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Abstract

Objective To investigate microwave-induced morphological and functional injury of natural killer (NK)
cells and uncover their mechanisms.

Methods NK-92 cells were exposed to 10, 30, and 50 mW/cm? microwaves for 5 min. Ultrastructural
changes, cellular apoptosis and cell cycle regulation were detected at 1 h and 24 h after exposure.
Cytotoxic activity was assayed at 1 h after exposure, while perforin and NKG2D expression were
detected at 1 h, 6 h, and 12 h after exposure. To clarify the mechanisms, phosphorylated ERK (p-ERK)
was detected at 1 h after exposure. Moreover, microwave-induced cellular apoptosis and cell cycle
regulation were analyzed after blockade of ERK signaling by using U0126.

Results Microwave-induced morphological and ultrastructural injury, dose-dependent apoptosis (P <
0.001) and cell cycle arrest (P < 0.001) were detected at 1 h after microwave exposure. Moreover,
significant apoptosis was still detected at 24 h after 50 mW/cm’ microwave exposure (P < 0.01). In the
30 mW/cm’ microwave exposure model, microwaves impaired the cytotoxic activity of NK-92 cells at 1 h
and down regulated perforin protein both at 1 h and 6 h after exposure (P < 0.05). Furthermore, p-ERK
was down regulated at 1 h after exposure (P < 0.05), while ERK blockade significantly promoted

microwave-induced apoptosis (P < 0.05) and downregulation of perforin (P < 0.01).

Conclusion

Microwave dose-dependently induced morphological and functional injury in NK-92 cells,

possibly through ERK-mediated regulation of apoptosis and perforin expression.
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INTRODUCTION

www.besjournal.com (full text)
icrowave radiation, non-ionizing
electromagnetic radiation (EMR) at

IVI frequencies ranging from 300 MHz to

300 GHz, has been widely used in industrial synthesis,
medicine, communication, etc. In the past decades,

microwave-induced injury has been demonstrated in
several tissues and organs in animal models.
Therefore, concerns over microwave-induced health
hazards have been spreading[1'4]. Our group is
interested in evaluating the biological effects of
microwave  exposure and investigating the
mechanisms of microwave-induced injury of the
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central nervous and cardiovascular systems[S'u]. The
immune system plays pivotal roles in the development
and progression of various diseases. However, the
effects of microwaves on the immune system are still a
matter of debate. Several groups showed that
microwaves could enhance the immune response,
such as by increasing phagocytic activity of
macrophages and promoting proliferation of T
lymphocytes, while others presented opposite results
due to the different frequency, dose, and exposure
time™ ",

Natural killer cells (NK), the major effectors of
the innate immune system, also participate in
activation of adaptive immune responses and induce
antigen-specific immune responses[m]. It has been
reported that NK cells decrease in men
occupationally exposed to microwave expsoure at
frequencies of 6-12 GHz™. However, functional

injury of NK cells and its mechanisms are still unclear.

NK cell-mediated cytotoxicity is the central event in

the defense against pathogens and transformed cells.

Importantly, NK cell-mediated cytotoxicity acts
through the expression and release of perforin and
granzyme B. Moreover, natural killer group 2D
(NKG2D) receptor is a pivotal activating receptor on
NK cells to activate cytotoxicitylzo'zzl.

In this study, we will evaluate the effect of 10,
30, and 50 mW/cm2 microwaves on cellular
apoptosis, the cell cycle, cytotoxicity of NK-92 cells
in vitro, and investigate the roles of NKG2D and
ERK signaling in microwave-induced injury of NK-92
cells.

MATERIALS AND METHODS

Cell Lines

The human NK cell line, NK-92, was kindly
provided by Dr. Zhao Lian (Beijing Institute of
Transfusion Medicine) and cultured in a-MEM media
(Thermo Scientific, Wilmington, DE) supplemented
with 12.5% fetal bovine serum (FBS) and 12.5%
horse serum (Gibco, Grand Island, NY), plus 2000
U/mL interleukin-2 (Beijing Sihuan Pharmaceutical
Co., Ltd, Beijing, China).

Human chronic myelogenous leukemia cell
line, K562, which has been widely used as target
cells for detecting cytotoxicity of human NK cells,
was kindly provided by Dr. Li Changyan (Beijing
Institute of Radiation Medicine) and were
maintained in RPMI-1640 media (Thermo Scientific)
plus 10% FBS.

Microwave Radiation

NK-92 cells were exposed to microwaves at an
average power density of 10, 30, and 50 mW/cm?’ for
5 min. The microwave source was a Kklystron
amplifier model JD 2000 (Vacuum Electronics
Research Institute, Beijing, China), and microwave
energy was transmitted by a rectangular wave guide
and A16-dB standard-gain horn antenna to an
electromagnetic shield chamber®. The NK92 cells
were seeded in a 6-well plate and cultured for 24 h.
Then, cells were placed on an appointed exposure
table and exposed to microwaves with an average
power density of 10, 30, and 50 mW/cm? for 5 min.
The sham group (SH group) was treated in the same
place for 5 min, but without microwave exposure. All
exposures were performed at room temperature in a
shielded room.

Morphological Changes of NK-92 Cells

NK-92 cells were exposed to 10, 30, and 50
mW/cm® microwaves, and the morphological
changes were observed on an inverted phase
contrast microscope (Olympus Co., Tokyo, Japan).
Moreover, the ultrastructure was observed by
transmission electron microscopy (TEM). Briefly, cell
samples (1 mm? cubes) were collected at 1 h and 24
h after microwave exposure and then fixed in 2.5%
glutaraldehyde, sequentially processed with 1%
osmium tetroxide and a graded series of ethyl
alcohols, and embedded in EPON618. Samples were
cut into ultrathin (70-nm) sections for TEM. Ultrathin
sections cut onto copper mesh grids were stained
with heavy metals, uranyl acetate, and lead citrate
for contrast. After drying, the grids were observed by
using TEM (HITACHI Ltd, Tokyo, Japan).

Cellular Apoptosis and Cell Cycle Analysis

Exponentially growing NK-92 cells were seeded
at a density of 1 x 10° cellssmL™well™" in 6-well
plates and exposed to microwaves at a density of O,
10, 30, and 50 mW/cm’. At 1 h and 24 h after
exposure, total cells were harvested and analyzed
with the Annexin V-FITC Apoptosis Detection Kit
(SunGene Biotech, Tianjin, China) according to the
manufacturer’s instructions. Normal cultured NK-92
cells were used as a negative control. To confirm the
mechanisms of microwave-induced apoptosis, the
activity of NK cells was detected by using the
Caspase-3 Activity Kit (Beyotime Institute of
Biotechnology, Haimen, China) according to the
manufacturer’s protocol. Briefly, cell lysates were
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prepared at 0.5 h, 1 h, 6 h, and 12 h after microwave
exposure. Lysates were incubated with caspase-3
substrate (Ac-DEVD-pNA) (2 mmol/L) at 37 °C for 12
h. Samples were measured at an absorbance of 405
nm. The detailed analysis procedure is described in
the manufacturer’s protocol.

Functional Changes in NK-92 Cells

Cytotoxicity of NK-92 Cells Exponentially
growing NK-92 cells were exposed to 10, 30, or 50
mW/cm2 microwaves. One hour later, irradiated
NK-92 cells were co-cultured with target cells (K562),
at a ratio of 10:1 for 4 h. Then, lactate
dehydrogenase (LDH) in the culture medium was
detected by using an LDH assay kit (Jiancheng
Bioengineering, Nanjing, China) according to the
manufacturer’s instructions.

Perforin and NKG2D Expression in NK-92 Cells
Exponentially growing NK-92 cells were seeded at a
density of 1 x 10° cellsmL™-well™ in 6-well plates.
Twenty-four hours later, cells were exposed to
30 mW/cmzmicrowaves. Then, cells were collected
at 1 h, 6 h, and 12 h after exposure. The expression
of perforin and NKG2D were detected by
guantitative reverse transcription polymerase chain
reaction (RT-PCR) and Western-blotting.

The Effect of ERK Signaling Blockade on Microwave-
Exposed NK-92 Cells

Exponentially growing NK-92 cells were exposed
to 30mW/cm2 microwaves, cells were collected, and
protein was extracted at 1 h, 6 h, and 12 h after
exposure. The expression of phosphorylated ERK
(p-ERK) was detected by Western-blotting and
normalized to ERK expression.

For ERK signaling blockade experiments, the
ERK-specific inhibitor U0126 (Cell Signaling
Technology, Danvers, MA) was added to cultured
NK-92 cells 30 min pre-irradiation, at a working
concentration of 50 umol/L, while DMSO was added
to the control groups. Cells were collected at 1 h, 6 h,
and 12 h after exposure, and the protein expression
of perforin was measured by Western-blotting.
Moreover, cells were collected at 1 h, 6 h, 12 h, and
24 h after exposure to analyze cellular apoptosis and
the cell cycle as described above.

Quantitative Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

Total RNA was isolated from NK-92 cells with or
without exposure to microwaves, and then

complementary DNA (cDNA) was synthesized by
using the AMV First Strand cDNA Synthesis Kit
(Sangon Biotech, Shanghai, China). The expression of
perforin and NKG2D were detected by using SYBR
Green Real Master Mix (TIANGEN, Beijing, China) on
a 7300 Real-Time PCR System (Applied Biosystems,
Foster City, CA) and normalized to human glycolytic
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The primers used were as follows: GAPDH
sense 5’-gaaggtgaaggtcggagtca-3’ and anti-sense

5’-tggactccacgacgtactca-3’; NKG2D sense
5’-agccaggcttcttgtatgtcte-3’ and anti-sense
5’-catccaatgatatgacttcacc-3’; perforin sense
5’-ctggcagggacgatgacct-3’ and anti-sense

5’-gggaaccagacttgggagc-3’.
Western Blotting

Protein was extracted from NK-92 cells with
various treatments. After electroblotting onto a
polyvinylidenedifluoride  membrane  (Millipore,
Billerica, MA), the protein was labeled by rabbit
anti-phospho-ERK1/2 antibody, rabbit anti-ERK1/2
antibody, mouse anti-human NKG2D antibody (Santa
Cruz, Santa Cruz, CA), and rabbit anti-GAPDH
antibody (KangChen Biology, Nanjing, China). Then,
the membranes were incubated with corresponding
horse radish peroxidase (HRP) conjugated secondary
antibodies (Santa Cruz) and scanned by the
Multiimagell system (Alpha Innotech, Silicon Valley,
CA). The protein expression was normalized to that
of GAPDH.

Statistical Analysis

All data were based on duplicates of at least
three independent experiments and analyzed with
GraphPad Prism software version 5 (GraphPad
software, San Diego, CA). All values are shown as
mean + SEM. Longitudinal data were analyzed by
using a two-way repeated measure ANOVA followed
by a Bonferroni post hoc test. Data including more
than two groups were analyzed by one-way ANOVA
followed by a Bonferroni post hoc test. A value of P <

0.05 was considered to denote statistical
significance.

RESULTS
Microwave-induced Morphological and

Functionallnjuryof NK-92 Cells

NK-92 cells were exposed to 10, 30, or 50
2 . .
mW/cm® microwaves, and a vague outline and low
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refractive index could be observed at 1 h after
exposure and then rapidly recovered at 24 h after
exposure (data not shown). Furthermore, pyknotic
or karyorrhectic nucleiand apoptotic bodies were
detected by using TEM at 1 h after 30 mW/cm’
microwave exposure. However, no significant
changes could be detected at 24 h after exposure
(Figure 1A).

NK cell-mediated cytotoxicity plays central and
pivotal roles in immune defense against pathogens
and transformed cells. Therefore, the cytotoxicity of
NK-92 cells was analyzed by LDH assay after
microwave exposure. Our data showed that 30 and
50 mW/cm® microwaves, but not 10 mW/cm’
microwaves, decreased the cytotoxicity of NK-92
cells at 1 h after exposure (Figure 1B). These results
suggested that 30 mW/cm® and 50 mW/cm’
microwaves could induce both morphological and
functional injury of NK cells.

Microwave-induced Cellular Apoptosis and Cell
Cycle Arrest in NK-92 Cells

Then, we analyzed the biological activities of
NK-92 cells after microwave exposure. Our data
showed that microwaves dose-dependently induced
cellular apoptosis at 1 h after exposure. However, at
24 h after exposure, significant cellular apoptosis
could only be induced by 50 mW/cm® microwaves
(Figure 2A-B). Consistent with cellular apoptosis, 30
mW/cm® microwaves increased the activity of
caspase 3 at 1 h after exposure and then returned it
to normal levels (Figure 2C). However, no obvious
changes in cellular proliferation could be detected

A Sham-exposed Microwave-exposed
e O

24h 1

(data not shown).

We also found that microwaves caused cell cycle
arrest (Figure 2D-G). Briefly, microwave exposure
increased the proportion of GO/G1 phase cells and
decreased the proportion of S phase cells at 1 h after
exposure, indicating that microwaves arrested cells
in the GO/G1 phase. Moreover, 50 mW/cm’
microwave exposure also induced cell cycle arrest in
G2/M phase. However, cell cycle arrest was
abolished at 24 h post-exposure.

In short, 10, 30, and 50 mW/cm2 microwaves
could induce cellular apoptosis and cell cycle arrest
at 1 h, and then they rapidly returned to normal
levels at 24 h after exposure.

Microwave Impairs Cytotoxicity of NK Cells by
Regulating Expression of Perforin and NKG2D

NK cells mediated cytotoxicity and killing
activities through perforin expression and release. In
this study, we found that 30 mW/cm2 microwaves
reduced perforin expression both at 1 h and 6 h after
exposure, and then they were restored to normal
levels (Figure 3A-B). At the mRNA level, microwaves
also reduced perforin expression at 1 h after
exposure (Figure 3D).

NKG2D is an activating receptor on NK cells and
is always upregulated on activated NK cells. In our
previous studies, we found that NKG2D was
downregulated in the spleen of Wistar rats after 30
mW/cm® microwave exposure (data not shown).
Although the mRNA expression of NKG2D decreased
in NK-92 cells at 6h after exposure, no significant
difference could be detected in protein expression
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Figure 1. Microwave-induced morphological and functional injury of NK-92 cells. (A) NK-92 cells were
exposed to 30 mW/cm2 microwaves, the ultrastructure of NK-92 cells was also observed at 1 h and 24 h
after exposure by transmission electron microscopy (TEM). (B) NK-92 cells were exposed to 0 (Sham),
10, 30, and 50 mW/cm2 microwaves. One hour after exposure, NK-92 cells were collected and
co-cultured with K562 cells at ratio of 10:1 for 4 h. Then, the lactate dehydrogenase (LDH) level in
media was analyzed and the percentage of dead cells was calculated. ", P <0.01vs. Sham group.
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Figure 2. Microwave-induced cellular apoptosis and cell cycle arrest. NK-92 cells were exposed to 0
(Sham), 10, 30, and 50 mW/cmZmicrowaves. At 1 h and 24 h after exposure, cells were collected and
labeled with Annexin-V-FITC and Pl. Then, cellular apoptosis was analyzed by flow cytometry. The
representative images after 30 mW/cm’ microwave exposure are shown in (A). And the quantification
of apoptosis rates is presented in (B). To confirm the mechanisms of microwave-induced apoptosis, the
activity of NK cells was detected at 0.5 h, 1 h, 6 h, and 12 h after microwave exposure by using the
Caspase-3 activity kit according to the manufacturer’s protocol (C). For analysis of the cell cycle, cells
were collected at 1 and 24 h after exposure, and fixed in 70% ethanol at -20 °C for 24 h. Then, cells
were processed for cell cycle analysis by using flow cytometry. The representative images after 30
mW/cm” microwave exposure are shown in (D). The percentages of cells in GO/G1 phase, in G2/M

phase, and in S phase are shown in (E), (F), and (G), respectively. *, P < 0.05; **, P <0.01; m, P <0.001 vs.

sham group at the same time point after exposure.
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(Figure 3C, 3E). These data indicated that
microwaves could slightly downregulate NKG2D
expression in NK cells.

ERK Signaling Participates in Microwave-induced
injury of NK-92 Cells

Our previous reports suggested that ERK1/2
signaling plays pivotal roles in microwave-induced
injury of various tissues and cells. To clarify the
mechanisms of microwave-induced injury of NK-92
cells, ERK signaling was detected after 30 mW/cm’
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microwave exposure. Microwaves significantly
downregulated phosphorylated ERK  (p-ERK)
expression at 1 h after exposure, and then it was
rapidly restored to normal levels (Figure 4A). Both
microwaves and ERK signaling blockade could
decrease perforin expression in NK-92 cells.
Moreover, combining ERK blockade with microwave
exposure inhibited perforin expression much more
strongly, indicating that microwaves might regulate
the cytotoxicity of NK-92 cells through ERK signaling
(Figure 4B-C).
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Figure 3. Microwaves regulate the expression of perforin and NKG2D in NK-92 cells. NK-92 cells were
exposed to 0 (Sham) and 30 mW/cm2 microwaves. Protein was extracted from cells collected at 1 h, 6 h,
and 12 h after exposure. The protein expression of perforin and NKG2D was analyzed by
western-blotting (A) and the corresponding results of quantification are shown in (B) and (C). *, P <0.05,
", P <0.01vs. sham group at the same time points after exposure. Cells were collected at 1 h, 6 h, and
12 h after exposure, and total RNA was isolated by using TRIzol reagent. After cDNA was synthesized,
the mRNA expression of perforin (D) and NKG2D (E), an activating receptor on NK cells, were measured
by quantitative reverse transcription polymerase chain reaction (RT-PCR).
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Figure 4. ERK signaling participates in microwave-induced injury of NK-92 cells. NK-92 cells were
exposed to 0 (Sham) and 30 mW/cm2 microwaves. At 1 h, 6 h, and 12 h after exposure, cells were
collected, and the expression of phosphorylated ERK (p-ERK) was detected by western-blotting. Then,
p-ERK expression was normalized to total ERK (A). ", P <0.05 vs. sham group at 1 h after exposure. To
blocking ERK signaling, U0126 (a specific ERK inhibitor) was added to NK-92 cells 30 min before
exposure at a concentration of 50 pumol/L. One hour after exposure to 0 (Sham) and 30 mW/cm’
microwaves, the level of p-ERK was confirmed by western-blotting and normalized to ERK (B), and the
expression of perforin was also measured by western-blotting and normalized to GAPDH (C). The
guantitative results of p-ERK and perforin are also shown. ", P<0.05, ", P<0.01vs. sham group; ¥, p<
0.01 vs. microwave exposure group (MW). Thirty minutes before microwave exposure, 50 umol/L U0126
were added to NK-92 cells, using DMSO as a negative control. At 1 h, 6 h, 12 h, and 24 h after 0 and 30
mW/cm” microwave exposure, cells were collected and used to analyze the cellular apoptosis and cell cycle
by using flow cytometry. The apoptosis rates are shown in (D), and the percentage of cells in GO/G1 phase
was calculated and displayed in (E). *, P <0.05, **, P<0.01, m, P < 0.001 vs. sham group at the same time
point; ¥, P <0.01, ™, P <0.001 vs. microwave exposure group (MW) at the same time point.
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Furthermore, we also analyzed whether ERK
signaling was involved in microwave-induced cellular
apoptosis and cell cycle arrest. Our data showed that
both microwaves and U0126 could induce cellular
apoptosis at 1 h after 30 mW/cm® microwave
exposure. However, at 24 h after exposure,
significant apoptosis only could be detected in
U0126-treated  cells. Importantly, combined
treatment could induce the strongest cellular
apoptosis (Figure 4D). Although both U0126 and
microwaves induced cell cycle arrest in GO/G1 phase,
ERK blockade could not further promote
microwave-induced GO/G1 phase arrest (Figure 4E).
In short, our data suggest that ERK signaling
participates in microwave-mediated apoptosis of
NK-92 cells.

DISCUSSION

In this study, we showed that 30 mW/cm2 and
50 mW/cm’ microwaves induced cellular apoptosis
and cell cycle arrest at 1 h after exposure, and
significant cellular apoptosis could still be detected
at 24 h after 50 mW/cm® microwave exposure.
These results suggested that long-term exposure to
high-dose microwaves could induce injury of NK cells,
which might lead to immune suppression and
development of diseases, including infection and
tumors. The immune system is one of the sensitive
organs to microwaves, and microwave-induced
apoptosis of lymphocytes, including T lymphocytes
and B lymphocytes, has been demonstrated in
vivo® !, NK cells, the major effectors of the innate
immune system, play pivotal roles in immune
surveillance and defense against pathogens and
tumors®®. It has been reported that microwave
exposure could reduce the number of NK cells in
peripheral blood and immune organs, such as the
thymus and spIeenlzng], However, the mechanisms
of NK cell decline were still unclear. Our data
indicate that microwaves might reduce NK cells via
induction of cellular apoptosis and death.

In this study, we also showed that 30 and 50
mW/cm?, but not 10 mW/cm? microwave exposure,
impaired the cytotoxicity of NK cells. NK
cell-mediated cytotoxicity emerged as an activating
marker of NK cells and plays pivotal roles in
eliminating viral-infected cells and transformed
tumor cells. The effect of microwaves on NK
cell-mediated cytotoxicity remains controversial, and
the results depend on the animal species,
parameters of radiation, etc. In general, high-dose

microwaves and/or long-time exposure decreased
the cytotoxicity of NK cells, in agreement with the
results of our study[17’19’28'29]. In NK cell-mediated
cytotoxicity, the expression and release of perforin
and granzymes are the central events. Briefly, after
NK cell activation, perforin is released by NK cells to
form pores on target cells, and then granzymesenter
target cells to induce cell apoptosis and death. Our
data showed that 30 mW/cm2 microwaves
decreased perforin expression at 1 h and 6 h after
exposure, which was consistent with cytotoxic
activity. Moreover, NKG2D, the activating receptor
of NK cells, can bind to ligands and activate
downstream cell signaling pathways to elevate
intercellular Ca”*, express and release perforin and
granzymes, and finally, enhance NK cell-mediated
cytotoxicity[3°'31]. However, no significant changes in
NKG2D protein expression were observed after 30
mW/cm® microwave exposure in this study.
Therefore, our results suggest that other
mechanisms not mediated by NKG2D are involved in
microwave-mediated impairment of cytotoxic
activities.

Furthermore, in this study, we found that 30
mW/cm2 microwaves reduced the level of
phosphorylated ERK in NK-92 cells. Moreover, ERK
pathway blockade by U0126 led to much less
perforin release and much greater cellular apoptosis
after exposure to microwaves. ERK signaling is one of
the important pathways to activate NK cell-mediated
cytotoxicity[32'34]. Importantly, ERK signaling also
participated in microwave-induced cell injury, as we
have demonstrated previously in the central nervous
system, both in vivo and in vitro®'*™. These data
suggest that the ERK signaling pathway participates
in microwave-induced injury of NK-92 cells via
regulation of apoptosis and perforin expression.

Microwave radiation has emerged as the fastest
growing environmental influence factors.
Furthermore, anxiety and speculation about the
potential health hazards of microwave exposure are
growing and spreading. The immune system is one
of the organs sensitive to microwaves®*?. Our
findings suggest that microwave exposure could
dose- and time-dependently induce NK cell injury,
which might cause immune suppression. Therefore,
microwave applications in telecommunications and
medicine might induce immune suppression, which
in turn may evoke or promote immune-related
diseases. For example, using microwave ablation to
treat tumors might induce immune suppression in
the tumor microenvironment. To avoid immune
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suppression, the proper power density of
microwaves must be identified. Moreover,
combination with immunotherapy is also a possible
strategy to improve the therapeutic effects®>>°,

CONCLUSION

In this study, 10, 30, and 50 mW/cm2 microwave
exposure dose-dependently caused injury to NK-92
cells, including ultrastructural injury, cellular
apoptosis, cell cycle arrest and decreased cytotoxic
activity. As the major effectors of the innate immune
system, NK cells play pivotal roles in immune
surveillance and defense against pathogens and
tumors. Although whether microwave-mediated NK
injury could induce immune suppression, evoke
tumorigenesis, and promote tumor progression is
still unexplored, proper protective precautions
should be  taken in  microwave-exposed
environments.

ERK signaling participatedin microwave-induced
injury of NK-92 cells via regulation of cellular
apoptosis and perforin expression. However, the
mechanisms of microwave-induced injury of NK cells
in vivo will be much more complex, and we will
establish a corresponding animal model to evaluate
the effects.
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