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Double-stranded polyriboinosinic acid:polyribocytidylic acid (poly I:poly C) is a power-
ful inducer of type I interferons (IFNs). However, the dose of poly I:poly C required for
efficient IFN induction is so high as occasionally to be cytotoxic. In this work, we examined
the IFN-inducibility of poly I:poly C complexed with several cationic reagents in mouse
fibroblast L cells and found that Lipofectin and LipofectACE can induce the production of
a substantial amount of type I IFNs (mostly 8-type) even at a two-order lower dose com-
pared with poly I:poly C alone. Such effects of poly I:poly C were optimal at 0.1 ug/ml for
2-10 ug/ml of Lipofectin and LipofectACE. These conditions caused no significant cyto-
toxicity in the recipient cells. Furthermore, a short treatment (less than 10 min) with the
complexes was sufficient for the maximum induction. This IFN induction method was
applicable to other cell types and other species including human. Hence, our observations
may pave the way for clinical application of the IFN inducer.

Key words: cationic liposomes, efficient IFN induction, FITC-poly I:poly C, interferon,

poly IL:poly C.

The interferons (IFNs) are a family of multifunctional
cytokines, which are subdivided into two types, type I
(IFN-a/8) and type II (IFN-y), and have many biological
activities including antiviral effects, inhibition of cell
proliferation, regulation of cell differentiation, and modula-
tion of the immune system (I, 2). Thus it is rational that
IFNs have been clinically applied as antiviral and anti-
tumor reagents for more than a decade, and more recently
IFN gene transfer to tumors has been intensively attempt-
ed for therapeutic purposes (see Ref. 3 for a review, 4).
IFN inducers also have the potential for use in clinical
treatments. The synthetic double-stranded RNA poly I:
poly C is a particularly potent inducer of type I [FNs (5-7),
and the pretreatment of cells with IFN (priming) can
enhance the inducibility of IFN (8, 9). Effective doses of
poly I:poly C are, however, so high as to be cytotoxic, and
primed cells are occasionally more susceptible to the
cytotoxicity than unprimed cells (10-13). To overcome this
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disadvantage, mismatched analogues of poly I:poly C, for
instance, r(I),:r(C,;,U), (Ampligen), were developed
which are less cytotoxic, but also less effective for IFN
induction, than poly I:poly C (14-16). An alternative
approach is through more efficient delivery of poly I:poly C
into cells without cytotoxicity. This approach has been
attempted using phospholipid particles or liposomes:lipo-
some-encapsulation of poly I:poly C augmented cellular
uptake of poly I:poly C (17) and potentiated its IFN-in-
ducibility (18-20), but generally resulted in enhanced
cytotoxicity (17-20).

Several methods have recently been devised for gene
delivery, including the use of mild cationic liposomes (e.g.,
Lipofectin) (21). Complexing of plasmid DNA with cationic
liposomes i8 considered to diminish charge-repulsion by
anionic cell surfaces and thereby promote cellular uptake of
exogenous plasmid DNA without serious cytotoxicity. This
prompted us to examine the effect of modern cationic
liposomes on IFN induction by poly I:poly C in various
mouse cell lines. Here we present fundamental properties
as potent IFN inducers of the complexes of poly I:poly C
and cationic reagents, including Lipofectin and Lipofect-
ACE, and discuss their clinical potential.

MATERIALS AND METHODS

Cell Lines—Mouse fibroblast L cells were cultured in
Eagle’s minimal essential medium (MEM) (Nissui Phar-
maceutical) supplemented with 6% of fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 xg/ml streptomycin
(GIBCO-BRL) in 5% CO, at 37°C. Mouse colon tumor
CT-26, bladder tumor MBT-2, macrophage tumor RAW
264, kidney tumor RENCA, fibrosarcoma Meth A cells, and
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squamous cell carcinoma Pam-T cells, a variant of Pam 212
(22, 23), were grown in RPMI1640 (Nissui Pharmaceuti-
cal) supplemented with 10% FBS, 100 U/ml penicillin, and
100 xg/ml streptomycin.

Induction of IFN by Poly I:Poly C-Cationic Reagents
Complexes—L cells (5X10*/well) were inoculated in a
24-well tissue culture plate and cultured for 24 h. The cells
were thoroughly washed with serum-free medium and
treated with mixtures of various concentrations of poly I:
poly C (about 200-1800bp) (Pharmacia Biotech) and
Lipofectin (GIBCO-BRL), LipofectACE (GIBCO BRL),
LipofectAMINE (GIBCO BRL), 38-(N-(N’,N’-dimethyl-
aminoethane) carbamoyl) cholesterol (DC-chol liposome),
synthesized as described (24), or DEAE-dextran (Pro-
mega) in serum-free medium. After 6 h of incubation with
the complexes, the medium was replaced with fresh growth
medium and the plates were incubated for a further 18 h.
The culture fluids were then assayed for IFN (see below).

IFN Bioassay—The IFN activity was measured by the
reduction of the cytopathic effect of vesicular stomatitis
virus (VSV) on mouse L cells as previously described (25,
26). Subtypes of IFNs were determined by using a combi-
nation of monoclonal rat antibodies against mouse IFN-a
(4E-A1l) and -8 (7F-D3) (27) in bioassay.

MTT Assay—L cells (3x10*/well) grown in 0.1 ml of
growth medium in a 96-well tissue culture plate were
treated with poly I:poly C-cationic reagent complexes for 6
h, and then the medium containing the complexes was
replaced with 100 1 of MTT (0.5 mg/ml) solution. After 4
h of incubation, 100 x1 of 10% SDS solution was added to
each well, and cells were incubated overnight at 37°C.
Absorbance of the solution in each well was measured with
a two-wavelength microplate photometer (Model 450
microplate reader, BIO-RAD) at test and reference wave-
lengths of 570 and 660 nm, respectively (28).

Time Course of IFN Production of L Cells and Northern
Blot Analysis—L cells (5% 10*/well) were inoculated in a
24-well culture plate and cultured for 24 h. The cells were
treated with poly I:poly C (0.1 ug/ml)-Lipofectin (8 ug/
ml) complexes for 3 h, then the medium was replaced with
0.5 ml of fresh medium. Culture fluids were harvested at
the indicated times thereafter and assayed for IFN activity.
For Northern analysis, 4 X 10® L cells were cultured in each
10-cm dish and treated with poly I:poly C (1 xg/ml)-
Lipofectin (8 4g/ml) complexes. At the indicated times,
total cellular RNAs were prepared using ISOGEN (Nippon
Gene). Northern blotting was performed as described
previously (29). For detection of mouse IFN-8 gene and
mouse S-actin gene transcripts, the Xhol fragment from
pCMV-Mug (30) and the Pstl fragment from pAL41 (31)
were used, respectively, as probes. The hybridized mem-
branes were imaged with BAS 2000 (FUJI Photo Film).

Intracellular Uptake of FITC-Labeled Poly I:Poly C—
Poly I:poly C from the same lot as used for IFN induction
experiments was labeled with FITC using a FasttagFL
Labeling kit (VECTOR laboratories). L cells (1x10%/
plate) were grown on glass-bottomed plates, washed with
phosphate-buffered saline (PBS), and incubated with
serum-free medium containing 3 zg/ml FITC-labeled poly
I:poly C and Lipofectin (8 xg/ml) for 6 h at 37°C. The cells
were washed with serum-free medium, and then fixed with
10% neutral formalin for 30 min at 4°C. After being washed
with PBS, the cells were scanned with a confocal laser
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microscope (ACAS 570 interactive laser cytometer, Merid-
ian Instruments).

RESULTS

Comparison of the Effects of Various Cationic Reagents
on IFN Induction by Poly I:Poly C in L Cells—We first
examined IFN inducibility in L cells with relatively low
doses of 0.1 and 1 xg/ml of poly I:poly C mixed with
Lipofectin, LipofectACE, LipofectAMINE, DC-chol lipo-
some, and DEAE-dextran. As tabulated in Table I, poly I:
poly C alone showed no detectable induction of IFN,
whereas the same doses of poly I:poly C mixed with some
of the cationic liposomes caused dramatic IFN-induction.
With 0.1 xg/ml poly I:poly C, Lipofectin and LipofectACE
at either 4 or 8 ug/ml were the most potent inducers,
yielding respectively 560 and 5501U/ml/day of IFN.
DEAE-dextran at 100 or 300 xg/ml admixed with 1 zg/ml
poly I:poly C exhibited a comparable potency (520 IU/ml/
day), but brought about severe cell damage (data not
shown). Next, the optimal doses of poly I:poly C were
examined at constant concentrations of 8 zg/ml of Lipo-
fectin and LipofectACE, and examined IFN production was
found with 0.1 and 0.03-0.1 zg/ml poly I:poly C, respec-
tively (Fig. 1A). Poly I:poly C alone even at 30 ug/ml did
not induce detectable IFN activity (data not shown). Next,
the most efficient concentrations of the two liposomes were
examined at the optimal doses of poly I:poly C. Figure 1B
shows that the values ranged from 2 to 10 ug/ml for
Lipofectin and from 2 to 16 zg/ml for LipofectACE. The
IFN activity induced in L cells was a mixture of the major
B type (> 95%) and the minor « type ( <5%) as determined
by use of neutralizing monoclonal antibodies specific for
IFN-a and -8 in the IFN biocassay (data not shown).

IFN Induction by Poly I:Poly C- Lipofectin Complexes in
Several Mouse Cell Lines—The optimal conditions for [IFN
induction by poly I:poly C complexed with 8 xg/ml Lipo-

TABLE I. Comparison of the effects of various cationic re-
agents on inducibility of IFN by poly I:poly C in mouse L cells.
Poly I:poly C (ug/ml) Cationic reagent (ug/ml) IFN yield* (IU/ml)

0.1 None <3
Lipofectin 4 560

8 560

LipofectACE 4 6550

8 550

LipofectAMINE 4 <3
8 110

DC-chol liposome 4 43
8 43

DEAE-dextran 100 97
300 150

1 None <3
Lipofectin 4 160

8 160

LipofectACE 4 540

8 560

Lipofect AMINE 4 12
8 210

DC-chol liposome 4 69
8 57

DEAE-dextran 100 520
300 520

*The values represent the mean of duplicate determinations (SD
<20%).
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TABLE II. Optimal doses of poly I:poly C complexed with
Lipofectin for IFN induction in various mouse cell lines.®

Optimal dose of poly IFN yield

Cell line Cell type T:poly C (zg/ml) (IU/ml)
CT-26 Colon tumor 1-3 830
MBT-2 Bladder tumor 1-3 250
Pam-T Skin tumor 1 3,800
RAW 264 Macrophage tumor 1 100
RENCA Kidney tumor 1 420
Meth A Fibrosarcoma 10 2,100
L Fibroblast 0.1 720

*Experiments were performed at 8 #g/ml Lipofectin as in the case of
L cells in Fig. 1. The data represent the average of duplicate de-
terminations (SD <30%). The data on L cells in Fig. 1 are included for
comparison.

fectin were examined in several other cell lines. As shown
in Table II, this complex worked as an efficient IFN inducer
in all the cell lines examined. The optimal doses of poly I:
poly C ranged from 0.1 to 3 £g/ml in all cells except Meth
A, where it was 10 ¢g/ml. Although it is unclear why the
IFN yield differed from one cell line to another, the major
portion of the IFN activity was generally of 5-type, asin L
cells (data not shown).

Cytotoxicity of Poly I:Poly C-Cationic Reagents Com-
plexes—We analyzed the cytotoxicity of 1 xg/ml poly I:
poly C complexed with 8 ug/ml Lipofectin or 8 ug/ml
LipofectACE in L cells by MTT assay. The results showed
that the treatment with either complex brought about no
significant cell damage (data not shown).

Duration of Treatment with Poly I:Poly C-Lipofectin
Complexes for Maximal IFN Induction—As shown in Fig.
2, the maximal IFN production was reached after a short
treatment (10 min) with poly I:poly C (0.1 zg/ml)-Lipo-
fectin (8 zg/ml) complexes in L cells; longer treatment did
not significantly increase the IFN production. It seems that
poly I:poly C complexed with Lipofectin binds rapidly to
the cell surface and enters the cells, where it induces IFN
production.

Intracellular Uptake of FITC-Poly I: Poly C—To verify
the incorporation of the complexes, we examined poly I:
poly C uptake of L cells using FITC-labeled poly I:poly C.
Figure 3 demonstrates that FITC-labeled poly I:poly C (3
ug/ml) complexed with Lipofectin (8 £g/ml) was detected
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Fig. 1. IFN induction by
poly I:poly C-cationic re-
agent complexes in L cells. L
cells (5% 10*/well) grown in 24-
well tissue culture plates were
treated with (A) complexes of
various amounts of poly I:poly C
with 8 ug/ml Lipofectin (open
bary or 8 zg/ml LipofectACE
(closed bar), or (B) complexes of
various concentrations of Lipo-
fectin (open bar) and Lipofect-
ACE (closed bar) with 0.1 and
0.03 £g/ml poly I:poly C, re-
spectively, and incubated for 6
h. After washing, the cells were

) 2 4 s 10 16
cationic li incubated for a further 18 h, and
posome (1g/m) the IFN activity in the culture
fluids was measured.
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Fig. 2. Effects of treatment duration of poly I:poly C-Lipofec-
tin complexes on IFN induction in L cells. L cells (6 X 10*) grown
in a 24-well tissue culture plate were treated with poly I:poly C (0.1
ug/ml)-Lipofectin (8 xg/ml) complex for times from 10 min to 24 h.
After the treatment, the cells were washed and incubated with fresh
growth medium until 24 h after the complex addition. The culture
fluids were then subjected to IFN bioassay.

inside L cells at 6 h after the treatment, whereas FITC-
poly I:poly C alone was not. It is thus supposed that the
complexing of negatively charged poly I:poly C with
positively charged Lipofectin facilitates its attachment to
and eflicient uptake by the cells.

Time Course of IFN Induction by Poly I:Poly C- LlpO
fectin Complexes—Finally we examined the time course of
IFN induction of L cells stimulated by poly I:poly C (0.1
ug/ml)-Lipofectin (8 #g/ml) complexes in terms of the
IFN activity and IFN-8 mRNA. The cumulative IFN
activity became detectable at 3 h after the treatment and
gradually increased to reach a plateau at 24 h. Consistent
with this, the IFN production maintained a peak at 6 to 24
h post-treatment and thereafter decreased drastically,
ceasing at 48 h (Fig. 4A). Also, on Northern blot analysis,
that IFN-8 mRNA expression became detectable at 6 h,
reached a peak at 10 to 12 h, then diminished at 24 h, while
the 8-actin mRNA level was apparently constant (Fig. 4B).

DISCUSSION

Cationic liposomes have been devised for efficient gene
delivery (32, 33). These cationic reagents form complexes
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Fig. 4. Time-course of IFN production and IFN-8 mRNA ex-
pression in L cells treated with poly I:poly C-Lipofectin com-
plexes. In A, L cells (5x10*/well) in 24-well tissue culture plates
were treated with a mixture of poly I:poly C (0.1 xg/ml) and
Lipofectin (8 ug/ml) for 3 h. IFN yields per hour (open bar) and
cumulative IFN yields (solid line, open circle) in the medium are
shown. B shows the Northern analysis of mouse IFN-£ gene and
f-actin gene transcripts at the indicated times after stimulation,
performed as described in “MATERIALS AND METHODS.” Each
lane was loaded with 20 ug total cellular RNA.

with negatively charged DNA, thereby reducing the elec-
trostatic repulsion of negatively charged cell surfaces and
promoting the efficient incorporation and expression of the
DNA by the cells. A similar approach was examined here
for enhancing the potency of an IFN-inducer, poly I:poly C,
which is also negatively charged. Our results showed that a
small amount of poly I:poly C complexed with certain
cationic liposomes was able to induce a relatively high titer
of IFN (about 500-4,000 IU/ml/day) in several mouse cell
lines. Among the cationic reagents examined in this work,

S. Okamoto et al.

Fig. 3. Intracellular uptake of FITC-labeled
poly I:poly C in L cells. FITC-labeled poly I:poly
C (3 ug/ml) alone (A) or its complex with 8 zg/ml
Lipofectin (B) was added to L cells (1 X 10*/plate) on
a glass-bottomed plate. The panels are the scanned
data of the cells treated for 6 h.

Lipofectin and LipofectACE were the most potent in L
cells: the optimal doses were 0.1 xg/ml poly I:poly C for 2-
10 xg/ml Lipofectin, and 0.03-0.1 xg/ml poly I:poly C for
2-16 ug/ml LipofectACE. The IFN yield was approximate-
ly 550-600 IU/ml/day in both cases. These doses of poly I:
poly C are two to three orders lower than those usually used
for IFN-induction. Similar low optimal doses were confirm-
ed in other mouse cell lines (Table II) and also some human
cell lines (data not shown). The IFN-induction potency of
these complexes with cationic reagents appears to be
attributable to the efficiency of cellular interaction and
subsequent intracellular delivery of poly I:poly C, which
would depend on the physicochemical properties of the
complexes, such as size and electric charge. Although data
on these properties are not available, the net charges of the
liposomes, which increase in the order of LipofectACE,
Lipofectin, and LipofectAMINE, may be reflected, at least
in part, in the induction of IFN production. The IFN activity
induced with the poly I:poly C-Lipofectin complexes
consisted predominantly of the A-type (>95%) with a
small amount of the a-type (<5%) in all the cell lines
examined in this work.

In previous reports, pretreatment of cells with IFN,
so-called priming, enhanced IFN production by 20-100
times compared with unprimed cells (9). In our experi-
ments with L cells, however, priming did not significantly
enhance IFN induction by poly I:poly C-Lipofectin com-
plexes (data not shown), although the reason for this is
unclear.

The augmentation of IFN induction by poly I:poly C is
due to increased intracellular incorporation of poly I:poly
C, as revealed by a confocal microscopical observation using
FITC-poly I:poly C. The interaction of poly I:poly C-
Lipofectin complexes with cells was so rapid that incuba-
tion for 10 min was sufficient for maximal IFN-induction.
In gene delivery, preincubation of plasmid DNA with
cationic liposomes such as Lipofectin before cell treatment
is important for efficient gene transfection, and preincuba-
tion with serum tends to prevent efficient transfection. In
contrast with this, poly I:poly C does not require preincuba-
tion with Lipofectin or LipofectACE for efficient IFN-in-
duction (data not shown). Furthermore, serum-containing
medium did not significantly reduce the efficient IFN-in-
duction (data not shown), provided that the complexes were
prepared with serum-free medium.

J. Biochem.

2102 ‘T $8qo1n0 uo AIsleAlun pezy diwess| e /610'seuinolpioxo-qly/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

Efficient IFN Induction by Poly I:Poly C

The time course of the IFN production of L cells treated
with poly I:poly C-Lipofectin complexes was consistent
with the previous report (7); the IFN yield became detect-
able in the culture fluids at 3 h post-treatment, and the
cumulative production steeply increased to reach a plateau
at 24 h. The production was transient and largely ceased at
36-48 h. This transient kinetics was also confirmed at the
transcription level (Fig. 4B). The cells were thereafter not
refractory to IFN-induction, but capable of responding to
retreatment of poly I:poly C-Lipofectin complexes (data
not shown).

Several reports have shown the effects of poly I:poly C
and r(I),:r(C,;,U), (Ampligen) in model experiments of
cancer therapy; cancer progression was inhibited to some
extent (34, 35). However, the doses required are so high
that physiological conditions deteriorate: for instance,
diminution of hematopoietic stem cells, embryo-toxicity,
and destruction of endothelial cells (10, 36). Our proce-
dures will provide one approach to surmount these prob-
lems: lower doses will be less toxic. Actually, our poly I:
poly C-cationic liposome complexes apparently caused no
cell damage (data not shown). Thus our procedures shed
further light on poly I:poly C for clinical applications; the
repeatability of the complex treatment may promise fur-
ther efficacy.
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