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Synergistic induction of lymphokine (IL-2)-activated killer activity
by IL-2 and the polysaccharide lentinan,
and therapy of spontaneous pulmonary metastases
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Summary. Spleen cells of C57BL/6N mice bearing lung
metastases were induced to the cytotoxic state by subcu-
taneous injection of recombinant human interleukin-2
(IL-2) at a minimum dose of 5 x 10* U/mouse three times a
day for 3 consecutive days. A single intraperitoneal injec-
tion of lentinan alone at concentrations of up to 10 mg/kg
body weight did not render spleen cells cytotoxic to P-29
cells, but a combination of subthreshold doses of these
agents (5x 10* U/ml 1L-2 and 5 mg/kg lentinan) induced
significant in vivo lymphokine-activated killer activity in
spleen cells of tumor-bearing mice. Similarly, spleen cells
from mice treated i.p. with lentinan became cytotoxic on
in vitro treatment with IL-2. The in vitro responsiveness of
spleen cells to I11.-2 was maximal 3 days after i.p. injection
of lentinan. Synergism between IL-2 and lentinan was also
observed in mice bearing spontaneous lung micrometas-
tases: neither IL-2 (<5x10*U/mouse) nor lentinan
(<2.5 mg/kg) alone had a therapeutic effect, but multiple
injections of IL-2 with a single injection of lentinan re-
sulted in significant inhibition of spontaneous pulmonary
metastases. From these results we conclude that IL-2 and
lentinan in combination are more effective than either one
alone for inducing destruction of pulmonary metastases.

Introduction

Interleukin-2 (IL-2) has been shown to have anti-metastat-
ic activity in animals [17, 18, 23] and also in preliminary
clinical trials in humans [22, 29]. In animal studies, howev-
er, the antitumor activity was observed on treatment with
either a high dose of IL-2 alone [23] or a lower dose of IL-2
in combination with lymphokine (IL-2)-activated killer
(LAK) cells [18, 19]. IL-2 was found to have various effects
on cytotoxic lymphoid cells, such as induction of LAK ac-
tivity [8] and augmentation of natural killer (NK) cell ac-
tivity [13, 26]. However, intravenous administration of a
high dose of IL-2 alone does not seem to be sufficient for
induction of the cytotoxic cells [6] that are responsible for
eradication of malignant diseases, because injected IL-2 is
rapidly cleared from the blood [5]. Moreover, IL-2 has un-
desirable side-effects, such as causing pulmonary edema
with dyspnea as a result of the vascular leak syndrome [24].
There are several reports that in murine tumor models, a
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combination of IL-2 and another biological response
modifier, such as interferon-o. or the tumor necrosis factor
are more effective in induction of cytotoxic activity with
anti-metastatic activity than either IL-2 or other biological
response modifiers alone [1, 30].

Lentinan is a p1,3-glucan with B1,6 branches that has
been purified completely from Lentinus edodes, an edible
mushroom in Japan [2]. Lentinan was found to have
marked antitumor activity in murine allogeneic and synge-
neic hosts [21, 27], and to have immunomodulatory effects
on T cells [4, 11] and some macrophages [12]. It has also
been found to enhance NK activity in vivo [14]. These re-
sults suggest that lentinan may be of therapeutic use in
combination with IL-2.

As both lentinan and IL-2 alone have immunomodula-
tory and antitumor activities, they may be even more effec-
tive in combination. For example, combined therapy with
lentinan and IL-2 could be effective against a primary
and/or metastatic tumor where IL-2-activated killer cells
are the main effector cells. This combination therapy
could also avoid the severe side-effects associated with
high doses of IL-2.

In the present study we examined the in vivo, anti-met-
astatic effects of combinations of lentinan and 11.-2 in a
murine 3LL lung metastasis model. In animals bearing
pulmonary micrometastases, treatment with a combination
of lentinan with IL-2 was found to be more effective than
treatment with either alone. We also found that the anti-
metastatic effect was correlated with induction of LAK ac-
tivity in the spleen.

Materials and methods

Animals. Male specific pathogen-free C57BL/6N mice,
810 weeks old, were obtained from Shizuoka Experi-
mental Animal Farm (Shizuoka, Japan),

Tumors. 3LL cells originated from an undifferentiated
squamous cell carcinoma that arose spontaneously in the
lung of a C57/BL6 mouse, and they have been maintained
by serial bi-weekly s.c. passages in the same strain of mice
[16]. A local tumor grown in the back was removed and
minced aseptically. The tumor fragments in RPMI 1640
containing 0.2% trypsin (1:250; Difco Laboratories Inc.,
Detroit, Mich) were stirred at 37°C for 30 min. The re-
sulting isolated tumor cells were washed twice with RPMI
1640 containing 10% fetal bovine serum (Grand Island Bi-
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ological Co., Grand Island, NY), resuspended in fresh
RPMI 1640, and counted in a hemocytometer. The viabili-
ty of tumor cells was estimated as more than 90% by the
trypan biue dye exclusion method. A suspension of 10° vi-
able cells in 0.05 ml RPMI 1640 was implanted s.c. into
hind footpad of each mouse. P-29 variant cells, which were
subcloned from 3LL parent cells and adapted to growth in
culture [28], were obtained from Dr. K. Takenaga (Chiba
Cancer Center Research Institute, Chiba, Japan).

Reagents. Recombinant human IL-2 (specific activity,
5x 10" U/mg) was a gift from Ajinomoto Co., Kawasaki,
Japan. IL-2 was resuspended in distilled water containing
0.1% mouse albumin (Sigma Chemical Co., St. Louis) and
frozen until use. Lentinan was prepared from Lentinus
edodes at Ajinomoto Central Laboratory, Kawasaki, Ja-
pan, by the method of Chihara et al. [2]. It was dissolved in
saline before use.

Preparation of effector cells. Spleen cells were harvested
aseptically and gently crushed in RPMI 1640 with the flat
end of a sterile syringe as described previously [31]. The
cells were filtered through stainless-steel mesh and briefly
rinsed in distilled water to lyze erythrocytes. The spleno-
cytes were then washed three times with RPMI 1640 medi-
um. Then various numbers of splenocytes resuspended in
the same medium with 10% fetal bovine serum, were incu-
bated for 4 days with or without IL-2, unless otherwise
described.

Determination of LAK activity. LAK activity was assayed
by measuring >'Cr release [26]. Briefly, splenocytes were
thoroughly washed twice and their cytotoxicity against
1 x 10* >'Cr-labeled P-29 cells was measured at various ef-
fector/target (E/T) cell ratios. Incubations were terminat-
ed after 4h, the supernatants (0.1 ml/well), obtained by
brief centrifugation at 1500 rpm, were harvested, and their
radioactivities were determined in a gamma counter. The
percentage cytotoxicity was calculated as follows:

Cytotoxicity (%) =

experimental Sley release (cpm) — spontaneous release (cpm)
100 x
total release (cpm) — spontaneous release (cpm)

The spontaneous release observed with P-29 target
cells ranged from 5% to 15% of the total lysis.

System for spontaneous pulmonary metastasis. Mice bear-
ing spontaneous pulmonary and lymph node metastases of
Lewis lung carcinoma (3LL) cells were used [16, 31]. To
produce spontaneous metastases, 1 x 10° viable 3LL tumor
cells in 0.05 m1 RPMI 1640 were injected s.c. into one hind
footpad of each mouse. This resulted in progressive tumor
growth and subsequently in pulmonary metastases. When
the local tumor had reached 10-12 mm in diameter, the
tumor-bearing leg was amputated at the midfemur by the
cautery clamp technique. The edge of the wound was then
closed with Michel clips under aseptic conditions. Mice
were autopsied 21 days after tumor implantation, and pul-
monary metastases were estimated grossly by counting the
numbers of metastatic nodules on the pulmonary surface
after fixation of the lungs in 10% formaldehyde solution.

Statistical analysis. The statistical significance of differ-
ences was calculated by Student’s r-test (two-tailed).
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Fig. 1. Inhibition of spontaneous pulmonary metastases by intra-
peritoneal administration of lentinan alone. Inocula of 10° 3LL
cells were injected s.c. into the footpad. The implanted tumor was
removed on day 12 after tumor implantation. Lentinan was in-
jected i.p. once at the indicated doses 24 h later and all the mice
were sacrificed on day 21. Bars show the mean numbers of surface
nodules = SE for ten mice. Data are representative of three sepa-
rate experiments. *P <0.05 versus value for untreated group by
Student’s rtest

Results

Inhibition of spontaneous pulmonary metastases
by lentinan and IL-2

For production of spontaneous pulmonary metastases,
C57BL/6N mice received a s.c. injection in a footpad of
10° 3LL cells and 12 days later the leg with the tumor was
amputated. By this time, spontaneous pulmonary mi-
crometastases had been established [16, 31]. In our first ex-
periments, a single i.p. injection of lentinan (1.0, 2.5, 5.0 or
10 mg/kg body weight) was given 24 h after surgical re-
moval of the primary s.c. tumors, and mice were killed 21
days after s.c. inoculation of tumor cells. As shown in
Fig. 1, i.p. injection of lentinan at concentrations of more
than 5.0 mg/kg inhibited spontaneous development of pul-
monary metastases of 3LL cells. Next, mice bearing pul-
monary metastases were given s.c. injections of IL-2 (10%,
5% 10% 10° or 2 x 10° U/mouse) three times a day from day
13 to day 19 after the s.c. implantation of tumor cells, and
were killed on day 21. Significant inhibition of metastases
was observed when mice bearing pulmonary micrometas-
tases were treated with IL-2 at more than 10° U/mouse
(Fig. 2).

Synergistic inhibitory effects of lentinan and 1L-2
on pulmonary metastases

The effect of combined therapy with lentinan and IL-2 on
pulmonary metastases was examined. The results of five
experiments are shown in Table 1. A single dose of lenti-
nan (2.5, 5 or 10 mg/kg) was given i.p. on day 13 after tu-
mor implantation, and a dose of IL-2 was given s.c. three
times a day from day 13 to day 19. All mice were killed on
day 21 after tumor implantation. Development of pulmo-
nary metastases was significantly inhibited by all the com-
binations of lentinan and IL-2 examined. In particular, re-
sults showed that suboptimal doses of lentinan (2.5 mg/kg)
and TL-2 (5 x 10* U/mouse) had synergistic effects in ther-
apy of pulmonary metastases.
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Fig. 2. Inhibitory effect of IL-2 on spontaneous pulmonary metas-
tases. Inocula of 10° 3LL cells were injected s.c. into the footpad.
The implanted tumor was removed on day 12 after the implanta-
tion, and from the next day IL-2 was injected s.c. three times a
day for 7 days. All the mice were killed on day 21 after tumor im-
plantation. Bars show mean numbers of surface nodules + SE for
ten mice in each group. Data are representative of three separate
experiments. *P <0.05 versus value for untreated group by Stu-
dent’s rtest

Table 1. Inhibitory effect of interleukin-2 (IL-2) and/or lentinan
on pulmonary metastases of Lewis lung carcinoma

Expt. Treatment schedule? No. of Mice with
pulmonary visible
Lentinan IL-2 metastases® metastases/
(mg/kg) &U) total
1 0 0 19 (6-52)¢ 10/104
0 200 0 (0- 4 3/9
10 0 6¢ (0-30) 8/9
10 200 0 (0- D 2/10
2 0 0 21 (8-66) 9/9
0 100 2¢ (0-11) 6/9
5 0 3¢ (0-30D) 8/9
5 100 I (0-12) 5/9
3 0 0 14 (3-59 13/13
0 100 15 (0-45 10/11
5 0 3¢ (0-11) 7/10
5 100 2¢  (0-26) 8/12
4 0 0 35 (22-52) 15/15
0 50 24 (10-48) 12/12
5 0 15¢ (9-35) 11/11
5 50 e (1-22) 11/11
5 0 0 25 (3-59) 13/13
0 50 11 ©0-52) 10/11
2.5 0 30 (5-71) 10/10
2.5 50 10 (1-26) 11/11

¢ Lentinan at the indicated dose was given i.p. on day 13 after
tumor implantation and the indicated dose of IL-2 was given s.c.
three times a day from day 13 to day 19

® Median number of pulmonary nodules counted om day 21 after
tumor implantation

¢ Numbers in parentheses, range

4 No. of mice without lung metastases/total no. of mice examined
¢ Significantly different from value for untreated control mice
(P<0.05, Mann-Whitney U-test)
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Fig. 3. Effect of pretreatment of mice with lentinan on in vitro in-
duction of LAK activity by IL-2 in spleen cells of normal mice.
Lentinan (10 mg/kg) was injected i.p. into mice and at the indi-
cated time points spleen cells were collected. Then the cells
(5 % 10% were incubated for 4 days in medium with the indicated
concentrations of IL-2 before LAK assay against 1 x 10* *'Cr-la-
beled P-29 cells. Data are representative of two separate experi-
ments. The SD values were consistently <10% of means
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Fig. 4. Effect of previous injection of lentinan on in vitro induc-
tion of spleen LAK activity by IL-2. Three days after i.p. injection
of the indicated doses of lentinan, spleen cells were harvested and
incubated for 4 days with the indicated concentrations of IL-2.
Then LAK activity was assayed with *'Cr-labeled P-29 cells at an
E/T ratio of 50:1. Data are representative of three separate exper-
iments. The SD values were consistenily < 10% of means
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Table 2. Enhancing effect of lentinan on in vitro induction of lymphokine-activated killer activity (LAK) in splenocytes of normal mice,

mice with pulmonary metastases and tumor-bearing mice

Treatment? Cytotoxicity to P-29 cells (%) after incubation

3LL tumor Amputation Lentinane 0 500 U/ml 1000 U/ml 5000 U/ml 10000 U/ml
- - - 2.0+0.94 375+4.1 42.1x 7.5 64.5+9.9 792+ 83
- - + 23+1.4 44.0+4.9 72.0x 4.5 83.0+1.7 90.2+ 2.3
+ + - 1.5+32 16.5+4.4 327+ 6.5 37.6+56 59.8+ 6.9
+ + + 1.2+6.7 37.9+6.2 452+ 1.9 54.4+7.5 68.0+10.6
+ - - 1.4+1.0 1323 57+ 8.2 13.5+33 319+ 29
+ - + 32+1.7 11.6+£54 23.8+10.4 46.6+5.8 63.4+ 6.1

a Lentinan (10 mg/kg body weight) was given i.p. on day 10 after tumor implantation

b 106 3LL cells were inoculated into the footpad on day 0, and amputation of the leg or a sham operation was carried out on day 12

¢ Spleen cells harvested on day 17 after tumor implantation were incubated for 4 days in medium with the indicated concentrations of
IL-2 and then LAK activity on P-29 cells was assayed at an E/T ratio of 100:1

4 Mean =+ SD for triplicate cultures. Data are representative of three separate experiments

Priming effect of lentinan on in vitro induction of LAK
activity by IL-2

Next, we examined the effect of the time of pretreatment
of mice with lentinan on expression of LAK activity by
mouse splenocytes in response to IL-2. For this, mice re-
ceived a single i.p. injection of lentinan (10 mg/kg) and
were then sacrificed at various times to harvest spleno-
cytes. The splenocytes were incubated in medium contain-
ing IL-2 at concentrations of 500-10000 U/ml for 4 days
and then LAK activity was assayed. As shown in Fig. 3,
the priming effect of lentinan on expression of LAK activ-
ity induced by 1L-2 was maximal when it was administered
3 days before harvesting splenocytes, and with a longer in-
terval before treatment with IL-2 the LAK activity tended
to decrease gradually. In a parallel experiment, we ex-
amined the optimal concentration of lentinan for increas-
ing the susceptibility of mouse splenocytes to in vitro acti-
vation with IL-2. For the results in Fig. 4, mice received
various doses of lentinan i.p. 3 days before harvesting
splenocytes. Then, the splenocytes were incubated for 4

Normal mice
Control
Lentinan{5mg/kg)
iL-2(50,000U)
iL~2+Lentinan

E/T=100

Control
(10mg/kg)
iL-2(100,000U}

gl ,y,,rrrrrrreet - w-2z+rentinan

Control
Lentinan(5mg/kg)
IL-2(50,000U)
IL~-2+Lentinan

E/T-200

Control
Lentinan(10mg/kg)
IL-2(100,000U)
IL-2+Lentinan

days in medium containing various concentrations of IL-2
and tested for LAK assay. IL-2 alone caused significant
dose-dependent induction of LAK activity in splenocytes,
but no significant induction was observed on a single i.p.
injection of lentinan alone at a dose of up to 40 mg/kg.
Under these conditions, mice that had received a single
dose of lentinan (5 mg/kg and 10 mg/kg) showed maxi-
mal responsiveness to in vitro activation with IL-2 to be-
come LAK cells. A high dose of lentinan (40 mg/kg) inhi-
bited in vitro induction of LAK activity by IL-2. These re-
sults indicate that lentinan (5 mg/kg or 10 mg/kg) should
be injected intraperitoneally at least 3 days before induc-
tion of LAK activity by IL-2.

In vitro induction of LAK activity in the spleen
of lentinan-treated mice bearing pulmonary metastases

To determine whether a single i.p. injection of lentinan
could augment the in vitro induction of LAK activity in
the spleen of tumor-bearing mice, mice with or without
primary or metastatic tumors were given a single i.p. injec-

Mice with pulmonary metastases

E/T:100

% pe0.07

100 50 0 0

% Cytolysis

100

50
% Cytolysis

Fig. 5. Effect of combined therapy with lentinan and IL-2 on development of LAK activity in spleen cells of mice with or without pulmo-
nary metastases. Inocula of 10° 3LL cells were injected s.c. into the footpads of groups of five mice. Primary tumors were removed on day
12 after tumor implantation under the same conditions as for Fig. 1. On day 13, lentinan was injected i.p. IL-2 was injected s.c. on days
13, 14 and 15 after tumor implantation. Spleen cells were collected on day 16 and tested on 1 x 10* labeled P-29 cells for LAK activity at
E/T ratios of 100:1 and 200: 1. Columns and bars show means = SD of representative results in three separate experiments



tion of lentinan (10 mg/kg) and then their splenocytes
were harvested. After in vitro treatment with IL-2 for 4
days the splenocytes of lentinan-treated mice showed
much higher LAK activity than those of untreated mice
(Table 2).

In vivo induction of LAK activity in the spleen
of mice bearing pulmonary metastases

The above results demonstrated that splenocytes harvested
from the spleen of tumor-bearing mice expressed LAK ac-
tivity when treated with IL-2 in vitro. A more meaningful
finding, however, would be the demonstration that spleno-
cytes of mice bearing lung metastases could be activated to
express LAK activity after in vivo treatment with a combi-
nation of lentinan and IL-2. For study of this possibility,
mice bearing pulmonary metastases (and normal mice)
were given a single i.p. injection of 5 mg/kg or 10 mg/kg
of lentinan on day 13 after tumor implantation, and a dose
of 5% 10* or 10 x 10* U/mouse of IL-2 s.c. three times on
days 13, 14 and 15. On day 16 after tumor implantation,
splenocytes were harvested from these mice and tested for
LAK activity on P-29 target cells. As shown in Fig. 5,
splenocytes of mice bearing pulmonary metastases showed
less LAK activity than those of normal mice. Nevertheless,
a synergistic effect of lentinan (5 mg/kg) and IL-2
(5 x 10* U/mouse) in combination was observed on induc-
tion of LAK activity in the spleen of mice bearing pulmo-
nary metastases.

Discussion

Biological response modifiers seem to be therapeutically
effective only with a relative small secondary tumor bur-
den, such as micrometastases [7). The present study showed
that multiple s.c. injections of high doses of IL-2 resulted
in significant inhibition of established pulmonary mi-
crometastases of a syngeneic 3LL lung carcinoma, and that
pretreatment of mice bearing micrometastases with sub-
optimal doses of lentinan was effective in augmenting the
inhibition of spontaneous pulmonary metastases by sub-
optimal doses of IL-2 (experiments 4 and 5 in Table 1).
Moreover, we showed that lentinan and IL-2 in combi-
nation acted synergistically to induce LAK activity in
splenocytes.

Accumulating evidence that induction of LAK cells by
IL-2 is important in host defense against primary and/or
metastatic neoplasias has stimulated interest in agents that
can increase LAK-mediated destruction of tumor cells in
vivo. For example there are several reports that generation
of LAK activity by IL-2 is enhanced by cytokines such as
interferon-o. or tumor necrosis factor a [1, 30] or bacterial
preparations such as Nocardia rubra cell-wall skeletons
[32]. We found that after a single i.p. injection of lentinan,
primed splenocytes of mice expressed much higher LAK
activity induced by IL-2 in vitro and in vivo than that of
splenocytes from unprimed mice. The priming effect of
lentinan on expression of LAK activity by IL-2 was maxi-
mal when lentinan was injected 3 days before the initiation
of culture with IL-2, and this increased level was main-
tained for up to 12 days (Fig. 3), suggesting that for contin-
uous in vivo induction of LAK activity, lentinan should be
injected into mice once or twice weekly.

The mechanism by which lentinan and IL-2 in combi-
nation eradicate pulmonary micrometastases in vivo is un-
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known, but may include the participation of LAK cells,
because we found in this work that in vitro and in vivo in-
ductions of LAK activity by IL-2 were increased synergis-
tically by in vivo pretreatment with lentinan and that the
anti-metastatic activity correlated well with the generation
of LAK activity in spleen cells after treatment with these
biological response modifiers. As lentinan did not enhance
induction of LAK activity by IL-2 in vitro, humoral fac-
tors or cellular events induced in vivo by lentinan may
contribute to the synergistic effects observed in vitro and
in vivo. For example, in vivo administration of lentinan
was previously found to augment production of interleu-
kin-1 (IL-1), IL-3 and colony-stimulating factor [15, 33].
These findings suggest that these cytokines may be in-
volved in augmentation of IL-2-activated LAK induction.
There is also evidence that precursors of LAK cells are
heterogeneous lymphoid cell subpopulations consisting of
NK cells and T cells [3, 9, 20, 26]. This finding, and previ-
ous observations that lentinan may augment both the gene-
ration of cytotoxic lymphocytes and NK cell activity in
murine systems [14, 33] suggest that on combined therapy
with lentinan and IL-2, LAK activity induced from both
T cells and NK cells may be responsible for destruction of
pulmonary metastases. Our recent finding that monocytes
enhance induction of LAK activity by IL-2 from T cells
and a subpopulation of NK cells [26] also raise the possi-
bility that monocyte-macrophages primed by lentinan may
be involved in increase in the LAK induction. Neverthe-
less, the present data do not exclude the possibility that
the effector cell responsible for inhibition of lung metasta-
ses is macrophage, since IL-2 stimulates T cells to produce
IFN-y [16], which is capable activating macrophages to the
antitumor state [25]. This is also supported by the previous
finding that administration of lentinan may augment the
generation of tumoricidal macrophages [10]. Such a study
is in progress to elucidate the antitumor effector mecha-
nism(s) induced by IL-2 and lentinan.

In this animal model, a single i.p. injection of lentinan
was found to prime splenocytes for efficient induction of
LAK activity by IL-2, and this synergism between lentinan
and IL-2 in therapy of pulmonary metastases seems signi-
ficant because, without causing undesirable side-effects,
lentinan can be used in combination with IL-2 to reduce
the dose of the latter required for in vivo expression of the
LAK activity responsible for anti-metastatic activity.
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