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Perioperative suppression of NK activity has been suggested to compromise host resistance to tumor
progression. Here we sought to develop a clinically applicable pre-operative regimen to prevent
immunosuppression and promotion of metastasis by stress or surgery. The synthetic ds-RNA, poly
I-C, was used in vivo in F344 rats, based on its alleged in vitro ability to protect immunocytes from
suppression by cAMP elevating agents. Different regimens of poly I-C were studied in controls and
in rats subjected to a pharmacological stressor, swim stress, or surgical stress. Resistance to lung
experimental metastasis of the syngeneic non-immunogenic MADB106 mammary adenocarcinoma
was assessed. Numbers of circulating and marginating-pulmonary NK cells and their cytotoxicity
against the MADB106 and YAC-1 target lines were also studied. Our findings established a regimen
of repeated low-dose poly I-C administration with minimal side effects (0.2 mg/kg i.p. 5, 3, & 1 day
before tumor inoculation). This regimen, while hardly affecting resistance levels in non-stressed
animals, prevented all stressors from promoting metastases. These beneficial effects occurred in the
presence of a primary tumor and in both sexes. Poly I-C increased the numbers of NK cells, and, on
a per NK cell basis, while not increasing cytotoxicity, profoundly protected marginating-pulmonary
NK cells from suppression by surgery. This study suggests a non-toxic clinically-translatable
prophylactic use of poly I-C to target the critical perioperative period. By increasing the number of
marginating-pulmonary NK cells, and by transforming them into a mode of resistance to
immunosuppression, this approach may reduce postoperative metastasis in cancer patients.
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INTRODUCTION

om

Our studies in this domain focus mainly on the role of NK cells in protection from surgeryinduced metastasis. Animal studies suggest that NK cells are important for cancer control,
especially with respect to dissemination and growth of metastases (Wu and Lanier, 2003).
Surgical and psychological stress have been reported to suppress NK activity in animals and
humans (Andersen et al., 1998; Koga et al., 2001), and this suppression was shown to
compromise animal resistance to tumor progression (Ben-Eliyahu et al., 1999a; Shakhar and
Ben-Eliyahu, 1998). Importantly, several clinical studies have reported that levels of NK
activity at the time of surgery predict long-term survival rates (Taketomi et al., 1998; Takeuchi
et al., 2001; Tsutsui et al., 1996).
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Several of the factors that are involved in the stress response to surgery have been shown to
suppress NK activity in vitro. These include catecholamines, prostaglandins, and
corticosteroids (Di Lorenzo et al., 2001; Dokur et al., 2004). Using the MADB106 tumor model
in rats, we have implicated sympathetic responses in suppressing NK activity and promoting
metastasis during stress and surgery. Specifically, we showed that administration of β1 and
β2 adrenoceptor antagonists, or interventions that blunt sympathetic responses, reduced the
suppression of NK activity and inhibited the increased susceptibility to MADB106
experimental metastasis that follow surgical stress, swim stress, hypothermia, and social
confrontation (Ben-Eliyahu et al., 2000; Ben-Eliyahu et al., 1999b; Melamed et al., 2005).
Conversely, administration of physiologically relevant doses of adrenaline or of the βadrenergic agonist, metaproterenol, induced NK-suppressing and metastasis-promoting effects
similar to those induced by surgery and stress (Ben-Eliyahu et al., 2000; Shakhar and BenEliyahu, 1998). Additionally, we recently reported the involvement of prostaglandins in the
NK-suppressive and metastasis-promoting effects of surgery (Melamed et al., 2005; Yakar et
al., 2003). Both catecholamines and prostaglandins were shown in vitro to suppress NK activity
by elevating intracellular cyclic adenosine monophosphate (cAMP) levels (Ellis et al., 1990;
Whalen and Bankhurst, 1990).
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Metastasis is the leading cause of death in cancer patients. Excision of the primary tumor is a
mainstay of therapy in many tumor types, but may promote spread and seeding of malignant
cells and growth of preexisting micrometastases in some cancers (Sugarbaker, 2005;
Thompson et al., 2005). Mechanisms that may mediate these adverse effects of surgery,
independently or synergistically, include dissemination of malignant cells due to the
mechanical manipulation of the primary tumor or its vascularization (Weitz and Herfarth,
2001), a drop in the systemic levels of tumor-related anti-angiogenic factors (Zetter, 1998),
excess release of growth factors and pro angiogenic factors (Hofer et al., 1999; Lutgendorf et
al., 2003), and perioperative suppression of cell mediated immunity (Little et al., 1993). Thus
the immediate postoperative period may contribute substantially to the risk of subsequent
emergence of metastases, and perioperative interventions that reduce this risk may improve
long-term outcome (Shakhar and Ben-Eliyahu, 2003).

Studies employing human leukocytes suggested that in vitro exposure of human NK cells to
interferons (IFNs) or to the synthetic ds-RNA, polyriboinosinic acid-polyribocytidylic acid
(poly I-C), rendered NK cells partially resistant to suppression by cAMP-elevating agents,
including β-adrenergic agonists and prostaglandins (Leung and Koren, 1982, 1984). Thus, a
possible in vivo approach would be to treat animals with poly I-C before stressful conditions,
hence protecting their NK cells from potential suppression. In vivo administration of poly I-C
induces immune responses resembling those elicited by viral infections (Manetti et al., 1995;
Whitmore et al., 2004), and it would seem evolutionary adaptive to have a mechanism that
renders immunity resistant to immunosuppression when the organism is fighting a viral
infection.
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MATERIALS AND METHODS
Animals

Fisher 344 male and female rats were purchased from Harlan laboratories, Jerusalem, Israel,
to be used at the age of 13 to 16 weeks. Animals were housed four in a cage with free access
to food and water on a 12:12 h light:dark cycle at 22±1 C°. Housing conditions are regularly
monitored by the Institutional Animal Care and Use Committee (IAUC) of Tel Aviv University.
All studies were approved by the IAUC. Each study reported was conducted using a separate
group of animals. In three studies we used both females and males, in order to test whether the
in vivo protective effects of poly I-C occur in both sexes.
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Metaproterenol (Sigma, Israel), a nonselective β-adrenergic agonist with a higher affinity to
β2 than to β1 receptors, was dissolved in phosphate buffered saline (PBS). Poly I-C
(polyriboinosinic acid-polyribocytidylic acid; Sigma, Israel), a synthetic compound that
resembles viral double-stranded RNA and triggers an anti-viral immune response, was
dissolved in PBS.
Swim Stress

hC

A weight of 25 g/kg body weight was attached to the tails of the rats. Each rat was then placed
in a tank containing water 35 cm deep at 23 °C for 3 min alternating 5 times with 3 min rest
periods.
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In the current work, we aimed at developing a prophylactic regimen based on low doses of
poly I-C, in order to prevent the NK-suppressive and metastasis-promoting effects of stress
and surgery. As early as three decades ago, high doses of poly I-C or type-1 cytokines (e.g.
IL-2 and recently IL-12) have been tested in clinical trials (Eklund and Kuzel, 2004; Leonard
et al., 1997; Levine and Levy, 1978; Wadler et al., 2004). However, these high doses caused
significant toxicity and commonly yielded limited success in therapy of existing tumors
(Levine and Levy, 1978). Interestingly, when used at a lower dose for prolonged periods,
stabilized poly I-C did show significant efficacy against inoperable malignant gliomas with
only minimal toxicity (Salazar et al., 1996). This low-dose approach was not assessed for its
efficacy in preventing suppression of immune function or preventing promotion of metastasis
following surgery.

Experimental Laparotomy

Fa

Dr

NIH-PA Author Manuscript

The procedure has been described elsewhere (Melamed et al., 2005; Page et al., 1993). Rats
were anesthetized with 2.5% halothane and a 4 cm midline abdominal incision was performed.
The small intestine was externalized, rubbed in four places with a PBS-soaked gauze pad, and
covered with PBS-soaked gauze for 50 min. Finally the intestine was internalized and the
abdomen was closed in one layer with 3 - 0 nylon sutures. Total procedure time from incision
to the last stitch was set to one hour.

Radio-labeling of MADB106 tumor cells and assessment of lung tumor retention
To radiolabel MADB106 tumor cells we cultured them in 0.5 μCi/ml of 125iodeoxyyuridine
for 1 day. We then lightly anesthetized the rats with halothane, and injected 4×105/kg labeled
MADB106 cells in 0.5 ml of PBS containing 0.1% bovine serum albumin (BSA) into the tail
vein. For more details see (Melamed et al., 2005).
Twenty one hours following tumor inoculation, we removed the lungs and placed them in a
gamma counter for assessment of radioactive content. Lung tumor retention was calculated as
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Assessment of MADB106 lung tumor metastases
Non labeled MADB106 tumor cells were injected as above. Three weeks later, lungs were
removed and placed for 24 h in Bouin's solution (72% saturated picric acid solution, 23%
formaldehyde [37% solution], and 5% acetic acid glacial). Lungs were then washed in ethanol,
and two researchers unaware of the lungs' origin counted visible surface metastases
independently.

om

Preparation of blood and lung effector cells

As described elsewhere (Melamed et al., 2005), after rats were killed with an overdose of
halothane and their thoracic cavities were opened, blood was drawn from the right cardiac
ventricle into a heparinized syringe (30 μl per 1 ml blood). One ml of blood was washed and
used in the assay. Marginating pulmonary leucocytes were collected by injecting heparinized
PBS (30 units per 1 ml PBS) into the right cardiac ventricle and collecting 50 ml of perfusate
from the left ventricle to be concentrated to 1 ml in complete medium.
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We used a 4 h chromium (51Cr) release assay to assess NK-mediated lysis of YAC-1 and of
syngeneic MADB106 cells, as described elsewhere (Melamed et al., 2005; Shakhar et al.,
2001). Effector cells were serially diluted and co-incubated with 5000 radiolabeled target cells,
yielding different effector to target (E:T) ratios. Our previous studies indicate that cytotoxicity
in this assay depends on NK cells, since their selective depletion nullified all specific killing
(Page et al., 1994).
Flow cytometry

hC

Flow cytometry was used to assess the number of NK cells in the blood and lungs (Melamed
et al., 2005). NK cells were identified as CD161bright. To assess the absolute number of NK
cells per μl of effector cells, we supplemented each sample with 600 polystyrene microbeads
(20 μm Ø, Duke Scientific, Palo Alto, CA) per μl. Following cytometry, we used the formula
600×CD161bright/microbeads to calculate the number of NK cells per μl. In our laboratory, the
coefficient of variation for this method was 6% for identical samples (Ben-Eliyahu et al.,
1999a).
Marginating pulmonary cytotoxicity per NK cell
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the ratio between lung radioactivity and total radioactive content of the injected tumor cells.
The MADB106 tumor cells are syngeneic to the F344 rat used herein, originate from a lung
metastasis of a mammary adenocarcinoma, and metastasize only to the lungs (Barlozzari et al.,
1983). The number of tumor cells retained in the lung 24 h following i.v. inoculation is highly
dependent on NK activity (see discussion).

To standardize the NK:target ratios in all samples, lung perfusates were diluted based on the
concentration of NK cells determined using FACS analysis. The NK concentration in each
sample was brought to 200 NK/μl, yielding an E:T ratio of 6:1 NK:MADB106 target cells.
Following this procedure, NK cytotoxicity was assessed as described above.

Statistical analysis
One- or two-way ANOVA was used to analyze lung tumor retention, numbers of lung
metastases, and numbers of NK cells. Provided ANOVA indicated significant group
differences, we used Fisher's PLSD contrasts to conduct pair-wise comparisons testing our
hypothesized effects: metaproterenol, stress, or surgery worsens the outcome, and poly I-C
treatment reduces these effects. NK cell activity was analyzed using repeated measures two-
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RESULTS
Repeated low-dose poly I-C protects against the tumor-promoting effects of metaproterenol
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In the first experiments we started to optimize the poly I-C regimen, aiming at protecting rats
from the metastasis-promoting effects of metaproterenol (a pharmacological stressor) while
minimizing side effects. To this end, we compared different doses of poly I-C, in single vs.
repeated (x 3) administration. Rats were randomly assigned to receive vehicle injections or
poly I-C injections, and each group was further subdivided to receive metaproterenol or vehicle.
All rats received i.p. injections on days 1, 4, and 7. Injection schedules' consisted of: poly I-C
provided on days 1, 4, and 7; a single dose of poly I-C on day 7 only; or saline injections. On
the 8th day all rats were inoculated with radiolabeled MADB106 tumor cells. Simultaneously
with tumor cells, rats received a subcutaneous injection of either metaproterenol (1 mg/kg) or
vehicle (saline). Twenty-one hours later, rats were sacrificed to assess MADB106 lung tumor
retention.
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Both males and females were used in this study, and the results are presented and analyzed
separately, as not all groups had both sexes. In males (Figs 1A) (n = 155), one way ANOVA
indicated significant group differences (F(11, 143) = 64.5, p < 0.05), and PLSD contrasts
indicated that without poly I-C treatment metaproterenol caused a significant 26-fold increase
in MADB106 lung tumor retention (LTR). All groups treated with poly I-C, either by one or
three injections, exhibited significantly reduced effect of metaproterenol, as indicated by
significant pair-wise PLSD contrasts to the no-poly I-C metaproterenol group (p < 0.05 for
each of the five comparisons). To compare the efficacy of one injection to three injections in
the two doses common to both schedules (0.1 and 0.3 mg/kg), we conducted a 2 × 2 ANOVA
on the four groups that received metaproterenol in these conditions. Significant main effects
for both factors were revealed (F(1, 30) = 13.0, p < 0.05, for schedule; and F(1, 30) = 4.6, p <
0.05, for dose) without significant interaction, indicating that three injection exert greater
protection, and that 0.3 mg/kg is more effective than 0.1 mg/kg. In females (Figs 1B) (n = 64)
only a single poly I-C administration was studied, and the same pattern of results was observed,
indicated by the same statistical analyses (F(7, 56) = 23.8, p < 0.05; PLSDs p < 0.05 for the
above contrasts).
A single administration of poly I-C is protective for up to 72 hours
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way ANOVA (the 4 highest E:T ratios serving as repeated measures), followed by PLSD pairwise comparisons (as above). P < 0.05 was considered significant in all studies. Because in
several experiments the variance in some experimental groups was markedly and significantly
different from other groups, violating an assumption of ANOVA, we conducted t-tests to
compare pairs of groups, using Bonferroni α correction for multiple comparisons. In the first
study, three outliers (each from a different group) were removed, as each deviated more than
4 SD from its respective group's mean.

In order to rationally plan the timing of poly I-C injections in subsequent experiments, we first
determined the duration of the protective effect of a single dose of poly I-C. F344 males and
females were randomly assigned to saline (no poly I-C) or poly I-C treated groups. Poly I-C
(0.2 mg/kg) was administered only once to each rat in the poly I-C groups, at either 96, 72, 48,
24, or 12, hours before inoculation with MADB106 tumor cells. Saline was injected to all rats
at all time points at which they did not receive poly I-C. Each group was further subdivided to
receive metaproterenol (1 mg/kg) or vehicle (no metaproterenol) simultaneously with
radiolabeled MADB106. LTR was assessed as in the first experiment (n = 10-18 rats per group).
Males and females showed very similar effects, and are therefore presented together. As seen
in Fig 2, in rats not treated with poly I-C, metaproterenol significantly increased lung tumor
retention (t(34) = 44.3, p < 0.01 Bonferroni corrected). We conducted separate ANOVAs for
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No direct in vitro effects of poly I-C on MADB106 proliferation
To test whether there is a direct influence of poly I-C on tumor proliferation we co-incubated
dividing MADB106 cells with the drug. Poly I-C did not affect the proliferation of MADB106
cells during a 48 h (i.e., 2.5 cells divisions) incubation with 2 mg/l, 0.66 mg/l, 0.2 mg/l, 0.066
mg/l, and 0.02 mg/l poly I-C, concentrations which span 10-fold lower to 10-fold higher than
the estimated in vivo concentration following the administration of 0.2 mg/kg (also 0.2 mg/l)
poly I-C in vivo (data not shown due to space limitation).
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rats treated with metaproterenol and those not treated with metaproterenol, as different variance
characterize each category. ANOVA indicated significant group differences in rats receiving
metaproterenol (F(5, 72) = 5.1, p < 0.05), and PLSD contrasts indicated that poly I-C reduced
LTR in these groups when administered 12, 24, 48, or 72 h prior to metaproterenol (p < 0.05
for all comparisons to the no ploy I-C group), but not 96 h prior to it. ANOVA revealed no
significant effects for poly I-C in rats not receiving metaproterenol.

The presence of a primary tumor does not alter the protective effects of poly I-C
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Female and male rats showed similar LTR in all experimental conditions and are therefore
presented together. A 2×2×2 ANOVA yielded a significant interaction between MP and poly
I-C (F(1, 77) = 14.7, p < 0.05), but no main effects for primary tumor or interaction of primary
tumor with any other factor. PLSD revealed that metaproterenol increased lung tumor retention
(p < 0.05), and poly I-C markedly and significantly reduced this increase (p < 0.05). These
effects were similar in the groups with the local subcutaneous tumor and in the group without
it (Fig 3). These results indicate that bearing a primary tumor does not impair the effectiveness
of poly I-C in protecting against the metastasis-promoting effects of metaproterenol.
Low-dose poly I-C has minimal toxicity
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In the clinical setting, patients harbor primary tumors during the preoperative period, for which
we propose the prophylactic poly I-C treatment. The presence of a primary tumor and the host
response to it could potentially alter the host response to poly I-C (e.g., the cytokines secreted).
Thus, we examined whether presence or absence of a primary tumor would alter the efficacy
of poly I-C in reducing stress-induced metastasis. F344 male and female rats were randomly
assigned to receive a s.c. injection of 106 MADB106 cells that give rise to a local tumor, or
sham injection. Two weeks later, when the subcutaneous tumors reached a diameter of
approximately 1 cm, each of these two groups was subdivided into four subgroups that were
treated with either poly I-C (0.1 mg/kg on days 1, 3, 5) or saline, and, on the sixth day, received
i.v. radiolabeled MADB106 cells with either metaproterenol (1 mg/kg) or vehicle, forming a
2×2×2 factorial design (n = 85 in these 8 groups; 30 females and 55 male, evenly distributed
in all groups) (Figure 3). Twenty one hours later rats were sacrificed to assess lung tumor
retention.

Administration of poly I-C is associated with significant toxicity (Levine and Levy, 1978). We
therefore went on to compare the toxicity of poly I-C at a dose commonly used in vivo in rats
(4m g/kg) to the low dose we intended to use in our future study (0.2 mg/kg). In rodents, toxic
doses of poly I-C are known to reduce body weight in a dose dependent manner (Hartmann et
al., 1987). In the current study, F344 males were randomly assigned to receive either saline, 4
mg/kg poly I-C (high dose), or 0.2 mg/kg poly I-C (low dose) i.p. on days 1, 3 and 5 (n = 9-10
males per group). Rats were weighed before and 8, 11 and 24 hours after each injection.
Between days 6 and 16 rats were weighed daily (Figure 4). Body temperature was measured
before and 4, 8, 11 and 24 hours after each injection, until day 6.
One way repeated measure (time points) ANOVA indicated that poly I-C affected body weight
(F(2, 576) = 25.0, p < 0.05). Importantly, in the 4 mg/kg group, weight loss was markedly and
Brain Behav Immun. Author manuscript; available in PMC 2008 October 10.
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Choosing a regimen of poly I-C to be used in the following studies
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Based on the above four experiments, we chose to use a regimen of three doses of 0.2 mg/kg
poly I-C, administered every other day. The lower dose of 0.1 mg/kg was overall less effective.
Three rather than two day intervals between injections seemed too long, as the effect of the
first injection was optimal after one day and completely dissipated by four days. This low dose
poly I-C regimen has minimal toxicity, while retaining the protective effect against tumorpromotion induced by metaproterenol, a non-specific β-adrenergic agonist shown previously
to be a potent NK-suppressive drug (Shakhar and Ben-Eliyahu, 1998).
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significantly greater than in the 0.2 mg/kg group (approximately 4-fold greater, averaging 26
g vs. 7 g during 107-240 h following the first injection) (PLSD, p < 0.05) (Figure 4A). Body
temperature was also affected by poly I-C. The circadian rhythm (Fig 4B) of body temperature
was disrupted in the 4 mg/kg group, as indicated by a significant interaction between time and
body temperature (F(14, 238) = 3.5, p < 0.05), but was not altered in the 0.2 mg/kg group. Thus
the data demonstrate that compared to traditional dosing, repeated low doses of poly I-C only
slightly reduced body weight and did not affect body temperature, indicating minimal toxicity.

Poly I-C prevents the increase in lung tumor retention induced by swim stress
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In groups not receiving poly I-C, metaproterenol and swim stress each significantly increased
LTR (t(12) = 5.3, t(10) = 7.2, respectively, p < 0.008 Bonferroni α correction to 0.008) (Fig 5A).
Poly I-C dramatically and significantly reduced the tumor promoting effect of both
metaproterenol and swim stress (t(10) = 4.0, t(9) = 6.3, respectively, p < 0.008). Poly I-C alone
did not significantly reduce baseline levels of LTR in non-stressed rats. These data demonstrate
that the poly I-C regimen was efficient in negating the adverse effects of an endogenous stress
response on LTR.
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To test the protective effects of our poly I-C regimen against an endogenous response to
stressful conditions, we employed the swim stress paradigm and compared its effects to those
of metaproterenol. Rats were either pretreated i.p. with poly I-C (0.2 mg/kg) or with saline on
days 1, 3, & 5, and on the sixth day were either subjected to swim stress, injected with
metaproterenol, or injected with vehicle. Rats were inoculated with radiolabeled MADB106
tumor cells one hour after the end of the swim stress, or simultaneously with the metaproterenol
or vehicle, as in previous studies (n = 34 males in these six groups). All rats housed in a cage
were either exposed to swim stress or not.

LTR assessed in the previous experiments reflects an early step in the metastatic activity in
this rat model. It is mainly sensitive to NK activity, and indicates a cumulative effect restricted
to the first 24 hr after tumor inoculation (Shakhar and Ben-Eliyahu, 1998) (Ben-Eliyahu and
Page, 1992) (Barlozzari et al., 1983). Therefore, to examine whether the protective effect of
poly I-C has long-term significance and influence the actual development of macro-metastases,
we evaluated the lungs three weeks following tumor inoculation. Rats were treated as in the
above study with poly I-C or with saline (no poly I-C) on days 1, 3, & 5. On the sixth day, all
rats were inoculated with MADB106 tumor cells, and simultaneously received either
metaproterenol (1 mg/kg) or vehicle. Three weeks later, all rats were sacrificed and
macroscopic surface metastases on the lungs were counted (n = 59 males in the four groups;
Fig 5B). In the no poly I-C groups, metaproterenol caused a significant 3.5-fold increase in the
number of lung surface metastases (t(29) = 4.6, p < 0.01 Bonferroni α correction to 0.01). Poly
I-C completely abolished the metastasis-promoting effect of metaproterenol (t(29) = 3.9, p <
0.01), reducing lung metastases to baseline levels (no poly I-C no metaproterenol). In rats not
subjected to metaproterenol poly I-C also significantly reduced the number of metastases by
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The development of actual lung metastases: protection by poly I-C against promotion by
metaproterenol
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NK cells are crucial for the in vivo control of MADB106 LTR and lung metastases in both
normal rats and in poly I-C treated rats
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To understand the in vivo role of NK cells in controlling MADB106 metastasis in normal rats
and in poly I-C treated rats, we conducted a study based on selective depletion of NK cells.
We used the anti-NKR-P1 antibody which recognizes the CD161 marker that is highly
expressed on NK cells. We have previously shown that this antibody, but not isotype control
antibodies, renders NK cells ineffective in vivo immediately upon administration, and
selectively depletes NK cells within a day (Ben-Eliyahu and Page, 1992). In the current study,
F344 males were randomly assigned to be treated with poly I-C (0.2 mg/kg on days 1, 3, & 5)
or with saline, and on the sixth day each group was further divided to receive anti-NKR-P1
antibody (1.5 mg/kg, i.v.) or vehicle. Tumor cells were administered simultaneously with antiNKR-P1. In the first study LTR was assessed twenty-one hours after inoculation with
radiolabeled MADB106 tumor cells (n = 40 males in these four groups). In the second study
metastases were counted three weeks after tumor inoculation (n = 40 males in these four
groups).
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Selective depletion of NK cells caused a very large increase in LTR (Fig 6A) and in the number
of lung metastases (Fig 6B) in control rats (t(16) = 20.5, p < 0.01), (t(18) = 21.3, p < 0.01
respectively; Bonferroni α correction to 0.01 in each study) and in rats treated with poly I-C
(t(20) = 9.6, p < 0.01), (t(18) = 5.8, p < 0.01 respectively). With respect to both LTR and number
of metastases, poly I-C did not significantly impact the magnitude of the effect of NK-depletion
(e.g., 321-fold and 376-fold increase in LTR in control and in poly I-C treated rats,
respectively).
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These findings indicate that NK cells play a critical role in controlling MADB106 LTR and
lung metastases in both normal rats and in poly I-C treated rats. These studies, however, do
not indicate whether poly I-C protects NK cells from suppression, which is the aim of the next
two studies.

rra

NIH-PA Author Manuscript

te

r.c

NIH-PA Author Manuscript

5.3-fold (t26) = 6.7, p < 0.01). Thus, the beneficial effects of poly I-C against metaproterenolinduced increases in LTR also translate to a decrease in the number of subsequent lung
metastases in this model. In contrast to the findings of LTR described above, poly I-C also
markedly and significantly reduced baseline levels of metastases, an index that is most likely
also affected by immune functions other than NK activity.

Poly I-C protects against metaproterenol-induced suppression of cytotoxicity in marginating
pulmonary NK cells, but not in circulating NK cells
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To elucidate the role of NK cells in mediating the protective effects of poly I-C, we examined
the effect of poly I-C on number and activity of NK cells following stress. Our recent studies
indicate that marginating pulmonary NK cells are unique in their ability to kill MADB106 cells
(Melamed et al., 2005), an important finding in the current context since the lungs are the target
organ for metastasis in this model system. We therefore assessed NK cell number and NK
cytotoxicity in marginating pulmonary leukocytes and compared them with leukocytes from
the general circulation. Rats were pretreated with poly I-C (0.2mg/kg) or saline on days 1, 3,
and 5, and on the sixth day were injected with metaproterenol (1 mg/kg s.c.) or vehicle (n =
41 males in these 4 groups). One hour after metaproterenol injection, NK cell number was
assessed in the blood (circulating NK cells) and in the marginating-pulmonary compartment.
NK cytotoxicity of marginating pulmonary leukocytes was tested against the syngeneic
MADB106 tumor cells and against the standard YAC-1 target cells. Circulating NK
cytotoxicity was tested only against standard xenogeneic YAC-1 target cells, since circulating
NK cells do not show NK cytotoxicity against the MADB106 line (Ben-Eliyahu et al., 1991).

Brain Behav Immun. Author manuscript; available in PMC 2008 October 10.

Rosenne et al.

Page 9

om

Marginating pulmonary NK cells—The killing of YAC-1 (Fig 7B) and MADB106 (Fig
7D) target cells by marginating pulmonary NK cells yielded similar patterns of results, and are
therefore described together. A 2 × 2 repeated measure ANOVA yielded a significant
interaction between the effects of poly I-C and of metaproterenol (F(1, 37) = 5.5, 3.5, for YAC-1
and MADB106, respectively, p < 0.05 for both). Specifically, whereas metaproterenol
significantly suppressed cytotoxicity in control rats (pair-wise PLSD < 0.05 for both YAC-1
and MADB106 target cells), it had no such effect in poly I-C treated rats. Assessing whether
these findings are related to the numbers of marginating pulmonary NK cells, we conducted a
2 × 2 ANOVA on this index. Poly I-C significantly increased NK cell numbers (a main effect
(F(1, 37) = 137.3, p < 0.05)), and metaproterenol significantly reduced it (a main effect
(F(1, 37) = 10.4, p < 0.05)), without interaction.
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Because metaproterenol significantly reduced both the numbers and the activity of NK cells
in the no poly I-C groups, using the current approach we cannot determine whether
metaproterenol suppressed lung NK activity per NK cell. On the other hand, in poly I-C treated
rats, in which cytotoxicity was not suppressed, metaproterenol clearly did not suppress NK
activity per NK cell. Take together, these findings indicate that poly I-C increased total
marginating pulmonary NK activity, and that poly I-C treated rats do not exhibit suppression
of individual marginating pulmonary NK cells.
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Circulating NK cells—A 2 × 2 repeated measure ANOVA of NK cytotoxicity (Fig 7A)
yielded main effect for metaproterenol (F(1, 37) = 28.7, p < 0.05), but no main effect for poly
I-C and no interaction. These findings indicate that metaproterenol suppressed circulating NK
cytotoxicity to a similar degree in control and in poly I-C treated rats. Importantly, this
suppression seems unrelated to alterations in the numbers of circulating NK cells, as a 2 × 2
ANOVA on numbers of circulating NK cells (Fig 7C) yielded no main effect for metaproterenol
nor an interaction with poly I-C. Thus the suppression of NK cytotoxicity by metaproterenol
seems to occur on a per NK cell basis, both in control rats and in poly I-C treated rats.
Irrespective of the effects of metaproterenol, poly I-C significantly increased numbers of
circulating NK cells (a main effect for poly I-C F(1, 37) = 35.9, p < 0.05) without interaction)
(Fig 7C). Taken together the findings indicate that the current poly I-C regimen increases the
numbers of circulating NK cells (Fig 7C), but does not protect them from suppression by
metaproterenol (Fig 7A).

rra

Poly I-C protects against surgery-induced increase in lung tumor retention and against
suppression of cytotoxicity in marginating pulmonary NK cells, but not in circulating NK cells
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To test the potential protective effects of poly I-C under more clinically-relevant conditions,
we employed a surgical stress paradigm and conducted (1) an in vivo study assessing
MADB106 LTR, and (2) an ex-vivo study (in different rats) assessing numbers and activity of
NK cells. Cytotoxicity of lung NK cells was tested both per the complete marinating pulmonary
NK population as well as in samples containing equal numbers of NK cell (see Methods), in
order to directly test whether poly I-C protects against suppression by surgery on a per NKcell level. In both studies, rats were pretreated with poly I-C (0.2 mg/kg) or saline (no poly IC) on days 1, 3, 5, and were further assigned to serve as controls or to undergo surgery 10 hours
after the third poly I-C injection (a 2×2 design). All rats housed in a cage were either subjected
to surgery or not (n = 6-8 male rats in each of the 4 groups in each of the 2 studies).
(1) In the in vivo study, rats were inoculated with MADB106 cells at the end of surgery and
lung tumor retention was tested 21 h later. A 2 × 2 ANOVA indicated a significant interaction
between the effects of surgery and of ploy I-C (F(1,26) = 10.13, p < 0.05). Specifically, whereas
surgery increased LTR by more than 8 fold in non-poly I-C treated rats (pair-wise PLSD <
0.05), the prophylactic use of poly I-C completely prevented this increase, reducing LTR to
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the level seen in no-surgery rats that received poly I-C (Fig. 8A). Thus, poly I-C completely
protected the rats from the increase in LTR caused by surgery.

om

Marginating pulmonary NK cells—ANOVA of NK cytotoxicity against MADB106 target
cells revealed a significant interaction between the effects of surgery and of poly I-C (F(1,27)
= 5.7, p < 0.05) (Fig 8B). Specifically, whereas surgery suppressed cytotoxicity in non-poly IC treated rats (pair-wise PLSD, p < 0.05), the prophylactic use of poly I-C completely prevented
this suppression. These findings do not seem to be related to alterations in the numbers of
marginating pulmonary NK cells, as surgery did not reduce numbers of NK cells, nor did it
interact with the effects of poly I-C on this index (Fig 8C). Empirically confirming this
deduction are the results from the assessment of marginating pulmonary NK cytotoxicity per
NK cell (using equal numbers of NK cells) (Fig 8D). ANOVA indicated a significant
interaction between the effects of surgery and poly I-C (F(1,24) = 10.4, p < 0.05). That is,
whereas surgery suppressed cytotoxicity per NK cell in non-poly I-C treated rats (pair-wise
PLSD, p < 0.05), the prophylactic use of poly I-C completely prevented this suppression (Fig
8D). Irrespective of this protection, poly I-C increased the number of marginating pulmonary
NK cells by 30-4-% (Fig 8C), but this increase did not reach a significant levels in this study.
Overall, these findings indicate that poly I-C protects marginating pulmonary NK them from
suppression by surgery.
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Circulating NK cells—Surgery significantly suppressed NK activity per ml blood (a main
effects of surgery F(1,28) = 42.3, p < 0.05), and poly I-C significantly increased NK cytotoxicity
per ml blood (a main effects of surgery (F(1,28) = 7.7, p < 0.05) with no interaction between
these factors (Figure 8E). The suppressive effects of surgery are not related to alterations in
the numbers of NK cells, as surgery did not affect this index (no main effect of surgery and no
interaction with the effects of poly I-C) (Figure 8C). On the other hand, poly I-C increased
numbers of NK cells per ml blood in both operated and non operated rats, as indicated by a
significant main effects of poly I-C (F(1,28) = 22.6, p < 0.05) without interaction with surgery
(Figure 8C). This increase is likely to contribute to the elevation of NK cytotoxicity caused by
poly I-C. Overall, these findings indicate that surgery suppressed NK activity per ml blood and
per NK cell, and that poly I-C did not protect against this suppression.

Our goal in this study was to find a clinically-translatable approach to prevent stressors such
as surgery from suppressing cellular immunity and promoting metastasis. We examined and
developed different prophylactic regimens of low-dose poly I-C in rats, and chose to use a
regimen of 3 doses of 0.2 mg/kg given every other day before applying stress. Compared to
the traditionally-used doses (e.g., 4 mg/kg, (Liekens et al., 1999)), this low-dose regimen had
minimal side effects in our rats. Importantly, it was more effective than a single administration
of poly I-C, and was effective in both males and females, as well as in the presence of a primary
tumor. We used three stress paradigms to test the efficacy of this regimen, a pharmacological
stressor (metaproterenol), swim stress, and laparotomy, all of which increased in vivo measures
of MADB106 metastasis. Our poly I-C regimen effectively eliminated the pro-metastatic
effects of all three stress paradigms. In a different study, we now also assessed the efficacy of
this exact poly I-C regimen using a different syngeneic tumor model – the CRNK-16 leukemia
that constitutes a natural cause of mortality in senescent F344 rats. Poly I-C reduced mortality

Dr

NIH-PA Author Manuscript

Fa

NIH-PA Author Manuscript

te

r.c

NIH-PA Author Manuscript

(2) In the ex-vivo study, rats were sacrificed 12 hr after surgery to study NK number and
cytotoxicity in the circulation and in the marginating pulmonary compartment. All statistical
analysis of this study (described below) employed 2 × 2 ANOVA with repeated measures when
NK cytotoxicity was the dependent index.
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rates by more than three-fold (Avraham et al., 2006), supporting the generalizability of the
beneficial effects of this paradigm to other tumors.
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Several of our findings suggest a key role for pulmonary NK cells in controlling MADB106
metastasis and in mediating the protective effects of poly I-C. Selective depletion of NK cells
increased lung tumor retention and lung metastasis of the MADB106 tumor more than 300–
fold in both naïve and poly I-C treated rats. Our recent findings indicated that marginatingpulmonary, but not circulating or splenic NK cells, can kill MADB106 tumor cells in vitro,
suggesting a key role for marginating-pulmonary NK cells in the in vivo resistance to
MADB106 metastasis (Shakhar et al., 2006). Taken together, the similarity between the
protective effects of poly I-C on ex-vivo cytotoxicity of marginating-pulmonary NK cells
against MADB106 target cells on the one hand, and on the in vivo resistance to MADB106
lung metastasis on the other hand, suggests that marginating-pulmonary NK cells underlie the
in vivo effects. This does not exclude a role for other mechanisms in mediating the beneficial
effects of poly I-C, possibly via other leukocyte populations (Quan et al., 1999; Shingu et al.,
2002).
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Immunotherapeutic approaches commonly aim at boosting anti-tumor immunity (Eklund and
Kuzel, 2004). However, because major surgeries are often immunosuppressive (Mokart et al.,
2002), boosting anti-tumor immunity in-and-of-itself may not suffice to prevent postoperative
metastasis. Specifically, postoperative immunosuppression (Mokart et al., 2002) may eliminate
the beneficial effects of pre-operative immunostimulation, rendering the patient susceptible to
metastatic development during this critical period. Thus, while boosting baseline levels of
immunity may prove beneficial in the absence of stress, during significant stress periods,
including the immediate post-operative phase, prevention of stress-induced
immunosuppression is critical. Unlike other approaches of immunotherapy, our poly I-C
regimen is effective mainly in preventing immunosuppression. Indeed, in the absence of stress,
poly I-C decreased MADB106 lung tumor retention only slightly, and did not increase
cytotoxicity per individual NK cell. In contrast, in stressed rats poly I-C was markedly effective.
This was demonstrated in our in vivo studies, where the metastasis-promoting effects of stress
and surgery were dramatically decreased or completely abolished in poly I-C treated rats. More
directly, whereas the ex vivo levels of pulmonary NK cytotoxicity per NK cell were
significantly suppressed by surgery, poly I-C treatment prevented suppression of this
cytotoxicity (without affecting baseline levels of NK activity) (Figures 7B, 7D, 8B, 8D).
Interestingly, circulating NK cells were not protected by poly I-C (Figure 7A and 8E). We
recently provided additional evidence supporting the difference between circulating and
pulmonary NK cells. The same in vivo regimen of poly I-C protected pulmonary leukocytes,
but not circulating leukocytes, from in vitro suppression of NK activity by prostaglandins and
corticosterone (Shakhar et al., 2006). In yet another study we found that although IL-12 was
more potent than poly I-C in enhancing baseline levels of NK activity, IL-12 did not protect
these indices from suppression by surgery (Avraham et al., 2004). Overall, these findings
suggest that boosting immune functions and protecting immunity from postoperative
suppression act via different cellular mechanisms, and could be complementary treatments in
cancer patients. Our herein regimen of low doses poly I-C protects pulmonary NK activity
from immunosuppression without boosting NK activity per NK cell.

The literature points to cellular mechanisms that may mediate the protective effects we
observed with poly I-C. Poly I-C is recognized by the toll-like receptor-3 (TLR-3), which is
expressed on hematopoietic and nonhematopoietic cells (Alexopoulou et al., 2001; Matsumoto
et al., 2004). Recently it was demonstrated that TLR3 is constitutively expressed in lung
epithelial cells (Guillot et al., 2005), and that TLR3 and its signaling-associated molecule,
TRIF, play a key role in the immune response of pulmonary epithelial cells to poly I-C. Poly
I-C also triggers ICAM-1 expression and IFN-β secretion by these cells (Guillot et al., 2005).
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Surgery, by removing the major tumor mass, opens a window of opportunity for the immune
system to eradicate minimal residual disease, and for the herein poly I-C regimen to support
such a role for immunity. During the immediate postoperative period, oncological patients are
at high risk for initiation and progression of metastasis due to various physiological responses,
and competent anti-metastatic immunity is a critical factor determining long-term survival (for
review see (Shakhar and Ben-Eliyahu, 2003)). The lung is a target site for many metastatic
tumors, and our studies suggest that marginating pulmonary NK cells are unique in their ability
to destroy relatively resistant tumor cells such as the MADB106 (Melamed et al., 2005). Thus,
the specific effect of our treatment on marginating-pulmonary NK cells may prove especially
beneficial in malignancies prone to develop late pulmonary metastases following complete
resection of an initially localized cancer.
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In summary, these data demonstrate that prophylactic low-dose poly I-C can transform
marginating pulmonary immunocytes into a mode of resistance to immunosuppression by
stress and surgery, and can protect against impaired resistance to experimental lung metastasis.
This suggests a clinically-translatable novel application for poly I-C, to decrease the risk of
surgery-induced metastasis in human cancers. Since the safety profile of poly I-C has already
been examined in humans (Salazar et al., 1996), a clinical trial to examine the efficacy of a
protective regimen of low-dose pre-operative poly I-C in cancer patients undergoing surgery
for resection of a clinically-localized primary tumor could be feasible. A surrogate marker in
such a clinical trial could be a moderate increase in the number of circulating NK cells following
the low-dose poly I-C treatment. If effective, prophylactic pre-operative poly I-C may decrease
the incidence of later metastasis in cancers that were initially deemed clinically-localized, and
thus improve patient outcome.
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ICAM-1 is an adhesion molecule which is involved in the recruitment and the local
accumulation of leukocytes (Doukas et al., 1994; Guillot et al., 2005), which can explain our
finding of increased numbers of marginating pulmonary NK cells. With respect to protecting
NK activity against suppression by surgery, catecholamines and prostaglandins, both released
during surgery (Baxevanis et al., 1994; Koltun et al., 1996), suppress NK activity by increasing
intracellular cAMP levels (Malygin et al., 1993; Whalen and Bankhurst, 1990). In vitro studies
indicate that interferons, which are secreted following poly I-C challenge, can reduce the
intracellular rise in lymphocyte's cAMP, thus reducing the suppression of NK activity by
catecholamines and prostaglandins, (Davis et al., 1984). Additionally, ds-RNAs, such as poly
I-C, were shown to induce secretion of TNF-α and IL-1β by human lung epithelial cells (Meusel
et al., 2002). TNF-α and IL-1β can also reduce intracellular increases in cAMP levels induced
by a β-adrenoceptor agonist (Kelsen et al., 1997; Koto et al., 1996; Singh et al., 1993). Thus,
the protective effect of poly I-C may be induced locally in the lungs by these proinflammatory
cytokines. This provides an attractive explanation for our finding that poly I-C protected
pulmonary, but not circulating NK cells, from suppression by surgery.
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Figure 1.

Repeated dosing of low-dose poly I-C is highly effective against the promotion of
MADB106 metastasis by a pharmacological stressor, metaproterenol. Poly I-C was
administered at the indicated dose either once, or three times (three days apart). Twenty four
hours after the last poly I-C injection, all rats were intravenously inoculated with radiolabeled
tumor cells, and simultaneously injected with metaproterenol (MP) or saline (Saline).
MADB106 lung tumor retention (LTR) was assessed 21 h later. In both males (A) and females
(B), MP significantly increased MADB106 LTR (**) in rats not treated with poly I-C, and all
doses of poly I-C significantly reduced this effect (*). In males, three injections of poly I-C
were more effective than one injection (#), and 0.3 mg/kg was more effective than 0.1 mg/kg.
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A single administration of poly I-C protects against the metastasis-promoting effect of
metaproterenol for up to 72 hrs. Male and female F344 rats were treated with a single dose
of poly I-C or with saline (no poly I-C). Poly I-C (0.2 mg/kg) was administered once at either
96, 72, 48, 24, or 12 h prior to inoculation with radiolabeled MADB106 tumor cells. Each
group was further subdivided to receive metaproterenol or vehicle, simultaneously with
MADB106 cells, and lung tumor retention (LTR) was assessed 21 hr later. Poly I-C
significantly reduced the metastasis-promoting effects of metaproterenol (*) when
administered up to 72 h before tumor inoculation.
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Figure 2.
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A subcutaneous tumor does not alter the protective effect of poly I-C. Rats were inoculated
subcutaneously with a million MADB106 tumor cells, or with vehicle. Two weeks later, when
a local MADB106 tumor (1 cm, s.c.) formed, each group was subdivided into 4 conditions:
treated with repeated poly I-C (on days 1, 3, & 5, 0.1 mg/kg/injection) or with saline, and on
the sixth day receiving metaproterenol (MP) or saline. MADB106 lung tumor retention (LTR)
was studied. In rats bearing a local tumor and in naïve rats, metaproterenol significantly
increased lung tumor retention, and poly I-C markedly and significantly reduced this increase.
Bearing a local tumor did not influence tumor retention and did not interact with any other
factor.
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Figure 3.
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Figure 4.

Low repeated doses of poly I-C have relatively small adverse effects on body weight and
on core body temperature. All rats received three i.p. injections (every other day, one hour
after the beginning of the dark phase). Rats were subjected to either saline injections (no poly
I-C), a low poly I-C dose (0.2 mg/kg), or a high poly I-C dose (4 mg/kg). Arrows indicate
injection times. The high dose poly I-C regimen caused significantly 4-fold greater body weight
loss than the low-dose regimen (A). The high, but not the low poly I-C dose significantly
disrupted circadian rhythm of body temperature (B).
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Fig 5.

Poly I-C protects from metaproterenol- and stress-induced increases in lung tumor
retention (LTR) and lung metastases. Rats were treated with poly I-C (0.2 mg/kg) or saline
(no poly I-C) on days 1, 3, & 5, and on the sixth day were either subjected to swim stress,
injected with metaproterenol (MP) (1 mg/kg), or injected with saline (No stress). All rats were
then inoculated with MADB106 tumor cells. (A) LTR was assessed 21 hr after tumor
inoculation. Poly I-C treatment abrogated the tumor promoting effects of both swim stress and
metaproterenol, while having no effect on LTR levels in non-stressed rats. (B) Rats were
sacrificed three weeks after tumor inoculation and surface lung metastases were counted. In
the no-poly I-C groups, MP significantly increased the number of lung metastases. Poly I-C
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treatment abrogated this tumor promoting effect of MP. Poly I-C also significantly reduced the
number of metastases in non-stressed rats.
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Figure 6.

NK cells are required in vivo to control MADB106 LTR and metastasis in normal and in
poly I-C treated rats. Rats were repeatedly injected with poly I-C (0.2 mg/kg, i.p. × 3) or
saline (no poly I-C). Just before inoculation with tumor cells, half of each group was treated
with anti-NKR-P1 to selectively block NK activity (NK-depleted), or with vehicle (naïve). All
rats were then inoculated with MADB106 tumor cells. (A) LTR was assessed 21 hr after tumor
inoculation. Selective elimination of NK activity markedly increased lung tumor retention in
both poly I-C treated and untreated rats (Notice the logarithmic scale). Poly I-C had no
significant effect on LTR in naïve rats. (B) Rats were sacrificed three weeks after tumor
inoculation and surface lung metastases were counted. Selective elimination of NK activity
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markedly increased the number of lung metastases in both poly I-C treated and untreated rats
(Notice the logarithmic scale). Poly I-C significantly reduced the number of metastases in naïve
rats.
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Poly I-C protects cytotoxicity of pulmonary NK cells, but not circulating NK cells, against
suppression by metaproterenol. Rats were pretreated with poly I-C (0.2 mg/kg, i.p. × 3) or
saline (no poly I-C), then injected with metaproterenol (MP) or vehicle (no MP). An hour later,
the numbers of circulating and marginating pulmonary NK cells were assessed, and their
cytotoxicity was tested against the YAC-1 and MADB106 target cells. In the blood,
metaproterenol reduced NK cytotoxicity per ml blood in both poly I-C and no poly I-C treated
rats (A). This suppression occurred on a per NK cell basis, as metaproterenol did not reduce
the numbers of circulating NK cells in either condition (C). In contrast, in the lungs, poly I-C
significantly reduced (or abrogated) the metaproterenol-induced suppression of NK
cytotoxicity per lung against the YAC-1 (B) and MADB106 (D) target cells, which was evident
in non poly I-C treated rats. Irrespective of the effects of MP, poly I-C significantly increased
the numbers of circulating and marginating pulmonary NK cells (C).
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Figure 7.
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Figure 8.

Poly I-C protects cytotoxicity of pulmonary NK cells, but not circulating NK cells, against
suppression by surgery. Rats were pretreated repeatedly with poly I-C (0.2 mg/kg, i.p. × 3)
or saline (no poly I-C), then subjected either to surgery, or left intact. In panel A, rats were
inoculated with radiolabeled MADB106 cells, and lung tumor retention was assessed. In panels
B-E, the number of circulating and marginating pulmonary NK cells was assessed and their
cytotoxicity was tested against YAC-1 and MADB106 target cells. (A) Surgery increased
MADB106 lung tumor retention, and poly I-C completely abolished this effect. (B) In the NK
study, surgery markedly suppressed marginating pulmonary NK activity against MADB106
cells in the no poly I-C groups, but poly I-C completely prevented this suppression. (C) The
numbers of pulmonary NK cells were not affected by surgery in either the vehicle or the poly
I-C treated rats, suggesting that the suppression of NK activity and its prevention by poly I-C
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(evident in B) occurred on a per NK cell basis. (D) When equal numbers of lung NK cells were
tested for their cytotoxicity, this deduction was demonstrated empirically. (E) In contrast, poly
I-C did not protect blood NK cytotoxicity against suppression by surgery. Irrespective of the
effects of surgery, poly I-C increased the numbers of NK cells in the lungs and circulation (C).
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