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Effect of Cyclophosphamide and 61.22 GHz
MillimeterWaves onT-Cell, B-Cell, and

Macrophage Functions
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Center for Biomedical Physics,Temple University School of Medicine,

Philadelphia, Pennsylvania, USA

The present study was undertaken to investigate whether millimeter waves (MMWs) at 61.22 GHz can
modulate the effect of cyclophosphamide (CPA), an anti-cancer drug, on the immune functions of
mice. During the exposure each mouse’s nose was placed in front of the center of the antenna aperture
(1.5� 1.5 cm) of MMW generator. The device produced 61.22� 0.2 GHz wave radiation. Spatial peak
Specific Absorption Rate (SAR) at the skin surface and spatial peak incident power density were
measured as 885� 100 W/kg and 31� 5 mW/cm2, respectively. Duration of the exposure was 30 min
each day for 3 consecutive days. The maximum temperature elevation at the tip of the nose, measured
at the end of 30 min, was 1 8C. CPA injection (100 mg/kg) was given intraperitoneally on the second
day of exposure to MMWs. The animals were sacrificed 2, 5, and 7 days after CPA administration.
MMWexposure caused upregulation in tumor necrosis factor-alpha (TNF-a) production in peritoneal
macrophages suppressed by CPA administration. MMWs also caused a significant increase in
interferon-gamma (IFN-g) production by splenocytes and enhanced proliferative activity of T-cells.
Conversely, no changes were observed in interleukin-10 (IL-10) level and B-cell proliferation. These
results suggest that MMWs accelerate the recovery process selectively through a T-cell-mediated
immune response. Bioelectromagnetics 27:458–466, 2006. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

During the past two decades, the effects of
millimeter wave (MMW) irradiation on the immune
system and its components have been extensively
studied. There is promising new research showing that
MMWs can beneficially modulate immune responses.
Three commonly used frequencies, approved by the
Russian Ministry of Health, are 61.22, 53.57, and
42.25 GHz [Rojavin and Ziskin, 1998]. Efficacy of
MMWs to enhance immune responses has been con-
firmed in many studies. It was shown that MMWs incre-
ased phagocytic activity of macrophages [Khomenko
et al., 1995; Rojavin et al., 1997a], enhanced prolifer-
ation of T-cells, and normalization of the ratio of CD4þ/
CD8þ T-lymphocytes [Postovit, 1989; Kutsenok, 1994;
Ostrovsky and Nikolaeva, 1995; Zaporozhan et al.,
1997], and increased amount of B lymphocytes and
normalized production of immunoglobulins [Postovit,
1989; Babak and Goncharova, 1995; Bakalyuk, 1997].
In cancer treatment, MW therapy has been used in
combination with chemo- and radiotherapy to increase
immunity, and to reduce the toxic effects of the above
therapies [Sevastyanova, 1979; Kabisov, 1997; Pletnev,
2000].

In a previous study using BALB/c mice we have
shown that MMWs with 42.2 GHz can protect T-cell
functions from the toxicity of cyclophosphamide
(CPA), a commonly used anti-cancer drug [Makar
et al., 2003]. MMWs enhanced T-cell recovery through
upregulatuion in activation and effector functions
of CD4þ T-cells. We have also shown that MMWs at
42.2 GHz can upregulate cytolitic activity of NK cells
[Makar et al., 2005]. In the present study, we have
examined the effect of another therapeutic frequency
61.22 GHz to determine the effect of MMW irradiation
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on CPA-induced suppression of immune functions of
macrophages, B-cells, and T-cells.

Macrophages are large mononuclear phagocytic
cells, which play an important role both in innate and
adaptive immunity. The adaptive immunity is com-
prised of cell-mediated immunity and humoral immune
response. In cell-mediated immunity, T-cells are known
to play a major role, whereas B-cells mediate humoral
immunity. These two cell types come from a common
lymphoid precursor cell but differentiate along different
development lines. One line matures in the thymus and
is referred to as T-cell; the other matures in the bone
marrow and is referred to as B-cell. CPAwas chosen as a
representative anti-cancer drug because it is known to
have an adverse effect on hematopoietic and lymphoid
tissues [Hill, 1975; Angulo et al., 2000].

Macrophages play a critical role in host defense
since they are known to be effector cells in both humoral
and cell-mediated immunity. Macrophage activation is
important in controlling many key processes of the
immune system. When activated, macrophages are
known to produce tumor necrosis factor-alpha (TNF-a).
TNF-a was first described as an endotoxin-induced and
macrophage-secreted factor that caused hemorrhagic
necrosis of tumor cells. TNF-a is now recognized as a
critical cytokine orchestrating cell differentiation, acti-
vation, proliferation, and survival [Armitage, 1994;
Gruss and Dower, 1995; Chan et al., 2000; Screaton and
Xu, 2000; Locksley et al., 2001].

The results of our present study demonstrate that
MMWs can strongly increase the ability of macro-
phages to produce TNF-a as measured 2, 5, and 7 days
following CPA administration in both stimulated and
unstimulated macrophages. Upregulation of TNF-a
was accompanied by a significant increase in inter-
feron-gamma (IFN-g) production by anti-CD3 stimu-
lated splenocytes and enhanced proliferation of T-cells.
On the other hand, no changes were observed in B-cell
proliferation. These results suggest that MMWs accel-
erate the recovery process selectively through a cell-
mediated immune response, where T-cells play a
central role. Flow cytometry analysis showed that both
CD4 and CD8 T-cells contribute to the recovery
induced by MMWs.

MATERIALS AND METHODS

Animals

Male BALB/c mice (20–25 g) were obtained from
Taconic Co. (Germantown, NY, USA). The animals
were housed in the Central Animal Facility at the
Temple University School of Medicine, under control-
led temperature and 12 h light/dark cycle conditions.

The facility is accredited by the Accreditation of the
Association for the Assessment of the Laboratory
Animal Care (AAALAC). All animals were given
Purina Chow and tap water ad libitum. Protocols were
approved by the Institutional Animal Care and Use
Committee.

Millimeter Wave Irradiation

MMWs were produced with a Russian-made
‘‘Istok’’ (Model G4-142) generator (Istok, Fryazino,
Russia). To prevent the influence of environmental
electromagnetic ‘‘noise,’’ MMW irradiation was con-
ducted in a shielded chamber made of 0.5-inch thick
(1.25 cm) low carbon steel sheets. The MMW generator
together with the power meter ML 4803A (Anritsu
Corp., Tokyo, Japan) and the spectrum analyzer
(Hewlett Packard 8565B, Palo Alto, CA, USA) were
located outside the shielded area. The device produced
61.22� 0.2 GHz (mean� SD) wave radiation, which
was introduced into the shielded chamber with a wave
guide. The spatial peak Specific Absorption Rate (SAR)
at the tip of the nose and spatial peak incident
power density were measured as 885� 100 W/kg and
31� 5 mW/cm2 (mean� SD), respectively [Logani
et al., 2004]. Duration of the exposure was 30 min.

Each mouse was restrained in a plastic tube
(3.5-cm diameter) with the nose uncovered for breath-
ing and irradiation (Fig. 1). During the exposure each
mouse’s nose was located in the center of the antenna
aperture (1.5� 1.5 cm; Antenna Gain: 19 dB) at a dis-
tance of 0–1 mm from its front edge as reported earlier

Fig. 1. Experimental set-up for irradiation of mice. For irradiation
theanimalswererestrainedinplastic tubes (3.5 cmdiameter) with
the nose uncovered for breathing and exposure purposes. Each
mouse was positioned in such a way that its nose was placed in
the centerof theantennaapertureat adistanceof 0^1mmfromits
frontedge.
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[Radzievsky et al., 2004]. Additional experiments
were performed to characterize the MMW exposure.
An Amber-4256 IR camera (Amber Engineering,
Inc., Goleta, GA, USA) with spatial resolution of
256� 256 pixels per frame and temperature sensitivity
of 0.02 K was used to measure the temperature
distribution. Temperature elevation, measured at the
end of 30 min, was maximal at the tip of the nose
(1.05� 0.15 8C). Remote areas of the mouse head
were heated to a lesser degree, except for the eyes that
were heated a little more (0.44 8C). The temperature
elevation at the nose reached its steady-state level about
5 min following the onset of the exposure.

Three groups of animals, three mice per group,
were used in an experiment. The experiment was
repeated three times for each time point studied and the
data from nine animals for each group at each time were
pooled. The first group (Naı̈ve) was not given any
treatment. The second group (CPAþMMW) was
irradiated with MMWs on days 1–3 for 30 min each
day. On day 2, 0.5 ml CPA solution in physiological
saline was administered intraperitoneally (100 mg/kg)
just before irradiating the animals. The animals were
irradiated in the morning at the same time every day.
The third group (CPAþ Sham) served as a Sham
control where the animals were treated with CPA and
restrained in a similar manner as the second group. The
Sham group was placed far enough from the horn
antenna to protect them from any exposure to MMWs.
The animals were sacrificed by cervical dislocation 2, 5,
and 7 days after CPA administration, and the spleens
were removed aseptically.

Reagents

CPA and 3-(4-5-dimethylthiozol-2-yl)2-5-diphenyl-
tetrazolium bromide (MTT) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Ficoll-
PlaqueTM PLUS for splenocyte isolation was obtained
from Amersham Pharmacia Biotech AB (Uppsala,
Sweden). All antibodies used for flow cytometry were
purchased from PharMingen (San Diego, CA, USA).
For cytokines measurement we used PharMingen
OptEIATM kit. The culture medium (RPMI-1640) and
supplements (HEPES, Pen/Strep), phosphate buffered
saline (PBS), and Hanks’ balanced salts solution
(HBSS) were purchased from Cellgro (Bridgeport,
NJ, USA). Fetal bovine serum (FBS) was purchased
from HyClone (Logan, UT, USA). For T-cell activation
anti-CD3 mAbs (hamster anti-mouse CD3, CD3E
chain, monoclonal antibodies) were purchased from
PharMingen. For macrophages and B-cells stimulation,
lipopolysaccharide (LPS) from Escherichia coli was
purchased from Sigma.

Preparation of Spleen Cells
and Macrophages

Mice were sacrificed by cervical dislocation, and
the spleen from each mouse was removed aseptically.
Splenocyte suspensions were prepared by homogeniza-
tion of the spleen in tissue culture medium (RPMI-1640)
supplemented with 5% FBS and 2 mM L-glutamine.
The homogenate was centrifuged on a density gradient
(500� g, 20 min), and mononuclear leukocytes were
collected and washed three times in RPMI-1640 and
resuspended to 1� 106 viable cells/ml in complete
RPMI (RPMIþ 10% FBS, HEPES, 2 mM glutamine and
Pen/Strep). For flow cytometry assays, 5� 105cells/
0.5 ml/well were incubated for 48 h in 24-well tissue
culture plates at 37 8C in humidified atmosphere air
containing 5% CO2. Anti-CD3 monoclonal antibody
was used as an antigen for T-cell stimulation in order
to mimick the physiologic stimulation in vitro and to
expand the immune response. To induce an optimal
immune response for T-cell receptor stimulation assays,
plates were prebound with hamster anti-mouse CD3
monoclonal antibodies (mAbs) (0.1 mg/ml/well). After
culturing, cells were transferred to tubes, and two-step
washing was performed. For macrophage preparation,
peritoneal exudate cells were harvested by flushing
peritoneal cavities with PBS. Cells were plated in a
24-well plate at an initial density of 1� 106 cells/ml in a
500 ml volume of RPMI-1640, supplemented with 10%
FBS. Two hours later, the wells were washed to remove
all non-adherent cells and 500 ml of fresh medium was
added together with LPS (1.0 mg/ml/well).

Flow Cytometry

The following mAbs were used to stain surface
antigens: R-phycoerythrin (R-PE)-conjugated hamster
anti-mouse CD3 (CD3E chain) mAbs for total T-cell
population, CY-Crome-conjugated rat anti-mouse CD4
mAbs or CY-Crome-conjugated rat anti-mouse CD8
mAbs for T-cell subsets, and fluorescein isothiocyanate
(FITC)-conjugated hamster anti-mouse CD25 (IL-2
receptor a chain mAbs). The appropriate dilution for
each mAb was determined by titration. After surface
staining by conventional techniques, cells were washed
in HBSS with 3% FBS and fixed in 1% paraformalde-
hyde solution. A total of 30 000 events per sample were
collected. Dead cells and tissue debris were excluded
according to forward and side-scatter properties in
order to gate only live lymphocyte populations.

Cytokine Measurement

Macrophages (0.5� 106/0.5 ml/well) were incu-
bated as described for 24 h. Then, supernatants were
collected and TNF-a ELISA was performed using
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a standard kit from PharMingen. The PharMingen
OptEIATM test is a solid phase sandwich ELISA, which
utilizes a monoclonal antibody specific for mouse TNF-
a coated on a 96-well plate. Standards and test samples
were added to the wells and incubated for 2 h at room
temperature. After washing with PBS/Tween, a mixture
of biotinylated anti-mouse TNF-a together with avidin-
horseradish peroxidaze was added. Peroxidase reaction
was developed by the addition of 50 ml/well TMB
(3,30,5,5-tetramethylbenzidine) substrate and the reac-
tion was terminated by addition of 50 ml/well 1 M phos-
phoric acid. Absorbance was determined at 450 nm.
Standards and samples were assayed in triplicate. For
measurement of IFN-g and interleukin-10 (IL-10) in
T-cells, splenocytes (0.5� 106 cells/0.5 ml) from each
mouse were cultured with anti-CD3 antibody for 48 h
and the level of IFN-g and IL-10 was determined by
ELISA.

Proliferation Assays

Cell proliferation was examined by the MTT
assay. In this assay, the tetrazolium salt MTT is meta-
bolized by NAD-dependent dehydrogenase, an intra-
cellular enzyme, to form a colored reaction product,
and the amount of dye formed directly correlates with
the number of viable cells. Briefly, splenocytes (2�
105 cells) were grown in microplates in a final volume of
200 ml complete RPMI-1640 at 37 8C in humidified
atmosphere air containing 5% CO2. Splenocytes refer
to all spleen cells except erythrocytes. After 72 h
incubation, 10 ml of MTT (5 mg/ml) was added, and the
cells were further incubated for 6 h at the same
conditions. After solubilization in acid-isopropanol
(0.04 N HCl in isopropanol) the formazan dyes were
quantified using an ELISA plate reader at the wave-
length of 590 nm, as recommended by the manu-
facturer. For T-cell proliferation anti-CD3 mAbs
(0.1 mg/ml/well) was used for stimulation. For
B-cell proliferation, cells were stimulated with LPS
(1.0 mg/ml/well). The stimulation was given at the time
of culturing cells in microplates as described previously
[Makar et al., 2003].

Statistical Analysis

Because the statistical distributions failed the
normality test, the non-parametric Kruskal ANOVA test
was used when comparing more than two groups at a
time. If statistical significance was found, each pair
in the study was tested for significance using the
Student’s t-test or the Wilcoxin signed rank test [Larsen
and Marx, 1990]. P-values <.05 were considered
significant for all tests. All data are presented as
mean� SD.

RESULTS

MMWs Induced Upregulation in
TNF-a Production Suppressed by CPA

CPA treatment caused a strong decrease in spon-
taneous release of TNF-a by peritoneal macrophages at
all estimated time points. As shown in Figure 2A, the
level of TNF-a production was significantly diminished
on day 2 post-injection in CPAþ Sham group (0.12�
0.01 ng/ml), on day 5 (0.35� 0.02 ng/ml), and on day 7
(0.35� 0.03 ng/ml) as compared to Naı̈ve group
(1.22� 0.32 ng/ml). When the MMW treatment was
applied, a significant increase in TNF-awas observed at
all estimated time points. It is important to note that on
day 5 the TNF-a secretion capacity of CPAþMMW
group reached to 80% (0.98� 0.18 ng/ml) and on day 7

Fig. 2. MMW exposure restoresTNF-a production by peritoneal
macrophages asmeasured 2, 5, and 7 days after CPA treatment.
A:Pooled ELISAdata showingTNF-a secretionbyperitonealmac-
rophageswithout LPS stimulation.B: Pooled ELISA data showing
TNF-a secretionbyperitonealmacrophageswith LPS stimulation.
Asterisk indicates the irradiated group statistically different
(P<.05) from the corresponding CPAþSham group (n¼ 9,
pooled data from three separate experiments, three animals per
group). Assays were performed in quadruplicate. Bars depict
mean�SD.Naive control represents average of three timepoints
(n¼ 27).
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to 106% (1.30� 0.07 ng/ml) of the mean Naı̈ve control
value (1.22� 0.32 ng/ml). Statistically, no significant
differences were found among Naı̈ve control and
CPAþMMW groups after 5 or 7 days. A similar
pattern was observed when LPS was used to stimulate
macrophages (Fig. 2B). These results clearly demon-
strate that MMW irradiation accelerates recovery of
TNF-a production suppressed by CPA administration.

Effect of MMWs on IFN-g and IL-10
Production by Splenocytes

It is known that, macrophages are activated by
membrane-bound signals delivered by activated T-cells
as well as by the potent macrophage-activating cytokine
IFN-g, which is secreted by activated T-cells. As shown
in Figure 3A, MMW treatment significantly enhanced
the level of IFN-g production on day 5 (2.21� 0.42
ng/ml) and day 7 (1.50� 0.13 ng/ml) as compared to
Sham exposure (1.03� 0.13 ng/ml and 0.14� 0.04

ng/ml on days 2 and 5, respectively). We also examined
the level of IL-10 production. No changes were
observed in IL-10 level after MMW exposure as
compared to Sham exposed animals. The foregoing
results suggest that the MMW irradiation enhance the
ability of T-cells to produce IFN-g in immunosup-
pressed mice, but has no effect on IL-10 secretion.

MMW Effect on Proliferative
Activity of Splenocytes

Next, we examined whether the upregulation of
IFN-g by MMWs or TNF-a has any impact on pro-
liferative activity of splenocytes. To determine cell
proliferative activity, anti-CD3 antibodies were used
for stimulation. No effect of MMWs was observed on
T-cell proliferation as measured 2 days after CPA. We
found that MMW irradiation significantly enhanced the
proliferative activity of T-cells as measured 5 (73%) and
7 (279%) days after CPA (Fig. 4). On the other hand, no
differences were observed in B-cell proliferative acti-
vity between CPAþ Sham and CPAþMMW groups
(Fig. 5). These results suggest that MMWs selectively
accelerate recovery process associated with T-cell-
mediated immune response.

Both CD4 and CD8 T-Cells Participate in the
Recovery Process Induced by MMWs

Flow cytometric analysis shows that both CD4
and CD8 T-cells contribute to the recovery induced
by MMWs (Figs. 6 and 7). The expression of CD25
(IL-2Ra) was determined in CD3þCD4þ or
CD3þCD8þ cell populations induced by anti-CD3
stimulation. CD25 are known to be an important marker
in determination of the T-cell activation process.
Although CPA treatment did not effect significantly
CD4þ T-cells activation as measured on day 2 and day 5

Fig. 3. MMW exposure upregulates IFN-g secretion in anti-CD3
activated T-cells fromspleen, but hasno effect on IL-10 secretion.
A: Pooled ELISA data showing IFN-g secretion byT-cells (1�106

ml/well) frommice spleen. Asterisk indicates the irradiated group
statistically different (P<.05) from the CPAþShamgroupat each
time point (n¼ 9). Assays were performed in quadruplicate.
B: Pooled Elisa data showing IL-10 secretion byT-cells frommice
spleen (n¼ 9). Bars depict mean�SD. Naive control represents
averageof three timepoints (n¼ 27).

Fig. 4. Effect of MMWs on proliferative activity of T-cells 2, 5, and
7daysCPApost-injection.Thevaluesreportedasopticaldensities
(ODs) are themean�SDofninemice ineachgroup. (Pooleddata
from three separate experiments, three animals pergroup). Each
sample was analyzed in quadruplicate. An asterisk indicates the
irradiated group statistically different (P<.05) from the corre-
spondingCPAþShamgroup.

462 Makar et al.



after CPA injection, on day 7 CD25 expression was
downregulated from 41.4� 7.9% in the Naı̈ve group to
27.05� 3.9% in the CPAþ Sham group. A significant
upregulation of CD25 expression was observed after
CPAþ MMW irradiation on days 2, 5, and 7 relative to
CPAþ Sham (Fig. 6). We next measured CD25 ex-
pression on CD8þ T-cells (Fig. 7). The results indicate
that CD3þCD8þ cells upregulate CD25 expression
only at a later stage of CPA recovery process. An
increased percentage of CD8þ T-cell upregulated CD25
surface expression was observed in the CPAþMMW
group (41.9� 2.8) as compared to CPAþ Sham group
(23.1� 5.3). There were no significant differences
observed on day 2 or 5 following CPA injection.

DISCUSSION

CPA is a widely used chemotherapeutic agent. It is
an anti-neoplasic drug, employed alone or in combina-
tion with other products or therapies. Used as anti-
cancer drug, treatment with CPA severely injures
hematopoietic and lymphoid tissues [Hill, 1975;
Angulo et al., 2000]. Therefore, among the problems

associated with intensive chemotherapy, restoration
of immunocompetence is a critical issue. It has been
shown previously that MMWs protect the immune
system from the adverse effect of chemotherapy
[Sevastyanova, 1979; Kabisov, 1997; Pletnev, 2000].
For example, it has been reported that in cancer patients
T-cell populations and functions, compromised by
chemotherapy, were normalized by MMW therapy.
However, the mechanisms involved in this protection
are not known. Our results suggest that restoration of
lymphocyte and macrophage functions by MMWs is
mediated through modulation of cytokine production.

The present study has demonstrated that MMW
irradiation at 61.22 GHz can restore TNF-a production
by peritoneal macrophages suppressed by CPA treat-
ment. This observation is of clinical relevance since
TNF-a is a critical cytokine, orchestrating cell differ-
entiation, activation, proliferation, and survival of most
of the immunocompetent cells. TNF-a plays an
important roles in host defense against infections and
tumors and in mediating inflammatory and immune
responses [reviewed by Trinchieri, 1992]. It triggers the
local expression of chemokines and cytokines and
promotes the adhesion, attraction, and activation of
leukocytes at the site of infection [Vilcek and Lee,
1991]. Furthermore, it was shown that TNF-a could
increase the therapeutic efficiency of chemotherapeutic
agents [Lejeune, 2002; Senzer et al., 2004].

We found that upregulation of TNF-a production
by MMWs was accompanied by a significant increase
in IFN-g production and enhanced proliferation rate of
T-cells. IFN-g is known to be the main cytokine through
which T-cells activate macrophages to produce TNF-a.
IFN-g is a homodimeric glycoprotein produced by both
CD4þ and CD8þ T-cells [Young and Hardy, 1990]. In
the case of CD4þ T-cells, IFN-g is primarily produced
by the Th1 subset and exhibits a number of classical
macrophage-activated properties.

Fig. 5. Effect ofMMWexposure on B-cellproliferation.Thevalues
reported as ODs are the mean�SD of nine mice in each group
(pooled data from three separate experiments, three animalsper
group).Eachsamplewasanalyzedinquadruplicate.

Fig. 6. MMWs enhance CD25 activation marker expression on
CD4þ T-cells as measured 2, 5, and 7 days after CPA injection.
Pooled flow cytometrydata showingpercentage of CD25 expres-
sion on CD3þCD4þ gated cells. CD25 expression was assessed
after 24hofT-cellincubation.Anti-CD3mAbs (0.1mg/ml/well)were
used for T-cell stimulation. An asterisk indicates the irradiated
group statistically different (P<.05) from the CPAþSham group
at each timepoint.Thevalues reported are themean�SD (n¼ 9,
pooled data from three separate experiments, three animal per
group).

Fig. 7. MMWs effect on CD25 expression on CD8þ T-cells as
measured 2, 5, and 7 days after CPA injection.Pooled flow cytom-
etrydata showingpercentage of CD25 expressionon CD3þCD8þ

gated cells. Anti-CD3 mAbs (0.1 mg/ml/well) were used forT-cells
stimulation. An asterisk indicates the irradiated group statistically
different (P<.05) fromtheCPAþShamgroup.Thevaluesreported
arethemean�SD(n¼ 9,pooleddatafromthreeseparateexperi-
ments, threeanimalpergroup).
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CD4þ cells are divided into two major subsets Th1
and Th2 that are characterized by the patterns of
cytokines they produce. Th1 cells produce IFN-g,
TNF-b, TNF-a, IL-2, whereas Th2 cells produce IL-4,
IL-5, and IL-10, etc. [Mosmann and Coffman, 1989;
Abbas et al., 1996; Constant and Bottomly, 1997]. Th1
cells are mostly involved in T-cell-mediated reactions,
while the Th2 cytokines are commonly found in
association with B-cell activation, differentiation, and
are responsible for initiating B-cell proliferation and
immunoglobulins production. Moreover, the character-
istic cytokine products of Th1 and Th2 cells are
inhibitory for the differentiation and effector function
of the opposite subset.

Numerous studies have shown that IFN-g mark-
edly increases TNF-a production in monocytes and
macrophages by increasing both TNF-a transcription
and stability of TNF-amRNA [Hayes et al., 1995]. One
of the factors that may serve to limit TNF-a expression
is IL-10. IL-10 was originally defined as a factor
produced by activated Th2 type T-cells that inhibit
IFN-g in Th1 type T-cells [Fiorentino et al., 1989]. It
was shown that IL-10 produced by monocytes feedback
inhibits production of Th1 type cytokines, including
TNF-a [de Waal Malefyt et al., 1991]. It has been
demonstrated that IL-10 exerts a variety of effect on
B-cells, such as proliferation and differentiation of
B-cells [Fluckiger et al., 1993; Itoh et al., 1994;
Donnelly et al., 1995] and plays an important role in
determining the outcome of humoral immune responses
[Itoh and Hirohata, 1995].

In our experiments, no changes were observed in
IL-10 level and B-cell proliferation. Therefore, our
results suggest that MMWs accelerate the recovery
process selectively associated with T-cell-mediated
immune response, but have no significant effect on
B-cell-mediated immunity. In order to understand
whether both CD4 and CD8 T-cells participate in the
recovery process, we further analyzed T-cells by Flow
cytometry. It was interesting to see that both CD4þ and
CD8þ T-cells contribute to the recovery induced by
MMWs. However, a significant increase in CD25,
which is an activation marker for T-cells, was observed
at all evaluated time points in CD3þCD4þ cells (Fig. 6).
On the other hand, CD3þCD8þ cells showed an
upregulation of CD25 expression on day 7 indicating
that CD3þCD8þ cells participate in recovery process
only at a later stage (Fig. 7).

In summary, our data strongly suggest that
61.22 GHz MMWs accelerate recovery selectively
through the activation of cell-mediated immunity,
where both CD4þ and CD8þ T-cells play a significant
role. Furthermore, our results indicate that TNF-a and
IFN-g are important cytokines mediating this process.

These results are similar to those obtained previously
at 42.2 GHz frequency [Makar et al., 2003] indicating
that the effect of two therapeutic frequencies (42.2 and
61.2 GHz) are similar on the immune functions studied
under our experimental conditions. However, it is not
clear whether similarity in our results at two different
frequencies is due to an equal increase in temperature
at the skin surface (1 8C) or due to a specific MMW
effect.

Based on our previous results and results of
others, we think that biological effects of MMWs
(penetration depth less than 1 mm in the skin) are
initiated by activation of free nerve endings in the skin
[Alekseev et al., 1997; Pakhomov et al., 1997, 1998;
Alekseev and Ziskin, 1999; Pakhomov and Murphy,
2000]. Then the signal is conveyed to the central
nervous system where it modulates neural activity
resulting in the development of various biological
effects. Most probably, endogenous opioids and
opioid receptors are involved in this chain of events
[Rojavin and Ziskin, 1997b, 1998; Radzievsky et al.,
2000, 2001, 2004]. In recent years, sufficient evidence
has been accumulated for the involvement of endoge-
nous opioids in regulation of immune functions.
Endogenous opioids may upregulate release of immu-
nostimulatory cytokines [Besedovsky and del Rey,
1996; Sacerdote et al., 2000] from T-cells and macro-
phages resulting in protection of their functions from
the adverse effects of anti-cancer agents, such as CPA
that was used in our study. Further studies with the aim
of understanding different steps involved in the
systemic effect of MMWs on the immune system are
in progress.
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