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Radionuclides in radiation-induced bystander effect; may it share in
radionuclide therapy?
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For many years in radiobiology and radiotherapy predominated the conviction that cellular DNA is the main target for ionizing
radiation, however, the view has changed in the past 20 years. Nowadays, it is assumed that not only directed (targeted) radiation
effect, but also an indirect (non-targeted) effect may contribute to the result of radiation treatment. Non-targeted effect is relatively
well recognized after external beam irradiation in vitro and in vivo, and comprises such phenomena like radiation-induced bystander
effect (RIBE), genomic instability, adaptive response and abscopal (out of field) effect. These stress-induced and molecular signaling
mediated phenomena appear in non-targeted cells as variety responses resembling that observed in directly hit cells. Bystander ef-
fects can be both detrimental and beneficial in dependence on dose, dose-rate, cell type, genetic status and experimental condition.
Less is known about radionuclide-induced non-targeted effects in radionuclide therapy, although, based on characteristics of the
radionuclide radiation, on experiments in vitro utilizing classical and 3-D cell cultures, and preclinical study on animals it seems
obvious that exposure to radionuclide is accompanied by various bystander effects, mostly damaging, less often protective. This
review summarizes existing data on radionuclide induced bystander effects comprising radionuclides emitting beta- and alpha-
particles and Auger electrons used in tumor radiotherapy and diagnostics. So far, separation of the direct effect of radionuclide
decay from crossfire and bystander effects in clinical targeted radionuclide therapy is impossible because of the lack of methods to
assess whether, and to what extent bystander effect is involved in human organism. Considerations on this topic are also included.
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Radiation-induced bystander effect (RIBE) is a non-
targeted effect emerging in non-irradiated cells as different
biological changes elicited by molecular signals secreted from
radiation exposed neighbors [1-4, and references therein].
RIBE is communicated through cell-to-cell gap junctions
or by extracellular environment, and typically refers to the
damaging events such as reduced clonogenic survival [5, 6],
increased sister chromatid exchange [7, 8], formation of mi-
cronuclei and cell death via apoptosis and necrosis [9-12], all
presented in vitro, although similar events appear also in vivo.
Many preclinical studies revealed the appearance of bystander
effect and abscopal (out of field effect) in vivo (reviewed by

[13]. The abscopal effect is an immune-mediated phenom-
enon. Preclinical studies and clinical cases of beneficial
abscopal effects published so far suggest that radiotherapy
acts synergistically with targeted immune treatment and
this seems to be a field for clinical manipulation. Radiation-
induced genomic instability disclosed as lethal mutations,
unstable chromosomal aberrations and delayed reproductive
death is also the manifestation of bystander effect signaling
[14]. On the other hand, bystander effect may also appear as
radioadaptive and radioprotective effects [11, 15-17]. Reactive
oxygen species (ROS), nitric oxide, lipid peroxidation end
products, cytokines like interleukin-6 (IL-6), interleukin-8
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(IL-8), transforming growth factor beta (TGF-f), tumor
necrosis factor alpha (TNF-a) have all been implicated in
bystander signaling either via intercellular gap junctions, or
medium transfer mechanism [1, review]. Numerous studies
of bystander effect in vitro and in vivo focus primarily on ion-
izing radiation from external sources including alpha particles
microbeam, X-rays and gamma rays. This is justified because
of the widespread use of external beam irradiation in cancer
radiotherapy and still unanswered question on bystander ef-
fect contribution to cancer cure or enhancement of normal
tissue reaction. As all these aspects have been quite widely
described in the literature, therefore in this review they will be
inserted only if necessary. During last decades radionuclide-
based targeted therapies have emerged as eflicient tools for
cancer treatment and radionuclide-generated bystander effect
deserves an interest of radiobiologists and radiotherapists [18,
19]. This paper is thus a summary of the main hitherto studies
concerning the radionuclide induced bystander effect in vitro
and in animal experiments in vivo. Clinical look at radionu-
clide induced bystander effect is also being considered. In the
view of increasing use of radionuclides in cancer diagnostic
and radiotherapy, this issue seems to be gaining significance
due to potential therapeutic efficacy and/or possible risk of
normal tissue damage.

Rationale to study radionuclide induced bystander effect

Radionuclide therapy is utilized in the case of metastatic
cancers or disseminated diseases when conventional radiother-
apy is impossible due to tumor localization near to sensitive
organ, or when chemotherapy is too toxic [20]. Radionuclide
therapy is the targeted therapy applied in the treatment of
different diseases such as thyroid malignancies, metastatic
bone pain, hepatocellular carcinoma (HCC), neuroendocrine
tumors (NETs), non-Hodgkin’s lymphoma (NHL) and others
(reviewed in [21]). It is especially attractive since radioactive
isotopes bound to vectors e.g. monoclonal antibodies, can be
specifically delivered to the tumor cells expressing a particular
antigen, the treatment known as radioimmunotherapy (RIT)
[22, 23]. Two monoclonal antibodies directed to CD-20 an-
tigen, *°Y-ibritumomab tiuxetan and "*'I-tositumomab, are
commonly used, usually after chemotherapy in the treatment
of B-cell lymphoma [24-26]. Radionuclides can also be bound
to other type vectors with affinity to specific tissue elements,
or which can selectively achieve a particular target (targeted
radionuclide therapy, TRT), e.g. the sodium/iodide symporter
in thyroid tissue [27, 28]. Radiolabeled bisphosphonates or
calcium mimetic radioactive salts with affinity to bone [29] can
target skeletal metastasis. Neuroendocrine tumors which natu-
rally express the membrane-bound noradrenaline transporter
(NAT), can be effectively targeted by [**'I]meta-iodobenzyl-
guanidine ([*'I]MIBG), a stable, non-immunogenic analogue
of adrenergic neuron blockers [30-33]. Targeted radiotherapy
with [*'I]MIBG seems also be a possible alternative form of
radiation treatment of prostate cancer especially when could

be combined with gene therapy transducing NAT to prostate
cancer cells [34]. Recently, ?*Ra-dichloride, the high linear
energy transfer (high LET) alpha emitter was introduced
for the treatment of prostate and breast cancer patients with
skeletal metastases [35] and particularly in castration-resistant
prostate cancer patients with symptomatic bone metastases,
but without visceral metastatic disease [36]. In addition, stron-
tium-89 (¥Sr), the beta-emitter is used for palliative treatment
of bone metastases [37].Targeted radiotherapy seems to be
very attractive because different radionuclides that emit beta
or alpha particles and Auger electrons, often associated with
X or gamma rays may be bound to carriers specifically reaching
the cells/tissues we are interested. When such radionuclides are
accumulated in the targeted tissues, their decay should result in
highly localized energy deposition, e.g. in the tumor cells and
minimal irradiation of surrounding normal host tissues. How-
ever, while dosimetry for external irradiation sources is well
established, this problem is more complicated in the treatment
with isotopes due to their physical properties. Thus, linear
energy transfer (LET) for radionuclides ranges from 0.2 keV/
pm for beta, X, and g rays, 4-25 keV/um for Auger electrons,
to 50-230 keV/um for alpha particles [20]. Penetration of
different particles in the tissue is also variable, from a few nm
to um for Auger electrons, fifty to a hundred pum for alpha
particles and from pm to mm for beta particles. Finally, the
distribution of the radioactivity is heterogeneous in population
of cells within the organ and whole organism or in subcellular
compartments [20, 38]. However, due to “crossfire” action [2,
19], especially for emitters with penetration distance higher
than cell diameters (>10 um) non-targeted cells can receive
a biological effect from the decaying radionuclide retained in
labeled cells, additionally to a molecular bystander signaling.
If such communication led to intensification of damage within
the tumor, a beneficial bystander effect would occur. However,
due to crossfire between radionuclide targeted cancer cells and
adjacent normal cells/tissue, or due to radionuclide transport
and excretion, the normal tissues may be exposed to radiation
and to bystander signaling carrying a health risk.

Many short-lived radionuclides are also applied in cancer
diagnostics. E.g. in diagnostic of urological cancer metastases
Technetium-99m (T1/2 = 6h) emitting gamma rays is used
in single photon emission computed tomography (SPECT),
Fluoride-18 (T1/2=110 min) and Gallium-68 (T1/2=68 min)
emitting beta particles are used in positron emission tomogra-
phy (PET) [39]. Technetium 99m and Fluoride-18 are also used
in detection of bone metastases in lung and other cancers [40].
One can expect that bystander effects may appear in this low
dose diagnostic application, with yet unknown consequences,
protective or potentially detrimental since data on low dose/
low dose-rate effects are divergent (reviewed by [18]). The use
of low doses of the radionuclide (tens-few hundred MBq) in
diagnostic imaging and bio-distribution of the radionuclide
followed by a high therapeutic dose (several GBq) may result
in the adaptive response appearance [41]. The data on the
radionuclide induced bystander effect are relatively sparse
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and refer mainly to the in vitro research and animal studies,
which are reviewed below.

In vitro studies of radionuclide induced bystander effect

Beta particles induced bystander effect. Several stud-
ies performed in vitro used tritium labeled nucleobases like
deoxythymidine *HTdR) or deoxycytidine (*HdC). Tritium
emits short-range p particles with a spectrum of energy rang-
ing from 0-18.6 keV (the mean 5.7 keV), and it has a range of
~1 um in water, thus when it is localized in the cell nucleus, it
generally does not irradiate neighboring cells [42 and refer-
ences therein]. Incorporated *HTdR exerts damaging effects on
cells including inhibition of cell proliferation [43], suppression
of clonogenicity [44], cell death [45], chromosome aberra-
tions [46, 47], DNA strand breaks [48], and cell-cycle arrest
[49]. Bishayee et al. [50] performed one of the first studies
on radionuclide induced bystander effect. They used tritiated
thymidine to label Chinese hamster fibroblasts V79 line, then
mixed them in different proportion with unlabeled V79 cells,
and prepared multicellular clusters of about 1.6 mm in diam-
eter by gentle centrifugation. After 72 h incubation cells were
seeded for colony formation to measure the bystander effect.
The short range of the *H-emitted B-particles were restricted
to labelled cell only, and did not allow a cross-irradiation of
unlabeled cells. In the case of 100% labeling, the survival of
cells in the cluster was simply dependent on cluster activity,
and lindane (the intercellular gap-junction blocker) had no
effect on the response. However, in the case of 50% labeling
cells surviving fraction decreased more than could be antici-
pated on the base of labeling, and lindane effectively inhibited
cell killing. Thus, bystander signaling had to be undoubtedly
involved in observed radioisotope-induced bystander effect
and was transmitted through gap junctions [50]. The same
group repeated the experiments and showed that even at the
lower percentage of radiolabeled cells (10%) bystander effect
was observed, and not only lindane but also radical scavenger
DMSO protected bystander cell killing [51]. This point out the
free radicals as initiators of bystander communication, which
is conveyed by intercellular gap-junctions.

Gerashchenko and Howell [42] investigated possible
anti-proliferative bystander effects caused by intracellular
irradiation with incorporated *HTdR in rat liver epithelial
cells (WB-F344). Tritium-labeled cells (absorbed doses 0.14—
1.7 Gy) mixed with unlabeled (bystander) cells (stained with
fluorescent marker) in a ratio of 1:1 and co-cultured for
24 h induced bystander effect in unlabeled cells manifested
as enhanced (by ~10%) cell growth. This effect had to be
triggered by soluble factors emitted by radionuclide labeled
cells although putative factors causing growth stimulation
of bystander cells were not defined. The authors speculate,
based on data concerning external irradiation bystander effect
signaling, that ROS, nitric oxide, plasma membrane receptors
and alterations in the extracellular matrix of radiolabeled cells
may initiate a proliferative response in adjacent bystander

cells [41]. Pinto et al. [52] evaluated the cell cycle transition
of human normal fibroblasts (AG1522) after incorporation of
‘H-deoxycitidine (*HdC) in 3-dimensional (3-D) co-culture
on porous and biocompatible scaffold. Based on the flow
cytometry cumulative labeling index assay, they found that
cells labelled by *H bound to nucleus were delayed in G2 and
subsequently in G1, in a dose-dependent manner (from 0.02
to 0.32 Gy/h corresponding to 1.5-22 mBq per labelled cell).
However, no delay occurred in progression through G1 of
bystander cells co-cultured with the labelled cells.

Adaptive response in bystander AG1522 fibroblasts in 3-D
co-cultures containing tritium-labeled (<16%) and unlabeled
cells was also investigated [53]. To evaluate an adaptive by-
stander response, the *HdC-labeled and unlabeled cells were
co-cultured for 3 or 24 h and then were challenged with 4 Gy
of gamma rays. When the average dose-rate in *HdC-labeled
cells was 0.04-0.37 Gy/h (average accumulated dose 0.14-10
Gy), no statistically significant stressful bystander effects an
adaptive bystander effects were observed as measured by mag-
nitude of the G1 arrest, micronucleus formation, or changes
in mitochondrial membrane potential. Authors suppose that
higher dose rates and/or higher LET may be required to induce
bystander effects in this experimental co-culture system, and
probably lower dose rates and challenge doses may be required
to induce adaptive bystander responses.

The radionuclide-induced bystander mutagenesis was also
documented in 3-D culture model [54, 55]. Spheroids com-
posed of labeled with tritiated thymidine (["H]dTTP) Chinese
hamster ovary (CHO) cells and human hamster hybrid (A,)
cells were used to investigate bystander genotoxicity. This
low LET P emitter at dose 100 pCi induced high, ~14-fold
increased mutations in the non-irradiated A, cells compared
with control, and simultaneously a decreased clonogenic
survival. The DMSO or lindane reduced significantly the
mutation incidence indicating that reactive oxygen species
and intercellular gup junctions are engaged in bystander ef-
fect transmission.

Auger electron-induced bystander effects. The Auger
electron emitters are frequently used in nuclear medicine. Ex-
amples include among others ** Tc, '#’, 1. The iodine-125 is
the known Auger electron emitter, which toxicity depends on
cellular localization. When incorporated into DNA it induces
very efficiently direct killing, DNA double strand breaks and
chromosomal aberrations which subsequently might generate
bystander effects [56]. Thus, when incorporated into nucleus
its radiotoxicity towards DNA can be compared with radio-
toxicity of high LET alpha particles, but when localized in
cytoplasm I results in toxicity typical for low LET radiation
[57, 58]. Howell and Bishayee [57] investigated the biological
effects of non-uniform distributions of DNA-incorporated
2] in Chinese hamster V79 fibroblasts using a 3-D culture.
Multicellular clusters of ~1.7 mm diameter were formed by
gentle centrifugation of labeled with '*I-iodo-2-deoxyuridine
(**IUdR) cells mixed with unlabeled cells at different pro-
portions. When 100% of the cells were labeled, the survival
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fraction was exponentially dependent on the mean radio-
activity per labeled cells, but the two-component survival
curves were observed when either 50 or 10% of the cells
were labeled. These two-component survival curves resulted
from non-uniform distribution of radiation in the clusters.
The highly localized in DNA energy deposition caused by
12T decay resulted in very high equivalent doses delivered to
the labeled cells, and low equivalent doses delivered to the
unlabeled cells. Furthermore, the cell survival in the case
of 50% or 10% labeled cells was much lower than predicted
from dosimetry estimation of cross irradiation indicating
a share of bystander effect in cell killing. However, it cannot
be excluded that DNA/"*IUDR or other radioactive molecu-
lar products released from damaged cells can additionally
target neighbor cells directly, although this possibility is not
considered by authors. The secretion of radiolabeled DNA
derivatives resulting from damaged cells could be probably
partly responsible for the different ability of various cells to
induce a bystander effect observed by Akadugu et al [59]. In
the studies performed on human breast carcinoma MDA-
MB-231 or MCF-7 cells using 3-D cell culture on carbon
scaffold they demonstrated the capacity of '*IUdR to induce
lethal bystander effects in human breast cancer cells MCF-7
line but not in MDA-MB-231 cell line indicating that the
bystander response is cell type dependent.

The anti-proliferative bystander effect of '**I-labeled human
lymphocytes towards LS174T colon adenocarcinoma cells
both in direct co-culture and in media transfer experiments
was observed by Mamlouk et al. [60]. Cancer cells were mixed
with lethally labeled (previously stimulated with phytohemag-
glutinin) lymphocytes in proportions: 1:0, 1:0.25, 1:0.5, 1:1,
1:2.5, and 1:5. The LS174T cell growth inhibition increased
with increasing fraction of labeled lymphocytes. Clonogenic
survival also decreased when cancer cells were treated by
medium harvested from co-culture of another pool of cancer
cells with '*I-labeled lymphocytes. Moreover, in the media
harvested from the 1:1 co-cultures of tumor cells and '*I-la-
beled lymphocytes in which an inhibitory bystander effect was
observed, an increased expression levels of tissue inhibitors of
metalloproteinases TIMP1 and TIMP2 and interleukins IL1-a
and IL1-P were measured. These factors might be the media-
tors of bystander effect observed. Furthermore, the '*IUdR
that target DNA can be probably released from damaged cells
as DNA/radionuclide elements and can irradiate other cells,
thus separation of direct and bystander effect is difficult. Sum-
marizing the studies with Auger electrons, Adelstein et al. [56]
note that the most radiosensitive cell element is the nuclear
DNA where radionuclides induce chromosomal aberrations,
and large scale double-strand breaks, which correlate with
reproductive survival. They also found that neoplastic trans-
formation and mutagenesis were greatest at low doses with
high specific ionization, and that, like in the case of high LET
radiation, Auger-electron cascades led to bystander effects.

Alpha particle induced bystander effect. Belyakov et al. [61]
using 3-dimentional (3D) model of skin tissue demonstrated that

irradiation with microbeam of a-particles smaller than one cell
size induced apoptosis and micronuclei in bystander cells about
1 mm away from the irradiated line. Also Sedelnikova et al. [62],
found after microbeam irradiation of 3D artificial tissues of skin
or respiratory epithelium the multiple damage in bystander cells,
including DNA strand breaks (DSB) visualized as phosphorylated
histone H2A (gammaH2AX) foci, generation of micronuclei, ap-
optosis, senescence and epigenetic changes in DNA methylation.
Prior studies [63] on the action of a-particles to the cells showed
that the DNA damage measured by sister chromatid exchanges
(SCE) were caused not only by direct transition of a-particle
through the cell nucleus, but by forming reactive oxygen species
(superoxide radicals and hydrogen peroxide). These factors are
believed to be the initiators of the bystander effect (e.g. [11]).

Recently, Fu et al. [64] observed that interaction between
a-particle irradiated human bronchial epithelial cells (Beas-
2B) and its bystander macrophage U937 cells was bilateral.
It was observed that irradiated with 1 Gy a-particles Beas-2B
cell induced in bystander U937 cells significant increase of
apoptosis and decrease of survival, while bystander U937
macrophages in a feedback loop enhanced apoptosis in
a-irradiated Beas-2B epithelial cells almost twice in relation
to irradiated epithelial cells without co-culture. This ampli-
fication of the detrimental effects of a-irradiation including
decrease of cell viability and promotion of apoptosis in irra-
diated cells was connected with activation of nuclear factor
kappa B (nuclear factor kappa-light-chain-enhancer, NFkB)
and mitogen activated kinases pathways (MAPK) in the by-
stander U937 cells. However, protective (rescue) bystander
effect was also recently found when cancer HeLa cells were
exposed to very low dose (5 cGy) of a-particles and were co-
incubated with NIH/3T3 fibroblasts [65]. This rescue effect
(diminution of 53BP1foci/cell, the marker of DNA dsb) was
also mediated through activation of NF-kB pathway, but in
irradiated cells. These all indicate how complex may be by-
stander effect, and that cell phenotype may be responsible for
the divergence. Moreover, the observed bystander signaling
between tumor and normal cells may have potential impli-
cations in therapeutic outcome of cancer radiotherapy with
radionuclides since cancer cells coexist with normal cells like
fibroblasts or other.

Dependence of bystander effect on radionuclide location
in donor cells. Despite the radiobiological direct responses to
Auger-electron emission are particularly sensitive to the site
of the decay, not only within the cell but also within the fine
structure of chromatin [56], the bystander effects induced by
radionuclide seem to be independent of the site of intracellular
location in labeled cell. Boyd et al. [66] observed similar killing
of bystander HCT116 cells when they were treated with media
harvested from either MIBG (accumulating within the cyto-
plasm) or IUdR (incorporating into DNA) labeled with either
BT (low LET B-emitter), or ' (high LET Auger emitter). An
independence of bystander effect generation of radionuclide
sub-cellular location was also indicated by Paillas et al. [67]
for HCT116 p53-/- and p53+/+ colorectal carcinoma cells. The
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direct effects of '*I-labeled monoclonal antibodies targeting
the membrane bond, non-internalizing carcinoembryonic an-
tigen (CEA), and internalizing, cytoplasm reaching epidermal
growth factor receptor (HER1) were different; anti-CEA '*°I-
mAbs were much more cytotoxic than anti-HER1 '*I-mAbs in
both p53-/- and p53+/+ HCT116 cells. However, the bystander
response of conditioned medium treated cells expressed as
gammaH2AX foci (marker of DNA double strand breaks) were
similar for CEA and HER1 targeting radionuclides. These indi-
cate that DNA damage is not necessary to generate bystander
signaling. Recently, Paillas et al. [68] confirmed that non-
targeted response (decrease of survival and DNA double strand
breaks) induced by directing 5-[(125)I]iodo-2-deoxyuridine
to the nucleus was comparable to that of '*I-mAb directed
against cell surface receptors. Furthermore, they found that
targeting the cancer cell surface with '*I-mAbs induces a lipid
raft-mediated non-targeted response that compensates for the
lower efficacy of non-nuclear targeting.

Dose and dose rate dependence of radionuclide induced
bystander effect. The bystander effect is not simply depend-
ent on radiation dose since linear energy transfer (LET) and
consequently dose rate is decisive. Boyd et al. [69] compared
the induction of bystander effect by gamma rays with that
induced by haloanalogs of metaiodobenzylguanidine (MIBG)
radiolabeled by isotopes differing in linear-energy-transfer.
The ®'I-MIBG (low- LET B-emitter), '*I-MIBG (potentially
high-LET Auger electron emitter), and meta-*"' At-astatoben-
zylguanidine (*''At-MABG), the high-LET a-emitter were
used to expose two human tumor cell lines, UVW (glioma)
and EJ138 (transitional cell carcinoma of the bladder). Cells
were previously transfected with the noradrenaline transporter
(NAT) gene to enable active uptake of MIBG. Non-irradiated
cells were then exposed to medium harvested from cells that
accumulated the radiopharmaceuticals or were irradiated with
external beam of gamma rays. Whereas gamma irradiation
induced bystander effect measured as reduction of clono-
genic survival increased with dose delivered to donor cells at
lower doses, and saturated over 2 Gy, the low LET B-emitter
BII-MIBG induced bystander cell kill increasing with dose
delivered to donors (0 - 216 uCi/ml) and was not saturated
after treatment with a range of radioactivity causing direct cell
death corresponding to external gamma irradiation. However,
high LET emitters, '**I-MIBG (dose for donors 0 — 216 uCi/ml)
and ' At-MABG (dose for donors 0 — 1.12 pCi/ml) induced
increasing killing of recipient cells to the levels comparable
with that resulted in direct kill of ~65% and 70% respectively,
then the effect in recipients decreased with increasing activities
in donors resulting in U-shape bystander curves. Importantly,
neither direct, nor indirect cell kill was observed in cells
that did not express the NAT and were incapable of active
uptake of MIBG. Again, Boyd et al. [66] found that low LET
B-emitters *'I-MIBG or "*'I-UdR induced bystander cell kill-
ing in HCT116 colorectal carcinoma increasing with dose and
not saturating after treatment with higher doses, whereas '*I-
labeled (high LET) both compounds induced U-shaped curves

of bystander cell killing. Although this type of relationship,
observed only in media transfer experiments are unexplained
one can suppose that phenomenon of inverse-dose-rate effect
[70, 71] took place in presented experiments and low damage
was probably induced by the higher dose-rate '*’I-labeled cells,
than by the same dose of lower dose-rate '*'I-labeled cells. Con-
sequently, bystander signaling was produced less efficiently at
higher dose-rate than at lower dose-rate.

Similarly, diverse bystander effects, inhibitory of *’I, and
stimulatory of '*’I were also observed in LS174T tumor cells
co-culture in vitro [72]. Furthermore, medium from co-culture
with '*’I-labeled cells contained anti-angiogenic factors TIMP1
and TIMP2, and those from co-culture with '*’I-labeled cells
were positive for angiogenin stimulating angiogenesis, indicat-
ing engagement of distinct pathways. Contrasting dose-rate
dependent bystander effect (damaging or stimulating tumor
growth) was observed also in vivo after exposure to '*I or '
as described below [72], where authors also proposed possible
explanation of these discrepancies.

It should be pointed out that hyper-radiosensitivity phe-
nomenon has been observed in external beam irradiated cells
(X/gamma rays) in the range of doses below 50 cGy [73, 74] and
it was connected with bystander effects expressed as reduced
survival, and induction of micronuclei. This hyper-radiosensi-
tivity was followed by an increase in radio-resistance at doses
between 50 and 100 cGy. To explain the low-dose-response it
has been proposed that G2-phase cells that survive low-dose ra-
diation exposure experience an overall reduced fidelity of repair
[75] and that cells containing residual non-repaired damage are
prone to apoptosis [76]. Therefore, we cannot exclude similar
phenomenon in radionuclide treated tumors. However, there
are only few studies on the hyper-radiosensitivity in the case of
radionuclides. Friesen et al. [77] observed that beta irradiation
of leukemia cells induced apoptosis with higher efficiency at
lowest dose rate applied (i.e., 0.006 Gy/min; 10 Gy delivered in
24h) than at higher dose rates. Ren et al. [78] found a biphasic
dose-response (0.01-1 Gy), the hyper-radiosensitivity with low
dose, followed by resistance at higher dose for micronuclei
induction in lymphoblast cells after *! Am external a-particles
irradiation. Also Raji cells (human lymphoma) irradiated with
BT (beta emitter) at very low dose rate (0.003 Gy/min, 0.38 Gy)
showed greater toxicity and apoptosis in comparison with
equivalent dose of gamma rays. These events were associated
with differential expression of DNA repair genes RAD51 and
P21 [79]. These observations indicate that the phenomenon of
hyper sensitivity may be present in the radionuclide therapy, but
the consequences can be a useful for tumor cells, but may be
rather negative to the normal tissues, for example endothelium
of blood vessels before they reach the tumor.

In vivo studies of radionuclide bystander effect

Xue et al. [80] indicated pronounced inhibitory bystander
effect in mice on the growth of tumors evoked by human
colon LS174T adenocarcinoma cells injected concomitantly
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with cells pre-labeled with lethal doses of DNA-incorporated
2TUdR. Since electrons emitted by the decaying '*I bound to
DNA have a subcellular range (<0.5 pm), the direct irradia-
tion of unlabeled cells is minimal, thus bystander effect had
to be exerted by factors generated in, and secreted by '*TUdR-
labeled cells, although release of DNA/**IUdR products from
killed cells may probably cause direct irradiation of previously
non-targeted cells.

Bystander effect induced by radionuclides in vivo can be
both damaging and stimulating, just as in the case observed
in in vitro studies. Kishikawa et al. [72] observed that hu-
man LS174T adenocarcinoma cells lethally damaged by '*I
(**IUdR), an Auger electron emitter injected subcutaneously
to nude mice as a mixture with unlabeled cells enhanced sig-
nificantly the growth of tumors induced. In contrast, an Auger
electron emitter '*°I whose electron spectrum is identical to
that of '*’I significantly inhibited tumor growth when the same
proportions of labelled: unlabeled cells were used. Although
both isotopes emit Auger electrons, they differ in physical
half-lives (**I, T1/2 = 13.3 h, and '*I, T1/2 = 60.5 days), and
consequently they differ in the dose rate, which is 109 times
higher for '*’I-labeled cells than for '**I-labeled cells. Moreover,
number of decays/cell after incubation in vivo with **IUdR is
about twice of that calculated for '*TUdR [72]. These all sug-
gest that bystander effects should be estimated for different
radionuclides at different doses before drawing out conclusion
with regard bystander effect phenomenon.

The bystander effect was also observed in A431 tumor
xenografts injected with anti-CEA '*°I- mAbs. Despite radio-
activity was mainly localized at the periphery of tumors, DNA
DSBs were homogenously distributed throughout the tumor,
as indicated by immunofluorescence detection of p53-binding
protein 1 (53BP1), a sensor of DNA damage [68].

Bodine, a P-emitter is used as *'I-MIBG, a potential
therapeutic, as well as imaging agent in neuroblastoma [80],
or as sodium iodide (**'I-Nal) operating via sodium iodide
symporter (NIS) for treatment of well-differentiated thyroid
carcinoma [81]. Other types of cancer expressing NIS could
be also effectively treated with '*'I [82]. Mitrofanova et al. [83]
documented a strong growth inhibition of human prostate
xenografts engendered by DU145 cells transduced with hu-
man NIS gene. Low dose of **'I-Nal (1 mCi) inhibited growth
of relatively large tumors (~800 mm?). Since not all cells were
efficiently transduced with NIS, the observed tumor growth
inhibition had to be caused via bystander effects. Based on 3-D
spheroids, authors calculated that the NIS allowed to reduce
the injected radioiodine dose by 70% with the same antitumor
efficacy as by much higher dose in non-transduced tumors.
This suggests that modulation of bystander effect might be
probably possible in human tumor radionuclide therapy via
transgene (NIS, NAT') delivery by tumor specific elements.

Astatine-211 (*''At), an alpha particle emitting halogen
was used to study an influence of radiation-induced bio-
logical effects in the thyroid tissue in BALB/c nude mice
[84]. The linear energy transfer of alpha particles allows

preferentially damage the cellular DNA, inducing double
strand breaks. The gene expression profiles were used as the
endpoint in experiment. Mice were intravenously injected
with 0.064 -42 kBq of *''At, resulting in absorbed doses of
0.05 to 32 Gy in the thyroid gland. Distinctive gene expression
profiles compared to non-irradiated controls were found in
thyroid tissue exposed to different absorbed doses (0.05, 0.5,
1.4, 11, or 32 Gy). Interestingly larger number of genes were
affected at low absorbed doses (0.05 and 0.5 Gy) compared
to intermediate (1.4 Gy) and higher absorbed doses (11 and
32 Gy). The affected genes play an important role in cellular
metabolism, transport and communication, DNA, RNA and
protein processing, immune response, apoptosis, cellular
maintenance, and cell development. Furthermore, down-
regulation was predominantly observed at lower absorbed
doses (0.05 and 0.5 Gy), and up-regulation at higher absorbed
doses (11 and 32 Gy). Since irradiation at low absorbed doses
induced changes in larger number of gene expression, authors
suggest that this inverse response originates partly from
non-irradiated cells in the tissue, i.e., bystander cells [84].
Thus, the response acquired at high absorbed doses cannot
be extrapolated down to low absorbed doses and vice versa,
especially that the hypersensitivity effects at low dose-rate
(0.1 -1.0 Gy/h) have been documented as a decrease of cell
survival after 1.5-5 Gy [85]. This should be kept in mind
when radionuclide bystander effect in clinical practice is
considered. Although there are some differences between
radionuclide (high LET) and external beam (low LET)
irradiation induced bystander effects there are also many
similarities between radionuclide-induced and external beam-
induced bystander effects. The concise comparison of external
beam induced non-targeted effects with those induced by
radionuclide decay is presented in Table 1.

Clinical look at bystander effect induced by radionuclides

Cognition the mechanisms of bystander effect induced
during radionuclide therapy would allow the better under-
standing of the potential benefits or risks associated with this
therapy. Currently applied clinical radionuclide therapy uses
different types of radionuclides, recently discussed in rela-
tion to their advantages and disadvantages by Kumar et al.
[86 ]. Sgouros et al. [87] summarizes the clinical trials using
a-particle emitters. They include *''At-labeled antitenascin
and IgG applied in glioblastoma multiforme, **Bi-labeled
anti-CD33 IgG in myelogenous leukemia (acute or chronic),
213Bi-antineurokinin receptor peptide in glioblastoma, ?"*Bi-
labeled specific IgG in melanoma and **Ra-dichloride in
skeletal breast and prostate cancer metastases. The use of
radioimmunotherapy with highly toxic a-particles involves
the risk of damage to normal cells due to nonspecific hit
by radiolabeled agents present in solution, therefore mi-
crodosimetry is most needed. Chouin et al. [88] applied
a microdosimetric model to analyze the results of experimen-
tal studies on two lymphoid cell lines (T2 and Ada) exposed
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Table 1. Brief comparison of non-targeted effects induced by external beam irradiation and by radionuclides. Based on reviews [1-4, 13] and currently

presented papers.

External beam irradiation non-targeted effect

Radionuclide-induced non-targeted effect

Radiation characteristics:

X-rays, gamma rays, electrons (6-25 MeV; 0.2 keV/pm), a-particles microbeam  a-particles (50-230 keV/um), B-particles (0.2 keV/ pum),

Auger electrons (4-25 keV/um)

Non-targeted effects:

Bystander effects (RIBE) — damaging or protective (in vitro and in vivo);
Genomic instability;
Adaptive response;

Abscopal effect - immune mediated,

proved in preclinical studies and in clinical cases (beneficial and carcinogenic),

Crossfire effect - damaging;

Bystander effects (RIBE) — damaging and stimulating (in vitro and in vivo)
Genomic instability;

Adaptive response;

Abscopal effect: single case so far;

Typical for lower dose, but also observed at dose even higher than used in Dose-rate (LET) dependent, higher effect at lower dose, U-shape survival

radiotherapy

curve

Mediators:

Reactive oxygen species (ROS);
reactive nitrogen species (NOS);
lipid peroxidation end products;

cytokines: TNFa, TGFp, IL-1, IL-6, IL-8, IL-33; biogenic amines (5-hydroxy-

tryptamine); amino acids (glycine, nicotine)

Reactive oxygen species (ROS): superoxide, hydrogen peroxide;
cytokines: IL1-o and IL1-p;
metalloproteinases TIMP1 and TIMP2;

angiogenin

Means of transmission:

Cell to cell intercellular gap junction;
Paracrine transmission of diffusible factors

Cell to cell intercellular gap junction;
Paracrine transmission of diffusible factors

Signaling pathways engaged:

p38 mitogen-activated protein kinases; mitogen-activated protein kinases (MAPK)

and their downstream proteins;
Cyclin-dependent kinase inhibitor 1A (CDKN1A, p21 W+ft);

Cyclin-dependent kinase inhibitor 1A (CDKN1A, p21%);

Nuclear factor kappa-light-chain enhancer of activated B cells (NFxB);

Nuclear factor kappa-light-chain enhancer of activated B cells (NFxB); Protein
kinase C (PKC) isoforms; Ataxia telangiectasia mutated protein (ATM); Ataxia Mitogen-activated protein kinases (MAPK) and their downstream proteins;
telangiectasia and Rad3 related (ATR); DNA-dependent protein kinase (DNA-PK)

P53 pathway

P53 pathway

to 2*Bi-radiolabeled antibodies. The #*Bi is mainly short-lived
beta emitter with only 2% alpha particle emission. Using
monoclonal antibodies that target the MHC/peptide complex
it is possible to modulate the density of targeted antigens by
varying the concentration of the antibodies loaded onto the
cells. This provides the ability to change the ratio of specific
irradiation (cell-bound antibodies) to nonspecific (antibodies
that remain in solution). The authors observed an excessive
mortality of both cell types with respect to the percentage of
hit cells at low mean absorbed doses (0,001-0,1Gy) indicating
a high incidence of a bystander effect [89]. Alpha particles
are highly damaging to DNA [61, 62], but formation of ROS
(superoxide and hydrogen peroxide), the known mediators
of bystander effect was documented [63]. The presence of
bystander effect at low absorbed doses when direct killing
effect is low can be beneficial for tumor treatment, although
it can result in damage of healthy cells especially when applied
in lymphoid cancer.

When solid tumor cell populations are exposed to low dose
a-particle radiation, not all cells will be traversed by a radiation
track. However, stressful effects occur in both irradiated and

bystander cells in the population. The distribution of radio-
nuclide within solid tumor cell population is not homogenous
because of non-homogenous vascular network, presence of
cluster of necrosis, different interstitial fluid pressure, and
variable expression of particular antigens/receptors, therefore
bystander effect may have a large role to play in destroying
tumors. These limitations also occur in application of other
types of radionuclides. Although it is yet practically impossible
to distinguish direct effects of radionuclide radiation from
those caused by signals released by the radio-labeled cells,
all in vitro studies indicate without any doubt that a-particles
generate bystander signaling which usually lead to elevation of
damage and genomic instability at relatively low doses (cGy)
[7, 61, 62, 89]. Gaillard et al. [90] estimated the propagation
distance of the a-particle-induced bystander effect in AG1522
normal human skin fibroblasts in the range from 20 to 40 um,
which corresponds to a set of ~3-4 cell diameters. The critical
contributor to propagation of this stressful effect measured
by expression of stress responsive protein p21"*! (also known
as CDKN1A) in bystander cells was DNA damage caused by
nuclear traversal and intercellular communication via gap
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junctions. Gap junctions however, are not a prerequisite of
bystander effect signaling and this was confirmed in many
experiments with radiation conditioned medium [reviewed
in 1-5]. Cell-to cell communication plays a role in response
to different type of stressors not only in mammal cells but
also in bacterial population as presented by Belyaev group
for electromagnetic field [91, 92], and for low (cGys) doses
of X-rays [93] and gamma rays [94] where effect measured as
chromatin viscosity changed on dependence of cell density.
Based on the observed cell density dependent effects, authors
supposed that the mediators of intercellular communication
are some chemical messengers or secondary radiation.

For clinical purposes Mairs and Boyd [33] proposed al-
ternative use of alpha emitting astatine At-211 [**At]MABG
instead beta-particle emitter ["*'I]MIBG, commonly used
in radionuclide therapy of neuroendocrine tumors. Ex-
periments performed by those authors on cellular spheroids
showed that substitution of I-131 by At-211 is 1000-time
more cytotoxic on concentration level. Moreover, the short
range of alpha particle (less than 80 um) although limits
a crossfire action, efficiently generates bystander effect in
NET expressing tumor cells. These indicate the therapeutic
capacity of smaller proportion of [*''At]MABG targeted
tumor cells to kill neighbor non-targeted cells via bystander-
mediated signaling.

The important concern related to the bystander effect
is addressing the possible genomic instability that may be
induced in radionuclide therapy. Studies of Kadim et al.
[95] indicate that low dose of a-particles induced delayed
chromosomal aberrations in bystander human lymphocytes
when fractions of the population were irradiated at GO/G1
of the cell cycle, with precisely one *He** particle (105 KeV/
pm) delivered through the center of each nucleus. Interest-
ingly, substantial heterogeneity in bystander cell genomic
instability between donors of lymphocytes was observed. On
the other hand, Hu et al. [96] found no significant elevation
of inheritable interchromosomal aberrations in the offspring
of bystander primary human fibroblast after a-particle ir-
radiation, although the frequencies of chromatid breaks in
bystander cells significantly increased.

Preclinical studies and clinical cases document a systemic
bystander effect known as “out of field” or “abscopal effect”
after external beam radiotherapy. The terms commonly refer
to distant tumor regression after localized irradiation [97].
Abscopal effects were observed in different tumor types after
conventional radiotherapy, as well after stereotactic ablative
radiotherapy almost always combined with immunotherapy
which act synergistically (reviewed by [13]). The mechanism
of this synergy is based on reduction by radiation of immu-
nosuppression and tolerance of tumor by microenvironment
of the body, followed by induction of immune response
[98, 99]. Radiation-induced damage in such structures like
double-stranded DNA, RNA, chromatin, or high-mobility
group proteinl (HMGB-1) generally described as damage-
associated molecular patterns (DAMPs) which are recognized

by Toll-like receptors (TLR) on immune competent cells e.g.
macrophages or dendritic cells lead to immune mediated
killing of neoplastic cells even in areas distant from irra-
diation field [100, 101]. A key role of macrophages in the
secondary bystander effect at least after photon irradiation
was documented [102]. The schematic illustration of the
immune mediated abscopal effect induced by external beam
ionizing radiation is presentedin Figure 1. It may be assumed
that in targeted radionuclide therapy an abscopal effect can
also take place since radiation from radionuclides damaging
the tumor cells may induce immune response, particularly
because radionuclide therapy is based on low dose/low dose-
rate. The activation of immune system after low dose total
body irradiation is commonly observed [18 and references
therein]. Recently published the clinical case report supports
the assumption that abscopal effect may appear in radionu-
clide therapy. Ghodadra et al. [103] presented for the first
time the abscopal effect observed in patient with lung cancer
after radioembolization with Yttrium-90 (B-emitter) of he-
patic metastases. The patient was treated with external beam
radiation to lung tumor followed by systemic chemotherapy
with carboplatin, paclitaxel, docetaxel, and gemcitabine for
18 months. However, subsequently metastases to three seg-
ments of liver progressed, with the greatest to right lobe.
Radioembolization performed via the right hepatic artery
with a dose of 1.24 GBq aimed to radiation distribution for
disease in the right lobe caused not only regression of treated
metastases, but complete regression of the non-targeted, left
hepatic lobe lesion. The mechanism of radionuclide induced
abscopal effect, as in the case of external radiotherapy is
modulated immunologically. Similar mechanism might oper-
ate in external beam and radionuclide radiotherapy. Authors
propose that radionuclide causes locally the tumor cell death
by apoptosis and necrosis. Damaged tumor cells release
tumor-associated antigens (TA As), chemokines (MCP-1 and
CXCL16) which attract antigen presenting cells (APCs), cy-
tokines (like TNF-a, IL-1, IL-16), “danger signals” (HMGBI,
adenosine triphosphate-ATP, and calreticulin-CRT) as well.
Moreover, tumor cells also cause overregulation of cell adhe-
sion molecules, MHC I/II, and Fas. Subsequently, circulating
dendritic cells (DCs) transfer the TAAs to tumor-draining
lymph nodes and present them to naive CD4 and CD8 T lym-
phocytes causing their activation via interaction of receptors
on T cells with peptide/MHC complexes on DCs. Activated
CD4 and CD8 T cells proliferate and differentiate into effec-
tors CD4+ T cells and cytotoxic T cells (CTLs) respectively,
becoming able to target non-treated tumor cells (Figure2). It
is hoped that radioembolization with as high doses of Y-90 as
200-300 Gy and even 3000 Gy [104] as palliative therapy can
induce stimulation of the immune system, and subsequently
abscopal effect. Combining radionuclide therapy with im-
munotherapy e.g., ipilimumab, GM-CSF or IL-2, presents
additional opportunities to augment Y-90 antitumor effect.
In conclusion, in vitro studies and preclinical experi-
ments allow saying that non-targeted effects created by
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Figure 1. Diagram ilustrating the immune mediated abscopal effect induced by external beam ionizing radiation. Radiation of tumor (e.g. primary
tumor) induces series of events like oxidative stress leading to cell damage, apoptosis, necrosis, senescence and cytokine production. Damaged or dead
cells release tumor associated antigens (TAAs) and damage-associated molecular patterns (DAMPs), leading to maturation of antigen-presenting cells
like macrophages (M) and dendritic cells (DC), which activate effector immune cells, CD4+ lymphocytes and CD8+ cytotoxic T lymphocytes (CTL).
Activated immune cells became able to destroy distant metastases.
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Figure 2. Schematic illustration of non-targeted effects induced by internal uptake of radionuclides (radionuclide-labeled monoclonal antibodies or
other carriers), which specifically target tumor cells. Damaged or killed cells due to direct absorbtion of radiation energy or crossfire effect release tumor
associated antigens (TAAs) and damage-associated molecular patterns (DAMPs), leading to maturation of antigen-presenting cells like macrophages
(M) and dendritic cells (DC), which activate effector immune cells, CD4+ lymphocytes and CD8+ cytotoxic T lymphocytes (CTL). Activated immune
cells became able to destroy distant cells, which have not been reached by the radionuclides.
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targeted radionuclides appear distinct from external beam
irradiation and are characterized by dose-rate and LET
dependence often showing inverse dose-rate relationship
and U-shaped survival curves. The radiobiology of targeted
radionuclide therapy needs to be further explored to gain
the knowledge about bystander effect, which could possibly
lead to development of appropriate recommendations and
protocols, which could even change the existing concept of
radionuclide therapy. This challenge comprises the deter-
mination of the best dose and dose-rate effects for different
type radionuclides and for particular types of tumors to
selectively achieve detrimental effects towards tumor cells
while preserve healthy tissues. The separation of the direct
effect of radionuclide decay from crossfire and bystander
effects in clinical targeted radionuclide therapy is yet impos-
sible, thus we are forced to rely on conclusions drawn from
3-D culture model and animal studies. It can be expected
that comparative analysis of results of clinical treatment of
the same tumor types by different radionuclides, and at dif-
ferent doses/dose-rate would allow finding some beneficial
or negative impact of radionuclide induced bystander ef-
fect. It appears that the beneficial effect will prevail, due to
radionuclide selectively targeting the tumor cells and due to
a short duration exposure of healthy cells to radiation while
delivery to tumor and elimination from the body. Isolated so
far report demonstrating that under specific circumstances it
is possible to obtain a beneficial abscopal effect confirms that
radionuclide therapy may be associated with non-targeted
bystander effect. For the time being we must be aware that
in addition to direct toxic effects of radionuclide radiation to
targeted cells the bystander effects in non-exposed neighbor
cells occur, which probably enhances this absorbed dose-
effect within a tumor, although, it cannot be ruled out that
healthy cells can also be exposed.
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