Use of the adoptive transfer method to study bystater effects in vivo

Chapter 5: Use of the adoptive transfer method to study

bystander effectsin vivo

Précis

Chapter Four described the development and optilms@af an adoptive transfer
method in mice designed to deliver irradiated gpleells into the spleens of
unirradiated syngeneic hosts. This chapter nowildethe use of this adoptive
transfer method to conduct a series of experimaimed at detecting a radiation-
induced bystander effeah vivo under a number of experimental conditions. The
conditions tested included changing the numberrmaidiated cells, analysing the
effects of the donor cells after a longer perliodivo, using a higher radiolabelling
dose-rate and the use of an X-ray dose deliveredivoto the donor cells. The
results of these experiments are presented hehedigtussion of the significance

and implications of the findings to follow in ChapfSix.
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Detection of bystander effects from chronically iradiated
lymphocytes lodged in unirradiated mouse spleens

The aim of these first experiments was to use #vayndeveloped adoptive transfer
method to create a realistic bystander environnrentivo, based on publisheith
vitro bystander data anth vivo responses to whole-body irradiatiora)d then
monitor the response of the unirradiated cellharecipient spleen tissue. This first
set of three experiments, all performed under #mesconditions, also served as the
template for subsequent investigations. Condudtinge repeat experiments allowed
assessment of the reproducibility of the biologiaakays, and kept the technical
difficulty of the method to a minimum during thisitial phase of use. To allow data

pooling, the parameters used on the three sepacessions were identical.

For each experiment, five donor C57BL/6J mice weuthanised to establish a
radiolabelled donor cell culture. Donor T cells waradiolabelled for 18 h with
1.48 kBg.mL* of [methyl®H]-thymidine or sham-radiolabelled with the equér
molar concentration of non-radioactive thymiding. tBe end of the radiolabelling
period, 69 + 5% of cells had incorporatéd-thymidine into their DNA. Sham-
radiolabelled donor cells were free of autoradipgsagrains. The mean incorporated
radioactivity was 0.22 + 0.02 mBq per donor cdtie tadjusted mean radioactivity
was 0.33 mBq per radiolabelled donor cell. The agerradioactivity of the sham-
radiolabelled donor cells was negligible at 0.35.37 x 10° mBq per donor cell,
and not significantly above zerB € 0.24,0ne-Sample T T@stAll donor cells, both
radiolabelled and sham-radiolabelled, were labelltghtly with the CMRA

fluorescent probe before adoptive transfer.

Detection of bystander effects from chronicalladiated lymphocytes lodged in unirradiated
mouse spleens 144



Use of the adoptive transfer method to study bystater effects in vivo

Over the three experiments, a total of fifteen CI5/BB mice were injected with 5 x
10° radiolabelled donor T lymphocytes whilst a furtlieirteen received the same
number of sham-radiolabelled donor cellsaljle 5.). Each recipient mouse was

euthanised 22 h after adoptive transfer and tissiues isolated.

Table 5.1: Number of mice used in the initial three experiments
using the adoptive transfer method

Number of Mice Receiving

Radiolabelled Sham-Radiolabelled
Donor Cells Donor Cells
Experiment | 5 6
Experiment 2 4 3
Experiment 3 6 4
TOTAL 15 13

The donor cell lodging frequencies in the spleetgea from 0.46 — 3.3 x T0and
were equivalent® = 0.36) in the mice receiving radiolabelled céllgt + 0.6 x 1)
and those receiving sham-radiolabelled cells (1068t 10%, Figure 5.1). There was
no difference in the mean donor cell lodging frage between the triplicate
experiments B = 0.4, ANOVA). Autoradiography in radiolabelledllegecipients
revealed that 64 + 6% of donor cells identifiedhe four local screens were in fact
radiolabelled (cf. 69 + 5% labelling before adoptivansfer). Donor cells in spleen
sections from mice receiving sham-radiolabelled Iscelwere free from

autoradiography grains.
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Figure 5.1: Donor cell lodging frequencies in the spleens of recipient mice

Mice were injected with 5 x 10° *H-radiolabelled or sham-radiolabelled splenic T lymphocytes and
recipient mouse spleens were isolated 22 hours later. The donor cell lodging frequency in the spleen
was determined for each mouse from the duplicate global screens on TUNEL- and Ki-67—stained
tissue sections. Circles (O) show mean values for each mouse. Bars (—) show group means. n = |3
sham-radiolabelled, 15 radiolabelled.

The proportion of Ki-67—positive donor cells wa® tsame in radiolabelled (56 +
16%) and sham-radiolabelled (58 = 11%) cell recifseafter 22 hn vivo (P = 0.7)
indicating similar levels of proliferation in botopulations of donor cells. In the
mice receiving radiolabelled donor cells, most kedigH-positive donor cells were
Ki-67—positive whilst the opposite was true for floelged*H-negative donor cells
(Table 5.3, consistent with théH-negative donor cells representing those that did

not proliferate to incorporate the radiolabel dgrtheex vivoculture.
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Table 5.2: Ki-67 status of 3H-positive and 3H-negative
lodged donor cells in mice receiving radiolabelled donor cell preparations

*H-positive IH-negative
Ki-67 negative 21% 81%
Ki-67 positive 79% 19%
100% 100%

Results
There was no change in local apoptosis

There was no significant differenc € 0.3) in the apoptosis levels of unirradiated
cells that surrounded radiolabelled donor cells garad to those surrounding sham-
radiolabelled donor cellg={gure 5.2Aand Table 5.3. Initially an average 49 + 14
fields per mouse were analysed in the local scraeoss the duplicate spleen
sections analysed for apoptosis. However, follovilmgpost hocexclusion of fields
that did not contairfH-radiolabelled donor cells, the final mean numbéfields
analysed was reduced (31 + 15) and the total numbieystander cells analysed per
mouse was significantly lower for mice receivingicdabelled donor cells compared
to those receiving sham-radiolabelled cels=(0.01). The reduced number of fields
analysed did not greatly reduce the accuracy oiriteasured apoptosis frequencies
in mice receiving radiolabelled cells comparedhars-radiolabelled cells, i.e. there
was only a small increase (23%) in the averageadatanerror of the mean apoptosis

frequency measured for each mouse.
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Figure 5.2: Local and global apoptosis frequencies in mice receiving sham-
radiolabelled or radiolabelled donor cells

Mice were injected with 5 x 10° *H-radiolabelled or sham-radiolabelled splenic T lymphocytes and
recipient mouse spleens were isolated 22 hours later. Levels of apoptosis in the recipient spleen cells
were measured using the local screening method (A); or the global screening method (B). Circles
(O) show the mean of two replicates for each mouse, bars (—) show group means, n = 13, 15
(sham-radiolabelled, radiolabelled).
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Table 5.3: Summary of results from local and global screening of apoptosis

Mean £ 95% Confidence Intervals

Donor Cells Received

T test
Screen Sham-Radiolabelled Radiolabelled P
3 3
Apoptosis Local 38+05x10 34+04x10 0.3
Frequency  Gjopal 28+05x10°  26+05x10° 05

There was no change in global apoptosis

There was no significant differencd® (= 0.5) in the apoptosis frequency of
unirradiated cells in the spleens of mice receivadjolabelled donor cells compared
to those receiving sham-radiolabelled donor céligure 5.2BandTable 5.3. Since
selection of global fields is random, the analysiduded all fields irrespective of
whether they contained radiolabelled donor celts)-radiolabelled donor cells, or
no donor cells at all. Thus, the mean number ddgiescored was the same (77 = 5
vs. 77 £ 3) and the number of cells analysed wasvatgnt in both groups of

recipient mice® = 0.71).

Local and global apoptosis frequencies were sigaiftly different

Presuming no bystander effect, it was reasonablexigect that the levels of
apoptosis should be the same in the area aroundlaielled donor cells and
throughout the spleen as a whole. The data, howskiewed a significant difference
between the local and global apoptosis frequer(€les 10°, Paired-samples t test

as can be seen Figure 5.2 although the two measurements were highly cdeéla
(Paired sample correlation coefficient 0.717,P < 10%. This discrepancy was
found for both recipient mouse groups, and thus ma@sdue to an effect of the

radiation. An explanation for this variance is thiferent set of cells surveyed with
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each method, as the global screen is unbiasedharidcal screen is limited to areas
of the spleen where the donor T lymphocytes lo&gece the areas and cell-types of
the spleen differ in their levels of apoptosis (&glchiet al, 1995; Takahastet al,

2001b; reviewed in Elmore, 2006), this could expltie difference in bystander

apoptosis measured using the two screening methods.

There was no change in local proliferation

There was no significant differencE € 0.5) in the proliferation of bystander cells
surrounding radiolabelled donor cells comparedystdnder cells surrounding sham-
radiolabelled donor celld={gure 5.3Aand Table 5.4. Initially, 52 £+ 15 fields per
mouse were analysed in the local screen acrostutiiecate spleen sections analysed
for proliferation. However, following th@ost hocexclusion of fields that did not
contain®H-radiolabelled donor cells, the final mean numobkfields analysed was
reduced (38 £ 15), and the number of bystanders catlalysed per mouse was
significantly lower in mice receiving radiolabelletbnor cells compared to those
receiving sham-radiolabelled celB € 0.04). The reduced number of fields analysed
per mouse did not reduce the accuracy of the medguoliferation indices for the
mice receiving radiolabelled cells compared to shadiolabelled cells, i.e. there
was no increase in the average standard error efnkan proliferation index

measured for each mouse.
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Figure 5.3: Local and global proliferation indices in mice receiving sham-
radiolabelled or radiolabelled donor cells

Mice were injected with 5 x 10° *H-radiolabelled or sham-radiolabelled splenic T lymphocytes and
recipient mouse spleens were isolated 22 hours later. Levels of proliferation in the recipient spleen
cells were measured using the local screening method (A); or the global screening method (B).
Circles (O) show the mean of two replicates for each mouse, bars (—) show group means, n = 13
sham-radiolabelled, |5 radiolabelled.
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Table 5.4: Summary of results from local and global screening of proliferation

Mean * 95% Confidence Interval

Donor Cells Received T test
Screen Sham-Radiolabelled Radiolabelled P
Proliferation Local 9.5 +0.9% 9.2 +0.6% 0.5
Index Global 107 + 2.3% 10.1 + 0.8% 0.6

There was no change in global proliferation

There was no significant difference € 0.6) in the proliferation of unirradiated cells
in the spleens of mice receiving radiolabelled dooells compared to those in
control mice receiving sham-radiolabelled donotsc@tigure 5.3Band Table 5.4.
Since selection of global fields is random, thelgsia included all fields irrespective
of whether they contained radiolabelled donor ¢elts-radiolabelled donor cells, or
no donor cells at all. Thus, the number of fieldd the number of cells analysed was

equivalent in both groups of recipient mice.

A single mouse (Mouse #44) that received sham-lalidled donor cells had a
global proliferation index 119% above the group mewhen the same spleen
sections were analysed using the local screenirigadethe local proliferation index
was only 33% above the group mean. When the fielel®e examined manually to
check for discrepanciesFigure 5.4, it was observed that large amounts of
proliferation were occurring in follicular areas loth replicate sections (coefficient

of variation = 0.4%).
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Figure 5.4: Very high levels of Ki-67 staining in Mouse #44

Above are six representative global proliferation images from a single mouse exhibiting very high
levels of Ki-67 staining. Images are pseudo-coloured overlays of Ki-67 staining (green) and DAPI
nuclear counterstain (blue). These fields are examples of sparse, low proliferation (A), and those also
containing localised areas of proliferative activity (B & C) as usually observed in all recipient mice.
Also shown are fields with large regions of intense proliferation (D & E) observed at high frequency
in this mouse. Donor cells were rarely found in these areas and so the excessive proliferation was
largely undetected by the local screening method. No staining was observed when Ki-67 antibody
was omitted (F). Scale bars show 50 pm.
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When the slides were analysed by the local scrgengthod, the bias towards T cell
areas where the donor cells tend to lodge, excludedst of the excessive
proliferation. Although the reason for the outlimained unexplained, the data
were an accurate representation of the extent affgmation in that mouse. This
single outlier was the main cause of the increadaddard deviation in the sham-

radiolabelled recipient group.

Local and global proliferation indices were signdntly different

In a similar manner to the apoptosis results, alghohighly correlated Raired
sample correlation coefficient 0.643,P < 10°) there was a significant difference
between the local and global proliferation indi¢Bs= 0.032,Paired-samples t test
as seen inFigure 5.3. The variation is most likely due to real differescin
proliferation between the total cell population @sered in the global screen) and
donor T cell lodging areas (measured in the locegen), as seen in the example of
the outlier described above. Since the correlabietween the two measurements is
strong, and holds for both the radiolabelled anansihadiolabelled cell recipients,
the level of proliferation in the area surroundiloglged donor cells reflects the
amount of proliferation throughout the spleen. Thie difference between the
proliferation measured using the two screening pugtwas not due to the radiation

dose.
The levels of apoptosis or proliferation for mieeeiving radiolabelled donor cells,

did not change whether a donor cell waspositive

Within the mice receiving radiolabelled donor celise apoptosis frequency &
0.66,Figure 5.5A and proliferation indexR = 0.22,Figure 5.5B8 in the local fields

did not change whether or not the donor cell(s) veambolabelled, consistent with
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expectations assuming no bystander effect. These als no correlation between
the number of radiolabelled donor cells in a lofteld and either the apoptosis
frequency P = 0.35, Spearman’s rho) or the proliferation indgx = 0.06,

Spearman’s rho) in that field.
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Figure 5.5: Apoptosis and proliferation within mice receiving radiolabelled
donor cells in local fields with only 3H-negative donor cells, versus fields with
confirmed 3H-positive donor cells

Within mice receiving radiolabelled donor cells (n =15), the mean apoptosis frequency (A) and the
proliferation index (B) for each mouse was calculated separately in the local fields containing only
non-radiolabelled donor cells and those fields containing at least one radiolabelled donor cell. The
mean and upper 95% confidence interval for all the mice are shown for each category.
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No evidence for significant effects from possilolefocunders

Whether analysing pooled data from the three erpis or each individually, there
were no significant correlations between the sethefmice, or the time order of the
tail vein injections, and apoptosis or proliferatimeasured using either screening
method P > 0.05, Spearman’s rho). Neither were there caticels between a
mouse’s apoptosis frequency or proliferation indesing either screening method)
and their donor cell lodging frequency ¢ 0.05, Paired sample correlations). In a
comparison of the three experiments, there wagrafsiant difference in the mean
global apoptosis frequency (in both treatment gsdujue to a higher frequency in
the first of the three experimen® € 0.001, ANOVA). Re-examination of the global
screens for the first and second experiments (ageduwithin the same week) for
any inconsistencies confirmed that the TUNEL-pusitiscores assigned were

representative of the extent of apoptosis in tregaraphed fields.

Although the trend for greater apoptosis in thetfexperiment was the same, there
was no significant difference between the repegtesments using the local
apoptosis screen to examine the same spleen sedfidhe three experiments were
analysed separately (instead of analysing the gdodlata), the results of the

hypothesis tests to detect a bystander effect stdr@ot significant.

Under this first set of experimental conditionstees the introduction of irradiated
cells into the spleen did not alter the apoptotic pooliferative responses of
unirradiated bystander cells and thus supportectitiehypothesis of no bystander

effect.

Detection of bystander effects from chronicalladiated lymphocytes lodged in unirradiated
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Detection of bystander effects from increased numibg of
chronically irradiated lymphocytes

Results from a number of studies suggest thatnithection of bystander effects may
have a lower-threshold for irradiated cell numbéist example®H radiolabelling
induced a proliferation bystander effect in muligar clusters only after the ratio of
irradiated to unirradiated cells reached 1:1 (Gerhsnko and Howell, 2005). Some
bystander studies have reported significant effaftes irradiating only a single cell
(Shaoet al, 2003d); some, show bystander effects increasiitly wadiated cell
number (Mothersill and Seymour, 1997), whilst otheshow bystander effects
independent of irradiated cell numbers (O@ial, 2002). Thus, as the data can
currently support any of these possibilities, thergquisite of a minimum number or
proportion of irradiated cells for the induction afbystander effean vivo is still
unclear. However, since a dependence on irrad@kchumbers does exist in some
experimental systems, it is possible that such midgrece will also exist using the
adoptive transfer method described here. Thusnbgaseen no change in apoptosis
or proliferation in the unirradiated bystander €eh initial experiments, this next
investigation repeated the previous experimentsguie same parameters, except
for a tenfold increase in the number of cells itgdcper mouse. The aim of this
experiment was to create a realistic bystanderenmientin vivo, now with a higher
ratio of irradiated-to-unirradiated cells, and thewonitor the response of the

unirradiated cells in the recipient spleen tissue.

The use of pKZ1 transgenic recipient mice in thigpeziment allowed the
quantification of chromosomal inversions in the taypsler spleen cells. Fifteen
pKZ1" donor mice were used to prepare the radiolabeltetr cell culture. Donor

cells were radiolabelled for 18 h with 1.48 kBq.Mbf [methyl-H]-thymidine or
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sham-radiolabelled with the equivalent molar com@gion of non-radioactive
thymidine. By the end of the radiolabelling peri@d% of cells had incorporatéHi-

thymidine into their DNA. Sham-radiolabelled cell®re free of autoradiography
grains. The incorporated radioactivity was 0.19 migg donor cell; the adjusted
radioactivity was 0.23 mBq per radiolabelled doweil. The radioactivity of the
sham-radiolabelled donor cells was negligible. éddinor cells (radiolabelled and
sham-radiolabelled) were labelled brightly with tBMRA fluorescent probe before

adoptive transfer.

Six pKZ1" mice were injected with 5 x Y@adiolabelled donor T lymphocytes
whilst a further five received the same number ledns-radiolabelled donor cells;
each were euthanised 22 h after adoptive tranBferdonor cell lodging frequencies
in the spleen were equivalent in the mice receivajolabelled cells (2.6 = 0.9 x
10°) and those receiving sham-radiolabelled cells 1181 x 10% P = 0.24). The

lodging frequencies were an average 13.4-fold lniglfter the injection of ten times
more donor cells than used in the initial experitagsuggesting that the lodging
sites in the spleen for donor cells were not yétrséed Figure 5.9. Only global

screens for apoptosis and proliferation were peréal, as it was not possible to
photograph individual donor cells in isolation dodhe large number of cells lodged
in the spleen. Autoradiography in radiolabelled-egekipients revealed that 66 + 7%
of donor cells surveyed across the four local seeere in fact radiolabelled (lower
than before the adoptive transfer); donor cellsspleen sections from sham-

radiolabelled cell-recipients were free from authography grains.
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Figure 5.6: Lodging patterns in spleens of mice receiving 5 or 50 x 10° donor cells

A single spleen section from a mouse receiving 5 x 10° sham-radiolabelled donor cells (A) or 5 x 10¢
sham-radiolabelled donor cells (B) was photographed in a series of overlapping microscope images at
40% magnification, on the DAPI and CMRA fluorescence channels. The outline of the DAPI-stained
spleen section is shown and the locations of lodged CMRA-positive donor cells are marked (not to
scale, inflated = 5 fold for visual clarity). Scale bars show | mm. The difference in the size of the two
spleen cross-sections is due to the plane of the cutting through the spleen and is not representative
of a difference in actual spleen size.
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Results
There were no changes in apoptosis, proliferatiopkZ1 chromosomal inversions

There was no difference in global apoptosis fregyefP = 0.6) or global
proliferation index P = 0.25) between mice receiving radiolabelled dareils and
those receiving sham-radiolabelled cellaffle 5.5. The pKZ1 inversion frequency
was not significantly different between treatmerdups Table 5.5 although there
was a trend towards a reduction in pKZ1 inversieqgdiency P = 0.075,Figure 5.7

in mice receiving radiolabelled cells. The largenstard deviation in both groups was
due to single mice with pKZ1 inversion frequenciidgergent from the rest of the
group. The outlier in the sham-radiolabelled dooelt—recipients was 58% below
the group mean, although the variation betweertrtplicate assays was high (1.4 +
1.3 x 10%. The outlier in the radiolabelled donor cell-ments was 2.6-fold higher
than the mean; however, the high inversion frequéme¢his mouse was remarkably
consistent across the triplicate sections scoréo4.2 x 10f). Except for these two
mice, a robust decrease in inversions might haea béserved; however, to confirm

this trend, the experiment would need to be repeaténcrease the sample size.

Table 5.5: Summary of results from global screening of apoptosis,
proliferation and pKZ]1 inversions

Mean £ 95% Confidence Interval

Donor Cells Received T-test
Screen Sham-Radiolabelled Radiolabelled P
Apoptosis Global 50+06%10° 55+ 1.3x[0° 0.6
Frequency
Proliferation | | 116 +2.6% 14,68 + 4.0% 0.25
Index
PKZI Inversion - | 1 33+ 1.1 x10* 17+ 1.4x10* 0.075

Frequency

* pKZ1 inversions were screened using a modified global screening protocol.
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Figure 5.7: pKZ| chromosomal inversion frequencies in mice
receiving sham-radiolabelled or radiolabelled donor cells

Mice were injected with 5 x 10° *H-radiolabelled or sham-radiolabelled splenic T lymphocytes and
recipient mouse spleens were isolated 22 hours later. Chromosomal inversions in the recipient
spleen cells were measured using the modified global screening method. Circles (O) show the mean
of three replicates for each mouse, bars (—) show group means, n = 5 sham-radiolabelled, 6
radiolabelled.

Proliferation index correlates with donor cell déiysn global fields

There was a significant negative correlati®n=10° Spearman’s rho) between the
number of donor cells lodged in a global field ahd proliferation index measured
for that same field in mice receiving sham-radiel&ds or radiolabelled donor cells

(Figure 5.9.
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Figure 5.8: Effect of donor cell lodging density on
proliferation index in global fields

The level of proliferation was assessed for each global field and was plotted here against the number
of lodged donor cells appearing in the field. Results are shown separately for fields from mice
receiving sham-radiolabelled (A) and radiolabelled donor cells (B).

This likely reflects a tendency for donor cellsltalge in non-proliferative T cell
areas rather than in the highly proliferative B pmcyte rich areas (a similar trend,
although not significant was observed when injecgrx 13 donor cells in the initial
experiments). There was no significant correlatimiween the number of donor
cells lodged in a field and the apoptosis frequemmasured for that same field.
There were no correlations between a mouse’s apispfeequency, proliferation
index or pKZ1 inversion frequency, and their degvéelonor cell lodgingR > 0.2,

Paired Sample Correlation) for either recipient segroup.
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Thus, even increasing the ratio of irradiated-tovadiated cells by greater than 13-
fold compared to the previous experiments, didimdtice a bystander effect for the
three endpoints (apoptosis, proliferation and pkhitomosomal inversions) used

here.

Detection of bystander effects from increased nusbé&chronically irradiated lymphocytes 163



Use of the adoptive transfer method to study bystater effects in vivo

Detection of bystander effects from chronically iradiated
lymphocytes after longer-term lodgingin vivo

After high-dose whole-body irradiation, the peak splenic apoptosis in mice is
within the first 12 h after exposure (Takahashal, 2001b; Takahaslkit al, 2003).
However, between 8 h and 24 h after irradiatiorhv8t Gy, apoptosis in mouse
spleens goes from being predominantly in the whitky-to occurring within the red-
pulp (Komaroveet al, 2000) suggesting both rapid and delayed inducidn
apoptosis. Similar timing of the anti-proliferativesponse to radiation is observed in
spleen (Komarovat al, 2000). Examining spleen tissues for bystandexcesfafter
22 h in the initial experiments, was aimed at alt@ytime for the donor cells to
transit to the spleen, lodge and initiate a sigaad then time for bystander cells to
respond. It should be noted, that since the raoédled cells receive continual,

repeated irradiations, 22 h after injection doesagmate to 22 h post-irradiation.

Even though ICCM can induce early events in thepaymis cascade in bystander
cells as rapidly as 30 s after medium-transfer ¢.gnal, 2000), it can also induce
prolonged increases in apoptosis in bystander amilsto 48 h after exposure
(Mothersill and Seymour, 1997; Lyred al, 2000). A sustained increase in bystander
apoptosis days after exposure to irradiated cellsomditioned medium suggests
either a delayed/long-term production of the bydénsignal from the irradiated
cell(s), or a delayed response in the unirradidtgstander cells. Evidence for the
former comes from experiments showing that mediwtlected from irradiated
cultures up to 18 days after irradiation is ableinduce a toxic bystander signal
(Lewis et al, 2001), even following continued replenishmenthwitesh medium.
Reactive oxygen species levels are increased ot to after direct irradiation and

out to 30 h in co-cultured bystander cells (Yah@l, 2005). Irradiating only a
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fraction of cells withu-particles induces bystander apoptosis in fibrdblafter three
days (Belyakowet al, 2001) and in bystander explant outgrowths froredho seven

days after irradiation (Belyakast al, 2002; Belyakowet al, 2003, 2006).

Evidence for long-term bystander proliferation i®re difficult to discern from
published studies since most assays only quardltive increases in the final cell
number which cannot distinguish between early @ases of short duration or
sustained, low-level mitogenic responses (Gerastkdhet al, 2004). Data
suggestive of sustained proliferation responsdsystander cells include increased
proliferation during a 24-h co-culture with carbimm irradiated cells, which
continued when the bystander cells were removeauatex and subcultured for a
further 84 h (Shaet al, 2003a). Furthermore, expression of the cell-cgeleendent
proliferation marker proliferating-cell nuclear ay@n (PCNA) increased twofold in
bystander cells 24 h after exposure to medium froarticle irradiated cells

(lyer et al, 2000).

The time of analysis for most bystander endpoirgtsdictated either by the
experimental design or is chosen based on a teingtoidy to find the time of peak
induction. Since bystander apoptosis and prolifenahave both been observed up to
several days after exposure, and in some casespgretved at earlier time points, it
was possible that the same delayed timing was ooguin thein vivo bystander
system. Having observed no bystander effects afterday of lodgingn vivo, the
aim of these experiments was to create a reabggtander environmeit vivo and
monitor the response of the unirradiated cellshia tecipient spleen tissue over a

longer period. Thus, this investigation repeated thitial experiments, except
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allowing three days for the donor cells to remaidged in the spleen tissue before

collecting tissues for analysis.

For each of two replicate experiments, five pKZdonor mice were used to prepare
the radiolabelled donor cell culture. Donor cellsrevradiolabelled for 18 h with 1.48
kBg.mL* of [methyl®H]-thymidine or sham-radiolabelled with the equar molar
concentration of non-radioactive thymidine. By tred of the radiolabelling period,
772 + 0.1% of cells had incorporatett-thymidine into their DNA. The
incorporated radioactivity for the first experimemas 0.23 mBq per donor cell; the
adjusted radioactivity was 0.31 mBqg per radiolagkldonor cell. Radiolabelling
dosimetry was not independently confirmed for tleeond experiment, however,
identical radiolabelling conditions were used, mpayation rates were near identical
to the first experiment (77.1% vs. 77.2%) and adoorgraphy confirmed similar
grain densities Kigure 5.9. The average radioactivity of the sham-radiolksakl
donor cells, measured for both trials, was negkg{p.6 + 6.9 x 18 mBq per cell).
Sham-radiolabelled cells were free of autoradiolgyagrains in both trials. All donor
cells (radiolabelled and sham-radiolabelled) weaitteelled brightly with the CMRA

fluorescent probe before adoptive transfer.

Over the two replicate experiments, sixteen mice4 (pKz1” and
2 pKZ1") were injected with 5 x fQadiolabelled donor T lymphocytes, whilst a
further seventeen mice (16 pKZ&nd 1 pKz1") received sham-radiolabelled donor
cells (Experiment One: 10 sham, 8 radiolabelledpdfixnent Two: 7 sham, 8
radiolabelled). In addition, during the second eipent, three pKZL mice

received vehicle-only tail vein injections (200 PBS) and two pKZL mice were
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placed under the anaesthetic but were not injedisth recipient mouse was

euthanised 72 h after adoptive transfer.

The donor cell lodging frequencies in the spleerrewequivalent in the mice
receiving radiolabelled cells (9.1 + 5.2 x ®)0and those receiving sham-
radiolabelled cells (9.0 + 6.0 x ?0P = 0.9). Autoradiography in radiolabelled cell-
recipients revealed that 21 + 8bdonor cells identified in the local screens wiere
fact radiolabelled (cf. 77.2 £ 0.1% labelling bef@adoptive transfer); donor cells in
spleen sections from sham-radiolabelled cell-reciis were free from
autoradiography grains. The proportion of Ki-67-+pes donor cells was <3% in
either recipient mouse group 72 h after adoptiaadfer, suggesting that the effect of

the mitogen had dissipatadvivo.
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Figure 5.9: Equivalent donor cell radiolabelling in duplicate trials

Radiolabelled donor cells were sampled at the end of the 18-h radiolabel incorporation period and
processed for autoradiography. Brightfield images (226 ym X 173 pm) of radiolabelled donor cell
autoradiogram from Experiment | (A) and Experiment 2 (B) are shown. Images show deposited
autoradiography silver grains and outlines of cell nuclei (detected by DAPI counterstain). Both
autoradiograms were exposed for 168 h, scale bars show 25 pm.
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Results
No changes in apoptosis or proliferation

No changes in apoptosis or proliferation were oleskrin the area surrounding
lodged donor cells using the local screening metlodcross the spleen using the
global screening method dble 5.9. There was no significant difference in the rank
order between the mice receiving PBS only, the ritiaéwere anaesthetised without
injection, and the mice receiving sham-radiolalekltells for either apoptosi® (>

0.105, Mann Whitney U-test) or proliferatioR $ 0.57, Mann Whitney U-test).

As in the previous experiments, there was a sicgrifi negative correlation between
the number of donor cells lodged in a field and ghaiferation index measured for
that same fieldable 5.7. There was a weak, but significant positive datren
(Correlation Co-efficient = 0.08-0.12Z, < 0.035, Spearman’s rhp between the
number of donor cells lodged in a global field #@he apoptosis frequency measured
for that same field, however, this effect was samih both recipient mouse groups
(Table 5.7). The same correlation was only observed for mieeeiving sham-
radiolabelled donor cells in local field$gble 5.7, possibly a result of the reduced
number of local fields examined when fields contegmnon-radiolabelled cells were

excluded.
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Table 5.6: Summary of local and global screening
results for apoptosis and proliferation

Mean £ 95% Confidence Interval

Donor Cells Received T test
Sham- .
Screen Radiolabelled Radiolabelled P
. Local 63+12x10° 64+18x 107 08
Apoptosis
Frequency - pal 52+08x10°  51%1.0x10° 08
Proliferation -0 9.3 +09% 94+ 1.9% 0.95
Index Global 11.9 +2.5% 13.4 +2.8% 0.4

Table 5.7: Correlations between number of donor cells
and proliferation/apoptosis in local and global fields

Spearman’s rho correlation probability

(P)
Donor Cells Received
Sham- .
Screen Radiolabelled Radiolabelled
Proliferationin ) | 0012 0.000001
field versus
Donor cells - 1) 0.00005 0.02
per field
Apoptosisin | | 0.000002 022
field versus
Donor cells - 1) 0.001 0.035
per field
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Comparing the averaged data for each mouse, aasidsitive correlation was
observed for the apoptosis frequency and mean dmiblodging frequency within
mice (Table 5.8and Figure 5.10Q. This correlation was not observed in the initial
experiments of this study, where spleen tissueg &palysed: 1 day after adoptive

transfer Figure 5.10.

Table 5.8: Correlations between donor cell lodging
frequency and global and local apoptosis frequencies

Apoptosis
V:,ZE?BT:!, Paired-sample correlation
cell lodging probability (P)
frequency

Donor Cells Received

Screen Sham-Radiolabelled Radiolabelled
Local 0.001 0.008
Global 0.019 0.045
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Figure 5.10: Correlation between apoptosis frequency and donor cell lodging
frequency for analysis of spleen tissues at one or three days

The global (A) and local (B) apoptosis frequencies and donor cell lodging frequencies were
determined for mice receiving 5 x 10° sham-radiolabelled or radiolabelled donor cells with tissues
analysed after one day (initial experiments conducted under the original conditions) or three days
lodging in vivo (the current set of experiments). The mean value for each mouse is shown (O), along
with a line of best fit (least squares linear regression) and 95% confidence intervals for the fit.
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In the studies of Schwulst al. (2007), mice adoptively transferred with 7 x’ 10
uninjured splenocytes induced apoptosis in rectpteen cells after 24 h; an effect
further exacerbated by injecting dying cells. A i&m radiation-independent
bystander effect of transplanted cells cannot l#uebed in this case, although, the
cell numbers injected in this study were two ord#rsnagnitude lower and the
effect was not observed after 22 h, only after .72Here was not enough data to test
the hypothesis of a causative relationship betwdmror cell lodging (irradiated or
unirradiated) and delayed apoptosis in recipiernieesp cells. There were no
correlations P > 0.05) between proliferation index and the degvéalonor cell

lodging within mice for either recipient mouse gooar screening method.

Thus, even allowing the donor cells to interacthwihie unirradiated recipient cells
for three days did not induce a bystander effectafmptosis or proliferation using
the adoptive transfer model. These results suppemull hypothesis of no bystander
effect. A positive correlation between the numbledanor cells lodged in a field and
the level of apoptosis in the field was found fottbrecipient mouse groups (sham-
radiolabelled and radiolabelled); a similar cortiela was found between the global

apoptosis frequency and the donor cell lodgingudesgy within mice.
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Detection of bystander effects from high dose-ratehronically
irradiated lymphocytes

The question of dose-dependency for the inductromagnitude of bystander effects
has no doubt received the most research attentrare she identification of the

bystander phenomenon. The research has proceeedwo directions; the first has
focussed on the higher ranges as relevant to ety (relating more to abscopal
effects), the second, aims to lower the experimetdges towards the range of
radiation protection limits with the aim of idenfifig a threshold-dose. In the former,
bystander experiments are often conducted using mm acute dose, for example,
from 10 Gy (Kanasuget al, 2007) up to 15 Gy (Gauglet al, 2007), compared to

an unirradiated control group. Other investigatass lethal chronic irradiation with

dose-rates >2-fold higher than required to Kill tieells (Xueetal, 2002;

Kishikawaet al, 2006).

Experiments conducted specifically to determineosegresponse include ranges of:
1-7 Gy X-rays (Lewigtal, 2001), 0.05-3 Gy X-rays (Schettirbal, 2003;
Schettinoet al, 2005), 1-10 Gyy-rays (Baskaet al, 2007), 0.005-5 Gyy-rays
(Seymour and Mothersill, 2000; Mothersill and Seyum@002) and 0.25-2.5 Gy of
a-particles (Baskaet al, 2007). Whilst some experiments show an effectase on
the level of bystander responses (Seymour and Mth@000; Baskaet al, 2007),
most do not produce a predictable dose-responatorethip, and many show no

dependence on dose at all (Lewtsal, 2001; Yanget al, 2005).

A number of studies have been conducted only withsed below 1 Gy
(Ermakovet al, 2005; Mothersillet al, 2005b; Shankaat al, 2006; Ermako\et al,

2007), or including one high and one low dose (Lghgl, 2000, 2002b;
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Mothersill et al, 2005b). Together, the results of these dose-nsgpexperiments do
not allow a prediction one way or the other, foretiter a bystander effett vivo
would be dependent on dose. However, since someeriexgntal systems
demonstrate a dose-dependency, it is possibletiieatioses used in the previous
adoptive transfer experiments were below such ae-tlugshold. Thus, this
experiment aimed to create a bystander environnmenivo with irradiated cells
receiving a high dose-rate and high cumulative dasd then monitor the response
of the unirradiated cells in the recipient spleissue. This experiment repeated the
conditions of the original experiments, but thiseiincreasing théH activity in the

radiolabelling medium by 50-fold.

Spleens from eight donor pKZImice were used to establish the radiolabelled dono
cell culture. Donor T cells were radiolabelled & h with 74 kBg.mL* of [methyl-
3H]-thymidine or sham-radiolabelled with the equéesmt molar concentration of non-
radioactive thymidine (23.25 nM). By the end of tiagliolabelling period, 51% of
cells had incorporatetH-thymidine into their DNA. Sham-radiolabelled seivere
free of autoradiography grains. The incorporatetioactivity was 14.05 mBqg per
donor cell; the adjusted radioactivity was 27.5 migg radiolabelled donor cek: (
100-fold higher dose rate than the previous expamis). The average radioactivity
of the sham-radiolabelled donor cells was negleail#lll donor cells (radiolabelled
and sham-radiolabelled) were labelled brightly wile CMRA fluorescent probe

before adoptive transfer.

Five pKZ1" mice were injected with 5 x @adiolabelled donor T lymphocytes
whilst a further six received the same number ainstadiolabelled donor cells.

Each recipient mouse was euthanised 22 h aftertiadopansfer and their tissues
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isolated. The donor cell lodging frequencies ingpkeen were significantly loweP (

= 10") in the mice receiving radiolabelled cells (0.6.2 x 10%) compared to those
receiving sham-radiolabelled control cells (2.2 2 & 10%. Autoradiography in
radiolabelled cell-recipients revealed that only &% of donor cells identified in the
local screens were in fact radiolabelled (cf. 5Helling before adoptive transfer).
Donor cells in spleen sections from sham-radioladeatell-recipients were free from
autoradiography grains. The reduction in the proporof radiolabelled donor cells
was further evidenced by the significant differenoethe proportion of Ki-67—
positive donor cellsR = 7 x 10°%) between the mice receiving sham-radiolabelled

donor cells (39.6 + 2%) and those receiving radhelizd donor cells (10.6 + 4%).

Results
There were no changes in apoptosis or proliferation

There was no change in global apoptosis frequeRcy (Q.7) or the proliferation
index P = 0.99) in the spleen between mice receiving tabd&led donor cells and
those receiving sham-radiolabelled cellsljle 5.9. Because only 5% of the lodged
donor cells remaining after 22it vivo were radiolabelled, there were too few fields
to examine the radiolabelled fields alone. Howesarce the donor cells are known
to lodge non-randomly, examination of the areasiradahe surviving lodged donor
cells was likely to survey the areas where theofatelled donors were lodged
shortly after adoptive transfer. Thus, the locakening was still performed on the

spleen tissues without excluding fields where thead cells were not radiolabelled.
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Table 5.9: Summary of global screening results for apoptosis and proliferation

Mean £ 95% Confidence Interval

T-test
Donor Cells Received
Screen Sham-Radiolabelled Radiolabelled P
Apoptosis 1) 65+ 15%10°  68+06x 107 0.7
Frequency
Proliferation ) ) 1 10.8 + 3.4% 109 + 3.5% 0.99

Index

Similar to the results using the global screeningthod, there was no change in
apoptosis frequencyP(= 0.9) between mice receiving radiolabelled docells (8.6

+ 1.4 x 10°, + 95% Cl) and those receiving sham-radiolabetietis (8.6 + 1.5 x
103, + 95% CI) using the local screening method (withexcluding unlabelled
donor cells). Similarly, there was no change in phaliferation index in the spleen
(P = 0.66) between mice receiving radiolabelled daredis (9.0 + 2.3%, = 95% CI)
and those receiving sham-radiolabelled cells (816726, 95% CI) when examining
all the local fields. There were no significant retations with donor cell density
within fields or the donor cell lodging frequencytlin mice, for either apoptosis or

proliferation @ > 0.05).

Thus, even increasing the dose-rate of the irradidbnor cells by 100-fold did not
induce a bystander effect for apoptosis or pratien using the adoptive transfer

model. These results support the null hypothesisdiystander effect.

Detection of bystander effects from high dose-cit®nically irradiated lymphocytes 177



Use of the adoptive transfer method to study bystater effects in vivo

Detection of bystander effects from splenocytes eapedex vivo to X-
radiation

Bystander effects from low-LET radiations have jpoesgly been studiedh vitro
using eitherp-particles (Gerashchenko and Howell, 2004; Persaad, 2005;
Boyd et al, 2006; Persaudt al, 2007) or photons (Mothersill and Seymour, 1997;
Seymour and Mothersill, 2000; Gerashchenko and Hp2@03a; Liuet al, 2004;
Schettinoet al, 2005). Experiments labelling wifbparticle emitting radionuclides
produce a much lower dose-rate in the irradiatéld ttean those applying a single X-
or y-ray dose. Differences in the levels of damage yered (Stenerlovet al, 2002)
and any interfering effects of prolonged radiatexposure (Amundsoet al, 2003)
could alter the response of the irradiated celts. é&xample, in a direct comparison
between photons arfidparticles, bystander cytotoxicity saturated ab?2v@y y-rays
whilst increasing uptake df induced dose-dependent reductions in bystander ce

survival (Boydet al, 2006).

In order to determine whether an acute X-ray doselavinduce a bystander effect in
the adoptive transfer system, whetid-radiolabelling had not, the aim of this
experiment was to create a bystander environmmewit/o using donor cells exposed
ex vivoto a single dose of X-radiation, and monitor tesponse of the unirradiated
cells in the recipient spleen tissue. Two radiatioses were chosen; 0.1 Gy, a lower
dose similar to that applied in the chronic radieling experiments, and 1 Gy, a
higher dose in the range commonly used in bystaedperiments conducteith

vitro.

Five donor C57BL/6J mice were euthanised to estalihe acute irradiated donor

cell culture. Donor splenocytes were irradiatedhwitl Gy, 1 Gy or were sham-
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irradiated. Six C57BL/6J mice were injected with5l0° 0.1 Gy-irradiated donor
splenocytes, six received 5 x°10 Gy-irradiated donor splenocytes whilst a further
eight received the same number of sham-irradiabeddcells. Each recipient mouse
was euthanised 22 h after adoptive transfer and tiesues isolated. The donor cell
lodging frequencies in the spleen were significaaffected by treatment group €
0.025, ANOVA) across mice receiving 1 Gy irradiatedls (3.6 + 0.6 x 16), 0.1
Gy irradiated cells (6.2 + 1.9 x Ppor sham-irradiated cells (5.8 + 2.3 X3 @Table
5.10 and Figure 5.1). Post-hoc multiple comparisons showed a significant
difference only between the 0.1 and 1 Gy grolps 0.037,Bonferroni correctioi.

As expected, since no mitogen was added, the piopoof Ki-67—positive donor

cells was <5% in each of the mouse groups.

Table 5.10: Summary of local and global screening
results for apoptosis and proliferation

Mean * 95% Confidence Interval

Donor Cells Received ANOVA
Screen 0 Gy 0.1 Gy I Gy P
Apoptosis Local 4.1 +08%x10° 44+09x%10° 42+08x10? 0.9
Frequency  Giobal 30£03x10° 33+05x10% 33+05x]0°% 0.5
Proliferation  Local 10.9 + |.4% 112 + 1.4% 9.9 + 1.0% 0.3
Index Global 113+ 1.2% 12.6 +2.0% 1.1+ 1.4% 0.4
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Figure 5.11: Donor cell lodging frequencies in the spleens of recipient mice

The donor cell lodging frequency was determined for each mouse from the duplicate global screens
on TUNEL- and Ki-67—stained spleen sections. Circles (O) show mean values for each mouse, bars
(—) show group means, n = 8, 6, 6 (0 Gy, 0.1 Gy, | Gy).

Results
There were no changes in apoptosis or proliferation

There was no effect of treatment group on apoptiosguency or the proliferation
index in bystander cells between mice receiving.D,0or 1 Gy-irradiated cell@able

5.10 using either screening methdd ¥ 0.3, ANOVA). There were no significant
correlations with donor cell density within fields, the donor cell lodging frequency

within mice, for either apoptosis or proliferati@ > 0.05).

Again, these results failed to meet the criterienfer the detection of a bystander
effectin vivo. Thus, donor cells irradiated with either 0.1 o&§ did not induce a

bystander effect using the adoptive transfer model.
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Summary

This chapter described a series of investigatiomsdétect radiation-induced
bystander effectsin vivo, examining a range of experimental conditions as
summarised iMmable 5.11 In each of the experiments detailed here, thexeewo
significant differences in apoptosis or prolifeoatibetween mice receiving irradiated
donor cells and those mice receiving sham-irradiatetrol cells, for either the local
or global screening method3able 5.12. As such, no evidence was found for a
radiation-induced bystander effect in this vivo system. Similarly, when pKZ1
inversions were analysed in spleen tissues fromstyenic pKZ1'" recipient mice in
the increased cell numbers experiment, no sigmficdifference between the
treatments groups was found; although, the tremdhartds a decreased inversion
frequency was the largest effect size observedobtite three endpoints examined
(48.5% decrease). The frequency of pKZ1 inversars now be determined in the
recipient mouse spleens from the longer-term Iloglgiand high dose-rate
experiments (which also included pKZransgenic recipient mice) to investigate if
a similar effect is observed. The performance efatoptive transfer method as well
as the significance and implications of the resd#scribed in this chapter will be

discussed in the Chapter Six.
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Table 5.1 1: Summary of experimental conditions

Maximum Number of Lodging
Dose- L2
. s Accumulated cells time in
Experiment Irradiation rate . .
(mGy.h) dose adoptively vivo
’ (mGy) transferred (h)
Inicial H 3.1 96 500,000 2
experiments
Increased
donor cells *H 2.16 67 5,000,000 22
experiment
Longer-term
lodging *H 291 236 500,000 72
experiments
High dose-
rate *H 258 7998 500,000 22
experiment
X-rays 300,000 100 500,000 22
Acute X-ray
experiment
X-rays 300,000 1000 500,000 22
Summary
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Table 5.12: Effect sizes for apoptosis and proliferation across the series of
experiments conducted to detect a radiation-induced bystander effect in vivo

Experiment

Apoptosis

Proliferation

Initial
Experiments

Increased cell
numbers
experiment

Longer-term
lodging
experiments

High
dose-rate
experiment

Acute X-ray
experiment:
0.1 Gy

Acute X-ray
experiment:
I Gy

Screening Method

Local

Global

Screening Method

Local

Global

-10.5%

ND

+1.6%

0%

+2.4%

+7.3%

-7.1%

+10%

-1.9%

+4.6%

+10%

+10%

-3.2%

ND

+1.0%

-4.5% °

+2.8%

-9.2%

-5.6%

+27%

+12.6%

+0.9%

+11.5%

-1.8%

Effects sizes are calculated as the mean apoptosis frequency/proliferation index in the mice receiving
radiolabelled/irradiated donor cells divided by the levels in the mice receiving sham-
radiolabelled/sham-irradiated donor cells, minus 100%. Positive effect sizes indicate increases above
the control, negative effect sizes represent decreases compared to the control mice.

ND- Local screening method not used

a Local screening method performed on all fields without excluding non-radiolabelled donor cells.
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