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PMN TUMORICIDAL ACTIVITY INDUCED BY IMMUNOMODULATORS

flat-bottomed microplates (Nunc, OK-4000 Roskilde, Denmark). The
mixtures were incubated in 0.2 ml RPMI with 5% heat-inactivated FCS
for 16 h at 37 °C under 5% CO. in air. Then, the plates were centrifuged
at 450 x g for 10 min, and the radioactivity of the supematant was
measured. Cytolysis was calculated as

Experimental count — control count

% of cytolysis =
b of cytoly Maximum releasable count — control count

x 100

The maximum release of *'Cr, measured as that obtained by freeze-
thawing labeled tumor cells 5 times, amounted to 70 to 80% of the total
cell-associated radioactivity. The control count, measured as the radio-
activity released from labeled cells in the presence of an immunomodu-
lator without PMN, amounted to about 25% of the total radioactivity and
was similar to the count released from tumors spontaneously without
PMN or immunomodulators. Values are given as averages for duplicate
determinations.

Reagents. TAK, lower-molecular-weight TAK derivatives (25), and
CM-TAK were kindly provided by Takeda Chemical industries, Ltd.
(Osaka, Japan). Propionibacterium acnes was purchased from RIBI
Immunochemical Research, Inc. (Hamilton, MA). Lentinan was kindly
provided by Dr. G. Chihara, National Cancer Research Institute (Tokyo,
Japan) and from Ajinomoto Co. (Kanagawa, Japan). Zymosan A, N-
formyl-L-methionyl-L-leucyl-L-phenylalanine, x- and A-carrageenan, poly-
inosinic-polycytidylic acid, and polystyrene latex beads (average diame-
ter, 0.3 um) were purchased from Sigma Chemical Co. (St. Louis, MO).
A preparation of Nocardia CWS was kindly provided by Fujisawa Chem-
ical Industries, Ltd. (Osaka, Japan). OK432, a preparation of Streptococ-
cus haemolyticus, was a gift from Chugai Seiyaku Co. (Tokyo, Japan).
Concanavalin A and wheat germ agglutinin were from E. Y. Laboratory
(San Mateo, CA). Muramyl dipeptide and TC 13, a polysaccharide from
a rare actinomycetes, Microellobosporia grisea, were gifts from Daiichi
Seiyaku Co., Ltd. (Tokyo, Japan). Yeast mannan was a gift from Suntory
Co. (Osaka, Japan). Bestatin was purchased from the Protein Research
Foundation (Osaka, Japan). Schizophyllan, a glucan from the culture
filtrate of Schizophyllum commune, was a gift from Kaken Seiyaku Co.,
Ltd. (Tokyo, Japan). Sodium casein from milk was a product of Tokyo
Kasei Kogyo, Ltd. (Tokyo, Japan). Glycogen and carbon were from Wako
Pure Chemical Industries (Osaka, Japan). NIH thioglycolate broth and
lipopolysaccharide from Escherichia coli 0127:B8, were purchased from
Difco Laboratories, (Detroit, Ml). Dextran was a product of Nakarai
Chemicals, Ltd. (Kyoto, Japan). Levamisole was a gift from Kyowa Hakko
Co. (Kanagawa, Japan).

Bacteria. BCG was obtained from Japan BCG Co. (Tokyo, Japan). E.
coli B, wild type, was cultured for 6 h in heart infusion broth (Eiken
Chemical Co., Tokyo, Japan) and then washed 4 times with saline to
remove the culture medium. Heat-killed E. coli was prepared by heating
the cells at 100 °C for 30 min. .

Antitumor Antibody. The immunization procedure used was as de-
scribed previously (31). Briefly, C3H/He mice resistant to syngeneic
MM46 tumor were obtained by injection of tumor cells attenuated with
mitomycin C (Kyowa Hakko Co.) and then 4 challenges with fresh tumor
cells. The IgG fraction of immune serum of resistant mice was purified
by gel filtration and then DEAE ion-exchange chromatography. The IgG
fraction has antitumor activity in antibody-dependent macrophage-me-
diated cytotoxicity (32).

RESULTS

PMN Cytotoxicity in the Presence of Antitumor Polysaccha-
ride TAK. PMN cytotoxicity induced with immunomodulators
was examined in an assay system composed of PMN, the
immunomodulator, and MM46 tumor cells as a target. PMN in
the presence of TAK were capable of destroying tumor cell
targets (Chart 1). The cytolytic activity of PMN was very high,
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Chart 1. PMN cytotoxicity in the presence of TAK. PMN and *'Cr-labeled MM46
tumor cells were incubated at 37 °C for 16 h in medium only (O) or in medium with
TAK at 10 ug/mi (A) or 100 xg/mi (@). After incubation, the radioactivity of the
supernatant was determined. Values are means for duplicate determinations.
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Chart 2. Dose-response curves of the effect of TAK on PMN cytotoxicity. PMN
and *'Cr-labeled MM46 tumor cells were incubated at 37 °C for 16 hiin the presence
of various concentrations of TAK. The tumor cells were incubated at E:T ratios of
3:1(A) or 12:1 (@) or in the absence of PMN (O). After incubation, the radioactivity
of the supernatant was determined. Values are means for duplicate determinations.

and cytolysis was almost 100% at E:T ratios of 3 to 50 in the
presence of TAK (10 and 100 pxg/ml) but less at the higher E:T
ratio of 200. Neither TAK nor PMN alone showed significant
cytotoxicity. Thus, the cytolytic activity of PMN in the presence
of the polysaccharide immunomodulator TAK was extremely
potent and depended on the E:T ratio.

Dose Dependency and Time Course of PMN Cytotoxicity
with TAK. The dose dependency of the effect of TAK on PMN
cytotoxicity is shown in Chart 2. The dose-response curves with
TAK were similar at E:T ratios of 3 and 12, increasing abruptly
to almost 100% cytolysis with TAK at 6.3 ug/ml. TAK alone had
no direct cytotoxicity against MM46 tumor cells, as shown at an
E:T ratio of 0.

The kinetics of PMN cytotoxicity with TAK was also examined
(Chart 3). Culture supernatants were assayed for release of *'Cr
at the indicated times after the addition of labeled MM46 target
cells. PMN cytotoxicity with TAK increased rapidly between 4
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Chart3. Time course of PMN cytotoxicity induced by TAK. PMN and *'Cr-
labeled MM46 tumor celis were incubated at an E:T ratio of 12:1 with TAK (100
pg/nu)(O)oerTAK(O)at37°C At the times indicated, the radioactivity of

the supematant was determined. Values are means for duplicate determinations.
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Chart4. PMN cytotoxicity in the presence of P. acnes and lentinan. PMN and
5'Cr-labeled MM46 tumor cells were incubated at 37 °C for 16 h in the presence
of P. acnes (@) or lentinan (W) at 100 ug/mi or in medium only (O). Values are
means for duplicate determinations.
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and 7 h to the nearly maximal release. These results indicate
that the cytotoxic action of PMN with TAK is very strong and
rapid with a lag period.

PMN Cytotoxicity in the Presence of Other Inmunomodu-
lators. We examined 27 other immunomodulators and agents
for their ability to induce PMN cytotoxicity. These compounds
were tested at doses of 0.1 to 100 ug/ml with E:T ratios of 0.8
to 200. Chart 4 shows the results with P. acnes and lentinan at
100 ug/ml, indicating that P. acnes was as effective as was TAK
but that lentinan did not induce PMN cytotoxicity. Table 1 sum-
marizes the abilities of various immunomodulators to elicit PMN
cytotoxicity. Like TAK and P. acnes, BCG, zymosan A, and
Nocardia CWS induced PMN cytotoxicity, but other immuno-
modulators and agents did not. Thus, the compounds tested
were either strongly effective or completely ineffective. The 5
effective immunomodulators gave aimost identical PMN cytotox-
icities, inducing potent cytolytic activity with aimost 100% cy-

tolysis at E:T ratios from 3 to 50 but less cytolytic activity at an
E:T ratio of 200 (data not shown).

Target Cell Specificity. The specificity of this PMN cytotox-
icity was examined with various kinds of 5'Cr-labeled target cells
in the presence of TAK at 100 ug/m! (Table 2). Two other
syngeneic tumor cell lines of C3H/He mice, MM48 and MH134,
and other murine tumor cell lines, EL-4 and YAC-1, which are
allogeneic to C3H/He mice, were lysed by PMN. These cytolytic
activities against all the tumor cells tested were as potent as
that against MM46 tumor cells. On the other hand, when PMN
were incubated with 5'Cr-labeled spleen cells, thymus cells, or
PMN, no cytotoxicity was observed.

Cytotoxic Activities of Other Effector Cells in the Presence
of TAK. The effect of TAK on the cytotoxicities of 3 other cell
populations were examined with MM46 tumor cells as targets.
With a casein-induced macrophage fraction (about 80% macro-
phages) collected in the peritoneal exudate 5 days after injection
of casein, cytolysis was maximal at a higher E:T ratio of 50, but
the cytotoxic activity was lower than that of casein-induced PMN
(Chart 5). Normal resident peritoneal cells, which consisted of
65% macrophages and 35% lymphocytes, and J774 cells (a
transformed macrophage-like cell line) did not lyse MM46 tumor
cells at any dose of TAK or E:T ratio tested, with TAK at 0.1 to
100 ug/ml and E:T ratios of 0.8 to 200. Resident peritoneal cells
showed cytotoxic activities in the presence of anti-MM46 anti-
body and wheat germ agglutinin, and J774 showed cytotoxicity
only with wheat germ aggiutinin (Table 3).

Effect of Linear 8-1,3-Glucans with Various Chain Lengths.
The minimum molecular weight of TAK required for induction of
PMN cytotoxicity against MM46 tumor cells was investigated by
testing the effects of 8 TAK derivatives with different molecular
weights (Table 4). Glucans with a DPN of 125 or more induced
PMN cytotoxicity, whereas those with a DPN of 50 or less were
ineffective. Four effective glucans showed similar dependencies
on the E:T ratio and gave similar dose responses (data not
shown) for induction of PMN cytotoxicity. CM-TAK had no effect.
None of these TAK derivatives had any direct cytotoxicity on
MM46 tumor cells.

DISCUSSION

Here, we have shown that mouse PMN can destroy tumor
target cells in the presence of the antitumor polysaccharide TAK
(12, 25). The cytotoxic activity of PMN induced by TAK was
extremely strong, resulting in aimost 100% cytolysis of target
cells at an E:T ratio as low as 3 (Chart 1). Similar cytotoxic
activity was obtained when PMN were stimulated with P. acnes,
BCG, zymosan A, and Nocardia CWS but not with 23 other
immunomodulators and agents (Table 1). Thus, the immunomod-
ulators could be divided into those that induced strong PMN
cytotoxicity and those that induced none. With all the effective
immunomodulators, PMN showed similar cytotoxicity, which was
maximal at E:T ratios of 3 to 50 (Chart 4).

Antibody, lectin, phorbol ester, etc., have been reported to
activate PMN (6, 9, 19, 20, 27-29), and PMN stimulated by PMA
were shown to be capable of destroying tumor cells (19, 20, 28).
In our assay system, PMA induced the same cytolytic pattem as
did the effective immunomodulators (data not shown). PMA and
TAK are both chemically defined substances and induce the
same potent PMN cytotoxicity resulting in aimost 100% cytolysis
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Table 1
Effects of various immunomodulators and other agents on PMN cytotoxicity against MM46 tumor cells

PMN and %'Cr-labeled MM46 tumor celis were incubated at an E:T ratio of 12:1 in the presence of the indicated compounds (100 xg/ml) at
37 °C for 16 h. Then, the radioactivity of the supematant was determined.

% of cytolysis % of cytolysis
Immunomodulator + PMN - PMN Agent + PMN - PMN
TAK 9%6.7+22° 14+19 t-MLP® -05+08 -12+05
Lentinan -20+26 06+19 Carrageenan « -53+22 22+06
CM-TAK -16+04 17+04 Carrageenan A -62+18 27+33
Yeast mannan -9.0+3.1 0.7+6.2
Schizophyilan 09+3.0 02+4.0 Casein 75+20 -23+35
TC13 30+23 -1.2+19 Glycogen 45+47 04+22
Thioglycolate -11+46 13+18
BCG 974+ 19 -04+69 Dextran 74%16 2626
P. acnes 101.6 £ 9.0 -1.0+£07
Zymosan A 99.2+ 86 87138 Concanavalin A 37146 49+14
Nocardia CWS 954 +£26 48+39
E. coli
Viable 02+1.0 -55+1.1 Carbon 11140 09+23
Heat killed -23+22 08+44 Polystyrene latex -55+29 10+£15
0K432 223+3.2 130+22
Lipopolysaccharide 3611 33x15
Polyinosinic-polycytidylic acid 0921 -15+13
Muramyi dipeptide 39+23 49+1.2
Bestatin 20+30 -41+£02
Levamisole 69+49 28+09
® values are means for duplicate determinations.
P £-MLP, N-Formyl-L-methionyi-L-leucyl-L-phenylalanine.
Table 2 [ —r T v v T
Target cell specificity of PMN cytotoxicity induced by TAK 100
Casein-induced PMN and ®'Cr-labeled target ceils were incubated at an E:T
ratio of 12:1 in the presence of TAK (100 xg/mi) at 37 °C for 16 h. 80} 4

% of cytolysis
Target + PMN, + TAK +PMN, - TAK = PMN, + TAK

MM46 1032 +0.2* -40+24 -6.4+6.0
MM48 80.1 £5.9 4124 0131
MH134 942 +5.0 -13+1.0 -33x+1.0
EL-4 974 +6.0 —-6.7+58 -57x21
YAC-1 91.2+109 49+13 04+04
Thymus cell —-64+1.1 -54+18 -24+26
Spleen cefl -6.0+5.0 08x24 -100+17
PMN -187 114 0018

* values are means for duplicate determinations.

of target cells at an E:T ratio as low as 3. PMA can elicit PMN
cytotoxicity at a lower concentration (100 ng/mi) than that of
TAK, however, it is very toxic and is a potent tumor promoter
(30), whereas TAK is a nontoxic antitumor polysaccharide. These
facts suggest that TAK should be more useful.

PMN cytotoxicity induced by TAK was observed with all the
tumor cells tested but not with normal cells (Table 2). Thus, PMN
cytotoxicity is selective, and as far as tested PMN can distinguish
tumor cells from normal cells. However, the possibility that this
selective cytotoxicity is a function of the susceptibility of the
tumor cells can also be taken into account, as reported by Nathan
et al. (19). The mechanism of this selective toxicity is unknown,
but similar selective toxicity has been observed with activated
macrophages (13, 23) and PMN (2, 10, 22).

The observed toxicity was very unlikely to be due to macro-
phages contaminating the PMN fraction, because this fraction
consisted of about 95% PMN, with only 5% contaminating
lymphocytes and macrophages, and cytolysis was observed at
very low E:T ratios. Moreover, a casein-induced macrophage
fraction showed lower cytotoxicity and required a higher E:T

% Cytolysis

0 0.8 3 12
Effector-to-target ratio

50 200

Chart5. Cytotoxicities of the casein-induced macrophage fraction and resident
peritoneal cells in the presence of TAK. *'Cr-labeled MM46 tumor cells were
incubated at 37 °C for 16 h. @, with the casein-induced macrophage fraction and
TAK (100 ug/mi); O, with the casein-induced macrophage fraction and saline; l,
with resident peritoneal celis and TAK (100 ug/mi); O, with resident peritoneal celts
and saline. Values are means for duplicate determinations.

ratio than did the PMN fraction (Chart 5). Therefore, we con-
cluded that PMN, not contaminating macrophages, cause lysis
of tumor cells in the presence of effective immunomodulators.
Preparations of PMN incubated alone and with TAK in the
presence of target MM46 tumor cells showed the same viability
measured by the trypan blue dye exclusion test (data not shown).
This suggests that PMN cytotoxicity is due not to dying PMN
but to some active cytotoxic mechanism. g-1,3-Glucans are
capabile of activating the alternative pathway of complement (11,
21), but this PMN cytotoxicity did not require the presence of
serum (data not shown). Therefore, a compiement-activating
effect of these immunomodaulators cannot explain their induction
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Table 3
Cytotoxic activity of effector cells against MM46 tumor cells in the presence of TAK, antibody, and lectin

Casein-induced PMN, resident peritoneal celis, and J774 celis as effector celts were incubated with 5'Cr-labeled MM46
target cells in the presence of TAK (100 xg/mi), anti-MM46 antibody (20 ug/ml) and wheat germ agglutinin lectin (25 ug/

mi) at 37 °C for 16 h.

PMN Resident PC J774 cells
Addition E:Tratio, 12 E:Tratio, 50 E:Tratio, 12 E:Tratio, 50 E:Tratio, 12 E:T ratio, 50
TAK 99.7+80"° 996+64 42+40 -26x17 41+54 -06x30
Anti-MM46 antibody 1606 39+59 259+19 751+30 -09+38 -20x05
Wheat germ agglutinin 287+17 508+42 477+16 661+31 328+07 344+0.2
None -29+27 -86+33 31%90 04+06 25+20 -27%1.0

® values are means for duplicate determinations.

Table 4
Effect of linear 8-1,3-glucans with various chain lengths on PMN cytotoxicity
against MM46 tumor cells
PMN and 'Cr-labeled MM46 tumor cells were incubated at an E:T ratio of 12:1
in the presence of linear §-1,3-glucans with various chain lengths (100 xg/mi) at
37°C for 16 h.

% of cytolysis

DPN of TAK + PMN - PMN
540 (TAK) 94850 26+15
299 94137 13125
125 87.6+6.8 12424
50 03+04 -09+14
44 09+05 -06+1.0
14 -42+01 2101
8 09+6.1 -14+32
4 -1.0+13 3201
540 (CM-TAK) -32+22 -22+09
Saline -53+14 0.0+0.1

 vajues are means for duplicate determinations.

of PMN cytotoxicity. As an altemative possibility, we examined
the role of active oxygens and found that the cytotoxic mediator
was hydrogen peroxide.*

The present results show that some antitumor immunomodu-
lators induced potent PMN cytotoxicity in vitro. It seemed im-
portant to compare the molecular structures of these immuno-
modulators to understand the induction of this PMN cytotoxicity.
Among the 28 immunomodulators and other agents thus far
tested, TAK, BCG, P. acnes, zymosan A, and Nocardia CWS
were found to be effective. However, the last 4 immunomodula-
tors are microorganisms themselives or crude cell wall prepara-
tion, whereas TAK is a purified and chemically defined neutral
polysaccharide (12). Accordingly, the chemical structures of poly-
saccharides were compared with their effects in inducing PMN
cytotoxicity. Glycogen and dextran, which are a-glucans, were
not effective. Of the antitumor polysaccharides tested, only TAK
was effective. Lentinan, yeast mannan, schizophyllan (16), and
TC 13 (14), which is §-1,4-glitan with mannosyl branching, were
not effective. TAK, lentinan, and schizophyllan are all §-1,3-
glucans, but they differ in structure. Lentinan (3) and schizo-
phyllan (16) are 8-1,3-glucans with (1,6)-glucopyranoside branch-
ing, whereas TAK is a linear 8-1,3-glucan without branching (12).
This suggests that linear §-1,3-glucans are effective. CM-TAK
did not induce PMN cytotoxicity, although it has the same
skeletal structure as does TAK (24). Its ineffectiveness was
clearly :due to the presence of carboxymethyl groups, which
convert TAK to a soluble and strongly negatively charged mole-
cule. These results suggest that a neutral linear §-1,3-glucan is

4 K. Morikawa, S. Kamegaya, M. Yamazaki, and D. Mizuno. Hydrogen peroxide

as a tumoricidal mediator of polymorphonuciear leukocytes induced by a linear g-
1,3-o-glucan and some other immunomodulators, submitted for publication.

effective for inducing PMN cytotoxicity.

We found that linear 8-1,3-glucans with DPN values of 125 or
more induced strong PMN cytotoxic activity, whereas those with
DPN values of 50 or less did not (Table 4). Thus, the minimum
molecular size of g-1,3-glucan required for induction of PMN
cytotoxicity appears to be about DPN 125. Potential contribu-
tions of the molecular weight and conformational structure of
polysaccharides to antitumor activity have been suggested from
results on lentinan and $-1,3-glucans (25, 26). The requirement
of a certain molecular structure for the induction of PMN cyto-
toxicity by glucans suggests that there might be some receptor
mechanism, possibly on the effector cells, and that the cells
recognize the chemical structure and conformation of the poly-
saccharide.

In a previous report (17), we compared the PMN-inducing
activities of various immunomodulators and other agents. We
classified these compounds quantitatively into 2 types based on
their effects on PMN high and relatively low inducing immuno-
modulators. We also classified them qualitatively into 2 types
based on the duration of the PMN induction, declining and
persistent. There is a close correlation between the present
immunomodulator-induced PMN cytotoxicity and the PMN-in-
ducing activity reported in the previous paper. All the immuno-
modulators shown to be effective in this work are high-PMN-
inducing immunomodulators, and TAK and P. acnes in particular
are persistent-type immunomodulators. In general, the PMN
response to conventional foreign agents is of the declining type;
TAK and P. acnes were the only 2 persistent-type immunomod-
ulators among 14 immunomodulators examined in the previous
study.

From these results, effective immunomodulators not only in-
duce large numbers of PMN as effector cells in vivo but also
elicit extremely potent PMN cytotoxic activities in vitro. Since the
effective E:T ratio is very low, the effective immunomodulators
presumably exert antitumor activity in vivo by modulating the
activity of PMN. Actually, i.p. injection of these immunomod-
ulators into mice significantly reduced the establishment of tu-
mors that developed on i.p. injection of MM46 tumor cells.®
Therefore, these immunomodulators should be useful for immu-
notherapy of ascitic tumors.

The experiments reported here indicate that PMN are impor-
tant and very powerful effector cells for the destruction of tumor
cells in cooperation with some immunomodulators. The induction
of PMN cytotoxicity by immunomodulators appears to represent
a new effector mechanism, namely, PMN-mediated cytotoxicity,

8 K. Morikawa, M. Yamazaki, and D. Mizuno, manuscript in preparation.
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with respect to the antitumor activity of these immunomodula-
tors.
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