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Abstract: Induced effects by direct exposure to ionizing radiation (IR) are a central issue in many
fields like radiation protection, clinic diagnosis and oncological therapies. Direct irradiation at certain
doses induce cell death, but similar effects can also occur in cells no directly exposed to IR, a mecha- y
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with MNPs in a focused oncological therapy known as magnetic hyperthermia. Indirect mechanisms

are also able to induce the death of unloaded MNPs cells. Using in vitro cell models, we found that co-localization of the
MNPs at the lysosomes and the non-increase of the temperature induces bystander effect under non-IR. Our results pro-
vide a landscape in which bystander effects are a more general mechanism, up to now only observed and clinically used in

the field of radiotherapy.
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INTRODUCTION

Induced effects by direct exposure to ionizing radiation
(IR) are a central issue in many fields like radiation protec-
tion, clinic diagnosis and oncological therapies. Direct irra-
diation at certain doses induce cell death, but similar effects
can also occur in cells not directly exposed to IR, a mecha-
nism known as bystander effect. Non-IR (radiofrequency
waves) can induce the death of cells loaded with MNPs in a
focused oncological therapy known as magnetic hyperther-
mia. Indirect mechanisms are also able to induce the death of
unloaded MNP cells. Using in vitro cell models, we found
that colocalization of the MNPs at the lysosomes and the
non-increase of the temperature induces bystander effect
under non-IR. Our results provide a landscape in which
bystander effects are a more general mechanism, up to
now only observed and clinically used in the field of radio-
therapy.

Bystander effect as a cellular response to ionizing radia-
tion was firstly described many years ago [1] and it can be
defined as the process in which cells that have not been di-
rectly exposed to ionizing radiation, show the same DNA
instability, and eventually cell death, than those exposed
cells (Fig. 1) [2, 3]. Since the first reports of this effect from
the field of radiology, the nature of the interactions that
could produce these responses has been broadly investigated
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[4-7]. Although many open issues remain unclear about the
kind of cell communication, there are solid basis pointing to
chemical signalling as the main mechanism involved in the
transmission of information from the exposed cells to neigh-
bouring ones [8]. There is evidence that oxygen reactive spe-
cies and secreted factors play a key role in the induction of
the bystander effect [9]. It is also known that the damage
induced by direct exposure to radiation and the correspond-
ing bystander effect implies different biochemical pathways.
[10]. These indirect mechanisms constitute the basis of the
bystander effect and are relevant at low dose radiation expo-
sure being saturated at high doses [11]. Some studies have
also demonstrated that tumour cells are more sensitive than
healthy cells to the bystander effect coming from irradiated
cells, resulting in an advantage in tumour treatment [12].
Mothershill and Seymour put forward clear evidence of the
existence of this indirect effect observing that when the me-
dium in which the cells were irradiated is added to an non-
irradiated cell culture, the same level of cell death occurs
respect to the culture submitted to irradiation [13]. Several
mediating mechanism have been proposed for bystander
effect [8]. Direct irradiated cells can transmit the bystander
effect to neighbouring cells by gap junctional intercellular
communication or by releasing soluble species (such as
ROS, NO, Ca™ etc.) into the medium [14-18]. It has been
recently proposed that bystander signalling between cells can
be also mediated by exosomes [19, 20].

Hyperthermia is a cancer therapy protocol based on the
overheating of cancerous target tissues above physiological
temperatures (41 - 46 °C) to eliminate the malignant cells at
that region. Hyperthermia can be used as a standalone ther-

© 2016 Bentham Science Publishers
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Fig. (1). Bystander effect: a. Ionizing radiation causes death (red color) to cells directly hit by the radiation whereas radiation-induced by-
stander effect provokes death of non-irradiated neighboring cells (orange color). b. Similarly, MNPs-loaded cells are dead when applying a
radiofrequency field (red color), and the MNPs unloaded cell death (orange cells) is caused by the bystander effect. ¢. The incubation of
healthy (and free of MNPs) cells with medium collected from cultures exposed to either y irradiation [Ref 13] or radiofrequency AFM, in-

duces bystander cell death.

apy or as a synergistic therapy with radiotherapy, allowing a
reduction of radiated doses [21]. A recent nanotechnology-
based approach has been introduced in the clinic as a focused
hyperthermia based in the tumour ablation using magnetic
nanoparticles (MNPs). This therapy propose the use of sin-
gle-domain MNPs as heating agents, through the application
of a low-radiofrequency magnetic field (100 kHz < f'< 800
kHz) and named magnetic hyperthermia (MHT) [22]. The
basic mechanism for heat production is related to the cou-
pling of the magnetic moment of the MNPs and the external
alternating magnetic field (AMF). The efficiency of the
MNPs to absorb energy from the AMF depends on the size,
size distribution and magnetic anisotropy of the MNPs and
the amplitude and frequency of the AMF [23].

The electromagnetic radiation used for MHT is in the
frequency range of the AM broadcasting radio frequency, at
these frequencies and AMF amplitudes used in the MHT
experiments, the radiation dose poses no harm to the human
body since they are non-interacting with organic matter. An
overwhelming activity in the field of nanomedicine has es-
tablished in vitro experiments, in which the cell cultured
with MNPs gives rise to their uptake and internalization in
the cellular media. Under further exposure of the cell culture
to AMF a temperature rise take place and the cells cannot
survive above a determined value (typically 46°C), this is the
general frame of cellular MHT. Nevertheless, recent experi-
ments have shown that tuning MHT conditions, massive cell
death can occur without any detectable macroscopic tem-
perature increase in the cell culture medium [24]. The
mechanisms for the cell dead without increasing the medium
temperature are not clear so far.

Up to now, the bystander effect term has been exclu-
sively used in the field of ionizing radiation; however previ-
ous studies have demonstrated that supernatants in MHT
experiments are toxic for cells that were never exposed to
radiofrequency radiation [25]. As a consequence we propose
that both ionizing and non-ionizing radiations trigger dam-
age in not directly exposed cells and consequently the term
bystander effect can be also used in the field of MHT (Fig.
1). As in the case of ionizing radiation, the causes that pro-
voke damage in surrounding cells have not been identified
yet. Here we show that there are some factors, as magnetic
nanoparticles (MNPs) location and radiation-MNPs interac-
tion that causes cell death. Under determined circumstances
the collected medium can induce cell death following by-
stander effect mechanism, as it was found in the case of ion-
izing radiation [13]. In order to understand the origin of the
bystander effect in cellular MHT, we have investigated the
influence of final biodistribution of MNPs in two different
kinds of cell lines: dendritic cells (DCs) and J774 macro-
phage cells following the procedure described in Method
section. The experimental evidence of the toxicity of the
supernatant (medium) after MHT-treated cells culture, when
added to non-treated cells has been further investigated in
DCs and J774 cells by using different types of MNPs. The
results indicate that the observed bystander effect occurs
only when the temperature does not rise after AMF applica-
tion and the MNPs are located within the cell lysosomes.
Nevertheless, it is absent when cell death is triggered by
temperature rising of the cell medium without irradiation.
As consequence we can infer that under AMF exposure,
MNPs can induce a leaking of the lysosome content that in
turn provoke a radically different biological consequences
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respect to the case of randomized MNPs distribution at en-
dosomes or at the cell membrane.

Here we report the results of the in vitro investigation of
cell death by MHT following the temperature of the cell cul-
ture and considering the MNP allocation in the cells. In addi-
tion we also investigated the cell death by increasing the
temperature of the cell culture with MNP, in absence of
AMF irradiation.

MATERIALS AND METHODS
Cell Culture

For DCs culture, peripheral Blood Mononuclear Cells
(PBMCs) were obtained from healthy blood donors by Ficoll
density gradient (Ficoll Histopaque-1077 Sigma). Cells were
washed twice with PBS for 7 minutes at 1200 rpm at room
temperature. To take away platelets, cells were centrifuged
10 minutes at 800 rpm. Monocytes (CD14+) were isolated
with immunomagnetic beads (CD14 Microbeads, Miltenyi)
by positive immunoselection using the autoMACS Separator
(Miltenyi) as described by the manufacturer.

In T75 flask, purified monocytes (106/ml) were cultured
in RPMI 1640 (Sigma) with 10% FBS, 1% glutamine, 1%
antibiotics (100 U/ml penicillin and 100 ng/ml streptomycin)
and supplemented with IL-4 (25 ng/ml) and GM-CSF
(25 ng/ml, Sigma). Cells were performed at 37°C in humidi-
fied atmosphere containing 5% CO, for 5 days. Every 2
days, medium was replaced by fresh medium containing the
same concentration of interleukins.

J774 cells were cultured in DEMEM supplemented with
10% FBS, 1% glutamine, 1% antibiotics (100 U/ml penicil-
lin and 100 ng/ml streptomycin). Twice a week cells were
passed by tripsinization.

Magnetic and Fluorescence Nanoparticles

Fluorescent particles (micromer”-redF) were composed
of a polysteryrene core with carboxyl (COOH-) groups at the
surface, having hydrodynamic radii of (250+50) nm as
measured by dynamic light scattering. These NPs have rho-
damine fluorophore at the surface, and are dispersed in a
water-based carrier liquid at a concentration of 25 mg parti-
cles/mL (labelled Rho-NPs). For the PEl-coated Fe;04
MNPs (labelled PEI-MNPs), the synthesis was based on a
modified hydrolysis route based on precipitation of FeSO, in
NaOH with a mild oxidant, already reported elsewhere. This
route allowed to control the particle size by in situ adding a
functionalizing polymer (polyethyleneimine PEI, 25 kDa).
The free amine groups of PEI-MNPs were tagged with the
fluorescent dye alexa 488 (TFP, Invitrogen). 2.5 mg of PEI-
MNPs were suspended in 1 ml of 0,1 M sodium carbonate-
bicarbonate buffer at pH 9.5 to ensure the deprotonation of
amine groups on the PEI polymer coating. Alexa 488 solu-
tion (1 mg/ml DMSO: 20 pl) was then added to the PEI-
MNPs suspension and the reaction mixture suspension was
covered with aluminum foil and rotated (using a Rotator) at
room temperature for 3 hours. The Alexa 488-labelled PEI-
MNPs were finally washed with deionized H,O until no fur-
ther fluorescence was observed in the supernatant. The sam-
ple is denoted as f-PEI-MNPs. Commercial MNPs (nano-
mag®-D from Micromod GmbH) were used for magnetic
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hyperthermia experiments carried out on DCs. These MNPs
were composed of a magnetic core (Fe;0,) functionalized
with dextran (carboxylic groups at the surface) having a hy-
drodynamic diameter of (250+50) nm (labelled COOH
MNPs).

Confocal Microscopy

Co-localization study to analyse the final fate of the NPs
within the cells was performed by an in vivo staining using
Lysotracker” Green (DCs) and Red (Invitrogen) (J774 cells).
DCs, at day five, and J774 cells were placed into each 60 p-
dish ibiTreat (Ibidi GmbH) and 50 pg/ml of fluorescent Rho-
NPs were added. J774 cells were incubated with 50 pg/ml of
f-PEI-MNPs. After an overnight incubation cells were
washed three times with fresh medium and were incubated
with 75 nM of Lysotracker for 15 minutes. Cells were then
washed again twice with fresh medium and observed under
an Olympus compact confocal microscope. All the samples
were analysed under the same settings conditions.

Transmission Electron Microscopy

On day 5 of culture, 3x10° cells/well were seed into 12-
well-plate in 2 mL of medium supplemented with cytokines.
DCs were incubated with 50 pg/ml of COOH MNPs. The
samples were incubated overnight at 37°C. The following
day 2 mL of Glutaraldheyde 4% in sodium cacodylate 0.2 M
pH=7.2 were added to each well and the plate was incubated
2h at 4°C. Next, cells were collected, spun down, resus-
pended in 1 mL of Glutaraldheyde 2% in sodium cacodylate
0,1M and keep at 4°C.

Then cells were washed three times with sodium cacody-
late 0.1M and fixed with 250 ul of potassium ferrocianide
2.5% in sodium cacodylate 0.1M and 250 pl of osmium
tetraoxide 2% 1h at room temperature keeping from the
light. After that, cells were washed twice with cacodylate
0,IM and the dehydratation process was performed re-
suspending the cells in increasing concentrations of acetone
(50,70, 90 and 100% 10 minutes each twice).

Cells were infiltrated overnight in a shaker at room tem-
perature with a 1:1 EPON-acetone 100% mixture and the
following day this mixture was replaced by 100% EPON
resin and incubated for 5 hours in a shaker at room tempera-
ture. After that, cells were pelleted in pure EPON resin and
baked at 60°C for 48h. Ultrathin sections (60-80 nm) placed
onto a copper grid treated with 2% Uranyl acetate in water
for 45 minutes at room temperature, after that, grids were
gently washed with distillate water and treated with 2% lead
citrate in water for 5 minutes in presence of NaOH in order
to maintain a desiccate atmosphere. Samples were observed
in the Unitat Microscopia Electrénica (Universidad Barce-
lona) a transmission electron microscopy Jeol EM 101 mi-
croscope at an accelerating voltage of 80 kV.

Alternating Magnetic Field Experiments

The exposure of the cells to an AMF was performed with
a commercial ac applicator (model DM100 by nB nanoscale
Biomagnetics, Spain) working at /= 580 kHz and field am-
plitude of 300 Oe. The applicator is equipped with an adia-
batic sample space (~ 0.5 ml) for measurements in liquid
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phase. Cells were cultured overnight at 37°C with 100pg/mL
of PEI-MNPs and 100 pg/mL of COOH MNPs. The following
day cells were washed, collected and resuspended in 500 ul of
complete medium. Each sample consisted of 107 cells.

RESULTS

First, we will focus on the biodistribution of the MNPs
within the cells. The internalization mechanisms of MNPs
follow the usual pathway of endocytic vesicles. To elucidate
if the location of the MNPs is in the lysosome, we performed
an in vitro cellular labeling with Lysotracker, which is a pH
probe that exhibit either green or red fluorescence only at
low pH (typical for lysosomes) indicating the lysosome loca-
tion in the cytoplasm. To track the nanoparticles either in
J774 or in DCs cells, we used fluorescent green (Alexa TFP)
dyes (f-PEI-MNPs and red (micromer" -redF) Rho-NPs)
respectively. Confocal microscopy allows obtaining inde-
pendent images filtered in wave length that show the differ-
ent region occupied by the lysosomes and the MNPs respec-
tively. The overlaying of the images allows a precise deter-
mination of the co-localization or not of the MNPs in the
lysosome space (see Fig. 2).

The images of DCs show the co-localization of the MNPs
in the lysosomes, as the overlay of the two channels shows
that the internalized MNPs have the same bio-distribution as

Fluorescence NPs

RhoNPs

DCs cells

f-PEI-NPs

1774 cells

Lysotracker
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the lysosomes (see Fig. (2), upper row and Methods section).
Similar procedure was followed with a macrophage cell line
J774 and confocal microscopy showed (see Fig. (2), lower
row) that distribution of the MNPs does not correspond to
lysosomes. MNPs are located in the cytoplasmatic region but
they do not co-localize with lysosomes. The localization of
MNPs within DCs cells was confirmed by transmission elec-
tron microscopy (TEM) (see Fig. (3)). It was found that the
nanoparticles were highly concentrated at endocytic vesicles
previously characterized as lysosomes by confocal micros-

copy.

Second, we performed experiment of MHT in both cell
lines in the case of co-localization (dendritic) and no co-
localization (macrophages J774) (see Fig. 4). MNPs loaded
DCs were exposed to AMF at tuned parameter (Methods
section), which induced the cell death without increase of the
medium temperature. The resultant supernatant was collected
and added to a cell culture without MNPs and no irradiated
(as sketched in Fig. 1). The results clearly show the cell dead
is induced by the toxic bystander factors. However, the ap-
plication of radiofrequency in the case of the J774 cell, in
which no co-localization was observed, cell dead need to be
induced by rising the temperature of the medium up to 60 °C
under AMF application (MHT) and no bystander effect was
observed. This was confirmed by the cell viability after ex-

Overlay

Fig. (2). Confocal images. (Upper row) DCs cells incubated with micromer®-redF Rho-NPs, with green Lysotracker and the overlay of both
channels. A perfect colocalization is observed. (Lower row) J774 cells incubated with green f-PEI-MNPs stained with red Lysotracker and
the overlay of both channels, which show clear evidence of non-colocalization.

Fig. (3). TEM images: DCs incubated with 50 pgFe;O4/ml of 250 nm COOH MNPs. Images at different magnification show that MNPs are

located in lysosomes.
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Fig. (4). Cells viability after AMF exposure: I) Trypan blue results of DCs control cells (B), DCs after magnetic hypertermia treatment
(BH), DCs incubated with 250 nm COOH MNPs (BMNPs), DCs incubated with MNPs and after AMF exposure (12.7 kA/m, 260 kHz and
30 min)(no temperature increase of the culture) (H+MNPs) and control DCs after being incubated (30 min) with the supernatant (SN) of
COOH MNPs loaded DCs after AMF exposure (B+SN). The upper scheme illustrates the supernatant change experiment. Results show that
DCs died only when combining COOH MNPs and AMF exposure and that the supernatant of these cells is toxic for cells that where neither
in contact with MNPs not expose to AMF. II) Trypan blue results of J774 control cells (B), J774 after magnetic hypertermia treatment (BH),
J774 cells incubated with 100 pg/mL PEI-MNPs (BMNPs), J774 cells incubated with PEI-MNPs and after AMF exposure (23.9 kA/m, 580
kHz, and 30 min) (H+MNPs) and control J774 cells after being incubated (30 min) with the supernatant of PEI-MNPs loaded cells after
AMF exposure (B+SN). The upper scheme illustrates the supernatant change experiment. Results show that J774 cells died only when com-
bining PEI-MNPs and AMF exposure reaching a temperature of 63.5 °C and that the supernatant of these cells is not toxic for cells that

where neither in contact with PEI-MNPs not expose to AMF.

posure of pristine cell culture to the supernatant obtained in
the MHT experiment. We can argue that due to the waste
cellular material contained at the lysosomes, if the MNPs
inside these organelles can deliver energy during the AMF
application, it may cause the disruption of the lysosome
membrane. The release of the lysosome content to the cyto-
plasm acts as bystander factor, being toxic to the DCs and
causing cell death of unloaded cell. The same argument ap-
plies for the pristine DC culture when exposed to the toxic
supernatant obtained from MHT experiment [23]. The ability
of MNPs to destabilize the lysosome membrane during the
application of AMF has been demonstrated by Domenech et
al. [26]. A possible mechanism could be local heat delivery
at the lysosome space. Recently, it has been proposed that, in
an inhomogeneous magnetic field of low frequency, MNPs
could generate ultrasound waves [27]. We argue that this last
mechanism could be also responsible for the disruption of
the lysosome membrane. If this is the case, MHT could be of
major relevance as source of focalized ultrasound therapy.

Third we study in both cell lines the effect of increase of
the medium temperature by normal heating without AMF
exposure, i.e., in the absence of applied radiation. The results
indicated that cell death pathway undergone in water bath
heated cells does not depend on the MNPs content. Cell

death was observed at temperatures of 50° and 60 °C and the
obtained supernatants were no toxics for untreated cell cul-
tures (data not shown). These results were found to be inde-
pendent if the MNPs colocalize or not in lysosomes.

DISCUSSION

We can conclude that bystander effect occurs in MHT
when radiofrequency fields are applied to MNPs loaded cells
in which the nanoparticles colocalize in lysosomes. In this
case bystander factors induce indirect cellular dead. This
effect is observed at the threshold of several parameters, re-
quiring critical tuning of concentration of loaded nanoparti-
cles, location in the cellular medium, intensity of the applied
radiofrequency field and time exposure; in such a way that
the MNPs loaded cells died without increasing the medium
temperature.

We propose that the parallel observation of bystander
effect by ionizing radiation on cells and radiofrequency
AMF applied on MNPs loaded cells, points to a common
origin which could interconnect scientific problems in both
scientific communities and may give rise a rapid advance in
the understanding of the mechanisms of the bystander effect
at cellular level. As this effect is considered to play a rele-
vant role in the tumour regression in radiotherapy our contri-
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bution might be of fundamental interest in order to progres-
sively incorporate nanotechnology through the implant of
MNPs as a key beneficial ionizing radiation free therapy.
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