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Abstract

We previously established that a Multifrequency Electromagnetic Pulse (MEMP) treatment selectively
eradicates tumorigenic cells in vitro. Here we evaluate the effect of two different systemic MEMP
treatment regimens (30 Hz, >2 T) on syngeneic MC38 colon adenocarcinoma subcutaneously engrafted
in C57BL/6 mice. Tumor development was monitored by bioluminescence imaging, and excised tissues
were evaluated for immune-cell infiltration (CD4, CD8, and CD68), oxidative stress (HO-1, MDA), and DNA
damage (YH2AX) markers by immunohistochemistry. The MEMP regimes consistently slowed tumor
progression and extended animal survival, with no detectable adverse effects on welfare. Histopathology
revealed in treated tumors broader necrotic regions, signals of oxidative stress, and yH2AX staining
showing limited yet evident DNA damage. While CD4 and CD8 T-cell counts remained stable, a
quantitative penetration of immune effectors CD68+ cells into tumors suggests the involvement of a
macrophage-mediated response. Further, MEMP achieved complete tumor regression in a small subset
of animals, which mounted a robust resistance to a subsequent tumor re-challenge, indicative of a
protective immunological memory. Collectively, our findings indicate that systemic MEMP can alter
tumor dynamics and immune features in pre-clinical animal models, offering a practical framework to
study tumor—immune interactions at the organismal level under controlled physical-field conditions.

Introduction

The central problem of modern oncology is to find treatments that can selectively destroy cancer cells
effectively, without causing significant damage to non-targeted tissues. Conventional modalities like
chemotherapy and radiotherapy, while indispensable, are often constrained by systemic toxicity and the
development of resistance. This has led to the exploration of novel approaches such as those that can
target vital and unique characteristics of cancer cells. Perhaps the most promising frontier is the
targeting of cancer's distinctive bioelectrical signature, changing the therapeutic focus beyond strictly
biochemical interactions into the cell's underlying biophysics. It has been known for long that cancer
cells possess a distinct bioelectrical signature that makes them distinct from normal cells [1,2]. This
signature is a consequence of profound metabolic remodeling, including the Warburg effect, that
produces a modified intracellular ionic balance and a more depolarized transmembrane potential [3].

These biophysical alterations are not secondary effects of malignancy but are directly linked to the
processes of uncontrolled growth, invasion, and immune evasion. This novel physical phase presents a
physical and exploitable vulnerability, which has given rise to a novel class of physical energy-based
treatments for selectively disrupting cancer cells. Our group recently characterized the effects of a novel
technology, Multifrequency Electromagnetic Pulse (MEMP). This non-invasive and non-thermal treatment
involves the delivery of extremely low frequency (<30 Hz) electromagnetic pulses at a high magnetic flux
density (>2 T) [4]. Our initial study demonstrated that MEMP possesses excellent specificity, inducing
death in a panel of highly tumorigenic cell lines (such as glioblastoma, cervical, and colon carcinoma)
quickly and selectively, with minimal damage to non-tumorigenic cells and primary macrophages. In
vitro, MEMP exposure selectively induced rapid cell death in a panel of tumorigenic cell lines while
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leaving non-tumorigenic cells unharmed. We identified the mechanism as a catastrophic collapse of the
actin cytoskeleton, leading to a subsequent G2/M cell cycle arrest and apoptosis. Furthermore, we
established the safety of the procedure in healthy mice and provided initial evidence showing that a brief
ex vivo MEMP treatment completely abrogated the ability of colon cancer cells to form tumors upon
injection in mice [4].

Although these findings were very encouraging, the efficacy of MEMP in a real therapeutic setting,
applicable in clinical practice, where the fields must penetrate a complex tumor microenvironment,
remained a critical unanswered question. The objective of the present study was, therefore, to bridge this
gap by evaluating the therapeutic efficacy of systemic MEMP treatment on established MC38 colon
carcinomas in a syngeneic, immunocompetent mouse model. The use of an immunocompetent host is
crucial, as it allows for the assessment not only of the direct cytotoxic effects of MEMP on the tumor but
also of its potential to modulate and engage the host's anti-tumor immune response, a key determinant
of long-term therapeutic success in precision oncology.

Results

MEMP effect on the growth of MC38 colon adenocarcinoma tumors.

We have previously shown that MEMP can selectively affect tumor cells without affecting non-
transformed cells in vitro, and mice subjected to MEMP remained healthy with no effect on the well-
being, including biochemical parameters and blood counts [4]. Thus, we here decided to apply MEMP to
treat tumor-bearing mice. The MC38/C57BL6 syngeneic model, inoculating the colon cancer cells
subcutaneously, was chosen. As shown in Fig. 1A, a total of 600,000 MC38-Luc cells inoculated in the
right flank of the mice could be monitored for bioluminescence (BLI) with an IVIS Spectrum system. One
week after inoculation, tumors were barely palpable, an approximate diameter of 3 mm, and the mice
were therefore separated into two groups with equivalent tumor load, based on BLI. The MEMP
treatment was initiated on this same day, and for this the mice were placed on the electromagnetic
emitter, in a small methacrylate box, to limit movement outside the emitter’s focus (Fig. 1B). In this first
regime, the MEMP treatment was applied for 15 minutes every other day for two weeks. The device was
set to 80% intensity, a frequency of 30 Hz, and an electromagnetic field strength greater than 2 Tesla.

Tumor growth was monitored once a week by BLI quantification (Fig. 1C). While the tumors of control
mice grew at the expected rate, those of MEMP-treated mice showed a tendency to grow less (Fig. 1D).
Notably, in the case of two treated mice, an important regression of the tumors was observed, whereas,
in general, control mice reached humane endpoint conditions earlier than the MEMP-treated ones (Fig
1E). These results indicate that MEMP treatment affected tumor growth, even causing the complete
regression of the tumors in some mice.

To investigate a possible interference of the MEMP with the anti-tumor immune response, after animal

sacrifice, tumors were extracted and processed for histology and IHC. H&E staining of tumors showed

compact tumors with high cellularity, observing more necrotic areas in the MEMP-treated tumors (Fig.
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2A), without other notable differences between groups, as for example in vascularization. Staining for
immune cell populations showed that tumors were infiltrated by immune cells, showing similar numbers
of CD4 and CD8 T cells in control and modulated tumors, but with more than two-fold increase in the
number of CD68 positive macrophages (Fig. 2B). In this later case, it must be further noted that the
MEMP-treated mice tumors showed stronger CD68 staining. As all IHC staining and DAB development
were performed by an automated system (Dako Autostainer Link 48), intensity differences may be
considered reliable.

MEMP and immune system: impact and protection against re-inoculated tumors.

The two mice with tumor regression were monitored after the end of the MEMP treatment for tumor
relapses for 60 days and subjected to blood tests (Supplementary figure 1 and 2). Since no tumor
growth, by BLI or by normal exploration, was observed (Fig. 3A), mice were re-inoculated with 600,000
MC38-Luc cells, in this case, in the opposite flank, in parallel with naive mice. As expected, tumors in
naive mice grew fast, reaching endpoint criteria in just 15 days (Fig. 3B-D). On the contrary, tumors in the
MEMP-treated regressed mice grew much more slowly, indicating a potential vaccination effect.

Enhancement of anti-tumor effect by higher MEMP regime.

We then sought to further explore if the protocol of MEMP treatment could be improved so as to have a
stronger effect against the tumors. Therefore, in a second experiment, we decided to apply a treatment
regimen that involved daily 15-minute MEMP sessions, at 95% potency, administered for five consecutive
days, followed by a two-day rest period, and then a second five-day block of treatment (Fig 4A). In this
case, to avoid excessive early tumor growth that could overwhelm the immune system, we inoculated
600,000 cells, and we started MEMP treatment earlier, 3 days post-inoculation, when tumors were not
palpable yet (> 0,1 cm X 0,7cm X 0,1 cm). Tumor growth was monitored by BLI twice per week. As can be
seen in figure 4B-D, control tumors grew faster than the MEMP-treated ones, reaching a significant
difference, both in comparing individual day values as well as the areas under the curve. Interestingly, all
MEMP-treated mice managed to reach the 30-day experiment end without reaching humane endpoint
conditions (fig. 4E), in contrast to the control mice that had to be sacrificed at day 20 or before (average
humane endpoint for C57BL/6 mice inoculated with MC38Luc cells at the Preclinical Biomedicine
Service, CBMSO, is 21 days, n = 84, various independent experiments).

Analysis of the impact of high MEMP regime on the immune response.

Histology of the extracted tumors showed similar characteristics to those in the previous experiment,
with the MEMP-treated ones containing more necrotic areas (fig. 5A). In consistency with above, in this
experiment as well the numbers of CD4 and CD8 positive T cells remained similar between the control
and MEMP-treated tumors (fig. 5B, and supplementary table S3). However, the numbers of tumor-
associated macrophages (CD68 staining) showed again close to a two-fold relative increase in MEMP-
treated tumors (Fig. 5B), which was consistently supported by a stronger CD68 staining. These results
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suggest a robust macrophage-mediated immune response against the tumor cells in the MEMP-treated
mice.

Study of MEMP effect on tumor cell proliferation and oxidative stress.

To further characterize MEMP effect on tumors, we tested cell proliferation byKi67 staining. This
antibody produced both cytoplasmic and nuclear staining, also marking intensely the necrotic areas. No
differences could be observed between control and MEMP-treated tumors on Ki67 nuclear staining (fig.
6). On the other hand, numerous necrotic areas could be observed, showing an apparently bigger
difference between the control and the MEMP-treated tumors than the one observed with H&E.

To further investigate the possible consequences of MEMP treatment on tumor cells, we performed
oxidative stress-related staining, using Heme Oxygenase 1 (HO-1) and malondialdehyde-protein adduct
(MDA) antibodies. As shown in Figure 6, both control and MEMP tumors show a generalized basal
expression of HO-1, with a limited number of cells with a stronger staining. The amount of strong
positive cells and intensity of their staining was apparently higher in the MEMP-treated tumors,
suggesting a MEMP-derived effect. In the case of MDA, as expected, tumors show a positive, diffuse
staining, with a tendency for the MEMP-treated ones to have higher intensity. These results indicate that
MEMP treatment may have caused, directly or indirectly, an increase in oxidative stress, still detectable in
some cells 4 days after the last treatment.

Finally, to test if the mentioned oxidative stress had some physiological consequences, we tested if DNA
damage could be detected as an effect of the MEMP treatment itself or of the resulting oxidative stress.
Anti-phospho Histone 2A staining showed rare positive events in control tumors, while frequent positive
cells were observed in the MEMP-treated ones, reaching approximately 1% of the cell numbers (Fig. 6).
This would indicate that some of the cells suffered severe DNA damage, probably as a consequence of
the oxidative stress. On the other hand, this result confirms that MEMP itself does not induce
generalized genotoxic stress, but it does affect tumor physiology and growth.

Discussion

In this study, we demonstrate for the first time that systemic, non-invasive MEMP therapy can
significantly inhibit the growth of established solid tumors in an immunocompetent host, increasing the
overall survival of the mice treated. Our results show that the MEMP treatment not slows the progression
of MC38 colon carcinomas, and it may induce complete tumor regression in a subset of animals, leading
to overall improved survival (Fig. 1-4). This therapeutic effect was achieved with no observable adverse
effects in the animals, confirming the excellent safety profile reported previously [4].

The anti-tumor effect of MEMP appears to involve a combination of direct tumor cell damage associated
with oxidative injury, together with a remarkable anti-tumor immune response. First, while our previous
work showed a clear G2/M arrest [4], our current in vivo data revealed no significant change in the
proliferation marker Ki67. Instead, we observed a marked increase in tumor necrosis, accompanied by
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clear evidence of elevated oxidative stress (HO-1 and MDA staining) and a corresponding increase in
DNA damage (phospho-Histone 2A) in a subset of cells. This suggests that in the complex in vivo
environment, MEMP pushes cancer cells past a repairable checkpoint and into a state of irreparable
damage, leading to necrotic cell death. This finding aligns with other studies showing that low-frequency
magnetic fields can induce apoptosis via reactive oxygen species [5,6]. The MEMP-induced physical
perturbation, possibly initiated by the cytoskeletal collapse seen in vitro, likely triggers a cascade of
oxidative stress and cell death in vivo, as it has been shown in other studies using technologies of
similar concept [7,8].

Second, during the intensified treatment regimen, which yielded superior tumor control, we found
infiltration of CD4+ and CD8+ cytotoxic T cells into the tumor microenvironment (Fig. 5). The immune
activation was however more consistent for the CD68 marker, with two-fold increase in the two
independent experiments performed at different MEMP regimes (Fig. 2 and 5). Furthermore, the CD68+
macrophages staining showed stronger intensity in treated tumors, suggesting a change in their
activation state, possibly a shift toward an M1, pro-inflammatory, phagocytic phenotype, as shown
elsewhere [9,10]. This profile is highly indicative of immunogenic cell death (ICD), a process where dying
cancer cells release signals that attract and activate an adaptive immune response [11]. We hypothesize
that the MEMP-induced necrosis and oxidative stress lead to the release of damage-associated
molecular patterns (DAMPs), which serve to recruit and activate macrophages capable of recognizing
and eliminating cancer cells, contributing to the oxidative environment too.

The differences between the two experiments can be explained by the complexity of the tumor-immune
system interplay and the MEMP application protocol. While in the first one with more cells injected,
treatment started only when tumors were palpable in most animals, in the second, fewer cells were
inoculated and treatment started earlier, to avoid the tumor overwhelming the immune system. As
expected, bigger differences in the growth curves of control and MEMP-treated tumors were observed in
the second experiment. The tumor regression in 20% of the MEMP-treated mice of the first experiment
was surprising and probably MEMP treatment-dependent, since we have never observed rejection of
MC38 cell-derived tumors injected subcutaneously, after at least 100 C57BL/6 mouse inoculations for
other experiments (source: Preclinical Biomedicine Service, CBMSO). We could observe BLI in the first
week after inoculation, indicating that enough cells were injected and survived the first critical days. The
preclinical evaluation of immunotherapies is a complex effort, where seemingly minor changes in
experimental parameters, such as tumor cell inoculum size, can lead to profoundly different or even
contradictory results. We hypothesize that the higher amount of infiltrating macrophages in the second
experiment, probably functioning as tumor-protecting M2 macrophages, may have avoided the rejection
of the cells, even if the MEMP treatment eventually activated them towards an M1 phenotype, elevating
CD68 expression.

Moreover, the generation of a MEMP-mediated durable systemic anti-tumor immunity in some animals
was unequivocally demonstrated by our re-challenge experiment. Mice that had previously rejected their
tumors following MEMP therapy were protected from a subsequent inoculation of the same cancer cells,
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while tumors grew rapidly in naive animals. This demonstrates the establishment of immunological
memory, effectively functioning as an in situ cancer vaccine. The initial MEMP treatment did not just
destroy the primary tumor; it educated the host's immune system to recognize and remember the tumor
antigens, enabling a swift and effective response against future encounters.

In summary, our data refer to other reports in which bioelectrical alteration, redox imbalance, and
immune activation act together to selectively impair tumor viability [1,2,4,12—18]. The present study
raises MEMP treatment from a promising in vitro tool to a validated in mice valuable modality. Its
implementation allows a robust activation of the immune system against the tumor, mainly driven by
CD68+ macrophages infiltration, culminating in long-term immunological memory. These features,
combined with its non-invasive nature and excellent safety profile, positions MEMP as a possible new
platform in oncology. Further experimentation is necessary to optimize MEMP treatment protocol for
maximal antitumor effect and to profoundly study the mechanisms of action of this treatment. Future
studies should also focus on combining MEMP with already established immunotherapies, such as
immune checkpoint inhibitors [19-23], where its ability to induce T-cell infiltration could create a
powerful synergistic effect, and may overcome the resistance to these inhibitors already observed in
several tumors. The potential of MEMP to serve as a safe, repeatable, and systemic in situ vaccine
represents a significant advance in the pursuit of non-invasive and effective cancer treatments. To
confirm the translational potential of this technology, further work will be essential, such as to determine
how MEMP parameters (frequency, flux density, and exposure time) correlate with molecular targets, as
well as the development of immunological patients-specific profiles.

Materials and Methods

Cells. MC-38-Luc cells, derived from MC-38 cell line (SCC172, Sigma-Aldrich) as mentioned in Piredda
et., al 2024, were cultivated in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 2 mM L-
glutamine, 0.4 mM non-essential amino acids,100 U/mL gentamicin, and 10% fetal calf serum (FBS;
Invitrogen Life Technologies). Cells were grown at 37 °C with 5% of CO2 in a humidified air (95%).

Allografts cancer model. All animal care procedures used in this study were carried out following
ARRIVE (https://arriveguidelines.org/) guidelines. All animal procedures were performed in strict
accordance with the European Commission legislation for the protection of animal use purposes
(2010/63/EU). The protocol for the treatment of the animals was approved by the local government
Ethics committee (Comité de Etica de la Direccién General del Medio Ambiente de la Comunidad de
Madrid, Spain, PROEX 217.4/23) and was supervised by the Ethics Committee of the UAM (Madrid,
Spain). Mice were purchased from Janvier Labs, Le Genest-Saint-Isle, France. Mice were housed under a
12-h light/dark cycle in a specific pathogen-free facility with controlled temperature and humidity (20-24
°C, 45-65 % humidity) and allowed access to food and water ad libitum. 12-week-old female
immunocompetent C57BL/6 mice (initial weight 18—-22 g), were injected subcutaneously in the right
flank with 0.6x106 colon mouse adenocarcinoma cells (MC-38-Luc). In vivo tumor cell bioluminescence
was monitored and quantified using the IVIS Spectrum System (PerkinElmer) after IP injection of D-
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Luciferin (150 mg/kg), with the mice anesthetized with isoflurane inhalation (4% induction, 2%
maintenance of anesthesia). Body weight and general physical status were recorded daily, and the mice
were sacrificed by carbon dioxide (C02) inhalation at the end of every experiment or when reaching the
endpoint criteria.

Molecular Modulation. The biomodulation device used in this study is an instrument developed by Paso
Alto Biotechnology Inc. (USA). The system consists of two main components: a low-frequency
electromagnetic radiation generator, configured to operate under constant parameters, and a high-power
hardware module. For Multifrequency Electromagnetic Pulse (MEMP) treatment, mice were exposed to
an electromagnetic field of non-ionizing frequency (f < 30 Hz) and high intensity (B > 2 T). The exposure
was performed strictly following current ethical and regulatory standards for biosafety level 2 (BSL-2)
laboratories and animal wellbeing. Each animal was individually placed in a 3x5x3 cm methacrylate
container designed to restrict its movement without the need for anesthesia or further restraint devices,
located directly above the emitter platform. The pulsed electromagnetic modulation treatment was
applied for 15 minutes. MEMP treatment was carried out, in a first experiment, 7 days after inoculation of
the tumor cells with the presence of preformed tumors, and subjecting mice to modulation on alternate
days continuing the treatment for 2 weeks and modulating at a maximum power of 80%. In a second
experiment, MEMP treatment was started 72 hours after cell inoculation and for five consecutive days,
followed by a two-day rest period, and then a second five-day block of treatment with a maximum power
of 95%.

Blood analysis. Blood sampling from mice was performed from the submandibular vein using a small
scalpel, and the sample was collected in Eppendorf tubes. Samples were analyzed by Element HTS
hematology system (Scilvet Company) that combine a laser flow cytofluorimetry for the accurate
identification of neutrophilic granulocytes, lymphocytes, and exosinophilic and basophilic monocytes, an
electrical impedance method for the detection of red blood cells and platelets, and a colorimetric
method for the detection of HGBs.

Histology and Immunohistochemistry. Tissues were processed and embedded in paraffin. Sections (3
um) of paraffin-embedded tissues were hydrated prior to antigen retrieval in Dako Target Retrieval
Solution, following the manufacturer’s instructions. Endogenous peroxidase activity was blocked by
incubating the slides in Peroxidase-blocking solution (Dako) for 30 min at room temperature. Slides were
incubated with 1% BSA-PBS for 30 minutes at room temperature before primary antibody incubation.
Primary antibodies, against CD4 (1:500, Abcam ab183685), CD8 (1:2000, Abcam ab209775), CD68
(Tug/ml, Abcam ab125212), CD36 (1:150, Abcam ab252923), CD163 (1:500, Abcam ab182422 ), CD31-
PECAM-1 (1:100,Santa Cruz sc-1506), PCNA (1:10000, Cell Signaling 2586S), Anti HO-1 (1:100, Merk
SAB5700731), Malondialdehyde 11E3 (1:250, Novus NBP2-59367) and Phospho-Histone H2A.X (Ser139)
(1:500, Cell Signaling 9718) were incubated overnight at 4°C. EnVision+ Dual Link secondary antibody
(Dako) and DAB (Dako) solution were used for immunohistochemistry visualization. All histology and
IHC stainings and DAB development were performed by an automated system (Dako Autostainer Link
48). Finally, sections were dehydrated and mounted with mounting media (Dako).
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Quantitative determination of immune cells infiltration into tumors. Images obtained from the staining
of the tumors with the CD8, CD4 and CD68 were processed using a custom ImageJ macro [24].
Preprocessing included background subtraction followed by color deconvolution to separate H&E and
DAB stainings [25]. Tumor regions were segmented, and positive cells were subsequently quantified
using ImagedJ’s measurement tools on the DAB channel.
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Evaluation of tumor progression in mice subjected to MEMP treatment. A. Regime scheme. B.
[llustration of the MEMP device. C. C57BL/6 mice injected with mouse MC-38-Luc adenocarcinoma cells
and expressing formed tumors were modulated at 7 days post injection. MEMP treatment was continued
for two weeks until day 26 post-tumor. Representative VIS images from day 5 until 26 days post-

inoculation (radiance p/sec/cm?/sr color scale Min= e3-e6, Max= e6-e7) of controls and modulated
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mice. D. In vivo imaging quantification of tumor bioluminescence in mice. Data represent the mean with

+/-SEM, and were statistically analysed using a Mixed-effects analysis with Sidak’s test. E. Survival
analysis.
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Figure 2

Immune marker in control and modulated explanted tumors. Animals were sacrificed and tumors were
extracted and processed for histology and IHC (A). Upper, HE staining. Lower, immune markers. (B)
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Scored numbers of the respective immune marker represented as the mean with +/-SEM per area of the

tumors.
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Figure 3

Protection against neo-tumor inoculation. Evaluation of tumor relapse in mice subjected to MEMP
treatment. A. IVIS images of tumor bioluminescence at day 50 and day 60 post-inoculation (radiance
p/sec/cm?/sr color scale Min= 9.09e3, Max= 1.18e5) of two modulated mice that showed reduction of
tumor growth from day 5 to 26. B. Evaluation of the MEMP treatment on protection against the growth
of implanted homologous tumor. C57BL/6 mice injected with mouse MC-38-Luc adenocarcinoma cells
and tumors progression evaluated at 7- and 16-days post injection. IVIS images of tumor
bioluminescence at day 7 and day 16 post-inoculation (radiance p/sec/cm?/sr color scale Min= 2.33e5,
Max= 1.75e7) of previously modulated mice that have remitted tumors versus controls mice not
subjected to MEMP treatment. C-D. Tumors size evaluation after explants.
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Figure 4

Evaluation of tumor progression of mice subjected to higher regime of MEMP. C57BL/6 mice injected
with mouse MC-38-Luc adenocarcinoma cells and modulated at 72h post injection. MEMP treatment
was continued until day 20 of tumor (2 weeks of treatment). A. Regime scheme. B. IVIS images of tumor
bioluminescence from day 7 to day 20 post-inoculation (radiance p/sec/cm?/sr color scale Min= from e4
to e6, Max= from e5 to e7) of modulated and controls mice. C. In vivo imaging quantification of tumor
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bioluminescence from day 3 until day 20 of tumor progression. Data represent the mean with +/-SEM,
and were statistically analysed using a Mixed-effects analysis with Sidak’s test. D. Survival analysis.
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Figure 5

Immunohistochemistry evaluation of T cells infiltration in explanted tumors. Mice were sacrificed 26
days post injection, and tumors were explanted, fixed and analysed by immunohistochemistry. A.
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Tissues evaluated for CD8, CD4 and CD68 markers expression by specific immune staining. B. Scored
numbers of the respective immune marker represented as the mean with +/-SEM per area of the tumors.
Control

Ki67

Figure 6

Immunohistochemistry of proliferative, oxidative, and DNA damage markers in explanted tumors. Mice
were sacrificed 26 days post injection, and tumors were explanted, fixed and analysed by
immunohistochemistry. Tissues were evaluated for Ki67, HO-1, MDA and p-H2A markers expression.
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