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Âïëèâ ïëàçìè êðîâ³ ïàö³ºíò³â
ï³ñëÿ ïðîìåíåâî¿ òåðàï³¿ íà ð³âåíü àïîïòîçó
â íåîïðîì³íåíèõ ëåéêîöèòàõ ëþäèíè

The Effect of Radiotherapy Patients�
Blood Plasma on the Apoptosis Rate
in Unirradiated Human Leukocytes

Öåëü ðàáîòû: Èìåþò ìåñòî ïðîòèâîðå÷èâûå äàííûå î ðà-
äèàöèîííî-èíäóöèðîâàííîì òîêñè÷åñêîì «ýôôåêòå ñâèäå-
òåëÿ», îïîñðåäîâàííîì ïëàçìîé îáëó÷åííîé êðîâè ÷åëîâå-
êà. Â ñâÿçè ñ ýòèì öåëüþ äàííîé ðàáîòû áûëî îöåíèòü âîç-
ìîæíîñòü èíäóêöèè àïîïòîçà â ëåéêîöèòàõ ïåðèôåðè÷åñêîé
êðîâè ÷åëîâåêà ïîä äåéñòâèåì ïëàçìû êðîâè îíêîëîãè÷å-
ñêèõ áîëüíûõ, ïîëó÷àâøèõ ëó÷åâóþ òåðàïèþ (ËÒ).

Ìàòåðèàëû è ìåòîäû: Ïëàçìó âûäåëÿëè èç êðîâè 18
áîëüíûõ ðàêîì òåëà ìàòêè äî è ïîñëå êóðñà äèñòàíöèîííîé
ËÒ 60Co íà îáëàñòü ìàëîãî òàçà (20 × 2 Ãð, 5 ñåàíñîâ â íåäåëþ
íà àïïàðàòå ÐÎÊÓÑ-ÀÌ). Ëåéêîöèòû, âûäåëåííûå èç êðî-
âè çäîðîâîãî äîíîðà, âûäåðæèâàëè â êóëüòóðå â ïðèñóò-
ñòâèè ïëàçìû êðîâè ïàöèåíòîê â òå÷åíèå 24 ÷ ïðè òåìïåðà-
òóðå 37°C. Êîíòðîëåì ñëóæèëè êóëüòóðû áåç ïëàçìû è êóëü-
òóðû ëåéêîöèòîâ, âûäåëåííûõ èç äîíîðñêîé êðîâè ïîñëå
γ-îáëó÷åíèÿ in vitro â äîçå 2 Ãð. Àïîïòîç â ëåéêîöèòàõ èçìå-
ðÿëè ñ ïîìîùüþ òåñòà Àííåêñèí V ìåòîäîì ïðîòî÷íîé öèòî-
ôëóîðèìåòðèè.

Ðåçóëüòàòû: Ïëàçìà êðîâè îíêîáîëüíûõ, ïîëó÷åííàÿ
êàê äî, òàê è ïîñëå êóðñà ËÒ, íå âûçûâàëà ýôôåêòà â âèäå
ïîâûøåíèÿ óðîâíÿ àïîïòîçà â êëåòêàõ-ðåñïîíäåíòàõ. Â
îòëè÷èå îò ýòîãî, íåïîñðåäñòâåííîå îáëó÷åíèå ïðèâîäèëî ê
çíà÷èìîìó âîçðàñòàíèþ âûõîäà àïîïòîòè÷åñêèõ êëåòîê,
êîòîðîå ïðåâûøàëî âñå ôëóêòóàöèè âûæèâàåìîñòè êëåòîê-
ðåñïîíäåíòîâ, êóëüòèâèðîâàííûõ â ïðèñóòñòâèè ïëàçìû
êðîâè îíêîáîëüíûõ.

Âûâîäû: Îöåíêà âîçìîæíûõ íåìèøåííûõ ýôôåêòîâ ðà-
äèàöèîííîãî âîçäåéñòâèÿ, îïîñðåäîâàííûõ ïëàçìîé êðîâè
îíêîïàöèåíòîâ ïîñëå ËÒ, òðåáóåò ïðèìåíåíèÿ èíûõ òåñòîâ
âìåñòî èçìåðåíèÿ àïîïòîçà â íåîáëó÷åííûõ íåñòèìóëèðî-
âàííûõ ëåéêîöèòàõ.

Êëþ÷åâûå ñëîâà: «ýôôåêò ñâèäåòåëÿ», ëó÷åâàÿ òåðàïèÿ,
àïîïòîç, ïëàçìà êðîâè ÷åëîâåêà, ëåéêîöèòû, öèòîòîêñè÷åñ-
êèå ôàêòîðû ïëàçìû.

Objectives: There are rather contradictory data concerning radiation-induced, toxic bystander effects mediated by human
irradiated blood plasma. Therefore, the aim of the present study was to assess whether cancer patients� blood plasma after
radiotherapy can induce an apoptosis in primary human peripheral blood mononuclear cells (PBM).

Material and Methods: Plasma was collected from blood of 18 uterine cancer patients before and after 60Co radiotherapy to
the pelvis (20 × 2 Gy, 5 fractions/week). Healthy donor�s PBM were separated with Histopaque and held in medium with the test
plasma for 24 h at 37 °C. The controls were plasma-free cultures and cultures of PBM separated from the donor�s blood given
2 Gy γ-rays in vitro. Apoptosis in reporter PBM was measured by the Annexin V test using flow cytometry.

Results: Patients� blood plasma collected either before or after radiotherapy did not produce any apoptotic response above
the control level in reporter PBM. By contrast, direct irradiation caused significant apoptotic death in PBM, which yield exceeded
any fluctuations of reporter PBM survival caused by patients� plasma.

Conclusions: Other assays instead of apoptosis in unirradiated quiescent leukocytes should be applied for detecting possible
untargeted radiation effects mediated by radiotherapy patients� blood plasma.

Key words: bystander effect, radiotherapy, apoptosis, human blood plasma, leukocytes, cytotoxic plasma factors.

Ìåòà ðîáîòè: ²ñíóþòü ñóïåðå÷ëèâ³ äàí³ ùîäî ðàä³àö³é-
íî-³íäóêîâàíîãî òîêñè÷íîãî «åôåêòó ñâ³äêà», îïîñåðåäêîâà-
íîãî ïëàçìîþ îïðîì³íåíî¿ êðîâ³ ëþäèíè. Ó çâ�ÿçêó ç öèì
ìåòîþ äàíî¿ ðîáîòè áóëî îö³íèòè ìîæëèâ³ñòü ³íäóêö³¿ àïîï-
òîçó â ëåéêîöèòàõ ïåðèôåðè÷íî¿ êðîâ³ ëþäèíè âíàñë³äîê ä³¿
ïëàçìè êðîâ³ îíêîëîã³÷íèõ õâîðèõ, ÿê³ îòðèìóâàëè ïðîìå-
íåâó òåðàï³þ (ÏÒ).

Ìàòåð³àëè ³ ìåòîäè: Ïëàçìó áóëî âèä³ëåíî ç êðîâ³ 18
õâîðèõ íà ðàê ò³ëà ìàòêè äî ³ ï³ñëÿ êóðñó äèñòàíö³éíî¿ ÏÒ
60Co íà çîíó ìàëîãî òàçà (20 × 2 Ãð, 5 ñåàíñ³â íà òèæäåíü íà
àïàðàò³ ÐÎÊÓÑ-ÀÌ). Ëåéêîöèòè, âèä³ëåí³ ç êðîâ³ çäîðîâîãî
äîíîðà, âèòðèìóâàëè â êóëüòóð³ ó ïðèñóòíîñò³ ïëàçìè
êðîâ³ ïàö³ºíòîê ïðîòÿãîì 24 ãîä ïðè òåìïåðàòóð³ 37° C. Çà
êîíòðîëü ïðàâèëè êóëüòóðè áåç ïëàçìè ³ êóëüòóðè ëåéêî-
öèò³â, âèä³ëåíèõ ³ç äîíîðñüêî¿ êðîâ³ ï³ñëÿ âïëèâó γ-ïðî-
ì³ííÿ  in vitro â äîç³ 2 Ãð. Àïîïòîç ó ëåéêîöèòàõ âèì³ðþ-
âàëè çà äîïîìîãîþ òåñòó Àííåêñèí V ìåòîäîì ïðîòî÷íî¿
öèòîôëóîðèìåòð³¿.

Ðåçóëüòàòè: Ïëàçìà êðîâ³ îíêîõâîðèõ, îòðèìàíà ÿê äî,
òàê ³ ï³ñëÿ êóðñó ÏÒ, íå âèêëèêàëà åôåêòó ó âèãëÿä³ ï³äâè-
ùåííÿ ð³âíÿ àïîïòîçó ó êë³òèíàõ-â³äïîâ³äà÷àõ. Íà â³äì³íó
â³ä öüîãî, áåçïîñåðåäíº îïðîì³íåííÿ ïðèçâîäèëî äî çíà÷ó-
ùîãî çðîñòàííÿ âèõîäó àïîïòîòè÷íèõ êë³òèí, ùî ïåðåâè-
ùóâàëî áóäü-ÿê³ ôëóêòóàö³¿ âèæèâàíîñò³ êë³òèí-â³äïîâ³-
äà÷³â, êóëüòèâîâàíèõ ó ïðèñóòíîñò³ ïëàçìè êðîâ³ îíêîõâî-
ðèõ.

Âèñíîâêè: Âèçíà÷åííÿ ìîæëèâèõ íåì³øåííèõ åôåêò³â
ðàä³àö³éíîãî âïëèâó, îïîñåðåäêîâàíèõ ïëàçìîþ êðîâ³ îí-
êîïàö³ºíò³â ï³ñëÿ ÏÒ, ïîòðåáóº ³íøèõ òåñò³â  çàì³ñòü âèì³-
ðþâàííÿ àïîïòîçó â íåîïðîì³íåíèõ íåñòèìóëüîâàíèõ ëåé-
êîöèòàõ.

Êëþ÷îâ³ ñëîâà: «åôåêò ñâ³äêà», ïðîìåíåâà òåðàï³ÿ, àïîï-
òîç, ïëàçìà êðîâ³ ëþäèíè, ëåéêîöèòè, öèòîòîêñè÷í³ ôàê-
òîðè ïëàçìè.

The phenomenon of the �bystander effect�, i.e. the
spatial expanding of initial radiation response, mediated
by signals from irradiated to unirradiated part of cell
population, was observed in numerous experiments [1].

A comprehensive classification of bystander-type scena-
rios was recently suggested [2], and in the new paradigm
of radiobiology these effects are considered as an impor-
tant possible mechanism for radiation-induced pathology
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in humans [3-5]. In the situation of partial body irra-
diation, particularly during radiotherapy, the additional
mutations or depleting of unirradiated part of the cell
population produced via bystander mechanisms might be
a source of potential hazard for human health.

For human blood lymphocytes, which are very popular
test system in radiobiological research, the bystander
signaling in vivo naturally occurs via blood plasma, and
there are plenty of experimental data on the radiation-
induced clastogenic plasma factors causing chromosomal
damage in bystander lymphocytes (reviewed in [6, 7]).
There are also examples of measuring the effect of irra-
diated blood plasma on clonogenic survival in other cell
types [8, 9]. However, the reports about the possible
production of a bystander signal by patients� cells after
irradiation either in vivo or ex vivo contain rather uncertain
conclusions [9-11]. Moreover, it remained non-examined
whether plasma of irradiated blood might directly induce
cell death in quiescent human leukocytes, despite this type
of cells has a high natural susceptibility to apoptosis and
thus comprises an obvious target for such cytotoxic action
in any �true life� radiation exposure scenario.

To address specifically this question, recently we
performed the experiment, in which the potential cyto-
toxicity of human blood plasma after irradiation in vitro
was measured in human peripheral blood mononuclears
(PBM) by assaying the latter for apoptosis using the
Annexin V method [12]. It had been shown, that plasma
collected from unirradiated blood or blood exposed
in vitro to 2-40 Gy γ-rays did not induce early apoptosis
or late apoptosis/necrosis in reporter human G0 PBM.
Still, for checking the reproducibility of these in vitro
data and strengthening their clinical relevance, such
conclusions must be validated on material from in vivo
irradiated individuals. Therefore, in order to finalise this
research, the aim of the present work was to assess the
yield of apoptosis in unirradiated healthy donor�s G0

PBM cultured in presence of blood plasma taken from
cancer patients before and after radiotherapy.

Material and Methods

Radiotherapy patients
Eighteen patients with uterine cancer were selected at the

clinic of the Grigoriev Institute for Medical Radiology (IMR)
(National Academy of Medical Science of Ukraine), Kharkiv,
Ukraine, in May-June 2006. The study was carried out with
the approval of the IMR Committee on Ethics in Biomedical
Research. Patients� participation was in accordance with the

local ethics protocols including their written informed con-
sent. The samples were coded, and anonymised information
about their diagnoses and treatment details was provided by
the clinicians. The patients were selected in order to achieve
minimum variation in age (52-67 y) and tumour grade. Ac-
cording to the �Tumour � Nodules � Metastases� (TNM)
classification they had T

2a-c 
N

x 
M

0
 disease. The treatment

protocol consisted of post-operative external 60Co therapy
without chemotherapy. All received 40 Gy in twenty 2 Gy
fractions, 5 per week, at a rate of ~1 Gy min-1 to the pelvis
using parallel antero-posterior/postero-anterior fields
measuring 14×16 or 16×18 cm. The treatment field surface
was enclosed by lead blocks, so that total body exposure re-
sulting from scattered radiation did not exceed 1% of the
tumour doses.
The blood for separating off plasma for apoptosis testing

was taken 1 or 2 days before treatment and again 1 or 2 days
after the final fraction. The blood (5 ml) was collected by
venopuncture into the sterile syringe containing lithium
heparin anticoagulant.
It should be underlined that all subsequent procedures of

testing blood plasma against unirradiated reporter PBM
were performed using an experimental protocol, which was
established as being optimum for such assay in the pre-
ceding in vitro study [12].

Plasma separation
To separate plasma, patients� whole blood was centrifuged

for 15 min at 170 g; the supernatant was collected by a
syringe, avoiding disturbance of the cell pellet, transfer-
red into Eppendorf tubes, immediately frozen and stored
at �20 °C until use. This permitted a number of plasma
samples to be tested later in one round, thus avoiding day-
to-day variations in reporter cell cultures. Regarding the
methodological correctness of such an approach, there are
a number of reports [6, 7, 13-16] stating that freezing of
plasma does not affect its clastogenic properties.

Cell culture
The reporter cells were healthy donor�s peripheral blood

mononuclear cells (PBM). Peripheral blood was taken with
informed consent and according to the local institutional
ethics procedures from a healthy male, age 33 y, with no
occupational or medical exposure to any cytotoxic substan-
ces or clastogens, except usual dental checks. The blood was
collected into Vacutainer� tubes containing lithium hepa-
rin anticoagulant. PBM were separated from whole blood
using Histopaque 1077 (Sigma, Poole, UK) according to the
manufacturer�s standard instructions and washed in
Hank�s balanced salt solution (Sigma, Poole, UK).
For each data point three identical cultures were set up,

each comprising 2.0×106 cells placed into 4 ml of Eagle�s
MEM supplemented with 20% heat inactivated fetal calf
serum, L-glutamine, 100 IU/ml penicillin and 100 ìg/ml
streptomycin (all reagents from Invitrogen, Paisley, UK).
To these cultures 0.2 ml of plasma assigned for testing was
added. Before adding the plasma it was thawed at room
temperature for 20 min and centrifuged at 11000 g for
1 min for additional sedimentation of any possible cellular
material. Cultures were coded and incubated at 37 °C with
5 % CO

2 
in air for 24 h.

Apoptosis measurements by the Annexin V assay
After incubation the medium was removed from cultures;

the cells were washed three times in cold (4 °C) phosphate
buffered saline (PBS) pH 7.4 (Sigma, Poole, UK) and stained
with a fluorescein isothiocyanate (FITC)-Annexin V kit
(Becton Dickinson, Oxford, UK) according to the manufac-
turer�s instructions. The cells were then run on a flow cyto-
meter (Becton Dickinson FACS Calibur�, 488 nm argon-
ion laser) equipped with CellQuest� software for data ac-
quisition and analysis. FITC-Annexin V positive apoptotic
cells were identified using FL1 detector histogram plots.
Non apoptotic, early apoptotic, and late apoptotic/necrotic
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cell populations were distinguished by simultaneous stai-
ning with propidium iodide (PI) and using FL1/FL3 quad-
rant dot plots.
Fixed gating parameters were used for all samples ana-

lysed in order to prevent variations related to flow-cyto-
metric parameters within or between experiments. Two
repeated cell staining/ FACS analyses per measurement
were performed in each of three replicate cell cultures,
which were set up for each data point.

Controls: In vitro irradiated and unirradiated
PBM in plasma-free cultures
To check for proper Annexin V staining, negative and

positive controls were included into the experiment.
These, respectively, were PBM separated from donor�s un-
irradiated blood and blood after exposure in vitro to 2 Gy
γ-rays, and cultured with no patients� plasma added. For
the positive control vacutainers of donor�s blood were ex-
posed to 60Co dose of 2 Gy at the dose rate 0.5 Gy min-1.
The zero dose control sample, from which the PBM for
negative control were obtained, was sham treated and
transported identically with the matched irradiated sam-
ple. During the period between sampling and PBM sepa-
ration the irradiated and sham-irradiated blood was kept
at 37 °C. Negative and positive control PBM cultures were
set up identically to that of plasma-treated cells and assayed
in each round of cell staining/FACS analyses performed for
plasma-treated cultures.

Statistics
Testing of patients� plasma against healthy donor�s PBM

was repeated twice, with one month time interval between
experiments, each time for the total set of 18 pairs of matc-
hed plasma samples collected before and after radiotherapy.
A good reproducibility of staining and measuring proce-
dures was judged from very low inter-experiment varia-
tions in apoptotic cell outcome in the control and plasma-
treated PBM cultures at any particular data point.
In all experimental series each irradiated blood plasma

sample was rigorously matched to the unirradiated blood
plasma, and tested concurrently. Thus, to minimize any pos-
sible influence of the intra-donor variability, statistical
analysis of the data was focused on the difference for apop-
totic or live cell yields between cultures treated by patients�
blood plasma after radiotherapy and their control counter-
parts containing blood plasma obtained before radiotherapy.
The results of all measurements in this work are presented

as mean values and their standard errors (SE) of apoptotic
and live cell yields combined from two independent expe-
riments, with two repeated cell staining/FACS analyses per
measurement performed in each of three replicate cell cul-
tures, which were set up for each data point. Significance
of differences was determined by a Student�s t-test (paired
or unpaired, as indicated in the text), considering the dif-
ferences to be significant if p ≤ 0.05.

Results

The cellular changes in human PBM undergoing apop-
tosis, as detected by FITC-Annexin V / propidium iodide
staining with addition of Hoechst 33258 (the latter was
used for the visualization of living cells) are presented on
Figure 1. The typical profiles obtained by running intact
control cells and irradiated cells through the flow cyto-
meter are shown in Figure 2. Cell staining profiles in ir-
radiated cell cultures (positive controls) always con-
tained a distinctive enhanced second peak representing
Annexin V (FITC)-positive, apoptotic cells.

In all experimental rounds the reporter PBM cultures
set up with patients� plasma collected either before or
after radiotherapy showed normal profiles of cell sur-
vival; live cell yields varied from 87.4 to 92.9%, and total

Figure 1. Apoptosis in human peripheral blood mononuclear
cells (PBM). Healthy donor�s blood was given 2 Gy γ-rays in
vitro; PBM were separated with Histopaque, held in medium
for 24 h at 37 °C and stained with FITC-Annexin V, propidium
iodide (PI) and Hoechst 33258. Stained cells were dropped onto
slide and subjected to image capturing on the fluorescent
microscope Nikon (Japan) equipped with an appropriate filter
set and camera. The photo was taken on the triple filter at the
magnification ×1000 and acquainted using the Isis image pro-
cessing system. FITC-labeled Annexin V is expressed on the
membrane surface in apoptotic cells; PI accumulates in nuclei
of necrotic cells, when the membrane becomes totally compro-
mised. Healthy, non-apoptotic, living cells are FITC-negative
and stained only in blue with Hoechst 33258 (a). Annexin V-
negative, PI-positive are fully necrotic cells (b). Annexin V-
positive, PI-negative are early apoptotic cells (c); Annexin V-
positive, PI-positive are late apoptotic / necrotic cells (d).
Initial stage of late apoptosis (e), destruction of a membrane
in a late apoptotic cell (f) and a post-necrosis destruction of
a monocyte (g) are also shown. Note, that staining for flow
cytometry does not include Hoechst 33258

Ðèñóíîê 1. Àïîïòîç â ëåéêîöèòàõ ïåðèôåðè÷íî¿ êðîâ³ ëþ-
äèíè. Êðîâ çäîðîâîãî äîíîðà îïðîì³íþâàëè in vitro γ-ïðî-
ìåíÿìè â äîç³ 2 Ãð; ëåéêîöèòè âèä³ëÿëè çà äîïîìîãîþ Ã³ñòî-
ïàêó, âèòðèìóâàëè â æèâèëüíîìó ñåðåäîâèù³ ïðîòÿãîì
24 ãîä ïðè 37°C ³ çàáàðâëþâàëè FITC-Àííåêñèíîì V, ïðî-
ï³ä³é éîäèäîì (Ï²) ³ Hoechst 33258. Ñóñïåíç³þ çàáàðâëåíèõ
êë³òèí íàíîñèëè íà ïðåäìåòíå ñêëî òà ôîòîãðàôóâàëè çà äî-
ïîìîãîþ ôëóîðåñöåíòíîãî ì³êðîñêîïà Nikon (ßïîí³ÿ), îñ-
íàùåíîãî íåîáõ³äíèì íàáîðîì ô³ëüòð³â ³ ôîòîêàìåðîþ.
Ôîòîãðàô³þ çðîáëåíî íà òðèïë-ô³ëüòð³ (îäíî÷àñíà â³çóàë³-
çàö³ÿ òðüîõ ôëóîðîõðîì³â), ïðè çá³ëüøåíí³ × 1000, ç ðîç-
ï³çíàííÿì çîáðàæåííÿ çà äîïîìîãîþ ïðîãðàìíîãî ïàêåòà
Isis. FITC-ì³÷åíèé Àííåêñèí V åêñïðåñóºòüñÿ íà ïîâåðõí³
ìåìáðàíè àïîïòîòè÷íèõ êë³òèí; Ï² íàêîïè÷óºòüñÿ â ÿäð³
íåêðîòè÷íèõ êë³òèí, êîëè áàð�ºðíà ôóíêö³ÿ ìåìáðàíè ïî-
âí³ñòþ ïîðóøóºòüñÿ. Íîðìàëüí³, íå-àïîïòîòè÷í³, æèâ³ êë³-
òèíè º FITC-íåãàòèâíèìè ³ çàáàðâëåíèìè ó áëàêèòíèé êîë³ð
Hoechst 33258 (a). Àííåêñèí V-íåãàòèâí³, Ï²-ïîçèòèâí³ º
êë³òèíàìè â íåêðîç³ (b). Àííåêñèí V-ïîçèòèâí³, Ï²-íåãà-
òèâí³ êë³òèíè � ðàíí³é àïîïòîç (c); Àííåêñèí V-ïîçèòèâ-
í³, Ï²-ïîçèòèâí³ êë³òèíè � ï³çí³é àïîïòîç / íåêðîç (d). Êð³ì
òîãî, ïîêàçàíî ïî÷àòêîâó ñòàä³þ ï³çíüîãî àïîïòîçó (e), ðóé-
íóâàííÿ ìåìáðàíè êë³òèíè â ï³çíüîìó àïîïòîç³ (f) ³ ïîñò-
íåêðîòè÷íèé ðîçïàä ìîíîöèòà (g). Ñë³ä çàçíà÷èòè, ùî çà-
áàðâëåííÿ äëÿ àíàë³çó ìåòîäîì ïðîòî÷íî¿ öèòîôëóîðèìåò-
ð³¿ íå âêëþ÷àëî Hoechst 33258
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Figure 2. Typical Annexin V / propidium iodide flow cytometry profiles from cultures of unirradiated and irradiated PBM.
A and B � histogram plots of Annexin V staining (M1 are FITC-negative, non-apoptotic cells; M2 are Annexin V positive, apoptotic
cells); C and D � Quadrant dot plots of Annexin V (FL1) and PI (FL3) staining (lower left Annexin V-negative, PI-negative are
healthy living cells; lower right Annexin V-positive, PI-negative are early apoptotic cells; upper right Annexin V-positive, PI-
positive are late apoptotic / necrotic cells; upper left Annexin V-negative, PI-positive are fully necrotic). A and C � unirradiated
PBM; B and D � PBM irradiated to 2 Gy γ-rays. Note a distinctive second peak (M2) in Fig. 2B compared with Fig. 2A, and a
respective shift of cells from the lower left to lower and upper right parts of the graph in Fig. 2D compared with Fig. 2C,
representing the accumulation of early apoptotic and late apoptotic/necrotic cells, respectively, in irradiated PBM culture

Ðèñóíîê 2. Òèïîâ³ ïðîô³ë³, îòðèìàí³ íà ïðîòî÷íîìó öèòîôëóîðèìåòð³ ïðè àíàë³ç³ êóëüòóð íåîïðîì³íåíèõ ³ îïðîì³íå-
íèõ ëåéêîöèò³â êðîâ³ ëþäèíè, ³ç çàáàðâëåííÿì êë³òèí Àííåêñèíîì V / ïðîï³ä³é éîäèäîì.

A ³ B � ã³ñòîãðàìè ðîçïîä³ëó êë³òèííî¿ ïîïóëÿö³¿ çà çàáàðâëåííÿì Àííåêñèíîì V (M1 � FITC-íåãàòèâí³, íå-àïîïòîòè÷í³
êë³òèíè; M2 � Àííåêñèí V-ïîçèòèâí³, àïîïòîòè÷í³ êë³òèíè); C ³ D � ðîçïîä³ë êë³òèí ì³æ êâàäðàíòàìè çà ñóì³ñíèì çà-
áàðâëåííÿì Àííåêñèíîì V (FL1) ³ Ï² (FL3): çë³âà âíèçó � Àííåêñèí V-íåãàòèâí³, Ï²-íåãàòèâí³ íîðìàëüí³, æèâ³ êë³òè-
íè; çë³âà âãîð³ � Àííåêñèí V-ïîçèòèâí³, Ï²-íåãàòèâí³ êë³òèííè íà ðàíí³é ñòàä³¿ àïîïòîçó; ñïðàâà âãîð³ � Àííåêñèí
V-ïîçèòèâí³, Ï²-ïîçèòèâí³ êë³òèíè íà ï³çí³é ñòàä³¿ àïîïòîçó; çë³âà âãîð³ � Àííåêñèí V-íåãàòèâí³, Ï²-ïîçèòèâí³ êë³òè-
íè â íåêðîç³. A ³ C � íåîïðîì³íåí³ ëåéêîöèòè; B ³ D � ëåéêîöèòè ç êðîâ³, ï³ääàíî¿ ä³¿ γ-ïðîìåí³â in vitro â äîç³ 2 Ãð. Ñë³ä
â³äì³òèòè âèðàçíèé äðóãèé ï³ê (M2) íà ðèñóíêó 2B ó ïîð³âíÿíí³ ³ç ðèñóíêîì 2A, òà â³äïîâ³äíèé ïåðåðîçïîä³ë êë³òèí ç íèæ-
íüîãî ë³âîãî äî ïðàâèõ âåðõíüîãî ³ íèæíüîãî êâàäðàíò³â íà ðèñóíêó 2D ïîð³âíÿíî ³ç ðèñóíêîì 2C, ùî â³äáèâàº íàêîïè-
÷åííÿ êë³òèí ó ðàíí³é ³ ï³çí³é ôàç³ àïîïòîçó â êóëüòóð³ îïðîì³íåíèõ ëåéêîöèò³â

(early plus late) apoptotic cell yields ranged from 6.7 to
10.8%. These values were consistent with plasma-free
unirradiated control. With all patients, the reporter PBM
survival in cultures with blood plasma after radiotherapy
was similar to that with plasma before radiotherapy.

Individual results, combined and averaged from two
repeating experiments, are shown in Figure 3, and the
mean data for the whole group are presented in Table 1,
where the cytotoxic effect produced by direct γ-irra-
diation of donors� blood in vitro is given for comparison.

The data were combined from two experimental
rounds, and PBM survival was compared in 18 pairs:

plasma after versus before radiotherapy. The mean
difference in percentage of live cells was +0.21±0.34%
(Student�s paired t=0.620; p>0.05). Individually it
varied from �2.28 to +3.56%, being negative in 8 cases
and positive in 10; and for 16 it fell within ±2%. No
meaningful correlation was detected at the individual
level when the effects produced by plasma taken before
and after radiotherapy were plotted against each other:
For the percentages of total (early plus late) apoptotic
cells in matched pairs the linear correlation coefficient
was r = -0.058; p >0.05. In the averaged data the mean
yield of apoptotic cells in PBM cultured with patients�
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Figure 3. The interphase cell survival measured by Annexin V test for apoptosis in healthy donor�s peripheral blood mononuclears
cultured for 24 h in presence of blood plasma of 18 uterine cancer patients sampled before and after a standard course of external
γ-radiotherapy (20 fractions x 2 Gy). Data represent mean values for two repeating series of testing for each plasma sample

Ðèñóíîê 3. ²íòåðôàçíà âèæèâàí³ñòü êë³òèí, îö³íåíà çà äîïîìîãîþ òåñòó Àííåêñèí  V íà àïîïòîç â ëåéêîöèòàõ çäîðîâî-
ãî äîíîðà, êóëüòèâîâàíèõ ïðîòÿãîì 24 ãîä ó ïðèñóòíîñò³ ïëàçìè êðîâ³ 18 õâîðèõ íà ðàê ò³ëà ìàòêè äî ³ ï³ñëÿ ñòàíäàðò-
íîãî êóðñó äèñòàíö³éíî¿ γ-òåðàï³¿ (20 ñåàíñ³â ïî 2 Ãð). Äàí³ ïðåäñòàâëÿþòü ñåðåäí³ çíà÷åííÿ äëÿ äâîõ ïîâòîðíèõ ñåð³é åê-
ñïåðèìåíòó ³ç êîæíèì çðàçêîì ïëàçìè

Table 1

Averaged results of testing plasma of 18 uterine cancer patients before and after a radiotherapy course (40 Gy γ-rays)
against healthy donor�s peripheral blood mononuclears compared with plasma-free control and effects of direct

irradiation of blood in vitro to 2 Gy γ-rays
Óñåðåäíåí³ ðåçóëüòàòè òåñòóâàííÿ ïëàçìè êðîâ³ 18 õâîðèõ íà ðàê ò³ëà ìàòêè äî ³ ï³ñëÿ êóðñó ïðîìåíåâî¿

òåðàï³¿ (40 Ãð, γ-ïðîìåí³) ùîäî çäàòíîñò³ ñïðè÷èíèòè àïîïòîç ó ëåéêîöèòàõ êðîâ³ çäîðîâîãî äîíîðà, ó
ïîð³âíÿíí³ ç êîíòðîëüíèìè êóëüòóðàìè áåç ïëàçìè òà åôåêòîì ïðÿìîãî îïðîìåíåííÿ êðîâ³ in vitro γ-

ïðîìåíÿìè â äîç³ 2 Ãð

Notes. RT � radiotherapy. * � Averaged values and standard errors (SE) of the mean were calculated for 2 independent experiments.
Statistically significant difference for mean values between directly irradiated cells and plasma-free control or cultures with
patients� blood plasma: a � (p<0,05); b � (p<0,01) by Student�s unpaired t-test.

Ïðèì³òêè. RT � ïðîìåíåâà òåðàï³ÿ. * � Çíà÷åííÿ ñåðåäíüîãî ³ ñòàíäàðòíà ïîõèáêà (SE) îá÷èñëåí³ äëÿ äâîõ íåçàëåæíèõ,
ïîâòîðíèõ ñåð³é åêñïåðèìåíòó. Ñòàòèñòè÷íî â³ðîã³äíà ð³çíèöÿ çà ñåðåäí³ìè çíà÷åííÿìè ÷àñòîòè àïîïòîòè÷íèõ
êë³òèí ì³æ îïðîì³íåíèìè êë³òèíàìè ³ êîíòðîëåì áåç ïëàçìè ÷è êóëüòóðàìè ëåéêîöèò³â ³ç ïëàçìîþ êðîâ³ ïàö³ºíòîê:
a � (p < 0,05); b � (p < 0,01) çà t-êðèòåð³ºì Ñòüþäåíòà äëÿ íåçâ�ÿçàíèõ âèá³ðîê.

plasma after radiotherapy was indistinguishable from
that with plasma taken before irradiation.

In contrast to a minor influence of patients� blood
plasma on bystander cell survival, the direct 2 Gy
γ-irradiation of PBM in blood produced, as expected,
a significant elevation of apoptosis yield within the given

cell culturing time of 24 h. Clear changes in cell staining
profiles, comprising a noticeable reduction of the pro-
portion of surviving PBM and a distinctively enhanced
second peak representing Annexin V (FITC)-positive,
apoptotic cells were observed after direct irradiation. In
this series the mean total apoptotic cell yield was in-

Culturing conditions for donor�s reporter
peripheral blood mononuclears (PBM)

Percentage of cells in PBM cultures, (Mean ±SE)* %

Early apoptosis
(FITC+/PI�)

Late apoptosis
(FITC+/PI+)

Necrosis
(FITC�/PI+)

All  apoptotic
cells (FITC+)

Live

Plasma-free control 5,45±0,46 3,37±0,19 0,24±0,13 8,81±0,27 90,95±0,40

With patients� plasma  before RT 5,56±0,20 2,44±0,15 0,43±0,10 8,00±0,25 91,57±0,27

With patients� plasma after RT 5,25±0,21 2,35±0,14 0,62±0,21 7,60±0,20 91,78±0,31

Directly irradiated PBM, plasma-free 11,76±2,07 b 5,85±1,85 1,39±0,54 17,61±3,90 a 81,00±3,53  b
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creased above the matched background level by
(8.80±2.02) % (Student�s paired t=4.36; p<0.01).
Thus, the magnitude of cell-killing effect directly induced
by radiation exceeded any fluctuations of survival caused
by irradiated or unirradiated plasma in reporter unir-
radiated PBM.

Discussion
Several experimental studies employing various cell

types, including human leukocytes demonstrated that the
soluble factors released from irradiated cells can induce
apoptosis in bystander reporter cells [17-23].
Meanwhile, in order to assess properly the actual risk
from the bystander effect in �true life� radiation exposure
scenarios, its magnitude must be estimated in test-sys-
tems that reproduce in vivo conditions as closely as
possible [2]. A natural media for transmitting a possible
bystander signal to leukocytes is plasma. The data found
in the literature showed that plasma of in vitro irradiated
donors� blood or radiotherapy patients� blood produced
a large heterogeneity in responses in cycling bystander
cells assayed by a clonogenic survival test, and in some
cases a triggering of apoptosis was noted [8, 9].
However, human leukocytes, being normally in a quies-
cent, G0 state, also show rather high susceptibility to
apoptosis. From this a hypothesis arised that plasma
factors of irradiated blood might induce apoptosis in
unirradiated reporter leukocytes, thus causing an ad-
ditional depletion of the cell population after irradiation.
The present study was designed to clarify this after
in vivo therapeutic irradiation.

To the best of our knowledge, it is the first investigation
where quiescent, non-proliferating PBM were used as
reporters for measuring the apoptosis rate changes
caused by blood plasma taken from patients before and
after radiotherapy. If plasma-mediated cytotoxicity had
been detected, then a clinically applicable test might be
developed for identification of individuals with this source
of risk among radiotherapy patients, in order to predict
and prevent potential abscopal effects and excessive
normal tissue damage. It should be underlined that in
present work the test-system applied for measuring a
possible cytotoxic effect of irradiated blood plasma in
reporter PBM contained optimum experimental con-
ditions, which were constructed on the basis of the pre-
ceding in vitro study [12]. That was in contrast to some
other studies, which involved cell culture characteristics

that were explicitly unfavorable for reporter cells, or did
not correspond to any realistic pathological scenario or
normal homeostasis in human tissues, or were irrepro-
ducible in clinical practice.

In the present study, blood plasma collected before and
after radiotherapy from 18 uterine cancer patients did not
produce any apoptotic response above the control level
in reporter PBM. In our previous experiment plasma
separated from unirradiated blood or blood irradiated
in vitro to 2-40 Gy γ-rays also did not induce early apop-
tosis or late apoptosis/necrosis in reporter PBM, whereas,
as expected, direct irradiation caused significant and dose-
dependent apoptotic death [12]. The absence of cytotoxic
or clastogenic effects in unirradiated bystander cells was
systematically observed in other studies, employing dif-
ferent end-points [24-30]. Also there are several examp-
les of cytogenetic testing failure to demonstrate clasto-
geneity of human blood plasma after either in vitro or
in vivo irradiation, including after radiotherapy [11, 31-33].
Thus, despite numerous reports about the presence of
distinct cytotoxic or clastogenic bystander effects, inclu-
ding those produced by irradiated blood plasma [7], a
result obtained in the present work was not very surprising.

Acheva et al. [8] tested plasma of healthy donors�
blood given 0.5 Gy γ-rays in vitro against a keratinocyte
cell line pre-irradiated to 0.05 Gy γ-rays. They observed
a large individual variability in the plasma action on the
low dose irradiated reporter cells. Among 9 individuals,
whose plasma was tested, there were two cases of cyto-
toxicity and one case of stimulatory effect produced by
plasma from both unirradiated and irradiated blood, and
also two cases of cell growth stimulation, caused par-
ticularly by plasma from irradiated blood. In 8 out of 9
cases, the difference between the effects produced by
unirradiated and irradiated blood plasma was insig-
nificant, and no cytotoxicity caused specifically by ir-
radiated blood plasma was detected.

In the work of Seymour and Mothersill [9], radio-
therapy patients� plasma showed very large individual
variation in its effect on clonogenic survival of human
keratinocytes. Among 19 samples collected at the start
of radiotherapy, in 9 cases patients� plasma caused a
decrease and in 8 cases � a promotion of proliferation in
the reporter cells. Later, plasma of only 4 out of 9 in-
dividuals sampled midway during radiotherapy and 6
weeks after completing the course markedly reduced a
proliferation of reporters, and in other 4 cases a sti-
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mulation effect of irradiated blood plasma was detected.
Interestingly, in almost all cases sampled after radio-
therapy the plasma produced an opposite effect to that
observed before treatment, and again plasma toxicity can
not be related to radiation exposure as a cause.

In present work the fluctuations of apoptosis yields in
reporter PBM cultured with different patients� plasma
were rather small, that was in contrast to other reports
stating a high heterogeneity of the effects produced by
plasma or medium conditioned by irradiated cells taken
from several individuals [8-11, 34]. This dissimilarity
could be most probably attributable to the different mea-
sured end-points, e.g. apoptosis yield versus clonogenic
survival, and particularly the types of reporter cells,
actively proliferating keratinocytes versus quiescent
PBM, mainly G0 lymphocytes. However, this discre-
pancy does not change the main conclusion about the
absence of specific radiation-induced cytotoxicity of
human blood plasma towards unirradiated bystander
cells. Noteworthy, Lindholm et al. [11] similarly con-
cluded that interindividual variations in the patient plas-
ma-induced chromosomal aberrations and γ-H2AX foci
in reporter cells were not associated with the radio-
therapy, since patient-to-patient differences in plasma-
induced effects were observed within a patient group
with the same treatment regimen.

A comparison of experimental conditions in several
studies of radiation-induced plasma factors showed that
quiescent or cycling status of reporter cells, depletion of
culture medium in free radical scavengers, using a puri-
fied clastogenic fraction of plasma obtained by its centri-
fugation through cut-off filters, plasma concentration in
reporter cell culture or time interval between exposure
and collecting patients� blood do not influence the fact of
absence of the damaging bystander effect [8, 9, 11, 32].
Terzoudi et al. [30] did not observe additional chro-
mosomal damage induced in either G0 or cycling lym-
phocytes via bystander mechanism and suggested that
�specific conditions are required for the generation of
bystander responses and that these conditions apparently
were not satisfied in our experiments. The fact that spe-
cific and as-yet not well-characterized conditions are
required for the development of bystander responses is
also indicated by the relative irreproducibility of the effect
and the partly contradictory data available in the lite-
rature�. Simultaneously, Blyth and Sykes [2] underlined
that if an in vitro system does not correspond to any

realistic human exposure scenario, then this should also
be disclosed and the relevance of any findings to in vivo
bystander effect should be justified. Generally, from data
available in the literature a conclusion can be made that
clastogenic or cytotoxic properties of blood plasma can
be considered as a result of acting some other factors,
apart from radiation, or artifacts due to very special,
unphysiological culture conditions [8, 9, 11, 12, 31-33].

Considering the absence of direct cytotoxicity of ir-
radiated blood plasma, more attention should be paid to
regular reports that soluble factors released from ir-
radiated cells can initiate signaling cascades in reporter
cells, due to which the latter acquainted enhanced pro-
liferation, radioresistance and adaptive response to
radiation (briefly reviewed in [12]). Therefore, the num-
ber of assays with radiotherapy patients� plasma should
be expanded, e.g. by including measurements of the
cycling rate of reporter lymphocytes pushed from a
quiescent, G0 state into proliferation, as such approach
earlier provided valuable data in the elegant experiment
of Lloyd and Moquet [35]. If plasma-mediated
�nourishing� effect would be observed in proliferating
human leukocytes, then it�s possible clinical implications
in radiotherapy patients should be studied extensively.

Conclusion
Apoptosis measurements using the Annexin V test

showed that plasma collected from blood of 18 uterine
cancer patients before or after their radiotherapy (20
fractions of 2 Gy g-rays) did not produce any early
apoptosis or late apoptosis/necrosis above the control
level in quiescent healthy donor�s PBM, whereas direct
radiation caused significant apoptotic death. The mag-
nitude of cell-killing effect directly induced by irradiation
to 2 Gy g-rays exceeded any fluctuations of reporter cell
survival caused by patients� plasma either before or after
irradiation. Other assays instead of apoptosis in unir-
radiated quiescent leukocytes should be applied for
detecting possible untargeted radiation effects, including
protective or stimulatory effects, mediated by radio-
therapy patients� blood plasma. However the experi-
mental conditions must be constructed carefully in order
to maintain a clinical relevance of such tests.
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