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ABSTRACT: The incidence of Kaposi sarcoma comorbidity in patients with human immunode-
ficiency virus/acquired immune deficiency syndrome (HIV/AIDS) is high. These patients tend to
be more sensitive to ionizing radiation, making the management of their cancer with radiotherapy
difficult. Hence, noninvasive methods to sensitize cancer cells and reduce therapeutic doses are
needed. In this article, the effect of an electromagnetic field (EMF) of 27.125 MHz, modulated by
100- and 1000-Hz fields, on the radiosensitivity of Chinese hamster lung fibroblasts (V79) and
human melanoma cells (MeWo) was evaluated using the colony-forming assay. Induced magnetic
flux densities in cell cultures ranged from 0.05 to 0.25 uT. Preexposure of V79 to both modulated
fields had no effect on their radiosensitivity, if irradiation followed within 2 h or at 6 h. Signifi-
cant radiosensitization was observed when X-rays were administered 4 h after EMF exposure.
Preexposure of MeWo to the 100-Hz—modulated field resulted in a significant radioprotection
when irradiation followed within 6 h. However, treatment of these cells with the 1000-Hz—modu-
lated field significantly potentiated the effect of X-rays. When cells were irradiated before EMF
exposure, V79 cells were marginally protected by the 100-Hz—modulated field and sensitized
by the 1000-Hz—modulated field. In contrast, the melanoma cells were slightly protected by the
1000-Hz—modulated field and sensitized by the 100-Hz—modulated field. Informed combination
of low-medium frequency electromagnetic fields and radiotherapy might be beneficial in cancer
management, especially in HIV-positive patients.

KEY WORDS: plasma-induced electromagnetic fields, Kaposi sarcoma, melanoma, radiomod-
ulatory effects

I. INTRODUCTION

Kaposi sarcoma (KS) usually appears as tumors on the skin or on mucosal surfaces, such
as the inner lining of the mouth. KS is now considered as an acquired immune deficiency
syndrome (AIDS)-defining illness. Human immunodeficiency virus (HIV)-positive
patients are at a greater risk of cancer than the general population due to a compromised
immune system.' KS is ranked as the sixth and eighth most common cancer in South
African males and females, respectively,? and can be treated with surgery, chemotherapy,
radiotherapy, or biological therapy. Chemotherapy and radiotherapy can also weaken
the immune system; therefore, people with HIV/AIDS may not be able to receive full
courses of cancer treatment without risking severe side effects such as life-threatening
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infections. The HIV-positive subset of patients also tends to show higher normal tissue
toxicity during conventional radiotherapy than their HIV-negative counterparts.

Pioneering studies more than half a century ago demonstrated that although
radiosensitivity can be altered using modifying agents, a given modifying agent does not
always change the sensitivity of different cell lines to radiation exposure in the same way.?
This phenomenon has recently been observed whereby a dual inhibition of phosphoinositide
3-kinase (PI3K) and mammalian target of rapamycin (mTOR) was found to radiosensitize
prostate and breast cancer cells, but acted as a radioprotector in normal prostate cells
and mouse gut.*® The main objective of radiotherapy is to kill tumor cells, or stop their
proliferation, while protecting normal tissue. Due to an increase in the diagnosis of cancer
there has been an increased desire to develop novel treatment modalities.

In light of the current rise in HIV infection and cancer diagnosis in HIV-positive
individuals, combination therapy options may lead to a reduction in the amount of radiation
delivered to a patient during treatment, thus reducing normal tissue toxicity. Reduction
in radiation dose during radiotherapy is especially important for immunocompromised
patients who are known to be more radiosensitive.' It has also been extensively reported
that electromagnetic fields (EMF), such as electric, magnetic, and radiofrequency (RF)
fields, in conjunction with chemotherapeutic agents can reverse the resistance of cancer
cells.”® These fields have been shown to inhibit disease progression and prolong patient
survival with minimal or no side effects.®!° Other studies have also shown that extremely
low-frequency magnetic fields can affect cell death processes like apoptosis.'!* Magnetic
fields penetrate cells unattenuated and can thus interact directly with the DNA in the nucleus
and other cell constituents.'* There is overwhelming evidence supporting the opinion that
exposure to magnetic fields has an effect on cellular functions, such as transcription, protein
synthesis, proliferation, and differentiation. Cellular exposure to magnetic flux densities of
0.38 to 19 mT has led to increased transcription of c-myc and histone H2A.'S These field-
induced changes in transcription activity can significantly impact the net cellular response.
While c-myc plays an important role in cell cycle regulation and cell death, histone H2A
is central in DNA damage repair. Although apoptotic cell death has been shown to occur
in WiDr cells at magnetic flux densities greater than 1.0 mT, tumor regression in nude
mice bearing WiDr tumors was evident only at much higher intensities.'? Antitumor and
immune modulatory activity has also been demonstrated in a melanoma mouse model
for a magnetic flux density of 0.25 T.'® Acute exposure to flux densities below 1.0 mT
does not exhibit antiproliferative activity, but results in increased levels of reactive oxygen
species,!” which may ultimately mediate cellular responses to other cytotoxic agents like
chemotherapeutic drugs and ionizing radiation. Electromagnetic fields have also been
used to successfully treat ailments such as wounds, bone fractures, and depression.!®!°
Electric fields with intensities ranging from 1.0 to 1.4 V/cm can alter the cell membrane
structure leading to changes in the permeability of ions, such as Ca*’, cause changes in the
local pH and temperature, reorganize cytoskeletal components, and disrupt microtubule
polymerization.?’ Exposing cells to electric fields can also cause modifications in gene
expression and free radical production, which affects DNA structure and provokes
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strandbreaks and other chromosomal aberrations, such as micronucleus formation.”® In
addition, electric fields can physically affect the movement and orientation of electrically
charged molecular entities.

An extremely low-frequency magnetic field with a flux density of 1.0 mT has been
suggested to induce immune cell activation through three different pathways, namely,
the classical activation, the alternative activation, and the lectin-dependent activation
pathways.?! The classical activation pathway includes activation of inflammatory re-
sponses, destruction of extracellular matrix, and induction of apoptosis. The alternative
activation pathway promotes extracellular matrix construction, cell proliferation, reduc-
tion of inflammation, and angiogenesis. The lectin-dependent activation pathway also
initiates inflammation and apoptosis and inhibits cell growth in a way comparable to
classical activation.?! All the perturbations exerted by electromagnetic fields ultimately
exert antiproliferative and anticancer effects by influencing cell cycle progression, the
rate of cell proliferation, and apoptosis.®!5%

The aforementioned therapeutic potential of electromagnetic fields, notwithstanding
the application of plasma ray tubes (the so-called Rife Frequency Generator) in the treat-
ment of cancer, largely remains a controversial issue. More than two decades ago, the
American Cancer Society discouraged the use of devices, such as the Rife frequency gen-
erator, for cancer therapy because of the paucity of experimental and scientific evidence.?
However, the concept of targeting prosurvival genes with characteristic resonant frequen-
cies broadcast from a Rife device to induce cell death was recently demonstrated in a
colon cancer cell line.”* Also, a significant level of evidence exists for effectively targeting
malignancies with cancer-specific radiofrequency electromagnetic fields.?*

To test whether the antiproliferative and anticancer effects of frequencies broadcast
from a Rife device could potentiate the cytotoxic effects of ionizing radiation, radiomod-
ulatory effects of low- or medium-frequency electromagnetic fields were evaluated in
Chinese hamster lung fibroblasts (V79 cells) and human melanoma cells (MeWo cells).
The potential benefit of such a therapeutic approach to immunocompromised patients
with superficial cancers is discussed.

Il. MATERIALS AND METHODS

A. Cell Lines and Culture

The V79 cell line was established from the lung of a Chinese hamster and has a fibro-
blast-like morphology. These cells were used to represent normal tissue. The culture
was obtained from Flow Laboratories (Irvine, Scotland). The human melanoma cell line
(MeWo) was kindly provided by F. Zolzer and C. Streffer (University of Essen, Ger-
many). The cells were cultivated as monolayers in 75-cm? flasks in minimum essential
medium (MEM) supplemented with 20% fetal bovine serum (10% for V79 cells), peni-
cillin (100 U/mL), and streptomycin (100 pg/mL) and incubated at 37°C in a humidified
atmosphere (95% air, 5% CO,). Cells were used for experiments upon reaching 80 to
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90% confluence. For experiments, cell cultures were trypsinized and 200 to 500 cells
seeded per 25-cm? tissue culture flask, and left to settle for 2 to 4 h (depending on cell
line). The cells were subsequently exposed to an electromagnetic field for 30 min prior
to or following irradiation at time points of 0, 0.5, 1, 2, 4, and 6 h. The final volume of
culture medium in each flask was 10 mL.

B. Electromagnetic Field Generation and Exposure

Using an EMEM oscillator amplifier (EMEM Devices Rife Machine, Model No.
1-2012B, Boulder, CO), electromagnetic fields were generated by modulating a 27.125-
MHz carrier wave with 100- and 1000-Hz square-waves with a peak-to-peak amplitude
of 5 V. The modulating frequencies were generated using a GME frequency generator
with an output impedance of 50 Q and a duty cycle of 50% (GME Technology, Model
No. SG-10, Pomona, CA). The resulting radiofrequency (RF) was then broadcast via a
double bubble argon plasma ray tube (length = 25 cm; external bubble diameter = 6.7
cm). The set up for EMF exposure of cell cultures through a plasma Rife tube is illus-
trated in Fig. 1a. A maximum of 24 cell culture flasks could be exposed at a given time,
and were stacked in groups of four, such that the outside dimensions of the volume occu-
pied by the cell culture layers was 11 cm (width: 2 flasks breadthwise) x 18 cm (length:
2 flasks lengthwise) x 14 cm (height: 6 flasks by height). The perpendicular distances
from the axis of the plasma tube to the cell culture planes were 10.0, 12.4, 14.8, 17.2,
19.6, and 22.0 cm. Each cell layer was covered with 3.5 mm (10 mL) of culture medium.

To estimate the magnetic and induced electric fields in the cell cultures, the plasma ray
tube was assumed to function as an antenna that is transmitting at ~27.12 MHz. Nearfield
magnetic field strengths for this frequency can vary between 0.5 A/m (magnetic flux density
of 0.63 uT) and 0.8 A/m (magnetic flux density of 1.0 uT) at a radial distance of 12 cm
from the antenna.” Therefore, by adopting the maximum magnetic flux density of 1.0 uT
as the peak flux density in the plane 12 cm from the axis of the plasma tube (Fig. 1b), the
magnetic flux densities in cell culture planes at 10 to 22 cm were deduced using the inverse-
square law. The corresponding induced peak electric fields (V/m) were then calculated as
Ei™ = 2hnfB,?® where B is the peak value peak magnetic flux density (T), f is the transmitted
frequency (27.125 x 10° Hz), and 2h is the depth of the cell culture medium (0.0035 m).
Thus, the estimated magnetic flux densities in the cell cultures ranged from 0.30 to 1.44
uT, and the corresponding peak electric fields were 0.09 to 0.42 V/m (Table 1). Using a
conductivity (o) of 1.5 S/m for the cell culture medium,* induced current densities (J)
were calculated from the relation J = cE. Estimated current densities in cell cultures ranged
from 0.14 to 0.63 A/m? (Table 1). Because the ratio of the depth to the width (0.05 m) of
the culture medium in each flask is less than 0.3, estimation of peak electric fields from the
magnetic flux densities has an uncertainty of < 1%.? For sham EMF exposure (0 Hz), the
control samples were treated as described with the plasma ray tube turned off.

To test whether the radial variation in induced magnetic flux density across the
cell culture layers had an impact on cell viability, the proportions of seeded cells that
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FIG. 1: (a) Photograph of the electromagnetic field (EMF) exposure system. (b) A two-dimen-
sional schematic diagram showing the top and bottom cell culture planes of the 2 x 2 x 6 flask
matrix. In the set-up, the plasma ray tube is centered horizontally above the cell culture flasks,
such that the induced magnetic field (B) is parallel to the base of a flask and the induced electric
field (E) in the culture medium is parallel to the width of the flask.

eventually form colonies (plating efficiencies) were determined in cell cultures placed
at the different radial distances, as in Fig. 1, for 0, 100, and 1000 Hz exposures. In the
current setting, no significant frequency- and location-dependent differences in plating
efficiency were observed. For the V79 cells, the plating efficiency at 0 Hz (73 £ 4%) did
not differ significantly from those at 100 Hz (82 £ 3%; P = .12) and 1000 Hz (73 £ 5%;
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TABLE 1: Estimated peak magnetic flux density (B), electric field strength (E£), and current
density (J) induced at a distance (d) from plasma ray tube

d (cm) B (uT) E (V/m) J (A/m?)
10.0 1.44 0.42 0.63
12.4 0.94 0.28 0.42
14.8 0.66 0.20 0.30
17.2 0.49 0.15 0.23
19.2 0.39 0.12 0.18
22.0 0.30 0.09 0.14

P = .94). Similarly, the plating efficiency for sham-exposed MeWo cells (55 + 4%) was
not significantly different from those determined when the cells were exposed to 100 Hz
(62 £ 7%; P =.30) and 1000 Hz (57 £ 6%; P = .82).

C. Cell Culture Irradiation, Clonogenic Cell Survival, and
Radiomodulatory Effects of Induced Electromagnetic Fields

Pre-prepared monolayer cell cultures were irradiated at room temperature (20°C) at
a dose rate of 1 Gy/min, using a Faxitron MultiRad 160 X-ray irradiator (Faxitron
Bioptics, Tucson, AZ). Irradiation was performed at various time points relative to
electromagnetic field exposure, as described above. Sham-irradiated cultures were
left on the turntable of the Faxitron X-ray irradiator for 2 min with the X-ray source
turned off.

The irradiated and EMF-exposed cell cultures were left in an incubator at 37°C for
7 and 14 days (for V79 and MeWo cells, respectively) for colony formation. Colonies
were then fixed in glacial acetic acid:methanol:water (1:1:8, v/v/v), stained with 0.01%
amido black in fixative, air-dried, and counted. Unirradiated cultures with and without
electromagnetic field exposure were used as controls for EMF and X-ray treatment,
respectively. Colonies containing at least 50 cells were deemed to have originated from
single surviving cells and were scored. Cytotoxicity was assessed on the basis of a
surviving fraction (SF), which was calculated from the relation: SF = n_ (t)/{[n_ (u)/
N, (Wl xn_ ()}, where n_(t) and n_(u) denote the number of colonies counted in
treated and untreated samples, respectively. n_,(t) and n_,(u) are the number of cells
seeded in treated and untreated cultures, respectively. Three independent experiments
were performed for each time point and experimental arm. Radiosensitivity was
expressed in terms of the surviving fraction at 2 Gy.

To investigate the influence of EMF exposure on radiosensitivity, the interaction
between EMF and X-rays was expressed as a modifying factor (MF), given as the ratio
of surviving fraction at 2 Gy in the absence EMF to that in the presence of EMF. The
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criteria for inhibition, no effect, and enhancement of radiosensitivity by EMF are MF <
1.0, MF = 1.0, and MF > 1.0, respectively.

D. Statistical Analysis

Statistical analyses were performed using the GraphPad Prism (GraphPad Software, San
Diego, CA) computer program. To compare two data sets, the unpaired two-sided t-test
was used. A P value less than 0.05 indicates a statistically significant difference between
the data sets. Data were presented as the mean (= SEM) from at least three independent
experiments. For each experiment, three replicates were assessed.

Ill. RESULTS

Radiosensitivity was expressed in terms of the surviving fraction at 2 Gy. Figure 2 shows
the relationship between radiosensitivity of the Chinese hamster lung fibroblasts (V79)
and the time of X-ray treatment after EMF exposure. For time intervals ranging from
0 to 2 h, exposure to fields modulated by the 100- and 1000-Hz fields had no effect on
radiosensitivity, with a modifying factor of ~0.99. Also, no effect on radiosensitivity was
observed when cells were irradiated 6 h after EMF exposure (Fig. 2). However, the cells
were marginally sensitized when X-irradiation occurred 4 h after EMF treatment, giving
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FIG. 2: Clonogenic cell survival at 2 Gy in Chinese hamster lung fibroblasts (V79), when cells
were exposed to a 100- or 1000-Hz—modulated 27.125 MHz carrier electromagnetic field (EMF)
prior to X-irradiation, as a function of time between EMF exposure and X-ray treatment. Data
points are means + SEM of three independent experi-ments. Horizontal dashed line represents
the surviving fraction at 2 Gy without EMF exposure.
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FIG. 3: Clonogenic cell survival at 2 Gy in Chinese hamster lung fibroblasts (V79), when
cells were exposed to X-irradiation prior to a 100- or 1000-Hz—modulated 27.125 MHz carrier
electromagnetic field (EMF), as a function of time between X-ray treatment and EMF exposure.
Data points are means + SEM of three independent experiments. Horizontal dashed line represents
the surviving fraction at 2 Gy without EMF exposure.

Surviving fraction at 2 Gy

modifying factors of 1.09 + 0.09 and 1.30 + 0.25 for the 100- and 1000-Hz—modulated
fields, respectively.

Irradiating V79 cells to 2 Gy prior to exposure to a 100-Hz—modulated field yielded
a small radioprotection, while the 1000-Hz—modulated field exposure resulted in a slight
radiosensitization (Fig. 3). The corresponding modifying factors ranged from 0.87 to
0.96 and from 1.06 to 1.13, respectively. These effects were independent of the time
interval between X-irradiation and EMF exposure.

Data for cell survival at 2 Gy in the human melanoma cells (MeWo), when
cells were exposed to fields modulated by either the 100- or 1000-Hz—modulated
field before being irradiated, are presented in Fig. 4. For all time intervals between
EMF and X-ray treatment, pretreatment with the 100-Hz—modulated field resulted in
significant radioprotection, with modifying factors ranging from 0.68 + 0.04 to 0.79 +
0.01. On the contrary, preexposure to the 1000-Hz—modulated field yielded significant
radiosensitization, giving modifying factors between 1.35 + 0.02 and 1.64 + 0.19. The
radiation modifying factors when cells were irradiated at 2 h and 4 h after EMF exposure
emerged as 1.51 and 1.52, respectively (Fig. 4).

When the MeWo cells were irradiated to 2 Gy of X-rays followed by exposure
to the 100 Hz-modulated field, the cells were rendered more radiosensitive, as shown
in Fig. 5, with modifying factors ranging from 1.34 to 1.76. However, when X-ray
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FIG. 4: Clonogenic cell survival at 2 Gy in human melanoma cells (MeWo), when cells were
exposed to a 100- or 1000-Hz—modulated 27.125 MHz carrier electromagnetic field (EMF)
prior to X-irradiation, as a function of time between EMF exposure and X-ray treatment. Data
points are means = SEM of three independent experiments. Horizontal dashed line represents the
surviving fraction at 2 Gy without EMF exposure.

exposure was followed by treatment with the 1000-Hz—modulated field, the cells were
less radiosensitive with modifying factors ranging from 0.90 to 0.94.

IV. DISCUSSION

Electromagnetic fields are known to affect the normal functioning of cells and their
effects differ depending on the cell type. In this investigation, the Chinese hamster lung
fibroblasts (V79) were used to represent normal tissue, while the human melanoma
cells (MeWo) represented tumor cells. The current data suggest that normal tissue and
cancerous cells do not respond to all electromagnetic fields in the same way. While
preexposure of the V79 cells to both 100- and 1000-Hz—modulated fields followed by
2 Gy of X-rays had no effect when cells were irradiated within 2 h of EMF exposure,
significant radioprotection and radiosensitization were seen in the MeWo cells for
the 100- and 1000-Hz—modulated fields over all time points investigated (Figs. 2 and
4). The findings that the fibroblasts were protected by the 1000 Hz-modulated field
exposure when cells were irradiated 1 h after EMF exposure and that both fields were
radiosensitizing at an interval of 4 h, suggest that modulation of a 27.125 MHz carrier
field with a 1000 Hz field may potentiate tumor radiosensitivity with little or no normal
tissue effect if radiation is given within 1 h of EMF exposure.
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FIG. 5: Clonogenic cell survival at 2 Gy in human melanoma cells (MeWo), when cells were
exposed to X-irradiation prior to a 100- or 1000-Hz—modulated 27.125 MHz carrier electro-
magnetic field (EMF), as a function of time between X-ray treatment and EMF exposure. Data
points are means = SEM of three independent experiments. Horizontal dashed line represents the
surviving fraction at 2 Gy without EMF exposure.

Interestingly, the 100-Hz—modulated field protected and sensitized preirradiated
V79 and MeWo cells, respectively (Figs. 3 and 5). This phenomenon, over all time
points, indicated that exposing tumor cells to the 100-Hz—modulated field within 6 h of
administering a fraction of radiation dose might have a significant level of therapeutic
benefit. It is currently not clear why these cell lines behave differently when exposed
to the two electromagnetic fields, and in a manner dependent on the sequence of EMF
exposure and X-irradiation. However, sensitization of the cells when they are exposed
to EMF followed by X-ray could be due to many different mechanisms, including the
EMF causing an influx of calcium ions, with an alteration in homeostasis triggering
mitotic division.”’ This process would prompt otherwise dormant cells to start
dividing. Actively dividing cells are more prone to radiation-induced cell death than
dormant cells, and the net effect will be a low level of cell survival. Also, the observed
radiosensitization may have been caused by intracellular cascades, such as activation
of matrix metalloproteinases by reactive oxygen species, the concentration of which
is known to be increased by exposure to magnetic fields.!”?® Reactive oxygen species
act as radiosensitizers. Furthermore, the radiosensitization can result from calcium-ion
overload, which is highly toxic and leads to cell suicide, by activating proteases and
phospholipases.'®?” Cells carrying radiation-induced DNA damage can be expected to
be more radiosensitive when exposed to EMF, as the electromagnetic field can disorient
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charged amino acids, resulting in a change in the three-dimensional structure of proteins
and thus disturbing their function.”® This could be a reason for the sensitization seen
when cells are exposed to EMF after X-irradiation, because the enzymes responsible
for repairing X-ray damage may be rendered nonfunctional by the subsequent
exposure to appropriate resonant frequencies.” This can result in nonrepaired damage
and ultimate cell death. However, this cannot explain the radiosensitization seen 6 h
after X-irradiation (Figs. 3 and 5), as most all DNA repair should be completed. The
radiosensitization seen when preirradiated cells were exposed to EMF may be due to
dysregulation of ion channels and alteration of hormones leading to cells adopting
different signaling pathways, some of which may trigger cell death.”” Cells become
more radiosensitive when more damage is inflicted on them by another form of
treatment. These findings can also be attributed to cells being rendered sensitive to cell
type-specific radiofrequency fields.**

V. CONCLUSIONS

The data reported here demonstrate that electromagnetic fields have the desirable toxic
and protective effects on tumor and normal cells, respectively, if appropriate frequencies
are administered at the right times relative to X-irradiation. Electromagnetic fields,
therefore, have the potential of being used in conjunction with radiotherapy to reduce
the total radiation absorbed dose administered to patients. This can have a significant
positive impact on the management of patients with superficial tumors, especially those
who are immune compromised. To fully realize the potential of this therapeutic approach,
additional studies involving a broader range of cell lines are required to understand
the mechanism underlying the interaction between electromagnetic fields and ionizing
radiation.
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