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ABSTRACT

Mice infected with the polycythemia-inducing strain of Friend virus
complex (FVC-P) develop a fatal erythroid disease similar in some
respects to leukemia. Six- to eight-week-old DBA/2 female mice were
injected i.v. with 0.5 ml of a virus suspension containing approximately
5x10' plaque-forming units and 5 x 1(1' spleen focus-forming units.

Four treatment regimens were begun 3 days postinjection: (a) no treat
ment; (b) whole-body hyperthermia (WBH) alone; (c) Cyclophosphamide
(CY) alone; (d) WBH combined with CY. WBH treatment utilized a
microwave generator operating at 2450 MHz. The i.p. temperature of
the mice receiving WBH was maintained at 39.5-40Â°Cfor 30 min. The

CY was given i.p. at a dosage of 20 mg/kg of body weight. The various
treatments, CY, WBH, CY + WBH were given once a week for 2 weeks.
Natural killer cell activity was examined in all four groups of mice and
was found to be significantly higher in the animals treated with WBH or
CY. Our results show that WBH, either alone or in combination with
CY, can prolong the lifespan of mice infected with lethal dosages of the
FVC-P, possibly via a mechanism involving natural killer cells.

INTRODUCTION

Hyperthermia has been used in the treatment of advanced
and widespread tumors in clinical trials and in experimental
animals either alone or in combination with radiotherapy and
chemotherapy (1-6). The efficacy of such treatment in certain
animal tumor systems has been challenged. Several authors
have reported that local or WBH2 results in suppression of the

host immune response thus leading to proliferation of cancer
cells or to metastasis (7-9). However, studies from our labora
tory (10) have shown that WBH can be beneficial in preventing
the spread of Lewis Lung Carcinoma in mice, possibly via a
mechanism involving NK cells. These results are in agreement
with the purported role of NK cells which have been implicated
as a first-level defense against tumor development and tumor
metastasis in humans and in mice (11-14). CY, an alky hit ing
drug, when administered at low doses (2-20 mg/kg), have also
been shown to cure mice bearing advanced MOPC-315 tumors.
The effectiveness of low-dose CY therapy has also been asso
ciated with the enhancement of the host's antitumor immune

system, although the exact mechanism underlying the curative
efficacy is still unresolved (15).

Therefore, the present study was initiated to examine the
effect of WBH (39.5-40Â°C) and CY (20 mg/kg) either alone or

combined on NK activity in DBA/2 mice infected with FVC-

P.

MATERIALS AND METHODS

Mice. Six- to eight-week-old female DBA/2 mice (Cumberland Lab
oratory, Clinton, TN) were used. The mice were housed 5 per cage and
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kept under standard conditions at the central animal facility of the
Indiana University School of Medicine.

Virus and Virus-infected Mouse Model. FVC-P, consisting of a
replication-defective spleen focus-forming virus and a replication-com
petent helper virus of Friend Murine leukemia clone 201 (F-MuLV)
was used. The stock contained approximately 106plaque-forming units/
ml and IO5spleen focus-forming units/ml (16). FVC-P was diluted 1:10
in sterile pyrogen-free saline and 0.5 ml of virus-containing medium
was injected i.v. into each mouse. Three days after injection of FVC-P,
the treatment regimens were begun. Four groups of mice were randomly
selected as follows: (a) no treatment; (b) WBH alone; (c) CY alone; (d)
WBH combined with CY.

Whole Body Hyperthermia. WBH was given individually to unanes-
thesized, unrestrained mice confined within a plastic container meas
uring 10 cm in diameter and 5.5 cm in height. A 2450-MHz microwave
antenna (TagMed, Boulder, CO) was placed on top of the container
and the power level was adjusted so that the measured power density
inside the container was 67 mW/cm2. The duration of each treatment

was 30 min. Mice in the untreated group were subjected to an identical
confinement condition, but without microwave exposure. Body temper
atures were measured in heat-treated and control mice before, during,
and after the 30-min exposure/confinement period by inserting a ther
mocouple temperature probe (Baily IT-1 E) into the peritoneum. Before
treatment, the animal's core temperatures ranged from 37.0 to 37.6Â°C.

The thermocouple probe was connected to a calibrated Bailey BAT-8
thermometer. The i.p. temperature during hyperthermia treatment was
periodically monitored under power-off condition and maintained be
tween 39.5 to 40.0Â°C.Usually the i.p. temperature reached 39.5Â°C

within 2 to 3 min of the application of microwave power. Experimental
mice were heated once a week for 2 weeks.

Cyclophosphamide. Cytoxan (Bristol-Myers, Syracuse, NY) was dis
solved in sterile pyrogen-free water and injected i.p. into mice at 20
mg/kg body weight. When CY was given alone, it was given once a
week for 2 weeks. In the combined treatment, CY was given once a
week for 2 weeks 10 min before WBH.

NK Cell Activity. Spleen cells from untreated and treated mice were
examined for NK cell activity with a standard 4-h s'Cr-release assay.
Lymphoma cell line A/Sn Moloney leukemia YAC-1, growing in log
phase, was used as TC (17). Spleen cell suspensions were prepared
individually from each group of mice and centrifuged over Ficoll-
Hypaque for 20 min at room temperature. Then, the cell suspensions
were depleted of adherent cells by plating in a plastic Petri dish (45
min, 37Â°C)followed by a 45-min incubation over nylon wool to remove
mainly B cells (24). EC (1 x 10" cells per well) were added to 0.1 ml of
radiolabeled YAC-1 target cells (TC, 1 x 10" cells per well) to yield an

EC:TC ratio of 100:1. The mixture was centrifuged at 60 x g for 5 min
and, after 4 h at 37Â°C,the amount of s'Cr released into the supernatant

fluid was measured as follows:

Cytotoxicity =
cpm (experimental) â€”spontaneous release
Maximum release â€”spontaneous release

Maximum release represents the radioactivity in 100-Â¿tlsamples of
labeled TC in the presence of a non-ionic detergent. Spontaneous
release of 51Crwas determined by incubating 100 n\ of TC with 100 n\

of media in the absence of EC. The supernatant from each well was
harvested by using a titertek supernatant collecting system (Flow Lab
oratories, Rockville, MD) and counted directly in a Beckman Gamma
4000 Spectrometer (Beckman Instruments, Irvine, CA).

Statistics. The results are expressed as the mean Â±SE. Student's t
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test (two-tailed) was used to determine whether two group means were
significantly different.

RESULTS

Survival. Fig. 1 shows the survival for each of the four groups
of mice. More than half of the untreated controls had died by
Day 20, while the treated mice were all alive. By Day 40 all the
untreated mice had died whereas 20, 4, and 18 mice treated
with WBH, CY, or CY + WBH, respectively, survived. Table
1 summarizes the average survival time for each group of
animals in three separate experiments involving 5, 10, and 16
mice, respectively. In all cases, WBH alone or combined with
CY increased the survival time significantly when compared to
the untreated controls (P < 0.01). Fig. 1 shows that the cumu
lative chance of survival for DBA/2 mice infected with FVC-P
is significantly greater in the treated groups and that there was
no significant difference between treatment consisting of WBH
alone or combined with CY.

NK Cell Activity. Table 2 summarizes NK activity against
YAC-1 at different time intervals after infection. NK activity

ino-, â€”Â»-- -
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T- 1- 1- Â¡

W 15 50 55 60

WITH FRIEND VIRUS COMPLEX

Fig. 1. Cumulative chances of survival curves for DBA/2 mice infected with
lethal dosages of the Friend virus complex following the various treatment
protocols. There were 31 mice in each group. A, control; A, WBH alone; â€¢,CY
alone; O. WBH + CY.

Table I Influence of WBH and CY on survival time in DBA/2 female mice
infected with lethal doses ofFVC

Data represents the total of three separate experiments.

SurvivalGroupIIIIIIIVStatisticalanalysisI

vs.II1
vs.Ill1
vs.IVII
vs.IllII
VA.IVIII
vi. IVTreatmentNoneWBHCYWBH

+ CYt

values9.945.189.725.610.875.07No.

ofmice31313131time(days)"21.9

Â±142.9
Â±131.7
Â±1.41.4
Â±1,P

values<0.01<0.01<0.01<0.01NS*<0.014523

" Values, means Â±SE. Survival time was analyzed by student's t test (two-

tailed).
* NS. not significant (/>> 0.05).

averaged 21.4 Â±4.6% in normal controls while in untreated
mice infected with the FVC-P there was a progressive loss of
splenic NK activity. At 2-week postinfection, NK activity in
untreated mice decreased to near zero levels. In FVC-P-infected
mice treated with CY alone or combined with WBH, NK
activity peaked at Day 7 and was near zero by Day 28. In mice
treated with WBH alone, NK activity was highest at Day 21
but decreased very rapidly thereafter. Finally, an autopsy was
performed on each mouse; it invariably showed that infected
mice had an enlarged spleen. Such gross evidence was used to
show that mice had died from leukemia when histological
examination had not been conducted.

Toxicity. To assess possible side effects following various
treatments, normal mice were treated with WBH or with CY
as described for the experimental animals. No mice died from
those treatments and no apparent side effects including weight
loss, ruffled fur, hypoactivity, and closed eyes were noticed.

DISCUSSION

WBH has shown promise in cancer treatment in animals and
in humans (1-6). Flentje et al. reported that in vitro leukemic
cells may be more sensitive to hyperthermia than normal cells
and that this increased sensitivity may be successfully used in
some therapeutic regimens (18). Robins et al. used the AKR
leukemia model and administered WBH at 41.8Â°Cfor l h on 4

successive days. Their results showed that WBH alone did not
have any survival advantage in the AKR murine leukemia model
(19). One of the reasons for the discrepancy between their
results and ours may be due to the fact that they used a higher
temperature for a longer period of time, conditions which have
been associated with a decrease in NK activity (20).

Because NK cells have been implicated in antitumor activity,
we thought it important to examine whether WBH has an effect
on NK function. Results from our laboratory (21) and those of
others (22-23) have shown that NK cell activity is reduced by
hyperthermia in vitro. Gridley et al. (24), however, using a
murine tumor model in vivo reported that certain modalities
including radiation, hyperthermia, 2-deoxy-D-glucose and co-
rynebacterium parvum in various combinations can enhance
the activity of some lymphoid cell subpopulations. This en
hancement is most likely to occur when hyperthermia is in
cluded in the treatment protocol. The killing of YAC-1, which
is associated with increased NK activity, seems to be especially
susceptible to this modulation.

Downing and Taylor (25) have demonstrated that WBH,
where the increase in core body temperature was limited to
39.5Â°C,stimulates peripheral lymphocyte synthesis of 7-Inter-

feron in adult rhesus monkeys. They also showed that human
NK cell activity was increased by a 2Â°Celevation of core body

temperature.
Fleischmann et al. (26) have also reported that in mice

bearing B16 melanoma cells, elevating the core temperature to

Table 2 NK activity against YAC-1 in normal DBA/2 mice and DBA/2 mice infected FVC without or with various treatment protocols
Results are expressed as percentage of specific lysis at a 100:1 EC:TC ratio in the 4-h cytolytic assay. Values, mean Â±SEM for 3 mice assayed individually.

Treatment
ofmiceNormal

FVC
FVC + WBH
FVC + CY
FVC + WBH + CYDays

after FVCinfection120.0

Â±3.5
ll.0Â± 1.1
14.0 + 2.3
15.0 Â±3.1
8.0 Â±1.6323.0

Â±5.4
13.0 Â±1.8
16.0 Â±1.0
18.0 Â±2.5
13.0 Â±1.3720.6

Â±4.1
7.3 Â±1.3

14.7 Â±1.8
31.3 + 5.6
24.4 Â±4.81422.1

Â±3.3
4.0 Â±1.2

11.0 + 2.1
17.5 + 2.4
11.2 Â±1.82129.0

Â±5.2
<1

18.3 + 3.3
16.2 + 3.1
12.8 Â±1.62822.2

+ 3.3
<1

4.4 Â±9.6
<1

3.3 Â±0.73513.2

Â±2.2
<1
<1
<1
<1
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39.4Â°Chad a dramatic (14-fold) enhancing effect on the anti-

proliferative activity of MuIFN--y.
Recently, a number of investigators reported that low-dose

chemotherapy with CY was curative in mice bearing advanced
tumors. This beneficial effect was associated with a boost in the
host's antitumor immune response (27, 28). This effect may

correlate with the fact that low doses of CY (20 mg/kg) in vivo
has been shown to inhibit the development or activity of sup
pressor T cells (29). Results from the three separate experi
ments reported here, involving over 90 mice, suggest that CY
and WBH can significantly prolong the lifespan of FVC-P
infected mice. The effects observed in the mice treated with
combined CY and WBH were no more than additive, in agree
ment with in vitro observations (30).

The exact mechanism underlying the effect of WBH or CY
on FVC-P infected mice is still unknown. However, there is
evidence that low dose (2-20 mg/kg) CY inhibits suppressor
T-cell function and is curative for mice bearing an advanced
MOPC-315 tumor (28). The effectiveness of low dose CY
therapy was associated with the development and participation
of the host's antitumor immune system. Similarly, Greenberg

(31) showed that an established murine leukemia can be suc
cessfully eradicated by treatment with a combination of non-
curative, nonlethal chemotherapy, using CY at 180 mg/kg plus
adoptively transferred immune cells. Since NK cell activity can
be enhanced by low dose CY treatment in erythroleukemic
mice, it is tempting to speculate that the enhanced antitumor
activity might involve NK cells. Taken together, these obser
vations indicate that the effect of WBH and CY on mice infected
with lethal doses of FVC-P may be either entirely or partially
due to a mechanism involving NK cells. However, further
studies are needed to support our contention.
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