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To optimize beam delivery and conformality of proton therapy, MRI integration has been proposed.
Therefore, we investigated if proton irradiation in a magnetic field would change biological responses.
Our data in cancer cell lines and stem cell-derived organoid models suggest that a magnetic field does
not modify the biological response.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 137 (2019) 125–129
The primary objective of radiotherapy as a cancer treatment is
to eradicate tumor cells while minimizing the effects to surround-
ing healthy tissues [1]. Due to their physical nature, particles, such
as protons, can be used for more conformal dose delivery to the
tumor than photon-based conventional irradiation techniques,
thus more effectively sparing normal tissue from unnecessary
doses [2–5]. Real-time imaging during proton therapy could fur-
ther optimize the delivery of the beam to patients and offer even
more accurate normal tissue sparing [6]. The good soft-tissue con-
trast of magnetic resonance imaging (MRI) in radiotherapy is very
useful. Indeed, MRI has been successfully integrated into photon-
based radiotherapy devices [7–9]. However, integration of MRI into
proton radiotherapy changes various aspects of dose delivery.

It has been shown that the application of a magnetic field to a
proton beam can both decrease the depth of the Bragg peak and
laterally shift the beam [10]. This shift can be accurately predicted
[10] and therefore compensated for. However, although MRI has
been successfully integrated into IMRT devices [9], the biological
effects of an added magnetic field during proton irradiation have
not yet been investigated. Therefore, the aim of this study was to
determine if proton irradiation in a magnetic field would induce
differential biological outcomes to proton irradiation alone. Our
results suggest that biological responses to MR-guided proton
therapy will be similar to that of conventional proton therapy.
Materials and methods

Proton irradiations

The cells were irradiated with protons in the center of a homo-
geneous magnetic field which was switched between 0 (off) and
1.01 T (on). The magnetic field was directed horizontally at 90
degrees with respect to the beam direction. For the irradiations a
150 MeV proton beam was produced by the AGOR cyclotron of
the University of Groningen. The irradiation field was created by
scattering the 150 MeV proton beam using a 1.44 mm lead scatter
foil at 3.5 m in front of the samples. The field size was defined by a
30 mm collimator outside the magnetic field at 57 cm from the
samples. At the position of the sample the proton beam energy
was 130 MeV (LET = 0.6 keV/mm) due to energy losses in the scatter
foil, air, beam intensity monitor and 2 cm polyethylene build-up
material directly in front of the samples. This is in the plateau
region of the 150 MeV Bragg curve. The field homogeneity was
measured using a LANEX scintillation screen at the sample position
using a CCD camera as described by [11] with the magnet on and
off. The ratio of light output with magnet on and magnet off was
0.998 ± 0.0019. Therefore, no significant difference in light output
was observed suggesting that the magnetic field does not influence
dose. The magnetic field bends the beam, shifting the vertical posi-
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tion of the irradiation field by 6.4 mm at sample position. The ver-
tical position of the samples irradiated with the magnetic field on
was adjusted such that the samples stayed centered in the irradia-
tion field. In both cases the homogeneity of the field was 2% over
the inner 28 mm diameter. As the samples are 26 mm in diameter,
every other well was used in the 12-well plates in order to avoid
overlap of successive radiation fields. The applied dose was con-
trolled using a large-diameter ionization chamber 2 m upstream
of the samples. The ionization chamber was calibrated against a
calibrated Markus chamber following the protocol described in
chapter 10 of TRS-398 [12]. The calibration procedure was per-
formed both with the magnet on and off, no significant difference
was observed between the two calibration measurements. The
ratio of the calibration factors for magnet on divided by magnet
off was 1.0006 ± 0.0009.
Cell line culturing and clonogenic survival assays

Human embryonic kidney (HEK293) and human lung adenocar-
cinoma (A549) cell lines were cultured in Dulbecco’s Modified
Eagle medium (DMEM) (Gibco, Life Technologies) supplemented
with 10% fetal calf serum and 1% Penicillin/Streptomycin. Cells
were maintained at 37 �C, 5% CO2.

Clonogenic survival assays were performed similar to methods
described in [13,14]. All irradiations were performed on 70–80%
confluent cells in sealed 12-well plates, described in [15]. Follow-
ing irradiation, cells were detached from the plates by incubating
for 5 min with trypsin/0.05% EDTA (Gibco). Cells were counted
and seeded in triplicate in 6-cm dishes at dose-dependent concen-
trations. After 10–14 days colonies were fixed and stained by incu-
bating with 0.1% (w/v) Coomassie Brilliant Blue, 50% methanol, and
10% acetic acid for 30–60 min and colonies containing �50 cells
were counted. All experiments were normalized for plating effi-
ciency of control (0 Gy).
Immunofluorescent staining

Two days prior to irradiation, cells were seeded in glass-
bottomed 12-well tissue culture plates (In Vitro Scientific, p12-
1.5H-N). At specified time points post-irradiation, cells were fixed
for 15 min in 2% paraformaldehyde and permeabilized in 0.2% Tri-
ton X-100 for 10 min.

All samples were incubated overnight at 4 �C with anti-53BP1
primary antibody (H-300) (1:500; Santa Cruz, sc-22760, rabbit),
followed by incubation at room temperature with an Alexa Fluor
594 secondary antibody (1:800; Life technologies, A110012, goat
anti-rabbit)) for 90 min. Nuclear staining was performed using
Hoechst-33342 (Molecular Probes, Life Technologies). Imaging
was performed using TissueFAxs (Tissuegnostics).
Mouse salivary gland stem cell isolation and culturing

Salivary glands were dissected from 8-12 week old female
C57BL/6 mice (Harlan, The Netherlands). SG cells were isolated
and cultured to form spheres as described previously [16–19]. In
short, salivary glands were mechanically disrupted, followed by
enzymatic digestion using digestion enzymes collagenase type II
(Gibco) and hyaluronidase (Sigma Aldrich). After filtering, cells
were seeded into 12-well plates in DMEM-F12 medium (Gibco)
containing 1% penicillin/streptomycin (Gibco), glutamax (2 mM,
Gibco), epidermal growth factor (20 ng/ml, Sigma Aldrich), fibrob-
last growth factor-2 (20 ng/ml, Peprotech), 1% N2 supplement
(Gibco), insulin (10 lg/ml, Sigma) and dexamethasone (1 lM,
Sigma). After three days, primary spheres (passage 0) were
disrupted using 0.05% trypsin-EDTA (Gibco) into single cells and
reseeded at 1 � 104 cells/well in Matrigel and medium
supplemented with ROCK1-inhibitor (Y-27632 (Sigma-Aldrich))
was added to the gels (passage 1).
Mouse salivary gland stem cell survival assay

To determine the sensitivity of mouse salivary gland stem cells
(SGSCs), a modified 3D-survival assay was performed as described
in [14]. Single cells were seeded in Matrigel, as described above, 2 h
pre-irradiation with 0–6 Gy. Mouse SGSCs were plated at a density
of 1 � 104 cells per well (0–2 Gy) or 2 � 104 cells per well (4–6 Gy).
One-week post-irradiation, spheres and cells were counted. Sur-
vival was calculated as follows:

Sphere forming potential ¼ Number of spheres harvested
Cells seeded

� 100

Surv iving fraction ¼ Sphere forming potential treated
Sphere forming potential at 0 Gy
Statistical analysis

All values presented as the mean ± standard error of the mean
of �3 independent experiments. Statistical significance was tested
by t-test analysis using GraphPad Prism (GraphPad software).
Power analysis was performed and is provided in the supplemen-
tary document.

Results

To determine if adding a magnetic field to proton irradiation
induced a differential effect in cellular survival, clonogenic assays
[20] were performed on two cancerous cell lines, A549 and
HEK293. In both cell lines, no differences were observed in terms
of survival following proton irradiation with or without a magnetic
field (Fig. 1A and B). These results suggest that a magnetic field
does not change the response of these cancer cell lines to proton
irradiation.

While the addition of a magnetic field during irradiation had no
effect on survival, it could still have an effect on other important
biological outcomes. Therefore, we investigated whether the addi-
tion of a magnetic field during irradiation resulted in a differential
response in DNA damage induction and repair. To this end we used
U2OS cells, which are specifically suitable for DNA damage
immunofluorescent staining [21,22]. These cells were irradiated
with protons within a magnetic field or irradiated with protons
alone. Thirty min after irradiation, 53BP1 was assessed as a marker
for DNA double stranded breaks [21,23] by immunofluorescent
staining (Fig. 1C). There was no significant difference in terms of
number of foci induced following proton irradiation in or outside
the magnetic field (Fig. 1D). Furthermore, in both cases all cells
were found to be positive for induced damage (4 or more foci) fol-
lowing irradiation (Fig. S1).

While there were no observed differences in the levels of DNA
damage induced following proton irradiation in a magnetic field
compared to proton irradiation alone, proton irradiation within a
magnetic field could potentially induce a more complex DNA dam-
age which could be repaired differently than damage caused by
proton irradiation alone. Therefore, 53BP1 levels were further
determined at 4 and 24 hours after irradiation (Fig. 1C). 53BP1 foci
were found to be reduced in cells irradiated inside and outside a
magnetic field at both 4 hours and 24 hours (Fig. 1E). However,
no significant differences were observed in the number of foci at
both time points following irradiation (Fig. 1E). Also, no differences
in the percentage of cells found to be positive for induced DNA
damage 4 hours and 24 hours post-irradiation (Fig. S1) were



Fig. 1. Proton irradiation within a magnetic field does not affect the survival or DNA damage repair of cell lines compared to proton irradiation alone. Clonogenic survival of
(A) A549 and (B) HEK293 cells in response to proton irradiation with (+MF) or without (No MF) a magnetic field. N = 4, error bars represent SD. (C) Representative images of
53BP1 (red) foci in proton irradiated U2OS cells in the presence or absence of a magnetic field (nuclei are counter-stained with Hoechst). (D) Quantification of the 53BP1
induced in U2OS cells 30 min post-irradiation within a magnetic field. (E) Kinetic clearance of 53BP1 foci following proton irradiation within a magnetic field or without a
magnetic field. N = 3, error bars represent SD.
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observed. These results indicate that proton irradiation within a
magnetic field doesn’t affect either the induction or clearance of
DNA double stranded breaks in cancerous cell lines compared to
proton irradiation alone.

To investigate if normal tissue was differentially affected by
proton irradiation alone than by proton irradiation within a mag-
netic field, we irradiated mouse salivary gland stem cells with pro-
tons and assessed the development of secondary organoids as a
readout for survival compared to non-irradiated cells (Fig. 2)
[14,24]. Whether or not the cells were irradiated within a magnetic
field had no influence in the outcome of the survival, with increas-
ing doses resulting in decreased organoid forming efficiency in
both conditions (Fig. 2B).

Taken together these results indicate that adding a magnetic
field to proton irradiation does not modify the biological response
to irradiation.
Discussion

The optimization of radiotherapy as a cancer treatment involves
delivering an adequate dose to the tumor, while minimizing the



Fig. 2. Normal tissue stem cells are not differentially affected by proton irradiations within a magnetic compared to proton irradiation alone. (A) Representative images of
mouse salivary gland stem cell organoids 1 week after proton irradiation as single cells without a magnetic field (No MF) or within a magnetic field (+MF) (0–2 Gy were
seeded at 10,000 cells per well, while 4 and 6 Gy were seeded at 20,000 cells per well). (B) Quantification of the clonogenic survival of mouse salivary gland stem cells in
response to proton irradiation with or without a magnetic field present. N = 6, error bars represent SD.
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dose (and thus side effects) to normal tissues surrounding the
tumor. The use of protons for irradiation allows for a better dose
conformity to the target volume than conventional photon-based
treatment modalities [5]. However, the use of proton therapy still
results in unwanted dose to healthy surrounding tissue which
may lead to complications. Advanced imaging techniques allow
for the tumor to be visualized in real-time during irradiation and
may therefore facilitate more accurate dose delivery. Therefore,
combining real-time MRI with IMRT to enhance the healthy tissue
sparing during radiation was already suggested long ago [25]. In
vitro studies showed that an additional magnetic field during pho-
ton irradiation had little to no effect on viability of a panel of tumor
cell lines [26]. However, there were concerns about the effects of a
magnetic field on electrons at the tissue-surface interface, as this
may enhance the local dose at the tissue surface [8,27,28].
Nonetheless, MRI with a 1.5 T magnetic field has been successfully
integrated into a linear accelerator used for photon-based treat-
ments. This resulted in highly accurate dose delivery [8,9] and
shows promise for the idea of MRI-guided radiotherapy treatment.
Therefore, integrating MRI into proton therapy facilities has been
proposed to further increase the accuracy of treatment, and thus
spare more healthy tissue [6,29].

However, the differential effects on biological outcomes of add-
ing a magnetic field to protons have not been assessed. Therefore,
the aim of this paper was to assess the biological effects of mag-
netic field integration during proton irradiation. Introduction of a
magnetic field during proton irradiation didn’t change survival in
cancer-derived HEK293 or A549 cell lines, similar to the effects
of an added magnetic field during photon irradiation [26], nor
did it affect the induction and clearance of DNA damage in cell
lines. Also, the survival of normal tissue stem cells, as measured
by an organoid forming survival assay [14,24], was not affected
by a magnetic field during proton irradiation.

Normal tissue side effects cause a dramatic reduction in the
quality of life of patients following irradiation as part of a cancer
treatment [30,31]. Sparing important organs, or even specific parts
of an organ, can have a significant impact in reducing normal tissue
side effects [32]. Our results show that important biological out-
comes (survival and DNA damage repair) following proton irradia-
tion are not differentially affected by the addition of a magnetic
field. Therefore, given the potential benefit of live imaging during
treatments, the development of MR-proton irradiation facilities
could be a promising future direction to improve radiotherapy as
important regions of tissue could potentially be better spared [32].
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