
[CANCER RESEARCH 45,1058-1065, March 1985]

Immunomodulatory Effects in Mice of Polyinosinic-Polycytidylic Acid
Complexed with Poly-L-lysine and Carboxymethylcellulose1

James E. Talmadge,2 Joanne Adams, Hamblin Phillips, Margaret Collins, Barbara Lenz, Mark Schneider,
Erich Schlick, Ralf Ruffmann,3 Robert H. Wiltrout, and Michael A. Chirigos

Preclinical Screening Laboratory, Program Resources, Incorporated [J. E. T., J. A., H. P., M, C., B. L, M. S.], and Biological Response Modifiers Program [E. S., R. Ft.,
R. H. W., M. A. C.], National Cancer Institute-Frederick Cancer Research Facility, Frederick, Maryland 21701

ABSTRACT

In this report, we describe the Â¡mmunomodulatory character
istics of poly(l,C)-LC, a synthetic, double-stranded nucleic acid
polymer, polyinosinic-polycytidylic acid, that is complexed with
poly-L-lysine and solubilized by the addition of Carboxymethyl

cellulose. We consistently observed, both in vitro and in vivo,
stimulation of macrophage cytotoxicity and augmentation of
natural killer-cell activity by poly(l,C)-LC. This immunomodulator
also increased the allogeneic mixed-lymphocyte response, with

out any blastogenic effect on responder cells cultured in the
absence of allogeneic stimulator cells. Further, the addition of
poly(l,C)-LC to an allogeneic mixed-lymphocyte tumor reaction
did not stimulate the development of cytotoxic effector T-cells.
Poly(l,C)-LC did, however, have adjuvant activity when admixed

with irradiated tumor cells in the immunization of syngeneic mice.
Unlike classic adjuvants, poly(l,C)-LC also enhanced the devel
opment of specific cytotoxic T-lymphocytes when it was injected

either i.v. or i.p. in conjunction with a vaccine delivered at an
intradermal site. The results indicate that poly(l,C)-LC has con

siderable potential as an immunotherapeutic agent, with the
ability not only to induce macrophage and NK cell activation but
also to stimulate specific cytotoxic T-lymphocytes.

INTRODUCTION

The synthetic, double-stranded nucleic acid polymer poly(I.C)4

is an effective inducer of IFN (3-5, 12, 17-19, 28-29, 54),
activates NK cells (8, 12-14, 16, 20, 45) and macrophages (8,

47, 57) for cytotoxicity against tumor cells, and has prophylactic
and therapeutic effects on viral infections (7, 18, 26, 30, 43, 48,
51) and transplantable tumors (11. 21, 26, 27, 30, 32, 40, 42,
51, 62) in rodents. In addition, poly 1Chas been found to act as
an immunoadjuvant stimulant, increasing the humoral and cellular
responses to antigens including viruses (23, 61), erythrocytes
(58), and specific cell-mediated rejection of tumor grafts (6, 8).

However, poly(l,C) is a poor inducer of IFN in humans and in
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nonhuman primates (50), perhaps because of serum RNases
that are capable of hydrolyzing poly(I.C) (47). In 1975, Levy ef
al. (41) demonstrated that the complex of poly(l,C)-LC was an
excellent IFN inducer in nonhuman primates. Poly(l,C)-LC in

duces moderate to high levels of serum IFN in rodents (8,9,12),
in nonhuman primates (37, 41), and in humans (35, 36, 38, 39,
44,59), which may be due to a decreased sensitivity to RNases,
since poly(l,C)-LC has been found to be 4- to 10-fold more

resistant to hydrolysis than the parent compound (2,36,39,41 ).
Furthermore, poly(l,C)-LC has been found to have antiviral and

adjuvant activity and to activate NK cells in nonhuman primates
and humans (23, 27, 29, 37, 39, 41, 43, 47, 48). Additional
studies in rodents have demonstrated macrophage activation,
NK cell activation, delayed-type hypersensitivity responses, and
lymphocytic blastogenesis by poly(l,C)-LC (3, 8, 9,11, 44).

Poly(l,C)-LC has been given i.v. in several Phase I and II clinical

trials (27, 35,36,38,39,44,50,59). Dosages have ranged from
0.5 to 27 mg/sq m and were administered to patients with various
solid tumors or acute leukemia. Toxic reactions have included
fever, nausea, hypotension, thrombocytopenia, leukopenia, ery
thema, polyarthralgia, and myalgia. Dose-limiting toxicity was
due to hypotension arthralgia-myalgia, which may be related to
dosage and/or the magnitude of IFN induction. Poly(l,C)-LC has

consistently induced significant serum IFN levels in most trials,
and a linear correlation between dose and peak interferon titer
has been reported (38). The present studies were undertaken to
systematically examine the Â¡mmunomodulatory activity of
poly(l,C)-LC in animal models to target immunotherapy studies

and provide information for Â¡mmunomodulatory studies during
Phase I trials.

MATERIALS AND METHODS

Animals. Speciflc-pathogen-free male C57BL/6N mice (H-26) and
C3H/HeN MTV-mice (H-2*), 3 or 4 weeks of age, were obtained from the

Animal Production of National Cancer Institute-Frederick Cancer Re

search Facility.
Tumors. These studies used the radiation-induced fibrosarcoma UV-

2237, syngeneic to the H-2* C3H mouse (33), and UV-2237 CI 46, a

regressor done obtained from UV-2237 (34). Lymphomas used include
the methylcholanthrene-induced mastocytoma P815 (15), syngeneic to
the DBA/2 mouse (H-2*), and the Moloney virus-induced lymphoma YAC-
1 (31) of A/SN (H-2") origin. We also used the metastatic melanoma

variant B16-BL6 (24), which was selected in vitro from the B16 mela
noma, a spontaneous tumor from a C57BL/6N (H-26) mouse. The fibro

sarcoma and melanoma were maintained as monolayers in CMEM. The
P815 and YAC-1 tumor cell lines were grown Â¡nRPMI Medium 1640

supplemented with 10% FBS and the same medium supplements used
with Eagle's minimal essential medium. All cell lines were free of Myco-

plasma and pathogenic murine viruses (56). All of the media, supple
ments, and serum contained less than 0.1 ng per ml of endotoxin, as
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IMMUNOMODULATORY EFFECTS OF POLY(I,C)-LC

assessed by the Limulus lysate assay.
Agents. Poly(l,C)-LC was generously provided by Dr. Hilton Levy,

National Institute of Allergy and Infectious Disease, Frederick, MD.
Thymosin Fraction 5 was provided by Hoffmann La Roche Inc., Nutley,
NJ, and poly(l,C) was obtained from Sigma Chemical Co., St. Louis, MO.
Phosphatidylserine and phosphatidylcholine were obtained from Avanti
Polar Lipids, Birmingham, AL, while MTP-PE was provided by Ciba

Geigy, Summit, NJ.
Technical Approach. All experiments were repeated a minimum of 3

times, and any study in which either the negative or positive control did
not function was studied further. Data from representative studies are
shown throughout. All assays were analyzed using the paired Student f
test.

MLR. Responder spleen cells C57BL/6N, H-2" (5 x 10s cells/well)

were admixed with irradiated stimulator spleen cells, C3H HeN cells, H-
2* (7.5 x 10* cells/well), in flat-bottomed, 96-well plates. The cells were

admixed in culture medium containing different doses of poly(l,C)-LC or

thymosin Fraction 5, which served as a positive control. Culture medium
was that described by Click eÃal. (10) and Heber-Katz and Click (25) and
was supplemented with 0.5% of the appropriate murine serum, synge-
neic to the responder cells. The cultures were pulse-labeled with trillateci

thymidine (1 jiCi/well) for 24 hr prior to harvest at 4 or 5 days following
culture initiation. The cultures were harvested with a Brandel 24-well

automatic cell harvester. Cells were water lysed to remove soluble pools
of radiolabel, and the amount of incorporated tritiated thymidine was
determined using a /3-counter. The MLR results were expressed as

follows:

RPI =

cpm experimental allogeneic culture
- cpm control responder culture

cpm control allogeneic culture
- cpm control responder culture

Sl =
cpm allogeneic culture - cpm control responder culture

cpm control responder culture

where RPI is relative proliferation index and SI is stimulation index.

CMC Stimulated in an Allogeneic MLTR (MLTR-CMC) Assay. In the
MLTR-CMC assay, effector cells were stimulated by culturing C3H/HeN
(H-2*) splenic lymphocytes with irradiated P815 (H-2") tumor cells. Ex

perimental cultures contained different concentrations of poly(l,C)-LC.

Control cultures included spleen cells cultured alone in normal medium
or spleen cells cultured alone in medium supplemented with poly(l.C)-

LC. Following incubation for 5 days, the effector lymphocytes were
washed several times, the viability was assessed, and their cytotoxic
properties were determined using a 4-hr 51Cr release assay with P815

targets. The effector cell induced is specific for P815 and is sensitive to
anti-Thy antiserum but not antiasialo-GMi antiserum (55). Percentage of

cytotoxicity was calculated with the following:

% of cytotoxicity

cpm released due to lymphocytes
- cpm released spontaneously

Total Triton-released cpm

Induction of Tumor-specific Cytotoxic T-Lymphocytes. Mice were
immunized intradermally with 5 x 106 irradiated, collagenase-dissociated
UV 2237 tumor cells with or without an adjuvant, by injection of 1 x 10s

cells in 0.05 ml into each of 5 discrete sites. Vaccines consisted of tumor
cells admixed with HBSS or tumor cells admixed with one of several
different doses of poly(l,C)-LC. Control vaccines consisted of HBSS or
vaccines consisting of poly(l,C)-LC alone. Target cells for the cytotoxic
T-lymphocyte assays were added to the wells of a flat-bottomed, 96-
well plate in 0.1 ml of CMEM-5% FBS containing 5000 viable tumor

cells. Following an incubation to allow for the attachment of the tumor

cells, the cells were radiolabeled by adding 1 /Â¿Ciof |7SSe|methionine in

a 0.1-ml aliquot of methionine-free CMEM-5% FBS. These cells were

incubated for 24 hr and then washed 4 times with CMEM. Ten days
following immunization, splenic effector cells at effector: target cells ratios
of 200:1,100:1, 50:1, and 25:1 in 0.2 ml were added in triplicate. The
cocultures were then incubated at 37Â°for 18 hr and then centrifuged for

3 min, and 0.1-ml aliquots were removed to determine the released

radioactivity. The percentage of cytotoxicity was calculated as:

% of cytotoxicity =

cpm released in cultures with effector cells
- cpm released spontaneously

Total Triton-released cpm x 100

Assay for Macrophage-mediated Cytotoxicity. Thioglycollate-elic-

ited PEM were collected as described elsewhere (49). The macrophage
cytotoxicity assay was performed as described previously (49). Briefly,
macrophage suspensions (10s cells) were plated into the flat-bottomed

wells of a 96-well plate and incubated for 2 hr, and nonadherent cells

were removed. The monolayers were incubated with control medium or
an activating agent for 24 hr, after which the medium was removed and
replaced with medium containing 1 x 104 lUdR-radiolabeled target cells.

In experiments using in vivo activated macrophages, mice were given
i.p. injections of either phosphate-buffered saline, poly(l,C)-LC, or MTP-

PE incorporated within liposomes, which served as a positive control; 24
hr later, peritoneal cells were harvested, adherence purified, and cocul-
tured with labeled target cells (B16-BL6). The cytotoxicity assays were

terminated 72 hr following the addition of target cells by washing the
monolayers, lysing the viable adherent cells, and monitoring the radio
activity with a f-counter. Under the conditions of our assay, normal

(untreated) macrophages were not cytotoxic to neoplastia cells. The
cytotoxic activity of the macrophages was calculated as: % of cytotox
icity = 100 x (cpm in target cells cultured with normal macrophages) -

(cpm in target cells cultured with test macrophages)/(cprn in target cells
cultured with normal macrophages).

Additional studies were undertaken using target cells (P815) that were
radiolabeled with 111ln-oxine. This protocol uses macrophages activated

in vitro as described above. The cytotoxic macrophage activity was
determined following an 18-hr coincubation of radiolabeled target cells

and effector macrophages, as described previously by Wiltrout et al.
(60).

Augmentation of NK Cell Activity. The ability of poly(l,C)-LC to

augment NK activity in vitro was determined by incubating spleen cells
for 24 hr with control media or media containing various doses of
poly(l,C)-LC. The cultures were established in CMEM:5% FBS at 5 x
106 cells in 2 ml of medium for each well of a 24-well plate (n = 4). The

in vivo augmentation of NK activity was assessed following the i.v.
injection of various doses of poly(l,C)-LC or 0.9% NaCI solution (saline),

which served as the negative control. To evalute the kinetics of in vivo
activation of NK cells, poly(l,C)-LC was injected at various times, and the

NK activity of various lymphoid cell preparations from each group was
determined simultaneously. Routinely, NK augmentation studies used 3-
week-old C3H/HeN mice. NK cell activity was assessed by a 4-hr 51Cr

release assay using YAC target cells as described previously (55).
CSF Assay. Sera from in vivo pretreated mice and cell-free medium

conditioned by culturing peritoneal macrophages (10e) in 1 ml of complete
medium for 2 days were stored at -20Â° until assayed. Aliquots of 0.1 to

0.6 ml of the sera or conditioned media to be tested for CSF were then
added to each 35-mm Retri dish containing 10s nonadherent bone

marrow cells from normal mice in 2 ml of 0.3% agar, supplemented with
15% FBS, 15% horse serum, and Gentamicin (125 ng/m\) in RPMI
Medium 1640. The agar cultures were incubated at 37Â°with 7% CO2.

The colonies (>40 cells) and clusters (3 to 40 cells) were counted and
classified on the basis of their morphology at Days 7 and 10 of the
culture period. No colony formation was noted in the absence of either
the standard CSF containing supernatant from the WEHl-3 cell line or a
supernatant from murine macrophages. The levels of CSF were ex-
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pressed in units/ml (52, 53), defined as the number of myeloid colonies
formed by 105 bone marrow cells in the presence of 1.0 ml of the CSF

preparations. These parameters were chosen for testing because they
gave results in the linear portion of the dose-response curve of myeloid

colony formation as a function of either CSF concentration per Retri dish
or number of bone marrow cells cultured.

RESULTS

Modulation of T-Cell Proliferation and Cytotoxic Re
sponses. Modulation of alloantigen-driven T-cell proliferation
responses by poly(l,C)-LC was studied in vitro using MLR cul

tures. These spleen Å“il cultures were performed at a suboptimal
stimulatorresponder ratio (1:8) in order to demonstrate maximal
sensitivity of immunomodulation (55, 56). Thymosin F5, which
was used as a positive control (Table 1), induced a significant
increase in the cpm incorporated into the allogeneic responder
lymphocytes following 5 days of culture. Poly(l,C)-LC also signif

icantly increased the allogeneic MLR when added at doses of 1
and 5 //g/ml; no significant enhancement was observed at lower
doses. Higher doses of poly(l,C)-LC, i.e., 10 u.g/m\ (Table 1) or

50 Â¿/g/ml(data not shown), significantly reduced the MLR re
sponse as compared with the allogeneic cultures in control
media. Poly(l,C)-LC alone was unable to stimulate a blastogenic

response in responder cells cultured without stimulator cells
(Table 1).

Poly(l,C)-LC was also tested for the ability to stimulate the
generation of cytotoxic T-effector cells during an MLTR-CMC
(Table 2). The MLTR-CMCs were also performed at a suboptimal
stimulator:response ratio (1:300) to permit the detection of im-
munostimulation (55, 56). None of the doses of poly(l,C)-LC

examined significantly increased effector cell activity. At doses
above 10 /Â¿g/ml(results not shown), significant loss of viability
was observed in the spleen cells cocultured with poly(l,C)-LC.
Additionally, poly(l,C)-LC treatment did not induce the develop

ment of any spontaneous cytotoxic effector cells, as might be
associated with in vitro NK cell activation. The positive control in
this experiment, thymosin F5, provided a greater than 2-fokJ
stimulation of cytotoxic effector cells, demonstrating that immu-

nostimulation did occur in this experimental system.
The immunoadjuvant potential of poly(l,C)-LC was assessed

by examining its effect on the in vivo generation of splenic

Table1
Effect of poly(l,C)-LC on the induction of a MLR

Irradiated C57BL/6 stimulator spleen cells were admixed with C3H responder
spleen cells at a stimulatorresponse ratio of 1:10. The cultures were incubated in
the presenceof medium atone(negativecontrol), thymosin F5 (positive control), or
different concentrations of poly(l,C)-LCfor 5 days prior to harvest and pulsed with
1 nC\ of [3H]thymidinefor 24 hr (quadruplicatecultures).

Media
F5
Poly(l,C)-LCDose

0<g/ml)250

0.01
0.1
1.0
5.0

10.0Responders

only2,081

>,447
,543
,196
,377
,710
,331Responders

plus
allogeneic
stimulation10,671

14,508"

12,491
12,626
16.469o
16,679o
8,556*Responders

and
syngeneic
stimulation1.899

2,143
1,588
1,432
1,521
2,409
1,435SI*4.14

5.97
5.00
5.07
6.91
7.01
3.11RPI1.44

1.21
1.22
1.6
1.6
0.7

cytotoxic T-lymphocyte activity (Table 3). Normal syngenete mice

were immunized by an intradermal injection of lethally irradiated
tumor cells obtained by the collagenase-DNase dissociation of

s.c. tumors. Spleen cells from mice immunized with tumor cells
alone had a significant increase in specific cytotoxic activity as
compared to control spleen cells. The addition of thymosin F5
(positive control) to the vaccine significantly increased levels of
cytotoxic effector activity. Similar increases in cytotoxicity were
observed with the addition of poly(l,C)-LC, which had a dose-

dependent effect, with 0.5 mg/kg augmenting the response while

TableZ
Effect of poly(l,C)-LC on the in vitro generationof alloreactivecytolytic T-

lymphocyte (MLTR-CMC)

Allogeneic C3H spleen cells were cocultured with or without irradiated P815
tumor cells for 5 days in medium containing 0.5% normal murine serum (negative
control). Experimental cultures were incubated in the presence of thymosin F5
(positive control) or poly(l,C)-LC. Following culture, the cytotoxic activity of the
spleen cells was tested in a 4-hr 9<Crreleaseassay using P815 target cells.

AgentMediumThymosin

Fraction5Poly(l,C)-LCMediumThymosin

Fraction5Poly(l,C)-LCDose

(Mg/ml)1000.010.11.05.010.01000.010.11.05.010.0Day

5
Stimu- (%
latorviable)69576069465537-t-

65+
74+
66+
76+
61-1-
57+

57%

of cytotoxicityE:T*50:1211101052988"271623292325:1310203012778"151317221312:148110002263"1111132013

* E:T, effectortarget cell.
6 Significantly increasedcytotoxicity as compared to medium control; p < 0.01.

TaUe3
Adjuvant activity of poly(l,C)-LC and the developmentof syngeneic cytotoxic T-

lymphocytes
C3H mice received an immunization with collagenase-DNase-dissociatedsyn

geneic UV-2237 tumor cells (5x10" cells total at 5 i.d. sites) either in HBSS.
thymosin F5 (positive control), or poly(l,C)-LC.The adjuvant was administered at
time 0 either as an admixture or concomitantly via i.v. or i.p. injection. At 10 days
following the immunization, the effector cell activity was examined using a 24-hr
radioreleaseassaywith "Se-methiorune-labeledCI-46cells, a donai subpopulation
obtained from UV-2237 that is more sensitive to cytotoxic T-cell activity than the
parent tumor (spontaneousrelease,22%). There were 3 mice/group.

AgentExperiment

1HBSSF5Poly(l,CH-CExperiment

2HBSSF5i.v.Poly(I.C)-LC

admixed
Poly(l,CH-Ci.v.Polyfl.CM-C

i.p.Dose(mg/kg)12.55.00.50.055.050.01.25

1.252.51.25%

ofcytotoxicityVaccine22372237223722372237223722372237

223722372237200:11339"49s'619"59a'636Â«141438a68a'681"'"100a'683a'"99a'6100:11432a41**15*49a'627"101222"59a'"46a-675'-Â»53a'"56a'650:11125a25"16"34a'*2217121336a'630a-649a'634a-635a-"

' SI, stimulation index; RPI, relative proliferation index.
6 Significant difference in cpm compared to control cultures (Student's f test; p

Â«0.01).

* Significant increases compared to sham-treated animals; p s 0.01 (paired
Student's t test).

"Significant change in cytotoxicity as compared to tumor vaccine without
adjuvant;p ^ 0.01 (pairedStudent's t test).
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5 mg/kg significantly inhibited the development of cytotoxic T-
lymphocytes. This decrease was due to poly(l,C)-LC-associated

toxicity for the tumor cells in the vaccine, which no longer
excluded trypan blue and therefore represents a loss of meta-
bolically viable stimulator cells. Administration of poly(l,C)-LC

alone, without tumor cells, did not induce increased levels of
cytotoxic T-lymphocyte when compared to the mice receiving

control (HBSS) vaccines (Table 3).
In a second study, the importance of the route of adjuvant

administration was examined using poly(l,C)-LC or thymosin F5

(Table 3). The BRMs were delivered as an admixture with the
tumor cell vaccine, systemically by i.v. injection, or by peritoneal
injection in animals that also received i.d. vaccines. These studies
revealed that both thymosin F5 and poly(l,C)-LC were effective

as immune adjuvants when administered systemically in con
junction with an i.d. vaccine.

Macrophage Activation. The ability of poly(l,C)-LC to activate
macrophages was studied by incubating C57BL/6N thioglycol-
late-elicited PEM with poly(l,C)-LC or LPS and multilamillar vesi
cles incorporating MTP-PE (positive controls) for 24 hr in vitro.
Cytotoxicity was then assessed using syngeneic B16-BL6 target
cells (Table 4) as the [12sl]IUdR-labeled target cell in a 72-hr

assay. In this assay, poly(l,C)-LC at levels of 1 jig/ml or greater

did not activate macrophages to become cytotoxic. Indeed,
poly(l,C)-LC at 10 Â«Â¿g/mlinhibited the slight spontaneous cyto-
toxicity associated with the PEM in this assay. This high-dose
inhibition of cytotoxicity by poly(l,C)-LC has been a consistent
observation in the 72-hr assay. However, doses of poly(l,C)-LC

ranging from 0.1 to 0.0001 fig/mi were sufficient to induce
significant macrophage activation, while doses of poly(l,C)-LC

lower than 0.0001 /tg/ml were incapable of activating these
macrophages. The bell-shaped curve in the macrophage re
sponse to poly(l,C)-LC is a consistent observation and may be
unique to our animal colony which is specific-pathogen free, as

well as free of infectious murine virus. Overall, the degree of
activation observed with poly(l,C)-LC was comparable to that
observed using liposomes incorporating MTP-PE, which served

as the positive control.
Results similar to those obtained with the 72-hr assay using

[1Z5l]ldUrd-labeled adherent target cells were observed in mac-
rophage-mediated cytotoxicity assays using 111ln-radiolabeled

Table 4
In vitro activation of triioglycollaie-elicitedperitoneal macrophagesby poly(l,C)-LC

as assessedby a 72-hr [lal]ldUrd assay

Thtoglycollate-elicitedperitoneal macrophages were incubated for 24 hr with
medium, liposomes incorporating MTP-PE (positive control), or poly(l,C)-LC at
variousdoses, after which ['Kl ]ldUrd-labeled816-BL6 tumor cells were platedonto

the peritoneal macrophage monolayers in triplicate, incubated for 72 hr, and
assayed for cytotoxicity.

AgentTissue

cultureCMEMMTP-PEPoly(l,C)-LCDose

(Â»Â»g/ml)10.01.00.10.010.0010.00010.00001Day
3 adherent
cpm145912849501486124610531093112011521267Cytotoxicity(%)11.934.8a014.527.8a25.2a23.2a21.0a13.1

nonadherent P815 mastocytoma cells in an 18-hr assay. Both

studies resulted in similar levels of cytotoxicity but with a different
dose titration for the activation of macrophages by poly(l,C)-LC
(Table 5). The 111lnrelease assay of cytotoxicity demonstrated

that poly(l,C)-LC activated macrophages to become cytotoxic at
doses from 0.5 to 10 /Â¿g/ml,while lower levels of poly(l,C)-LC

did not significantly stimulate cytotoxic activity. The positive
control LPS at both 10 and 1 Â¿(g/mlalso activated macrophages
to similar levels of cytotoxicity.

Poly(l,C)-LC activated peritoneal macrophages in vivo to be

come cytotoxic (Table 6). Mice were given i.p. injections of either
poly(l,C)-LC or liposomes incorporating MTP-PE, and PEM were
obtained by lavage 24 hr later. Poly(l,C)-LC at 0.5 and 0.05
mg/kg significantly activated macrophage cytotoxicity in a 72-hr
[12sl]ldUrd radiolabeled assay. However, similar to the in vitro
activation with poly(l,C)-LC as assessed by the 72-hr [125l]ldllrd

release assay, high doses (5 or 2.5 mg/kg) and low doses (below
0.005 mg/kg) of poly(l,C)-LC did not activate the peritoneal

macrophages. The positive control, liposomes incorporating
MTP-PE, induced similar levels of cytotoxicity. In agreement with
the in vitro 18-hr 111lnassay, peritoneal macrophages from mice

given injections of higher doses of poly(l,C)-LC (>0.5 mg/kg)

were cytotoxic, while lower doses were not effective in activating
peritoneal macrophages (results not shown).

Augmentation of NK Cell Activity. Incubation of spleen cells
with poly(l,C)-LC at doses of 10 to 0.001 /Â¿g/mlsignificantly
augmented NK-cell activity in vitro (Table 7), whereas lower
doses of poly(l,C)-LC did not stimulate NK-cell activity. The

Tables
In vitro activation of thioglycollate-el/c/tedperitoneal macrophagesby poly(l,C)-LC

as assessedby an 18-hr "'In releaseassay

Thioglycollate-elicitedperitoneal macrophages were incubated for 24 hr with
medium, LPS, or MTP-PE (positive controls) or poly(I.C)-LC at various doses.
10,000 "'In-labeled P815 target cells were plated onto the different peritoneal

macrophagemonolayers in triplicate. The cultures were terminated 18 hr later.

AgentCMEMMTP-PELPSPoly(l,C)-LCTissue

cultureTotal
releaseDose

Gig/ml)10110510.50.10.050.010.005Day1cpm1,9842,0075,4744,9164,7654,4273,9453,7062,1621,8761,8731,6671,91110,086Cytotoxicity(%)0.91.043.6*36.7a34.9*30.8*24.9*21.9a3.10.00.00.0

* Significantly higher than CMEM control by the paired Student's f test (p

0.01).

Tabto6
In vivo activation of peritoneal macrophage-mediatedcytotoxicity by pory(l,C)-LC

' Significantly increased cytotoxicity as compared to CMEM control; p < 0.05
(pairedStudent's ( test).

AgentHBSS

MTP-PE
Poly(l,C)-LCDose

(mg/kg)5.0

2.5
0.5
0.05
0.005Mean

no. of
macro

phages/ani
mal (x10s)5.5

8.5
3.0
3.2
2.4
3.0
3.6cpm1369

1016
1751
1639
1079
544

1471Cytotoxicity

(%)11.5

38.4a

0
030.2a

64.8a

0
* Significantlyincreasedfrom the HBSS control; p < 0.005.
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IMMUNOMODULATORY EFFECTS OF POLY(I,C)-LC

Table?
Augmentationof NK activity in vitro by poly(l,C)-LC

Spleen cells were incubated for 24 hr with medium (negative control), LPS
(positive control), or various doses of poly(l,C)-LC, and NK-cell activity was as
sessed using a 4-hr "Cr release assay with YAC cells.

AgentMediumLPSPoly(l,C)-LCDose(cg/ml)0.10.110.0

1.00.10.010.0010.0001PolymyxinB

50:123+"

2552*+

22+

47*+
42*+
36*+

25%

ofcytotoxicity25:1201930*1838*26*24211912:1131117*1124*

22*1312996:18610713*107554

* The activators were admixed with potymyxin B (12 ng/m\) for 30 min prior to

addition to the spleen cells.* Significant cytotoxicity; p Â«0.01 (paired Student's f test).

Tables
Kinetics of augmentationof NK activation by poly(l,C)-LC and effect of injection

route
C3H mice were given injections i.V.,i.p., or i.d. of poly(l,C)-LC(0.5 mg/kg) 9, 7,

5,3, or 1 day prior to the assessmentof splenic NK cell activity (3 mice/group).

% ofcytotoxicityAgentHBSSPoly(l,C)-LCDay-1-1

-3-5-7-9-1-3-5-7-9-1-3-5-7-9Routei.V.i.V.i.V.i.V.i.V.i.V.i.p.i.p.i.p.Â¡.p.i.p.i.d.i.d.i.d.i.d.i.d.50:11667a
51a23a26a1858a44a35a30a1356a25a21a20a1325:1848a29a98237a29a15a14a933a477712:1439a14a36-228a15a10a10a120a-26776:1123a12a44-225a7a26a018a0-464

" Significant compared to HBSS-treated animals;p * 0.05 (paired Student's t

test).

positive-controlLPSalsoactivatedNKcellsin vitrobut couldbe
neutralizedby preincubatingthe LPSwith polymyxinB (12 u.g/
ml), which irreversiblybinds to the lipid A moietyof LPS and
inhibits its biologicalactivity. Incubationof pdy(l,C)-LC with
polymyxinB prior to additionto the spleencellsin vitro did not
preventthe activationof NKcellsby the poly(l,C)-LC,indicating
that althoughpoly(l,C)-LCreactspositivelyin theLimuluslysate
assayand is alsopyrogenicin vivo,the NK-augmentingproper
tiesarenot attributableto contaminatingLPS.

Poly(l,C)-LCalso increasedNK-cellactivity followingin vivo
administration.We examinedthe effectof the routeof adminis
trationon the kineticsof NK-cellactivation(Table8) andfound
that when poly(l,C)-LCis administeredeither i.v. or i.p., peak
activationoccurred24to 48hrfollowinginjection,withsignificant
levelsof augmentationstill observed7 days followinginjection
but not 9 days followinginjection.The intradermalinjectionof
poly(l,C)-LC(Table8)alsoactivatedpeaklevelsof NKcellactivity
24 hr followingchallenge,but with a rapiddeclinein augmenta
tion thereafter.In contrst, the s.c. injectionor footpad injection
of poly(l,C)-LCappearedto induceNK cell activationthat was
moreprolongedthanthat observedfollowingi.v. or i.p. injection

(resultsnot shown).As shownin Table9, a singlei.v. injection
of poly(l,C)-LCwas sufficientto activateNKcellsin the spleen,
peritonealcavity,andperipheralblood.Inotherstudies,we also
foundthat a singlei.v. injectionof poly(l,C)-LCwas capableof
activatingpulmonaryinterstitialNKcells(resultsnotshown).

Theeffectof multiplepoly(l,C)-LCinjectionswasexaminedto
determinetheirabilityto maintaina sustainedlevelof augmented
NK-cellactivity(Table10).Poly(l,C)-LCwasinjectedinthegroups
of miceeitheron Day-1, oncea week,twice a week,or daily
for 2 weeks,suchthat allgroupsreceivedtheirlastinjectionone
day prior to the NK cellassay.In this study,we foundthat the
once-a-weekor the twice-a-weekinjectionof poly(l,C)-LC(such
that the final injectionoccurred1 day prior to assay)was suffi
cientto maintaina high levelof splenicNKcellactivityandthat
more frequent injectionsdid not inducefurther augmentation.
Furthermore,unlikemicethat receivedmalicdivinylether2 (25
mg/kg)eithertwiceaweekordailywhichwereunableto maintain
augmentedlevelsof NK activity,the daily injectionof poly(I.C)-
LC(maintainedanaugmentedNKactivityanddidnot expressa
splenicNKhyporesponsivestate.

Poly(l,C)-LCwas alsofoundto be a very effectiveinducerof
IFNactivity.The injectionof either0.5 or 5 mg/kg of poly(I.C)-
LC stimulatedincreasesin the levelof IFN.Peaklevelsof IFN
(6000 units/mlserum)were observed24 hr followingthe i.v.
injectionof poly(l,C)-LC.Increasedlevelsof IFNwere still ob-

TaWe9
Multiple sites of NK cell activation by poly(l,C)-LC

Poly(l,C)-LCor HBSS was injected i.v. 3 days prior to the assessment of NK-
cell activity using a 4-hr "Cr release assay with YAC tumor cells as targets (5

mice/group).

% ofcytotoxicityTissueSpleenPeritoneal

exÃºdatecellsBloodPoly(l,C)-LC1

mg/kg
HBSS1

mg/kg
HBSS1

mg/kg
HBSS50:142.7a

14.348.1a

4.4NT*

NT25:134.8a

15.446.4a

6.242.9a

10.812:118.0a

7.439.4a

8.928.6a

10.7
" Significant increasein cytotoxicity (p Â«0.01; paired Student's t test).
* NT, not tested.

Table 10
Maintenanceof augmentedNK activity by multiple injections of poly(l,C)-LC

C3H mice were given injections either i.v. 1 day before, and once a week, or
twice a week daily for 2 weeks prior to assessmentof NK cell activity. The injection
schedulewas such that the final injection was on Day -1 (3 mice/group).

AgentHBSSPoly(l,C)-LCMVE-20Dose(mg/kg)0.55.00.50.50.525252525%

ofcytotoxicity*ScheduleDailyDay-1Day-11

time/wk2
times/wk

DailyDay
-31
time/wk2
times/wkDaily50:12037*35*41*36*41*3016â€ž12*25:1142/29*36*34*35*22*111012:1919*24*22*26^

26*27*15*786:147\f14*1216*22*543

" Spleen cells were used as effectors in a 4-hr NK-cell assay directed against
"Cr-labeled YAC target cells.

*p Â«0.05 (paired Student's ( test) as compared to mice given injections of

HBSS.
0 MVE-2, malic divinyl ether 2; used as a positive control for the induction

hyporesponsiveness.
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served 48 hr following injection of polyO.CH-C, 0.5 mg/kg (100
units/ml serum) or 5 mg/kg (2500 units/ml serum). By 72 hr
post-injection, no elevation in IFN titer was observed as com
pared to saline-injected controls.

The injection of poly(l,C)-LC at 2 mg/kg also induced CSF,
which stimulates the growth and differentiation of myelomono-

cytic cells from the bone marrow. Increased levels of CSF were
observed in the serum as well as in medium conditioned by
peritoneal macrophages of mice given injections of poly(l,C)-LC

either 5,3, or 1 day prior to removal of the serum or macrophages
(Table 11). The level of CSF in the serum and secreted by
peritoneal macrophages was decreased by Day 5 and was at
background levels 7 days following the injection of poly(l,C)-LC.

DISCUSSION

The present study demonstrates that poly(l,C)-LC is an effec

tive inducer of cytolytic macrophages, and the induction does
not appear to be due to contaminating endotoxin. Therefore,
although endotoxin may be required as a second signal for
macrophage-activating factor-induced cytotoxicity (46), such a
second signal does not appear to be required for poly(l,C)-LC~

induced macrophage cytotoxicity. This observation is in agree
ment with a previous study by Tarameli! and Varesio (57), in
which it was found that poly(I.C) was able to activate murine
macrophages independent of endotoxin. Our results were ob
served in 2 different assays of macrophage-mediated cytotoxic
ity, i.e., a 72-hr assay using [125l]ldUrd-radiolabeled adherent
targets (B16-BL6) and an 18-hr radiorelease assay using 111ln-

radiolabeled P815 lymphoma cells. The observation that
poly(l,C)-LC activates macrophages independent of exogenous

or endogenous endotoxin was consistently observed in both
macrophage assays, although the dose titration of poly(l,C)-LC
activation was quite different for the 2 assays. In the long-term
macrophage cytotoxicity assay, a bell-shaped curve of activity
was seen, whereas in the short-term assay, as reported previ
ously (57), high levels of poly(l,C)-LC were required to activate
macrophages. The bell-shaped curve of poly(l,C)-LC-induced
macrophage activation in the 72-hr [125l]ldUrd assay was also

observed with the in vivo induction of macrophage cytotoxicity.
The difference between the 2 macrophage cytotoxicity assays

may be due to different mechanisms of cytotoxicity expressed
against lymphomas in the short-term assay and adherent target
cells in the long-term assay or to differing kinetics of activation,

which are dependent upon the BRM or the mechanisms of
cytotoxicity. We have observed that liposomes incorporating

Table11
Poly(I.C)-LC (2 mg/kg)-induced secretion of CSF

At different times after i.p. injection with poly(l,C)-LC (2 mg/kg), mice were
sacrificed, and CSF activity was determined in serum and conditioned media from
cultures of PEM incubated for 2 days at 1 x 10" macrophages in 1 ml of medium.

CSF

Units/ml serum
Time after treat-

Units/10" macrophages

ment*24

hr3
days

5days7
daysControl910

9gDrug72"Â£
29*12Control6875 7983Drug282a264a162"88

'p < 0.001 as compared to the phosphate-buffered saline control.
6 p < 0.01 as compared to the phosphate-buffered saline control.

MTP-PE do not activate macrophages, either in vitro or in vivo,
during a 24-hr period to become cytotoxic in the 18-hr 111ln

assay, although they are an effective activating agent as as
sessed using the 72-hr cytotoxicity assay with [125l]ldUrd-radio-

labeled target cells.
Poly(l,C)-LC was a potent stimulator of NK-cell activity both in

vitro and in vivo. Although poly(l,C)-LC is positive in the Limulus
lysate assay, its NK-cell- and macrophage-stimulatory properties

are not neutralized by polymyxin B, an antibiotic that irreversibly
binds to the lipid A moiety of LPS and neutralizes its biological
activity (56). Doses of poly(l,C)-LC as low as 1 ng/ml were

sufficient to activate NK cells in vitro. The in vivo augmentation
of NK cell activity seemed independent of the route of adminis
tration. A single i.v. or i.p. injection of poly(l,C)-LC induced a

prolonged stimulation of NK cell activity that was at plateau
levels for the first 72 hr following injection, began to decrease 5
days following injection, and returned to control levels by 9 days
following injection. The activation of NK cells by poly(l,C)-LC also

appeared to be systemic in that spleen cells, peritoneal exÃºdate
cells, peripheral blood lymphocytes, and interstitial pulmonary
lymphocytes all had augmented NK cell activity. Djeu ef al. (13,
14) hypothesized that the augmentation of mouse NK cell activity
by poly(I.C) was due to the ability of poly(I.C) to induce IFN.
Indeed, in our studies, peak IFN levels were observed 24 hr
following stimulation with poly(l,C)-LC and appeared to parallel
peak stimulation of NK cell activity by poly(l,C)-LC. However, by
72 hr following the injection of poly(l,C)-LC, no detectable in

crease in IFN levels was observed, while NK cell activity was
maintained. This suggests that, although IFN may be important
in stimulating NK cell function, its continued presence may not
be necessary to maintain NK cell activity; alternatively, NK cells
may continue to respond to undetectable levels of IFN or inde
pendently of IFN.

Multiple injections of poly(l,C)-LC into 3- or 4-week-old mice

resulted in continued high levels of NK cell activity; however,
injection more than twice a week resulted in no additional in
crease in activity. This was not true for all NK cell activators,
since concomitant studies with multiple injections of MVE-2

revealed an induction of NK hyporesponsiveness.
The addition of poly(l,C)-LC to an allogeneic MLR assay in

creased the allogeneic stimulation in a dose-dependent manner.
However, poly(l,C)-LC was not itself blastogenic in this assay. In

contrast to the increased proliferation response within the MLR,
the addition of poly(l,C)-LC to a MLTR-CMC culture system did
not increase the development of cytotoxic T-lymphocytes. This
is in contrast to other immunomodulators such as A/-acetylmu-

ramyl dipeptide (1) and thymosin F5 (22), which were used in the
present study as positive controls and which stimulated in
creased proliferation as well as the induction of cytotoxic T-

lymphocytes (55, 56). Therefore, the proliferation induced by
poly(l,C)-LC within the allogeneic MLR was not paralleled by a

stimulation of cytotoxic effector cells but may represent a prolif
eration of noncytolytic cells.

Poly(l,C)-LC also acted as an immunoadjuvant in tumor cell
vaccines, resulting in an increased development of cytotoxic T-
lymphocytes. This occurred in a dose-titratable manner such that
the optimal dose of poly(l,C)-LC is 1.0 to 0.5 mg/kg; the addition
of poly(l,C)-LC at 5 mg/kg did not increase the development of
cytotoxic T-lymphocytes. Indeed, at the highest dose, admixture
with poly(l,C)-LC reduced background levels of lymphocyte killing
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below that induced by the tumor vaccine alone. This was appar
ently due to the loss of metabolically viable tumor cells within
the vaccine due to direct toxicity by poly(l,C)-LC. In agreement
with this observation, vaccines composed of poly(l,C)-LC alone
without tumor cells were not immunostimulatory, i.e., poly(I.C)-

LC did not induce nonspecific effector cells for this tumor. Of
particular interest was the observation that immunoadjuvant
activity was not dependent on the route of poly(l,C)-LC admin

istration. We found that either the i.v. or the i.p. injection of
poly(l,C)-LC (1.25 mg/kg) was as good as the admixture of
poly(l,C)-LC (1.25 mg/kg) for the development of cytotoxic T-
lymphocytes. Thus, the adjuvant properties of poly(l,C)-LC ap

pear to be systemic in nature and are not dependent on a slow
release mechanism, a characteristic of mineral oil-based adju

vants. This observation, together with the preliminary clinical
data (38, 39, 50) and studies in nonhuman primates (7, 23, 43)
using poly(l,C)-LC as an adjuvant for virus vaccines, suggests
considerable potential for poly(l,C)-LC within vaccines or as an

adjuvant to vaccines.
In summary, we consistently found that higher doses of

poly(l,C)-LC did not increase the immunomodulatory properties
of poly(l,C)-LC and indeed were often inhibitory. Thus, unlike the

association of maximal effects of cytotoxic agents with highest
tolerable doses, the optimal immunomodulatory doses of
poly(l,C)-LC were not the maximal tolerated dose, and the latter

doses actually caused a depression of biologically relevant ther
apeutic immunomodulatory effects. Cumulatively, these findings
suggest that the concept of using an optimal immunomodulatory
dose rather than a maximal tolerated dose during the therapy of
tumors with BRMs must be considered in the design of both
experimental and clinical studies.
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