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Abstract. The universality of the target theory of radiation-induced effects is challenged by observations on 
non-targeted effects such as bystander effects. Essential features of non-targeted effects are that they do not 
require direct nuclear exposure by radiation and they are particularly significant at low doses. This new 
evidence suggests a need for a new paradigm in radiation biology. The new paradigm should cover both the 
classical (targeted) and the non-targeted effects. The bystander effect cannot be comprehensively explained on 
the basis of a single cell reaction. It is well known that an organism is composed of different cell types that 
interact as functional units in a way to maintain normal tissue function. Therefore the radiation response is not 
simply the sum of cellular responses as assumed in classical radiobiology, predominantly from studies using 
cell cultures. Experimental models, which maintain tissue-like intercellular cell signalling and 3D structure, are 
essential for proper understanding of the bystander effect. Our work relates to experimentation with novel 3D 
artificial human tissue systems available from MatTek Corporation (Boston, USA). Air-liquid interface culture 
technique is used to grow artificial tissues, which allow to model conditions present in vivo. The Gray Cancer 
Institute (Northwood, UK) charged particle microbeam was used to irradiate tissue samples in a known pattern 
with a known number of 3He2+ particles or protons. After irradiation, the tissues models were incubated for 3 
days, fixed in 10% NBF, paraffin embedded and then sliced into 5 μm histological sections located at varying 
distances from the plane of the irradiated cells. We studied in situ apoptosis and markers of differentiation. 
Significantly elevated bystander induced apoptosis was observed with 3’-OH DNA end-labelling based 
technique in 3D artificial tissue systems. Our results also suggested an importance of proliferation and 
differentiation status for bystander effect induction. A single 2 μm location on tissue section was pre-irradiated 
with 1-10 3He2+ particles (5 MeV; LET 75 keV/μm) using microbeam system. Even although only a single 
region of the tissue section was targeted, thousands of additional cells were found to undergo bystander induced 
differentiation. This resulted in an overall increase in the fraction of differentiated cells for approximately 10-
15%, which are much greater than that observed for the induction of damage (not more than 1-2% of apoptotic 
cells). Our theory is that the main functions of bystander effect are to decrease the risk of transformation in a 
multicultural organism exposed to radiation by removing a group of potentially damaged cells via apoptosis and 
increased differentiation. 
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Introduction 

According to the target theory of radiation induced effects, which forms a central core of radiation 
biology, DNA damage occurs during or very shortly after irradiation of the nuclei in targeted cells 
and the potential for biological consequences can be expressed within one or two cell generations [1]. 
A range of evidence has now emerged that challenges the classical effects resulting from targeted 
damage to DNA. These effects have also been termed "non-(DNA)-targeted" and include radiation-
induced bystander effects, genomic instability, adaptive response, low dose hyper-radiosensitivity 
(HRS), delayed reproductive death and induction of genes by radiation. An essential feature of "non-
targeted" effects is that they do not require a direct nuclear exposure by irradiation to be expressed 
and they are particularly significant at low doses [2]. This new evidence suggests a new paradigm for 
radiation biology that challenges the universality of target theory [3]. 
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In the last decade, a significant number of papers were published demonstrating evidence for the 
radiation induced bystander effect [4, 5]. Nagasawa and Little first published a paper, describing the 
bystander effect [6], measured as an increase of sister chromatid exchanges (SCE). They irradiated 
Chinese hamster ovary cells with low doses of α-particles from a conventional broad field source in a 
way that only a few cells within a population were actually traversed by a particle. A much higher 
level of SCEs were produced in cells than would be predicted on the basis of the number of cell nuclei 
targeted. The authors proposed a hypothesis that cell irradiation induces some indirect effects within 
neighbouring cells via free radical cascades or signal transduction pathways. 

In a series of studies, reviewed in [7], Mothersill and co-authors demonstrated that medium from γ-ray 
irradiated cell cultures reduced the survival of unirradiated cells. Under this protocol supernatant from 
irradiated cells was transferred to test “reporter” cell cultures, which were analysed using clonogenic 
assay and for presence of micronucleated, apoptotic and cells with chromosome aberrations. Another 
approach was utilized by Bishayee and co-workers. 

Our group first demonstrated direct evidence of bystander effects in normal human AG01522B 
fibroblasts using the Gray Cancer Institute charged particle microbeam [8, 9]. Irradiation of a single 
fibroblast with a single 3He2+ particle delivered by the microbeam through the nucleus would give a 
significant rise of bystander damaged cells measured as micronucleated and apoptotic cells. In general 
a 2-3 fold increase in the level of damaged cells was measured in comparison to controls. 

The bystander effect cannot be comprehensively explained on the basis of a single cell reaction. It is 
well known that an organism is composed of different cell types that interact as functional units in a 
way to maintain normal tissue function. Radiation effects at the tissue level under normal conditions 
prove that individual cells cannot be considered as an isolated functional unit within most tissues of a 
multicellular organism. Therefore the radiation response is not simply the sum of cellular responses as 
assumed in classical radiobiology, predominantly from studies using cell cultures. Experimental 
models, which maintain tissue-like intercellular cell signalling and 3-D structure, are essential for 
proper understanding of the bystander effect. The tissue microenvironment is also important for proper 
manifestation of the bystander effect. In a recent paper Barcellos-Hoff and Brooks hypothesise that the 
radiation bystander effect and genomic instability are positive and negative manifestations of a tissue 
homeostatic process [10]. Extracellular signalling in normal tissues plays a crucial role in initiation 
and perpetuation of bystander effect. 

Not many papers have been published on bystander effects in multicellular systems. The 
radiosensitivity of HPV-G and HaCaT epithelial cells lines irradiated within microcolonies (>50 cells) 
was found to be lower than those irradiated as single cells [11, 12]. Bishayee and co-workers [13] 
detected a pronounced bystander effect in a V79 three-dimensional tissue culture model labelled with 
3H-thymidine when the isotope is localised in the cell nucleus and distributed non-uniformly among 
the cells. Jen and co-workers [14] found that the radiosensitivity of mouse kidney cells that are 
irradiated under in vivo conditions in situ or in vitro as fragments was higher than those irradiated in 
vitro as single cells. 

With the exception of abscopal effects and clastogenic factors in blood plasma of patient undergo 
radiation therapy, which were discussed above, little evidence of bystander effect under in vivo 
conditions is available. One experimental paper, which deals with bystander effect under in vivo 
conditions is work by Watson and co-authors [15]. They utilised a bone marrow transplantation 
protocol to demonstrate that genomic instability could be induced in bystander cells. Mixture of 
irradiated and non-irradiated cells distinguished by a cytogenetic marker, was transplanted into 
CBA/H mice. Genomic instability was demonstrated in the progeny of non-irradiated cells. 

Therefore the main rationale for our research is that the bystander effect is likely to be natural 
phenomena which should be studied in an in vivo like multicellular system with preserved 3D tissue 
microarchitecture and microenvironment. This necessitates moving from in vitro cell culture systems 
to tissue-based systems. 

Specificaly, our work relates to the follwoing main aims: develop methods of low dose irradiations of 
3D tissue models with microbeam irradiation facilities; develop and test protocols for studying 
endpoints of bystander effects in 3D tissue environment; estimate bystander induced apoptosis and 
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premature differentiation in 3D tissue systems and therefoe contribute to studies of bystander effect 
mechanisms. The ultimate goal is to clarify the nature of bystander effect and estimate potential 
applications for radiation protection. 

Materials and methods 
Our current work relates to human artificial epidermal (EpiDerm, see Fig. 1) and trachea-bronchial 
(AirWay, see Fig. 2) 3D tissue systems, which are available from MatTek Corporation (Boston, USA). 

Figure 1: MatTek artificial human skin tissue system, coparison of different EpiDerm moddels with 
human skin structure. 
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Human artificial tissue models closely resembles microarchitecture represented in vivo, it was 
demonstrated that the system is live, responsive and produce all relevant markers, characteristic for a 
human tissues of this type. EpiDerm lifetime can be as long as three weeks although we performed 
experiments for not more than 3 days to ensure that tissue is in good shape. AirWay systems are less 
robust and recommended cultivation time is rather days than weeks. Our typical experimental time 
was 24-48 hours. 

Figure 2: MatTek artificial tracheal/bronchial epithelial tissue system, 4 µm paraffin section, 
Haematoxylin - Eosin staining 

10 μm

 
Air-liquid interface culture technique is used to grow artificial tissues, which allow to model 
conditions present in vivo (Fig. 3). 
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Figure 3: Schematic representation of the Air-Liquid Interface tissue culture technique (left) and 
EpiDerm (EPI-212) cultivation arrangement. 

Medium

Membrane

Tissue

Culture
insert

Tissue
culture

well

 
Microbeams are facilities that allow irradiation of individual cells or cell regions with precise numbers 
of charged particles with micrometer precision. The Gray Cancer Institute (Northwood, UK) charged 
particle microbeam was used to irradiate tissue samples in a known pattern with a known number of 
3He2+ particles or protons (Fig. 4). 

Figure 4: Gray Cancer Institute charged particle microbeam system. 

 
After irradiation, the tissues models were incubated for 3 days, fixed in 10% NBF, paraffin embedded 
and then sliced into 5 μm histological sections located at varying distances from the plane of the 
irradiated cells (Fig 5).  

Figure 5: Distance-dependent assay after microbeam irradiation. 
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In tissue sections we studied in situ apoptosis and of differentiation. Specifically, Apoptag (Clontech, 
USA) apoptosis assay utilising 3’-OH DNA end-labelling based technique was used (Fig. 6). Studies 
of bystander-induced differentiation under in situ conditions were performed using morphological 
measurements in underdeveloped EPI-201 model (see more detailed description in “Results” section). 

Figure 6: EPI-200, 4 μm paraffin section, 3’ OH DNA end-labelling, positive apoptotic 
cell are green, fluorescent microscope. 

 

Results 

We found significant bystander effect by measuring apoptosis in microbeam irradiated samples. It 
shows a typical for bystander effects dose-response curve with steep increase and a plateau. Further 
increase of dose does not change response considerably. Dose-effect dependency for bystander 
induced apoptosis in EPI-200 artificial human skin models after microbeam irradiation with protons, 
see Fig. 7. 

Figure 7: Dose-effect dependency for bystander induced apoptosis in EPI-200 artificial human skin 
models after microbeam irradiation with protons. 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0 3 10 20 30 60
Protons, number per spot

Fr
ac

tio
n 

of
 a

po
pt

ot
ic

 c
el

ls

 
Next, our pilot experiments with a “distance dependence assay” demonstrated that irradiation of a 
single spot with 10 protons would induce a relatively constant bystander response measured as 
increase in apoptosis up to 1 mm away from the irradiated spot, See Fig 8. 
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Figure 8: Bystander apoptosis in EPI-200 artificial human skin after spot microbeam irradiation with 
10 protons. 
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Based on our previous results [16] with urothelial explant system we decided to explore bystander 
premature differentiation in the skin model. EPI-201 (underdeveloped, not differentiated artificial skin 
system) was used to estimate changes in differentiation pattern after microbeam irradiation. We 
compared thickness of differentiated layers as illustrated in Fig. 9. 

Figure 9: Changes in bystander differentiation pattern after microbeam irradiation EPI-201, 3 days 
after irradiation. 
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To our surprise irradiation of a single 2 µm spot of a tissue model resulted in massive changes in 
number of additionally differentiated bystander cells. As it can be seen in the Fig. 10, typically 10-
15% of additional differentiation can be detected, which is a very substantial response comparing to 
around 1% additional bystander apoptosis. 

Figure 10: Microbeam irradiation increases ratio “cornified layer / total thickness”. 
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During the next stage of work we have studied bystander effect in AirWay system after 3He2+ (as a 
surrogate for α-particles) microbeam irradiation. This scenario closely resembles exposure of human 
lungs to α-particles emitted by radon daughters under natural conditions. We started with “line” 
irradiation (21 irradiation points along diameter of the tissue) and observed significant increase in 
bystander induced apoptosis, see Fig 11. These samples were located approximately 300 µm away 
from irradiated spot. Typical bystander response curve with initial increase and levelling was 
observed. 

Figure 11: Bystander induced apoptosis following line 3He2+ microbeam irradiation. 
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Then we decided to investigate what minimal dose would be able to induce bystander response. 
Irradiations of a single spot at the centre of the tissue were performed. Sections were located 
approximately 300 µm away from irradiated spot. It was demonstrated that bystander effect could be 
triggered by as low as 5 ions delivered to a single 2 µm spot. Note that dose response curve is more 
pronounced and errors are less than in case of line irradiation. Level of response, however is quite 
similar (see Fig. 12). 

Figure 12: Bystander induced apoptosis following spot 3He2+ microbeam irradiation. 
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Discussion and conclusions 

In this work we demonstrated bystander response measured as increase in apoptosis, and 
differentiation in 3D tissue models. It was shown that bystander induced apoptosis is propagated over 
large distances in 3D tissue. This can suggest that a tissue sample acts as a single unit in response to 
microbeam irradiation. A cascade mechanism of bystander effect induction might be involved. It is 
tempting to suggest that the bystander response has the function of eliminating potentially damaged 
cells in the vicinity of radiation induced DNA damage by apoptosis and increased differentiation. 

The discovery of a bystander effect is important for understanding the dose-response mechanisms 
relevant to low-dose irradiation in vivo. One important question is whether the bystander effect is a 
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protective mechanism or whether, conversely, it amplifies the number of cells damaged by the isolated 
radiation tracks of low-dose exposures leading to an increased risk of carcinogenesis. Based on our 
date we propose a theory, that the main function of the bystander effect is to decrease the risk of 
transformation in a multicellular organism exposed to radiation. It can be speculated that individual 
cells within a tissue may not have the ability to detect irradiation such that an individual cell response 
is not expressed. An integrated multicellular system may be able to detect damage from irradiation and 
respond to it by removing a functional group of cells, which could be potentially damaged. The 
existence of a potentially sensitive group of cells, susceptible to the bystander response has also been 
proposed by [17]. However, not every cell will respond to the hypothetical bystander factor, which is 
released by targeted cells. Only 1-3% of the total number of cells in the system would express damage  
and approximately 10-15% would go on to bystander induced differentiation. Our data are consistent 
with every cell being able to initiate the bystander effect. Such a mechanism of co-operative response 
would make the tissue system much more robust. It would work only for low doses of charged particle 
irradiation (below~0.1-0.2 Gy, depending on system and type of radiation) because only in this case is 
the damage localised within a small fraction of the cell population. In some systems, the most 
convenient way to remove potentially damaged cells is via apoptosis. In particular, apoptosis allows 
the removal of affected cells without a negative impact on other cells via inflammatory responses. 
However many apoptotic pathways are controlled by cellular signals, which would also enable the 
selective removal of certain functional groups of cells. Apoptosis plays a significant role in the 
systems studied. Another way to isolate damage is to prompt affected cells into irreversible 
differentiation. Results, which support this mechanism, have been obtained. Underlying this theory is 
that normal 3D tissue microarchitecture is essential for the manifestation of the bystander effect. 
Therefore, the bystander effect might be a tissue-specific epigenetic phenomenon, which can be 
observed in full scale when there is presence of natural cellular stratification with differentiated and 
dividing cells present and an intact tissue microenvironment. However, the data suggest that initial 
nuclear damage seems to be essential for initiation of this system. Perpetuation of the bystander effect 
might involve cascade-like epigenetic mechanisms. Tissues remove all potentially damaged cells from 
the system to avoid the risk of carcinogensis following sparse low dose irradiation or any other local 
oxidative damage. Bystander induced differentiation seems to play a central role in this process. 

A general scheme explaining the proposed theory is illustrated in Fig. 13. Tissue, exposed to sparse 
natural irradiation, would respond as a single unit (1). The damaged cells would produce some 
bystander signal or signals. Some sensitive sub-population of potentially damaged cells would respond 
to the bystander messenger (2). The tissue response to sparse irradiation would affect just a fraction of 
cells within the tissue (estimated at 10-15%). A minor fraction of the cells will be eliminated 
(probably by apoptosis - estimated as < 1%). The majority of the cells would be removed from 
proliferating pool by being prompted into differentiation (3). Such a significant response of tissue 
might be explained by the great danger of even one transformation event induced by natural 
background radiation. Removing from the proliferating pool all the potentially damaged cells would 
significantly reduce the risk of transformation for any one cell. 

Figure 13: A general scheme of radiation induced bystander effect in tissue systems. 
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Recently, two theories were proposed concerning the possible meaning of the bystander effect. One of 
them hypothesises that the radiation-induced bystander effect is a manifestation of a tissue 
homeostatic process [10]. Cell growth, differentiation and death are directed significantly by 
extracellular signaling through the interactions of cells with other cells and with the extracellular 
matrix and the tissue microenvironment. According to the authors’ theory the bystander effect 
eliminates abnormal cells in order to inhibit neoplastic behavior and preserve tissue integrity. Genomic 
instability is interpreted by the authors as results of absence the bystander effect. They write: 
“radiation-induced bystander effects and genomic instability, are, respectively, positive and negative 
cellular manifestation of multicellular programs of damage response” [10]. Therefore, the bystander 
effect is hypothesised to be an important mechanism of tissue integrity maintenance. Another theory 
concerning a possible role of the bystander effect for the genome as a whole was recently proposed by 
Baverstock [18]. The author proposed that the radiation induced bystander effect (as well as genomic 
instability) can be understood in the terms of the dynamic genome concept proposed in this paper. 
These phenomena are interpreted not just as the result of loss of stability from specific modifications 
of the genome sequence, but, as a response of the genome in order to preserve the integrity of the 
genomic sequence.  

Future work 

We plan to continue mathematical modelling of bystander effect in 3D using an approach developed 
by Dr. Mark Little [19]. In future, we plan to utilise a non-invasive deep tissue imaging technique 
using Zeiss ApoTome system for non-destructive detection of apoptosis in 3D tissues. It is important 
to study time-course of bystander induced apoptosis production under 3D conditions. Further 
mathematical modelling of bystander effect in 3D will help to clarify dynamics of the process and 
eventually contribute to estimation of risk for radiation protection. 

Implications for radiation protection 

Bystander effects could be important in several radiation related areas related to radiation protection. 
The results obtained might contribute to better estimation of cancer risk from domestic radon 
exposure, effects of HZE (high-charge-and-energy) particles during space missions, high energy 
radiotherapy outcome, health effects of air crew and nuclear power station personnel. 

In particular, bystander effect is potentiality significant for radiation protection issues and may have 
implications for the applicability of the Linear-No-Threshold (LNT) model in extrapolating radiation 
risk data into the low-dose region. 
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