sham-ir@ibn just prior to adoptive
transfer. A sample of cells was taken to confirne thuorescent labelling

(fluorescence microscopy) and perform viability si@@ments.
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Euthanise C57BL/6) donor mice and remove spleens

Isolate splenic mononuclear cells using

Label with 10 yM CMRA for | h

\ 4 \ 4 \ 4

Sham-irradiation 0.1 Gy Irradiation | Gy Irradiation

Check viability and fluorescence

Inject donor cells into recipient mice

Figure 4.13: Final protocol for the acute irradiation adoptive transfer method
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