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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is highly refractory to systemic treatment,
including radiotherapy (RT) either as alone or in combination with chemotherapy. Magnetic resonance
(MR)-guided RT is a novel treatment technique which conjugates the high MR imaging contrast
resolution to the possibility of re-adapting treatment plan to daily anatomical variations. Magnetic
field (MF) might exert a biological effect that could be exploited to enhance radiation effect. The aim
of the present study was to lay the preclinical basis of the MF effect by exploring how it modifies
the response to radiation in organoid cultures established from PDAC. The short-term effect of
radiation, alone or in combination with MF, was evaluated in patient-derived organoids (PDOs) and
monolayer cell cultures. Cell viability, apoptotic cell death, and organoid size following exposure to
the treatment were evaluated. PDOs demonstrated limited sensitivity at clinically relevant doses of
radiation. The combination of radiation and MF demonstrated superior efficacy than monotherapy in
almost all the PDOs tested. PDOs treated with combination of radiation and MF were significantly
smaller in size and some showed increased cell death as compared to the monotherapy with radiation.
Long-time exposure to 1.5T MF can increase the therapeutic efficacy of radiation in PDAC organoids.

Keywords: patient-derived models; 3D organoids; MR-guided radiotherapy; MR-Linac; radiotherapy;
magnetic field

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease due to late presentation and poor
response to available treatment modalities, including radiotherapy alone or in combination with
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chemotherapy [1]. As it stands, there is an urgent need to change the current standard of care through
the definition of novel therapeutic options, which are ideally tailored to individual patients or patient’s
subtypes, as well as through the application of modern treatment techniques. While molecular
subtypes were identified through genome-wide analyses [2–5], personalized treatment is far from
being implemented for PDAC. At least in part, this is due to inappropriate preclinical modeling of
the disease, which has made difficult extrapolating results from model systems to humans in the
past. Three-dimensional in vitro culture of human cancer cells, termed organoid, has the potential to
overcome this bottleneck. Organoids have been established from a variety of normal and neoplastic
human tissues [6–14], including pancreas [15,16], and proved to be a reliable preclinical tool to assess
therapeutic responses [17,18]. Recently, Patient-derived organoids (PDOs) have also been used to test
efficacy of radiation. In particular, Yao et al. demonstrated that responses to radiation observed in
PDOs from locally advanced rectal cancer mirror those observed in patients, suggesting the possibility
of using PDOs to guide therapeutic management of rectal cancer patients [19]. PDAC organoids can
be reliably established (success rate > 70% [17]) from resected specimens as well as from fine-needle
aspiration biopsies within a timeframe that is compatible with precision medicine approaches.

Radiotherapy (RT) encompasses a broad spectrum of treatment modalities and it is a rapidly
evolving field with dramatic advances observed in delivery method [20]. Image-guided radiotherapy
has, indeed, significantly improved the compliance of the radiation dose deposition in the tumor area
while increasingly sparing healthy tissues [21–23]. Magnetic resonance (MR) imaging is routinely used
for diagnostic purpose using 1.5–3 T static magnetic field (MF). Magnetic field might exert a physical
effect, as well as temperature and pressure do, nevertheless the evidence is ambiguous. Previous
experiences reported that several parameters might influence MF effect on living tissues, such as field
intensity, exposure duration, and direction [24–30]. Moreover, biological factors such as cell type might
influence MF effect [31,32]. However, these experiences showed conflicting results.

Recently, 1.5 T MR-linac was introduced in the clinical practice. This is a new type of RT device,
approved for clinical use that conjugates the high contrast resolution of MR imaging to the possibility
to re-adapt the treatment plan to the daily anatomical variation, with the aim to increase the accuracy
of the treatment delivery [33]. Due to its structural characteristics, patients are treated into the MR
gantry and exposed daily to MF before and during fractionated RT schedules. Treatment duration
on a 1.5 T MR-linac may vary between 40 and 60 min depending on the specific workflow required
by MR-linac, which consists of MR imaging acquisition, region of interest contouring, replanning,
pretreatment imaging verification, and treatment delivery [34].

In clinical practice, patients and operators may be normally exposed to MF for short time and
therefore its potential biological action is considered negligible. Nevertheless, in the case of prolonged
and repeated MF exposure, as during the treatment on a MR-linac, it might exert a detectable biological
effect [22].

This ability might be exploited to enhance the cytocidal effect of radiation. Therefore,
the identification of such biological effect might have interesting therapeutic implications, since MR
would be used not only for imaging purposes but also as a novel potential treatment option. Very limited
experiences reported on the therapeutic association between RT and MF, with the majority of them
showing minimal or no detectable effect [22,23]. These studies are limited by the use of weak or
induced magnetic fields, or by a limited (or not reported) exposure time [23,35]. Therefore, whether this
effect exists and can be controlled to influence tumor cell growth remains unclear. The biological effect
of the magnetic field is revealed by an increased apoptosis and seems dependent on field intensity [25],
but very limited evidence gives additional clue. In this study, we assessed the preclinical basis of
the interaction between static magnetic field and radiation in organoid cultures established from
treatment-naïve PDAC.
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2. Materials and Methods

2.1. Patient Samples

Pancreatic cancer tissues were obtained from patients undergoing surgical resection for curative
intent at the University and Hospital Trust of Verona. All human experiments were approved by
the local Ethical Committee of the University of Verona, Italy (Prot. CESC 50401, 28 October 2015).
Written informed consent from the donors for research use of tissue in this study was obtained prior to
acquisition of the specimen. Samples were confirmed to be tumor based on pathological assessment.
All experiments were conducted in accordance with relevant guidelines and regulations.

2.2. Generation of PDAC Cultures

A total of nine PDAC cultures were used in this study (Table 1). PDAC organoid cultures (n = 6)
were established as previously described [15]. Briefly, tumor specimens were minced and digested with
Collagenase II (5 mg/mL, Gibco) and Dispase I (1.25 mg/mL, Gibco) in human complete medium [15] at
37◦C for a maximum of 2 h. The resulting material was further digested with TrypLE (Gibco) for 10 min
at 37◦C, embedded in growth factor reduced Matrigel (Corning) and cultured in human complete
medium (described in [15]). Tissue digestions from three additional PDAC specimens were directly
seeded on tissue-culture vessels for initiation of monolayer cell cultures using the following medium:
Advanced DMEM/F12 medium supplemented with HEPES (1X, Gibco), Glutamax (1X, Gibco), Primocin
(1 mg/mL, Invivogen), mouse Epidermal Growth Factor (50 ng/mL, Gibco), Dexamethasone (3 nM,
Sigma), and 5% Fetal Bovine Serum (Gibco). Both monolayer cell cultures and organoids were routinely
tested for the presence of mycoplasma using MycoAlert Detection Kit from Lonza in accordance with
the manufacturer’s instructions.

Table 1. List of PDAC cultures used in this study.

Samples Type of Culture

PDAC-1 Organoid culture
PDAC-2 Organoid culture
PDAC-3 Organoid culture
PDAC-4 Organoid culture
PDAC-5 Organoid culture
PDAC-6 Organoid culture
PDAC-8 2D primary culture
PDAC-9 2D primary culture

PDAC-10 2D primary culture

2.3. Histology and Immunostaining

Tissues and organoids were formalin-fixed and paraffin-embedded using standard procedures.
Organoids were harvested and incubated with a Dispase solution (2 mg/mL Dispase I) for 1 h to digest
the matrix, washed in DPBS (Gibco), fixed in 10% formalin for 30 min, followed by incubation in 70%
ethanol for 10 min. Then, organoids were centrifuged at 200× g for 5 min at 4 ◦C and resuspended in
HistoGel (Thermo Fisher Scientific, Milan, Italy) before tissue processing. Haematoxylin-eosin staining
was performed on 3µm paraffin sections. For immunostaining, the following primary antibodies were
used: KRT7 (Clone RN7, Leica, Milan, Italy) 1:100; KRT20 (Clone PW31, Leica) 1:2000; MUC1 (Clone
Ma695, Leica) 1:100; MUC2 (Clone Ccp58, Leica) 1:100; MUC5AC (Clone CLH2, DAKO) 1:50.

2.4. Mutational Analysis by Next-Generation Targeted Sequencing

DNA was extracted from PDAC tumor tissues and organoid cultures using the DNAeasy blood
and tissue kit (QIAGEN) and quantified with the Nanodrop Spectrophotometer (Thermo Fisher
Scientific). A multigene panel was used to investigate mutational status of 20 genes (KRAS, TP53,
SMAD4, ATM, APC, BRAF, CDH1, CDKN2A, CTNNB1, EGFR, ERBB2, ERBB4, FBXW7, FGFR3, FLT3,
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GNAS, HRAS, KDR, NRAS, and PIK3CA). Twenty nanograms of DNA were used for multiplex PCR
amplification. The quality of the obtained libraries was evaluated by the Agilent 2100 Bioanalyzer
on-chip electrophoresis (Agilent Technologies, Santa Clara, CA, USA). Emulsion PCR to construct the
libraries of clonal sequences was performed with the Ion OneTouch™ OT2 System (Thermo Fisher
Scientific). Sequencing was run on the Ion Proton (PI, Thermo Fisher Scientific, Milan, Italy) loaded with
Ion PI Chip v2. Data analysis, including alignment to the hg19 human reference genome and variant
calling, was done using the Torrent Suite Software v.5.0 (Thermo Fisher Scientific, Milan, Italy). Filtered
variants were annotated using a custom pipeline based on vcflib (https://github.com/ekg/vcflib), SnpSift,
the Variant Effect Predictor (VEP) software and NCBI RefSeq database. Additionally, alignments were
visually verified with the Integrative Genomics Viewer (IGV) v2.3 to further confirm the presence of
mutations identified by targeted sequencing.

2.5. Therapeutic Experiments

For cell viability assay, organoid cultures were first released from Matrigel by incubation with
a solution of Dispase I at 37 ◦C for 20 min, and then subjected to enzymatic digestion with TripLE
supplemented with Dispase I and 0.1mg/mL DNAse I (Sigma-Aldrich, Milan, Italy) for 20 min.
Single cells were counted and diluted to obtain 10 cells/µL in a mixture of human complete medium,
Rho Kinase inhibitor (10.5 µM, Sigma-Aldrich, Milan, Italy) and Matrigel (final concentration 10%).
100 µL of this mixture was plated in individual wells of 96-well plate (Nunc, Thermo Fisher Scientific,
Milan, Itlay). For cell imaging, organoids were harvested using ice-cold Cell Recovery Solution
(Corning) and incubated for 1 h on ice to dislodge the matrix. Organoids were then triturated in ice-cold
medium through a fire-polished glass pipette (Corning) and resuspended in Matrigel. Organoids
density was adjusted before seeding in 50 µL Matrigel to obtain 105 single cells in each well of a
24 well plate (Greiner). Finally, Matrigel containing cells was overlaid with 500 µL of culture medium.
Cultures were exposed to radiation (X-Rays and MF alone or in combination) 40 h after plating to
allow organoids reformation. Two, 4, 6, 8, 10 and 12 Gy were the doses of irradiation used with five
replicates per dosage. For cell viability, adherent primary cells were dissociated to single cells following
incubation with trypsin (1x, Gibco) at 37 ◦C for 2 min, counted and diluted to obtain 20 cells/µL in 100 µL
of culture medium. 100 µL of cells-containing medium was plated into individual wells of a 96-well
plate (Thermo Fisher Scientific). A dose of 6 Gy and a minimum of three replicates per cell cultures
were used. Seventy-two hours after treatment, cell viability of organoids and 2D cell cultures was
measured using the CellTiter-Glo® Cell viability assay (Promega, G9683) according to manufacturer’s
instruction. Organoids and 2D cultures were also photographed using EVOS Cell Imaging System
(Thermo Fisher Scientific) at the same time point (72 h post irradiation). For evaluation of apoptotic
cell death, organoid cultures were pre-incubated (24 h before assessment, 48 h post treatment) with
a fluorogenic substrate of Caspase-3/7 (CellEventTM Caspase-3/7 Green Detection Reagent, Thermo
Fisher Scientific, Milan, Italy). Monolayer cell cultures were incubated with CellTrace Calcein Green
AM (Thermo Fisher Scientific) 30 min. For evaluation of organoid size change, images of live organoids
following 6 Gy exposure were processed with ImageJ software. Exposure of culture plates (either
2D or 3D cell cultures) to the treatments was performed at room temperature in ambient atmosphere
(no temperature variation was observed before and after treatment). Accordingly, untreated controls
(i.e., cultures not exposed to MR or RT) are matched cultures kept in the same condition for the same
duration of the treatment.

2.6. Phantom Design

We designed a phantom for treatment delivery constituted by 10 square slabs of solid water (RW3,
PTWTM) with 30 × 30 × 1 cm (W-L-H) size each, with equivalent-to-water attenuation properties in the
used MV (Megavolt) photon energy range. Two cell culture plates (W-L-H: 10 × 4 × 1 cm each) were
placed above the center of the tenth overlaid slab, with a water-equivalent bolus placed all around

https://github.com/ekg/vcflib
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such plates to assure lateral electronic equilibrium. Three further solid water slabs (RW3) were posed
above the cell cultures to assure a cells’ depth larger than the build-up depth (Figure 1).Biomedicines 2020, 8, x FOR PEER REVIEW 5 of 15 
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was placed around. Additional three solid water slabs were added on top (A). Frontal sectional view 
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hybrid machine consisting of a linac producing a 7MV flattening filter free (FFF) photon beam, 
together with a 1.5T MR unit. To assure homogeneous cell dose delivery, a plan with two opposed 
AP-PA fields was prepared by taking as target (PTV) a 1.5 cm expansion of the structure constituted 

Figure 1. Blueprint of the phantom. Ten solid water slabs (30 × 30 × 1 cm) (blue element) were the
phantom base. Two cell plates were placed at the center of the upper slab and a bolus (yellow element)
was placed around. Additional three solid water slabs were added on top (A). Frontal sectional view of
the phantom (B).
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2.7. Phantom Simulation and Treatment Plan

A CT (computed tomography) simulation scan with a slice thickness of 3 mm, for electron density
assignment, followed by a fast 3D T2-weighted FFE (fast field echo) simulation MRi (MRs) with 1 mm
slice thickness, the same scan used daily for treatment by the 1.5 T MR-Linac, were acquired for
dose calculation purposes. The 1.5 T MR-Linac (UnityTM, Elekta Inc., Sweden) is a hybrid machine
consisting of a linac producing a 7MV flattening filter free (FFF) photon beam, together with a 1.5 T MR
unit. To assure homogeneous cell dose delivery, a plan with two opposed AP-PA fields was prepared
by taking as target (PTV) a 1.5 cm expansion of the structure constituted by the summation of the two
cell plates. For such PTV, at least 95% of the prescribed dose (Dp) was assured to at least 95% of the
PTV, while less than 2% of PTV (D2%) could receive a higher than 107% Dp dose, consistently with
International Commission for Radiological Units (ICRU) recommendations. The in vitro tested Dp
for organoid cultures was 6 Gy in single fraction. Before each treatment, a fast 3D T2-weighted FFE
MRi scan (pre-MRi) was acquired and used to adapt the plan of the day to compensate for positioning
errors. Additionally, 2D cell cultures were treated on a conventional linac. Before each treatment,
a cone-beam CT was acquired, and positioning error thus corrected.

2.8. Dose Delivery

Organoid cultures were treated by 6 Gy. Four cell plates were prepared as follows: control (plate
1), MR alone (named MF) (plate 2), radiotherapy alone (named X-rays) (plate 3), MR plus radiotherapy
(named combo) (plate 4). Treatment workflow is summarized hereafter: plates 2 and 4 were exposed
to SMF for 60 min. Afterwards, plate 2 was replaced by plate 3 and radiation treatment was delivered.
Two-D cell culture were treated with the following radiation doses: 2, 4, 6, 8, 10 and 12 Gy.

2.9. Statistical Analysis

Quantitative data are expressed as the mean ± SD. Comparisons were conducted using student
t test. A p < 0.05 indicated a statistically significant difference. GraphPad Prism 8 software was used
for graphing.

3. Results

3.1. Establishment and Characterization of PDAC-PDOs

Six PDAC organoids were established from treatment-naïve patients and displayed heterogenous
morphology in culture (Table 1 and Figure 2A). In particular, PDAC1 grew as cystic organoids
while PDAC2 and PDAC3 formed both cystic and solid organoids (Figure 2A). Haematoxylin and
eosin staining of paraffin-embedded organoids showed that tumor-derived organoids present with
different grade of differentiation ranging from moderately differentiated (PDAC1) to well-differentiated
carcinomas (PDAC4) (Figure 2B). To further investigate the histopathological feature of tumor
organoids and how this relates to parental tissues, we performed immunohistochemistry for pancreatic
markers KRT7, MUC1 and MUC5AC, and the intestinal markers KRT20 and MUC2. As expected,
we observed high immunoreactivity for KRT7 in the cytoplasm of PDAC1 organoid culture (Figure 2C),
and no immunopositivity for KRT20 and MUC2. Staining for mucins demonstrated immunopositivity
for MUC1 and MUC5AC in the lumen of the cells composing the organoids (Figure 2C). As previously
reported [15,17], PDOs preserved alterations in driver genes of the corresponding tissues, which is
a fundamental requirement for a proper preclinical model (Figure 2D). All cultures harbored KRAS
alterations, 4 out of 6 carried TP53 mutations, and only two carried SMAD4 inactivating mutations.
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Figure 2. Histopathological and molecular characterization of PDAC-PDOs. (A) Bright-field images of
established PDAC-PDOs. Scale bar, 500 µm. (B) Haematoxylin and eosin stained sections of PDAC
organoids and their parental tumor tissues. Scale bar, 200 µm. (C) Histopathological characteristics of
PDAC1 organoids and their corresponding tumor tissues. Immunohistochemistry for KRT20 (negative),
KRT7 (positive), MUC1 (positive), MUC2 (negative), MUC5AC (positive) of paraffin-embedded
organoid culture and matched parental tumor tissue. (D) Non-synonymous somatic mutations found
in PDAC organoids and their parental tumor tissues through high-coverage targeted sequencing.
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3.2. Responses of PDOs to Irradiation

To determine the response of PDAC-PDOs to irradiation in vitro, we performed a short-term
viability assay measuring ATP-cellular content 72 h after exposure of organoids to increasing doses
of X-Rays (2, 4, 8, 10, and 12 Gy). The 6 PDAC-PDOs tested displayed heterogeneous responses
to irradiation (Figure 3A). In particular, radiation showed no effect on PDAC2 and PDAC4 even
at high doses, and only one culture (PDAC3) exhibited a significant reduction in viability when
exposed to 10 and 12 Gy. Overall, PDOs showed limited radiosensitivity at clinically relevant doses
of radiation. Next, we sought to assess whether concurrent exposure to X-Rays and MF had higher
efficacy than monotherapy in reducing PDOs viability. To this aim, we selected and tested four PDOs
showing different range of sensitivity to X-Rays. While MF alone had minimal effect on viability
of 3 out of the 4 PDOs tested, the combination of 6 Gy and MF further reduced cell viability in all
cultures as compared to monotherapy with X-Rays (Figure 3B). Reduction in ATP-cellular content
might be due to reduced cell proliferation under specific condition rather than cell killing. Therefore,
we measured induction of apoptotic cell death following exposure to radiation alone or in combination
with MF by incubating organoid cultures with a fluorogenic substrate for the activated executioners
Caspases 3 and 7 (Figure 3C). In keeping with ATP-based measures, combination of X-Rays and MF
significantly increased cell death of 59% and 33% compared to control while reducing organoids size
in PDAC1- and PDAC2-PDO, respectively (Figure 3D,E). No induction of apoptotic cell death could be
observed in PDAC4 culture following treatment, yet organoids reduced in size (Figure 3D,E). Overall,
PDAC-PDOs displayed heterogeneous responses both to the radiation and to the MF, thus suggesting
that not all patients are likely to respond to the treatment. Sensitivity could not be cross-referenced to
peculiar morphological or genetic characteristics of the PDOs. PDAC4 showed the least sensitivity
and, interestingly, it was derived from a patient who has been treated with adjuvant radiotherapy,
but treatment was soon suspended as the patient rapidly progressed.

3.3. Viability of 2D PDAC after Exposure to Irradiation

Next, we sought to investigate whether irradiation has a direct impact on cell viability of PDAC
cells or rather induces humoral responses that drive cell death. To this aim, we employed patients’
derived 2D primary cultures (Table 1), which were exposed to X-Ray as monotherapy. Twenty-four
hours after seeding, cells were treated with 6 Gy and cell viability evaluated 72 h later as described before.
To test whether radiation-induced secretion of molecules that might affect cell viability, the medium
was either replaced immediately after treatment or maintained in culture (Figure 4A). Among the three
cell lines tested, PDAC7 showed the highest sensitivity to the treatment with no difference observed
when media was maintained in culture or replaced. On the other hand, only a minimal decrease in
viability was observed for PDAC8 and PDAC9 when culture media was replaced immediately after
treatment, suggesting that irradiation determines the release of molecules that might affect cell viability
(Figure 4A). To further test this hypothesis, we exposed untreated cell lines to conditioned media from
cell lines (either matched or unmatched) previously exposed to radiation and observed a reduction in
cell viability as assessed by both ATP-based measures and imaging (Figure 4B–D).
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Figure 3. Response of PDAC-PDOs to Irradiation. (A) Heat-map showing dose-response to irradiation
of six different PDAC-PDO cultures. Viability of each organoid culture as mean of five technical
replicates. (B) Bar plots showing changes in cell viability after 6 Gy X-Rays in four representative
PDAC-PDOs. Viability is reported as means of three independent experiments. (C) Representative
images of organoids after 6 Gy X-Rays and MF, alone and/or in combination, compared to control.
Apoptotic organoids are visualized as green structures. Scale bar, 100µm. (D) Quantification of green
fluorescent signal (relative fluorescence units, RFU) in the 3 PDAC-PDO lines from C; data are displayed
as mean ± SD. (E) Changes in oganoids size after MF, and 6 Gy X-Rays treatment, alone and/or in
combination, compared to untreated organoids in the three organoid lines. Organoids size data shown
are means from two independent experiments. *, p > 0.05; **, p < 0.01; ***, p < 0.001 by student’ t test.
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viability after 6 Gy X-Rays in three primary 2D PDAC cultures under different conditions. Cell culture
viability displayed as mean from three independent experiments. Condition A, cell culture medium was
aspirated after treatment and medium replaced, no replaced of the treated culture medium in condition
B. (B) Changes in cell viability of two primary PDAC cultures exposed to media from irradiated and
non-irradiated cell lines. Cell culture viability are means from three independent experiments. (C,D)
Representative Phase Contrast and Fluorescence microscopy images of PDAC cell lines exposed to
conditioned media from untreated C and treated D cell lines as in B. Fluorescent signal for calcein
was acquired after 30 min of incubation with CellTrace Calcein Green AM, using EVOS Cell Imaging
System. Scale bar, 400 µm. *, p > 0.05; **, p < 0.01; ***, p < 0.001 by student t test.

4. Discussion

The implementation of new technologies in medicine questions on how new clinical applications
can be pursued to increase the available therapeutic armamentarium. In last years, MR-linacs are
gaining increasing interest due to the particular characteristics of treatment plan adaptation and high
image quality that might increase radiation treatment accuracy, effectiveness, and tolerability [33,36].
MR-linac is characterized by the structural presence of a high-field magnet to which patients are daily
exposed for a long time. Therefore, a question has arisen on whether MF might have a biological
effect, how this would be eventually exploited to increase radiation effectiveness, and how would
play a role in normal tissue response to treatment. Several preclinical studies have explored the
effect of MF on cellular processes and phenotypes. Cells can sense and respond to MF, and the
heterogeneous responses observed in cellular systems depend on several factors, which includes
the characteristics of both MF (e.g., time, intensity, and type) and cells (e.g., age, cell type, and cell
status) [22]. Collectively, static MF has been shown to influence multiple cellular features, including
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orientation of cells and biomolecules [37–39], cell proliferation [40–42], cell attachment/adhesion [43,44],
cell morphology [32–43], cell cycle [41–45] and migration [46], and the production of reactive oxygen
species [47,48].

As an example, Zhang et al. showed that static magnetic fields inhibit EGFR kinase activity
with consequent inhibition of cell proliferation [49]. Furthermore, MF exposure can act on the mitotic
spindle by affecting the orientation and the morphology in a field intensity- and time-dependent
modality [50], and by increasing the rate of abnormal spindles [51]. Tian et al. [29] demonstrated
that not only MF exposure but also the direction of the field (upward versus downward) can have
different effect on cancer cell growth. However, only a few preclinical studies explored a potential
association between MF and radiations, far from any realistic application in oncology. Li et al. [52]
described an increased apoptosis in different cell lines of human hepatoma after 30 min long exposure
to 0.2 T static MF generated by a natural magnetic stone. Data show that the exposure to magnetic field
induced up-regulation of Caspase 9 and down-regulation of Bcl-2 expression, resulting in higher level
of apoptosis. Moreover, Li and colleagues also demonstrated heterogeneous responses of different
2D cell lines exposed to the same MF intensity, which suggests the need for the identification of
predictive biomarkers.

Here, we used the 1.5 T MF integrated in the MR-linac, with an exposed time 60-min long,
demonstrating that MF adds therapeutic effects when administered before X-rays in all the 4 PDOs
tested. In particular, PDOs displayed heterogeneous responses to X-rays exposure and were generally
resistant to clinically relevant doses. The sole exposure to the magnetic field had limited effect on
proliferation of PDOs, yet we could observe inter-PDOs differences. However, in all PDOs tested
the priming with MF resulted in higher efficacy of X-rays in reducing cell proliferation. Given the
high inter-cultures variability, the relatively small sample size is a limitation of our study. Indeed,
a larger array of molecularly characterized PDOs is required to conclusively define the relevance
of the combinatorial treatment as well as to potentially identify molecular signatures predictive of
therapeutic responses.

The reduction in cell proliferation upon combination of MF and X-rays was associated with
increase apoptotic cell death in a subset of cultures and to the reduced size of individual organoid in
all cultures tested, a latter being a parameter previously used to assess efficacy of the treatment [19].
Interestingly, we also noted using monolayer cell cultures that the reduction in cell viability is at least
in part due to the humoral responses from cancer cells highlighting the possibility that radiation is
working through mechanisms other than direct induction of DNA damage.

The use of PDOs has already been demonstrated useful for the implementation of
precision oncology by enabling the alignment of preclinical and clinical platforms to guide drug
intervention [17,18,53,54]. The ability of PDAC-PDOs to predict responses to radiotherapy remains
unknown, while PDOs from locally advanced rectal cancer were able to predict responses to
chemoradiation in patients (90% of matching responses between patients and models) [19]. Two recent
studies explored the association between MF and radiations in tumor cell lines. In the study from
Yudshitara et al. [23] human TK6 lymphoblastoid cell lines were irradiated with 1 to 4 Gy after MF
exposure. The results showed no increased apoptosis, concluding that no effect from MF would be
expected. The authors used a MF induced by electric current through a pair of magnetic coils generating
up to 1.5 T strength. Unfortunately, they did not report the cell culture MF exposure time. Similarly,
Tambasco et al. [35] tested whether the presence of a 1.5 T MF increased the radiation-induced DNA
damage rate on pBR322 plasmid DNA (measured as the increase in single- and double-strand breaks).
The study failed to demonstrate any effect. Interestingly, radiation was administered without any
magnetic priming (“magnetization”) before the treatment with X-Ray, probably suggesting that the
biological mechanism underlying MF effect did not relate to a direct DNA damage. Here, we reproduced
the typical treatment workflow on a 1.5 T MR-linac, with a MF exposure time 60-min long showing
that the combination of MF and X-rays is associated with higher preclinical responses compared to the
radiation alone in subset of PDOs. The reduced cell viability of PDOs subjected to combined MF and
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X-rays was associated with reduced organoid size and increased apoptotic fluxes in some cultures.
No specific mechanisms for the MF effect on cell cultures has been actually identified, leaving this
fundamental question on the trail. Future studies should confirm the present evidence and investigate
the mechanisms underlying this biological effect. To the best of our knowledge, the present study is the
first to demonstrate the preclinical basis of a potential clinical application of MF in radiation oncology,
and to postulate a synergistic effect when combined with radiations. A future study has been planned
to investigate the molecular basis of such effect. Whether confirmed, magnetic-enhanced radiotherapy
might be explored in a clinical context aiming to improve the therapeutic ratio of radiations.

5. Conclusions

PDOs from treatment-naïve PDAC are relatively resistant to single irradiation using clinically
relevant doses. Despite the small sample size, we observed interpatient variability in the response to
radiation and no clear association between response and genetic features. While minimally affecting cell
viability as monotherapy, a high-intensity (1.5 T) static magnetic field significantly increases radiation
effectiveness in PDOs. The understanding of the biological mechanisms underlying this effect is
currently ongoing at our institution. Whether confirmed, the clinical application of magnetic-enhanced
radiotherapy will be explored.

Author Contributions: Conceptualization: L.N., S.D., V.C.; methodology: S.D., V.C., R.R., L.N., L.A.; resources:
B.R., R.T.L., A.P.; investigation: S.A., B.M., S.D.; formal analysis: L.N., S.D., A.S., V.C., F.A.; writing—original draft
preparation: S.D., L.N.; writing—review and editing: V.C.; supervision: V.C., S.D., F.A., A.S.; funding acquisition:
A.S., V.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Associazione Italiana Ricerca sul Cancro (AIRC), Grant No. 18178 to V.C.
and Grant No. 12182 to A.S., S.D. is supported by a fellowship award of the AIRC (24043).

Conflicts of Interest: Filippo Alongi is consultant for Elekta and received honoraria as speaker. Ruggero Ruggieri
is consultant for Elekta. All other authors declare no conflict of interest. The funding agencies had no role in the
collection, analysis, and interpretation of data or in the writing of the manuscript.

Abbreviations

MR Magnetic Resonance
KRT Cytokeratin
MUC Mucin
2D Two-dimensional
CT Computed tomography

References

1. Siegel, R.L.; Miller, K.D.; Jema, A.L. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
2. Waddell, N.; Pajic, M.; Patch, A.M.; Chang, D.K.; Kassahn, K.S.; Bailey, P.; Johns, A.L.; Miller, D.; Nones, K.;

Quek, K.; et al. Whole genomes redefine the mutational landscape of pancreatic cancer. Nature 2015, 518,
495–501. [CrossRef]

3. Moffitt, R.A.; Marayati, R.; Flate, E.L.; Volmar, K.E.; Loeza, S.G.; Hoadley, K.A.; Rashid, N.U.; Williams, L.A.;
Eaton, S.C.; Chung, A.H.; et al. Virtual microdissection identifies distinct tumor- and stroma-specific subtypes
of pancreatic ductal adenocarcinoma. Nat. Genet. 2015, 47, 1168–1178. [CrossRef] [PubMed]

4. Collisson, E.A.; Sadanandam, A.; Olson, P.; Gibb, W.J.; Truitt, M.; Gu, S.; Cooc, J.; Weinkle, J.; Kim, G.E.;
Jakkula, L.; et al. Subtypes of pancreatic ductal adenocarcinoma and their differing responses to therapy.
Nat. Med. 2011, 17, 500–503. [CrossRef] [PubMed]

5. Bailey, P.; Chang, D.K.; Nones, K.; Johns, A.L.; Patch, A.M.; Gingras, M.C.; Miller, D.K.; Christ, A.N.;
Bruxner, T.J.; Quinn, M.C.; et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature
2016, 531, 47–52. [CrossRef] [PubMed]

6. Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.; Van Es, J.H.; Van den Brink, S.; Van Houdt, W.J.; Pronk, A.;
Van Gorp, J.; Siersema, P.D.; et al. Long-term expansion of epithelial organoids from human colon, adenoma,
adenocarcinoma, and Barrett’s epithelium. Gastroenterology 2011, 141, 1762–1772. [CrossRef]

http://dx.doi.org/10.3322/caac.21551
http://dx.doi.org/10.1038/nature14169
http://dx.doi.org/10.1038/ng.3398
http://www.ncbi.nlm.nih.gov/pubmed/26343385
http://dx.doi.org/10.1038/nm.2344
http://www.ncbi.nlm.nih.gov/pubmed/21460848
http://dx.doi.org/10.1038/nature16965
http://www.ncbi.nlm.nih.gov/pubmed/26909576
http://dx.doi.org/10.1053/j.gastro.2011.07.050


Biomedicines 2020, 8, 609 13 of 15

7. Gao, D.; Vela, I.; Sboner, A.; Iaquinta, P.J.; Karthaus, W.R.; Gopalan, A.; Dowling, C.; Wanjala, J.N.;
Undvall, E.A.; Arora, V.K.; et al. Organoid cultures derived from patients with advanced prostate cancer.
Cell 2014, 159, 176–187. [CrossRef]

8. Drost, J.; Karthaus, W.R.; Gao, D.; Driehuis, E.; Sawyers, C.L.; Chen, Y.; Clevers, H. Organoid culture systems
for prostate epithelial and cancer tissue. Nat. Protoc. 2016, 11, 347–358. [CrossRef]

9. Sachs, N.; De Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, F.; Balgobind, A.V.; Wind, K.; Gracanin, A.;
Begthel, H.; et al. A Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell 2018,
172, 373–386e10. [CrossRef]

10. Sachs, N.; Papaspyropoulos, A.; Zomer-van Ommen, D.D.; Heo, I.; Bottinger, L.; Klay, D.; Weeber, F.;
Huelsz-Prince, G.; Iakobachvili, N.; Amatngalim, G.D.; et al. Long-term expanding human airway organoids
for disease modeling. EMBO J. 2019, 38, e100300. [CrossRef]

11. Li, X.; Francies, H.E.; Secrier, M.; Perner, J.; Miremadi, A.; Galeano-Dalmau, N.; Barendt, W.J.; Letchford, L.;
Leyden, G.M.; Goffin, E.K.; et al. Organoid cultures recapitulate esophageal adenocarcinoma heterogeneity
providing a model for clonality studies and precision therapeutics. Nat. Commun. 2018, 9, 2983. [CrossRef]
[PubMed]

12. Broutier, L.; Mastrogiovanni, G.; Verstegen, M.M.; Francies, H.E.; Gavarro, L.M.; Bradshaw, C.R.; Allen, G.E.;
Arnes-Benito, R.; Sidorova, O.; Gaspersz, M.P.; et al. Human primary liver cancer-derived organoid cultures
for disease modeling and drug screening. Nat. Med. 2017, 23, 1424–1435. [CrossRef] [PubMed]

13. Lancaster, M.A.; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, J.M.;
Jackson, A.P.; Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature
2013, 501, 373–379. [CrossRef]

14. Linkous, A.; Balamatsias, D.; Snuderl, M.; Edwards, L.; Miyaguchi, K.; Milner, T.; Reich, B.; Cohen-Gould, L.;
Storaska, A.; Nakayama, Y.; et al. Modeling Patient-Derived Glioblastoma with Cerebral Organoids. Cell Rep.
2019, 26, 3203–3211e5. [CrossRef] [PubMed]

15. Boj, S.F.; Hwang, C.I.; Baker, L.A.; Chio, I.I.C.; Engle, D.D.; Corbo, V.; Jager, M.; Ponz-Sarvise, M.; Tiriac, H.;
Spector, M.S.; et al. Organoid models of human and mouse ductal pancreatic cancer. Cell 2015, 160, 324–338.
[CrossRef]

16. Huang, L.; Holtzinger, A.; Jagan, I.; BeGora, M.; Lohse, I.; Ngai, N.; Nostro, C.; Wang, R.; Muthuswamy, L.B.;
Crawford, H.C.; et al. Ductal pancreatic cancer modeling and drug screening using human pluripotent stem
cell- and patient-derived tumor organoids. Nat. Med. 2015, 21, 1364–1371. [CrossRef]

17. Tiriac, H.; Belleau, P.; Engle, D.D.; Plenker, D.; Deschenes, A.; Somerville, T.D.D.; Froeling, F.E.M.;
Burkhart, R.A.; Denroche, R.E.; Jang, G.H.; et al. Organoid Profiling Identifies Common Responders
to Chemotherapy in Pancreatic Cancer. Cancer Discov. 2018, 8, 1112–1129. [CrossRef]

18. Vlachogiannis, G.; Hedayat, S.; Vatsiou, A.; Jamin, Y.; Fernandez-Mateos, J.; Khan, K.; Lampis, A.; Eason, K.;
Huntingford, I.; Burke, R.; et al. Patient-derived organoids model treatment response of metastatic
gastrointestinal cancers. Science 2018, 359, 920–926. [CrossRef]

19. Yao, Y.; Xu, X.; Yang, L.; Zhu, J.; Wan, J.; Shen, L.; Xia, F.; Fu, G.; Deng, Y.; Pan, M.; et al. Patient-Derived
Organoids Predict Chemoradiation Responses of Locally Advanced Rectal Cancer. Cell Stem Cell 2020, 26,
17–26e6. [CrossRef]

20. Garrido-Laguna, I.; Hidalgo, M. Pancreatic cancer: From state-of-the-art treatments to promising novel
therapies. Nat. Rev. Clin. Oncol. 2015, 12, 319–334. [CrossRef]

21. Alongi, F.; Rigo, M.; Figlia, V.; Cuccia, F.; Giaj-Levra, N.; Nicosia, L.; Ricchetti, F.; Sicignano, G.; De Simone, A.;
Naccarato, S.; et al. 1.5 T MR-guided and daily adapted SBRT for prostate cancer: Feasibility, preliminary
clinical tolerability, quality of life and patient-reported outcomes during treatment. Radiat. Oncol. 2020,
15, 69. [CrossRef] [PubMed]

22. Zhang, X.; Yarema, K.; Xu, A. Biological Effects of Static Magnetic Fields; Springer: Singapore, 2017; pp. 1–233.
23. Yudhistiara, B.; Zwicker, F.; Weber, K.J.; Huber, P.E.; Ruehle, A.; Brons, S.; Haering, P.; Debus, J.; Hauswald, S.H.

The influence of a magnetic field on photon beam radiotherapy in a normal human TK6 lymphoblastoid cell
line. Radiat. Oncol. 2019, 14, 11. [CrossRef] [PubMed]

24. Ghibelli, L.; Cerella, C.; Cordisco, S.; Clavarino, G.; Marazzi, S.; De Nicola, M.; Nuccitelli, S.; D’Alessio, M.;
Magrini, A.; Bergamaschi, A.; et al. NMR exposure sensitizes tumor cells to apoptosis. Apoptosis 2006, 11,
359–365. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2014.08.016
http://dx.doi.org/10.1038/nprot.2016.006
http://dx.doi.org/10.1016/j.cell.2017.11.010
http://dx.doi.org/10.15252/embj.2018100300
http://dx.doi.org/10.1038/s41467-018-05190-9
http://www.ncbi.nlm.nih.gov/pubmed/30061675
http://dx.doi.org/10.1038/nm.4438
http://www.ncbi.nlm.nih.gov/pubmed/29131160
http://dx.doi.org/10.1038/nature12517
http://dx.doi.org/10.1016/j.celrep.2019.02.063
http://www.ncbi.nlm.nih.gov/pubmed/30893594
http://dx.doi.org/10.1016/j.cell.2014.12.021
http://dx.doi.org/10.1038/nm.3973
http://dx.doi.org/10.1158/2159-8290.CD-18-0349
http://dx.doi.org/10.1126/science.aao2774
http://dx.doi.org/10.1016/j.stem.2019.10.010
http://dx.doi.org/10.1038/nrclinonc.2015.53
http://dx.doi.org/10.1186/s13014-020-01510-w
http://www.ncbi.nlm.nih.gov/pubmed/32248826
http://dx.doi.org/10.1186/s13014-019-1212-5
http://www.ncbi.nlm.nih.gov/pubmed/30654822
http://dx.doi.org/10.1007/s10495-006-4001-1
http://www.ncbi.nlm.nih.gov/pubmed/16528477


Biomedicines 2020, 8, 609 14 of 15

25. Prina-Mello, A.; Farrell, E.; Prendergast, P.J.; Campbell, V.; Coey, J.M. Influence of strong static magnetic
fields on primary cortical neurons. Bioelectromagnetics 2006, 27, 35–42. [CrossRef]

26. Durmus, N.G.; Tekin, H.C.; Guven, S.; Sridhar, K.; Arslan Yildiz, A.; Calibasi, G.; Ghiran, I.; Davis, R.W.;
Steinmetz, L.M.; Demirci, U. Magnetic levitation of single cells. Proc. Natl. Acad. Sci. USA 2015, 112,
E3661–E3668. [CrossRef] [PubMed]

27. Chionna, A.; Dwikat, M.; Panzarini, E.; Tenuzzo, B.; Carla, E.C.; Verri, T.; Pagliara, P.; Abbro, L.; Dini, L. Cell
shape and plasma membrane alterations after static magnetic fields exposure. Eur. J. Histochem. 2003, 47,
299–308. [CrossRef]

28. Strieth, S.; Strelczyk, D.; Eichhorn, M.E.; Dellian, M.; Luedemann, S.; Griebel, J.; Bellemann, M.; Berghaus, A.;
Brix, G. Static magnetic fields induce blood flow decrease and platelet adherence in tumor microvessels.
Cancer Biol. Ther. 2008, 7, 814–819. [CrossRef]

29. Tian, X.; Wang, D.; Zha, M.; Yang, X.; Ji, X.; Zhang, L.; Zhang, X. Magnetic field direction differentially
impacts the growth of different cell types. Electromagn. Biol. Med. 2018, 37, 114–125. [CrossRef]

30. Simon, M.G.; Geim, A.K. Diamagnetic levitation: Flying frogs and floating magnets (invited). J. Appl. Phys.
2000, 87, 6200–6204. [CrossRef]

31. Vergallo, C.; Dini, L.; Szamosvolgyi, Z.; Tenuzzo, B.A.; Carata, E.; Panzarini, E.; Laszlo, J.F. In vitro analysis
of the anti-inflammatory effect of inhomogeneous static magnetic field-exposure on human macrophages
and lymphocytes. PLoS ONE 2013, 8, e72374. [CrossRef]

32. Pacini, S.; Gulisano, M.; Peruzzi, B.; Sgambati, E.; Gheri, G.; Gheri Bryk, S.; Vannucchi, S.; Polli, G.;
Ruggiero, M. Effects of 0.2 T static magnetic field on human skin fibroblasts. Cancer Detect Prev. 2003, 27,
327–332. [CrossRef]

33. Mazzola, R.; Figlia, V.; Rigo, M.; Cuccia, F.; Ricchetti, F.; Giaj-Levra, N.; Nicosia, L.; Vitale, C.; Sicignano, G.;
De Simone, A.; et al. Feasibility and safety of 1.5 T MR-guided and daily adapted abdominal-pelvic SBRT for
elderly cancer patients: Geriatric assessment tools and preliminary patient-reported outcomes. J. Cancer Res.
Clin. Oncol. 2020, 146, 2379–2397. [PubMed]

34. Corradini, S.; Alongi, F.; Andratschke, N.; Belka, C.; Boldrini, L.; Cellini, F.; Debus, J.; Guckenberger, M.;
Horner-Rieber, J.; Lagerwaard, F.J.; et al. MR-guidance in clinical reality: Current treatment challenges and
future perspectives. Radiat. Oncol. 2019, 14, 92. [CrossRef] [PubMed]

35. Tambasco, M.; Pang, G.; Fuller, L.; Brescia, E.L.; Mardirossian, G. Impact of a 1.5 T magnetic field on DNA
damage in MRI-guided HDR brachytherapy. Phys. Med. 2020, 76, 85–91. [CrossRef]

36. Nicosia, L.; Sicignano, G.; Rigo, M.; Figlia, V.; Cuccia, F.; De Simone, A.; Giaj-Levra, N.; Mazzola, R.;
Naccarato, S.; Ricchetti, F.; et al. Daily dosimetric variation between image-guided volumetric modulated arc
radiotherapy and MR-guided daily adaptive radiotherapy for prostate cancer stereotactic body radiotherapy.
Acta Oncol. 2020, 1–7. [CrossRef]

37. Jia, C.; Zhou, Z.; Liu, R.; Chen, S.; Xia, R. EGF receptor clustering is induced by a 0.4 mT power frequency
magnetic field and blocked by the EGF receptor tyrosine kinase inhibitor PD153035. Bioelectromagnetics 2007,
28, 197–207. [CrossRef]

38. Sun, W.; Shen, X.; Lu, D.; Lu, D.; Chiang, H. Superposition of an incoherent magnetic field inhibited EGF
receptor clustering and phosphorylation induced by a 1.8 GHz pulse-modulated radiofrequency radiation.
Int. J. Radiat. Biol. 2013, 89, 378–383. [CrossRef]

39. Ogiue-Ikeda, M.; Ueno, S. Magnetic Cell Orientation Depending on Cell Type and Cell Density. IEEE Transit.
Magn. 2004, 40, 3024–3026. [CrossRef]

40. Short, W.O.; Goodwill, L.; Taylor, C.W.; Job, C.; Arthur, M.E.; Cress, A.E. Alteration of human tumor cell
adhesion by high-strength static magnetic fields. Investig. Radiol. 1992, 27, 836–840. [CrossRef]

41. Zhang, L.; Ji, X.; Yang, X.; Zhang, X. Cell type- and density-dependent effect of 1 T static magnetic field on
cell proliferation. Oncotarget 2017, 8, 13126–13141. [CrossRef]

42. Chuo, W.; Ma, T.; Saito, T.; Sugita, Y.; Maeda, H.; Zhang, G.; Li, J.; Liu, J.; Lu, L. A Preliminary Study of the
Effect of Static Magnetic Field Acting on Rat Bone Marrow Mesenchymal Stem Cells during Osteogenic
Differentiation In Vitro. J. Hard Tissue Biol. 2013, 22, 227–232. [CrossRef]

43. Mo, W.C.; Zhang, Z.J.; Wang, D.L.; Liu, Y.; Bartlett, P.F.; He, R.Q. Shielding of the Geomagnetic Field
Alters Actin Assembly and Inhibits Cell Motility in Human Neuroblastoma Cells. Sci. Rep. 2016, 6, 22624.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/bem.20173
http://dx.doi.org/10.1073/pnas.1509250112
http://www.ncbi.nlm.nih.gov/pubmed/26124131
http://dx.doi.org/10.4081/840
http://dx.doi.org/10.4161/cbt.7.6.5837
http://dx.doi.org/10.1080/15368378.2018.1458627
http://dx.doi.org/10.1063/1.372654
http://dx.doi.org/10.1371/journal.pone.0072374
http://dx.doi.org/10.1016/S0361-090X(03)00124-7
http://www.ncbi.nlm.nih.gov/pubmed/32372146
http://dx.doi.org/10.1186/s13014-019-1308-y
http://www.ncbi.nlm.nih.gov/pubmed/31167658
http://dx.doi.org/10.1016/j.ejmp.2020.06.020
http://dx.doi.org/10.1080/0284186X.2020.1821090
http://dx.doi.org/10.1002/bem.20293
http://dx.doi.org/10.3109/09553002.2013.754559
http://dx.doi.org/10.1109/TMAG.2004.830453
http://dx.doi.org/10.1097/00004424-199210000-00014
http://dx.doi.org/10.18632/oncotarget.14480
http://dx.doi.org/10.2485/jhtb.22.227
http://dx.doi.org/10.1038/srep22624
http://www.ncbi.nlm.nih.gov/pubmed/27029216


Biomedicines 2020, 8, 609 15 of 15

44. Sullivan, K.; Balin, A.K.; Allen, R.G. Effects of static magnetic fields on the growth of various types of human
cells. Bioelectromagnetics 2011, 32, 140–147. [CrossRef] [PubMed]

45. Luo, Y.; Ji, X.; Liu, J.; Li, Z.; Wang, W.; Chen, W.; Wang, J.; Liu, Q.; Zhang, X. Moderate intensity static magnetic
fields affect mitotic spindles and increase the antitumor efficacy of 5-FU and Taxol. Bioelectrochemistry 2016,
109, 31–40. [CrossRef]

46. Zablotskii, V.; Dejneka, A.; Kubinova, S.; Le-Roy, D.; Dumas-Bouchiat, F.; Givord, D.; Dempsey, N.M.;
Sykova, E. Life on magnets: Stem cell networking on micro-magnet arrays. PLoS ONE 2013, 8, e70416.
[CrossRef]

47. Calabro, E.; Condello, S.; Curro, M.; Ferlazzo, N.; Caccamo, D.; Magazu, S.; Ientile, R. Effects of low intensity
static magnetic field on FTIR spectra and ROS production in SH-SY5Y neuronal-like cells. Bioelectromagnetics
2013, 34, 618–629. [CrossRef]

48. De Nicola, M.; Cordisco, S.; Cerella, C.; Albertini, M.C.; D’Alessio, M.; Accorsi, A.; Bergamaschi, A.;
Magrini, A.; Ghibelli, L. Magnetic fields protect from apoptosis via redox alteration. Ann. N. Y. Acad. Sci.
2006, 1090, 59–68. [CrossRef]

49. Sun, W.; Gan, Y.; Fu, Y.; Lu, D.; Chiang, H. An incoherent magnetic field inhibited EGF receptor clustering
and phosphorylation induced by a 50-Hz magnetic field in cultured FL cells. Cell Physiol. Biochem 2008, 22,
507–514. [CrossRef]

50. Zhang, L.; Wang, J.; Wang, H.; Wang, W.; Li, Z.; Liu, J.; Yang, X.; Ji, X.; Luo, Y.; Hu, C.; et al. Moderate and
strong static magnetic fields directly affect EGFR kinase domain orientation to inhibit cancer cell proliferation.
Oncotarget 2016, 7, 41527–41539. [CrossRef]

51. Zhang, L.; Hou, Y.; Li, Z.; Ji, X.; Wang, Z.; Wang, H.; Tian, X.; Yu, F.; Yang, Z.; Pi, L.; et al. 27 T ultra-high static
magnetic field changes orientation and morphology of mitotic spindles in human cells. eLife 2017, 6, e22911.
[CrossRef]

52. Li, J.; Ma, Y.; Li, N.; Cao, Y.; Zhu, Y. Natural static magnetic field-induced apoptosis in liver cancer cell.
Electromagn. Biol. Med. 2014, 33, 47–50. [CrossRef] [PubMed]

53. Van de Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; van Houdt, W.; van
Gorp, J.; Taylor-Weiner, A.; Kester, L.; et al. Prospective derivation of a living organoid biobank of colorectal
cancer patients. Cell 2015, 161, 933–945. [CrossRef] [PubMed]

54. Pauli, C.; Hopkins, B.D.; Prandi, D.; Shaw, R.; Fedrizzi, T.; Sboner, A.; Sailer, V.; Augello, M.; Puca, L.;
Rosati, R.; et al. Personalized In Vitro and In Vivo Cancer Models to Guide Precision Medicine. Cancer Discov.
2017, 7, 462–477. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/bem.20624
http://www.ncbi.nlm.nih.gov/pubmed/21225891
http://dx.doi.org/10.1016/j.bioelechem.2016.01.001
http://dx.doi.org/10.1371/journal.pone.0070416
http://dx.doi.org/10.1002/bem.21815
http://dx.doi.org/10.1196/annals.1378.006
http://dx.doi.org/10.1159/000185524
http://dx.doi.org/10.18632/oncotarget.9479
http://dx.doi.org/10.7554/eLife.22911
http://dx.doi.org/10.3109/15368378.2013.783850
http://www.ncbi.nlm.nih.gov/pubmed/23781993
http://dx.doi.org/10.1016/j.cell.2015.03.053
http://www.ncbi.nlm.nih.gov/pubmed/25957691
http://dx.doi.org/10.1158/2159-8290.CD-16-1154
http://www.ncbi.nlm.nih.gov/pubmed/28331002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patient Samples 
	Generation of PDAC Cultures 
	Histology and Immunostaining 
	Mutational Analysis by Next-Generation Targeted Sequencing 
	Therapeutic Experiments 
	Phantom Design 
	Phantom Simulation and Treatment Plan 
	Dose Delivery 
	Statistical Analysis 

	Results 
	Establishment and Characterization of PDAC-PDOs 
	Responses of PDOs to Irradiation 
	Viability of 2D PDAC after Exposure to Irradiation 

	Discussion 
	Conclusions 
	References

